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Background and Motivation

Qubit is two-level system developed for computation
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Background and Motivation

Qubit is two-level system developed for computation

In the same time, It could be a good quantum sensor

- precise readout
— |l

. Gap - state controllability
—— |0 - tunable energy gaps

- Quantum enhancement



Dark matter search using qubit

Axion dark matter, mass m
A
v . excitation as DM signal

Based on
* (1) Hidden photon DM search with transmon qubits

[Chen, Fukuda, Inada, Moroi, Nitta, TS, Phys. Rev. Lett. 131 (2023) 21, 2110017]

e (2) Quantum computation to enhance detection

[Chen, Fukuda, Inada, Moroi, Nitta, TS, Phys. Rev. Lett. 133 (2024) 2, 021801]

4



Axion dark matter

Axion Lagrangian | |
Axion-photon coupling

P = —FWF 420 a0ta—~ma?—g aE-B
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Axion dark matter

» Massm, < 1 eV = [# particles within De-Broglie volume] > 1

» Axion field a(f) = aycos(m t — o)

1
* DM density ppy = 5 gag (local ppy ~ 0.45 GeV/cmd)
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Axion Induced electric field

Axions induce electric field f under the presence of magnetic field B, applied

_Shielding cavity,

Induced f(‘”

Equation of motion
(V2= E =
with boundary condition £, = 0

— 8490 COS(M,t —a) B

AXxion
Solution
E@ = E@ cos(m t — ) ; E@ = 8/ o BoK
By  With x expresses the cavity effect

and K can be larger than 1
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Transmon qubit as DM sensor

-------------------------------------

Transmon "1 Josephson junction
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Transmon qubit as axion DM sensor

R Transmon
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Qubit direct excitation due to external field

p(7) = |{gle)|” = n*
| 2) — | e) probability
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Process of measurement

For each frequency bin

Repetitions IV,

— |g)

Evolve for t=7

n, qubits

9)

10

N, . +Bkg

g€
number of times

qubits are excited

1 GHz

Significance 6 = N

g—)

; Bkg = Phoise!?
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Quantum enhancement by quantum circuits

(2) Phys. Rev. Lett. 133 (2024) 2, 021801
Individual measurement Using quantum circuit

Entangle Reverse
prep. entangle

Evolve for t=T Evolve for t=T

Prob. that a qubit is excited Prob. that a qubit Iis excited
2
P, X nq P, X nq
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1 & 100 qubits (k = 1)

1 & 100 qubits (xk = 100)
Entangled 100 qubits

(x = 100)
Perror = 0.1 % per qubit
-106 bins

-Each bins take time ~ 15 sec
- Total measurement time ~ 1 year



Summary

 Coherent wave-like dark matter (axion DM or hidden photon DM) can excite
qubits, resulting in detectable signal

* [ransmon has good sensitivity, reaching unexplored parameter regions of
axion DM

 Enhancement with cavity effect and the quantum circuit is possible, even
reaching QCD axions

13



Backup kappa factor



x factor from cavity effect

* |n general, we can write,

2
—_— m —_— A
K = z' E (r) -7 “d% t _E -BO]
m 2_ 2 m
~ m w5

a

| Jo(a)mr)

With cylinder shielding cavity, we have mode functino E,, =

Jo(m 1)

which can be larger than 1 and scale y/m_R at large R
]O(maR) g “ g

K=1-—
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Example of cavity effect with m_R = 10

EW = E9 cos(m )z with E9 = 8., BoK due to axion DM field

E Field inside cylindrical cavity
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