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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).
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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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Interaction Rate
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local properties  
of DM halo

nuclear 
structure

particle  
theory

dR

dER
=
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Interaction 
Rate 

[events/keV/kg/day]

F (ER) ' exp
�
�ER mN R2

o/3
�

mr =
m�mN

m� +mN

T (ER) ' exp(�v2min/v
2
o)

vmin =
p

ER mN/(2m2
r)

“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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- 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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The Case for Low Mass Dark Matter
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US Cosmic Visions:  arXiv:1707.04591

- Much work has gone into looking for the canonical WIMP 
- No evidence from direct searches and no evidence of SUSY 

from LHC 
- If we broaden our thoughts and loosen our cosmology or theory 

priors, we still have reasonable dark matter candidates — many 
with lower masses!

Mass Range for dark matter and mediator force candidates.
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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
- Low energy thresholds (>10 keV - 10s keV)

- Rigid background control

‣Clean materials

‣shielding

‣discrimination power

- Substantial depth

‣neutrons look like WIMPs!

- Long exposures

‣Large masses, long term stability
 7
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The CDMS II Collaboration- Circa 2002
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Recognize Anyone?
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+

The SuperCDMS Collaboration
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Historically:  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
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To reach the lowest masses a different strategy is employed which will be discussed later in this talk.* 



05/31/2018 - KITP-CDM18 - Jodi Cooley - SMU

Overview:  SuperCDMS Soudan
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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%

- Location:  Soudan Underground Laboratory, 
Minnesota, USA @ ~2090 mwe

- Science operations from Mar. 2012 - late 2015.

- Experiment contains 15 iZIP detectors, stacked 
into 5 towers

- interleaved Z-sensitive Ionization and 
Phonon detectors (iZIP)

- Each side instrumented with 2 charge (inner + 
outer) & 4 phonon (1 inner + 3 outer) sensors

(dG>)

•  M1P)4I=1&!-/4)61%18%"&$)a(dG>$b)91(#+)8"33($$("#16)'%)4"I6'#)

EZ)-B)/""&1D)!'7%18,) <$=1#)!1#%1&)2"&)>,?$(8$)@)A19B);CD)EC;;)

•  >,"#"#)+I'&6)&(#+)8'#)91)I$16)%")
&1q18%),(+,@&'6(I$)^1&"@8,'&+1)151#%$)

•  G#%1&71'516)8,'&+1)1718%&"61$)8'#)
&1q18%)151#%$)"#)t'%)$I&2'81$)

•  !,'&+1)'#6)=,"#"#)&1$"7I:"#)$(3(7'&)
%")!-/4)GG)61%18%"&$)

•  RW=18%)2'8%"&)"2)')21P)9101&)&1q18:"#)
"2)9'8.+&"I#6$)'%)7"P)1#1&+?)

Phonon sensor layout: 

Field lines near surface: 
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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)

 13

!"#$%

&'%

()%

&'%&'%()%
()%

()%
()%()%

&'%

&'%
&'% )%*%)%*%

• #+,&-.&/0&1%&.&2,-31&4%56%77%8!,2(9%%3+%:3,(%

4!1&4%

• %;.,&-+/<+*%)=%>%%?%*-3@+1%58(3+3+%

4&+43-49%3+%3+&%4!1&%'=>3.,4%%?%*-3@+1%3+%,(&%

3,(&-%4!1&A%

• B-/+40&-4&%C%D&.1%E%=F%>G27%3+%,(&%4@-H/2&%

• I&/-%4@-H/2&%&0&+,4J%#3+!K/<3+%/88&/-4%3+.L%

3+%3+&%4!1&%

• M@.N%&0&+,4J%&O@/.%:@,%38834!,&%4!*+/.%3+%

:3,(%4!1&4A%

• ;,(&-7/.%$(3+3+%4&+43-4%230&-%:3,(%4!1&4J%

-&./<0&%<7!+*G/78.!,@1&%,3%!1&+<HL%+&/-%

4@-H/2&%&0&+,4%%

!"#$%

&'%

()%

&'%&'%()%
()%

()%
()%()%

&'%

&'%
&'% )%*%)%*%

• #+,&-.&/0&1%&.&2,-31&4%56%77%8!,2(9%%3+%:3,(%

4!1&4%

• %;.,&-+/<+*%)=%>%%?%*-3@+1%58(3+3+%

4&+43-49%3+%3+&%4!1&%'=>3.,4%%?%*-3@+1%3+%,(&%

3,(&-%4!1&A%

• B-/+40&-4&%C%D&.1%E%=F%>G27%3+%,(&%4@-H/2&%

• I&/-%4@-H/2&%&0&+,4J%#3+!K/<3+%/88&/-4%3+.L%

3+%3+&%4!1&%

• M@.N%&0&+,4J%&O@/.%:@,%38834!,&%4!*+/.%3+%

:3,(%4!1&4A%

• ;,(&-7/.%$(3+3+%4&+43-4%230&-%:3,(%4!1&4J%

-&./<0&%<7!+*G/78.!,@1&%,3%!1&+<HL%+&/-%

4@-H/2&%&0&+,4%%



05/31/2018 - KITP-CDM18 - Jodi Cooley - SMU

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 
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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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iZIP Discrimination
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Soudan iZIP Surface Calibration 

!   65,000 beta events and 15,000 206Pb 
recoils analyzed 

!   No surface events leaking into 67% 
fiducial volume 

!   Limits surface event leakage to 
<2x10-5 at 90% CL 
!   80,000:1 rejection required for SNOLAB 
!   0/80,000 passing cuts in these data 

!   Ionization collection at the surface is 
significantly improved over CDMS-II 
detectors 

210Pb$
22$y$

210Bi$
5$d$

210Po$
0.4$y$

206Pb$
stable$

63.5$keV$βI$ 1.16$MeV$βI$
Type% E%[keV]% P%[%]%

βI$ 17$ 84$

βI$ 63.5$ 16$

Aug$E$ 8.2$ 37$

CE$ 30.2$ 60$

CE$ 42.5$ 14$

XIray$ ~10.8$ 24$

XIray$ 46.5$ 4$

5.3$MeV$α$,$
105$ke

V$2
06Pb$ 210Pb$is$a$ubiquitous$background$

because$it$is$the$longIlived$222Rn$
daughter.$$The$extraordinary$detail$
collected$on$this$background$in$CDMS$
iZIPs$provides$important$background$
informaCon.$$$$SuperCDMS - Jeter Hall - Closing in on Dark Matter 9 

APL 103, 164105 (2013)

- misID < 1.7 x 10-5  @90% C.L.
- Allows an ~100 kg experiment run for 5 years at SNOLAB with less than 1 event 

background.  
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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.



05/31/2018 - KITP-CDM18 - Jodi Cooley - SMU  17

Lo
g 1

0(M
uo

n F
lux

) (
m-

2 s
-1

)

Depth (meters water equivalent)

SUF
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(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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Soudan High Threshold Analysis Limit
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5

FIG. 3. Scatter plots of ionization z vs. radial partitions for
all DM-search events passing preselection cuts (large, colored)
and signal model events passing the preselection and BDT
cuts (small, gray). The events are divided into four even
energy bins, labeled in keV. The events for all ten detectors
are present, and each DM-search event has been colored by
the distance from the BDT cut position in the detector that
registered the event to the BDT score of the event itself. This
sets the BDT cut position at �BDT = 0 and allows BDT
scores to be compared between detectors. The single event
accepted by the BDT cut is indicated with an arrow (and has
�BDT < 0).

one cut for each detector—that approximately maximizes
the average cross-section sensitivity over the simulated
ensemble is identified. The set of cuts optimized for a
50 GeV/c2 DM candidate is selected to define our final
BDT-score selection because it has the best overall per-
formance in the 10–250 GeV/c2 mass range.

Unblinding the data after the final BDT cut reveals
one DM candidate (42.8 keV recoil energy), as shown
in Figure 3. This result is consistent with our model’s
expected misidentified-background distribution, which is
approximately Poisson with a mean of 0.33 and predicts 1
(�1) background event in 24% (28%) of MC experiments.

The optimal interval technique [16] without back-
ground subtraction provides a 90% C.L. upper limit on
the DM-nucleon cross section, shown in Figure 4. The
calculation uses the DM-particle and halo models sum-
marized in [3, 17]. The resulting limit excludes new pa-
rameter space for DM–germanium-nucleus interactions
in the mass range 13–127 GeV/c2. Using standard scal-
ings [3] between nuclei for spin-independent DM-nucleon
interactions, limits obtained with other nuclei can be
compared and are overlaid in Figure 4.

This work is the first analysis on the majority of the
SuperCDMS Soudan dataset and is also the first analy-
sis to fully utilize the background rejection power of the

iZIP detector. By refining our background models and
employing maximum likelihood techniques, future anal-
yses may obtain improved sensitivity.
The SuperCDMS collaboration gratefully acknowl-

edges technical assistance from the sta↵ of the Soudan
Underground Laboratory and the Minnesota Department
of Natural Resources. The iZIP detectors were fabri-
cated in the Stanford Nanofabrication Facility, which is
a member of the National Nanofabrication Infrastructure
Network, sponsored and supported by the NSF. Part of
the research described in this article was conducted un-
der the Ultra Sensitive Nuclear Measurements Initiative
and under Contract No. DE-AC05-76RL01830 at Pa-
cific Northwest National Laboratory, which is operated
by Battelle for the U.S. Department of Energy. Fund-
ing and support were received from the National Science
Foundation, the Department of Energy, Fermilab URA
Visiting Scholar Award 15-S-33, NSERC Canada, and
MultiDark (Spanish MINECO). Fermilab is operated by
the Fermi Research Alliance, LLC under Contract No.
De-AC02-07CH11359. SLAC is operated under Contract
No. DEAC02-76SF00515 with the United States Depart-
ment of Energy.

FIG. 4. The 90% confidence upper limit on the DM-
nucleon cross section (solid black) based on our single ob-
served event. The range of the pre-unblinding 68% (95%)
most likely expected upper limits are shown as dark green
(light green) bands. Closed contours shown are CDMS II
Si [18] (solid gray, 90% C.L.) and DAMA/LIBRA [19] (dotted
purple, 90% C.L.). The remaining 90% C.L. exclusion limits
shown are, in order of increasing sensitivity at 25 GeV/c2,
CRESST (CR) [20], CDMSlite Run 2 (lite) [21], EDELWEISS
(EW) [22], SuperCDMS Soudan low threshold (SCLT) [11],
DarkSide (DS) [23], PICO-60 (P60) [24], EDELWEISS low
mass (EWLT) [25], CDMS II Ge alone (CDII) [26] as well as a
combined limit with this result (COM), PandaX-II (PX) [27],
LUX (LUX) [28], and XENON1T (Xe) [29].

This result based on 1 event seen in  1690 kg -
days is consistent with background expectations.

arXiv:1708.08869
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- Drifting electrons across a potential (V) 
generates a large number of phonons 
(Luke phonons).  

*CDMSlite:  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
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total phonon  
energy primary recoil 

energy

Luke phonon  
energy

Et = Er +NeheVb

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'

electrons

holes
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Aside:  keVee vs keVnr
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Ionization energy vs recoil energy assuming NR scale 
consistent with Luke phonon contributions for NR.  121
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Figure 5.2: Ionization energy versus recoil energy for the 252Cf calibration (gray) and WIMP
search (black) data for T1Z5, assuming a recoil energy scale consistent with the Neganov-
Luke phonon contribution for nuclear recoils. The means of the electron-recoil (blue) and
nuclear-recoil (green) distributions determined from calibration data are also shown. The
red dashed lines show contours of constant “true” recoil energy for a given ionization yield,
demonstrating that the electron recoils are pushed to higher recoil energies using this scale
(e.g., the 10.4 keVee electron-recoil line appears at a nuclear recoil equivalent energy of
16 keVnr). Figure from Ahmed et al. [144]

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

y =
Ei

Er
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CDMSlite Data

- Run 1:  Aug. - Sept. 2012   [PRL 112, 041302, 2014] 

- Run 2 (period 1):  Feb. - July 2014 

- Run 2 (period 2):  Sept. - Nov. 2014 

- Run 3:  Feb. - May 2015 (analysis ongoing)
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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%

Run 1 - 2

Run 3

[PRL 116, 071301 ,2016]



05/31/2018 - KITP-CDM18 - Jodi Cooley - SMU  23

- 71Ge activation peaks are visible in both Runs 1 & 2.
- 65Zn K-shell electron capture peak visible in Run 1.
- Run 1 threshold 170 eVee

- Run 2 (period 1) threshold 75, (period 2) 56 eVee
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CDMSlite Results

 24

5

visible in the data following such an activation, is used
to calibrate the energy scale to keVee and to correct for
any changes in the energy scale with time (see Sec. V).

WIMP scatters are expected to be NRs; so a nuclear-
recoil energy is ultimately constructed, called “nuclear-
recoil equivalent” energy in units of keVnr and denoted
by Er,nr. The calibration to keVnr is performed by com-
paring Eq. 7, assuming the detector sees the full Vb bias,
for an ER and NR with the same Et, and solving for Er,nr

Er,nr = Er,ee

✓
1 + eVb/"�

1 + Y (Er,nr)eVb/"�

◆
, (8)

where Y (Er,nr) is the yield as a function of nuclear-recoil
energy, for which a model is needed. The model used is
that of Lindhard [25]

Y (Er,nr) =
k · g(")

1 + k · g(")
, (9)

where g(") = 3"0.15 + 0.7"0.6 + ", " =
11.5Er,nr(keVnr)Z�7/3, and Z is the atomic num-
ber of the material. For germanium, k = 0.157. The
Lindhard model has been shown to roughly agree with
measurements in germanium down to ⇠250 eVnr [26, 27],
although measurements in this energy range are di�cult
and relatively few exist [28–30].

B. Data Sets and Previous Results

A single detector was operated in CDMSlite mode
during two operational periods, “Run 1” in 2012 and
“Run 2” in 2014. The initial analyses of these data sets,
published in Refs. [11] and [12] respectively, applied var-
ious selection criteria (cuts) to the data sets and used
the remaining events to compute upper limits on the SI
WIMP-nucleon interaction. These limits were computed
using the optimal interval method [31], the nuclear form
factor of Helm [9, 32], and assuming that the SI interac-
tion is isoscalar. Under this last assumption, the WIMP-
nucleon cross section �SI

N is related to �SI
0

in Eq. 1 as

�SI
0

= (AµT /µN )2 �SI

N , where µN is the reduced mass of
the WIMP-nucleon system.

CDMSlite Run 1 was a proof of principle and the first
time WIMP-search data were taken in CDMSlite mode.
For Run 1, the detector was operated at a nominal bias
of �69 V and an analysis threshold of 170 eVee was
achieved. In an exposure of just 6.25 kg d, the experi-
ment reached the SI sensitivity shown in Fig. 3 (labeled
“Run 1”), which was world-leading for WIMPs lighter
than 6 GeV/c2 at the time of publication [11].

The total e�ciency and spectrum from Run 1 are
shown in Figs. 4 and 5 respectively. In addition to the
71Ge activation peaks, the K-shell activation peak from
65Zn is visible in the Run 1 spectrum. The 65Zn was
created by cosmic-ray interactions, with production ceas-
ing once the detector was brought underground in 2011,
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Figure 3. Spin-independent WIMP-nucleon cross-section
90% upper limits from CDMSlite Run 1 (red dotted curve
with red uncertainty band) [11] and Run 2 (black solid curve
with orange uncertainty band) [12] compared to the other
(more recent) most sensitive results in this mass region:
CRESST-II (magenta dashed curve) [33], which is more sen-
sitive than CDMSlite Run 2 for mWIMP . 1.7 GeV/c2, and
PandaX-II (green dot-dashed curve) [34], which is more sen-
sitive than CDMSlite Run 2 for mWIMP & 4 GeV/c2. The
Run 1 uncertainty band gives the conservative bounding val-
ues due to the systematic uncertainty in the nuclear-recoil
energy scale. The Run 2 band additionally accounts for the
uncertainty on the analysis e�ciency and gives the 95% un-
certainty on the limit.

and decayed with a half-life of ⌧1/2 ⇡ 244 d [35]. The
analysis threshold was set at 170 eVee to maximize dark
matter sensitivity while avoiding noise at low energies
(see Sec. III C). To compute upper limits, the conversion
from keVee to keVnr was performed using the standard
Lindhard-model k value (Eq. 9) of 0.157. Limits were
also computed using k = 0.1 and 0.2, chosen to repre-
sent the spread of experimental measurements [26–30],
to bound the systematic due to the energy-scale conver-
sion. As shown in Fig. 3, this uncertainty has a large
e↵ect at the lowest WIMP masses.
In Run 2, the detector was operated with a bias of

�70 V, the analysis threshold was further reduced be-
cause of improved noise rejection, and a novel fiducial-
volume criterion was introduced to reduce backgrounds.
The total e�ciency and spectrum from this run are com-
pared to those of the first run in Figs. 4 and 5. Because of
the lower analysis threshold, decreased background, and
a larger exposure of 70.10 kg d, the experiment yielded
even better sensitivity to the SI interaction than Run 1
[12], as shown in Fig. 3 (labeled “Run 2”). The sec-
ond run was split into two distinct data periods (see
Sec. III C), labeled “Period 1” and “Period 2”, that had
analysis thresholds of 75 and 56 eVee, respectively.
For the Run 2 result, the uncertainties of the analysis

were propagated into the final limit by simulating 1000
pseudoexperiments and setting a limit with each. The
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SuperCDMS  SNOLAB
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SuperCDMS Layout in SNOLAB
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2 charge + 2 charge 
4 phonon + 4 phonon

From Soudan to SNOLAB
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2 charge + 2 charge 
6 phonon + 6 phonon

3” Diameter 
2.5 cm Thick 

600 g Ge crystals 
15 Ge iZIP

SuperCDMS Soudan
100 mm Diameter 

33.3 mm Thick 
1.39 kg Ge crystals / 0.61 kg Si crystals 
10 Ge iZIP, 2 Si iZIP, 8 Ge HV, 4 Si HV

SuperCDMS SNOLAB 2

and backgrounds, and will provide better sensitivity for dark matter particle masses (� 5GeV/c2).
The mix of detector types (HV and iZIP), and targets (germanium and silicon), planned for the
experiment, as well as flexibility in how the detectors are operated, will allow us to maximize the
low-mass reach, and understand the backgrounds that the experiment will encounter. Upgrades
to the experiment, perhaps with a variety of ultra-low-background cryogenic detectors, will extend
dark matter sensitivity down to the “neutrino floor”, where coherent scatters of solar neutrinos
become a limiting background.

PACS numbers: 95.35.+d,95.55.Vj,07.20.Mc

I. INTRODUCTION

Understanding the nature of dark matter is one of the
most compelling problems in cosmology, and the solu-
tion may well come from particle physics. For the past
two decades, experimental attempts to directly detect
particles that may constitute dark matter have focused
on Weakly Interacting Massive Particles (WIMPs), such
as those suggested by the supersymmetric model of par-
ticle physics, with favored masses in the 10GeV/c2 to
10TeV/c2 range. However, evidence for supersymmetry
has not been forthcoming from the LHC experiments.
More recent theoretical models such as asymmetric dark
matter [1] and dark sectors [2] suggest that a new exper-
imental focus on low-mass dark matter particles may be
productive.

SuperCDMS SNOLAB is a next-generation exper-
iment being designed to search for such low-mass
(. 10GeV/c2) dark matter particles. Projected sensitiv-
ities for the experiment indicate that a thorough search
for dark matter particles in this mass range is possible.
This paper describes how these projected sensitivities are
calculated and provides a parametric study of the depen-
dence of these sensitivities on the main design drivers.

II. EXPERIMENTAL CONFIGURATION

The planned SuperCDMS SNOLAB experiment will
be located approximately 2 km underground within SNO-
LAB in Sudbury, Ontario, Canada. The SNOLAB rock
overburden provides shielding against cosmic-ray secon-
daries equivalent to 6010 meters of water. The exper-
iment will be located within the “ladder lab” drift at
SNOLAB [3].

A. The SuperCDMS Detectors

SuperCDMS SNOLAB will include a mixture of de-
tectors composed of silicon (Si) and germanium (Ge),
providing complementarity especially in the search for
sub-GeV dark matter. These detectors consist of cylin-
drical crystals, 100mm in diameter and 33.3mm thick.
Each Ge(Si) crystal has a mass of 1.39(0.61) kg. Two
detector designs, denoted HV and iZIP, have common
physical dimensions and are fabricated from the same
materials using the same techniques. Details of the su-

HV:

iZIP:

FIG. 1. Channel layout for the HV (top) and iZIP (bottom)
detectors. The HV detector has six phonon channels on each
side, arranged as an inner “core,” surrounded by three wedge
shaped channels and two outer rings designed to reject events
near the edge. Each channel contains hundreds of lithographi-
cally defined superconducting sensors. The wedge channels on
the bottom surface are rotated by 60� with respect to those
on the top. The interleaved Z-sensitive Ionization Phonon
(iZIP) detector also has six phonon channels on each side,
arranged as an inner core, surrounded by four wedge shaped
channels and one outer ring. An “outer” ionization channel
shares the same area and is interleaved with the outermost
phonon ring, and an “inner” ionization channel is interleaved
with the remaining phonon channels. The wedge channels on
the bottom surface are rotated by 45� with respect to those
on the top.

perconducting sensors, patterned lithographically on the
top and bottom surfaces, and the operating bias voltages
di↵erentiate a detector as an HV or an iZIP detector.
The HV detectors are designed to have better sensitiv-
ity for mass . 5GeV/c2 [4], while the iZIPs will have
better sensitivity above ⇠ 5GeV/c2 because of their ca-
pability to discriminate between electron-recoil (ER) and
nuclear-recoil (NR) interactions [5].

HV detectors have six phonon sensors on each face
with no ionization sensors, as shown in the top image in
Fig. 1. The phonon-only sensor layout allows for better
phonon collection and thus a better phonon energy res-
olution and detector sensitivity at lower recoil energies
than a similar iZIP detector [6]. The HV detectors are
intended to be operated at a bias of up to ⇠100 V. This
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overburden provides shielding against cosmic-ray secon-
daries equivalent to 6010 meters of water. The exper-
iment will be located within the “ladder lab” drift at
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detector designs, denoted HV and iZIP, have common
physical dimensions and are fabricated from the same
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FIG. 1. Channel layout for the HV (top) and iZIP (bottom)
detectors. The HV detector has six phonon channels on each
side, arranged as an inner “core,” surrounded by three wedge
shaped channels and two outer rings designed to reject events
near the edge. Each channel contains hundreds of lithographi-
cally defined superconducting sensors. The wedge channels on
the bottom surface are rotated by 60� with respect to those
on the top. The interleaved Z-sensitive Ionization Phonon
(iZIP) detector also has six phonon channels on each side,
arranged as an inner core, surrounded by four wedge shaped
channels and one outer ring. An “outer” ionization channel
shares the same area and is interleaved with the outermost
phonon ring, and an “inner” ionization channel is interleaved
with the remaining phonon channels. The wedge channels on
the bottom surface are rotated by 45� with respect to those
on the top.

perconducting sensors, patterned lithographically on the
top and bottom surfaces, and the operating bias voltages
di↵erentiate a detector as an HV or an iZIP detector.
The HV detectors are designed to have better sensitiv-
ity for mass . 5GeV/c2 [4], while the iZIPs will have
better sensitivity above ⇠ 5GeV/c2 because of their ca-
pability to discriminate between electron-recoil (ER) and
nuclear-recoil (NR) interactions [5].

HV detectors have six phonon sensors on each face
with no ionization sensors, as shown in the top image in
Fig. 1. The phonon-only sensor layout allows for better
phonon collection and thus a better phonon energy res-
olution and detector sensitivity at lower recoil energies
than a similar iZIP detector [6]. The HV detectors are
intended to be operated at a bias of up to ⇠100 V. This
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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
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Improved Surface Event Rejection:
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SuperCDMS SNOLAB
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60 cm water 
20 cm Pb 
30 cm HDPE

Outer 10 cm: new lead 
9 cm < 19 Bq/kg 210Pb 
1 cm < 0.08 Bq/kg 210Pb 

Fridge, cryostat capable of 31 towers, nominal 15 mK 

Initial payload 4 towers, each w/6 detectors: 
2 HV (4 Ge + 2 Si) 
2 iZIP (6 Ge & 4 Ge + 2 Si)
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In most cases, looking for materials at levels of < 1 ppb.
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Community Assays Database
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http://radiopurity.org Supported by AARM, LBNL, MAJORANA, SMU, SJTU & others

Use Clean Materials

http://radiopurity.org
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Background Inventory
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Simulated Raw Background Spectra
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HV - Ge Detectors 

raw single event rate raw single event rate
after analysis cuts

1 GeV/c2 WIMP 10 GeV/c2 WIMP
10-42 cm2 WIMP-nucleon σ
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Simulated Raw Background Spectra
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iZIP - Ge Detectors 
raw single event rate
after analysis cutsraw single event rate

1 GeV/c2 WIMP 10 GeV/c2 WIMP
10-42 cm2 WIMP-nucleon σ
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Expected Sensitivities

 35

15

��� � � ����-��

��-��

��-��

��-��

��-��

��-��

��-��

��-��

��-��

��-�

��-�

��-�

��-�

��-�

��-�

��-�

��-�

���� ���� [���/��]

�
��
�-
��
��
��
�
��
��
�
��
��
��
�
[�
�
� ]

�
��
�-
��
��
��
�
��
��
�
��
��
��
�
[�
�]

���
�����

��

������ ��

���

������
�
�
�
��

�
�
�
�

�
�
����

�� �
�

�� ����

��� ν

�� ν

FIG. 8. Projected exclusion sensitivity for the SuperCDMS SNOLAB direct detection dark matter experiment. The vertical
axis is the spin-independent WIMP-nucleon cross section under standard halo assumptions [46], and the horizontal axis is the
WIMP mass, where WIMP is used to mean any low-mass particle dark matter candidate. The blue dashed curves represent the
expected sensitivities for the Si HV and iZIP detectors and the red dashed curves the expected sensitivities of the Ge HV and
iZIP detectors. These sensitivity limits are determined using the optimum interval method [47, 48], which does not incorporate
any knowledge of the specific disposition and source of background events observed during the experimental operation. The
solid lines are the current experimental exclusion limits in the low-mass region, from the CRESST-II [49], SuperCDMS [4, 5]
and LUX [50] experiments. The dotted orange line is the dark matter discovery limit from Ref. [51], which represents the
cross-section at which the interaction rate from dark matter particles becomes comparable to the solar neutrino coherent elastic
scattering rate.

VII. DEPENDENCE OF SENSITIVITY ON
INPUT PARAMETERS

In this section, we show the dependence of the exper-
imental sensitivity on some of the less constrained as-
sumptions. We studied variations in cosmogenic back-
ground rates and also in ionization yield modeling. Only
the HV studies are presented because the iZIP sensitiv-
ity curves were found to be largely insensitive to changes
in background and ionization yield modeling for WIMP
masses above ⇠ 2GeV/c2. The iZIP’s insensitivity to
the varied inputs is due to a combination of the excel-
lent ER/NR discrimination, that result in a sensitivity
that is exposure-limited in this mass range, and the low
applied bias voltages that minimize the contribution of
Luke-Neganov phonons to the nuclear recoil signal.

A. Parametric Background Variations

The e↵ect of varying the background assumptions is
shown in Fig. 9, where the black curves are the nominal
SuperCDMS SNOLAB sensitivities presented in Fig. 8.

For the Ge and Si HV detectors, we vary the 3H back-
ground by increasing the sea-level cosmogenic exposure
period from the nominal value of 60 days to 180 days.
This results in an increase of ⇠3⇥ in the 3H rate. We also
consider the limiting case of no 3H background. These
values were chosen to represent the extremes of the pos-
sible 3H contamination. Tritium is a dominant back-
ground for Ge HV detectors in the nominal scenario, thus
the sensitivity at higher WIMP masses is a↵ected by the
increase in 3H background. The zero-tritium sensitiv-
ity curve is limited by the next-highest background, pre-
dominantly the Compton ERs from contamination of the
material surrounding the detectors as described in Sec-
tion IIIA. The e↵ect of varying 3H in Si is small because
it is a sub-dominant background to 32Si.

For the Si HV detectors, we vary the dominant 32Si
background level from a factor of ten higher than nom-
inal to zero, to take into account potential variations in
the 32Si content within the raw Si source material. We
also show a scenario with no 3H or 32Si, which is lim-
ited by the next-highest background, predominantly the
Compton ERs from contamination in the material sur-
rounding the detectors as described in Section IIIA.
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Expected Sensitivities
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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. 

- With an exposure of 1690 kg days, a single candidate event is 
observed, consistent with expected backgrounds.  The SuperCDMS 
collaboration sets a combined upper limit on the spin-independent 
WIMP–nucleon cross section of 1.4 × 10−44 (1.0 × 10−44) cm2 at 
46 GeV/c2  which are the strongest limits for WIMP– germanium-
nucleus interactions for masses >12 GeV/c2 . 

- Plans for a SuperCDMS SNOLAB experiment are well underway.  
Background estimations and mitigation plans are in place.  When 
built the SuperCDMS SNOLAB experiment will have 
unprecedented sensitivity to low mass WIMPs.
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