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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 MSSM or NMSSM 
sneutrino in extended models 

•  Asymmetric DM 
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Are these theoretical predictions 
within the reach of our detectors? 

Among other possibilities: 
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The search for low-mass WIMPs is challenging Strategy for Light WIMP Searches

SuperCDMS!
analysis range

lower recoil energy!
=!

sensitivity to lighter WIMPs

W
IM

P 
sc

at
te

rs
 / 

kg
 / 

d 
in

 G
e

"5

•  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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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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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.
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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  
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Selection Criteria and Efficiencies
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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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BDT inputs

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"
210Pb

Boosted Decision Tree
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BDT inputs

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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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 

59"



Post-Unblinding Comparison

detector
T1Z1 T2Z1 T2Z2 T4Z2 T4Z3 T5Z2 T5Z3
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 background expectation!1
observed

! 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 undergoing. 
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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 

arXiv:1402.7137 
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Conclusions 

•  First result using the background 
rejection capability of SuperCDMS   

7 iZIPs analysed (threshold 1.6 keVnr) 
Exposure: 577 kg day 
!SI >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 

arXiv:1402.7137 
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