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Galaxies 
 

•  Rotation curves of spiral galaxies 
•  Gas temperature in elliptical galaxies 

Clusters of galaxies 
 

•  Peculiar velocities and gas temperature 
•  Weak lensing 
•  Dynamics of cluster collision 
•  Filaments between galaxy clusters 

Cosmological scales 
 
Anisotropies in the Cosmic Microwave Background 

Dark Matter is a necessary (and abundant) ingredient in the Universe 

ΩCDM h2 = 0.1196 ± 0.003 

It is one of the clearest hints of  

Physics Beyond the SM 

Planck 2013 



Indirect Detection 

WIMP 

Super 
Heavy DM 

Light DM A x i o n - l i k e 
particles 

R DDM 

Super 
WIMPs 

Dark Matter can be searched for in different ways... 

Direct Detection 

Accelerator 
Searches 

LHC (ILC) 

PAMELA 
Fermi 

MAGIC 
AMS 

ANTARES 
IceCube 

CTA 
... 

(DM-nuclei scattering) 

(DM annihilation) 

(DM production) 
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DAMA/LIBRA 
SuperCDMS 
XENON 
LUX 
CoGeNT 
KIMS 
COUPP 
PICASSO 
ZEPLIN 
CRESST 
SIMPLE 
ZEPLIN 
ANAIS 
XMASS 
... 



... probing different aspects of the DM interactions with ordinary matter 
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“Redundant” detection can 
be used to extract DM 
properties. 

Constraints in one sector 
might affect observations in 
the other two. 

Direct Detection 

(DM-nuclei scattering) 

Indirect Detection 

PAMELA 
Fermi 

MAGIC 
AMS 

ANTARES 
IceCube 

CTA 
... 

(DM annihilation) 

Accelerator 
Searches 

LHC (ILC) (DM production) 

COMPLEMENTARITY 
of DM searches 

DAMA/LIBRA 
SuperCDMS 
XENON 
LUX 
CoGeNT 
KIMS 
COUPP 
PICASSO 
ZEPLIN 
CRESST 
SIMPLE 
ZEPLIN 
ANAIS 
XMASS 
... 
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“Hints” for low-mass WIMPs in direct detection experiments 

Low-mass Region

!3

LUX 

CDMS II Si 

CDMSlite

XENON10 S2

EDELWEISS (LT)
CDMS II Ge

CRESST II

DAMA/LIBRA
CDMS II Ge

CoGeNT

What can we say about low-mass dark matter “hints”?

CDMS II Si: Phys.Rev.Lett. 111 (2013) 251301 
CDMSlite: Phys.Rev.Lett. 112 (2014) 041302 
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Particle Physics models provide candidates for light DM 

It is an appealing window of the DM parameter space that is essential to 
explore 

•  Supersymmetry  
neutralino in the NMSSM or 
sneutrino in extended models 

•  Asymmetric DM 

Cerdeño,	  Peiró,	  Robles	  
JCAP	  08	  (2004)	  005	  

Are these theoretical predictions 
within the reach of our detectors? 

Among other possibilities: 

6	  

W
IM

P-
n

u
c

le
o

n
 c

ro
ss

 s
e

c
tio

n
 [

p
b

]	  

WIMP mass [GeV/c2]	  

RH	  Sneutrino	  



The search for low-mass WIMPs is challenging Strategy for Light WIMP Searches

SuperCDMS!
analysis range

lower recoil energy!
=!

sensitivity to lighter WIMPs
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•  The signal is expected at very low 
recoil energies 

Favours light targets  

Low-threshold searches 

•  Ge is relatively heavy so the threshold 
has to be just above the noise to be 
sensitive to 5 GeV WIMPs 

trigger threshold 1.6 keVnr 

•  Backgrounds are more difficult to discriminate (this is not a background-free 
search) 
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SuperCDMS low-threshold  
analysis range	  



3” Diameter 
2.5 cm Thick 

Data for this analysis:   
 
577 kg-days 
taken from March 2012 – July 2013 
using the 7 lowest threshold iZIPs 

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 
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h+	  e-‐	  

e-‐	  

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 on 
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 
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iZIP discrimination of surface events 

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

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 

RADIAL PARTITION: 
division of energy between inner and 
outer sensors 

Sidewalls 

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

Surface events on the sides of the 
detector leave more energy in the outer 
sensors. 
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The rejection of surface events with the new iZIPs using Z-partition has been 
demonstrated with data from exposure to betas from 210Pb sources 

Appl.Phys.Lett. 103 (2013) 164105  

In ~800 live hours, no events leaked 
into the 8-115 keV signal region  

(the low threshold analysis corresponds to smaller energies and some 
leakage is expected) 

This could allow a background free search for 5 yr of operation in  
SuperCDMS @ SNOLAB (~100 kg) 

Leakage < 1.7x10-5 
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(a) (b) (c)

FIG. 3. (color online) All panels show the same data from ∼900 live hours of detector T3Z1 with the 210Pb source facing side 1. Clearly
visible are the symmetric charge events (large blue dots) in the interior of the crystal, and the events that fail the symmetric charge cut
(small red dots) including surface events from betas, gammas and lead nuclei incident on side 1 from the source. The two blue dots with
circles around them are outliers that show a very low charge yield and just satisfy the symmetry requirement. (a) The symmetry cuts
(dotted blue lines) flare out near the origin so that events are accepted down to the noise wall. The band just below 50 keV is from the
46.5 keV gammas from the source. (b) Ionization yield versus phonon recoil energy with ±2σ ionization yield range of neutrons indicated
(area within green lines). The hyperbolic black line is the ionization threshold (2 keVee - ‘ee’ for electron equivalent); the vertical black
line is the recoil energy threshold (8 keVr). Electrons from 210Pb (below ∼60 keVr) and 210Bi (mostly above 60 keVr) are distinctly
separated from 206Pb recoils (low yield, below ∼110 keVr). (c) In addition to the data in (a) & (b) this panel also shows nuclear recoils
from neutrons from a 252Cf source (green, low yield). As bulk events these show a symmetric ionization response between side 1 and 2
like the bulk electron recoils at higher yield, and are thus nicely separated from charge-asymmetric surface events.

genic neutron background in the WIMP signal region.

In order to measure directly the background rejection for

these events, 210Pb sources were installed in the Soudan

Underground Laboratory experiment facing two detec-

tors T3Z1(T3Z3), with the source facing the +2 V(-2 V)

electrode. These sources were fabricated by the Stan-

ford group23 using silicon wafers sealed in an aluminum

box for 12 days with a 5 kBq 226Ra source producing
222Rn gas. The silicon wafers were then etched with a

standard wafer cleaning procedure and calibrated with

an XIA ultra-low background alpha counter24. The two

deployed sources are nearly uniformly implanted with
210Pb to a depth of ∼58 nm and, by the decay chain25,26

shown in Fig. 2, give a total electron interaction rate of

∼130 events per hour in the 8–115 keVr region of interest.

As shown in Fig. 3a, events taking place in the bulk

of the detectors, such as the 10.4 keV Ge activation line,

produce an ionization response that is symmetrically di-

vided between the two faces of the iZIP. In contrast, sur-

face betas from the source show a signal primarily on the

side of the crystal facing the source. Events that take

place in the outer radial regions of the detector, which

can also suffer from reduced ionization yield, were iden-

tified by comparing the ionization collected in the outer

guard electrode to that collected in the inner electrode

and do not appear in the plot.

As seen in Fig. 3b, surface betas from the 210Pb source

populate a region of reduced ionization yield, which lies

between the electron-recoil (ionization yield ∼1) and

nuclear-recoil bands. The recoiling 206Pb nuclei from the
210Po alpha decay are also seen, with an ionization yield

of ∼0.2 which is below the Ge nuclear recoil band because

of reduced yield of Pb recoils in Ge versus Ge recoils in

Ge. This low-yield band ends near the known 103 keV

maximum recoil energy for the recoiling nucleus, thereby

providing direct confirmation for our nuclear-recoil en-

ergy scale. The iZIP’s ability to reject surface events

versus bulk nuclear recoils is demonstrated in Fig. 3c.

In the energy band 8–115 keVr detector T3Z1(T3Z3)

recorded 71,525 (38,178) electrons and 16,258 (7,007)
206Pb recoils in 905.5 (683.8) live hours at Soudan. The

expected background rates are ∼10,000 times lower and

are neglected in this analysis. A WIMP signal region

is defined by the 2-sigma band around the mean yield

measured for nuclear recoils (using a 252Cf neutron cal-

ibration source). A fiducial volume is defined based on

ionization information, requiring that there is no charge

signal above threshold in the outer ionization sensor and

that the charge signal is symmetric with respect to the

detector faces (blue points in Figs. 3). Using these crite-

ria, no surface events are found leaking into the WIMP

signal region above a recoil energy of 8 keVr. This fidu-

cialization yields a spectrum-averaged acceptance effi-

ciency of ∼50% in the energy range of 8–115 keVr for

a ∼60 GeV/c2 mass WIMP. The statistics-limited upper

limit to the surface event leakage fraction is 1.7×10−5 at

90% C.L., similar to that found by EDELWEISS above

a threshold of 15 keVr21. For an exposure of 0.3 ton-yr

with a 200 kg Ge SNOLAB experiment, this leakage frac-

tion corresponds to an estimated leakage < 0.6 events at

90% C.L. assuming the same 210Pb background contam-

ination levels as achieved at Soudan.

206Pb!

e-!

γ	


252Cf (n)!



Background 

•  Bulk electron recoils 

•  Sidewall & surface events 

•  Neutrons  
(cosmogenic & radiogenic) 

Compton background 
1.3 keV activation line 

betas and x-rays from 210Pb, 210Bi, 
recoils from 206Pb, outer radial 
Comptons, ejected electrons from 
Compton scattering 

Use active and passive shielding.   
Cut on multiple hits. 
Simulation determines remaining 
irreducible rate 

Z-Partition and Radial partition 
define a fiducial volume 

Yield = Ionization/phonon helps 
discriminating NR from ER  

12	  

Rejection 



Selection Criteria and Efficiencies

!11

Quality
+ Thresholds

+ Preselection

+ BDT

" Remove periods of poor detector performance#
" Remove misreconstructed and noisy pulses#
" Measure e$ciency with pulse Monte Carlo

Quality

Thresholds

Preselection

BDT

" Trigger and analysis thresholds 1.6-5 keVnr#
" Measure e$ciency using 133Ba calibration data

" Ionization consistent with nuclear recoils#
" Ionization-based fiducialization#
" Remove multiple-detector hits#
" Remove events coincident with muon veto

" Optimized cut on energy and phonon position 
estimators#

" Estimate BDT+preselection e$ciency using 
fraction of 252Cf passing 

Includes ~20% correction, from Geant4 simulation, 
for multiple scattering in single detector

Data Quality: 
Reject periods with poor detector performance 
Remove misreconstructed and noisy pulses 
Measure efficiency with pulse MC 

Trigger and analysis threshold: 
Select periods with stable well-defined trigger 
threshold 
Measure efficiency from 133Ba calibration data 

Preselection: 
Single-detector scatter 
Remove events coincident with muon veto 
Ionization fiducial volume 
Ionization and phonon partitions consistent with NR  
 
Boosted Decision Tree: 
Optimised cut on the phonon fiducial volume and 
ionization yield at low energy 
Efficiency estimated from fraction of 252Cf passing 
 

Analysis: Selection criteria and efficiencies 

We carry out a blind analysis, with cuts set by examining only events that will never 
be accepted as WIMP candidates (multiple scatters, calibration events, and 
periods following high activation from 252Cf calibration) 
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Boosted Decision Tree (BDT) 
Boosted Decision Tree
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Background model: pulse simulation"
Signal model: 252Cf NR events reweighted 
to match 5, 7, 10, and 15 GeV WIMP

BDT output

10 GeV WIMP"
# = 6 x 10-42 cm2

summed over detectors

Construction: 1 BDT per 
detector"
Optimization: set cuts 
simultaneously to minimize 
expected 90% CL upper limit 
on WIMP-nucleon cross 
section

WIMP (10 GeV)"
Sidewall 206Pb"
Sidewall !"
Face !"
1.3 keV line"
Gammas

from"
210PbBackground: Modelled with simulated data on sidebands 

and calibration. 
 
WIMP Signal: Modelled with NR data from 252Cf, then 
rescaled for WIMPs with mass 5, 7, 10, 15 GeV 

Inputs (per detector) 

Output 
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Unblinding: Before BDT cut Events passing all the cuts prior to 
applying BDT 

Outer radial 
events 

1.3 keV  
line Approx NR band 
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Unblinding: After BDT cut 11 candidates (6.2 +1.1 -0.8 expected)  
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Unblinding: After BDT cut 11 candidates (6.2 +1.1 -0.8 expected)  

95% CL 
intervals for 
WIMPS with 
 
m=5 GeV 
m=7 GeV 
m=10 GeV 
m=15 GeV 
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The three highest energy events were all found in T5Z3, which was not functioning fully  



Post-unblinding discussion 

•  For most of the detectors 
there is good agreement 
with predicted background 

Events are high in quality. Only the lowest energy candidate looks like spurious 
noise   

10 GeV BDT 

P-value 
= 0.14 
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Post-Unblinding Comparison

detector
T1Z1 T2Z1 T2Z2 T4Z2 T4Z3 T5Z2 T5Z3
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 background expectation!1
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! Background consistent with 
expectations overall and on most 
individual detectors"

! Background model accurate in 
full preselection region 

! Shorted ionization guard on T5Z3 
may have a#ected background 
model performance—further 
study ongoing 

! Poisson p-value for T5Z3 is 
0.04%, and even lower 
considering only high event 
energies
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Post-unblinding discussion 

•  For most of the detectors 
there is good agreement 
with predicted background 

•  However, T5Z3 observes the 
3 highest-energy events  
 
(Poisson p-value is 0.04%) 

Events are high in quality. Only the lowest energy candidate looks like spurious 
noise   

T5Z3 has a shorted ionization guard. This may have affected the background 
model performance. Additional studies are ongoing. 
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New limit for low-mass WIMPs 

This work 

systematics 
(efficiency, energy 
scale, trigger 
efficiency) 

90% C.L. optimal interval method 
(no background subtraction)  

Difference with 
expectation due 
to events in T5Z3 
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Phys.Rev.Lett. 112 (2014) 241302 



Conclusions 

•  First result using the background 
rejection capability of SuperCDMS   

7 iZIPs analysed (threshold 1.6 keVnr) 
Exposure: 577 kg day 
σSI >1.2 x 10-6 pb at 8 GeV 
 
New limit for WIMPs with masses in 
the range 4 - 6 GeV  
 
(below 4 GeV CDMSlite dominates) 

•  CoGeNT interpretation of WIMP signal disfavoured in model-independent way 
 
CDMS-II (Si) disfavoured assuming standard WIMP interactions and for the 
standard halo model. 

This work 

•  High threshold analysis of SuperCDMS ongoing 
SuperCDMS Soudan detectors are a vast improvement over CDMS II 
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PRL 112 (2014) 241302 



Si	  lite	  
Ge	  lite	  
Si	  
Ge	  

•  SuperCDMS-SNOLAB (with ~100 kg Ge and ~10kg Si) will extend the 
sensitivity by over an order of magnitude with an excellent coverage of 
the light mass window. 
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The SuperCDMS collaboration 
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Extra material & Backup slides 
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Maximum Likelihood fit for CDMS II (Ge) 

Using a background model derived 
from detector simulations and 
calibration data. 

Limit derived from singles data	  

No significant evidence for Nuclear 
Recoils in the data 

arXiv:1410.1003 

The resulting limit is approximately  
5 times stronger than previous analysis 
wihtout background subtraction 



Limit without T5Z3 
The limit extracted without T5Z3 only 
differs for m>10 GeV and is approx. a 
factor 2 better 	  

This work 

This work  
without T5Z3 
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11 candidates that pass all the cuts 
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Efficiencies by Detector

!21

Efficiencies 
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Total phonon energy = 
Etotal = Eluke

 + Erecoil
 

 Etotal is measured with phonons 
 
 
 
 

NR equivalent energy = 
Etotal – ELuke NR 

 ELuke NR estimated from mean NR 
ionization, varies with Etotal 

 
 

Detector:	  
T2Z2	  

Total	  phonon	  energy	  [keV]	  

Measured	  
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Best	  Fit	  

Ionization for nuclear recoils, measured 
from 252Cf data: 

Io
ni
za
Zo

n	  
En

er
gy
	  [k
eV

]	  
Measurement of the recoil energy 
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V	  

prompt	  phonons	  
Luke	  phonons	  



SuperCDMS	  Soudan	  
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V	  

prompt	  phonons	  

Luke	  phonons	   ELuke=	  V	  e	  Neh	  

Ptot	  	  =	  	  Erecoil	  +	  ELuke	  

CDMSlite – Amplification of the Luke-Neganov phonons 

Erecoil	  =	  	  E.	  of	  prompt	  phonons	  

EQ	  =	  	  Nehε	  =	  IonisaZon	  energy	  
	  
ε	  =	  3	  eV	  (in	  Ge)	  =	  	  
(e-‐h)	  pair	  creaZon	  mean	  energy	  

If the bias voltage is increased, the work done in drifting charge carriers, ELuke, increases 

The phonon instrumentation thus measures the ionization energy (no signal is used from 
the ionization channels) à No Yield-based discrimination of electron and nuclear recoils	  

The signal is amplified, allowing a substantial reduction in energy threshold and a better 
energy resolution 
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CDMSlite – data taking 

•  Data were taken in three periods in 2012 
–  with 133Ba calibration data interspersed throughout 

 

•  There were two neutron exposures (252Cf) 

–  to determine energy scale and monitor stability 
–  August 22, and August 31 

•  One iZIP was used, IT5Z2 – 0.6 kg 

–  Selected for its low trigger threshold and low leakage current 

–  Signal gain at operating voltage of 69 V was 24 

 

 

 
 

•  Raw exposure is 15 live days, 9.6 kg days 

–  Optimized based on a flat extrapolation of known electron recoil backgrounds in the 
2-7 keV window 
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been produced in the early Universe, with the properties
needed to explain the current dark matter density [4].
The DAMA [6, 7], CoGeNT [8], CRESST II [9] and
CDMS II Si [10] experiments have reported excesses of
events at low energies compared with their background
models, hinting at the possible existence of low-mass
WIMPs. The diffuse gamma-ray emission from the galac-
tic center has also been interpreted as evidence for an-
nihilation of light WIMPs [11]. There have been several
attempts to reconcile these hints with a low-mass WIMP
hypothesis [7, 12–15], and many extensions to the Stan-
dard Model naturally prefer O(1−10) GeV/c2 dark mat-
ter [16–20].
Direct detection of low-mass WIMPs is an experimen-

tal challenge requiring sensitivity to nuclear-recoil en-
ergies !1 keV. For some technologies, such small en-
ergy depositions are indistinguishable from electronic
noise. Those with sufficient signal-to-noise are often lim-
ited by backgrounds whose intrinsic rates increase at
low energies. Further, the performance of background-
discrimination techniques tends to degrade at ener-
gies near the electronic-noise level because of resolu-
tion smearing. For WIMPs lighter than ∼ 10 GeV/c2,
there are also nontrivial systematic uncertainties associ-
ated with detector response [21, 22] and the galactic halo
model [23].
The SuperCDMS experiment [24] is located in

the Soudan Underground Laboratory (rock overburden
equivalent to 2090 m of water) and utilizes the CDMS II
experiment’s infrastructure [25]. SuperCDMS consists of
fifteen 0.6 kg germanium “iZIP” detectors [26–28], ar-
ranged in five towers of three detectors each. Phonon
and charge sensors are interleaved on both faces of the
cylindrical crystals. The total phonon energy deposited
in the crystals is measured by Transition Edge Sen-
sors (TESs) connected to aluminum collection fins and
read out by Superconducting Quantum Interference De-
vices (SQUIDs). During normal operation, we trigger on
phonon signals" 2 keV withWIMP sensitivity optimized
for the range 10 GeV/c2–10 TeV/c2.
The data described here were collected using a sin-

gle iZIP detector operated in a new mode (CDMSlite,
for CDMS Low Ionization Threshold Experiment) that
yields significantly better sensitivity to WIMPs of mass
< 10GeV/c2. This mode of operation uses a relatively
high bias voltage across the detector, leading to a large
Luke-Neganov [29–31] amplification of the phonon sig-
nal [32–34]. Any interaction depositing energy above the
0.6 eV germanium bandgap promotes electron-hole pairs
to the conduction band. The number of pairs (Neh) de-
pends on the energy and type of recoiling particle. These
charge carriers are collected at the two detector surfaces
by applying a bias voltage (Vb). The work done in drifting
the charge carriers, NeheVb, is emitted as Luke-Neganov
phonons [29–31]. Assuming all charges recombine at the
electrodes, the total phonon energy collected for a given

event is a sum of the energy from primary-recoil and re-
combination phonons (Er) and from the Luke-Neganov
phonons,

ET = Er +NeheVb. (1)

For electron recoils in Ge, the average excitation energy
per charge pair is εγ = 3 eV. If the phonon energy
is calibrated with respect to electron recoils, then it is
labeled in electron-equivalent units, eVee or keVee.
Normal operation of the iZIP detectors provides excel-

lent event-by-event discrimination against electron-recoil
backgrounds [27], but with relatively high energy thresh-
olds. The CDMSlite operating mode gives a substantial
reduction in energy threshold and improvement in energy
resolution, by using the phonon instrumentation to mea-
sure ionization. However, discrimination between nuclear
and electron recoils via the simultaneous measurement of
phonon and ionization signals was not possible because
of the electric-field geometry used for this first CDMSlite
data set and the relatively poor resolution offered by the
ionization instrumentation.
The single detector used for this initial CDMSlite re-

sult was selected because of its good electronic noise
resolution and low leakage current through the crystal.
The noise was observed to increase slightly starting at
Vb " 60 V, and more rapidly for Vb " 85 V. The op-
erating bias, Vb = 69 V, was chosen to optimize signal-
to-noise. The total phonon energy for electron recoils is

ET = Er ×

(

1 +
eVb

εγ

)

. (2)

For Vb = 69 V, ET = Er × 24, resulting in a baseline
resolution σ = 14 eVee.
The standard SuperCDMS electronics were not de-

signed for bias voltages larger than 10 V. For CDMSlite,
custom electronics were implemented that held an en-
tire detector face at the desired bias voltage. The other
face was kept at ground potential and operated with the
standard SuperCDMS electronics to measure the total
phonon energy. The current hardware cannot read out
the biased face, but both faces are instrumented with
phonon absorbers. Thus, the phonon collection efficiency
was only half of the collection efficiency in standard iZIP
operation.
The CDMSlite detector was operated for a total of 15

live days of WIMP search, with 133Ba gamma calibration
data interspersed throughout. Additionally, the detec-
tor was twice exposed to neutrons from a 252Cf neutron
source, resulting in sufficient activation (70Ge + n →
71Ge) to determine the energy scale and monitor stabil-
ity. 71Ge primarily decays via K- and L-shell electron
captures, yielding 10.36 and 1.29 keVee cascades of x-
rays and Auger electrons with total energy equal to the
binding energy of the respective Ga electron shell. The
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resolution σ = 14 eVee.
The standard SuperCDMS electronics were not de-

signed for bias voltages larger than 10 V. For CDMSlite,
custom electronics were implemented that held an en-
tire detector face at the desired bias voltage. The other
face was kept at ground potential and operated with the
standard SuperCDMS electronics to measure the total
phonon energy. The current hardware cannot read out
the biased face, but both faces are instrumented with
phonon absorbers. Thus, the phonon collection efficiency
was only half of the collection efficiency in standard iZIP
operation.
The CDMSlite detector was operated for a total of 15

live days of WIMP search, with 133Ba gamma calibration
data interspersed throughout. Additionally, the detec-
tor was twice exposed to neutrons from a 252Cf neutron
source, resulting in sufficient activation (70Ge + n →
71Ge) to determine the energy scale and monitor stabil-
ity. 71Ge primarily decays via K- and L-shell electron
captures, yielding 10.36 and 1.29 keVee cascades of x-
rays and Auger electrons with total energy equal to the
binding energy of the respective Ga electron shell. The

Average excitation 
energy per charge pair 
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The spectrum shows features at 10.36 keV and 1.3 keV due 
to K- and L- shell electron captures in 71Ge.  The energy 
resolution of the 1.3 keV line is 43 eV (1σ). 

CDMSlite – low-energy spectrum and efficiency  

Recoil spectrum of WIMP search events	  Event selection criteria 

•  Not coincident with signals in 
the muon veto 
 

•  Single detector energy 
depositions 
 

•  Not consistent with high 
frequency noise (“glitches”) 
 

•  Not consistent with low 
frequency noise 
(microphonics) 

Time periods selected with low 
leakage and where the gain 
could be well calibrated 

Exposure = 10.3 live days  
              = 6.3 kg day 

170 eVee	  
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CDMSlite – Spectrum of nuclear recoils  

A number of experiments have measured 
nuclear recoils in germanium over the 
relevant energy range.   

The yield is not measured: use 
theoretical (Lindhard) model	  

3

measured gain matched the expectation for electron re-
coils with a ×24 amplification reduced by readout of only
one side of a two-sided detector. There was an ∼ 8% vari-
ation over time, which is believed to be due to humidity-
dependent leakage currents in the CDMSlite electronics.
The 10.36 keVee line was used to correct for the gain
variation and to set the overall energy scale. Time peri-
ods when this line was not intense enough to monitor the
gain, because of the length of time since the last neutron
activation, were not used in this analysis. Immediately
after biasing the detector, exponentially decaying leakage
currents were observed, with time constants that varied
from a few minutes to tens of minutes. Time periods
up to four of these time constants were removed. Af-
ter applying these data-selection criteria, the remaining
WIMP-search exposure was 10.3 live days.
A number of event-selection criteria were applied to

these data. Events with time-coincident signals in the
muon veto detectors were removed in this analysis.
Multiple-scatter events, for which at least one other Su-
perCDMS detector had reconstructed energy more than
3 σ above noise, were rejected. Electronic glitches, the
majority of which cause multiple detectors to trigger,
were removed. A class of small electronic glitches that
triggered only single detectors was observed. These glitch
pulses are sharper than phonon pulses originating from
particle interactions in the detector, so events matching
a glitch pulse-shape template were also rejected. Events
in which low-frequency noise triggered were removed by
requiring the pulse rise time to be consistent with those
measured during calibration with ionizing radiation. The
combined WIMP detection efficiency for these criteria,
calculated from pulse-shape Monte Carlo simulations,
133Ba calibration data, and randomly triggered events
spread uniformly throughout the physics run, is 98.5%
for phonon pulses above 110 eVee.
The trigger efficiency was measured using low-energy

events that passed these event-selection cuts. The effi-
ciency was calculated with 133Ba calibration events trig-
gered by another detector and verified with similar events
from the WIMP-search data. Because of the larger
available counts, the calibration data were used to de-
rive the final trigger efficiency. In this measurement,
50% efficiency was reached at 108 eVee. Low-frequency
noise dominated the trigger rate below ∼ 100 eVee, well
above the 14 eVee baseline resolution limit. The analysis
threshold was set to 170 eVee, and the trigger efficiency
is 100% at, and above, this energy. Figure 1 displays the
measured spectrum up to 12 keVee. The inset in Fig. 1
shows the combined veto, event-selection, and trigger
efficiencies, with the energy spectrum of WIMP-search
events from 0.1 to 1.6 keVee. The spectrum shows two
main activation lines at 1.29 and 10.36 keVee, along with
lines corresponding to cosmogenic activation: 8.98 keVee

(68Ga) and 9.66 keVee (68Zn). No other significant lines
were found [35]. Furthermore, the rate under 1 keVee did
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FIG. 1. Recoil energy spectrum of WIMP-search events, after
application of event-selection cuts. Inset: Low-energy spec-
trum in terms of raw counts (blue); also shown is the analysis
efficiency. Both are expressed in keVee. The analysis thresh-
old of 170 eVee is indicated by the vertical dot-dashed line.
The resolution of the 1.3 keV line is 43 eVee (1σ).

not increase significantly after neutron calibration. The
spectrum is relatively flat at low energies; however the
average level is different above and below the 1.29 keVee

line. The average rate is 5.2 ± 1 counts/keVee/kg-day
between 0.2 and 1 keVee, and 2.9 ± 0.3 counts/keVee/kg-
day between 2 and 7 keVee. Further precise statements
about the energy spectrum are limited by the low number
of counts in the data presented here.

To use the energy spectrum shown in Fig. 1 to search
for WIMPs, it must be converted to a nuclear-recoil-
equivalent energy scale, with units denoted as keVnr.
We do so assuming 100% charge collection for every
event. The number of charges created by nuclear recoils
is smaller than that for equivalent-energy electron recoils.
This “quenching” can be parametrized as a reduction in
the number of charges produced as Neh = EnrY (Enr)/εγ ,
where Y is the ionization yield, which measures the ion-
ization energy per recoil energy, and is defined to be unity
for electron recoils. The phonon energy can be converted
to a nuclear-recoil-equivalent energy scale (Enr) using the
equation

Enr = Eee

(1 + eVb

εγ
)

(1 + eVb

εγ
Y (Enr))

(3)

The ionization yield is not measured in this experiment,
so a theoretical model is used. The most commonly used
yield model is from Lindhard [3, 36], given by the follow-
ing formula for a nucleus with Z protons and with atomic

Resulting NR spectrum	  

841 eVnr	  
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CDMSlite – Results 

The choice of a different model for the yield affects the reconstruction of the nuclear 
recoil energy and thus the interpretation as a limit on the WIMP-nucleon cross-section	  

This analysis limits new WIMP parameter space for low masses and rules out portions 
of CDMS II and CoGeNT contours	  
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DAMA	  

DAMA	  

CoGeNT	  (2013)	  

CDMS	  II	  Si	  (2013)	  

Resulting experimental situation for low-energy WIMPs 
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h+	  e-‐	  

e-‐	  

h+	  

iZIP discrimination of surface events 

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

The resulting symmetry/asymmetry in 
charge collection is an extremely effective 
discriminant for surface events 

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 
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210Pb Source

β   γ  206Pb

iZIP calibration 

~900 live hours in T3Z1 with a 210Pb source on side 1 
 

 71,525 electrons  
 16,258 206Pb recoils 

 

3

(a) (b) (c)

FIG. 3. (color online) All panels show the same data from ∼900 live hours of detector T3Z1 with the 210Pb source facing side 1. Clearly
visible are the symmetric charge events (large blue dots) in the interior of the crystal, and the events that fail the symmetric charge cut
(small red dots) including surface events from betas, gammas and lead nuclei incident on side 1 from the source. The two blue dots with
circles around them are outliers that show a very low charge yield and just satisfy the symmetry requirement. (a) The symmetry cuts
(dotted blue lines) flare out near the origin so that events are accepted down to the noise wall. The band just below 50 keV is from the
46.5 keV gammas from the source. (b) Ionization yield versus phonon recoil energy with ±2σ ionization yield range of neutrons indicated
(area within green lines). The hyperbolic black line is the ionization threshold (2 keVee - ‘ee’ for electron equivalent); the vertical black
line is the recoil energy threshold (8 keVr). Electrons from 210Pb (below ∼60 keVr) and 210Bi (mostly above 60 keVr) are distinctly
separated from 206Pb recoils (low yield, below ∼110 keVr). (c) In addition to the data in (a) & (b) this panel also shows nuclear recoils
from neutrons from a 252Cf source (green, low yield). As bulk events these show a symmetric ionization response between side 1 and 2
like the bulk electron recoils at higher yield, and are thus nicely separated from charge-asymmetric surface events.

genic neutron background in the WIMP signal region.

In order to measure directly the background rejection for

these events, 210Pb sources were installed in the Soudan

Underground Laboratory experiment facing two detec-

tors T3Z1(T3Z3), with the source facing the +2 V(-2 V)

electrode. These sources were fabricated by the Stan-

ford group23 using silicon wafers sealed in an aluminum

box for 12 days with a 5 kBq 226Ra source producing
222Rn gas. The silicon wafers were then etched with a

standard wafer cleaning procedure and calibrated with

an XIA ultra-low background alpha counter24. The two

deployed sources are nearly uniformly implanted with
210Pb to a depth of ∼58 nm and, by the decay chain25,26

shown in Fig. 2, give a total electron interaction rate of

∼130 events per hour in the 8–115 keVr region of interest.

As shown in Fig. 3a, events taking place in the bulk

of the detectors, such as the 10.4 keV Ge activation line,

produce an ionization response that is symmetrically di-

vided between the two faces of the iZIP. In contrast, sur-

face betas from the source show a signal primarily on the

side of the crystal facing the source. Events that take

place in the outer radial regions of the detector, which

can also suffer from reduced ionization yield, were iden-

tified by comparing the ionization collected in the outer

guard electrode to that collected in the inner electrode

and do not appear in the plot.

As seen in Fig. 3b, surface betas from the 210Pb source

populate a region of reduced ionization yield, which lies

between the electron-recoil (ionization yield ∼1) and

nuclear-recoil bands. The recoiling 206Pb nuclei from the
210Po alpha decay are also seen, with an ionization yield

of ∼0.2 which is below the Ge nuclear recoil band because

of reduced yield of Pb recoils in Ge versus Ge recoils in

Ge. This low-yield band ends near the known 103 keV

maximum recoil energy for the recoiling nucleus, thereby

providing direct confirmation for our nuclear-recoil en-

ergy scale. The iZIP’s ability to reject surface events

versus bulk nuclear recoils is demonstrated in Fig. 3c.

In the energy band 8–115 keVr detector T3Z1(T3Z3)

recorded 71,525 (38,178) electrons and 16,258 (7,007)
206Pb recoils in 905.5 (683.8) live hours at Soudan. The

expected background rates are ∼10,000 times lower and

are neglected in this analysis. A WIMP signal region

is defined by the 2-sigma band around the mean yield

measured for nuclear recoils (using a 252Cf neutron cal-

ibration source). A fiducial volume is defined based on

ionization information, requiring that there is no charge

signal above threshold in the outer ionization sensor and

that the charge signal is symmetric with respect to the

detector faces (blue points in Figs. 3). Using these crite-

ria, no surface events are found leaking into the WIMP

signal region above a recoil energy of 8 keVr. This fidu-

cialization yields a spectrum-averaged acceptance effi-

ciency of ∼50% in the energy range of 8–115 keVr for

a ∼60 GeV/c2 mass WIMP. The statistics-limited upper

limit to the surface event leakage fraction is 1.7×10−5 at

90% C.L., similar to that found by EDELWEISS above

a threshold of 15 keVr21. For an exposure of 0.3 ton-yr

with a 200 kg Ge SNOLAB experiment, this leakage frac-

tion corresponds to an estimated leakage < 0.6 events at

90% C.L. assuming the same 210Pb background contam-

ination levels as achieved at Soudan.

No events leaking into the signal region (8-115 keV) 
 

(Ionization threshold 2 keVee) 

206Pb!

e-!

γ	


252Cf (n)!

For 300 kg yr (200 kg Ge SNOLAB) the estimated leakage is  < 0.6 events 90% cl 
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4.6 kg Ge (19 x 240 g) 
1.2 kg Si (11 x 106g) 
 
3” Diameter 
1 cm Thick 

9.0 kg Ge (15 x 600g) 
 
 
3” Diameter 
2.5 cm Thick 

2 charge + 4 phonon 
2 charge + 2 charge 
4 phonon + 4 phonon 

CDMS II SuperCDMS Soudan 
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The rejection of surface events with the new iZIPs using Z-partition has been 
demonstrated with data from exposure to betas from 210Pb sources 

Appl.Phys.Lett. 103 (2013) 164105  

In ~800 live hours, no events leaked 
into the 8-115 keV signal region  

(the low threshold analysis corresponds to smaller energies and some 
leakage is expected) 

This could allow a background free search for 5 yr of operation in  
SuperCDMS @ SNOLAB (~100 kg) 

Leakage < 1.7x10-5 
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