When they go bhigh, we go low.

J

SuperC
in d NUtShe 11 SMU / SuperCDMS

I
-

Jodi Cooley

The Definitive Guide

O RLY’ Jodi Cooley -



WIMP Nle eractlon

WIMP Target Nucleus WIMP

from galactic halo in laboratory Elastic collision

v~220 km/s v~0 km/s [ Or
Er~30 keVr

- Spin-Independent
- The scattering amplitudes from individual nucleons interfere.

- For zero momentum transfer collisions (extremely soft

bumps) they add coherently:

Am? Enormous enhancement for heavy nuclei target!
O, >
N ¥ atomic mass _ MmN ;
e = TP reduced mass
coupling constant X N
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Interaction Rate

' particle nuclear local properties
l nteraCthﬂ theory structure of DM halo
Rate

[events/keV/kg/day] dR Oo FQ(ER) Po T(ER)

dEr  m, m? Vo /T

The Gory Detalls:

F(ER) ~ exp (— Ermy R2/ 3) “form factor” (quantum mechanics
of interaction with nucleus)

. mX ™ N
My = m, + my “reduced mass”
2 2 integral over local WIMP velocit
T(ER) — eXp(_vmin/ UO) distigibution ’
o 2
Umin = \/E rMN/(2m7) minimum WIMP velocity for given Er
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Direct Detection Event Rates

- Elastic scattering of WIMP Total Event Rate
deposits small amounts of —_ Xe m, = 100 GeV/c?

energy into a recoiling Lool Gy = 1045 cm?

nucleus (~few 10s of keV) 050

- Featureless exponential

R(Ethresh)[counts/10kg/yr]

spectrum with no obvious 0.10;
0.05¢
peak, knee, break ... -

- Event rate is very, very low. 0 10 20 30 20

Ethresh[kev]

- Radioactive background of most materials is higher than the
event rate.
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The Case for Low Ma

Mass Range for dark matter and mediator force candidates.

zeV aeV feV peV neV peV meV eV keV VeV Gay TeV PeV 30Mg
I I I I I I l 1 1 I 1 1 1 1 1 1 1 1 I \‘ I
"ellIIIII"'I"""}'""'IKI"
T —>
QCD Axion WINPS
<€ > € > e
Ultralight Dark Matter Hidden Sector Dark Matter Black Holes
€——> < o
Pre-Inflationary Axion Hidden Thizrmal Relics WIMPless DM
> <+ >
P ost-Inflationary Axion Asymmetn¢ DM
L >

Freeze-ln DM

€< —>
SIMP4/ ELDERS

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!
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D1rect Detec’uon Event Rates

Total rate for d1fferent thresholds
(assumed: m, = 10 GeV /2, gyn =104 cm?2)

R(Ethresh) [counts/10kg/year]|

xXe
Ge 1.00
%Ai 0.50 Knowing your energy scale
: and efficiency at threshold
Ne are cruciall
0.10
o.osf

I ‘ \ w w w ‘ ‘ ‘ ‘ ‘ ‘ : : | : | Eh h k
; 0 -0 20 40 thresh [keV]
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- 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
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The CDMS II Collaboratlon- Clrca 2002
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The SuperCDMS Collaboration
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To reach the lowest masses a different strategy is employed which will be discussed later in this talk.*

Historically: SuperCDMS 1n a Nutshell™®

Use a combination of discrimination and shielding to

maintain a experiment
with low temperature semiconductor detectors

Discrimination from

measurements of
and
and
A
5| <>
Keep backgrounds low as possible through Surface
shielding and material selection. Side 1
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- 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
Phonon sensor layout:

05/31/2018 - KITP-CDMI8 - Jodi Cooley - SMU



_ Phonon Detection

Al Collector

W Transition- ‘?§7
Edge Sensor 5 <
() ® ?\

4 SQUID readout channels,

each reads out 1036 TES in
parallel
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Bulk Events:
Equal but opposite ionization

signal appears on both faces of L
detector (symmetric) e
Surface Events: :
Ionization signal appears on oy
detector face (asymmetric)
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- SCDMS 1Z]Ps:

hae Slgnal

Bulk Events:

@® bulk events (y)
@ surface events (y + e)

Equal but opposite ionizatio
signal appears on both faces of
detector (symmetric)

Surface Events:

Ionization signal appears on one
detector face (asymmetric)

Sidg 2 gha}:ge m(ke;’) .

[y
=
T

LAy W\ xcsgete 3 4=t 5

=]
T

9 100

0 0 20 30 40 S50 60 70 80

Side 1 Charge (keV)

lonization symmetry is a
powerful way to discriminate
surface events from bulk events.
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1ZIP Dlscrlmmatlon

@® Failing Charge Symmetry Selection

APL 103’ 164105 (2013) @ Passing Charge Symmetry Selection
=126 Nuclear Recoil Yield Selection
1.2 1.2
1 1}
T T
Q Q
i~ 0.8 = 0.8}
c c
O 0.6 O 0.6
""U‘ et
N N
= 0.4; ‘e 0.4
0 ?)
0.2"‘ - 0.21
% 20 60 80 100 0'— ‘ — 0"
Recoil Ener gy [keV] lonization: (Slde 1- 2)/T otal

- misID < 1.7 x 105> @90% C.L.

Allows an ~100 kg experiment run for 5 years at SNOLAB with less than 1 event
background.
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Sources:

4 )

- J

Radioactive decays from

naturally abundant radio- | g

1sotopes

-

\- J

N
Radioactive decays from

“created” radio-isotopes
(i.e. activated materials)

Interactions from cosmic rays

and their daughter particles.

RS

Solutions:

-

\_

» 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

~N

J

\_

* Minimize fabrication and handling time
to suppress exposure to cosmic rays.

~N

* Go underground.
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Depth (meters water equivalent)

SUF
17 mwe

0.5 n/d/kg
(182.5 n/ylkg)

Soudan
2090 mwe
0.05 n/ylkg

SNOLAB
6060 mwe

0.2 n/y/ton
(0.0002 n/ylkg)
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~_Shielding:

Active Muon Veto:

rejects events from cosmic rays

Polyethyene: moderate N

---------
_________
''''''''

neutrons from fission decays
and (a,n) interactions

Pb: shielding from gammas o
resulting from radioactivity

Ancient Pb- shields 219Pb betas

Polyethyene: shields ancient Pbi

Cu: radio-pure inner copper can

Ge: target
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Soudan ngh Threshold Analy31s L1m1t

This result based on 1 event seen in 1690 kg -

— days is consistent with background expectations.

. 10_41 e
o = lite . —
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arXiv:1708.08869
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*CDMSIite: A Low lonization Experiment

@MSlite 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

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

Et — E?”‘ =+ Nehe%

A BN

total phonon | Luke phonon
energy primary recoil energy
energy

holes‘(

electrons

\ /[~
Y
o

4R
xI\
)
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Aside: keVnr

Ionization energy vs recoll energy assuming NR scale
consistent with Luke phonon contributions for NR.
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Runl-2

Run 3

-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)

[PRL 116, 071301 ,2016]
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- 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

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



—

=
w
Ne)

}—l
|
W
H
[

- - —
ﬂ““—‘X(g pU{B d

ﬁ“
o
K J .
™ o

.t
.t
o gevt
. .
. .
* .
A\d .
0 PRy
o .
K ““
o

&

X

arXiv: 1707.01632
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Access
drift

Backup
cooling
(ice)

Cryogenics
and radon
filter plant
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~_From

3” Diameter
2.5 cm Thick
600 g Ge crystals
15 Ge iZIP

4 SuperCDMS Soudan A

AN

\_
/.‘

2 charge + 2 charge
4 phonon + 4 phonon

\_

4 SuperCDMS SNOLAB )
100 mm Diameter
33.3 mm Thick
1.39 kg Ge crystals / 0.61 kg Si crystals
K 10 Ge iZIP, 2 Si iZIP, 8 Ge HV, 4 Si HV /
4 )

2 charge + 2 charge

6 phonon + 6 phonon

6 phonon + 6 phonon
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 SuperCDMS Towers.

Improved Surface Event Rejection:

- 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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_Super(

(Initial payload 4 towers, each W/ 6 detectors
2HV (4 Ge + 2 &)

. 217ZIP (6 Ge & 4 Ge + 2 &) y

Radon
Barrier Graded Pb Gamma Shleld

 SNOLAB

60 cm water
20 cm Pb
30 cm HDPE

Outer 10 cm: new lead
9 cm < 19 Bqg/kg 219Pb

1 cm < 0.08 Bq/kg 210ij

Fridge, cryostat capable of 31 towers, nominal 15 mK

05/31/2018 - KITP-CDMI8 - Jodi Cooley - SMU
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XIA alpha screening

=
@ SMU.__

HPGe counting
@SNOLAB

! Radon Emanation
i Jf: @ PNNL
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In most cases, looking for materials at levels of < 1 ppb.
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Community Assays Database

)

Use Clean Materials

Szarch About
copne” o
p EXO (ZDDRB) Copper, OFRP, Norddeutsche Affinerie n < 2.4 ppr 1 < 7.9 ppr -
» EXO (Z008) Copper tubing, Metallica SA Th < 7 ppt 1 < 1.5 ppt »
» ILIAS ROSEBUD Copper, OFHC ®
» XENONILIOO (2011) Copper, Norddcutsche Affincric Th-228 210 muBg/<g U-238 70(0) muBq/kg - ®
» XENOUNIOO (2011) Copper, Norddcutsche Aftlineric Th-2258 < 0.3 mBq'«g U-238 < 11 mBq/kg - ®
» EXO (ZO0DB) Copper gasket, Serto n 5.9() npr 1l 12.6() npt %
» EXO (2008) Copper wire, McMaster-Carr Th < 77 ppt J < 270 ppt - ®

Supported by AARM, LBNL, MAJORANA, SMU, SJTU & others

http:/ /radiopurity.org
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http://radiopurity.org

B e

Predicted rates m counts / kgtke V¥ year

Background

Inventory

Ge iZIP NRsingles Si iZIP NRsingles

;>.4\. Category Ge HVY ERsingles 5i HV ERsingles Ge iZIP ERsingles Si iZIP ERsingles (x10°5) (x10-5)
9 -Total 48. 360. 50. 400. 3200. 2300.
G Coherent Nentrinos 2300. 1600.
g Dctector Internal Contamination 24. 280. 4.7 250. 0 0
G Irtium 24. 33. 4.7 6.6 0 0
= Silicon-32 0 250. 0 250. 0 0
'-U Orther
G Muterinl Internul Contuminntion 17. 6b. 36. 120. 370. 460.
S +Housing and ‘Lowers 6.5 34. 19. 65. 51. 66.
e | Readont Cables 0.31 0.46 0.38 0.80 11. 15.
o0 +SNOBOX Cans 4.0 13. 6.5 22. 6s. 3
'L"é Koevlar Ropes 2.1 5.1 2.7 8.3 3.6 4.0
S | Calibration 0.92 3.0 1.2 3.6 0.05 0.08
m | Shield Materials 3.5 10. 5.3 17. 240, 300.
Bulk Pb-210 1a Lead C.07 0 0.22 Q.75
2L -Malerial Internal Aclivalion 2.3 8.4 3.9 13.
2 1lousing and lowars 0.64 2.5 1.0 4.1
Q +SNOROX 1.5 5.6 2.8 3.9
U Shield C.07 D.28 0.14 0.41
el Otler
QO | Non-line-ot-sight Surfaces 1.6 £.0 2.9 9.3 35. 41.
D“ Prompt Tnterstitial Radon .61 1.8 0.87 2.7
Vs) +Cuvern Environment 2.3 EI 2.0 9.6 330. 160.
Cosmic Ray Flux .00 0.00 0.00 0.00 85. 99.
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raW Single event rate — Electron recails
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Slmulated Raw ‘Background Spectra

1ZIP - Ge Detectors

raw single event rate

raw single event rate
after analysis cuts ~ —[=
eclron recoils
| — Surface ;3
| | Analysis threshold = | Analysus threshold = Surface "¢}
10% - 1 0.27 keVnr 10% - 10.27 keVnr —gem:'g’s
; I ; | I Ge activation lines
D D
x x
) )
<< <
3 3
& 3 =
L \ L
o ~ o
L 22V JLM“‘I S

MMI

10! 10° 10"
Recoll Energy (keVnr)

Recoll Energy (keVnr)

1 GeV /2 WIMP 10 GeV /c2 WIMP
--- 1042 cm?2 WIMP—nucleor_l_G
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Expected Sensitivities
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Expected Sensitivities

S -107!
A 2
10738 L Rge & 11072
i — 0] V4
_ 10—39 0 lg) \o k \ CoGeNT | 10—3
g 40 ISR \ i\\\‘ o
5107 v 15 AW oo ot
s 107 ! ‘\G‘)—“—\\ % \\§‘:'\ SIMPLE (2015) 201 e @012 107>
‘= = < A = \\‘ — E O
8 —42 \%\ Bl S - J\\ '\\‘\ S GP\ G \ A\ (2012 _6
O 107%, s aA= T % EPL --10
2 109\ R G\ ==
N N -
—43 VO v N\ XS ~ - 012) _
8 10 i \LéB_ _ _\\_‘—‘ \ ElS () _ - - (\O\'\J\OO KZ 10 7
= N L \ BAA0\ - = 3)
S VN e (2009L - ~ 20} -
= 107 TBe RN K a00et="2 1078
o Neutrinos\ \ Lo =T aNOV e
2 10~45 — 8B }\\\\ \ ,,—9”5—&)6102‘\1\2% == 10-9
% Neutrinos g M ™, _,—;’—’Pt’?) 00,/,/-5(6\'\0('\1 -
< \\ <N N -_—5’; - D”/, - = — _
[ 107 N T D (U
=y VNS emm T TS - m
— - = — — - - - _
= 107 \ N Sa—— =107
_ T -7 - A0S _
B 10 48 \ ﬁNBNe\N\ 10 12
e T peric 2
10_49 ) - — Nmosp ] 10—13
1077 ' | | ' 014
0.2 1 10 100 1000 1()!l
WIMP Mass [GeV/c?]
05/3 1/2018 - KITP-CDMIS - Jodi Cooley - SMU 36 —

WIMP—-nucleon cross section [pb]



Conclusions

-CDMSIite Run 2 has produced world leading limits 1n 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 1s
observed, consistent with expected backgrounds. The SuperCDMS
collaboration sets a combined upper limit on the spin-independent
WIMP-nucleon cross section of 1.4 X 1044 (1.0 X 10—44) cm? 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 WIMD:s.
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