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DM search How to detect WIMPs 
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Direct DM search 

Ionization 
~20% of energy 
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CDMS I (1998 - 2002) 
!  6 detectors 
!  1 kg Ge, ~30 kg-days 

CDMS project history 
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CDMS II (2003 - 2009) 
!  30 detectors  

(19 Ge and 11 Si) 
!  4 kg Ge, 1 kg Si 

 ~400 kg-days 

SuperCDMS Soudan (2009 - 2015) 
!  15 detectors 
!  9 kg Ge, ~2500 kg-days 

SuperCDMS SNOLAB 
!  30 detectors 

!  30 kg Ge, 5kg Si  
!  ~140 kg-yrs 

 

SUF, 20mwe 

Soudan, 2100mwe 

SNOLAB, 6000mwe 

Kamioka 

Homestake 

Surface 
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SuperCDMS Soudan 

!  There are 5 towers, 3 detectors each 
!  3 inch diameter, 2.5 cm thick, 600g 

Ge crystal (CDMS II: 240g) 
!  4 phonon and 2 charge channels/side 

CDMSlite 
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Detection technique – phonon & charge signals 
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!  DM scatters off a target nuclon (Ge/Si) 
 -> creates prompt phonons & e-h pairs 

!  e-/h+ are separated by E-field and drift to electrodes 
 -> creates Luke phonon due to the Naganov-Luke effect  

!  e-/h+ are read out with the charge sensitive amplifier 
!  Phonons break cooper pairs in Al fins, create quasi-particles (QPs) 
!  QPs are collected in W Transition Edge Sensors (TESs) 
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!  TES resistance sharply increases as warmed up 
 -> current changes in the input coil 

!  SQUID amplifier reads the induced magnetic flux in the input coil  
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Figure 8: Discrimination between surface and
bulk events using only ionization signals. Charge
signals measured on the side near the radioactive
source (x axis) versus ionization signals measured
on the opposite side (y axis). The electrodes near
the radioactive source are kept at -2V to col-
lect holes. Black dots correspond to surface and
bulk events before analysis cuts. Bulk events se-
lected via the ionization symmetry cut are shown
in blue.

of top-bottom ionization z partition, (Qtop �
Qbot)/(Qtop + Qbot), is shown in Fig. 9. Ion-
ization and phonon radial fiducial volume cuts
have already been applied. The population of
bulk events from 133Ba photons is clear at unity
slope in Fig. 8. A bulk event population from
252Cf neutron interactions is present at zero par-
tition in Fig. 9. In both plots, surface events from
109Cd electrons and X-rays are present along the
horizontal axis and at partition near 1, respec-
tively. We place a bulk event fiducial volume cut
at partition values between -0.1 and +0.3. It is
clear that fewer than 1 in 1000 surface events is
misidentified as a bulk event by the ionization
top-bottom partition.

The ionization outer guard ring fidu-
cial volume cut has an e�ciency =
84±2(stat)±10(sys)% and the phonon outer
guard ring fiducial volume cut has a e�ciency

of 82±2% relative to the radial ionization cut.
The e�ciency of the ionization top-bottom
partition cut on neutron-induced nuclear recoils
is 91±2% relative to the prior radial fiducial
volume cuts and data quality cuts. Thus, we
obtain an overall fiducial volume e�ciency
via guard ring and top-bottom partition cuts
of 65±2(stat)±10(sys)%, or 0.4 kg per iZIP
detector and 1.2 kg per three-iZIP tower.

−1 −0.8 −0.6 −0.4 −0.2 0 0.2 0.4 0.6 0.8 1
10−3

10−2

10−1

100

101

Ionization Z Partition

N
or

m
al

iz
ed

 N
um

be
r 

pe
r 

0.
02

 b
in

Carrier Collection Assymetries

 

 
109Cd LY
252Cf NR

Figure 9: The ionization partition is defined as
(Q

top

�Q

bot

)/(Q
top

+ Q

bot

), thus bulk events are
near zero ionization partition and the Cd source
on one detector side is near +1 with the opposite
side near -1. The histograms show both the dis-
tribution of ionization partition for a 252Cf run
nuclear recoil band events (green) and for a run
with only the internal 109Cd source producing
surface electron events (black). For the Cf run
all nuclear recoil (NR) events are included within
±2� of the nuclear recoil band, and for the Cd
run all low yield (LY) events are included below
the lower 5� edge of the electron recoil band.

Of course, due to the lack of statistics and the
cosmogenically created neutron contamination,
any ionization symmetry cut cannot be directly
tested on surface events which have leaked into
the nuclear recoil region. However, we are able to
measure the discrimination e�ciency for surface
events above the nuclear recoil region but be-
low the narrow electron recoil band. Within this
region, the symmetric cut misidentifies surface
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interleaved Z-sensitive Ionization and Phonon detector 

iZIP detector – surface rejection with charge 
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experiments. Significantly, in the case of Ge, the ionization scale has been precisely measured
down to nuclear recoil energies of 254 eVr [75] using a novel technique involving capture of thermal
neutrons onto 72Ge.
4.1.2 Detector Performance at Soudan
The performance of 76 mm diameter iZIP detectors was first studied at the UC Berkeley (UCB)
test facility from 2009�2011. The UCB studies yielded extremely promising background rejection,
but were limited by cosmogenic neutron backgrounds in the dark matter signal region. Background
rejection for events in the dark matter signal region can be measured directly for detectors operated
deep underground. Since 2012, this has been carried out using fifteen iZIP detectors at Soudan.
Two of these detectors were installed with a 210Pb source. This isotope, along with its daughters,
is one of the primary sources of surface events for SuperCDMS. The deployed sources produce
electrons by beta decay between 10–100 keV

nr

at a rate of ⇠70 events/hour/source. As seen in
Fig. 4 (center), these electrons populate a region of reduced ionization yield, which lies between
the electron-recoil (yield ⇠1) and nuclear-recoil bands. In addition to electrons, the recoiling 206Pb
nucleus from the 210Po alpha decay is also seen with an ionization yield of ⇠0.2. These events occur
at a rate ⇠ 25% that of the electrons, with some of the events lying in the nuclear recoil yield band
at low recoil energies. Both the betas and the 206Pb events are distinguished from events in the
bulk of the detectors by their asymmetric ionization response. A similar technology has also been
deployed by EDELWEISS [76]. Events in the outer radial regions of the detector, which also su↵er
from reduced yield, are removed by comparing the ionization collected in the outer guard electrode
to that collected on the inner electrode.

Figure 4: (left) Shown are the symmetric charge events (blue dots) in the interior of the crystal, and the events
that fail the symmetric charge cut (red dots), including surface events from betas, gammas and lead nuclei incident
on side 1 from the source. (center) Same data, but in the ionization-yield versus phonon recoil-energy plane with
±2� ionization-yield range of neutrons indicated (area within green lines). The hyperbolic black line is the ionization
threshold (1.6 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). A low-yield outlier (blue with black circle), which is outside the signal region but just
satisfies the charge symmetry requirement is easily removed with a loose phonon symmetry cut (see Fig. 5 right).
(right) In addition to the data in left & center, this panel also shows nuclear recoils from a 252Cf neutron source
(green). As bulk events, these exhibit a symmetric response between side 1 and 2 like the bulk electron recoils at
higher yield, and are thus nicely separated from charge-asymmetric surface events.

Over 2500 live-hours, containing 182,180 betas and 206Pb recoils, have been analyzed from the
Soudan run (Fig. 4). A nuclear recoil signal region was defined by the 2� band around the mean
yield measured for nuclear recoils (using a 252Cf neutron source). After application of ionization-
signal fiducial-volume cuts, no surface events were found in the nuclear recoil signal region above a
recoil energy of 8 keV

nr

. This fiducialization yields a spectrum averaged passage fraction of ⇠50%
in the energy range of 8�115 keVr for an ⇠60 GeV/c2 WIMP. The upper limit to the surface event
rejection is < 1.26 ⇥ 10�5 at 90% C.L. This analysis is an update to the work presented in [68].
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Nuclear Recoil (NR) Electron Recoil (ER) 

Ge/Si 

!  Ionization yield: Y = EQ/Erecoil  
!  NR events creates less e-h pairs, compared with ER for same Er  

Y ~ 1 for ER, ~ 0.3 for NR 
 -> NR events are distinguishable from ER with ionization yield 
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iZIP detector – surface rejection with phonons 
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!  Phonon pulse shapes are different 
between surface and bulk events 
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Figure 7: The figures show how phonon radial (left) and depth (right) information enables phonon-
based fiducialization at energies below 10 keVr, where ionization-based fiducialization fails due to
low ionization signal-to-noise. Blue (red) dots are events that pass (fail) the ionization fiducialization
cuts. The black lines describe a phonon-based fiducialization cut. (Left) A data-driven simulation
of 210Pb-sourced sidewall events (blue and red) overlaid with bulk nuclear recoils from 252Cf data
(green). Blue events also have ionization yield consistent with a nuclear recoil (in the NR band).
The ratio of outer to total phonon signals distinguishes sidewall events from bulk nuclear recoils.
(Right) Data from the iZIP detector whose side 1 is exposed to a 210Pb source. The asymmetry
in the phonon response distinguishes surface events from bulk. The event in Figure 6 that was
accepted by the ionization fiducialization cut here appears with phonon side 1 and 2 energies of 38
keV and 20 keV and thus is easily rejected by the loose phonon depth fiducialization cut indicated
by the black lines.

To check for “anomalous” leakage of well-fiducialized electron recoils, an extensive 133Ba cali-
bration dataset was studied. It consists of ⇠1/2 million electron recoils between 8 and 120 keV,
gathered uniformly during the Soudan science run. Applying ionization fiducial requirements re-
sulted in no events in the dark matter signal region, giving an upper limit of < 4.7⇥10�6 at 90%C.L.
to the leakage of fiducialized bulk electron recoil events into the dark matter signal region. In ad-
dition to the detectors with 210Pb-sources, this analysis included detectors for which fiducialization
cuts were not as well developed. This resulted in a ⇠30% e�ciency for nuclear recoils. Improved
analysis tools are expected to restore the e�ciency to 50%, as quoted above.

Dark matter particles with masses below 10 GeV/c2 produce recoil energies <10 keVr, su�-
ciently small that the ionization signal is indistinguishable from noise. Ionization fiducialization
cuts cannot be applied to such events and thus they will pollute the WIMP acceptance region and
present a background to such low-mass WIMP searches. Of concern are events from 210Pb, which is
prevalent on the copper housing facing the sidewall of a crystal. In order to remove these sidewall
events, phonon information can be used to define a fiducial volume. This has been studied with
the Soudan iZIP data as part of a published search for low mass WIMPs [55]. The left panel of
Figure 7 illustrates how the partition between inner and outer (guard) phonon signals can identify
events that take place on the sidewalls when the ionization signal is not able to do so. Studies with
a data-driven simulation of the 210Pb sidewall events yield a misidentification factor of 1⇥10�3 over

28
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HV detector – CDMSlite 

CDMS low-ionization threshold experiment 
!  One SuperCDMS iZIP detector was operated in HV mode 

!  side 1: 0V, side 2: 70V 
!  Read phonon signals at side 1 

!  Phonon signals are enhanced due to the Naganov-Luke effect  

 
     ε ~ 3 eV for Ge, 3.7 eV for Si 
    -> x10 lower threshold for ER 
          observed 71Ge activation lines 
            (0.16 keV, 1.3 keV, 10.4 keV) 
    -> x5 dilute background 

Ephonon, total = Er 1+Y qV
ε

!

"
#

$

%
&

!  Similar phonon noise performance 
!  No ER-NR discriminations arXiv:1509.02448 
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CDMSlite – recent upper limits 

!  First Run in 2013 
!  6.5 kg-days 
!  170 eVee threshold 

!  Second Run in 2014 
!  install vibration sensor 
!  better LF noise rejection 
!  better energy calibration 
!  new radial fiducial cut 
!  70 kg-days 
!  ~ 56 eVee threshold 

 
  

arXiv:1509.02448 



SuperCDMS SNOLAB – overview  

!  Selected as DOE/NSF 2nd-generation direct dark matter search 
!  Larger Ge/Si crystals: 1.4 kg for Ge, 0.5 kg for Si 

!  4 inch diameter, 3.3 cm thick 
!  5 towers: 6 detectors/tower 

!  3 Ge iZIP, 1 Si iZIP, 1 HV (4 Ge + 2 Si) towers 
!  Up to 31 towers are deployable 

!  Lower background 
!  Lower bulk gamma background with cleaner copper 
!  Lower Radon exposure 
!  Lower cosmogenic activation 
!  Lower muon flux at deeper site 

!  Improved signal readout 
!  Phonon: new SQUIDs 
!  Charge: FET -> HEMT (7mW -> 0.1 mW/device) 

!  Improved resolution with lower Tc 16 

SQUID 

HEMT 

detector 



CDR Mask Design
• 6 Channels with one radial partition, each channel given 

equal area,  

• 60 degree rotation between inner and outer channels 

• 60 degree rotation between top and bottom faces 

• Fractional aluminum coverage is thus fractional coverage 
of a unit cell times number of cells per channel, times 
number of channels. 

• 2 millimeter gap between crystal edge and instrumented 
area, to prevent fabrication errors which tend to occur 
near the crystal edge 

• Phonon partition closer to the center to better identify 
high-radius events 

• This geometry is our “nominal” design, but we area 
also looking into alternative channel layouts
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SuperCDMS SNOLAB – detector design  

!  iZIP detector 
!  6 phonon + 2 charge channels/side 

!  HV detector 
!  side 1: +50V, side 2: -50V 
!  6 phonon channels/side 

 -> surface rejection  
    (z- and radial-fiducial cut) 

Preliminary studies, N. Kurinsky 
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SuperCDMS SNOLAB – projected sensitivity 
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!  SuperCDMS SNOLAB can uniquely probe low mass DM, m < 5 GeV 
!  Ge and Si targets will allow us to study non-standard interaction 
!  Ge iZIP will detect ~ 15 8B solar neutrinos 

M. Pyle, E. Figueroa 
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Summary/Conclusion 

!  CDMS has been leading the direct dark matter search experiment 
for the past 15 years. 

!  The recent results of 70kg-days exposure in the second CDMSlite 
run excluded new parameter space for low-mass dark matter 
particles, in the dark matter mass range of 1.6 - 5.5 GeV. 

!  The SuperCDMS collaboration is moving forward with the design 
and construction of the SuperCDMS SNOLAB project. 

!  Lower backgrounds, lower threshold and improved detector 
resolution in SuperCDMS SNOLAB will allow us to uniquely and 
deeply probe the DM parameter space, especially for low-mass DM 
models.  

!  We will also be able to detect 8B solar neutrinos 


