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The Nature of Dark Matter
- The Missing Mass Problem:

- Dynamics of stars, galaxies, and clusters
- Rotation curves,  gravitational lensing
- Large Scale Structure formation

- Wealth of evidence for a particle solution
- Microlensing (MACHOs) mostly ruled out
- MOND has problems with Bullet Cluster 

- Non-baryonic    
- Height of acoustic peaks in the CMB (Ωb, Ωm)
- Power spectrum of density fluctuations (Ωm)
- Primordial Nucleosynthesis (Ωb)

- And STILL HERE!
- Stable, neutral, non-relativistic
- Interacts via gravity and (maybe) a weak force
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Planck 2013

Sun

Klypin+ 2002
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How to Detect Dark Matter
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IceCube

FGST

SCDMS

WIMP scattering 
on Earth CERN

WIMP production  
on Earth

WIMP annihilation
in the cosmos
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WIMP - Nucleus Interaction
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Patrick Decowski - Nikhef/UvA

Preliminaries

Sun velocity vector pointing 
roughly to Cygnus

WIMP
from galactic halo

Target Nucleus
in laboratory

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

ER~30 keVr

θR

WIMP

Elastic collision

ER =

µ2v2

mT
(1� cos ✓) vmin =

s
mTEth

2µ2

Assume WIMP is not only gravitationally interacting
M. W. Goodman and E. Witten, Phys. Rev. D 31, 3059 (1985).

3

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

Enormous enhancement for heavy nuclei target!

- Spin-Independent 

- The scattering amplitudes from individual nucleons interfere.
- For zero momentum transfer collisions (extremely soft 
bumps) they add coherently: 

mr =
m�mN

m� + mN
= “reduced mass” 

coupling constant

atomic mass
�
o

' 4m2
r

⇡
fA2

mr =
m�mN

m� +mN
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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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Interaction Rate
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local properties  
of DM halo

nuclear 
structure

particle  
theory
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“form factor” (quantum mechanics 
of interaction with nucleus)

“reduced mass” 

integral over local WIMP velocity 
distribution 

minimum WIMP velocity for given ER

The Gory Details:
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Direct Detection Rates
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- Energy spectrum and rate depend on 
details of WIMP distribution in the 
dark matter halo. 

- Assume isothermal and spherical, 
Maxwell-Boltzman distrubution 
- vrms = 270 km/s , vo = 220 km/s, 
vesc = 544 km/s 

- ρo = 0.3 GeV/cm3

Standard Halo Model:

Flux:
- Assume the mass of the WIMP is  

 100 GeV/c2 

- ~10 million/hand/sec
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- 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.
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Direct Detection Event Rates

Enectali Figueroa-Feliciano / Fermilab Seminar / 2013
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- Radioactive background of most materials is higher than the 
event rate.
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Motivation for Low Mass WIMPS
- No signal has thus far been seen at 

higher mass by direct detection 
experiments or at the LHC.

- Particle Physics models provide 
candidates for light dark matter 
including (but not limited to):

- Supersymmetry (neutralino in 
the MSSM or NMSSM, neutrino 
in extended models)

- Asymmetric Dark Matter

- others

- This parameter space is largely 
unexplored and must also be 
advanced!
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sneutrino DM
arXiv:1404.2572 (Cerdeno, Peiro, Robles)
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Total rate for different thresholds:
 (assumed: mχ = 10 GeV/c2,  σχ-n = 10-45 cm2) 

Enectali Figueroa-Feliciano / Fermilab Seminar / 2013
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Knowing your energy scale 
and efficiency at threshold 
are crucial!
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Challenges
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- Low energy thresholds (>10 keV - 10s keV)

- Rigid background controls 
• Clean materials
• shielding
• discrimination power

- Substantial Depth 

• neutrons look like WIMPS

-  Long exposures 
• large masses, long term stablility
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The SuperCDMS Collaboration
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+The SMU SuperCDMS group is supported by the NSF under grant number 1151869.

+
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SuperCDMS in a Nutshell
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Discrimination from 
measurements of 
ionization and 
phonon energy and 
charge distributions

ER back
ground

NR signal

Ephonon

E c
ha

rg
e

Keep backgrounds low as possible through 
shielding and material selection.

Use a combination of discrimination and shielding to maintain a 
“<1 event expected background” experiment with low 

temperature semiconductor detectors

Surface

Bulk

Side 1

Si
de

 2
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h+%eG%

eG%

h+%

iZIP discrimination of surface events 

In the new iZIPs the ionization lines (±2V) 
are interleaved with phonon sensors (0V) 
on a ~1mm pitch 

Z-PARTITION:  
The resulting symmetry/asymmetry in 
charge collection in sides 1 and 2 

Bulk events:  
charges (e,h) drift to both sides of 
the crystal 

Surface events:  
charges (e,h) drift to only one side 
of the crystal 

6%

- Two charge channels on each face can be used 
to reject surface and sidewall events

Backgrounds'to'Eliminate'
Bulk%electron%recoils%=%%

Compton'background'and'1.3'keV'
ac5va5on'line''

sidewall%%&%surface%events'=%%
betas'and'xHrays'from'210Pb,'210Bi,'
recoils'from'206Pb,'outer'radial'

comptons'and'ejected'electrons'from'
compton'scafering'

Cosmogenic%&%radiogenic%
neutrons%

nuclear recoils!

Ephonon!

E
io

n
iz

at
io

n
!

Use)division)of)energy)
between)inner)and)outer)
sensors,)“radial)par00on”)

Use)division)of)energy)
between)sides)1)and)2,)
“zKpar00on”)

UCLA'February'2014' 5'

Ioniza0on)vs)phonon)
dis0nguishes)NR)
from)bulk)ER)

Use)ac0ve)and)passive)
shielding.))Simula0on)
determines)remaining)
irreducible)rate)SuperCDMS'

Muon'veto''

for)modeling)210Pb)bg)in)Geant4,)see)P.)Redl’s)talk)

- Phonon sensors and their layout are 
optimized to enhance phonon signal to noise 
ratio

- Each side has one outer channel to reject zero 
charge events and 3 inner channels to reject 
surface and sidewall events.

(dG>)

•  M1P)4I=1&!-/4)61%18%"&$)a(dG>$b)91(#+)8"33($$("#16)'%)4"I6'#)
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•  RW=18%)2'8%"&)"2)')21P)9101&)&1q18:"#)
"2)9'8.+&"I#6$)'%)7"P)1#1&+?)

Phonon sensor layout: 

Field lines near surface: 

SuperCDMS iZIP Detectors
- Ge crystal (600 g) interleaved Z-sensitive 

Ionization and Phonon detectors (iZIP)

- Ionization lines (±2 V) are interleaved with 
phonon sensors

15

3” diameter
1” thick

3� Diameter 
2.5 cm Thick 

Data for this analysis:   
 
577 kg-days 
taken from Mar 2012 – July 2013 
7 iZIPs with lowest trigger threshold 

Operational since March 2012 

SuperCDMS at SOUDAN 

9.0 kg Ge (15 iZIPs x 600g) 

iZIP  
interleaved Z-sensitive 

Ionization & Phonon detectors  

Instrumented on both sides with  
2 charge+ 4 phonon sensors 

5%

- 9 kg Ge (15 iZIP detectors, each with mass 
mass 600 g) stacked into 5 towers
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Phonon Detection
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ZIP Detectors: Phonons

• 4 readout channels, each 
1036 W TESs in parallel

• Zero-energy resolution 
~100 eV in each channel, 
total ~5% at higher energies 
(after position correction)

Al Collector
W Transition-
Edge Sensor

Si or Ge

quasiparticle
diffusion

phonons

RTES 

(!)

4

3

2

1

T (mK)Tc ~ 80mK

~ 10mK

250x1!m 
W TES 

380x60!m 
Al fins 

!

Tungsten 
Transition Edge 
Sensor (TES)

~

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

4 SQUID readout channels, 
each reads out 1036 TES in 
parallel
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SCDMS iZIPs:  Charge Signal
Bulk Events:  
Equal but opposite ionization 
signal appears on both faces of 
detector (symmetric)
Surface Events:   
Ionization signal appears on one 
detector face (asymmetric)
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SCDMS iZIPs:  Charge Signal
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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 

Side 1 Charge (keV) 
S

id
e 

2 
C

ha
rg

e 
(k

eV
) 

Charge Surface Event Discrimination 

5 

Side 1 Charge (keV)
Si

de
 2

 C
ha

rg
e 

(k
eV

)

bulk events (γ)
surface events (γ + e-)Bulk Events:  

Equal but opposite ionization 
signal appears on both faces of 
detector (symmetric)
Surface Events:   
Ionization signal appears on one 
detector face (asymmetric)
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Ionization symmetry is a 
powerful way to discriminate 
surface events from bulk events.
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Backgrounds
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• Work with most radio-pure materials 
possible to minimize rates in detectors 
and components closest to the detectors.

• Install passive (active) shielding to 
suppress (detect) backgrounds from 
surrounding environment

• Carefully screen experimental 
components

• Powerful discrimination from analysis

• Minimize fabrication and handling time 
to suppress exposure to cosmic rays.

• Go underground.

Sources: Solutions:

Radioactive decays from 
naturally abundant radio-
isotopes 

Radioactive decays from 
“created” radio-isotopes  
(i.e. activated materials)  

Interactions from cosmic rays 
and their daughter particles.
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Community Assays Database

20

http://radiopurity.org Supported by AARM, LBNL, MAJORANA, SMU, SJTU & others

Use Clean Materials

http://radiopurity.org
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Depth (meters water equivalent)

SUF
17 mwe
0.5 n/d/kg

(182.5 n/y/kg)

Soudan
2090 mwe
0.05 n/y/kg

SNOLAB
6060 mwe
0.2 n/y/ton

(0.0002 n/y/kg)
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Shielding: Peel the Onion
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Active Muon Veto:   
rejects events from cosmic rays

Polyethyene:  moderate 
neutrons from fission decays 
and (α,n) interactions

Low Activity Lead Polyethylene

µ-metal (with copper inside)

Ancient lead

40 cm

22.5 cm

10 cm

Pb: shielding from gammas 
resulting from radioactivity

Ancient Pb: shields 210Pb betas

Polyethyene:  shields ancient Pb

Cu:  radio-pure inner copper can

Ge:  target
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CDMSlite
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- Drifting electrons across a potential (V) 
generates a large number of phonons 
(Luke phonons).  

A Low Ionization Experiment
- CDMSlite uses Neganov-Luke 

amplification to obtain low thresholds 
with high-resolution

- Ionization only, uses phonon 
instrumentation to measure ionization

- No event-by- event discrimination of 
nuclear recoils

24

CDMSLite'
•  Can'explore'low'mass'WIMPs'via'

alternative'running'mode'

•  CDMSLite'utilizes'Luke'phonons'

•  Standard'detectors'are'biased'at'+/L'2V'

•  Eluke'='Ne/h'x'eVb'

•  Luke'energy'scales'as'bias'voltage'and'

noise'remains'constant'until'breakdown'

total phonon  
energy primary recoil 

energy

Luke phonon  
energy

Et = Er +NeheVb
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CDMSlite - The Detector
- Custom electronics were installed 

to allow biases above 10 V

- Disable one side of iZIP and 
raising that entire side to the 
bias voltage.

- A voltage scan indicated 70 V was 
the optimal operating voltage.

- At low voltage, the signal 
increases linearly with no 
charge noise.

- At high voltage onset of 
leakage current increases the 
phonon noise.

25

!   Custom electronics were implemented 
!   Disabling one side of the iZIP and raising that entire side to the bias voltage 

!   Test runs were taken with a number of iZIPs in early 2012 
!   One detector, IT5Z2, was selected for an extended run 
!   The operating voltage was selected by maximizing the signal-to-noise 
!   The signal gain at 69V is 

substantial 

CDMSlite - detector 

September 11, 2013 CDMSlite - Jeter Hall - TAUP 2013 

bias%voltage%[V]%

Si
gn
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%to

%N
oi
se
%

A%voltage%scan%was%done%on%this%detector%to%find%the%best%
opera3ng%voltage.%%At%low%voltages,%the%signal%increases%
linearly%with%no%change%in%noise.%%At%high%voltage,%an%onset%
of%leakage%current%is%observed.%%The%leakage%current%
increases%the%phonon%noise%reducing%the%signal?to?noise.%

G* =
Et (V = 69)
Et (V = 0)

=
1+ qNeV

1
= 24

*,For,electron,recoils!,

7 

The%standard%CDMS%
electronics%is%only%designed%
to%go%to%10%V.%%Custom%
electronics%were%required%to%
go%to%11%(and%beyond.)%%%%

Si
gn

al
-to

-N
oi

se

Bias Voltage [V]
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CDMSlite - Run 1

26

CDMSLite'
•  As'a'result'of'

amplified'Luke'signal'

has'excellent'energy'

resolution'~'13'eVee'

•  Can'resolve'various'
Ge'activation'lines'
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CDMSlite:  Run 1 Data

27

Run 1 Reminder/Run 2 Details

� First CDMSlite Run in 20132

� Single iZIP detector
� −69 V bias potential
� 6.5 kg-d exposure
� 170 eV Ionization Threshold
� Leading Limits (at the time) for
𝑚𝜒 ≲ 5.5 GeV/c2

� Motivated a second run
� Same detector
� −70 V bias potential
� February–November  2014

(70.10 kg-d)
� Warm-up to room temperature in 

August for cryogenic maintenance
� Period 1/2 for before/after warm-up

(59.32/10.78 kg-d)
� Several other improvements

2015/09/08 Pepin - TAUP 2015 4

2 R. Agnese et al. (SuperCDMS collaboration)
Phys. Rev. Lett. 112, 04130

- Data were taken during three 
periods in 2012 

- 6.5 kg-days exposure
- One iZIP was used,  

IT5Z2 – 0.6 kg
- Selected for its low trigger 

threshold and low leakage 
current 

- 160 eV ionization threshold

PRL 112, 041302, 2014
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CDMSlite:  Run 2 Data
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- Same iZIP was used, IT5Z2 – 0.6 kg

- 70 kg-days of data taken between Feb - Nov 
2014.

- Two data periods 59.32 kg-days and 
10.78 kg-days

Improvements Over First Run

� Operational improvements
� Mitigate transient detector 

leakage current
� Reduce variation in bias potential 

by improving electronics board: 
clean, seal again humidity, place in 
N2 gas.

� Install vibration sensors on 
cryocooler to monitor low-
frequency (LF) noise

� Analysis improvements
� Better energy calibration
� Better LF noise rejection

� Lower threshold
� New radial fiducial volume cut

2015/09/08 Pepin - TAUP 2015 5

100

- Analysis improvements lead to better 
energy calibration, low frequency 
noise rejection and improved fiducial 
volume.

- Improvements over Run 1

- Mitigate transient detector leakage 
current

- Improved electronics board reduced 
variation in bias potential

- Vibration sensors installed to monitor 
cryocooler low frequency noise.

Reached energy threshold for electron recoils of 56 eV!
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CDMSlite:  Analysis Details
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Singles and Muon Veto:
Single detector scatter
Remove events in coincidence 
with muon veto

3

FIG. 1. (color online) Binned total signal e�ciency after se-
quential application of selection criteria: single-scatter and
muon-veto (orange dot-dashed), pulse-shape (blue dotted),
hardware-trigger (green dashed), and radial fiducial-volume
(black solid) criteria. The grey band around the final curve
shows the combined uncertainty on the overall e�ciency at
1� confidence.

252Cf source. Neutron capture on 70Ge creates 71Ge,
which decays via electron capture with a half-life of
11.43 days [35]. X-rays and Auger electrons are emitted
with a total energy corresponding to the 71Ga electron
binding energy of the shell from which the electron is
captured. The K-, L-, and M-shell binding energies are
10.37, 1.30, and 0.16 keV, respectively [36], with the lat-
ter two in the energy region of interest for this analysis.

The ER energy scale was calibrated using the K-
capture line from 71Ge. Drifts in detector bias and cryo-
stat base temperature caused this line to vary by 5–10%
over time. After correcting for those e↵ects, two small
(⇠2.5% total) residual shifts of unknown origin were ob-
served and corrected.

The trigger e�ciency was determined using a subset
of the 252Cf calibration events, with very strict cuts re-
moving events that could cause triggers due to noise or
crosstalk. The e�ciency was calculated by measuring,
as a function of energy, the fraction of events triggering
another detector that also trigger in the CDMSlite detec-
tor. In the two run periods, 50% trigger e�ciency was
reached at 75+4

�5 and 56+6
�4 eVee, respectively.

Pulse shape was used to distinguish signal events from
noise events, to make fiducial cuts, and to correct en-
ergy calibrations. All events were fit to three di↵erent
templates corresponding to the standard signal event,
electronic glitches with quick rise- and fall-times, and
cryocooler-induced low-frequency noise (LF noise). The
di↵erences between goodness-of-fit quantities for the tem-
plates were used to identify glitches and LF noise. As
the cryocooler degraded during the first run period, the
rate of LF noise greatly increased. A metric based upon
the noise profile across the cryocooler’s 830 ms cycle was

used to identify periods of calendar time with high or
low cryocooler-induced LF noise. The pulse-shape dis-
crimination cut was then set to be tighter during peri-
ods of more cryocooler noise. The e�ciency of all three
pulse-shape criteria was determined by a Monte Carlo
pulse simulation that combines experimental noise (taken
throughout the entire run) with the standard pulse tem-
plate, scaled to the desired energies. Figure 1 gives
the result for all three pulse-shape cuts, with the domi-
nant loss in e�ciency caused by the LF noise cut. Be-
cause the energy-estimating algorithm assigns energies
of ⇠80 eVee to LF noise, the goodness-of-fit separation
between LF noise and good pulses becomes less distinct
near this point. This requires a harder cut at this energy,
leading to a sharp drop in e�ciency. A small systematic
uncertainty corresponding to the variation of pulse shape
with energy and position was estimated by measuring the
e�ciency for a range of pulse-shape templates.
A valid pulse shape has two components: a fast one

whose amplitude depends on the position of the scatter-
ing event and a slow one that carries the primary energy
information. For this analysis, a new algorithm was in-
troduced that fits pulses from each phonon channel with
a linear combination of fast and slow template pulses,
allowing the position and energy information to be sep-
arated. The position information was used, along with
the segmentation of the phonon sensor into one outer and
three inner segments, to construct a radial parameter by

FIG. 2. Radial parameter as a function of energy for the first
(top) and second (bottom) run periods. The dashed lines in-
dicate the radial cut. The densely populated band at larger
values corresponds to events near the edge of the detector.
The vertical clusters are the 71Ge capture peaks. The clear
separation between outer and inner events decreases at high
energy due to signal saturation in the outer phonon channel.
The slight downward shift in the distribution after the main-
tenance period (caused by a small change in the operating
point of the phonon sensors) together with the appearance of
an unexplained localized background below ⇠250 eVee near
the edge of the detector motivated a tighter radial cut in the
second period.

Pulse shape:
Reject events with sharp rise- or 
fall-times, poor reconstruction, 
and events compatible with LF 
noise.

Fiducial Volume:
Reject events near detector 
surfaces.

Efficiencies:
Calculated using calibration data
and simulation
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comparing the start time and the amplitude of the fast
component of the outer and inner sensors. This radial
parameter is shown as a function of energy in Fig. 2,
where the densely populated band at higher parameter
values corresponds to events in the outer part of the de-
tector. A nonuniform field in this region draws charge
carriers to the sidewall of the detector, preventing them
from traversing the full potential. This produces a re-
duced Neganov-Luke amplification and distorts the en-
ergy spectrum. The radial cut removes more than 90%
of these events, along with a small contribution of low-
energy surface events originating on the detector hous-
ing, down to low energies while maintaining a reasonable
fraction of the exposure for inner events. The few remain-
ing reduced-energy events contribute to the background
at lower energy. In the second run period, a cluster of
background events appeared below ⇠250 eVee and was
located in the outer part of the detector near one of the
connectors. This, together with di↵erences in the oper-
ating conditions between the two run periods, motivated
a tighter cut in the second period. The fiducial-volume
cut significantly reduced the background rate compared
to the first CDMSlite run.

The acceptance for the radial fiducial cut was deter-
mined in two steps. First, the fraction of events that
appear at a reduced energy was determined; this e↵ect
is caused by the electric-field geometry and is therefore
energy-independent. To measure this e↵ect, the radius-
energy plane was divided into sections and a likelihood-
based Monte Carlo simulation was applied to each sec-
tion independently to determine the contribution of two
components: a time-independent background and a con-
tribution from the 71Ge activation lines exponentially de-
caying in time. The known ratio of L- to K-capture rates
was used to separate the L- and K-capture contributions.
The fraction of events with a full Neganov-Luke phonon
signal was determined to be ⇠86%.

Second, the fraction of events with full phonon signal
removed by the radial cut was computed at the capture-
peak locations as the number of events passing the cut
criterion divided by all peak events after background sub-
traction. The background in the inner part of the detec-
tor is negligible compared to the peak rate; in the outer
part the background was calculated from the observed
event rates above and below the peak. To measure e�-
ciencies at lower energies, a pulse-simulation method was
implemented. All events from the L-capture peak were
used to generate nearly noise-free pulses using the ex-
tracted composition of the fast and slow templates. The
noise-free pulses were then scaled to the desired energy
before adding measured noise. This sample of artificial
raw events was analyzed in the same manner as the real
raw data. The e�ciency was measured using the fraction
of artificial events passing the radial cut, taking into ac-
count the background contribution in the original event
sample. The combined fiducial-volume e�ciency was cal-
culated to be ⇠50% with a mild energy dependence as
shown in Fig. 1.

FIG. 3. Spectrum of events passing all selection criteria, cor-
rected for all e�ciencies except the trigger e�ciency. Dashed
lines indicate the prominent features of the 71Ge electron-
capture decay with peaks at 10.37 keV (K-shell), 1.30 keV
(L-shell) and 0.16 keV (M-shell). INSET: Zoom of the low-
est energies that determine the low-mass WIMP sensitivity,
including the L- and M-shell activation peaks. Solid vertical
lines show the 50% trigger-e�ciency points for the two run
periods.

The final spectrum after application of all selection cri-
teria and correcting for all e�ciencies (except the trigger
e�ciency) is shown in Fig. 3. The main features are the
71Ge electron-capture peaks at 10.37, 1.30, and 0.16 keV.
Hints of other peaks can be seen on top of a smooth
background from Compton scattering of higher-energy
gamma rays. Numerical characterizations of the primary
components of the spectrum are listed in Table I.
In CDMSlite mode, the ionization yield cannot be mea-

sured on an event-by-event basis, necessitating a model.
The most common model in the field is that of Lind-
hard [37]:

Y (Enr) =
k g (")

1 + k g (")
, (4)

where g (") = 3"0.15+0.7"0.6+", " = 11.5Enr(keV)Z�7/3,
and Z is the atomic number of the material. For germa-
nium, k = 0.157, but the model is somewhat uncertain
for low recoil energies. This uncertainty was accounted
for by varying k uniformly between k = 0.1 and 0.2,

Energy Resolution Range Average Rate
[keVee] [�/µ,%] [keVee] [keVee kg day]

�1

0.16 11.4±2.8 0.2–1.2 1.09±0.18
1.30 2.36±0.15 1.4–10 1.00±0.06
10.37 0.974±0.009 11–20 0.30±0.03

TABLE I. Left : Resolution of the 71Ge capture peaks. Right :
Average rate between the peaks, after application of all se-
lection criteria, corrected for all e�ciencies except the trigger
e�ciency.

CDMSlite: Run 2 Results
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CDMSlite: Run 2 Results
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CDMSlite Run 2 WIMP Limit

� Median (90% C.L.) and 

95% interval from 1000 

samples

� Excludes new parameter 

space for 𝑚𝜒 ∈ 1.6 − 5.6
GeV/c2

� Improved over Run 1

� 33.3x at 3 GeV/c2

� 4.3x lower at 5 GeV/c2

� Lower Thresholds

� Reduced backgrounds

� Bump at ∼6 GeV/c2 due 

to M-shell peak at 160 eV 

ionization energy

2015/09/08 Pepin - TAUP 2015 20*Preliminary Shown at this conference

DAMIC

CDMS II Si

arXiv: 1509.02448
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SuperCDMS @ SNOLAB

32
5/27/2014 - Results from SuperCDMS - Jodi Cooley

Future:  SuperCDMS @ SNOLABSuperCDMS SNOLAB Experiment

26

•SNOLAB 6010 mwe
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7+,"-'+63'8)*9')/,"-'$2#"*3#65'
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>-9)$,+,'+63'
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Room$temperature$Resistances:$
Ch$F2$119.5$Ohm$
Ch$D2$198.0$Ohm$

Ge iZIP 1.4 kg

Ge Tower 8.4 kg
Payload 110 kg of!
Ge & Si - capacity 400 kg Ge
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Proposed 50 kg payload of 
Ge & Si (capacity 400 kg Ge)
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2 charge + 2 charge 
4 phonon + 4 phonon

From Soudan to SNOLAB

33

2 charge + 2 charge 
6 phonon + 6 phonon

3” Diameter 
2.5 cm Thick 

600 g Ge crystals

SuperCDMS Soudan
4” Diameter 
3.3 cm Thick 

1.4 kg Ge crystals / 615 g Si crystals

SuperCDMS SNOLAB
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SuperCDMS SNOLAB Towers

- Lower operating temperature gives us improved 
phonon resolution

- Improved charge resolution with HEMT readout
- Improved phonon resolution + more phonon 

channels + improved charge resolution 
‣ improved fiducialization 
‣ better surface event rejection

34

Improved Surface Event Rejection:
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Why SNOLAB? 
Depth is Important

35
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) (
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s-1
)

Depth (meters water equivalent)

Soudan
2090 mwe
0.05 n/y/kg

SNOLAB
6060 mwe
0.2 n/y/ton

(0.0002 n/y/kg)

We only need to worry about radiogenic neutrons!
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Compton Background

36

- Dominant source of these photons is the cryostat. 

- Target for SNOLAB cryostat:  5 ev/keVr kg yr  
(~220x < Soudan)
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Cu* *Xenon*100*
(arXiv:*1103.5831)**

0.07* 0.02* 0.03*

Pb* *Xenon*100* 0.8* 0.5* 1.5*

SNOLAB*Cryostat:**5*evt/keVrkgyr**
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- Photon Rate at Soudan: 
1100 ev/keVr kg yr 

- Not an issue for the Soudan 
experiments because we had 
NR/ER discrimination at 
high energies.
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Compton Background:  Cleaner Cryostat
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Background Simulation

Material 238U 232Th 40K Reference
Polyethylene 0.03 mBq/kg 0.02 mBq/kg 0.1 mBq/kg DEAP [121]
Copper 0.07 mBq/kg 0.02 mBq/kg 0.04 mBq/kg XENON100 [122]
Lead 0.66 mBq/kg 0.5 mBq/kg 7.0 mBq/kg XENON100 [122]
Detector and Housing surfaces 210Pb: 25 nBq/cm2 SuperCDMS Soudan

Table 11: Material contaminant levels assumed in various elements of the shielding and tower construction. The
levels are rounded up from levels measured in radiopure materials used by other experiments. We assume the same
contamination levels in polyethylene as in acrylic. Additionally, we assume a contamination of radon daughters
(specifically, 210Pb, 210Bi, and 210Po) on inner detector surfaces at the level of ⇠25 nBq/cm2 obtained for Ge iZIP
detectors in Soudan. The 25 nBq/cm2 quoted for surface contamination is our best estimate for the rate on the
SuperCDMS Soudan Ge detector faces; the copper in Soudan is estimated to have a ⇠20 times higher rate.

These sources are di↵erentiated by the type of background generated in the detectors and the
methods used to reduce them. The Cosmic ray induced neutron flux (source 7) is minimized by
the depth of the SNOLAB cavern and could be further reduced by a muon veto (see Section A.3).
The design and implementation of the primary shield addresses the cavern and environmental
backgrounds (source 6) (see Section 6). Prompt radon decays in interstitial air (source 5) will be
addressed by purging the shielding with a flow of dry nitrogen as described in Section 6. All of the
other sources of backgrounds (sources 1-4) will be minimized by a rigorous program of controlling
material sourcing, production, shipping, cleaning and assembly. In this section we will explain the
method for defining limits for each of these background sources, and the remaining sections will be
devoted to the procedures that we will adopt to obtain those levels.

In order to determine realistic targets for the experiment sensitivity reach and based on our
experience at Soudan, we assume that the background rate will be dominated by radioactive im-
purities in the cryostat and shielding materials and by 210Pb on the detector surfaces and housings
(i.e. sources (1) and (3)). We chose target contamination levels as given in Table 11 based on results
obtained by similar low background experiments. These contamination rates are multiplied by the
susceptibility factors from simulation given in Section 6, Table 9 to obtain the target background
rates.

Therefore, Table 11 also defines the current material specifications for sources (1) and (3). For
other sources that have not yet been directly simulated, we have estimated preliminary specifica-
tions that should ensure they remain sub-dominant contributors overall. These specifications may
evolve in two ways. First, as we run more simulations with increasing fidelity, the approximate
numbers will be replaced with more exact ones. Second, as screening results are compiled, some
material specifications may be either loosened or tightened if other components are found to have
a significantly lower or higher background contribution than targeted.

Material contamination and activation Trace levels of radioactive isotopes (source 1) are
a primary concern for evaluating the selected construction materials. Preliminary specifications
for the most prevalent materials are given in Table 11. Note that presently we are targeting
a single specification for all components made from a given material. For copper in particular,
this assumption may be unnecessarily limiting, as the majority of background originates from the
detector housings and tower support material. As the background budget evolves, we will define a
cleaner specification for the tower and housing copper, which will significantly reduce the overall
backgrounds with only a minor cost increase.

Notable sources missing from Table 11 are the detector wiring and cold hardware, which are
in close proximity to the detectors, and are likely to carry higher contamination per unit mass
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Dominant background now results from Rn.
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238U Decay Chain

222Rn can adsorb on 
detector surface and 
then decay to 210Pb

222Rn daughters (mostly 
214Pb & 214Bi) can settle 
on detector surface and 

then decay to 210Pb

Radon Contamination
- Airborne radon is everywhere. 
It can absorb onto detectors 
during fabrication and testing 

- Quickly decays to 210Pb  
(22.5 year half-life) 

- 210Pb emits two βs and an α 
while decaying to 206Pb 

- Detector (or detector housing) 
contamination by 222Rn can be 
determined by measuring 
alpha or beta particles given 
off during these decays.

38
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Radon Contamination
- Surface contamination from Cu 
housing dominated in the 
SuperCDMS Soudan experiment. 

- For SNOLAB we will require the 
same surface event rate for 
copper housing as the detectors.
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SoluDon*#4:Radon*MiDgaDon*
Etching*
(1%*H2SO4+3%*H2O2*)*

210Pb* >x68*
210Bi* x40.5*
210Po* X1.24*

24*

•  G. Zuzel and M. Wojcik NIM A 676 (2012) 
•  210Pb & 210Po in equilibrium at Soudan, 

therefore contamination came after 
cleaning 

Borexino:  Minimize Radon 
Exposure 
•  Flip packaging procedures 
•  Fast flow HEPA Filters 
•  More robust storage  

•  x22 suppression of 210Pb 
on Copper housing 
(conservative) 

•  No reduction of 210Pb on 
detector (conservative) 
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Radon Background:  Radon Mitigation
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Background Simulation

Radon exposure can be mitigated by  
- surface cleaning procedures 
- radon reduced environments for material/detector storage 
- monitoring and tracking of materials and components
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Cosmogenic Backgrounds

- Transportation of Ge from US vendors will be done via ground. 

- Need to complete a study of trade-offs between air transport vs 
ship for European vendors. 

- Appropriate packaging will be used for both crystal boules and 
crystal that have been cut, shaped and polished. 

- Underground storage when possible.
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than the screened construction materials. Until dedicated simulation results are available, we set
the specification for these components to be the same as for the copper comprising the detector
housings scaled down by the ratio of the component mass to the tower mass.

The specifications for material radiopurity will be met by a detailed assay and screening program
described in Section 10.1.2.

Cosmogenic activation of detector and shielding materials (source 2) is believed to be a sub-
dominant background contributor. The method for estimation of the background rate associated
with cosmogenic activation is identical to other material contaminants, however the mitigation
method is di↵erent.

During fabrication above ground, exposure to high energy cosmic ray-induced muons or hadronic
showers can produce moderately long-lived radioactive isotopes either in the cryostat and shielding
materials or in the detectors themselves. Several of the isotopes of concern and the materials with
which they are associated are listed in Table 12. Subsequent decays within the detectors directly
generate background events, while activation in shielding and cryostat materials e↵ectively increases
the material’s intrinsic background rate as from radioactive contamination.

We are beginning to study this issue in greater detail, and will directly simulate decays from
the most prevalent activation isotopes. At present, we set the limits for cosmogenic activation rates
of shield components equal to the 238U, 232Th, and 40K specifications in order to conservatively set
the scale for control. For the detectors themselves, the most conservative assumption is that every
decay results in a single background event, which leads to a conservative limit of ⇠ 10 µBq/kg total
internal decay rate.

When simulations of cosmogenically produced isotopes are completed, the resulting specifica-
tions will provide guidelines on the maximum allowed surface (sea-level equivalent) exposure for
various materials. All components of the assembly will then be carefully tracked to monitor and
minimize the total cosmic ray exposure as described in Section 10.1.3.

Table 12: Isotopes of potential concern for background considerations sorted by the material
exposed to surface cosmic ray products.

Material Cosmogenic Isotope
Cu 22Na, 49V, 54Mn, 55Fe, 57,58,60Co, 63Ni, 65Zn
Ge 3H, 7Be, 22Na, 49V, 51Cr, 54Mn, 55Fe, 57,58,60Co, 56Ni, 68Ga, 68Ge, 73,74As
Si 3H, 7Be, 22Na, 32Si

Surface contamination and radon The surface contamination is assumed to be dominated by
implantation of radon daughters that quickly decay to 210Pb. This 210Pb remains on the surface
resulting in ongoing radioactive emissions. 210Pb contamination is most problematic on the detec-
tor surfaces and detector housing surfaces (source 3), where the alpha, beta, and nuclear recoils
(specifically daughters emitted by 210Pb) can directly hit the detector surfaces. For these surfaces
we have set a specification of 25 nBq/cm2. This rate was achieved for detector faces at Soudan.
However, the copper detector housings at Soudan were estimated to have a 210Pb rate ⇠20 times
higher than the detector faces. As such, more stringent cleaning and radon exposure protocols will
be implemented for the SNOLAB detector housings.

210Pb that decays on surfaces without a direct line of sight to the detectors (source 4) can still
generate background due to a few weak gamma emission lines but primarily from bremsstrahlung
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Backgrounds resulting from activation of materials exposed to 
cosmic rays are currently being assessed.
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Expected Sensitivities

42
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Conclusions
- CDMSlite Run 2 has produced world leading limits in the 
search for low mass WIMPs.  It excludes parameter space for 
WIMPs with masses between 1.6 and 5.5 GeV/c2.

- The interpretation of the excess events seen by CoGeNT as a 
WIMP signal is disfavored.  CDMS II (Si) disfavored assuming 
standard WIMP interactions and a standard halo model.

- The standard high threshold analysis of SuperCDMS is ongoing 
and aims for a background of less than 1 event.

- Plans for a 50 kg SuperCDMS SNOLAB experiment are well 
underway.  If funded, the SuperCDMS SNOLAB experiment 
will have unprecedented sensitivity to low mass WIMPs.
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