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Light Mass DM Direct Detection
Design Drivers



Light I\/Iasb% DM: Nuclear Recoil Direct Detection Constraints
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Kinematics: 2 Body Elastic Nuclear Scattering
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Transfer of DM kinetic energy to nucleus is really inefficient
for elastic 2 Body Scatters when M_ >> M,



Detectable Energy [eV]

Light Mass Dark Matter: Elastic Nuclear Scattering
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Design Driver #1: Energy Sensitivity
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It’s not quite this daunting ...



DM- Coherent Vibrational Interactions
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Detection of Light Dark Matter With Optical Phonons in Polar Materials

1712.06598, 2205.02250

Simon Knapen,' Tongyan Lin,"? Matt Pyle,® and Kathryn M. Zurek!



Light M?8§ DM: Detector De5|gn Drlver #1 Energy Sensitivity
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Mysterious Low Energy Excess

CRESSTIII Background Studies
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Seen in all calorimeter experiments to varying degree



Dark Matter — Nucleon Cross Section [cm?]
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Superconducting Athermal Phonon
Detectors

e 2410.16510: you can read today ... a bit out of
date©

* Most plots shown are coming from our newest
athermal phonon pixel detector paper. Going up
on arXiv next week!



Athermal Phonon Detectors

. TES (W or IrPt)

Athermal Phonon
Collection Fins (Al)
Substrate
(Si,Ge,GaAs,Si0,,Al,0;)
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Measured Phonon Collection Efficiency

1cm2x1mm Silicon 1% coverage
> v ~

* Phonon detectors optimized
for maximum phonon
collection / energy sensitivity

Calibration Spectra
Day 2
Day 5

e Single Photon
Sensitivity!

Counts (arb)

e Easy to Calibrate with
IR/Optical Photons

0 2 4 6
Reconstructed Phonon Energy (eV)



Unexplained Low Energy Excess (LEE)
Background(s)



Counts in 5-80 keV
Not corrected for efficiency

1. Variation with time since cooldown
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e Rate partially reset with thermal cycling
e 2 distinctive decay time constants



2) Low Energy Excess is Non-lonizing

EDELWEISS-III (860 g Ge @ 8V)

1 T T 1 T .

870 g Ge 14+ <= Nuclear recoil calibration
» 288 kg.day fiducial exposure

-
0

Ge, NTD,
2 GeNTD heat sensors epoxy, Au |

12+ 68Ge: 10.37 keV x 3.67 NTL gain ke

electrodes:

,. concentric Al rings
g (2mm spacing)
covering all faces

Operated at
T=18 mK

lonisation Energy (keVee)
(%)

® =70 mm J Low Temp Phys (2014)176:182 of
h = 40 mm Phys.Lett.B 681 (2009) 305 ik
 EDELWEISS interleaved oL e From J. Gascon /EDELWEISS
% Heat-Only events
detectors measure both 0 T T e
phonons (NTD) and ionization 10 20 30 40 50

prod uction Total Heat Energy (keV)

* Large no ionization background
of unknown origin out to pretty

high energies
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Low Energy Excess Fact Summary

1) Variation with time since cooldown
(and/or time since fabrication)

2) Non-lonizing Yes Yes
3) Same above /below ground In 10-80eV  mostly
range

These facts are incredibly restrictive!
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Stress Relaxation?

Detector under stress due to thermal
contraction,manufacturing, etc.

=)

Detector relaxes releasing phonon
energy



Stress Related Relaxation:
1st Low Energy Evidence
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* GE varnish (and rubber cement) significantly increase <38eV
backgrounds
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Mitigation for Stress
Relaxation Events:
GET RID OF ALL STRESS

1 SuppertStructure

2.Sensor Films

3.Crystal Surface Relaxation

4. Bulk dislocation(s) relaxation



Understanding Relaxation Events: 2 Channel Devices

1% 2 Channel Device
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Single Events in Photon Calibration too
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Single Relaxation Event Pulse Shape

Run 57, 1 mm Left Triggered Singles from Background Dataset

LEE single pulse shapes and Al .| . —anri e
fin calibrations photons have — sn125 10130 ey
pulse shapes consistent with ~ _ . s M

a dirac delta energy pulse that

saturates a single phonon

sensor in the channel

* As LEE energy drops, pulse |
shape looks more like a
dirac-delta energy

deposition (known from |
d I dV) -0.2 -0.1 0‘0 0.1 A ‘ O'}‘. 0;3 0.4 01‘5

Single LEE background source is Al film
relaxation!



Source Shared LEE Relaxation?

e Substrate Volume?
~ ¢ Dicing Saw Sidewall
Surface?

|- * Polished z face?

1 mm thick detector 4 mm thick detector

W
o

Test hypotheses with different substrate geometries




Shared LEE Rates

76mm diameter

0 5 10
Phonon Energy (eV)
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Phonon Energy (eV)

First Evidence that LEE seems to scale
largely with substrate mass/volume not
surface area ...



Tension with CRESST Measurements?
CRESSTIII Background Studies
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Energy Sensitivity



Current Performance: Sensitivity

Calibration Spectra
Day 2
Day 5

On Day 12, Phonon baseline
energy resolution is
259meV, .

— World leading by x4

Counts (arb)

Reconstructed Phonon Energy (eV)

0.6
sy o . =
Sensitivity continues & .
i o
to improve pretty £ g
rapidly with time E |
cold. @40days, we g _| Right Channel
@ ¥s, E 0.3| Left Channel
expect 180mevrms | £ Combined Channels

1 2 3 6 12
Day in Run



Measured Noise

Excess nominated splits into 2 pieces:
- Correlated noise whose pulse shape -> shot noise from substrate phonon events
- Uncorrelated white power noise -> shot noise from localized sensor events
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Dark Matter — Nucleon Cross Section [cm?]
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Low Energy Excess Discrimination



SPJCE GaAs

GaAs has very high scintillation
===/ vield (1802.09171)

/f Photon e We now have the capability to tag
£ , single IR photons at 5 ol
/
/ ER Scattering, Ultramassive Mediator,
%} . om DM 10 MeV Collectlon Efﬁmency 034
. phonon [ ' ' ’
"‘ .’1 . 20 -
GaAs - .- /

—
n
T T T 1

ER DM and NR DM
interactions can be
distinguished from
non-ionizing LEE :
Backgrounds! ok

Energy observed in GaAs [eV]
S

Lh
L] LI

Energy observed in Photodetector [eV]



4.002602
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* Superfluid Helium: it’s a liquid ... no
stress microfractures

* Multiple Pixel Coincidence for He
DM events discriminates from
pixel microfractures

* Pulse Shape Discrimination: Helium
is slow!
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Dark Matter — Nucleon Cross Section [cm?]
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Backup



The TES Challenge: Environmental Noise

Lowering T. and decreasing V., doesn’t just
increase sensitivity to DM, it drastically
increases sensitivity to all environmental power
sources

1/2
Op X TSVt /
5
Ptes X Tc Vvtes
To increase your sensitivity by x10, you need to

decrease your susceptibility to environmental DC
backgrounds by x100!



o - iy .= External EMI suppression
[zooms! E?W lu Hi =" | « Russian Doll of Faraday Cages
L e 3.2 MHz Pi, conductive gaskets at
300K
* Wire heatsinks feedthroughs encase
twisted pairs in “coppercast” for >
O(10GHz) filtering
* Martinis, Devoret, Clarke (PRB
35.4682 1987)
* Tested with external 900MHz
modulated @200Hz source ...

Nothing




Black Body IR: QUBITs Decoherence &
Resonator Losses

Black Body Radiation emitted
from higher temperature thermal
cans leaks through a single 10mK
thermal shield and dominate the
loss mechanisms in resonators
and QUBITs (R. Barends et al
1105.4642,Baselmans et al, AIP

1185 2009)

radJiator 150 mK
coax stage
‘ fil|ter ‘ ‘ ‘ ’
) ™Y Isample box|—1 '
A |
coating
N\ outer can
magnetic shield
1105.4642
cryostat

VvyYy
multistage

shielding

=y
o
o]

I o
iy

'1105.464|2

typical shielding

310

4
100.05

unloaded quality factor - Q.
=)

0.10

0.15

0.20
temperature (K)

0.25

Box + mm Absorber (eccosorb or
coppercast) + Box minimizes IR
transmission




4 Photon Bend Flanges

Original Plan: With a “4
photon bend” flange, we
won’t need a copper cast
absorber!

Backup: slather on some
coppercast

Inner Can
Outer Can

Coppercast
Feedthrough




Black Body Leakage Through Flange
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4 photon bend double box (no
absorber) had 30fW of ~1K IR
leakage!

Adding coppercast absorber
dropped it to unmeasureable
levels (Martinis was right)

How: HFSS simulations suggest 4
photon bend completely
transparent above TE cutoff!
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Impedance Mismatch Flange

— 600 mK

Modify the 4  somk

—— 900 mK

12mm photon bend to 1000 mk
—— 1100 mK

have a mismatched

10—30 1

optical cavity

Spectral energy density [W/Hzx1/(Sr-m?)]

320+

3151 . _: e _—
= \ C.)OO .
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q) % 10—32 | ?

| 0 150 200 250

% 0 '\Q Frequency [GHz]
o R C)
o Q\} ~ x6 decrease in IR absorption compared to
‘..|._’J Standard flange (no absorber)

351 ~ x10 expected from HFSS
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Future: Multiple Impedance Mismatched Cavities

* Create a flange with
multiple (2-3) impedance

mismatched cavities with
offset resonances
Terminal S Parameter Plot 1 ’ N Ansys
O ;-JT’~—_E----_——.“=:-:34 jy”< ‘ﬁrgww-j

#01 Significant suppression
101 even at low frequencies

120 - —————— ————— —————— —
0.1 1.0 10.0 100.0 400.0

Freq [GHZz]
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100 200 300 200 500
Frequency (GHz)

Transmitter Voltage Bias (A/e)
I 2 3 4 5

~ 100 200 300 400 500
Transmitter Josephson Frequency (GHz)

* Liuetal (2203.06577) finds

that their residual charge
parity switching rate varies
enormously with the
geometry of the charge
island

Propose this is due to
coupling of environmental
photons in the 100GHz to
THz

Mismatched flange could
significantly improve
background rates!



Cu rrent TES Sensitivity

1cm2x1mm Si chip with
* 4% athermal phonon detector with
* 25umx25umx60nm W TES
* 25umx100umx60nm W TES
e 200xumx800umx60nm W TES
* Thicker TES used to maximize photon collection in TES
electronic system

* Tc=50mK
Mv4TES25x25 Power Noise
eie . . WL : : — TF:S Johnson Noise
Sensitivity limited by 2x101° < — toadvoise
W/rtz of unknown origin gt =il
e Doesn’t scale with TES .c;<\\° — Raw Data

size 1017
100% collection ... expect

/meV,_ . sensitivity

10—18 -

10-19 F

Input Referenced Power Noise [W/VHz]

10—20 -

10! 102 103 104 105 106
Frequency [Hz]



Future: IR calibration

12/06 Calibration, 25225 TES

o+
|
|
|
|
|
‘I

0.8+ |

450nm (2.75eV) photons badly saturate the 25umx25umx60nm TES
need IR photons to linearly calibrate

Can piece together collection efficiencies from the 200x800 and 100x400 devices
and we can get 8-12meV rms



