{ SUPER

CDMS

Cryogenic Dark Matter Search

Pacific
Northwest

NATIONAL LABORATORY

The
SuperCDMS
dark matter
experiment

John L. Orrell

ENERGY BATTELLE

PNNL is operated by Battelle for the U.S. Department of Energy




~7

Pacific

Northwest  Quitline

SuperCDMS SNOLAB

» Design & Detectors
= Sensitivity

Backgrounds
= Overview
* Tritium from cosmic rays
= Cu surfaces & bulk 219Pb
= Kapton & Cirlex

R&D detectors
= H\VeV

Status
Summary

* SUPER

CDMS

Cryogenic Dark Matter Search

y @SuperCDMS | supercdms.slac.stanford.edu

Caltech d * T
sio 8 KM Q2




CDMS

Cryogenic Dark Matter Search

Pacific

Northwest ~ Experiment located at SNOLAB

ONTARIO ; QUEBEC
Winnipe
nipeg Canada
NOR_Y" SNOLAB
TANA DAKOTA 1 T
MINNESOTA Ottawa Montreal A=
@ ©
souorln WISCONSIN & T VT MAINE ‘) 'NOVA SCOTIA
DAKOTA
IMICHIGAN oronto -
WYOMING : . NEW YORK | i %
, \ Chicago . MA oBoston
IOWA 0. (
NEBRASKA . “ ('T Rl
ILLINOIS i PENN ON s
H : ' ew Yol
United States LI Washington
COLORADO o X WEST
KANSAS MISSOURI VIRGINIA
KENTUCKY., "“VIRGINIA
e NORTH
A T :
OKLAHOMA LNNESSL&I 5 CAROLINA
ARKANSAS
e 3 o180 SOUTH
NEW MEXICO Da“as : M‘SSISSIFI'I ‘ C;ROLINA
o ALABAMA
N 5 \, TEXAS . GEORGIA
3 S COUISIANA . 7
\San Antonioo Houoslon
\
N FLORIDA
\
Monterrey
| o ? Gulf of M,O .
A Mexico Ll
v 2

2 km underground...




* SUPER

CDMS

Cryogenic Dark Matter Search

Pacific

Northwest  SuperCDMS facility at SNOLAB

Fully Assembled Cryogenics System

w+gy  Dilution
&, Refrigerator

cryostat
polyethylene shield

ultra-pure lead shield

Cold Traps,
Gas Handling

~ \ CUTE

D

o T ‘-‘ e~ :
yogenic

e
- test facil
- oy iR

4K/50K Cooling — T = 4 4




* SUPER

CDMS

Cryogenic Dark Matter Search

~7

Pacific

Northwest  Experimental design

Dilution
Refrigerator

LLoscm

e mm's -~y

(il I?ﬁl JENAK A.‘o«(;amc wid e ‘v‘..l{('@-'-tv‘ ..\“““\JUJUUJ« ”‘I((Iu m‘ l\“c'/ (il \\\NW\‘;\“:\J sl ]

Seismit IP'I'atf‘or-m .SNOBOX



~7

Pacific

Northwest  SNOBOX Cryostat and Detector Towers

cDMS

Cryogenic Dark Matter Search

i v e -y Tower Body Vertical Flex Cable

% Vacuum Coax (‘

Si/Ge Detector

Copper Housing




{ SUPER

CDMS

Cryogenic Dark Matter Search

7 Two complementary

Pacific

Northwest  etector readout approaches

IZIP sensors measure E;, and ng,

 IZIP Detector ———————— )
A/

* Prompt phonon & ionization signals

T Vb ~3V
allow discrimination between oo bl )
nuclear and electron recoil events 4@ Prompt phonons —

= Event discrimination = low background e oo T

= Trade-off: ﬁk Luke phonons

v H|gher energy analysis threshold —J )
 HV Detector HV sensors measure E,

* Drifting electrons and holes R
across a potential (V) Vb~ 100V
generates many Luke phonons e',s, 1

= Enables very low energy thresholds i '»..,f Rt pRonons pr—

+ @]
= Trade-off: ﬁ%L
uke phonons
v No event-by-event ~ )
nuclear vs electron recoil discrimination J
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* High Voltage (HV) — Phonon-only * interleaved Z-dependent lonization &
measurement of ionization charge Phonon (iZIP) — NR/ER discrimination

%g Vb~ 100V % Vo ~3V
-1 oy —1
<i> Prompt phonons —
h+ '0.0
:%k: Luke phonons I

A2
<i> Prompt phonons —
W Transition-

ht '0'0
gﬁwke phonons I
Edge Sensor

Used on

both
I ' | anseon e | | detector
2 == 1 | designs

Athermal phonon sensor technology W\ Tsmk  T(R)
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Pacific

Northwest  wWith multiple functionality

Germanium Silicon

iZIP Nuclear Recoil Discrimination Nuclear Recoil Discrimination
Understand Ge backgrounds Understand Si backgrounds

—— — Two nuclear targets
— ] provide for different
—— Efj dark matter scattering
— — Interaction rates

Tower 1 (iZIP)  Tower 2 (HV) Tower 3 (HV)  Tower 4 (iZIP)
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etection search for spin-independent dark matter interactions
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 Tritium, 32Si (in Si), activated copper, surface Rn progeny, material impurities
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« Exposure of Ge & Si crystals to secondary cosmic rays (e.g., n, p, i)
causes nuclear spallation producing a variety of long-lived, unstable nuclei

= Tritium (3H) is especially problematic: t,, = 12.3 yr, pure B-decay, EZ"? = 18.6 keV
Y B
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E. Armengaud et al., N. Abgrall et al., R. Agnese et al.,

Astropart. Phys. 91 (2017) 51-64 * NIM A 877 (2018) 314-322 : Astropart. Phys. (2019) 1-12
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* SuperCDMS SNOLAB Goal: Less than 60 days sea level equivalent exposure
= One of four towers is composed of iZIPs with longer surface exposure
= Crystals had <8 days seal level equivalent after shipment from Europe to SLAC

Thank you I Underground storage & polishing at
MAJORANA & GERDA! Stanford Underground Facility Ee PR
) o ) Top of curb - I ————"
Shielded shipping container Panama St. elev.1\0f T
critical to meet exposure goal L - ;J Am. 173 oficss B & Taet
] ; SuperCDMS Underground
Detector Fabrication Facility
/ D;z m Cost and Feasibility Report
Earth 3 [~ March 2018
R 2m
| Original section ipe it o e
Ge o s e s e e
W, i Sggé?ict : ES Il fi Pt o e 1
ay - : oor :
B ¥_elev. 57-9" Cemoaponding Suthor: Besmond Auniacfienolaoy
Depth 25+2 meter water equivalent =
2]

E AT O
ENERGY roiilulamiss ™
e Cortoat DU ALOE NS 1EIO

Evaluated via attenuation formulation

. - ™A Barbouti & Rastin ) ;
employed by muon-tomographers e & oy 1577 Available on www.OSTl.gov
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* All SuperCDMS detector are underground at SNOLAB
= Shipment #1: Towers 3 & 4 - 9-12 May 2023 (route shown below)
= Shipment #2: Towers 1 & 2 2 13-16 November 2023

Cosmic Ray Exposure
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« Radon progeny (long-lived 219Pb) are potential surface background sources

223y 80%: 517.0 keV Demonstration of
210pp 58.19%: | CONV- € 30.2 keV + Auger e’s surface electron rejection with
_ + 22.0%: x-rays 9.4-15.7 keV . .
20%: 5 6.5 ke — 13.7%: Gonv. e 42.5 keV + Auger e interleaved germanium detectors
£ | 3.5%: conv. e 45.6 keV + Auger e for dark matter searches
210Bj 4.3%: y 46.5 keV

R. Agnese et al.,

100%: B1161.5keV\ 130,44 Appl. Phys. Lett. 103 (2013) 164105

Soudan iZIP
100%: a 5.3 MeV . M
Detector = Performed with iZIP, not HV detector
face Pb 103 kev Surf ly irradiated detector f
210pp jmplanted urface source only Irradaiate etleclor race
P o _a Detector - . :
i &8 id Il @ Passing Charge Symmetry @® Failing Charge Symmetry O Low Yield Outliers
sSigewa ~---Symmetry Cut Bounds ——1+2¢ Nuclear Recoil Yield ® Neutrons from Cf-252 Calibration

: Phonon silicon wafer %' ! % ',:.W .‘ o RPN TSRO | B ) ) &
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* SuperCDMS progressing from Soudan 10® gy

At Soudan: (based on T2Z1)
» Bottom face: 20 nBg/cm?

* Sidewall total: 1000 nBg/cm? ——

SNOLAB Goals: Sensitivity study
 Detector faces: 25 nBg/cm? vs. sidewall activity
« Sidewalls: 50 nBg/lcm?2 ——

« Summary concern = Cu cleanliness
» Using acidified-peroxide etching
followed by citric acid passivation
) ’ ] S

» Tested on McMaster and Aurubis copper

N

Dark Matter-nucleon ogg [cm?]
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Si izIP g
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10—43 N =

1

1

Sensitivity vs. 21°Pb at Sidewall
0‘44- Upper curve: 1600 nBg/cm?

300 nBg/cm?
100 nBg/cm?
0 nBg/cm?

Lower curve:
0—45 :

0.9 1
Dark Matter Mass [GeV/c?]

Cleanliness tested with
XIA Ultra-Lo1800 alpha counter
by measuring polonium (?'°Po), not lead (?'°Pb) !!!

Dark Matter-nucleon ag, [pb]
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* One year’s worth of XIA Ultra-Lo1800 measurements on cleaned Cu surfaces
= Shows unsupported 2'9Po on Cu surface XIA Ultra-Lo1800 background subtracted rates

» Electroformed Cu doesn’t show effect \J McMaster | ® Cu-1rate vs. time

= Suggests 2'9Pb in bulk of Cu o el

Best-fit Cu-1 Po
X Cu-2 rate vs. time
——— Best-fit Cu-2 model| |
---- Best-fit Cu-2 Pb
- Best-fit Cu-2 Po

w
o
o

N
O,
o

B-

Aurubis

N
o
o

« XMASS measured 2'%Po in bulk Cu
= |nferring 17-40 mBq of 21%Pb per kg Cu
= K. Abe et al., NIM A 884 (2018) 157-161

“Flash” covering of

electroformed Cu
- Cu Surfaces dare Clean for SuperCDMS (notincluded in fit) ____ . - -~

= Bulk 2'°Pb in Cu is out of 238U equilibrium 0~I-----*-11- ----- i .i ......
= R. Bunker et al., NIM A 967 (202) 163870 0 50 100 150 200 250 300 350

Time since cleaning [days]

* In summary:

Surface activity in 2'°Po ROI [nBg/cm?]
o
o
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Northwest ~ Kapton & Cirlex trace radio-impurities

» SuperCDMS uses Kapton & Cirlex in electrical readout from detector towers
» Anticipated 17% of Ge HV background of SuperCDMS SNOLAB experiment
= Of this 17%... 81% is from equally Th and 4°K Detector

Tower

« Kapton: ’ a
= DuPont polyimide film

 Cirlex
» Fralock product
= Adhesively layered Kapton

o SuperCDMS
flex cable stack-up: 4-LAvERs

Acceptable,
but a target for
materials R&D
See next slide!

13.250" \

=< and
: <— TOP COVERLAY, .5 MIL , e
[ TOP LAYER 1 |=— 30 MIL CIRLEX, 1/2 0Z. COPPER (SLAC Supply) ]€~ e, ;D;"

|
s [INNER SIG1 LAYER 2
.072"+/-.003 <s— 1 MIL KAPTON, 1/2 0Z. COPPER

- [NER Sic2_LAYER 3 — e
- :
[BOTTOM _ LAYER 4 |<—30 MIL CIRLEX, 1/2 OZ. COPPER (SLAC Supply) VR o OV A

<+—BOTTOM COVERLAY, .5 MIL

-1.900" &



_ Sponsors Partners
Pacific o o «DUPONT
Northwest  PNNL efforts on clean Kapton ™ sBRSTTIR  .FLEXINC.

 Ultra-low radioactivity flexible
printed cables

* |J Arnquist et al., EPJ Techniques
and Instrumentation 10 (2023) 17

 Ultra-low radioactivity Kapton and "
copper-Kapton laminates

= |J Arnquist et al., Nucl. Instrum.
Meth. in Phys. Res. Sec. A 959
(2020)

1. Laminate Selection

................................

> a2iaters R RSO H S DO L R MR 2. Cut and Drill Laminate

3. Cleaning at Q-Flex

o — Blus: Stenderd Step
RRITEER R— Orange Outiine: Modified Step
' 6. Sanding Orange: New Step
8. Resist Coating
SRVl 1080 +/-40 250 +/-8 44 +/- 18 —
HN Sy 2LA 'y
Radiopure 11. Stripping - B co et
12.3 +/- 1. 19 +/- 2 4 +/- 14
SHE o e 23U [ppt] | #°*Th[ppt] | K [ppb]
13. Cleaning at PNNL
Ilf:rpr:::lr;-t(e:: 2381 [pg/g] | 22Th [pg/g] | ™K [ng/g] 14. Coverlay Application 2670 +/-30 260 +/-10 170 +/- 50
15" Vicroetohing 31 4/-2 134/-3 550 +/- 20
158 +/-6 241 +/-09 <210 Te ENG Frocessng
9 +/- 4 20 +/-14 160 +/- 80 17. Oleaning at PNNL
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Projected Limits

* Ol — Optimal Interval

= No background
assumption

 PLR — Profile
Likelihood Ratio

= Employs background
model
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Northwest R&D HVeV detectors

* Developments using the athermal phonon sensor technology
» R.K. Romani et al., Appl. Phys. Lett. 112 (2018) 043501

Number of Electron-Hole Pairs

p—

- ,‘/ — 0 1 2 3 4 5 6
) sl ﬁ — ldeal Poisson q
Si crystal/ — Trapping
phonon sensors 700} — IR Escape
[ 160V Data
600 | ﬂ
= 500 A =A;z=2.0 Photons
Q - !
Crystal holder 2 Afr.p=2.3 Photons
3 400/ + + 0=14.0 eVt |
—_ ’ i =0.33 eVee |
Dilution refrigerator 200 B iy
sample stage (30 mK) 200} ' !
100 |
Bias voltage line ; : A
0 200 400 600 800 1000
Fiber optic ... lllumination ~ ehononEnergy lavil
(650 nm) 0 5 10 15 20

1cm? by 4 mm thick silicon crystal (0.93 g) Energy [eVee]
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dark photon kinetic mixing

10°8

10—9 L

 R. Agnese et al.,

10—11 L

Phys. Rev. Lett. 121 (2018) 051301

-13 [
101 E I I I 10

—— Data 10-14 L \ ?’&0 -
[— Laser 1o-15 | \;’\/

[— MC
10—16

-------- Signal Model 10° AT i
= =

=
o
o

=
o
o

heavy dark photon ultra-light dark photon

=
o
N

=
9
W

Ge [cmM?]

Differential Event Rate (Hz/ngp)

=
9
N

my [eV/c?]
10—29 -
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- I (\l'_| 10—33 -
S
2. 10—35 -
Q
o) 1037 |
= S

re@Ze-o S 10735 | .

1.0 EF :t 1079k v SCalay | freeze\N
T 0.6 T T T T R T 100 ot 107 100 T
'S 1 MeV/c? ?
é 0.4 ] Efficiency Model m  Pulse Time Cut My MeV/c’] My (MeV/cT]
w 0.2 , e Good Noise Cut A x?Cut

0, : : : : : — i I Y Imi
0.0 5= s %t s Optimum interval 90% C.L..|ImItS
Electron-Hole Pairs No background subtraction
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Nuclear-recoil ionization yield in silicon HVeV

0.40 T T *
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) = Villano 2022 -
= |+ Dougherty 1992 ’
g 0.25 “+  Gerbier 1990 _- !
e 4 lzraelevitch 2017
§020r 4 cpmsm - -
8 ! 16
= 0.15 ] indbe ; _
o MF Albakry et al.
0.10 g Phys. Rev. Lett. -
131 (2023) 091801
0'05102 10° 10?
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Limits from HVeV detector
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— 0VeV (this work) CRESST-III
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| — EDELWEISS ~- NEWS-G
10| N s CRESST Surf == Collar 2018 10-30
RSP [ S s o i = 10732
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Cryogenic PhotoDetector (CPD)

& Cryogenic PhotoDetector (CPD)
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| Alkhatib et al., Phys. Rev. Lett., 127 (2021) 061801
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Axion-like particle limits from silicon HVeV

10_3§ T T T T — T T T T
10_45_ D.W. Amaral et al.
Phys. Rev. D

10} '\ 102 (2020) 091101(R)

107k

10—7; This Work
S /
= 1078

1079

10717 XENON10

1071 gupngDMS

_12 [ | oudan
1073 1072 107!
mg [keV/c?]



_ { SUPER
£ Detectors underground, EDMS

Pacific

Northwest  CUTE testing getting underway

In CUTE



Pacific
Northwest

NATIONAL LABORATORY

;-;'

Al Ld Ly 13

-|f!

1 e T
- WY
= =

’

.
e o —
5] BLT

BN

Shield components comlng together
= S

I
LN |
8

nl R :h ﬂ":_ =
W

\

i &)
9

% A

: .

AY

Above ground pre-assemblies

o\l ~<Jum

Underground progress



* SUPER

CDMS

Cryogenic Dark Matter Search

Pacific

Northwest  Summary

* SuperCDMS searching for direct detection of low mass dark matter

= Projected reach ¢ ~ 1043 cm? at 1 GeV/c? dark matter mass
= All detector towers underground at SNOLAB
= Main shield construction underway and detector operation in CUTE is active

 Anticipated backgrounds: Tritium, 32Si, Rn progeny, material impurities
= Developments during construction show paths to further reduction in the future
= Highlighted background sources are of relevance to neutrinoless double beta decay

* Future detectors expected to probe yet lower mass dark matter candidates
= Anticipate further R&D detector development in parallel with SuperCDMS construction
= Developments will likely also improve sensitivity to 1-5 GeV/c? dark matter candidates
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