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Motivation

Dark matter (DM) signal is expected to be weak — reduce noise/enhance signal.

Minimum noise is set by the uncertainty principle, or the standard quantum limit (SQL).

Linear scaling: making larger experiments is logistically difficult.

Going beyond requires non-classical states. p

p

Squeezing: redistribute uncertainty.

Entangled states: add signal coherently at the level of amplitude.

Entangled states of qubits are crucial to realize the advantage of quantum computers. Therefore, we can
expect the prospects of generating entangled qubit states to improve in the future.

We wanted to understand the qualitative and quantitative advantages that could be gained from using
entangled qubits for DM detection.
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For mpy S 10eV, DM field can be modeled as a classical wave.
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Light DM candidates

Axion-like particles (ALPs) < >
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Interaction of Epy, with qubits
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For tunability, replace Josephson junction with SQUID. By changing external flux through the SQUID loop,
E, (and therefore ) can be changed.
Qubits are much easier and faster to tune with tuning range of ~ 1-3 GHz. (Cavity tuning range is ~ 100 MHz)
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DM-qubit interaction

Qubit: two level system, |0) and |1)
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Starting with ground state |0), probability of seeing an excitation due to DM: Psig = sinz(n teXp)
It we had n, qubits, probability of seeing at least one excitation would grow linearly: pg, ~ n, sin’(# fexp)



Entangled state protocol

S. Chen, H. Fukuda, T. Inada, T. Moroi, T. Nitta, and T. Sichanugrist, arXiv:2311.10413
A. Tto, R. Kitano, W. Nakano, and R. Takai, arXiv:2311.11632
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State preparation and readout
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1. Are qubits necessary: is there an equivalent setup in conventional power-readout schemes?



Are qubits necessary?”’

Similar amplitude addition can also occur in classical waves, where the energy/power « n-.

Say we design a multi(n.,, )cavity experiment where we manage to add electric fields from all cavities in phase.
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Image from: A. J. Millar et al, arXiv:1612.07057
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Are qubits necessary?”’

Turns out, there is a power-bandwidth tradeoft.
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R. Lasenby, arXiv:1912.11467

N. Blinov, C. Gao, R. Harnik, R. Janish, and N. Sinclair, arXiv:2401.17260
A. J. Millar, G. G. Raffelt, J. Redondo, and F. D. Steffen, arXiv:1612.07057

M. Baryakhtar, J. Huang, and R. Lasenby, arXiv:1803.11455

11



Thomas-Reiche-Kuhn (TRK) sum rule
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Thomas-Reiche-Kuhn (TRK) sum rule

If particles are charged and exposed to an external electric field E,,, ,
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Sum rule for cavities
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For coherent addition of E-fields, y.4 x n

All additional advantage from coherent addition is lost when considering scan rate!
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Power transfer in qubit protocol
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The qubit protocol does not rely on power drawn from DM!
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Bandwidth ot GHZ protocol
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1. Are qubits necessary: Yes!

2. How much of the advantage is left after incorporating noise?
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Noise sources

p,: Gate error (CNOT gates)
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Scan rates
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Scan rates
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Scan rates
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Scan rates
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Scan rates
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Entanglement cannot be increased further.
Additional qubits can be run in a
parallel entangled setup.
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3. How many qubits would be needed to compete with a single cavity haloscope?
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Comparison with (single) cavity experiments

In 1-10 GHz range (mpy € (5 — 50) ueV), there are both cavity-based experiments and superconducting
qubit technology available for dark photon searches.

Cavity experiments have volume advantage. E.g. at GHz frequency, V... ~ 10°cm?, while effective

cav
volume for a superconducting transom qubit Vg ~ 1 mm°.

Scaling advantage in scan rate for entangled states can make qubits competitive with single cavity
experiments.
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In cavity setups, we consider 1) Power-based readout: p,.5) — E, ., ./mpy =~ 1/2

2) Photon-counting readout: p{*V) <« 1

error
A. V. Dixit, S. Chakram, K. He, A. Agrawal, R. K. Naik, D. I. Schuster, and A. Chou, 2008.12231
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lexp = TDM
p;=0.1%

V. (qubit) ~ 1 mm?’
(photon counting) = 0.1 %

= 10mK

p Crror

T

cavity

10122.4 3.8 6.1 0.6 15%x107 24x10" 3.8 x10"
~ pOLV
108_I-I-\I-I-elr-1?%l I H I B I EI EIEIEI'mEI'm®m I H 1 H I HE I EI EI EIEIEI'EIEI'E I EI'EI'EI'EI'E'I' =
A= by, 400 qubits
~
~
—IIIIIII‘IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII i 1111111 1r1ririri1rrrrririrrruiL1iu1Li1
‘ - 100 qubits
~
; ~
104_-------------------------------------------.- H I
N 25 qubits
~
~
~
~
~
~
~
1_
1.x107°  2.x107° 3.x107° 4.x107° 6.Xx107° 1.x107% 2. x107%
mDM[eV]

27




Summary and future directions

Unlike cavity-based experiments, there is no loss of bandwidth for entangled qubit states
— maintain advantage in scan-rate.

Qubits Cavity
Tunability g
Volume g
Coherent addition g

Can we incorporate error detection/correction to enhance sensitivity?

Can we design a hybrid cavity-qubit setup that gets advantages of both?

Thank you!
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