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Background and Motivation
Qubit is two-level system developed for computation
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James Amundson, Elizabeth Sexton-Kennedy, EPJ Web of Conferences 214, 09010 (2019) 
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In the same time, it could be a good quantum sensor

Background and Motivation

- precise readout


- state controllability


- tunable energy gaps


- Quantum enhancement

Qubit is two-level system developed for computation
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Based on
• (1) Hidden photon DM search with transmon qubits


[Chen, Fukuda, Inada, Moroi, Nitta, TS, Phys. Rev. Lett. 131 (2023) 21, 211001]


• (2) Quantum computation to enhance detection


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

|e⟩Axion dark matter, mass ma

Transmon qubit  
excitation as DM signal

ω

Dark matter search using qubit



Axion dark matter

ℒ = −
1
4

FμνFμν +
1
2

∂μa∂μa −
1
2

m2
aa2 − gaγγa ⃗E ⋅ ⃗B
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• Mass   [# particles within De-Broglie volume] 


• Axion field  


• DM density    (local )

ma ≪ 1 eV ⇒ ≫ 1

a(t) = a0 cos(mat − α)

ρDM =
1
2

m2
aa2

0 ρDM ∼ 0.45 GeV/cm3

Axion dark matter

a
B0

γ
gaγγ

Axion-photon coupling
Axion Lagrangian



Axion induced electric field
Axions induce electric field  under the presence of magnetic field  applied⃗E B0
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Induced ⃗E (a)

B0

Equation of motion

(∇2 − ∂2
t ) ⃗E = − gaγγa0 cos(mat − α) ⃗B 0

 ; ⃗E (a) = Ē(a) cos(mat − α) Ē(a) = gaγγa0B0κ
With  expresses the cavity effect 

and  can be larger than 1

κ
κ

Solution
Axion 

field

Shielding cavity

with boundary condition E∥ = 0



Transmon qubit as DM sensor

Gap not the same

ω ≠ ω12

ω12

ω23

Josephson junction

Thin insulating layer

ψ1e−iϕ1 ψ2e−iϕ2

EJ

Transmon

−Q

+Q
C EJ

|g⟩
|e⟩

Hamiltonian

   H0 = Q2/2C − EJ cos θ ; θ ≡ ϕ1 − ϕ2

C
supercon
ducting

supercon
ducting

 with H0 ≃ ω |e⟩⟨e | ω = 4e2EJ /C
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Transmon qubit as axion DM sensor

̂z
EJd

Transmon

−Q

+QΘ

⃗E (a)

C EJ

For , the Schrödinger Eq. is


 

ma = ω

d
dt (ψg

ψe) = ( 0 ie−iαη
ieiαη 0 ) (ψg

ψe)

ΔV(t)

Interaction hamiltonian:

 Hint = QΔV

Induced voltage on capacitor:

 ΔV(t) = d ⃗E (a)(t) ⋅ ̂z


H = ω |e⟩⟨e |
−2η cos(mat − α)( |g⟩⟨e | + |e⟩⟨g | )

; η ≡ ωCdĒ(a) cos Θ/2 2
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Qubit direct excitation due to external field

  

Gradual growth of probability

pe(τ) ≡ |⟨g |e⟩ |2 ≃ η2τ2

; τ = min{τDM, τqubit} ∼ 100 μs

|g⟩ → |e⟩ probability

pe(τ) ≃ 0.11 ( gaγγ

10−10 GeV−1 )
2

( ma

1 μeV )
−1

( B
1 T ) ( κ

1 )
2

× ( τ
100 μs )

2

( C
0.1 pF ) ( d

100 μm )
2

( ρDM

0.45 GeV/cm3 )

gaγγ ∼ O(10−10)

A tail of Rabi 
oscillation
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t/τ

pe



Process of measurement
For each frequency bin

Repetitions Nrep

1 GHz 10 GHz

Ng→e+Bkg

qubits are excited
number of times

ω

ω = ma

 Ng→e ≃ Nrepnqη2τ2

 qubitsnq

 Significance σ = Ng→e/ Bkg

Evolve for t=τ

; Bkg = pnoisenqNrep
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Quantum enhancement by quantum circuits

  pe ∝ n2
q  pe ∝ nq

 

qubits

nq

Individual measurement

Prob. that a qubit is excited Prob. that a qubit is excited

Using quantum circuit
(2) Phys. Rev. Lett. 133 (2024) 2, 021801
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Entangle 
prep.

Reverse 
entangle

Evolve for t=τEvolve for t=τ



1 & 100 qubits (κ = 100)

 0.1 % per qubitperror =
-106 bins

-Each bins take time ~ 15 sec

-Total measurement time ~ 1 year

Entangled 100 qubits 
(κ = 100)

Sensitivity plot (Axions)

Haloscope 

constraints
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Astrophysical constraints

1 & 100 qubits (κ = 1)



Summary
• Coherent wave-like dark matter (axion DM or hidden photon DM) can excite 

qubits, resulting in detectable signal


• Transmon has good sensitivity, reaching unexplored parameter regions of 
axion DM


• Enhancement with cavity effect and the quantum circuit is possible, even 
reaching QCD axions
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Backup kappa factor



 factor from cavity effectκ
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• In general, we can write, 





With cylinder shielding cavity, we have mode functino 


 which can be larger than 1 and scale  at large 

κ = ∑
m

⃗E m(r) ⋅ ̂z [∫ d3x
m2

a

m2
a − ω2

m

⃗E m ⋅ B̂0]
Em =

1

V

J0(ωmr)
J1(ωmR)

κ = 1 −
J0(mar)
J0(maR)

maR R



Example of cavity effect with maR = 10

  with  due to axion DM field E(a) = Ē(a) cos(mat) ̂z Ē(a) = gaγγa0B0κ
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E Field inside cylindrical cavity




