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Outline

e The SuperCDMS Detectors:

* The principles behind measuring DM signal and minimizing background

 The road to low mass / energy resolution

e The SuperCDMS Experiment in Action:
e SuperCDMS @ SNOLAB

 (Current results and Future Reach
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SuperCDMS Detector Technology

Sensors measure Ei, and nen

W BaCkground
4Zie Detector:

- Prompt phonon and ionization signals
allow for discrimination between
nuclear and electron recoll events

d
L oW Tmsh()‘

Detector:

Drifting electrons/holes across a

ootential (V) generates a large number

of phonons (Luke phonons).

- Enables very low thresholds!

- Trade-off: No event-by-event NR/
discrimination

by = B, + Nepely

total phonon ‘ [ uke phonon

energy primary recoll energy
enerqy

[ 11
A

T. Saab \ CIPANP 2022 \ August 31, 2022

20
1’1 Prompt phonons
Je

h* ¢®®

5%& Luke phonons

Sensors measure E;

o~
4’1 Prompt phonons

Vp ~3V



SuperCDMS Detectors: Posing for the Cameras

e Detectors made of high-purity Ge and Si Crystals * Multiple channels per detector to identify event
» Si (0.6 kg) provides sensitivity to lower dark matter position
masses, Ge (1.5 kg) provides sensitivity to lower dark » |nitial payload will consist of 4 towers

matter cross-sections
e O detectors each

e 21ZIP: 10 Ge /2 Si
e 2HV: 8Ge/ 4 Si

* | ow operation temperature: ~15mK
e Athermal phonon measurement with TESS

* |onization measurement (IZIP) with HEMTs
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oSrmal-, M-, Miero-, HVeV Detectors

e SuperCDMS has also developed gram scale R&D
detectors

* Single electron-hole pair resolution devices will have sensitivity
to a variety of sub-GeV DM models with gram*day exposures

« |[argest “quantum resolution” detectors available

 Powerful tool for low-energy rare event searches

101 |
. —— HVeVR2
* 0.93 g Sicrystal (1x1x0.4 cm?S) operated at a surface S 10 | o hwerms
. —- eV/c<, 1/q
test facility. £ 10'1P‘Jtljl 5 1GeV/c?, 0-15% T
o
_ { 1072
* Exposure: 0.49 gram-days (16.1 hours) =
| + 10~3
e energy resolution: opn ~ 3 eV o
. LL] 107 Al i |
e charge resolution: 0en ~ 0.03 e'h* ~, liir.. i “L‘Ir
1075 j A o
e Operation voltage: 0-100 V 100 200 300 400 500 600

Total phonon energy (eV)
PRD 102, 091101, 2020
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SuperCDMS Detectors & Dark Matter Mass Scales

* Dark Matter Mass Ranges
 "Traditional” Nuclear Recoil: ~ull discrimination, =z 5 GeV
 Low Threshold NR;: _imited discrimination, =z 1 GeV
o CDMSlite: HV, no discrimination, ~0.3-10 GeV
 Migdal & Bremsstrahlung: No discrimination, ~0.01 -10 GeV
e Electron recaoill: V, no discrimination, ~0.5 MeV - 10 GeV
e Absorption (Dark Photons, ALPs):  HV, no discrimination, ~1 eV —-500 keV (“peak search”)

LT

Absorption Electron Recoll H\/

Migdal & Brems.

1 eV 1 keV 1 MeV 1 GeV 1 TeV
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e A measurement of the nuclear recoll
ionization yield down to 100 eV recoll

* Essential to understanding the response of
the HV detectors to nuclear recoills

* (Current state of knowledge in Si:

:—-l—-l 2‘3 Lindhard et al | I.I l | | L -7
0.5 H= = 30| Chavarria Slllcon /./,'t
| I [29] Sattler A
| ¢ [24] Zecher et al _ {/-/,' i
_ [l 7 [25] Gerbier et al . ¢l .
9 0.4 | § [26] Dougherty ~ A L1 - .
:ﬁ | ¢ [27] Chavarria et al T . ’-ﬁ-“‘h ‘f’l -
= v |28| Izraelevitch et al ¢ | :,'//ﬁ e l i
% 03 | * CDMSII 7)§-R = 95.2% iﬁ%ﬂ?ﬁn ¥ % -
> L —0146 L Ay ¥ dmw=y )
B —0.146 A% > N
S I _,.f"""ifl ”ﬁ-* | i
IMPACT energy %o, y - L] b
region of in\terest S T * 7 220247 )
{ 0.1 3 iv‘é‘ arXiv:1803.02903 —
I | L N 1 L 1 Lol
0.1 1 10 100

Nuclear Recoil Enerqgy (keV)
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How 10 |mpaC’[ N 1PN/~

/

e Determination of yield via measurement of the total phonon energy In
the detector and kinematic measurement of the recoil energy via a
coincident detection of the scattered neutron g _,p M MT+Sin29_(cosg)\/(MT)Q_SM)

(My + Mr)* \ My

* Neutrons courtesy of Iriangle Universities Nuclear Laboratory

* LiF-on-Ta target

e Aim for 285 elastic scattering resonance at 55.7 keV

e Same HVeV detector used for HVeV DM Run 2
 1x1x0.4 cm3 Si crystal (0.93 g)

e 2 channel TES readout
* Energy resolution: oph ~ 3 eV

e Charge resolution: gen ~ 0.03 e-h+
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How [0 Impact

e Neutron detectors

o EJ-301/309 liquid scintillators, sensitive to neutrons down to 10 keV

e 20 detectors focused on 100 eV, 220 eV, and 460 eV
recoll energy points measure y in new parameter space

* Three detectors at 0.75 keV, 2 keV, and 3.8 keV to
overlap with existing measurements

Image credit: Tom Ren

3.87 keV 3 0 keV/
/ U KE
/ ) 0.75 keV - Ui
/ ya -~ w - ‘ 22 ﬁ{(*«@ .
/ ’ - 048 KO~ Npest 22— 4 eV
/ 4 o - A ul . r @ \ _ -
[ L e n YA 04}
Lo/newc:/!f/ (LW) ditgctérs - - » "*.’ijdj L Ojl‘O'j e
g, - - e A T
S e >‘,//> T L ‘(DRing detecfors (D
D) -2 - S ; ;

Image credit: Tom Ren
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How 10 ImpaC’[ N 1IN/~

/

e Data
e 3 weeks of data taking at 50% duty cycle

 [wo days at OV for tuning cuts and validating HVeV —scintillator
neutron coincidence technique

 Data taken at 20, and 180 V for exploring vield dependence on the electric field
Sensors measure E;

¥

VA0,
1’} Prompt phonons
h+ ...O

§ % L uke phonons

EtOtal — Lyocoil + neheVb

— 7‘€COil(1 + eVb/eeff ' Y)

=0V mode Vp = O: Total energy = Recoil energy
=HV mode Vp = 0: Total energy = Recoil energy + NTL energy
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IMPACT Analysis Scheme in 1 Slide W iInY.V—

/

1. Measurement: 2. Simulation:

Total phonon energy G S Geant4 simulation of
spectrum for events EfOl‘dl _ (1 + eVb/ Ceff ¥) EEl’e(JOil recoil energy spectrum
coincident between : : for events coincident
HVeV and PMT e BV between HVeVand PMT

50r 3. FiIt:
Determine Y by fitting
40r the OV simulation to the 1 4. Systematic Uncertainty:

H\V measurement | - Coincidence timing window
- - Time of flight window

- Neutron beam energy
? _ - Detector energy calibration
% - Impact ionization / Charge trapping

W
o
I

Counts [/bin]
S

- Fano factor

-
o

PR Sy i g LA
P 7 ¥ &

CE

Total Phonon Energy at 100 V [eV¢]




Results of lonization Yield Fit W iInY.V =

O eh

i ¢ Data ——  Fit - Background
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IMPACT@TUNL Si Yield \ 1DDA 2

= Chavarria 2016 +  CDMS II
Villano 2021 ¢  This work (ring), stats. § + sys
= Dougherty 1992 }  This work (LW), stats. { + sys
= Gerbier 1990 This work (ring), empirical fit
t-  lzraelevitch 2017 Lindhard k=0.146
0.40 1 — T T T T T — T T T T T T
0.35
0.30 |
=
O
o 0251 \ VA Bl
-
.2 0.20
<+~
©
N
'S 0.15
=
0.10 { —
0.05
0'00102 | il .“”103 | Bl lllll104

Recoil energy [eV]
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0.10

lonization Yield

0.05

IMPACT In Context

Evidence of continued ionization production down to 100 eVr has
significant impact for low mass reach of SuperCDMS

lonization Yield Values in Si

\ W/ N VAW 7.

Sattler (77K)
|zraelevitch (220 K)
Chavarria (130 K)

Gerbier (15 mK)
Dougerty (50 mK)
CDMS-II (50 mK)
Villano (50 mK)
IMPACT (50 mK)

— — Impact Empirical Fit

— Lindhard Model: k=0.146
— Sarkis Model
— = Suppressed Yield Model

Nuclear Recoill [keV]

arXiv:2102.10089
arXiv:2202.03754

—— SCDMS22 PN (40 mK) === arXiv:2202.07043

and other Si based DM experiments
Variabllity olbserved among
measurements below 1 keV 5 20
>_
. . . C
Currently studying effect of electric field kS
. ©
using 180 V data N 010y
o
Plan to repeat with Ge HVeV
0.05
lonization Yield Values in Ge
_H_l o | | o o O Sattler (77K)
; ﬂ + s %@M | ST
‘Elhi) + <l> L. 4:», - '$ N EIJ o Messous (77K)
s 0 .~ ,.ﬁ-:,"“‘:“j E'}EH] EIJ v Baudis (77K)
B iké 1L b e N o TEXONO (77K)
i ¢s *** . + O Barbeau (77K)
¢ +* & 01— Collar21 (77K) j
/ ®  Bonhomme'22 (88K)
B B ®  Shutt (25 mK)
< Simon (35 mK)
EDELWEISS (17 mK)
*  CDMS-II (50 mK)
- | — Lindhard Model : k=0.157
~  Sarkis20
005 010 050 1 5 10 50

Nuclear Recoil [keV]
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SNOLAB

e 2 km underground (6000 m water equiv.)

* Cleanroom (class 2000 or better) pore
* Large lab (~5,000 m2) G bl ‘
e Cosmic radiation: muon rate reduced by ~108 i =N

S ]

lllll

o Surface facilities, support staff (>100)
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SuperCDMS @ SNOLAB

CUTE SuperCDMS

e | ow-radon clean-room \

Clean room

» Collaborating with:

e (Cryogenic Underground
TEst facility (CUTE)

* Rapid-turn around detector testing

* First data from SuperCDMS SNOLAB towers.

2%
el P

iy n \Cryogcs plant

Radon filter plant

s



The SuperCDMS SNOLAB Experiment

Dilution

Refrigerator Shielding A tank
[’] r— S— e T - P iulPl—.
i | e T ° e ] Facility:
= - | = 6800 m.w.e. overburden
=8 Csterll « 15 mK base temperature
|- * Initial Payload: ~30 kg total
4 towers (2 IZIP, 2 HV)
Seismic Platform
—lectron Recoll Backgrounds: Vibration isolation:
* External and facility: O(0.1 /keV/kg/d) * Seismic: spring loaded platform
* Det. setup: O0.1(Ge)-1(SI) /keV/kg/d) e (Cryo coolers: soft couplings (braids,
 Total: O(0.1-1 /keV/kg/d) bellows)
Solar v-dominated NR background » Copper cans: hanging on Kevlar ropes
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L ow Mass: Dark Photon & ALP Searches

Dark Photon Searches Axion-Like Particle Searches

1071 » 1071 1078 » * 1078

10-12 10712 1079 1079
W -13 a -13 W
Q@ 10 10 o o -10 4A-10 ©
=1 =1 S 10 10710 &
C C
<C 10-14 10-14 < 8’ g
o o = =
= §= % 10—11 10_11 %
P Pal e e
> -15 a -15 > o o
o 1" 1775 S S
2 2 Z 1072 107'% %
Z 1071° 10710 &

10_17 10—17 10_13 10_13

-18 eated Mar | | -14 pated Mar | |
10 0.001 0.01 0.1 10 0.001 0.01 0.1
Dark Photon Mass [keV/c?] Axion Mass [keV/c?]

[ 1Currently excluded region of parameter space

B Expected reach of SuperCDMS@SNOLAB experiment
I 1 Expected reach of improved backgrounds with in-hand detector performance
[ 1Expected reach of SNOLAB facility with background and detector performance improvements

arxXiv.2203.08463: A Strategy for Low-Mass Dark Matter Searches with Cryogenic Detectors in the SuperCDMS SNOLAB Facllity




Mid Mass: Electron Recoll Dark Matter Searches

ERDM Heavy Mediator (F(g)=1) Searches ERDM Heavy Mediator (F(g)=1/92) Searches

1075 » 10° » 10°

10734 102 102
c\'l_'-l -35 -1 1 — N 1 1 —
5 X 0 o £ 0 g
— -36 i 0] — 0)
@ 10 100 & & 100 o
S 107%7 1071 S S 10°1 S
S -38 102 E’ 2 -2 E
%10 10 P % 10 ?
S 1073 1073 2 S 1073 2
= S S =
E 10740 1074 3 E 107 3
E —41 -5 T E -5 <
o 10741 107° O a 1075 O

10-42\4:”;::@ 1076 1076

y
—43 | Created Mar | | -43 Mar | |
10 1 10 100 10 1 10 100
Dark Matter Mass [MeV/c?] Dark Matter Mass [MeV/c?]

[ 1Currently excluded region of parameter space

B Expected reach of SuperCDMS@SNOLAB experiment
I 1 Expected reach of improved backgrounds with in-hand detector performance
[ 1Expected reach of SNOLAB facility with background and detector performance improvements

arxXiv.2203.08463: A Strategy for Low-Mass Dark Matter Searches with Cryogenic Detectors in the SuperCDMS SNOLAB Facllity




High Mass: Nuclear Recoil Dark Matter Searches

NRDM Searches w/ High Res Detectors NRDM Searches w/ Discriminating Detectors
~40 -4 ~40 * 4
10 10 10 » 10

— 1074 10° _ — 10~41 105
@] 0
s & 5 =
& 10742 1076 © & 10742 1076 ©
C S - Cc)
5 D 3 ) D
- o - =7 O
3 1074 107 2 5107 - 107 2
T J T |
B S 5 2
S 107 1078 S S 107 108 S
' '
% \ g _;% pus ”~ g

S0~ | 1070 10~ 1079

. |\\ , \\
L 1 10 107 g 1 1 10
Dark Matter Mass [GeV/c?] Dark Matter Mass [GeV/c?]

[ 1Currently excluded region of parameter space

B Expected reach of the SuperCDMS@SNOLAB experiment
I 1 Expected reach of SNOLAB facility with in-hand detector performance and improved backgrounds
[ 1Expected reach of SNOLAB facility with detector performance background and improvements

arxXiv.2203.08463: A Strategy for Low-Mass Dark Matter Searches with Cryogenic Detectors in the SuperCDMS SNOLAB Facllity







Conclusions

e SuperCDMS detectors aiming to reach “neutrino floor” in 1-10 GeV NR mass range

* Jechnology being adapted in smaller detectors to search for light dark matter, down to
« ((10) MeV via inelastic Nuclear recoil channels (Migdal, Bremsstrahlung)

« (1) MeV via Electron recoil channels and

e (Y1) eV via Dark Photon Absorption channels
* With sensitivity to Axion dark matter in the same range

o SuperCDMS designed a powerful complex cryogenic system that is being installed at SNOLAB
 NEXUS operates HVeV devices at shallow depth for detector calibration and ERDM searches
 CUTE is operational — deepest dilution fridge in the world
* Plans for early science reach with CUTE facility
o SuperCDMS Detector installation — next spring/summer
e |nitial run — late 2022

e SuperCDMS is particularly competitive at low masses, including electronic interactions.

e Stay tuned! Installation of and commissioning of experiment ongoing, exciting news on the horizon.






IMPACT Analysis Scheme in 2 Slides

\ \ \ \ —I Total
e Linear interpolation between points : =040
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_g T ,/ * Yle d(1 O kev and I—WS) — YChavarrla %' ] Bahckground
CI\GJ T ____‘,./ T 4t ® Pseudoexperiment |
Z o1l | T | 3
o~ BENEEEE ) o l O
T T BT AL
Recoil energy [€V] e 270 200 400 600 800 1000 1200 1400
................ 5 : Energy [eVi]
""""""" ... IMPACT yield model |
1 .."A 1
Simulated . t Simulated
- : (e i i : |
recoil events ; recoil 3 Fe_mq _)Trapplr_lg/ ; Resollljtlor\/ | | )total phonon
(100eV, 200eVn, Neh statistics ionization normalization| | : energy
: spectra

200eVf, 460eV) | |

« T T """"""" T '""""'"'"""""""""'"""""T """ Likelihood

(] 3.8keV [ 750 eV [] 220 eVpeor [ 100 eV Y!e|d1oo, Fanoqqo, N100,
1 20keV [ 460eV [ 220 eVy, Yieldaog, Fanoyop, N220f, N220n, Background
T T T T Yie|d460 Fano46o N460 spectra
30000 ” y L )
RS
25000 | y
10 Parameters
@ 20000
5
S 15000 F M-H.
Sampling
10000 -
5000 |
0 N

oty * We fit to the Ring detectors first
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IMPACT Analysis Scheme in 2 Slides
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e e Then we add the LW in a second step
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SuperCDMS Signal Readout
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Dark Matter Limit Plotter v5.16, updated Sep 10, 2021.

Data can be submitted to the limit plotter via the Data Upload Form.
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The SuperCDMS Dilution Refrigerator
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