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The Dark Matter Candidates
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Kinematics of Light Dark Matter

 The maximum dark matter energy deposition
eVl depends on its mass
* The energy deposition reduces for lower mass
| dark matter
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Superconducting Qubits as Dark Matter Detector
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Substrate

> Dark matter scatters and produces phonons in the substrate, which generates

quasiparticles in the island
> The tunnelling of quasiparticles yields detectable signals

> Trapping setup to concentrate quasiparticles



The Experimental Setup
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Dark Matter Scattering Rate

PhonoDark: https://github.com/tanner-trickle/PhonoDark
See also: 1910.08092, 2009.13534
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https://github.com/tanner-trickle/PhonoDark

Phonon Simulations

G4CMP
 Anharmonic down-conversion of longitudinal phonon

* |sotopic scattering of transverse phonon
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Quantum Parity Measurements charge parity P = + 1
H =4FE¢ (n Ng .-_ 1) — Ejcoso

Charge-parity jumps
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> The charge-parity state switches between even and odd with slightly different energies when a
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quasiparticle tunnels in the Josephson junction
> Mapping the charge-parity state onto 10> or 11> with distinct transition frequencies, which
accumulate over time to a phase difference of 7 in the readout

» Sensitive to single quasiparticle tunneling with high time resolution



Background

 Cosmic ray and radio active decay =
@ = keV

 Residual quasiparticle = taken into
consideration

* |Infrared leakage = isolation and
filtering

 [Thermal stress = exponential decay In
6-10 days, walit!
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Sensitivity to Light Dark Matter
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Sensitivity to Dark Photon and Axion
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Summary

e Light dark matter typically deposits energy below the experimental
threshold

* Design qubit chip to maximum phonon energy deposition and quasiparticle
number density

* Dedicated simulations to find the detector threshold and energy resolution
* Expect orders of improvement in the sensitivity for light dark matter

* Experiment undergoing in Beljing and CJPL
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SENSEI/CDEX
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Coincidence Cosmic Muons

QP-muon coincidence
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Signals at Qubit Arrays: Spin Flips

1106.0829

0.4 0.6 0.8 1.0

® Idle point
@®Reset point

® Readout point

@ Charge sensitive point

2402.04245
b wy MQSBF
Q, - - B —EEE
Q, -~ - — .
Q, - - - -
Q, EEE - B - - —-BEE

Normal state Anomalous state

\L QPs burst event
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Quasiparticle Tunneling
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Residual Quasiparticles
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» Residual quasiparticles exist in the absence of a signal
* Distinguish signals from background based on the number of tunnelings
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Efficiency and Threshold
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. < 20meV threshold could be achieved
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Energy Resolution
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Small vs Large Detector
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Phonon Propagation
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Quasiparticle Trapping
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> 96 qubits to enhance phonon
collection efficiency

» Separate the Qubit chip from the

the lower gap Al film Carrier chip to minimize energy

dissipation

* Quasiparitcles diffuse from the higher gap Ta film to

* The quasiparticle number density in Al film is
enhanced
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Quasiparticle Trapping
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Quantum Parity Measurements

Charge-parity jumps
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> When dark matter scatters, multiple qubits exhibit parity

switches

> Measure the number of tunnelings in all qubits as a proxy of

energy deposition
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Unstable parity behavior

Dark matter incident
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Quasiparticle Tunnelling
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Quasiparticle Tunnelling Rate
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Readout Errors

(al) Ideal Single Parity Flip (b1) Ideal Readout without Parity Flip (c1) Random Readout Errors
1 - ’—O—O—O—Q—O—Q—O—Q—K 1 o0 14 , \ ' | !'l |r_‘
\ l" |.|| ;"' |'| !|' |.| l"
\ |v ,i ', I| 'I |||1
0 b e e e e e e 0 04 4 ! i
0 5 10 15 0 5 10 15 0 5 10 15
(d1) Ideal Consecutive Parity Flips (e) Filter Kernel (a2) Filtered Ideal Single Parity Flip

O 177 T 0 -

5 10 15 4 -3 -2 -1 o0 1 2 3
Position Offset
(d2) Filtered Ideal Consecutive Parity Flips

(b2) Filtered Ideal Readout without Parity Flip (c2) Filtered Random Readout Errors

1 I 1

Readout error could randomly occur at a probability less than 5%
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Readout Errors
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Readout Errors
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The false-positive rate is about 0.01 Hz after filtering, two orders of magnitude
below the residual quasiparticle tunnelling rate
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