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Motivations & Goals

® 85% of matter in the universe is “dark”
® [heoretical motivation for sub-GeV dark matter (ADM, Hidden Sector, Freeze-in...)
® | ower threshold = lower mass DM interaction reach

e Superfluid SHe target enables eV scale recoll threshold and increased spin-dependent interaction sensitivity
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Why Helium-3?

® Spin 1/2 nucleus - sensitivity to spin-
dependent interactions

e Superfluid below Tcof ~1 mK (O bar)

® Form bound states analogous to
Cooper pairs in superconductors

e Quanta of 10-7 eV

% - %%

5 Ay = 107 €V

Pressure (MPa)

4
‘ Solid (bcc)
— ;
3T LSuperﬂuid
A phase
%[ Superfluid
EBphase Normal liquid
HE
.| : Gas
OE E | A _——‘/ | |
0.0001  0.001 0.01 0.1 1 10 100

lemperature (K)

Phase diagram for SHe




Interaction Response

1.0
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QUEST-DMC Detector

Oscillating superconducting wire v
IN a magnetic field B driven at P
frequency f
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QUEST-DMC Detector

Bulk 3He

Oscillating superconducting wire v
in a magnetic field B driven at P

frequency f

3He near wire Bulk 3He

Impedance Z(f) of circuit
Lorentzian in shape with some
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QUEST-DMC Detector

Oscillating superconducting v
wire in a magnetic field B P

driven at frequency f

Impedance Z(f) of circuit
Lorentzian in shape with some

SWHM Af

Niobium-titanium A Measurement frequency
180 nm Wire = |n Phase
% - Qut of Phase
-
<3
7 . Af
(D) ,;z:f"ﬁ. l""llw,l
S J\h
|;‘
0 k
| I
:v LED SEM 100umWDJE§.)g .2mm >
10 Paper on nanowire production: https://arxiv.org/abs/2311.02452
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QUEST-DMC Detector

Heater Wire

(13.5 um)
Thermometer Stycast
Wire (4.5 um) Paper

1st generation prototype cell ~ 0.33 cm3
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QUEST-DMC Detector

Mixing chamber
at 2ZmK

Heater Wire

(13.5 um) \
Photon detector
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QUEST-DMC Detector

Liquid nitrogen
70K

Wwig

He4 bath
4.2K

= Dilution refrigerator
Al 2mK

cells’_&ith
nanowires

Nuclear stage
- 80uK Y
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Quasiparticle Calorimetry
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Quasiparticle Calorimetry

Drive heater wire past Cooper pair breaking velocity
and measure thermometer wire response
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Photon Detection

Current tests: Operating the SIPM in a dilution
refrigerator at ~10 mK.

Amplitude

Pulse Amplitude
Spectrum at 4K

FANE.

—arly tests indicate the SiPM does operate at 10
MK - Work is ongoing to characterise the device [ &
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I8y
—10.0 7 === Jinear fit ::
—=- 2nd deriv. +
—10.2- ii 50000 -
o ii 40000 -
_-10s1 |-V curve at E
el ~10 MK,
7 20000 -
—11.0 A
10000 -
—-11.2 -
—— LA
16 18 20 22 24 26 28 30 32 0.000 0.002

Voltage [V]

| | | |
0.004 0.006 0.008 0.010

Volts [V]




SQUID Readout
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- Lock-in amplifier

> SQUID readout

Conventional readout noise dominates over intrinsic
imitation of QP noise

SQUID (Superconducting QUantum Interference
Device) can reduce noise of readout by orders of
magnitude (< pV scale)

SQUID readout of nanowire operated at < mK scale

Ongoing work to measure QP shot noise at RHUL
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Estimated Sensitivity
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Estimated Sensitivity
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https://doi.org/10.1140/epjc/s10052-024-12410-8

Conclusions

Aim: 6 month dark matter search data taking

run
Proof of concept for eV scale threshold

DM detector o |
Sensitivity paper in EPJ-C:
Operated bolometers with nano-
electromechanical resonator (NEMS)
detector

https://doi.org/10.1140/epjc/
s10052-024-12410-8

For more ideas of physics potential: see talk
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Background

* (G4 simulation done for cosmic ray and radiogenic
event rates

 BUGS (Boulby Underground Germanium Suite) used
for extensive radioassay of detector and cryostat
materials
2 R
S 01} “ —— COSMmic ray
X “ e radiogenic
Component Expected counts [0-10 keV]  Uncertainty § \ . 2:3::22 22
\
/kg/da'yg /cell/day % 101} | == SDWIMP
Cosmic ray 1.05 x 10 3.31 11 % - l
Radiogenic ER  8.31 x 10° 2.61 14 % “ ',
Solar » ER 1.51 x 1072 4.76 x 107 2 % !
_— — - '_——"__—‘
Solar » NR 6.37 x 107*  2.01 x 107* 2 % 10~ ,
TOTAL 1.88 x 10° 5.92 |
!
!
Expected background rates in ROI (0-10 keV) per kg . e S s EEE——
and per cell (0.033 g) assuming 90% CR veto 10 10 10 . 10 10 10
nergy [keV]
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Recoil Energies
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 |Lower mass nucleus = lower maximum recolil energies with lighter DM

» Superfluids able to reach low recoil energy/low mass parameter space
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Andreev Scattering

1 * Quasiparticle dispersion curve , with energy minima at the Fermi

\ momentum.

* Group velocity (slope) parallel to momentum for particles and
antiparallel for holes. Becomes zero at pF so in some scattering process
particle drops to min then moves up other side of curve as a hole, with
velocity reversed but momentum same.

Energy

Momentum Bulk *He ’He near wire _ 3He near wire Bulk *He
Wire velocity

——
T A + pev
1 S

Ref https://www.annualreviews.org/doi/pdf/10.| | 46/annurev-conmatphys-031016-02541 |

* Fluid flow and relative motion of an object
can increase/decrease the gap.

* Only quasiparticles from in front and
quasiholes from behind can transfer
momentum |2pF|, increasing the damping.
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Detector - Scintillation

First test: Operated a SiPM in LHe, at 4 K ol Example N

waveform.

Clearly saw signals at 4 K! First demonstration of the -
feasibility of operating SiPMs in ULT required for QUEST 5. !

Whfedagm
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Simulation

MC event rates produced within

cell of SHe
G4 geometry of cryostat and

surrounding materials Normalise with reference values to
produce expected bg event rates

260
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Energy Threshold

Detected N QPs
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Resolution at threshold — 95% confidence energy >
Zero.

®  Conventional readout: 39 eV

u readout reduces noise, so resolution is
dominated by

= 0.71 eV

Credit;: E Leason



DC SQUID

 Quantum interference between the junctions leads to
extreme sensitivity to changes in magnetic flux

0.002 -
* Detected as change in |V characteristics sensitive to
1/2 integer values of applied flux g oo
N 0.000 A
* Phase sensitive measurement of li/Ix is used to
extract impedance of the wire o007 | | | | |
1906 1908 1910 1912 1914
le—11
woM .. 1 | 4-
Z(w) = — — R —iwlL S
[. =~ 3
? N
l!g 5 -
R Vn f

/i M,' L=
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Z(W) ‘ B Mi? {} Vv Frequency [Hz]

v ~ Frequency sweeps of 315nm wire taken at 4.2K
4@—«/\/& > Nvl SQUID
/ Vs
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SQUID Resolution Model
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Preliminary

Expected SQUID noise in width measurement in
3He bolometer at 130uK and 5 bar of pressure
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Ratio between sum of noise contributions

T = 4000 mK
and maximum voltage across the wire |

T =100mK
, — T =10mK
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SQUID Readout

400nm wires down to 0.2mK

SQUID readout of VWR
operated at sub-mK scale
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o 24 K 028 noise and monoenergetic calibration source
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g —a ] Next generation bolometer to be installed at

| ancaster
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Spin-Independent Sensitivity
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Sensitivity Wider Context

Spin Dependent Limits - WIMP-Neutron.

N Z Preliminary
Direct

. detection
QUEST full
exposure,
conv.
readout s

— Collider

Credit: E Leason, N _
Darvishi S West
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