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Direct dark matter detection status
● A lack of unambiguous 

signal for direct DM 
detection!

● We have viable DM 
candidates below 1 GeV…

○ Hidden sector DM 
(nuclear recoil), 
dark/hidden photons 
(electron recoil)

● But, probing lower DM 
masses means looking for 
lower interaction energies.
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Next generation of detectors needed to probe 
unexplored parameter space!

Snowmass2021 Cosmic Frontier: The landscape of low-threshold dark matter direct detection in the next decade



Why we turn to phonons

Undagoitia, Rauch, 2017
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> 10 eV for gaseous 
and liquid detectors

> 1 eV for e-h pair in 
semiconductors

> 1 eV to excite 
electrons to emit light.

● For DM masses between 1 keV and 
1 GeV, we expect energy 
depositions on the order of                   
0.1 meV to 100 eV

● Below ~1 eV, we expect collective 
excitations, like phonons, to be the 
only viable energy trace!*

○ *Potentially except for small 
band gap materials being 
developed



The Quantum Parity Detector (QPD)
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● Attach a phonon absorber to a charge qubit (junction + capacitor), then readout the 
energy state of the qubit with a coupled readout resonator

● The energy spectrum of the qubit is sensitive to whether there is an even or odd 
number of quasiparticles on the island (i.e. the parity of the quasiparticle number).
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The Quantum Parity Detector (QPD)
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● The ground state of the qubit 
“shifts” 180 degrees in the event of 
quasiparticle tunneling

● The resulting energy difference dE 
shifts the resonant frequency of 
the readout resonator

● The resonance shift is recorded, 
and the resulting telegraph signal 
can be converted into a 
measurement of deposited energy



The Quantum Parity Detector (QPD)
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● The ground state of the qubit 
“shifts” 180 degrees in the event of 
quasiparticle tunneling

● The resulting energy difference dE 
shifts the resonant frequency of 
the readout resonator

● The resonance shift is recorded, 
and the resulting telegraph signal 
can be converted into a 
measurement of deposited energy

𝛤in = K nqp

We are also interested in the telegraph signal 
switch rate

Plot from Echternach, et al. 2018, showing signal 
from optical QCD



QPD physical realizations
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QPD fabrication challenges
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We need good contact 
between absorber and 
junction! Typical qubit 
fabrication introduces 
overlapping layers.

● To avoid overlapping structures, we are 
experimenting with junction milling and 
bandages to pattern the junction without 
overlaps.

● Both methods have shown good results so far!



Current status of device testing: OCS Transmon
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● Have seen evidence of parity 
signal from quiescent 
quasiparticles!

● Next steps are to optimize 
fabrication techniques to 
reliably make qubits

● Long term, see and 
understand signal when 
injecting phonon signal (e.g. 
using an LED)
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Current status of device testing: QCD
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● We estimate a quiescent quasiparticle density of between 0.1-1.0 qp/um3! 

● Next steps are to understand the device response after injection of phonons.

fr = 3.03 GHz

~1 kHz parity switch rate

1.5 um3 absorber volume
(similar to proposed traps)



QPD Sensor Resolution and Noise
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QPD Sensor Resolution and Noise
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● Our signal benefits greatly from smaller 
QP collecting volume! Investigating 
using QP trapping into small junction 
electrode volume → will be needed for 
ultimate sub-eV substrate sensitivity

Quasiparticle Trap 
Region

For a Hf device with 10 um3 electrode volume, we can 
estimate a 5𝝈 sensor energy resolution of ~25 meV



Evidence of time-dependent DCR
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● Operation of a similar photon sensitive 
QCD in a dark box shows dark count rate 
reduction over O(month).

● Potentially similar source & mechanism as 
that contributing to Low Energy Excess 
identified in other cryogenic phonon 
sensing experiments.

● Eventual goal of measuring sub-eV 
energy spectrum. 



Conclusion: the future of QPDs
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arXiv:2405.17192 

● Through numerical estimates and simulations, we expect 
O(10 meV) energy threshold in absorbed energy

● Many challenges remain:
○ Best fabrication techniques for reliable qubits

○ Efficient phonon coupling to the qubit

○ Better understanding of design parameters

○ Exploring lower gap materials for quasiparticle 
trapping

○ Bringing down quiescent qp density

https://arxiv.org/abs/2405.17192


BACKUP SLIDES
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QCD vs. OCS transmon
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● 𝜉 determines the sensitivity of energy levels to gate 
charge ng

● For 𝜉 ⪅ 1 (Quantum Capacitance Detector [QCD]), 
larger curvature of energy levels leads to large 
change in quantum capacitance with quasiparticle 
tunneling

○ O(MHz) resonance shift

● For 𝜉 ⪆ 1 (Offset Charge Sensitive [OCS] Transmon), 
we utilize dispersive shift from higher energy levels 
to readout resonance shift with quasiparticle 
tunneling

○ O(100 kHz) resonance shift



TES based phonon sensors

QP-trapping-assisted, electrothermal-feedback, transition-edge 
sensors (QET)
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● Current leading technology for 
phonon mediated detection

● Have achieved energy resolution of 
375 meV for energy deposited into 
the substrate

○ R. Anthony-Petersen et al., 2024

● TES devices are inherently thermal 
devices, and energy resolution scales 
as T3

○ Worth considering 
non-dissipative devices



QCD Vg Sweep Test
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Sweep Vg quicker than the background 
tunneling rate, then look for gaps

“Normal sweep” peak

QCD device also 
showing dark 
counts and 
resulting parity 
signal!
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QCD Vg Sweep Test
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Sweep Vg quicker than the background 
tunneling rate, then look for gaps

“Normal sweep” peak

Bins with low variance indicate gaps, where a 
high-tunneling-rate event likely occurs
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QCD device also 
showing dark 
counts and 
resulting parity 
signal!



KID based phonon sensors
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● Cooper pairs in superconducting film “lag” 
behind the field due to their inertia: kinetic 
inductance

● Energy deposition in substrate generates 
phonons, which travel to break cooper pairs, 
which increases the kinetic inductance

● By measuring the ratio of power sent into the LC 
resonator to the power on the output (S21), we 
can calculate the change in inductance, and 
hence the change in quasiparticle density and 
resulting energy deposited.

Substrate (silicon)

Metal film

𝜒


