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Outline

- Part 1:  General Principles
- Rates, backgrounds, signals, etc

- Part 2: Direct Detection Searches
- Liquid Nobles
- Cryogenic Detectors
- Other Novel Technologies
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Further Reading
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- Classic Papers on specific calculations

- Lewin, Smith, Astroparticle Physics 6 (1996) 87-112

- Kurylov and Kamionkowski, Physical Review D 69, 063503 (2004) 

- G. Jungman, M. Kamionkowski, K. Griest, Phys. Rep. 267 (1996) 
195-373,  arXiv:hep-ph/9506380

- Books/Special Editions that Overview the Topic of Dark Matter

- Bertone, Particle Dark Matter Observations, Models and Searches, 
Cambridge University Press, 2010.  ISBN 978-0-521-76368-4

- Physics of the Dark Universe, vol 1, issues 1-2, Nov. 2012 (http://
www.journals.elsevier.com/physics-of-the-dark-universe/)

http://arxiv.org/find/hep-ph/1/au:+Jungman_G/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Jungman_G/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Kamionkowski_M/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Kamionkowski_M/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Griest_K/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Griest_K/0/1/0/all/0/1
http://dx.doi.org/10.1016/0370-1573(95)00058-5
http://dx.doi.org/10.1016/0370-1573(95)00058-5
http://dx.doi.org/10.1016/0370-1573(95)00058-5
http://dx.doi.org/10.1016/0370-1573(95)00058-5
http://arxiv.org/abs/hep-ph/9506380
http://arxiv.org/abs/hep-ph/9506380
http://www.journals.elsevier.com/physics-of-the-dark-universe/
http://www.journals.elsevier.com/physics-of-the-dark-universe/
http://www.journals.elsevier.com/physics-of-the-dark-universe/
http://www.journals.elsevier.com/physics-of-the-dark-universe/
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Evidence of Existance
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Motion of  Galaxies in Clusters Rotation Curves

Evidence of the existence of dark matter comes from it’s 
gravitational effects.

Gravitational Lensing

1933

1970
1979

Twin Quasars
0957+561 A&B
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Particle Nature
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blue = lensing
red = x-rays

Clowe et al., ApJ, 648, 109 

- Observations of the Bullet 
Cluster in the optical  and x-ray 
fields combined with 
gravitational lensing  provide 
compelling evidence that the 
dark matter is particles.

- Gravitational lensing tells us 
mass location
- No dark matter = lensing 

strongest near gas
- Dark matter = lensing 

strongest near stars 

2006
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Cosmic Pie
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Measurements from CMB + supernovae 
+ LSS indicate that ~ a quarter of our 
Universe is composed of dark matter.
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What Could Dark Matter Be?
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- Baryonic or Non-Baryonic?
- to avoid skewing 

formation of light 
elements in BBN 

- Warm or Cold? 
- ordinary !s can not 

make up LSS of universe
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Motivated Candidate
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WMAP  0.095 < Ωh
2

< 0.129

Weakly Interacting Massive Particles

Particles in thermal equilibrium

Decoupling when non-relativistic

Freeze out when annihilation rate 

! expansion rate

Relic abundance:

!" h
2
#$10

-27 
cm

3
s

-1 
%$&'

ann 
v$(

freeze out

if m and  ann determined by 

electroweak physics, then     ~  1

freeze 
out

annihilation
production

relic 
abundance

Ωχh
2
≈

3 × 10−27

< σχv >

σχ ≈ 10
−37

cm
2

Weakly Interacting 
Massive Particles

- New stable, massive particle produced 
thermally in early universe

- Weak-scale cross-section gives observed 
relic density
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Direct Detection Rates
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WIMP
from galactic halo

Target Nucleus
in laboratory

v~220 km/s v~0 km/s

ER~30 keVr

θR

WIMP

Elastic collision

Assume that the dark matter is not only gravitationally interacting (WIMP).

- Elastic scatter of a WIMP off a nucleus
- Imparts a small amount of energy in a recoiling nucleus
- Can occur via spin-dependent or spin-independent channels
- Need to distinguish this event from the overwhelming number of 

background events
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Event Rate:  Simplified WIMP
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The differential event rate for simplified WIMP interaction is given 
by:

log
dR

dER

ER

dR

dER
=

R0

E0r
e�ER/E0r

event rate

recoil energy

total 
event rate

most probable 
incident energy

kinematic 
factor r =

4M�MN

(M� + MN)2

� �

0

dR

dER
dER = R0

If we integrate

and
< ER >=

Z 1

0

ER
dR

dER
dER = E0r
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Event Rate:  Calculation
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Let’s plug in some numbers and see what we get.

M! = MN = 100 GeV/c2

" = v/c ~ 0.73 x 10-3  

For a WIMP with velocity 220 km/s 

The resulting kinematic factor is 

r =
4M�MN

(M� + MN)2 =
4(100)(100)

(100 + 100)2
= 1

Recoil Energy is then given by

ER = E0r =
1

2
M��

2c2 =
1

2
(100

GeV

c2
)(0.73⇥ 10�3)2c2

ER = 27 keV
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Event Rate

12

The differential event rate:
  [counts kg-1 day-1]        (dru = differential rate unit)

local WIMP density

nucleus mass WIMP mass 

WIMP-nucleon scattering
cross section

WIMP speed distribution
in detector frame

Elastic scattering happens in the extreme non-relativistic case in the 
lab frame

where

dR

dER
=

⇢0

mNm�

Z 1

vmin

vf(v)
d�

dER
(v, ER)dv

ER =

µ2
Nv2

(1� cos ✓⇤)

mN

need input from 
astrophysics, 
particle physics and 
nuclear physics

reduced mass 

µ =
m�mN

m� + mN

vmin =

s
ERmN

2µ2

Minimum WIMP velocity 
which can cause a recoil of 
energy ER.
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WIMP-Nucleon Interaction
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Event rate is found by integrating over all recoil: 

R =

Z 1

ET

dER
⇢0

mNm�

Z 1

vmin

vf(v)
d�

dER
(v, ER)dv

Spin-dependent termSpin-independent term

d�

dER
=

mN

2µ2v2
[�SIF

2
SI(ER) + �SDF 2

SD(ER)]

To calculate add coherently the spin and scalar components:

F(ER) = Form Factor 
encodes the dependence 
on the momentum transfer

The WIMP-nucleon cross section can be separated

d�

dER
= (

d�

dER
)SI + (

d�

dER
)SD

Spin-independent Spin-dependent

SI arise from scalar or 
vector couplings to quarks.

SD  arise from axial vector 
couplings to quarks.

vmin =

s
ERmN

2µ2

Minimum WIMP velocity 
which can cause a recoil of 
energy ER.
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WIMP-Nucleon Interaction
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WIMP-nucleus cross sections:

Patrick Decowski - Nikhef/UvA

Preliminaries II

d�

dER
=

mT

2µ2v2
⇥
�SIF

2
SI(ER) + �SDF 2

SD(ER)
⇤

dR(t)

dER
= NT

⇢�
m�

Z vesc

vmin

d3v
d�

dER
vf(v, ve(t))

�SI =
4µ2

⇡
[Zfp + (A� Z)fn]

2 / A2

�SD =
32µ2

⇡
G2

F
J + 1

J
[aphSpi+ anhSni]2

WIMP-nucleus cross sections:

Better sensitivity
with high A 

Need nucleus with spin:
19F, 23Na, 73Ge, 127I, 129Xe, 131Xe, 133Cs (but no Ar!)

Need input from
Astrophysics

with scalar (SI) and axial-vector (SD) couplings:

Measure:

4

best sensitivity 
with high A

need a nucleus 
with spin!

0
=
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Standard Halo Model

15

- Energy spectrum and rate depend on details of 
WIMP distribution in the dark matter halo.

f(~v) =
1p
2⇡�

exp(� |~v|2

2�2
)

⇢0 ⌘ ⇢(r = R0) = 0.3 GeV/cm3

- Speed Distribution - isotropic, Maxwellian

v0 = 220 km/s

where

� = �rms =

r
3

2
v0 = 270 km/s and

This corresponds to an isothermal sphere with density profile
⇢ / r�2

- Local Dark Matter Density

- Note Particles with speed greater than the local escape speed are not gravitationally bound. The standard 
halo extends out to infinite radii and thus the speed distribution in this model must be truncated “by hand”.  
We take vesc = 650 km/s.
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Event Rates

16

- Elastic scattering of WIMP 
deposits small amounts of 
energy into a recoiling nucleus 
(~few 10s of keV)

- Featureless exponential 
spectrum with no obvious peak, 
knee, break ... 

- Event rate is very, very low.

- Radioactive background of most 
materials is higher than the 
event rate.

Total  Event Rate
 (m" = 100 GeV/c2,  #"-n = 10-45 cm2) 

Enectali Figueroa-Feliciano / Fermilab Seminar / 2013
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Detection Principles
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- Various experimental methods exist for measuring such an energy 
deposition

- Scintillation in crystals/liquids

- Ionization in crystals/liquids

- Thermal/athermal heating in crystals

- Bubble formation in liquids/gels

- Easy in principle, hard in practice

- Significant uncertainties/unknowns in estimating DM event rates and 
energy spectrum

- Background rates overwhelm the most optimistic DM scattering rates.

- And did I forget to mention - neutrons look just like the DM in our 
detectors.
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Looking for a Small Needle in a Very Large Haystack
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Looking for a Small Needle in a Very Large Haystack
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Somewhere in the Midwest!
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General Detection Principles
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DSU 2012 - Buzios, Brazil                                                                                                                                        Jodi Cooley - SMU

General Detection Principles

12

< 5 interactions 
per ton per day

( " < 3.8 × 10−44 cm2 )

Introduction

Courtesy:  Scott Hertel

Wednesday, July 3, 13



July 2013 - Invisibles Summer School - Jodi Cooley

General Detection Principles
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Recoiling
electron or nucleus

Introduction
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General Detection Principles
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Introduction
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Direct Detection Principles
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PHONONS

Recoil
Energy

LIGHT

IONIZATION

CDMS, Edelweiss
XENON, LUX,
DarkSide, ZEPLIN

DAMA/LIBRA, XMASS
DEAP/CLEAN, KIMS

CRESST

CoGeNT
COUPP, PICASSO
SuperHeated 
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Detection Principles
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Detector Physics to the Rescue

Density/Sparsity: 

Basis of Discrimination

Signal

χ

Background

Er

Nuclear 

Recoils

Dense Energy 

Deposition

v/c $10-3

Electron 

Recoils

Sparse Energy 

Deposition

v/c $ 0.3

Detector Physics to the Rescue

Density/Sparsity: 

Basis of Discrimination

Signal Background

Er

Nuclear 

Recoils

Dense Energy 

Deposition

v/c $10-3

γ

Electron 

Recoils

Sparse Energy 

Deposition

v/c $ 0.3
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Particle Identification
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- Scattering from an atomic nucleus leads to 
different physical effects than scattering from an 
electron in most materials.

- Sensitivity to this effect reduces background.
- Dark Matter is expected to interact with the 

nucleus and backgrounds interact with 
electrons*.

*CAVEAT:  Neutrons interact with the nucleus.
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Neutrons:  Unrejected Background

- Neutrons recoil off atomic nuclei, 
thus appearing as WIMPs

- Neutrons come from

- Environmental radioactivity

- Slow/low energy

- Can be addressed by 
shielding

- Spallation due to cosmic muons

- Fast/energetic = not 
shieldable

- Must go deep underground 
to avoid

26

1000 2000 3000 5000 10000
10

!4

10
!3

10
!2

10
!1
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0

Laboratory Depth [m.w.e.]

R
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e
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x

Relative Particle Flux at Undeground Laboratories

WIPP

Soudan

Kamioka

Boulby

Gran Sasso

Frejus
Homestake

Sudbury

Muon Flux

Neutron Flux

Neutrons : 

Unrejected background

• Neutrons recoil off of atomic 

nuclei, thus appearing as WIMPS

• Neutrons come from

• Environmental radioactivity

• Slow / low energy

• Can be addressed with 

shielding

• Spallation due to cosmic 

muons

• Fast / energetic = 

un-shieldable

• Must go deep underground 

to avoid
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Minimize Backgrounds
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N.J.T.Smith DM2012 Marina del Rey February 2012
Nigel Smith - DM2012

Site experiments underground.

Need at least 1000 m rock (~3000 mwe) overburden
to reduce muon rate by ~105
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Minimize Backgrounds

28

Active Muon Veto:  
rejects events from cosmic rays

SCDMS active muon veto

✤ Scintillating panels
✤ Water Shield 

LUX Water Tank - Inside View

LUX water shield
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Minimize Backgrounds
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Polyethyene:  
moderate neutrons 
produced from fission decays 
and from (α,n) interactions 
resulting from U/Th decays

Pb: shielding from 
gammas resulting from 
radioactivity

Low Activity Lead Polyethylene

µ-metal (with copper inside)

Ancient lead

40 cm

22.5 cm

10 cm

SCDMS - Layers of Polyethylene and Lead

Use Passive Shielding
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Minimize Backgrounds

30

XENON1T purification loop with large charcoal tower. 

222Rn Removal in Online Purification 

Rn can be removed by cryo-adsorption on charcoal 
Demonstrated in Borexino (for LN2) and GERDA (for LAr)

Xenon purification loop with large charcoal tower 

Optimization of purification efficiency by selection of 
charcoal with appropriate micro-pore structure

Mobile Radon Extraction unit 
(MoREx) @ MPIK to test 

efficiency of various charcoals 
for Rn removal  from Xe 

Friday, February 24, 2012

222Rn Removal in Online Purification 

Rn can be removed by cryo-adsorption on charcoal 
Demonstrated in Borexino (for LN2) and GERDA (for LAr)

Xenon purification loop with large charcoal tower 

Optimization of purification efficiency by selection of 
charcoal with appropriate micro-pore structure

Mobile Radon Extraction unit 
(MoREx) @ MPIK to test 

efficiency of various charcoals 
for Rn removal  from Xe 

Friday, February 24, 2012

mobile radon extraction unit @ MPIK

Krypton and Radon Mitigation
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Minimize Backgrounds
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http://radiopurity.org

Supported by AARM, LBNL, MAJORANA, SMU, SJTU & others

Use Clean Materials

http://radiopurity.org
http://radiopurity.org
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All Hope is Not Loss

!!

"

!

"

#0

The performance we  

need from our detectors

Backgrounds can’t be 

eliminated entirely
If Our Needle is VERY BIG!
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Signals
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- As we have seen, the recoil rate is energy dependent due 
to the kinematics of elastic scattering and the WIMP speed 
distribution.

- In addition, the recoil rate is time- and direction- 
dependent due to the motion of Earth w.r.t. the galactic 
rest frame.

- Variations can happen in the 
- Energy spectrum
- Event rate
- Recoil direction
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Figure 1: The dependence of the spin independent differential event rate on the WIMP mass
and target. The solid and dashed lines are for Ge and Xe respectively and WIMP masses of
(from top to bottom at ER = 0keV) 50, 100 and 200 keV. The scattering cross-section on
the proton is taken to be σSI

p = 10−8 pb.

4.2 Time dependence

The Earth’s orbit about the Sun leads to a time dependence, specifically an annual modula-
tion, in the differential event rate [29; 49]. The Earth’s speed with respect to the Galactic
rest frame is largest in Summer when the component of the Earth’s orbital velocity in the
direction of solar motion is largest. Therefore the number of WIMPs with high (low) speeds
in the detector rest frame is largest (smallest) in Summer. Consequently the differential event
rate has an annual modulation, with a peak in Winter for small recoil energies and in Summer
for larger recoil energies [50]. The energy at which the annual modulation changes phase is
often referred to as the ‘crossing energy’.

Since the Earth’s orbital speed is significantly smaller than the Sun’s circular speed the
amplitude of the modulation is small and, to a first approximation, the differential event rate
can, for the standard halo model, be written approximately as a Taylor series:

dR

dER
≈

¯(

dR

dER

)

[1 +∆(ER) cosα(t)] , (27)

where α(t) = 2π(t − t0)/T , T = 1 year and t0 ∼ 150 days. In fig. 2 we plot the energy

dependence of the amplitude in terms of vmin (recall that vmin ∝ E1/2
R with the constant of

proportionality depending on the WIMP and target nuclei masses). The amplitude of the
modulation is of order 1-10 %.

The Earth’s rotation provides another potential time dependence in the form of a diur-
nal modulation as the Earth acts as a shield in front of the detector [51; 52], however the

10

Ge (red)
Xe (blue)

M" = 50, 100, 200 keV
sigma = 10-44 cm2

Signals:  Energy Dependence
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For the standard halo model, we can write the differential event rate as:

dR

dER
⇡ (

dR

dER
)0F

2(ER)exp(
�ER

Ec
)

event rate in 
limit E --> 0

Ec =
c12µ2

Nv2c
mN

parameter that 
depends on target

m� << mN ! Ec /
m2

�

mN

m� >> mN ! Ec / mN

Total recoil rate is prop to 
WIMP number density

Characteristic energy scale given by:
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Signal Modulation
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- Baryons travel together in 
roughly circular orbits with 
small velocity dispersion

- Dark matter particles travel 
individually with no circular 
dependence and large velocity 
dispersion

- As a result, the flux of WIMPs 
passing through Earth 
modulate over the course of a 
year as Earth rotates around 
the sun.

Baryons
orbit ‘together’
roughly circular orbits
small velocity dispersion

Halo DM
orbit ‘individually’
no circular preference
large velocity dispersion Vθ  (at out galactic radius)

220 km/s0 km/s

DM Stars

3.  Annual Modulation
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Annual Modulation
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Signal Modulation:  Rate
Assume WIMP Isothermal Halo:

Annual Modulation

Earth 30 km/s (15 km/s in galactic plane)
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Annual Modulation
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Since Earth’s orbital speed around the sun is significantly smaller than the 
Sun’s circular speed, the amplitude of the modulation is small and can be 
written as a Taylor Series.

~2% seasonal effect - 
need ~1000 events

ve = 30 km/s

dR

dER
⇡ (

¯dR

dER
)[1 +�(ER) cos↵(t)]

↵(t) = 2⇡(t� t0)/Twhere and T = 1 year, t0 = 150 days
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Signal Modulation:  Direction
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- A detector at 45 degree latitude will see the dark matter wind 
oscillate in direction over the course of a day.

- This is a sidereal (tied to stars) effect, not diurnal (tied to sun).
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WIMP Exclusion Plots
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WIMP parameters experimentally determined by direct detection 
searches:  M" and #"-N.

• Two WIMP parameters experimentally determined by direct detection 

searches : M", !"-N

WIMP exclusion plots

Mass

C
ro

s
s
-S

e
c
ti
o

n WIMPs with / theories 

predicting these parameters 

experimentally ruled out

WIMPs with / theories predicting 

these parameters possible



July 2013 - Invisibles Summer School - Jodi Cooley 39

Direct Detection Searches
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Many Experiments
 

SuperCDMS XENON DM-ICE

EDELWEISS LUX XMASS

DEAP ANAIS KIMS

MiniCLEAN DarkSide SIMPLE

DRIFT DAMA/LIBRA COUPP

DMTPC PandaX EURECA

MIMIC PICASSO LZ

NEWAGE CDEX-TEXANO MAX

I will only be able to talk in general about techniques they share.
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General Detection Principles
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- Many direct detection experiments have excellent 
discrimination between electron recoils (ER) and nuclear 
recoils (NR) from the simultaneous measurement of two 
types of energy in an event.

- Most backgrounds will produce electron recoils.
- WIMPs and neutrons produce nuclear recoils.

- Need to keep neutrons away from the detectors.
- Despite the excellent discrimination capability of these 

detectors, we still want to keep the backgrounds as small as 
possible.
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Liquid Noble Gases: Detection Mechanism
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XENON: Detection Mechanism

ER Ionization

Excitation

Xe+

+Xe

Xe2+

+e-

Xe**+XeXe*

+Xe

Xe2*

2Xe 2Xetriplet singlet

h!h!

Excitation/Ionization depends on dE/dx!

# discrimination of signal (WIMPs # NR) 

and (most of the) background (gammas # ER)!

68

3.3 Scintillation properties

Scintillation light from liquid xenon represents another very useful signal

for particle detection in liquid xenon. The light can be used as a trigger.

Su�cient light detection with optimized detector geometry and readout will

give additional information and can be used for particle identification and

improvement of detector performance.

3.3.1 Scintillation mechanism in liquid xenon

The excitation states of rare gas atoms will return to the ground state by

emitting a photon, which gives scintillation light. The recombination of

electron-ion pair from the ionization process will also produce excitation

states, leading to scintillation photons. The two processes can be illustrated

as following for the case of scintillation in liquid xenon (Doke et al., 2002).

Xe⇥ + Xe � Xe⇥2 (3.1)

Xe⇥2 � 2Xe + h� (3.2)

Xe+ + Xe � Xe+
2 (3.3)

Xe+
2 + e� � Xe⇥⇥ + Xe (3.4)

Xe⇥⇥ � Xe⇥ + heat (3.5)

Xe⇥ + Xe � Xe⇥2 (3.6)

Xe⇥2 � 2Xe + h� (3.7)
Wavelength depends on gas 

(N: 85 nm, Ar: 128 nm, Xe: 175 nm)

Time constants depend on gas 

(Ne: few ns/15.4!s, Ar: 10ns/1.5!s, Xe: 3/27 ns)

Wavelength depends on gas:
N: 78 nm, Ar: 128 nm, Xe: 178 nm
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Scintillation in Noble Liquids

Energy deposition in noble liquids 
produces short lived excited diatomic 
molecules in singlet and triplet states.Single Phase Liquid Noble Experiments

DEAP, XMASS, MiniCLEAN
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Pulse Shape Analysis
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Pulse Shape Analysis

Electronic recoil

Nuclear Recoil

Triplet state highly suppressed!

Singlet Triplet

He ~10ns 13 s

Ne <18.2 ns 14.9 μs

Ar 7 ns 1.60 μs

Xe 4.3 ns 22 ns

Pulse Shape Analysis

Electronic recoil

Nuclear Recoil

Triplet state highly suppressed!

Singlet Triplet

He ~10ns 13 s

Ne <18.2 ns 14.9 μs

Ar 7 ns 1.60 μs

Xe 4.3 ns 22 ns

Singlet Triplet

Ne < 18.2 ns 14.9 μs

Ar 7ns 1.6 μs

Xe 4.3 ns 22 μs

- Early singlet state and 
delayed triplet state.

- The triplet state is 
highly suppressed for 
nuclear recoils. (22Na calibration)

(AmBe calibration)
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DEAP - Pulse Shape Discrimination
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Rejecting Electron-like Events 
in Argon

Discriminate with 
ratio of prompt to 

total light

Reject beta and 
gamma 

backgrounds with 
less than 10-8 

leakage

Number of photoelectrons
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FIG. 7: Fprompt versus energy distribution for neutrons and
γ rays from an Am-Be calibration source. The upper band
is from neutron-induced nuclear recoils in argon, the lower-
band is from background γ-ray interactions.
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FIG. 8: Fprompt distribution for 16.7 million tagged γ-ray
events from the 22Na calibration, and nuclear recoil events
from the Am-Be calibration, between 120 and 240 photoelec-
trons (approximately 43–86 keVee). No γ-ray events are seen
in the nuclear recoil region.

measured the triplet lifetime in DEAP-1 over the course
of the run to check that impurities did not build up in
the detector over time.

We use 22Na calibration data to measure the triplet
lifetime. For each calibration run, we find all events that
pass the data cleaning cuts and contain over 200 photo-
electrons. The raw traces for these events are aligned ac-
cording to the measured trigger positions and summed.
We then fit the following model to the average trace be-
tween 500 and 3000 ns from the trigger:

f(t) = A exp(−t/τ3) + B, (3)

where A is a normalization factor, τ3 is the triplet life-
time and B is a constant baseline term.

As a consistency check, we measured τ3 for photo-
electron bins of size 200 between 200 and 1600 photo-
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FIG. 9: Comparison of Zfit distribution for γ-rays from the
PSD data, and for high-Fprompt backgrounds during the run
(labeled Surface backgrounds). Also shown, for reference, is
the distribution of high-Fprompt background events with the
detector operating underground at SNOLAB.
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FIG. 10: High-Fprompt background event rate versus time.
The average background rate is 4.6 ± 0.2 mHz.

electrons and did not observe any systematic effect from
the signal size. There are systematic errors associated
with both the fit window and the linear baseline correc-
tion discussed in Section III C. We estimated the size of
the error associated with the fit window to be 40 ns by
changing the start and end times of the fit by 500 ns.
We performed the fit for both corrected and uncorrected
traces and estimated the size of the error associated with
the baseline to be 50 ns. We added the two estimated
systematic errors to determine a combined systematic
error of 60 ns.

The measured lifetimes over the course of the run
for traces without the baseline correction are shown in
Fig. 12, in which the error bars shown are statistical only.
We observe no significant increase in the impurity level
throughout the run, and we measure the long time con-
stant to be 1.46±0.06 (sys) µs, consistent with previous
measurements [5, 13, 14]. Further analysis of systematic

6

M.G. Boulay et al. arXiv:0904.2930

Important to reject intrinsic 39Ar background

- Discriminate with ratio of prompt light (Fprompt) to total light.

- Reject beta and gamma backgrounds with less than 10-8 leakage.
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DEAP - Pulse Shape Discrimination
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March 13, 2012 0:16 WSPC - Proceedings Trim Size: 9in x 6in Saab˙Direct˙Detection

16

the linear dimensions of the liquid container leads to a cubic increase
in the detector mass of the detector material.

Noble liquid experiments share the same underlying detection mecha-
nism. An interaction in the liquid results in the ionization and excitation of
the target atoms. The process through which the excited atoms go through
as they decay to the ground state involves the formation of excimer states
which can occur in either of a singlet or triplet state, each of which has a dif-
ferent decay time: 7 ns/15.4µs for Ne, 7 ns/1.5 µs for Ar, 3/27 ns for Xe. The
fraction of singlet to triplet excimers created is di↵erent for electron and
nuclear-recoils, for example, in liquid Argon 70% of the excimers created
by a nuclear-recoil are singlets, whereas the ratio is ⇠30% for electron-
recoils.36,37 The resulting pulse shape from a photomultiplier tube exhibits
a time structure which is dependent of the nature of the recoil. Figure 10
shows the di↵erence in pulse rise-time for an electron- and nuclear-recoil
event in liquid Argon.

(a) (b)

Fig. 10. Leading edge of the photomultiplier pulse for an electron-recoil (a) and a

nuclear-recoil (b) event in liquid Argon showing the di↵ering fast and slow pulse com-
ponents. Figure reproduced from Ref.38

The DEAP/CLEAN collaboration (Dark matter Experiment using Ar-
gon Pulse shape discrimination / Cryogenic Low Energy Astrophysics with
Noble liquids) is building a liquid argon single-phase detector called mini-
CLEAN.39 This design is based on a spherical vessel filled with argon with
all 4⇡ steradians instrumented with photomultiplier tubes. The photon hit
pattern on the photomultiplier tubes permits the reconstruction of an in-
teraction’s position within the detector, and pulse shape discrimination is
used to reject electron recoil backgrounds. The miniCLEAN experiment in-
strument 500 kg or target material with 91 photomultiplier tubes allowing

arXiv:0904.2930v1NR

ER

- Discrimination between background and signal 
comes from pulse shape.

- Excited atoms decay to ground state through 
formation of single or triplet excimer states which 
have different decay times.

- 70% of excimer states 
created  by nuclear recoils 
are singlets

- 30% of excimer states 
created by electron recoils 
are triplets
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DEAP/CLEAN Program
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The DEAP and CLEAN Family of 
Detectors

DEAP-0:
Initial R&D detector

DEAP-1:
7 kg LAr
2 warm PMTs
At SNOLab since 2008

picoCLEAN:
Initial R&D detector

microCLEAN:
4 kg LAr or LNe
2 cold PMTs
surface tests at Yale

MiniCLEAN:
500 kg LAr or LNe (150 kg fiducial mass)
92 cold PMTs
SNOLAB 2013DEAP-3600:

3600 kg LAr (1000 kg fiducial mass)
266 warm PMTs
SNOLAB 2014

40-140 tonne LNe/LAr Detector:
pp-solar ν, supernova ν, dark matter <10-46 cm2

~2018?

10-44 cm2

10-45 cm2

10-46 cm2

WIMP σ 
Sensitivity
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XMASS
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- Single phase LXe detector located in 
the Kamioka Underground 
Observatory, Japan.  Construction 
finished in late 2010.

- Water tank acts as an active muon 
veto.

- Key concept to background 
discrimination is “self-shielding”.  
Gamma particles are absorbed in the 
outer region of the liquid xenon.

- WIMPs and neutrons are evenly 
distributed thoughout volume.

- Recent science run revealed 
unexpected alpha background from 
materials used to support PMTs.

• passive ambient J and n shielding

20 inch PMTs

W
a

t
e

r
 t

a
n

k
s

LXe sphere

Simulation: J into LXe

J. Liu TAUP 2011
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Two Phase Experiments
CRESST, EDELWEISS, SuperCDMS,
 DarkSide, LUX, PandaX, XENON,

and others.
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Two Phase Detectors
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Sensors

Sensors

Phonons
Charge Carriers
Photons

Relative fractions
depend on dE/dx

Introduction
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Particle Dependent Response
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0 10050

charge
photons

charge
phonons

photons
phonons

Energy [keV]

Energy [keVnr]

Energy [keV]

Xe

Phototubes

Phototubes

Ge

Electrodes

TESs

CaWO4

TES

TES

Introduction

Image S. Hertel

CRESST, 
DarkSide, 
Edelweiss, LUX, 
SuperCDMS, 
XENON, etc.

Patrick Decowski - Nikhef/UvA

Particle-dependent Response

χ, n

β,ɣ 

Image E.Pantic

CDMS, CRESST, DarkSide, 
LUX, XENON etc. 

10

Patrick Decowski - Nikhef/UvA

Particle-dependent Response

χ, n

β,ɣ 

Image E.Pantic

CDMS, CRESST, DarkSide, 
LUX, XENON etc. 

10
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Dual Phase Time Projection Chambers 

- Interactions in the liquid produce excitation and 
ionization.

- Excitation leads to scintillation light emission

- Ionization electrons are drifted with an applied 
electric field into the gas phase (S1).

- In the gas phase, electrons are further accelerated 
producing proportional scintillation (S2).

- PMTs on the bottom and top of the chamber 
record scintillation signals.

- Distribution of S2 give xy coordinates, drift time 
gives z coordinates

- Ratio of S2/S1 discriminates electron and nuclear 
recoils

52

Principle

E
ionization

excitation

Xe++ e−

+Xe

Xe
+
2

+e−

Xe∗∗+XeXe∗

+Xe

Xe∗2

2Xe

178 nm
singlet (3 ns)

2Xe

178 nm
triplet (27 ns)

! Bottom PMT array below cathode, fully immersed in LXe
to efficiently detect scintillation signal (S1).

! Top PMTs in GXe to detect the proportional signal (S2).

! Distribution of the S2 signal on top PMTs gives xy

coordinates while drift time measurement provides z

coordinate of the event.

! Ratio of ionization and scintillation (S2/S1) allows dis-
crimination between electron and nuclear recoils.

Guillaume Plante - XENON - DM2010 - February 26, 2010

Principle

E
ionization

excitation

Xe++ e−

+Xe

Xe
+
2

+e−

Xe∗∗+XeXe∗

+Xe

Xe∗2

2Xe

178 nm
singlet (3 ns)

2Xe

178 nm
triplet (27 ns)

! Bottom PMT array below cathode, fully immersed in LXe
to efficiently detect scintillation signal (S1).

! Top PMTs in GXe to detect the proportional signal (S2).

! Distribution of the S2 signal on top PMTs gives xy

coordinates while drift time measurement provides z

coordinate of the event.

! Ratio of ionization and scintillation (S2/S1) allows dis-
crimination between electron and nuclear recoils.

Guillaume Plante - XENON - DM2010 - February 26, 2010

(XENON, LUX, DarkSide, PandaX and others)
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XENON Calibration Data
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Electronic/nuclear recoil calibration data

⇠1% accuracy of S1,S2 position corrections using various � lines.

NR calibration data

AmBe source
beginning and end of run

ER calibration data
60Co and new 232 Th source
35⇥ science data

⇠99.5% ER rejection @ 50% NR acceptance

Emilija Pantic pantic@ucla.edu Aspen 2013 Direct Dark Matter Search with XENON100 11/25

11/25

2013 Closing in on Dark Matter - E. Pantic 

~99.5% ER rejection at 50% NR acceptance.
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XENON 100 RESULTS
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- 224.6 live days acquired from Feb. 2011 to 
Mar. 2012 in fiducial mass 34 kg liquid Xe.

- 2 events observed on a predicted 
background of 1.0 ± 0.2 background events 
(NR and ER 0.79 ± 0.16)

- Red shading (below)  indicate nuclear 
recoil region measured by neutrons from 
241AmBe source.  

- Grey dots (above) are events above the 
99.75% ER rejection line.

- WIMP search region is restricted to
3 - 20 PE in S1.

Phys. Rev. Lett. 109, 181391 (2012)

99.75% ER Rejection Line
Profile Likelihood Analysis Threshold
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Energy
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Nuclear recoils are measured through a combination of scintillation 
light and ionization.  The nuclear recoil energy is related to S1 by

observed 
scintillation [PE]

light yield
[PE/keVee]

scintillation efficiency 
of NR in LXe 

suppression of scintillation
signal from electric field for 
ER and NR events

Enr =
S1

LyLeff
⇥ Se

Sr

Leff ⌘ S1(Enr)/Enr

S1(122keVee)/122keVee

[keVnr]

Leff accounts for the quenching of the scintillation signal for a nuclear 
recoil. 

122 # line from 
57Co source
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Energy - Continued
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E =
S2

Y

1

Qy(E)

The nuclear recoil energy is related to S2 by

[keVnr]

observed 
scintillation [PE]

secondary 
amplification factor
[pe/e-] 

number of free electrons 
per unit energy 
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XENON100 Results

- Upper limit at 90% C.L. 
on the WIMP-nucleon 
cross section is 
2.0 x 10-45 cm2 for 
WIMPs of mass 
55 GeV/c2.

- XENON100 continues to 
acquire data!

57

! 5% for all WIMP masses for the background-only hy-
pothesis, indicating that there is no excess due to a dark
matter signal. The probability that the expected background
in the benchmark region fluctuates to two events is 26.4%
and confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections !" is calcu-

lated, assuming an isothermal WIMP halo with a local
density of #" ¼ 0:3 GeV=cm3, a local circular velocity

of v0 ¼ 220 km=s, and a Galactic escape velocity of
vesc ¼ 544 km=s [17]. Systematic uncertainties in the
energy scale as described by the Leff parametrization of
Ref. [6] and in the background expectation are profiled
out and represented in the limit. Poisson fluctuations in
the number of PEs dominate the S1 energy resolution and
are also taken into account along with the single PE
resolution. The expected sensitivity of this data set in the
absence of any signal is shown by the green (yellow)
[1! (2!)] band in Fig. 3. The new limit is represented by
the thick blue line. It excludes a large fraction of previously
unexplored parameter space, including regions preferred
by scans of the constrained supersymmetric parameter
space [18].

The new XENON100 data provide the most stringent
limit for m" > 8 GeV=c2 with a minimum of ! ¼ 2:0#
10$45 cm2 at m" ¼ 55 GeV=c2. The maximum gap analy-

sis uses an acceptance-corrected exposure of 2323:7 kg#
days (weighted with the spectrum of a 100 GeV=c2

WIMP) and yields a result which agrees with the result of
Fig. 3 within the known systematic differences. The new
XENON100 result continues to challenge the interpretation
of the DAMA [19], CoGeNT [20], and CRESST-II [21]
results as being due to scalar WIMP-nucleon interactions.
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Phonon and Heat Signals

- Two families of sensors for phonon signal, themal and 
athermal
- Thermal sensors - wait for the full thermalization of the 

phonons within the bulk of the detector and the sensor 
itself

- Temperature increase is equal to the deposited energy 
over the heat capacity of the system.

- Two most widely used technologies to measure these signals 
are neutron doped germanium sensors (NTD) and transition 
edge sensors (TES)

58

(CRESST, EDELWEISS, SuperCDMS, ROSEBUD)
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NTDs
- NTDs are small Ge semiconductor 

crystals that have been exposed to a 
neutron flux to make a large, controlled 
density of impurity.

- NTD measures small temperature 
variations relative to T0  which is set to 
be on the transition from 
superconducting and resistance regime 
with dependence of the resistance with 
temperature T

59

11

``Ge-NTD´´ EDELWEISS detector type 

Simultaneous 
measurements:

Ionization @ few V/cm 
with Al electrodes

Heat @ 20 mK with       
NTD sensor  Schematic “Ge-NTD” 

EDELWEISS-II detector

exp (�
r

T

T0
)

- Resistance is continuously measured by 
flowing current through it and measuring 
the resulting voltage.

- Sensors are glued onto detector.
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TESs

- TES is a thin superconducting film operated near its Tc.  

- A heater with an electothermal feedback system maintains 
temperature at superconducting edge.

- Temperature changes are detected by a change in the feedback current, 
collected by a SQUID.

60

The CDMS Phonon & Ionization Signals

• A particle interaction in the detector creates a population of phonons and a 
population of electrons & holes.

• An electric field of a few V/cm across the detector causes the electrons 
(holes) to flow to the electrodes at the top (bottom) where they are measured 
with a charge amplifier.

• The phonons propagate to the 
surface where they are 
measured with a Transition 
Edge Sensor

Charge Drift

Primary Phonons

Luke Phonons      R

T

TES

ZIP detector schematic from CDMS II

Athermal phonon

Cooper pairs

Quasiparticles transport 
energy to the TES

Trapping region

Hot TES
electrons

Interaction site

TES

Ge Absorber

Al Collection Fin

Getting the Energy 

to the Sensors
Athermal Phonons and 

Quasiparticles
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CDMS II

- Ionization yield (ionization 
energy per unit phonon 
energy) depends strongly on 
particle type.

- Most backgrounds produce 
electron recoils 

- WIMPs and neutrons 
produce nuclear recoils
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- Excellent yield-based discrimination for electron recoils:  
< 10-4 mis-id probability

- Surface events suffer reduced ionization yield

CDMS II Detector Specifics 

•  Text  

Results and Status of CDMS       Page 6 
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FIG. 1: The power of the primary background discrimination
parameters, ionization yield and phonon timing, is illustrated
for a typical detector using in situ calibration sources. Shown
are bulk electron recoils (red points), surface electron events
(black crosses) and nuclear recoils (blue circles) with recoil
energy between 10 and 100 keV. Top: Ionization yield ver-
sus recoil energy. The solid black lines define bands that are
2� from the mean electron- and nuclear-recoil yields. The
sloping magenta line indicates the ionization energy thresh-
old while the vertical dashed line is the recoil energy analy-
sis threshold. The region enclosed by the black dotted lines
defines the sample of events that are used to develop surface-
event cuts. Bottom: Normalized ionization yield (number of
standard deviations from mean of nuclear recoil band) versus
normalized timing parameter (timing relative to acceptance
region) is shown for the same data. Events to the right of
the vertical red dashed line pass the surface-event rejection
cut for this detector. The solid red box is the WIMP signal
region. (Color online.)

at 10 keV, due to ionization threshold and flaring of the
electron-recoil band; and at 100 keV, due to a drop in
fiducial volume. The spectrum-averaged equivalent ex-
posure for a WIMP of mass 60GeV/c2 is 194.1 kg-days.

Neutrons with energies of several MeV can generate
single-scatter nuclear recoils that are indistinguishable
from possible dark matter interactions. Sources of neu-
tron background include cosmic-ray muons interacting
near the experimental apparatus (outside the veto), ra-
dioactive contamination of materials, and environmen-

tal radioactivity. We performed Monte Carlo simula-
tions of the muon-induced particle showers and sub-
sequent neutron production with Geant4 [16, 17] and
FLUKA [18, 19]. The cosmogenic background is esti-
mated by multiplying the observed number of vetoed sin-
gle nuclear recoils in the data by the ratio of unvetoed
to vetoed events as determined by cosmogenic simula-
tion. This technique predicts 0.04+0.04

�0.03(stat) events in
this WIMP-search exposure.

Samples of our shielding and detector materials were
screened for U and Th daughters using high purity ger-
manium ⇥ counters. In addition, a global ⇥-ray Monte
Carlo was performed and compared to the electromag-
netic spectrum measured by our detectors. The contam-
ination levels thus determined were used as input to a
Geant4 simulation to calculate the number of neutrons
produced from spontaneous fission and (�, n) processes,
assuming secular equilibrium. The estimated background
is between 0.03 and 0.06 events and is dominated by U
spontaneous fission in the copper cans of the cryostat.
The radiogenic neutron background originating from the
surrounding rock is estimated to be negligibly small com-
pared to other sources.

The number of misidentified surface events was esti-
mated by multiplying the observed number of single-
scatter events failing the timing cut inside the 2⇤ nuclear-
recoil band with the ratio of events expected to pass the
timing cut to those failing it (“pass-fail ratio”). The for-
mer was estimated using observed counts from a previous
analysis [11], and the latter was estimated using three dif-
ferent methods. The first method computed the pass-fail
ratio from events that reside within the 2⇤ nuclear-recoil
band and multiply scatter in vertically adjacent detec-
tors (“multiple scatter events”). The second method esti-
mated the pass-fail ratio from multiple-scatter events sur-
rounding the nuclear-recoil band (“wide-band events”).
Wide-band events have di�erent distributions in energy
and in detector face (ionization- or phonon- side) from
nuclear-recoil band events, a�ecting the pass-fail ratio.
To account for these di�erences, the pass-fail ratio of
these events was corrected using the face and energy dis-
tributions of events observed in the nuclear-recoil band
that failed the timing cut. A third, independent estimate
of the pass-fail ratio was made using low-yield, multiple-
scatter events in 133Ba calibration data, again adjusted
for di�erences in energy and detector-face distributions.
All three estimates were consistent with each other and
were thus combined to obtain an estimate prior to un-
blinding of 0.6± 0.1(stat) surface events misidentified as
nuclear recoils.

Upon unblinding, we observed two events in the WIMP
acceptance region at recoil energies of 12.3 keV and
15.5 keV. These events are shown in Figs. 2 and 3.

The candidate events occurred during periods of nearly
ideal experimental performance, are separated in time
by several months, and occur in di�erent towers. How-

Phonon%channels%

Charge%channels%

• %Phonon%and%charge%channels%opposite%
%
• %Yield%and%phonon/charge%4ming%
%%
• %Above%10%keV%recoil%energy%%�perfect�%
ER/NR%separa4on%%

• %Surface%events%dominate%background%
contribu4on%"%need%4ming%cut!%

(Z.%Ahmed%et#al.#(CDMS)%Science%327$1619%(2010))%
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Energy

62

The total energy (phonon) is given by

“Luke” phonons are created when charge carriers are drifted 
across the crystal.

recoil energy
[keVnr]

total energy

E
tot

= E
r

+ eV
b

N
Q

Neganov-Luke 
Phonons

where Vb = bias Voltage ( = 3.0 V for CDMS Ge detectors)

NQ =
ER

✏

epsilon = average energy 
to create an e-/hole pair
(3.0 V in Ge)

and the average number of electron hole pairs produced by an 
interaction 
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Energy - Electron Recoil

63

*A good reference is David Moore’s thesis, Chapters 3 and 4  http://thesis.library.caltech.edu/7043/

Assuming that an event is an ER, the recoil energy in [keVee] can be 
expresses as -- 

= pt �
eVb

✏
EQ

total phonon 
energy

Luke
energy

-

y =
Ei

Er

Recall, that ionization yield is defined as 

(Ei = Er for ER events)

= pt � EQ

= 3.0 eV✏Ge

Thus, we can write

Er = pt � Er Er =
pt
2

recoil energy
[keVee]

Er(pt) = pt � eVbNQ

http://thesis.library.caltech.edu/7043/
http://thesis.library.caltech.edu/7043/
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Energy - Nuclear Recoil

64

Assuming that an event is a NR, a smaller correction for the Luke 
phonons is applied.

*A good reference is David Moore’s thesis, Chapters 3 and 4  http://thesis.library.caltech.edu/7043/

The mean ionization energy for nuclear recoils ($Q,NR(pt)) is 
determined using calibration data from a 252Cf source.

Er(pt) = pt � µQ,NR(pt)

[keVnr]
total phonon 
energy

Luke
energy

-

95

Detector: NR yield
coe�cients:
A B

T1Z2 0.1077 0.3154
T1Z5 0.1249 0.2697
T2Z3 0.1039 0.3295
T2Z5 0.0913 0.3602
T3Z2 0.0863 0.3972
T3Z4 0.1529 0.2060
T3Z5 0.0894 0.3803
T3Z6 0.1443 0.2230

Table 4.2: Parameterization of the measured mean ionization yield for nuclear recoils,
µQ,NR = AEB

r , for each detector. These values are used to convert the measured total
phonon signal to an equivalent recoil energy, assuming the Neganov-Luke phonon contribu-
tion is consistent with a nuclear recoil.

calibration data is parameterized by a power law of the form µQ,NR = AEB
r over the

energy range from 2–20 keV, where A and B are determined separately for each detector

and listed in Table 4.2. The phonon-based recoil energy is then determined using these

parameterizations to calculate the Neganov-Luke phonon contribution to the total phonon

signal following Eq. 4.3. Due to the low ionization yield for low-energy nuclear recoils, only

⇠15% of the total phonon signal arises from Neganov-Luke phonons, and any error due

to uncertainties in the measurement of the ionization yield is reduced by the same factor,

leading to a <3% systematic uncertainty on the recoil energy at 2 keV resulting from the

Neganov-Luke correction [144].

Provided that the ionization collection e�ciency for nuclear recoils at low energy does

not di↵er from that for electron recoils, the yield measurements are inconsistent with an

underestimate of the nuclear recoil energy scale. Under this assumption, the recoil energy

at 2 keV is overestimated by 5%–20%, depending on detector. If instead the lower yields

are due to enhanced recombination or trapping of charges for low-energy nuclear recoils at

the relatively low drift fields used in CDMS, then directly using the measured ionization

in CDMS gives the correct Neganov-Luke contribution. Thus, to determine the energy

scale for the analysis presented in this thesis, we do not apply a corresponding correction

based on the comparison of the ionization yield with previous measurements. This leads to

a possibly conservative estimate of the recoil energies since an overestimated energy scale

produces weaker limits on the scattering cross section.

where

Note:  Due to the low ionization yield for low energy NR (~15% of total energy), any error 
due to uncertainties in the measurement of  ionization yield is reduced by the same factor.

http://thesis.library.caltech.edu/7043/
http://thesis.library.caltech.edu/7043/


July 2013 - Invisibles Summer School - Jodi Cooley

keVee vs keVnr

65

Ionization energy vs recoil energy assuming NR scale consistent 
with Luke phonon contributions for NR.  

- ER recoils are pushed to higher energies using the NR scale. 
- Example - 10.4 keVee ER line appears at ~16 keVnr
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Figure 5.2: Ionization energy versus recoil energy for the 252Cf calibration (gray) and WIMP
search (black) data for T1Z5, assuming a recoil energy scale consistent with the Neganov-
Luke phonon contribution for nuclear recoils. The means of the electron-recoil (blue) and
nuclear-recoil (green) distributions determined from calibration data are also shown. The
red dashed lines show contours of constant “true” recoil energy for a given ionization yield,
demonstrating that the electron recoils are pushed to higher recoil energies using this scale
(e.g., the 10.4 keVee electron-recoil line appears at a nuclear recoil equivalent energy of
16 keVnr). Figure from Ahmed et al. [144]

are di�cult to quantify. Due to these uncertainties, we calculate conservative limits using

the optimum interval method, which are free from any corresponding systematic errors

on the background estimate. Even without detailed knowledge of the backgrounds, if the

distribution of the backgrounds in some parameter is di↵erent than the expected WIMP

signal, then the optimum interval method can provide stronger limits than would be possible

if this di↵erence in distributions were not taken into account.

To calculate limits using this method, the signal distribution and measured event distri-

bution must be specified in terms of some parameter, ✏, which is typically taken to be the

recoil energy of the events. However, the best sensitivity is obtained by choosing ✏ to max-

imize the di↵erences between the distribution of the signal and the expected backgrounds.

For this analysis, we expect significant variations in the backgrounds by detector due to

di↵erences in the ionization-based discrimination of background events. Although the opti-

mum interval method does not require a detailed understanding of these backgrounds, given

only the knowledge that they should vary by detector we can improve the expected sensi-

tivity of the method by specifying the measured event distribution in terms of a parameter

constant “true” energy
mean NR (252Cf)
mean of ER (133Ba)

y =
Ei

Er
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Summary 

66

- The Luke correction for ER is larger than for NR.
- This effect results the ionization yield difference 

between ER and NR events.
- The ionization yield of a 50 keV nuclear recoil will 

lower than that of a 50 keV electron recoil by a factor 
of ~3.  

- The energy dependence of ionization yield is 
described well by the Lindhard theory for stopping 
power of ions in matter. 
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Charge Carrier Back Diffusion

- Reduced charge yield is due to carrier back diffusion in 
surface events.

- “Dead layer” is within ~10$m of the surface.
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Background Discrimination:  Pulse Shape

68

Selection criteria set to accept 
~0.5 background events.

Delay + RiseTime [µs]

C
ou

nt
s

Bulk
Surface

Phonons near surface travel 
faster, resulting in shorter 
risetimes of phonon pulse.

Surface events rejected based on pulse shape
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CDMS II
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mis-id probability:  < 10-6 
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- 30 detectors installed and operated in 
Soudan from June 2006 - March 2009.

- ~4.75 kg Ge, ~1.1 kg Si

- Seven Total Data Runs

- R123- R124 (Oct. 2006 - July 2007)

- 55.9 kg-days in 6 Si detectors

- R125 - R128 (July 2007 - Sep. 2008)

- 140.23 kg-days in 8 Si detectors

- R129 (Nov. 2008 - Mar. 2009)

CDMS II - Recent Analysis

70

T1 T2

T3T5T4
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Results:  CDMS II Silicon Detectors
- Shades of blue indicate 

three separate timing cut 
energy ranges.

- 7- 20 keV

- 20 - 30 keV 

- 30 - 100 keV

- Background Estimate

- < 0.13 neutrons from 
Cosmogenics & 
Radiogenics

-  

- < 0.08 206Pb recoils 
from 210Pb decays
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CDMS II Results

72
Enectali Figueroa-Feliciano / Fermilab Seminar / 2013

CoGeNT H2013L
CRESST-II H2012L
DAMAêLIBRA H2008L
XENON100 H2012L
XENON10 S2 H2013L
EDELWEISS Low-threshold H2012L
CDMS II Ge H2010L
CDMS II Ge Low-threshold H2011L
90% Upper Limit, this data
90% Upper Limit CDMS II Si Combined
Best fit, this data
68% C.L., this data
90% C.L., this data

Profile Likelihood Confidence Intervals

• A profile likelihood analysis favors a WIMP
+background hypothesis over the known 
background estimate as the source of our 
signal at the 99.81% confidence level (~3σ, p-
value: 0.19%).

• The maximum likelihood occurs at a WIMP 
mass of 8.6 GeV/c2 and WIMP-nucleon cross 
section of 1.9x10-41cm2.

• We do not believe this result 
rises to the level of a 
discovery, but does call for 
further investigation.
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- A profile likelihood analysis favors a 
WIMP+background hypothesis over 
the known background estimate as the 
source of our signal at the 99.81% C.L. 
(~3#, p-value: 0.19%)

- Does not rise to level of discovery, but 
does call for further investigation.

- The maximum likelihood occurs at a 
WIMP mass of 8.6 GeV/c2 and WIMP-
nucleon cross section of 1.9 x 10-41.
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SuperCDMS at Soudan
- Currently operating 5 towers of of 

advanced iZIP detectors (~9 kg Ge) in 
the existing cryostat at the Soudan 
Underground Laboratory.

- After 3 years of operation, expected to 
improve sensitivity to spin-independent 
WIMP-nucleon interactions by a factor 
of ~10 over existing CDMS II results.

73

to reject perimeter events.  

Installation complete Nov. 8, 2011.  
Operating with final detector 
settings since Mar. 2012.
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SCDMS iZIPs:  Charge Signal

74

Bulk Events:
Equal but opposite ionization 
signal appears on both sides of 
detector (symmetric)
Surface Events:  
Ionization signal appears on one 
detector side (asymmetric)
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SCDMS iZIPs:  Charge Signal

75

Bulk Events:
Equal but opposite ionization 
signal appears on both sides of 
detector (symmetric)
Surface Events:  
Ionization signal appears on one 
detector side (asymmetric)

()%
()%()%

&'%

&'%
&'%

SuperCDMS 
•  Carry out low mass search with 

improved detectors 
•  Utilizes iZIP technology 
•  Interleaved phonon and ionization 

sensors 
•  Surface event discrimination possible 

from surface E-field 

Ionization 
Sensor 

Phonon 
Sensor 
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SuperCDMS:  210Pb Test

76

- 71,525 (38,178) electrons and 16,258 (7,007) 
206Pb recoil surface event collected from 210Pb 
source in 905.5 (683.8) live hours

- In ~800 live hours 0 events leaking into the 
signal region (< 1.7 x 10-5  @90% C.L. misID)

- ~50% fiducial volume (8-115 keVr)
- <0.6 events in 0.3 ton-years
- Good enough for a 200 kg experiment run for 4 

years at SNOLAB!

Bulk electron recoils
Bulk nuclear recoils
Surface events

Two 210Pb sources were deployed with the detectors to test surface rejection 
capabilities of the new iZIP detectors.
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SuperCDMS:  Phonon Signal

77

SuperCDMS Soudan iZIP Phonon sensor layout 

25 keV nuclear recoil event  in bulk 
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Surface Electron vs Nuclear Recoil 

25 keV electron event near top surface 
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- Phonon timing pulse information still possible.
- Surface electron vs bulk nuclear recoil event discrimination

- PULSE SHAPE HAS NOT YET BEEN USED! (It’s not needed.)
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SuperCDMS @ Soudan: Low Mass Projections
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CRESST 
- Cryogenic CaWO4 crystals   are 

instrumented to readout phonon energy 
and scintillation.

- operated at ~10 mK

- each crystal ~ 300 g

- Located in Laboratori Nazionali del 
Gran Sasso, Italy

- Discrimination between ER and NR 
events via light yield (light/phonon 
energy)

- Signal expected to produce nuclear 
recoils

- Dominant background from 
radioactivity produces electron recoils.
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CRESST-II Data Analysis

- Net exposure:  730 kg-day (July 2009 - 
March 2011) from 8 detector modules.

- Observed 67 events in acceptance 
region (orange).

- Analysis used a maximum likelihood in 
which 2 regions favored a WIMP signal 
in addition to predict background.

- M1 is global best fit (4.7 #)

- M2 slightly disfavored (4.2 #)

- Excess events can not be explained by 
known backgrounds

- Large background contribution

80

Dark Matter Searches Rick Gaitskell, Brown University, LUX / DOE

Signal Significance

• Net exposure: 730 kg days
67 accepted events

• Results of Likelihood Analysis
Two regions of (mass,c-s) favour an 

additional signal of WIMPs in addition to 
background events 

M1 global best fit (4.7 σ)
M2 slightly disfavored (4.2 σ)

•Known background sources are 
not sufficient to explain data

•Large background contribution
Reduction of background is necessary

Information from F. Petricca
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CRESST Plans
- Next data run (2012) aims to 

reduce background, increase 
detector mass.

-  Alphas - new clamping 
design and material

- Detector assembly in a 
radon free environment

- New detector design to 
discriminate 206Po recoils

- Add additional shielding to 
reduce neutron background

81
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- Currently cooling the cryostat which contains 18 detector modules!
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Ionization Only Experiments
CoGeNT, TEXANO, IGEX and others
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CoGeNT

- Location:  Soudan Underground 
Laboratory, Minnesota, USA

- 440 g HPGe ionization 
spectrometer

- Data collection from Dec. 4, 2009 - 
Mar. 6, 2011 (442 live days)

- Data collection interrupted due to 
fire.

- Data collection resumed July 
2011.
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CoGeNT

- First claim of excess in 2010.

- Reject surface events using 
risetime cut (2011).

- Peaks due to cosmogenic 
activation of Ge

- After subtraction of known 
background, an exponential 
excess of events remains 

- Fits to a variety of light-WIMP 
masses and couplings shown in 
inset of lower figure.

84

2

FIG. 1: Top: Uncorrected (i.e., prior to threshold efficiency
correction) spectrum displaying all expected K-shell EC cos-
mogenic peak positions. The dotted histogram shows the
spectrum before rejection of surface background events. Bot-
tom: Uncorrected low-energy spectrum following removal of
surface events. Dotted Gaussian peaks show the predicted
L-shell EC contribution, devoid of any free parameters (see
text). A dashed line traces their envelope. A second dashed
line indicates the combined threshold efficiency (trigger +
software cuts) [1], an arrow pointing from it to the right scale.
Inset: Spectra corrected by this efficiency and stripped of L-
shell contribution and flat background component. Examples
of light WIMP signals are overlapped on it (see text).

the individual L-shell predictions in a background model
containing this envelope, an exponential and a constant
background. The resulting best-fit indicates a L-shell
contribution just 10% short of the nominal prediction,
well within its uncertainty. Fig. 2 shows the region of in-
terest (ROI) obtained when these irreducible spectra are
fitted by a sample model containing signals from WIMPs
of mass mχ and spin-independent coupling σSI , and a
free exponential background. As in [1], this ROI is de-
fined by the upper and lower 90% C.L. intervals for the
best-fit σSI , whenever the lower interval is incompatible
with a null value. This ROI is meant to direct the eye
to the region of parameter space where the hypothesis of
a WIMP signal dominating the irreducible background
events fares best, but it does not include astrophysical or
other uncertainties listed next. Reasonable uncertainties
in the germanium quenching factor employed (Fig. 4 in
[2], [10]) can shift this ROI by∼ ±1 GeV/c2. The present
uncertainty in the fiducial bulk volume of this detector
is O(10)% [1]. Departures from the assumption of a con-

FIG. 2: ROI extracted from the irreducible spectra in Fig. 1
(inset) under consideration of a light-WIMP hypothesis. A
small dotted line bisects it, approximately separating the do-
mains favored by the black dot (left) or unfilled circle (right)
spectra in Fig. 1. ROI definition and uncertainties able to
shift it are described in the text. The DAMA/LIBRA ROI
includes present uncertainties in its position [11], with the
exception of ion channeling [14], conservatively assumed to
be absent. Solid and dotted lines are CDMS limits from [15]
and [7], respectively. A dashed line corresponds to recent
XENON100 claims [8]. Uncertainties in these constraints and
those by XENON10 [16] are examined in [17, 18].

stant background in the model above can also displace
this region. A modest contamination of the spectrum by
surface events next to threshold [1, 6] would shift this
ROI to slightly higher values of mχ and lower σSI . The
additional exposure collected since [1] results in a much
reduced CoGeNT ROI, one in the immediate vicinity of
the parameter space compatible with the annual modu-
lation effect observed by DAMA/LIBRA [11, 12]. This
region of σSI , mχ space is populated by the predictions
of several particle phenomenologies. The reader is di-
rected to references in [1] and recent literature for ex-
amples. The same region has received recent attention
within the context of dark matter annihilation signatures
at the center of our galaxy, and anomalies in accelerator
experiments [13]. Fig. 2 also displays limits from other
searches, a subject treated again below.
A search for a WIMP-induced annual modulation in

dark matter detector data requires an exceptional low-
energy stability in the device. Fig. 3 shows that these
conditions are present for CoGeNT. The top panel dis-
plays daily averages in the detector electronic noise. Ex-
cessive excursions in this parameter would affect the sta-
bility of the detector threshold. These are not observed.
Precautions are taken to ensure that this noise is as sta-
ble as possible: for instance, by automatically refilling
the detector liquid nitrogen Dewar every 48h, the crystal
temperature and its associated leakage current are held
as constant as possible. The second panel shows the sta-
bility of the trigger threshold, derived from the difference
between the daily average baseline DC level in the trig-
gering channel and a constant (digitally fixed) discrimi-
nator level. The small excursions observed correspond to
a temperature drift in the digitizers (NI 5102) and shap-
ing amplifier (Ortec 672) of ∼ 1◦C. These small instabil-

arXiv:  1106.0650v3
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Annual Modulation Experiments
DAMA, KIMS, DM-ICE

and others (CoGeNT, CDMS II, etc.)
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NaI and CsI Scintillator

86

NaI Scintillator
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DAMA/LIBRA
- DAMA 

- 100 kg NaI array operated 
from 1996 - 2002 in 
Laboratori Nazionali del 
Gran Sasso.

- Measures scintillation from 
particle interactions in 
detectors.

- No discrimination between nuclear and electron 
recoils

- Positive results reported in 1998.

- LIBRA 

- 250 kg array operating since 2003 with first results 
in 2008.
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DAMA/LIBRA

- Modulation has been observed over 13 cycles.
- Significance is 8.9#.
- Signal is observed only in lowest energy bin.

88
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KIMS
- Direct comparison to DAMA annual 

modulation signal using CsI(Tl) crystals
- Pulse shape discrimination also possible

- 12 crystals (104.4 kg) installed
- Data taking from Sept 2009 - Feb. 2012
- Pulse shape discrimination excludes 

DAMA/LIBRA - PRL 108, 181301 (2012)
- No annual modulation is observed.
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4 

KIMS 

Mineral Oil (30cm) & Muon det. 

Lead (15cm) 

Polyethylene (5cm) 

Copper (10cm) 

CsI(Tl) crystal 

KIMS overview 

CsI(Tl) 

WIMP 

Nucleus 

0 , ,W DMυ ρ

WIMP-Nucleus elastic scattering 

, RA E

CsI(Tl) Crystal  8x8x30 cm3  

 (8.7 kg) + 3” PMT (9269QA) 

!  Similar experiment to DAMA. 
!  Direct comparison to DAMA annual mo

dulation signal is possible. Iodine is com
mon to both exp. 5 

Data with 12 crystals!

•  12 crystals (104.4kg) installed in the Cu shield. 
•  2.5 year data (Sep. 2009 – Feb. 2012) 
• Background Level : 2~3 cpd/kg/keV  
•  Source calibration with 55Fe & 241Am 
•  1 year of data (Sep. 2009 – Aug. 2010) published with 

PSD analysis. 
• Backgrounds are well understood. 

Total backgrounds 
Multiple –hit  backgrounds 

MC 
Data 

11 

"  Adecay is consistent with the 
beta spectrum of 134Cs. 

"  The background rate of 2 ke
V bin is relatively higher tha
n other energy bins. 

"  The amplitude of  annual mo
dulation is consistent with N
ULL. 

Adecay Bkg 

Amplitude 

Fit results of 11 crystals (1 keV energy bin) 
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Directional Experiments
 DMTPC, DRIFT, MIMAC, NEWAGE,

and others



July 2013 - Invisibles Summer School - Jodi Cooley

DMTPC

91

- 10 L prototype underground at 
WIPP in Carlsbad, NM, USA

- Filled with CF4 gas to probe the 
WIMP-19F spin-dependent cross-
section

- Dark matter is identified by 
directional signal.

- In additional, electron recoils 
can be identified by their low 
ionization density (i.e. stopping 
power).
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DM-TPC

James Battat     Bryn Mawr College 17 

Cartoon simulation (NOT data) 

PID with Range vs. Energy 
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DMTPC

93

DMTPC 

James Battat     Bryn Mawr College 29 

10L�

Underground 
at WIPP�

At MIT�

4Shooter (20L)� DMTPCino (1 m3)�

Funded by 
NSF+DoE�
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SuperHeated Gas/Gel Experiments
COUPP, PICASSO, SIMPLE and others
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Particle Detection in Bubble Chambers

- A bubble chamber is filled with 
a superheated fluid in a 
metastable state.

- A particle interaction with 
energy deposition greater than 
Eth in a radius < rc results in an 
expanding bubble.

- A smaller or more diffuse 
energy deposition will result in 
a bubble that immediately 
collapses.

Bubble chambers as nuclear 
recoil detectors 

• Thermodynamic 
parameters are 
chosen for sensitivity 
to nuclear recoils but 
not electron recoils. 
 

• Better than 10-10 
rejection of electron 
recoils (betas, 
gammas). 
 

• Alphas are (were) a 
concern because 
bubble chambers are 
threshold detectors. 

February 2nd, 2013 5 Russell Neilson - You can “tune” the chamber to 
make bubbles for nuclear recoils 
and not for electron interactions.
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COUPP

96

• Superheated fluid CF3I 
– F for spin dependent 
– I for spin independent 

 
• Observe bubbles with two 

cameras and piezo-acoustic 
sensors. 

COUPP bubble chambers 

February 2nd, 2013 4 Russell Neilson 

- Superheated fluid CF3I

- F for spin-dependent interactions

- I for spin-independent interactions

- Target can be swapped out 

- Bubbles are observed by two cameras 
and piezo-acoustic sensors

- Better than 10-10 rejection of electron 
recoils

- Alphas can be a concern.  However, 
they can be rejected by acoustic 
discrimination.
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COUPP
- Alphas deposit their energy over 10s of microns.

- Nuclear recoils deposit their energy over 10s of millimeters

- Alpha particles are louder than nuclear recoils.  This can be measured by 
piezoelectric sensors.

97

• Discovery of acoustic discrimination against alphas (Aubin et al., New J. 
Phys.10:103017, 2008) 
– Alphas deposit their energy over tens of microns. 
– Nuclear recoils deposit theirs over tens of nanometers. 

• In COUPP bubble chambers alphas are several times louder. 

Daughter heavy nucleus 
(~100 keV) 

Helium nucleus 
(~5 MeV) 

~40  μm 

~50 nm 

Observable bubble ~mm 

Acoustic discrimination 

February 2nd, 2013 8 Russell Neilson 
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COUPP ResultsWIMP limits 
• Given uncertainties on background predictions, we do no background 
subtraction, (Behnke et al., Phys. Rev. D 86 (052001) 2012). 
• Even with a clear neutron background  world class SD limits in a 4 kg 
detector. 

February 2nd, 2013 15 Russell Neilson 

Phys. Rev. D 86, 052001 (2012)

COUPP (2012)

COUPP 

(2012)
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Where are we going?
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Where Are We Going?
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Asymmetric DM
T. Lin +
1111.0293

NMSSM
J. Cao +
1104.1754

Ù
Ù
Ù
Ù

Ù

Ù

Ù
Ù

Ù

Ù

Ù

Ù
Ù
Ù
Ù Ù

Ù
Ù
Ù

Ù
Ù

Ù
Ù
Ù
Ù
Ù
Ù
Ù

Ù
Ù
Ù
Ù
Ù

Ù
Ù
Ù
Ù
Ù
Ù

Ù
Ù
Ù
Ù
Ù
Ù

Ù
Ù
Ù
Ù
Ù
Ù

Ù
Ù
Ù
Ù
Ù
Ù

Ù
Ù
Ù
Ù
Ù
Ù

Ù
Ù
Ù
Ù
Ù
Ù

Ù

Ù
Ù
Ù
Ù
Ù
Ù

Ù
Ù
Ù
Ù
Ù
Ù

Ù
Ù
Ù
Ù
Ù
Ù
Ù

Ù
Ù
Ù
Ù
Ù
Ù

Ù
Ù
Ù
Ù

Ù Ù

Ú
Ú
Ú

Ú
Ú

Ú
Ú

Ú
Ú
Ú

Ú
Ú
Ú
Ú

Ú
Ú
Ú
Ú

Ú
Ú
Ú
Ú
Ú
Ú

Ú
Ú
Ú
Ú

Ú
Ú
Ú
Ú
Ú
Ú

Ú
Ú
Ú
Ú
Ú

Ú
Ú
Ú
Ú
Ú
Ú

Ú
Ú
Ú
Ú
Ú
Ú

Ú
Ú
Ú
Ú

Ú
Ú
Ú
Ú
Ú
Ú

Ú

Ú
Ú

Ú
Ú
Ú
Ú
Ú
Ú

Ú
Ú
Ú
Ú
Ú

Ú

Ú
Ú
Ú
Ú
Ú
Ú
Ú
Ú
Ú

Ú
Ú
Ú
Ú
Ú

Ú
Ú
Ú
Ú
Ú

Ú
Ú
Ú
Ú
Ú

Ú
Ú
Ú

Ú
Ú

Ú

Ú
Ú
Ú

¢
¢ ¢

¢
¢

¢

¢

¢

¢

¢

¢
¢
¢
¢
¢
¢

¢

¢

¢

¢

¢
¢
¢
¢
¢
¢
¢
¢
¢

¢
¢
¢
¢
¢
¢
¢
¢
¢

¢
¢
¢
¢

¢
¢

¢

¢
¢
¢
¢
¢
¢
¢
¢
¢

¢
¢
¢

¢
¢
¢
¢
¢
¢

¢

¢

¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢

¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢

¢

¢
¢
¢
¢
¢
¢
¢

¢

¢

¢
¢
¢
¢
¢

¢
¢
¢
¢
¢
¢

¢
¢
¢

¢

¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢

¢
¢
¢

¢
¢
¢
¢
¢
¢
¢
¢

¢
¢
¢

¢
¢
¢

¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢

¢
¢
¢
¢
¢
¢
¢

¢

¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢

¢
¢
¢

¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢

¢
¢

¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢

¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢

¢
¢
¢
¢

¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢

¢
¢
¢

¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢

¢

¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢

¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢

¢
¢
¢
¢
¢
¢
¢
¢
¢
¢
¢

¢
¢
¢
¢
¢
¢
¢
¢
¢
¢

¢
¢
¢
¢
¢
¢
¢
¢

¢
¢
¢
¢
¢
¢
¢

¢
¢
¢
¢
¢
¢
¢

¢
¢
¢
¢
¢
¢
¢

¢
¢
¢
¢
¢
¢

¢

¢
¢
¢
¢
¢
¢

¢

¢
¢
¢
¢
¢
¢

¢
¢
¢
¢
¢

Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê

Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê

Ê
Ê

Ê

£
£
£
£

£
£
£
£
£
£

£
£
£
£

£
£
£

£

£
£
£
£
£
£
£

£
£
£
£

£

£
£
£

£

£

£

£
£
£
£
£
£

£
£
£
£
£
£
£

£
£
£
£
£

£
£
£
£
£
£
£

£
£
£
£
£
£

£
£
£
£
£

£
£
£
£
£
£

£
£
£
£

£
£
£

£
£
£
£

£

£

£
£
£
£
£
£
£

£

£

£
£
£
£
£
£

£
£

£
£
£
£
£
£
£
£
£
£
£

£
£
£
£
£

£
£

£
£
£
£
£
£

£
£

£
£
£
£
£
£
£

£

£
£
£
£
£
£
£
£
£

£
£

£
£
£
£
£
£

£
£
£

£

£
£
£
£
£
£
£
£
£
£
£
£
£
£
£
£

£
£

£
£
£

£

£
£
£
£
£
£
£
£
£
£
£
£
£
£
£
£

£
£
£
£
£

£

£
£
£
£
£
£
£
£
£
£
£
£
£
£

£
£
£

£

£
£
£
£
£
£
£
£
£
£
£
£
£

£

£
£
£
£
£
£
£
£

CMSSM
T. Cohen and 
J.G. Wacker 
(in prep.)  

pMSSM
M. Cahill-Rowley +
1206.4321

SuperCDMS 

Soudan
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SuperCDMS SNOLAB

SuperCDMS SNOLAB Low Threshold

SuperCDMS Soudan Low Threshold

CDMS II Ge  (2009)

Xenon100 (2012)

DAMA

CRESST

CoGeNT

CDMS Si

SuperCDMS Soudan Low Threshold
Soudan CDMS-lite 170 eVee

EDELWEISS (2011)

Xenon1T

LZ

LUX
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Further Reading

101

- Classic Papers on specific calculations

- Lewin, Smith, Astroparticle Physics 6 (1996) 87-112

- Kurylov and Kamionkowski, Physical Review D 69, 063503 (2004) 

- G. Jungman, M. Kamionkowski, K. Griest, Phys. Rep. 267 (1996) 
195-373,  arXiv:hep-ph/9506380

- Books/Special Editions that Overview the Topic of Dark Matter

- Bertone, Particle Dark Matter Observations, Models and Searches, 
Cambridge University Press, 2010.  ISBN 978-0-521-76368-4

- Physics of the Dark Universe, vol 1, issues 1-2, Nov. 2012 (http://
www.journals.elsevier.com/physics-of-the-dark-universe/)

http://arxiv.org/find/hep-ph/1/au:+Jungman_G/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Jungman_G/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Kamionkowski_M/0/1/0/all/0/1
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