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Dark Matter on All Scales
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WIMP Paradigm

New particle that is:
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Direct Detection Signals

= measurement

= particle physics

= nuclear physics

= WIMP velocity
distribution function

Featureless exponential signal at
low recoll energy

Annual modulation in recoil rate
due to earth’s rotation

DM events / kg / d in Ge

— 5 GeV WIMP
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Direct Detection Signals

= measurement

= particle physics

= nuclear physics

= WIMP velocity
distribution function

Featureless exponential signal at
low recoll energy

Annual modulation in recoil rate
due to earth’s rotation

DM events / kg / d in Ge
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Direct Detection Approaches

DAMA/LIBRA
CRESST
heat scintillation
LUX
e ohess XENON
DarkSide
bubble chambers lonization
CoGeNT
C.OU PP DAMIC
Picasso

PICO



| Ow-mass

Region before SuperCDMS

WIMP-nucleon cross section [cm?]

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

High-purity Ge detector

Excellent energy resolution due to

low detector capacitance

Limited background discrimination

(surface events)

Several analyses have indicated
2-30 excess in annual modulation
and recoil

arXiv:1401.6234

Events per 0.05 keVee bin

-------- Sum of fit results
Surface events

Cosmogenic L-shells
Flat background
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Hints from CDMS |l Silicon

< 0.4

Powerful background rejection using
lonization yield and phonon risetime
information = 0.

ohizatio

-7 keVnr threshold, but efficiency rapidly
dropping below 20 keVnr

3 events observed, 0.41 expected

WIMP+background hypothesis favored
over background-only with p-value of
0.19%

Normalized Yield

o 2 0 2 4 6 8
Normalized Timing



SuperCDMS



SuperCDMS Overview

- Upgrade to CDMS Il experiment

- Cryogenic Ge detectors measure both
lonization and phonons

0.6 kg Ge crystals

11
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SuperCDMS Overview

Upgrade to CDMS Il experiment poly and lead shielding

Cryogenic Ge detectors measure both
lonization and phonons

Detectors operate at 50 mK in SHe/*He
dilution fridge

Continuous operation since spring 2012
(cold for over 2 years!)

15 detectors x 0.6 kg = 9 kg target mass muon veto

Active and passive shielding surround
detectors

11



IZIP Detectors

Charge/Phonon sensors

Charge/Phonon sensors

WIMP

E field
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Detectors

Charge/Phonon sensors

h+

T

7
SgZ
/ t\

prompt phonons

Charge/Phonon sensors
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VA

Detectors

Charge/Phonon sensors

Al A
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. prompt phonons
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Charge/Phonon sensors

Phonon energy = Erecoil + ElLuke

| Efield
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IZIP Detectors: Electron Recoil Discrimination

Electron recoil / nuclear recoil discrimination possible with
simultaneous measurement of ionization and phonons
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IZIP Detectors: Electron Recoil Discrimination

Electron recoil / nuclear recoil discrimination possible with
simultaneous measurement of ionization and phonons
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IZIP Detectors: lonization Fiducialization

phonon sensors (0V) —__

ionization electrodes (+2V) <
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Phonon Fiducialization

I/ZIP Detectors:
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Surface Event Rejection

® Failing Charge Symmetry Selection
© Passing Charge Symmetry Selection
O Low Yield Outliers

==+2c Nuclear Recoil Yield Selection
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- Measured surface event rejection with 219Pb
source on detector in Soudan

- Background fraction < 2.9 x 10~ (90% C.L.)
at 60% NR acceptance in 8-115 keVr

Appl. Phys. Lett. 103, 164105 (2013)

® Failing Charge Symmetry Selection

@ Passing Charge Symmetry Selection

® Neutrons from Cf-252 Calibration Source
. 2O Low Yield Outliers
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lonization: (Side 1 - Side 2)/Total

223y 84%: 317.0 keV

10Pb 60.3%: conv. e 30.2 keV

14.3%: conv. e 42.5 keV
r 23.6%: y’s 9.4-15.7 keV
4.3%: y 46.5 keV

16%: 3 63.5 keV

21OBi

100%: 8 1161.5 keV

100%: a 5.3 MeV
206pPp 103 keV 18



How can we do better?

WIMP scatters / kg / d in Ge

— 5 GeV WIMP
N | — 20GevwWIMP|.

. lower recoil energy

sensitivity to lighter WIMPs

0 2 4 6 8 10 12 14 16 18

recoil energy [keV]
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How can we do better?

1.) Lower energy threshold: CDMSlite



Etotal = Erecoil + Eluke
1
—_— Erecoil aiN _3 xY; EQAV

Measure charge with phonons, and increase
voltage to amplify signal

Lose background discrimination, but achieve
lower ionization energy threshold

‘ TES
?

— charge propagation

69V

— Luke phonons

recoil phonons

CDMSlite: “low ionization threshold experiment”

P.N. Luke et al. NIM A289, 405 (1990)
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DMSlite

Tested several detectors in CDMSlite 45 .
mode a0l °

511 11
Acquired 6 kg-d of exposure on B/ g lonization threshold .
detector with best combination of /| O3 05-§
breakdown voltage and threshold gl 22 e

S 1} |

lonization energy calibration with EC EZO‘ g MHHH HHHHH HHMHH“ MHHN HHH 0
lines at 1.3 keVee and 10.4 keVee 15} O Energy tkeVee] bin width of 10 Ve
Operated stably at 69V or 24x o
amplification (only 12x due to 5 JL ‘
electronics limitations) 0, “Jﬁ ﬂmﬂhﬂhﬂﬂﬁ%ﬁlﬂﬂﬂ”m ':; o

Energy [keVee], bin width of 75 eVee

860 eVee => 170 eVee threshold
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CDMSlite

N
N

= = = CDMS-Si: m = 8.6 GeV/c?, 057 = 1.9 x10™* cm? 1.3 keVee EC line
= = =CoQeNT: m = 8.2 GeV/2, 057 = 32 x10° 4 em? | J
obeNLim V/¢, o5t — from "1Ge, %8Ge

N
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5 6
Energy [keVnr], bin width of 90 eVnr

800 eVnr threshold
(because of quenching, 15-20% of energy measured in ionization) 23



DMSlite Constraints
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How can we do better?

1.) Lower energy threshold: CDMSlite

2.) Improve exposure and background ID:
Low-energy analysis of SuperCDMS data



Low-energy Analysis

Use 7 detectors with lowest trigger thresholds (~1.6 keV - 5 keV)
577 kg-d of exposure (Oct. 2012 - July 2013)
Background discrimination still possible near threshold!!

Blind analysis optimized for exclusion

BDT

26



Calibration and Energy Scale

E:=E:+ EL
E; = Et- s Eo(E})AV

Since signal-to-noise is poor, fit mean
lonization energy for nuclear recoils

ionization energy [keVee]

- Systematic uncertainties propagated
into final limit

Most detectors consistent with or
slightly below Lindhard

‘ TES
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!
\\ *
, /4; charge propagation
4V — Luke phonons

recoil phonons

ionization energy [keVee]

| 252Cf calibration data

2 4 6 5 10 12 14
total phonon energy [keV]

—— C.L.<68%

—— 68% <C.L.<95%
95% < C.L. <99%

L~ C.L.>99%

—&— Measurement
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Dominant Backgrounds at Low Energy

210Pp “surface events” External gammas Internal activation lines
: Tozt Z T2ZY “ ' : To71

4.

ionization energy [keVee]
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ionization energy [keVee]

ionization energy [keVee]

simulation simulation simulation

2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12

total phonon energy [keV] total phonon energy [keV] total phonon energy [keV]
» betas and 2%°Pb nuclei from 21°Pb » from radioactivity in shieldingand . | _ghell capture from 8.71Ge, 65Zn,
decay chain cryostat 683
« events are located on detector
face and sidewall surfaces from
222Rn contamination
22.3y 84%: 317.0 keV detectors <ﬁ_.

210
Pb 60.3%: conv. e 30.2 keV

[ 14.3%: conv. e 42.5 keV

16%: 8 63.5 keV , 23.6%: 's 9.4-15.7 keV : Copper

210B; 4.3%: y 46.5 keV .
housings
100%: B 1161.5 keV

138.4d

206pp a

100%: a 5.3 MeV 4_.->

206Pfy 103 keV 28




ionization energy [keVee]

Dominant

210Pp “surface events”

6
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3' On J
oX signal red'
2-_’-——' appr ’ h
1k
0 ]
| . ]
simulation
_22 4 6 8 10 12

total phonon energy [keV]

betas and 2%Pb nuclei from 21°Pb
decay chain

events are located on detector
face and sidewall surfaces from
222Rn contamination

Backgrounds at Low

ionization energy [keVee]

External gammas

| Toz1

simulation
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total phonon energy [keV]

« from radioactivity in shielding and
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Internal activation lines
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6SGa

Copper
housings
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Dominant

210Pp “surface events”
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222Rn contamination

Backgrounds at Low
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Detector Pulse Simulation

(~40-100 keV)
(~100 keV)

template source
WIMP-search data

133

K-shell decays

(~10 keVee)

background type
External gammas
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L -shell lines
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Discriminators

lonization yield
+

total phonon energy

phonon “r-partition”

—

Bulk electron recoils

'

Low energy
sidewall events

—

Low energy
surface events
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Boosted

Decision Tree

BDT inputs

10?

10
10

—_

U
N IIII|
—

0 1 2 3
jonization energy [keV]

simulation

10

total phonon energy [keV]

102 10°

10 10

—
IIII|

- IIII|

°©

0.3 0.4 0.4
phonon r-partition

Background model: pulse simulation

-0.2 0 0.2 04
phonon z-partition

Signal model: 2°2Cf NR events reweighted

to match 5, 7, 10, and 15 GeV WIMP

BDT output

n |

102

10

—

ummed over detector

- Sldewall 206Pb
- Sidewall B

- 1.3 keV line
B Gammas

10 GeV WIMP
o=6x10*2cm?

0 0.5 1
BDT score

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

31



Cut Optimization

1 BDT classifier per detector

Each detector has a BDT cut that has
to be optimized

Set detector BDT cuts simultaneously
to minimize expected 90% CL upper
limit on WIMP nucleon cross section

Final cut is the logical OR of all the
BDT cuts optimized for WIMPs of 5, 7,

10, and 15 GeV

B WIMP (10 GeV)

Iisidewall 206Pb :
- Sidewall 8

: from
210pb

- 1.3 keV line
B Gammas

0.8

Sensitivity parameter
o
(0}

0.4

0.2

1
—
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10

]
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range of 10 GeV BDT cut
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I
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0 . 0.5 1
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Selection Criteria and Efficiencies

Quality

Remove periods of poor detector performance

+ Remove misreconstructed and noisy pulses

Lindhard lear- il keV
Measure efficiency with pulse Monte Carlo 10 2 3 4 n 5 ar ”gc ear;ecm e”er9y$ evnr]
> . ] ] ] ] ] ] ] ]
(&)
Thresholds g
- Trigger and analysis thresholds 1.6-5 keVnr E 0.8 -

Measure efficiency using '33Ba calibration data

o
o
+
T
=
()
%
@
D
O
—
©)
>

Preselection

lonization consistent with nuclear recoils

o
N

lonization-based fiducialization

Remove multiple-detector hits 0.2F i
Remove events coincident with muon veto
0'02 4 6 8 10 12
BDT Total phonon energy [keV]
* Optimized cut on energy and phonon position Includes ~20% correction, from Geant4 simulation,
estimators for multiple scattering in single detector

Estimate BDT+preselection efficiency using

fraction of 252Cf passing 33



Unblinding: Before BDT

Expected background after BDT: 6.1%53+ (0.10 + 0.02 neutrons)

Lindhard nuclear-recoil energy [keVnr]
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Passing data quality &
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Unblinding: After BDT

11 events observed passing BDT (expected 6.2

Lindhard nuclear-recoil energy [keVnr]
2 3 4 5 6 7 8 9

4 ------ [T T rr [ rrrorrrt 5.|.'I“|‘.I.‘I"L'}.b'_'lo;|olel'l UL L

% @ T2Z1 . ,;.r.'.'.':-"; R,
< HuTeze S Lot 95% |CL contours for
S g[aTs22 iRl , 7,10, 15 GeV WIMP
2 1 T5Z3 I ALY IO .
o [ i
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o 9
©
N
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2 .o

11

O [

b 4 6 8 10 12

Total phonon energy [keV]
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Post-Unblinding Comparison

events passing “preselection”

—e— Data

Bl wive
I sidewall 2P
I sidewall 2°Pb+2°Bi

102

Background model accurate in
full preselection region

B Face 2'%Pb+21%Bi
B 1.3 keVline

10 [l Comptons

Number of events / 0.04

Background consistent with
expectations overall and on most
individual detectors

40
20
0jweeee:
-20
-40

Residual

Sremeuett’ Lty +++++

| | | | | | | | | | |
-0.5 ~——

Shorted ionization guard on T5Z3 10 GeV BDT Output

'“|||||‘||‘|||‘||||| ||||‘ | |||||||‘ | |||||||‘

— 8
may have aﬁeCted baCkg rOund D 7 E_ - 1o background expectation Shorted
model performance —further fg E | obsenved ionization
' c 6 guard
study ongoing G o
QT E
: . 4 —T
Poisson p-value for T5Z3 is o
0.04%, and even lower s £ |
considering only high event H 15_ *- T-
energies Ll A

T1Z1 T2Z1 T2Z2 T4Z2 T4Z3 T5Z2 TSZS
Detector 36



Limit

set 90% CL upper limit with optimal interval method (no background subtraction)

band includes systematics from
efficiency, energy scale, trigger efficiency
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Future Perspectives: SuperC

DMS @ SNOLAB

Larger detectors: 1.4 kg 100 mm
diameter crystals

More detectors: 110 kg array
(92+6 kg Ge + 11+1 kg Si)

Deeper location: move to SNOLAB

Cleaner: intensive materials screening
program and active neutron veto

Lower threshold: lower T of transition-
edge sensors improves baseline noise

Smarter analysis: exploit lessons
learned Soudan analyses

100 mm diameter

38



Future Perspectives: SuperC

Larger detectors: 1.4 kg 100 mm
diameter crystals

More detectors: 110 kg array
(92+6 kg Ge + 11+1 kg Si)

Deeper location: move to SNOLAB

Cleaner: intensive materials screening
program and active neutron veto

Lower threshold: lower T of transition-
edge sensors improves baseline noise

Smarter analysis: exploit lessons
learned Soudan analyses

DMS @ SNOLAB
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Future Perspectives: SuperCDMS @ SNOLAB

Larger detectors: 1.4 kg 100 mm
diameter crystals

More detectors: 110 kg array
(92+6 kg Ge + 11+1 kg Si)

Py .
b Shig, ™~

Vacuum bulkhead for signals

Deeper location: move to SNOLAB

s!wﬁlla;thto ’
Cleaner: intensive materials screening |

program and active neutron veto

Lower threshold: lower T of transition-
edge sensors improves baseline noise

Smarter analysis: exploit lessons
learned Soudan analyses
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Future

Larger detectors: 1.4 kg 100 mm
diameter crystals

More detectors: 110 kg array
(92+6 kg Ge + 11+1 kg Si)

Deeper location: move to SNOLAB

Cleaner: intensive materials screening
program and active neutron veto

Lower threshold: lower T of transition-
edge sensors improves baseline noise

Smarter analysis: exploit lessons
learned Soudan analyses
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Future Perspectives: Applications to Neutrinos

Unique sensitivity to coherent neutrino B 2
scattering: very low thresholds, no quenching

Discovery possible at reactor, with strong
constraints on nonstandard neutrino interactions

Larger experiments with intense neutrino

sources can probe sterile neutrino oscillations
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Future

Unique sensitivity to coherent neutrino
scattering: very low thresholds, no quenching

Discovery possible at reactor, with strong

constraints on nonstandard neutrino interactions

Larger experiments with intense neutrino
sources can probe sterile neutrino oscillations
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The Current Landscape
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Coherent Neutrino Scattering “Floor”

WIMP—nucleon cross section [cm?]
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The Future of SuperC
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The Future Landscape
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Backup
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—fficiencies by Detector
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Tower 5 Data
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DT Distributions
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SD T Input Distributions
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