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Quantum computer as DM detector

Towards a wide-band search

1. SQUID-based tuning → See Karin Watanabe's poster 
2. Use of Floquet qubit resonance

IBM Kawasaki 127 bit 
T1 average: 202µs 
Ave. readout error: 1.1%  
105 sampling per bit  
Completed in ~60s 

Signal:  fraction 
Proportional to the delay

|e⟩

State  
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Why just delay? → Gate operation

Entanglement enables "summation" 
of the phase acquired in each bit. 

Signal rate ∝ nq2 instead of nq 
Technical requirements: 

Qubit frequencies need to be aligned 
Per-bit T1 >O(ms) and QEC  
→ Reasonable in FTQC era?
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FIG. 1: Quantum circuit for the DM detection. The gate with H represents the Hadamard gate, while that with “•”
and “⊕” connected by the line is the CNOT gate (where “•” is the control qubit). The UDM represents the

evolution with the effect of DM.

for the DM detection can be initialized, measured, and
evolved through standard gates like the Hadamard gate
and CNOT gate. (See Appendix A for the gate opera-
tions used in our analysis.)
An example of quantum circuits for detecting the DM

signal is shown in Fig. 1. This is a quantum circuit for
quantum-enhanced parameter estimation [10–12]. Our
circuit consists of only one-dimensional nearest neighbor
interaction between qubits with O(nq) gates. We assume
that t1 − ti ∼ tf − t2 ≪ t2 − t1, so that the effect of DM
is mainly in time interval t1 ≤ t ≤ t2. We also assume
that the coherence time of the qubits is long enough, so
that the coherence time of the system, τ , is determined
by the coherence of the DM and does not scale with n−1

q .
We expect that the coherence time of the qubit system
longer than that of DM is achievable in future quantum
computer platforms with sizable nq. The entangled qubit
system is usually more fragile than the individual nonen-
tangled ones and the coherence time of the entangled
state may be ∼ τq/nq, where τq is the coherence time
of a single qubit [16]. Even in such a case, the following
discussion holds as far as nq ! τq/τDM (with τDM being
the coherence time of the DM).
In order to understand the enhancement mechanism

of the signal, it is instructive to consider the case that
α = 0. For α = 0, the eigenstates of UDM are |+⟩ and
|−⟩, satisfying UDM |±⟩ = e±iδ |±⟩, where

|±⟩ ≡
1√
2
(|g⟩± |e⟩). (9)

Thus, considering the states with nq qubits, |±⟩⊗nq , they

evolve as |±⟩⊗nq → U
⊗nq

DM |±⟩⊗nq = e±inqδ |±⟩⊗nq ; the
phases from nq qubits coherently add up. Our quantum
circuit measures this phase as the relative phase between
|+⟩⊗nq and |−⟩⊗nq by using the superposition of these
states.
With the circuit, the state evolves as follows. First, all

the qubits are prepared in the ground state at t = ti. At
t = t1, the state of sensor qubits is given by

|Ψ(t1)⟩ =
1√
2

(

|+⟩⊗nq + |−⟩⊗nq

)

. (10)

With the effect of the DM, the state at t = t2 becomes

|Ψ(t2)⟩ =
1√
2

(

einqδ |+⟩⊗nq + e−inqδ |−⟩⊗nq

)

. (11)

The quantum operation from t = t2 to tf brings the phase
information to the first qubit:

|Ψ(tf)⟩ =
1√
2

(

einqδ |+⟩+ e−inqδ |−⟩
)

⊗ |+⟩⊗(nq−1)

= [cos(nqδ) |g⟩+ i sin(nqδ) |e⟩]⊗ |+⟩⊗(nq−1) .
(12)

The probability to observe the excitation of the first qubit
is

P (α=0)
g→e = sin2(nqδ) ≃ n2

qδ
2, (13)

where, in the last equality, we have used nqδ ≪ 1. No-
tably, the probability is proportional to n2

q, indicating a
possible enhancement of the signal using the quantum
properties of the qubits.
We can use our circuit even in actual situations where

α is unknown. Concentrating on the case that δ ≪ 1, we
may expand the evolution operator for nq qubits as

U
⊗nq

DM ≃ 1+ iδ

nq
∑

i=1

(Xi cosα+ Yi sinα) +O(δ2), (14)

where the summation is over the operators acting on all
the qubits. For any i, the following relation holds:

Xi |±⟩⊗nq = ± |±⟩⊗nq , (15)
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GHZ state: Maximally entangled state DM evolution: Rabi oscillation

"Decoded" state to be measured

Fraction of  readout ~ |e⟩ n2
qδ2

Sichanugrist et al.   
PRL 133 (2), 021801

Moroi et al. PRL 131 (21), 211001

Dark photon 
QCD axion, ALP...

"Floquet qubit"
Hamiltonian of a qubit driven at two frequencies (one on resonance): 

 

Floquet theory: “For , there exist solutions  
where ” 

: quasienergies 
Apply to  → Periodic solutions = Floquet qubit is approximately 

 and  

with quasienergies  
This Floquet qubitais resonant at  (“AC Stark shift” of the qubit) 

 and  have ×~2.5 enhanced coherence times (“spin locking”)

H(t) = −
ωq

2 σZ + [αdrive cos ωqt] σX + [αDM cos(ωDMt + ϕDM)] σX

H(t + T ) = H(t) e−iϵnt|ψn(t)⟩
|ψn(t + T )⟩ = |ψn(t)⟩

ϵn
HF(t)

|0F⟩ = | + ⟩ = 1

2
(|0⟩ + |1⟩) |1F⟩ = | − ⟩ = 1

2
(|0⟩ − |1⟩)

±αdrive
ωq ± αdrive

|0F⟩ |1F⟩

HF(t) HDM(t)

DM search via qubit dynamics

When , qubit-frame Pauli expectation values evolve as 

 

→ Probe DM frequency by scanning  and observing 

ωDM = ωq ± αdrive

⟨X(t)⟩ = cos ( αDM

2 t)
⟨Y(t)⟩ = ± sin ( αDM

2 t) cos(αdrivet ± ϕDM)

⟨Z(t)⟩ = ± sin ( αDM

2 t) sin(αdrivet ± ϕDM)

αdrive ⟨X⟩, ⟨Y⟩, ⟨Z⟩

Demonstration and Results

 and  with ~20MHz 

and artificial ~1MHz 
on an IBM device

⟨X⟩ ⟨Z⟩ αdrive

αDM
Preliminary observed limits (90% CL) on αDM

Tdelay < T1
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Example of a  
single bit experiment

ϵ

On-resonant Rabi oscillation

Error bar in the data includes stat.+syst.  
Syst. error: Diff. btw. the excitation rate w/ T=5µs and  
                   the readout error reported by calibration. 
                   Likely too conservative!

e.g. nq=3

Dark matter frequency [Hz]

Unpolarized, κ=1, 90%CL

Cosmology

CAST-CAPP
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Calculating the matrix elements ⟨g|∆H|e⟩ and
⟨e|∆H|g⟩ presuming that the excited state is well approx-
imated as |e⟩ ≃ â†|g⟩, the following effective Hamiltonian
expression is obtained:

H = ω|e⟩⟨e|+ 2η sinmXt(|e⟩⟨g|+ |g⟩⟨e|), (18)

describing the interaction between the transmon qubit
and the hidden photon DM.

Time evolution of the qubit: Now we show that the DM-

induced field Ē(eff) causes the Rabi oscillation of the

qubit, a coherent drive between |g⟩ and |e⟩. For a qubit
state

|Ψ(t)⟩ = ψg(t)|g⟩+ e−iωtψe(t)|e⟩, (19)

the time evolution is given by

i
d

dt
|Ψ(t)⟩ = H|Ψ(t)⟩, (20)

namely,

i
d

dt

(
ψg

ψe

)
=

(
0 −iη(e−i(ω−mX)t + e−i(ω+mX)t)

iη(ei(ω−mX)t + ei(ω+mX)t) 0

)(
ψg

ψe

)
. (21)

Suppose that the qubit frequency is tuned to be equal
to the hidden photon mass, i.e., ω = mX . Neglecting
the fast oscillating component (rotation wave approxi-
mation), the evolution equation reduces to

i
d

dt

(
ψg

ψe

)
≃
(

0 −iη
iη 0

)(
ψg

ψe

)
. (22)

Assuming that the qubit is initially at the ground state,
i.e., ψg(0) = 1 and ψe(0) = 0, we obtain

ψg(t) ≃ cos ηt, ψe(t) ≃ sin ηt. (23)

The transition probability from the ground state to the
excited state is pge(t) = |ψe(t)|2 ≃ sin2 ηt, corresponding
to a Rabi oscillation at a frequency of η.

Note that the discussion above is valid only within the
coherence time of the system τ , i.e., t < τ . The co-
herence time can be defined for the DM and the qubit
individually (τX and τq, respectively). The former is es-
timated to be τX ∼ 2π/mXv2X with vX ∼ 10−3 being the
hidden photon velocity. For the latter, the longitudinal
coherence time T1 is relevant here since the dephasing is
highly suppressed in the transmon limit (JZ ≫ 1) [35].
A T1 of ∼ 100 µs is commonly achieved in the recent ex-
periments [36–38]. The coherence time for the system is
dictated by the shorter one, i.e., τ ≃ min(τX , τq), which
is usually given by that of the qubit. Hereafter, we pa-
rameterize τ ≡ 2πQ/ω, with Q being the quality factor.

Assuming that τ ≪ η−1, the transition probability
from |g⟩ to |e⟩ within the coherence time is evaluated
as

p∗ ≡ pge(τ) ≃ (ητ)2. (24)

Numerically, the transition probability is given by

pge(τ) ≃ 0.12× κ2 cos2 Θ
( ϵ

10−11

)2( f

1 GHz

)

×
(

τ

100 µs

)2( C

0.1 pF

)(
d

100 µm

)2

×
(

ρDM

0.45 GeV/cm3

)
, (25)

where f ≡ ω/2π, which is related to the hidden photon
mass as

f ≃ 0.24 GHz×
(

mX

1 µeV

)
(26)

when ω = mX .
Note that the scheme is agnostic to the concept of

“detection volume” since the excitation rate solely de-
pends on the local electric field around the qubits. At
the high-frequency regime this is a distinct advantage
over the cavity-based haloscope experiments where the
signal power is suppressed by ∼ 1/f3 due to the dwin-
dling resonant radius.
Two methods are possible for detecting the excitation;

for searching large ϵ yielding substantially high excita-
tion rate (p∗ > O(10%)) the characteristic Rabi modu-
lation can be measured that can be easily differentiated
from the noise; for smaller ϵ, the repetitive counting ex-
periments (further discussed in the following section) is
powerful despite the higher dark counts, allowing one to
probe p∗ as low as 10−4.

Experimental setup and the measurement protocol: A
typical setup for transmon measurements [39] is adopted
in the search. The transmon is assumed to be in the
X-mon [40] or the conventional dumbbell [41] architec-
ture, which is either packaged with a Coplanar Waveg-
uide (CPW) resonator on a chip surrounded by a metal-
lic shield or housed in a microwave cavity [42] for the

Search for dark photons using direct excitations of 
superconducting qubits
K. WatanabeA, K. NakazonoA, T. NittaB, S. ChenC, T. InadaB, K. TerashiB, R. SawadaB

Introduction Method

Preliminal Results & Outlook

×  𝒪(105

− 107)
𝜏 =  𝒪(100 μs)

Readout ~ 1μs

Excitation with 𝑝𝑔𝑒(𝜏)

Dark photon

Superconducting qubit: transmon

Dark photon mass-eigenstate
Photon

Dark photon interaction-eigenstate

Kinetic mixing parameter
𝑋𝜇 =  ෨𝑋𝜇  −  ϵ𝐴𝜇

based on Moroi+, Phys. Rev. Lett.'23

Repetitive counting experiment

・ This method can be applied to axion search

• Good DM candidate

convert into E-field UNDER B-field

• Lighter mass <  𝒪 meV
• Electromagnetic interaction

behave like a coherent wave 

Metal cavityDark
Photon

~ GHz

E-field
Transmon

|0> |1> 

Main idea

• Excited by coherent E-field

• Nonlinear LC circuitCapacitor

Josephson
Junction

Convert into coherent E-field
freq. corresponding to DM mass

• Josephson Junction works 
as nonlinear inductance

@ temp. < 𝑇𝑐 Al ~ 1.2 K

Freq. of DM-converted E-field
= Resonant freq. of transmon

⇒Transmon excites

・SQUID
𝐶

𝑑

Find resonant freq. with 
anomalous excitation rate

𝑝𝑔𝑒 ≅ 0.12 × 𝜅2𝑐𝑜𝑠2𝛩
𝝐

10−11

2 𝒇𝟎𝟏
1 GHz

𝝉
100 μs

2 𝑪
0.1 pF

𝒅
100 μm

2 𝜌𝐷𝑀
0.45 GeV/cm3

𝑓01: resonant freq. of transmon

𝜏: lifetime of transmon
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2 𝐸𝑆𝑄𝑈𝐼𝐷 =  𝐸𝐽 cos
𝜑ext

2

NbTi coil

,  𝜙ext =  𝜑ext 𝜙𝑜

Easy tuning

Change resonant freq. through
external magnetic flux 𝜙𝐞𝐱𝐭 

𝑓01 ~ 8𝐸𝑆𝑄𝑈𝐼𝐷𝐸𝐶  − 𝐸𝑐

𝐸𝑐

・AC Stark shift

Dark gray: excluded by the cosmological and astrophysical constraints
Light gray: excluded by the previous experiments

at 3,000 points in 23h

Metal cavity

Continuous wave

Transmon

Num of photons 

Change resonant freq. through
num of photons in cavity 

𝑓01  ∝ ( num of photons in cavity ) + 1
2

SQUID

at 5 points
in 16h 

・There was no peak ( > 5σ)  

→ suggest no dark photons in these freq. range

day 1

day 2

・The cause of excitations seemed to be    
    thermal residual
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from 4.1622 to 4.1624 GHz (AC Stark)
& from 9.3275 to 9.3398 GHz (SQUID)

・Future exploration area by this method
- used  typical transmons so far
- will fabricate more suitable transmons 
   by ourselves 

e.g. large capacitance pads (big C )
long distance btw pads (big d )

Can be sensitive to deeper than cosmological & astrophysical constraints
Only by improvement of lifetime from 2.5μs to 30μs (average)

RF system Fabrication
Make transmons by ourselves

Substrate: Sp, Si

400 μm

250 μm

×  480

Capacitance pad: Nb, Al

20 μm

Line width:
350 nm

7 cm

Josephson 
Junction

Standard design↓

※ Upper limit of <562Hz reads ε<10-11 with assuming a starndard  
    transmon design, κ=1, and no systematics assigned.

Each color represents each qubit

ε=10-12

ε=10-11


