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Dark matter (DM) remains one of the most compelling unresolved problems in fundamental physics,
motivating the search for new detection approaches. We propose a network-based quantum sensor
architecture to enhance sensitivity to ultralight DM fields. Each node in the network is a superconducting
qubit, interconnected via controlled-Z gates in symmetric topologies such as line, ring, star, and fully
connected graphs. We investigate four- and nine-qubit systems, optimizing both state preparation and
measurement using a variational quantum metrology framework. This approach minimizes the quantum
and classical Cramér-Rao bounds to identify optimal configurations. Bayesian inference is employed to
extract the DM-induced phase shift from measurement outcomes. Our results show that optimized network
configurations significantly outperform conventional Greenberger-Horne-Zeilinger-based protocols while
maintaining shallow circuit depths compatible with noisy intermediate-scale quantum hardware. Sensitivity
remains robust under local dephasing noise. These findings highlight the importance of network structure
in quantum sensing and point toward scalable strategies for quantum-enhanced DM detection.
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Introduction. Dark matter (DM), comprising about 27% of
the Universe’s mass-energy content, remains a central
mystery in modern physics [1,2]. It is essential for explain-
ing galactic binding and the formation of large-scale
cosmic structures [3,4]. The idea was first suggested by
Zwicky’s discovery of missing mass in galaxy clusters [5]
and later supported by Rubin’s measurements of galactic
rotation curves [6]. Despite extensive searches for candidates
such asWIMPs, axions, and sterile neutrinos, nonehave been
confirmed [7–13]. Detecting weakly interacting or light
candidates like axions or hidden photons remains difficult
due to their extremely weak couplings with standard matter
[14]. Revealing the fundamental nature of DM is still a
central goal of astrophysics and particle physics.
Recent advances in quantum technologies offer new

opportunities for DM detection. Superconducting qubits
provide exceptional sensitivity to weak perturbations owing
to their tunability and long coherence times [15,16]. Single
qubits have been proposed to detect ultralight DM via shifts
in electromagnetic fields or spin orientations [17,18], while
entangled qubits can further enhance sensitivity [19,20].

Quantum metrology, exploiting correlations beyond
classical limits, has been employed to analyze detection
precision [21].
Quantum sensor networks, built from interconnected

sensors, enable enhanced sensitivity and robustness by
distributing correlations across nodes [22–26]. However,
their performance strongly depends on topology, e.g., poorly
structured networks may degrade sensing. Network optimi-
zation is thus crucial for maximizing quantum sensing
performance.
In this Letter, we propose a quantum sensor network for

enhanced DM detection, where each node is a super-
conducting qubit linked by controlled-Z (CZ) gates. We
study symmetric topologies, i.e., line, ring, star, and fully
connected. We analyze four- and nine-qubit systems to
assess their sensing performance.
To optimize sensing performance, we use variational

quantum metrology (VQM) [26–28], which minimizes the
quantum and classical Cramér-Rao bounds (QB, CB) by
updating states and measurements. The DM-induced phase
is then estimated via Bayesian inference.
Our results show that optimized quantum sensor networks

surpass Greenberger-Horne-Zeilinger (GHZ)-based proto-
cols, achieving high precision with shallow circuits suitable
for noisy intermediate-scale quantum (NISQ) devices. The
precision scales favorably with qubit number and remains
robust against dephasing noise.
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Beyond DM detection, our optimization methods and
network architectures extend toquantumsensing applications
such as gravitational waves, spectroscopy, andmagnetometry
[29], providing a practical framework for tackling major
scientific challenges.

DM detection via superconducting qubits. Recent studies
have used transmon qubits as quantum sensors for
detecting ultralight DM [16–20]. In these schemes, a
coherently oscillating DM field induces an effective electric
field, ĒðeffÞ, which drives Rabi-like transitions between the
ground and excited states of the qubit. The interaction is
described by the effective Hamiltonian

H ¼ ωjeihej − 2η cosðmDMt − αÞðjeihgj þ jgihejÞ; ð1Þ

whereω is the qubit energy splitting,mDM is theDMmass, α
is theDMrandomphase offset, and jgi, jei denote theground
and excited states, respectively. The coupling strength is

given by η≡ ffiffiffiffiffi
Cω

p
2
ffiffi
2

p ĒðeffÞd cosΘ, where C is the transmon’s

capacitance, d is the distance between two plates, obeying
C ∝ 1=d, and Θ is the angle between E⃗ðeffÞ and the normal
vector of the capacitor plates. Increasing d decreases C
and increases the coupling η. For transmon qubits,
d ∼ 10–100 μm. Fabrication limits, such as lithographic
resolution, alignment, and chip size, further restrict d: too
small d is prone to defects, while very large d increases chip
area and parasitic effects. In simulations, cos2Θ ≈ 1=3 to
account for angular fluctuations within the DM coherence
time [19,20].
The evolution is governed by the Schrödinger equation,

i d
dt jΨðtÞi ¼ HjΨðtÞi, where jΨðtÞi ¼ ψgðtÞjgi þ ψeðtÞjei.
Within the coherence time τ ≃minðτDM; τqÞ, where τDM
and τq are the coherence times of the DM field and the
qubit, respectively, the evolution is described by a unitary
operator UDMðτÞ

�
ψgðτÞ
ψeðτÞ

�
¼ UDMðτÞ

�
ψgð0Þ
ψeð0Þ

�
: ð2Þ

In the resonant regime, ω ¼ mDM, the interaction sim-
plifies under the rotating wave approximation, yielding

UDMðτÞ ¼
�

cos δ ie−iα sin δ

ieiα sin δ cos δ

�
; δ≡ ητ; ð3Þ

where jψ�i ¼ 1ffiffi
2

p ðjgi � eiαjeiÞ. When ω ≠ mDM, the sen-

sitivity decreases over a mismatch bandwidth Δf ∼ τ−1.
For a fixed ω, high sensitivity is maintained for
mDM ∈ω� τ−1, and UDM remains applicable [20].
In the individual-qubit scheme, each transmon acts as an

independent sensor, giving a total excitation probability

pg→eðτÞ ≃ Nδ2, for Nδ2 ≪ 1, where N is the number of
qubits.
To surpass this shot-noise limit, entangled protocols

using GHZ states have been proposed [19,20]. At t1, a GHZ
state is prepared

jΨðt1Þi ¼
1
ffiffiffi
2

p ðjgi⊗N þ jei⊗NÞ: ð4Þ

During the interaction time τ ¼ t2 − t1, each qubit acquires
a phase δ, giving

jΨðt2Þi ¼
1
ffiffiffi
2

p ðeiNδjþi⊗N þ e−iNδj−i⊗NÞ; ð5Þ

where j�i ¼ 1ffiffi
2

p ðjgi � jeiÞ.
After interaction, a reversed GHZ operation maps the

accumulated phase onto one qubit

jΨðtfÞi ¼ ðcosðNδÞjgi þ i sinðNδÞjeiÞ ⊗ jþi⊗ðN−1Þ: ð6Þ

Here, we assumed tf ¼ t2, neglecting further evolution
beyond the sensing interval. The entangled state accumu-
lates phase as N2δ2, giving quadratic sensitivity in N, in
contrast to the linear scaling of individual-qubit strategies.
This quadratic enhancement highlights a central advantage
of entangled probes in quantum metrology, enabling
parameter estimation beyond the shot-noise limit.
However, the optimal state for enhancing metrological

precision must be a superposition of the minimum and
maximum eigenstates of UDM [30], i.e, jΨðt1Þi ¼
1ffiffi
2

p ðjψþi⊗N þ jψ−i⊗NÞ. In contrast, the conventional GHZ

state in Eq. (4) does not yield improved precision [see
Fig. 2(a)]. To overcome this limitation, we employ a
network-based quantum sensor and optimize performance
using VQM.

Quantum-enhanced metrology viewpoint. The precision in
estimating δ is bounded by Cramér-Rao bounds

νVarðδÞ ≥ 1

FðδÞ ≥
1

QðδÞ ; ð7Þ

where ν is the number of measurements, FðδÞ is the
classical Fisher information (CFI), andQðδÞ is the quantum
Fisher information (QFI).
The CFI, determined by the conditional probability

pðmjδÞ, is

FðδÞ ¼
X

m

1

pðmjδÞ
�
∂pðmjδÞ

∂δ

�
2

; ð8Þ

quantifying the information about δ from a given meas-
urement strategy.
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The QFI gives the maximum information attainable from
all quantum measurements and depends only on the state ρδ

QðδÞ ¼ Tr½ρδL2
δ�; ð9Þ

where ρδ ¼ jΨðt2ÞihΨðt2Þj and Lδ is the symmetric loga-
rithmic derivative defined by 2∂ρδ=∂δ ¼ Lδρδ þ ρδLδ.
Larger QFI implies higher sensitivity and more precise
estimation.
For nonentangled states,QðδÞ ∝ N, corresponding to the

shot-noise limit, which represents the fundamental preci-
sion bound for classical strategies. For an entangled GHZ
state, QðδÞ ∝ 4N2, demonstrating the Heisenberg limit.
However, as noted above, standard GHZ states do not
always yield optimal precision. This motivates further
exploration of adaptive protocols and optimal measurement
strategies, as discussed below.

Quantum networks for DM detection.Wemodel a network-
based quantum sensor as a 2D array of superconducting
qubits, as illustrated in Fig. 1(a). Each qubit is a node, and
edges represent physical connections between nodes. Due
to hardware constraints, each qubit is limited to a maximum
of four connections, consistent with the restricted connec-
tivity in current superconducting architectures. We examine
systems of four and nine qubits, shown in Figs 1(b)
and 1(c), respectively. For the four-qubit case, we analyze
linear (L4), star (S4), ring (R4), and fully connected (F4)
configurations. For the nine-qubit system, we study similar
structures with linear (L9), star (S9), ring-star hybrid (RS9),
and fully connected network (F9).

Variational quantum metrology. VQM is a hybrid quan-
tum-classical framework for optimizing quantum sensing

protocols using parametrized quantum circuits [26–28]. In
this scheme, the state is prepared by an Ansatz UðθÞ,
evolves under an external field such as UDM, and is then
measured through an AnsatzMðμÞ. The parameters θ and μ
are variationally updated to minimize cost functions such as
the Cramér-Rao bounds [26]. This hybrid framework
enables adaptive sensing strategies, has been demonstrated
on several platforms [31,32], and is well suited to near-term
devices.
VQM shares a structure with other variational algorithms

like variational quantum eigensolver (VQE) [33], where a
parametrized quantum circuit is optimized via classical feed-
back. While VQE minimizes energy to find ground states,
VQM minimizes the Cramér-Rao bounds to improve the
parameter estimation, highlighting their similar workflows.
We implement the VQM illustrated in Fig. 1(d), where

UðθÞ and MðμÞ are structured according to the network in
Figs. 1(b) and 1(c). These Ansätze consist of rotation blocks
Urot ¼ RzðθzÞRyðθyÞRxðθxÞ, inserted between each CZ gate
[26]. An example of UðθÞ for S4 is provided in Fig. 1(e).
We denote L1 and L2 as the number of layers in UðθÞ and
MðμÞ, respectively. These Ansätze use a linear number of
parameters, keeping the optimization cost low for small
systems. In larger Hilbert spaces, shallow circuits may lack
expressivity [27,28], whereas deeper circuits improve it but
introduce risks such as barren plateaus [34], initialization
sensitivity, and increased noise susceptibility. Therefore,
selecting the optimal depth involves balancing expressivity,
trainability, and robustness.
The sensing process is described by the global unitary

operator

Vðδ; αÞ ¼ ⨂
N

i¼1

UDMðδ; αÞ; ð10Þ

update

preparation interaction measurement estimationoptimization

R4 F4

L4 S4

RS9 F9

L9 S9

= S4

CZ

(a) (b) (c)

(e)(d)

FIG. 1. (a) Sensor-network for DM detection: 2D superconducting qubit array with CZ gates forming a tunable network.
(b)–(c) Configurations for N ¼ 4 and N ¼ 9. (d) VQM framework where UðθÞ and measurement MðμÞ come from (b, c); external
evolution Vðδ; αÞ comes from the DM field; the cost Cðθ; μÞ optimized via QB and CB; reconstruction by Bayesian estimation.
(e) Example variational circuit for S4.
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which models interactions between each qubit and the
external DM field. Here, UDMðδ; αÞ is the single-qubit
evolution operator defined in Eq. (3).

Optimization and estimation. We first optimize θ by
minimizing a cost function defined by CðθÞ ¼ Q−1ðδÞ,
yielding the optimal configuration θ� ¼ argminfθg CðθÞ.
Once θ� is fixed, we optimize μ using a similar procedure,
with the cost function CðμÞ ¼ F−1ðδÞ. To update param-
eters, we use the Adam optimizer.
After optimizing the network state and measurement

configuration, we apply Bayesian estimation to recover δ
from the measurement outcomes. Let m∈ f00…0;
…; 11…1g denote an outcome in the computational basis,
andpðδÞ the prior probability distribution representing initial
knowledge of δ. The likelihood function pðmjδÞ is given by
the probability of observing outcome m for a given δ,
computed from the final quantum state.
Using Bayes’ theorem, the posterior distribution pðδjmÞ

is given by

pðδjmÞ ¼ pðmjδÞpðδÞ
pðmÞ ; ð11Þ

where pðmÞ ¼ R
pðmjδÞpðδÞdδ is the marginal likelihood.

We choose pðδÞ as the probability density function. This
choice has minimal impact on the final results because each
measurement updates the posterior, which then serves as
the new prior. For a large number of measurements, this
sequential updating ensures the final estimate is largely
insensitive to the initial prior.
The posterior distribution pðδjmÞ encodes all informa-

tion about δ after the measurement. The estimate δ̄ is given
by the posterior mean, and the precision is quantified by the
variance VarðδÞ.

Numerical results. For VQM optimization, we fix δ ¼ 0.05
and α ¼ 0. The parameters θ and μ are initialized randomly.

Measurement outcomes are simulated using the Primitives
sampler from Qiskit.

Quantum bound. We evaluate the performance of various
Ansätze for a four-qubit system (N ¼ 4) and present the
results in Fig. 2(a) for L1 ¼ 1. The GHZ and excited state
(E) do not achieve QBs comparable to those of the
optimized configurations. As noted earlier, the GHZ state
is suboptimal under evolution by UDM because it is not
aligned with the eigenstates associated with the eigenvalues
of the unitary. Consequently, its performance is comparable
to that of the excited state.
By contrast, the optimized Ansätze, particularly those

with more connections such as L4, R4, S4, and especially
F4, outperform the others. The best performance of
F4 is attributed to its higher connectivity and larger number
of trainable parameters, which significantly enhance quan-
tum state correlations and contribute to greater circuit
expressiveness.
In Fig. 2(b), we explore the QB of F4 for different layers

L1. Remarkably, the best performance is achieved with
L1 ¼ 1. The result indicates that high precision is achievable
with shallow circuits, highlighting the method’s efficiency
and practicality for NISQ devices. Nonetheless, practical
limitations, including gate errors (∼0.1%–1%), finite coher-
ence times, and restricted connectivity in superconducting
devices, can affect performance. A detailed analysis will be
addressed in future work.
With the fixed F4, L1 ¼ 1 configuration, we next

examine the QB as a function of δ and α, as shown in
Fig. 2(c). For a fixed α, the QB remains constant over a
wide range of δ, from 10−3 to 100. This robustness implies
that reoptimization is not required for each new value of δ,
offering significant practical advantages for sensing the
DM field. When varying α, the QB shows a periodic
behavior, peaking at α ¼ π=2 and returning to its original
value at α ¼ 0 and π. While the optimization was per-
formed at α ¼ 0, we verified that the protocol performs
robustly for all α values. The QB shows only an increase

(a) (b) (c)

FIG. 2. (a) QBs for four-qubit system at L1 ¼ 1; optimized Ansätze, especially F4, outperform GHZ and excited states. (b) QBs of F4
versus depth L1; best precision at shallow L1 ¼ 1, showing efficiency. (c) Robustness of F4 at L1 ¼ 1; QB nearly constant with δ and
periodic in α without reoptimization.
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around α ¼ π=2, which does not significantly affect the
overall measurement precision.
These findings highlight the potential of our network-

based approach to generate high-performance quantum
resources for metrology and sensing. Next, we optimize CB.

Classical bound. To achieve the best CB, it is essential to
use the optimal measurement operators, represented as
positive operator-valued measures (POVMs). In our VQM
framework, these measurement operators are optimized
through the AnsätzMðμÞ. Specifically, the circuit for MðμÞ
is chosen to be the inverse of the input circuit, i.e., F4†, with
a variable number of layers L2.
Figure 3(a) shows that with a shallow measurement

circuit (L2 ¼ 1), the CB is larger than the QB, indicating
poor measurement performance. As L2 increases, the CB
approaches the QB, reflecting improved accuracy.
However, beyond an optimal depth, further increasing
L2 will raise the CB and reduce precision. This non-
monotonic behavior suggests that deeper circuits may
suffer from limited expressibility, overparametrization, or
barren plateaus, where the optimization landscape becomes
flat. The gap between CB and QB arises from the inability
of the measurement Ansätz to fully approximate the optimal
POVM associated with the QFI.
In Fig. 3(b), we examine how the CB varies with δ and α.

Our optimized measurement configuration yields a con-
stant, minimal CB over a wide range of δ, similar to the
behavior observed for the QB in Fig. 2(c). However, when δ
becomes relatively large (on the order of 100), the CB
begins to increase. This rise does not significantly impact
our conclusions, as the physically relevant regime for the
DM field corresponds to small δ values.
Regarding α, we observe periodic variations in the CB,

consistent with the behavior of the QB. This periodicity
indicates that estimation performance depends on α, but the
optimal configuration remains robust across its range.

Bayesian estimation. In Fig. 4(a), we plot the posterior
probability distribution as a function of δ for different
numbers of measurements ν. As ν increases, the peak shifts
closer to the true value of δ, demonstrating improved
estimation accuracy.
Figure 4(b) shows the bias δ̄ − δtrue versus ν. The bias

gradually approaches zero as ν increases, demonstrating
that the estimator becomes asymptotically unbiased with
more measurement data.
In Fig. 4(c), we plot VarðδÞ against ν and compare it with

the theoretical predictions given by the QB and CB, both
scaled as 1=ν. The results show excellent agreement: the
variance closely follows the trends of QB=ν and CB=ν,
confirming that our method achieves the optimal scaling
expected from quantum estimation theory. For larger ν, the
estimator becomes unbiased, and the bounds in Eq. (7) hold.
For N ¼ 9. We evaluate the QB and present the results in

Fig. 5. Using the same procedure as in Fig. 2(a) for the four-
qubit system, we examine multiple configurations shown in
Fig. 1(c). Among these, the fully connected F9 delivers the
highest QB performance.
When compared to N ¼ 4, the QB for N ¼ 9 is

significantly improved. This improvement is expected
because increasing the number of qubits generally enhan-
ces the achievable precision in quantum sensing, as
predicted by quantum metrology theory.

(a)

(b)

(c)

FIG. 4. (a) Posterior versus phase δ for different ν; the peak
approaches the true value as ν grows. (b) Bias δ̄ − δtrue converges
to zero with ν. (c) Variance VarðδÞ versus ν, compared with CB=ν
and QB=ν, showing agreement and optimal scaling.

(a) (b)

FIG. 3. (a) CB versus depth L2; increasing L2 decreases CB
toward the QB, then increases. (b) CB versus δ and α; optimized
measurements keep CB nearly constant, with slight growth at
large δ and periodic variation with α, consistent with QBs.

(a) (b) (c)

FIG. 5. (a) QBs for nine qubits (N ¼ 9) using Ansätze in
Fig. 1(c); F9 gives the best QB, above the four-qubit case.
(b) QBs versus L1 for F9. (c) CBs versus L2 for F9.
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In Fig. 5(b), we investigate the QB as a function of L1.
Different from four-qubit case, here, the best performance
is obtained when (L1 ¼ 2). This result suggests that even
for larger systems, a shallow and well-optimized circuit is
sufficient to achieve high-precision estimation.
Figure 5(c) shows the CB versus L2. As L2 increases, the

CB improves and approaches the QB. However, it does not
reach the QB due to limitations in the measurement
strategy. In this analysis, we evaluate up to L2 ¼ 3.
Remarkably, the precision in this case is better than that
of the four-qubit case.

Noisy effect.We analyze the efficiency of a quantum sensor
network under local dephasing noise. Each qubit undergoes
dephasing described by the Kraus operatorsK0 ¼ ð1

0
0ffiffiffiffiffiffi
1−λ

p Þ,
K1 ¼ ð0

0
0ffiffi
λ

p Þ, where λ∈ ½0; 1� characterizes the dephasing

strength. The channel acts as EðρÞ ¼ K0ρK
†
0 þ K1ρK

†
1.

The numerical results for the QB versus λ are shown in
Fig. 6 for F4 (a) and F9 (b). No reoptimization is performed
for each noise level; instead, the optimal configuration
setup at λ ¼ 0 is used throughout. Remarkably, the QBs
slightly increase even as the noise strength rises to λ ¼ 0.9.
The difference between the QB at λ ¼ 0.9 and the noiseless
case is Δ ¼ 1.68 × 10−5 for F4 and Δ ¼ 3.73 × 10−5 for
F9. This demonstrates that the optimal sensor networks
remain robust under dephasing, with only minimal degra-
dation in sensitivity even without reoptimization.

Conclusion. We proposed and demonstrated a network-
based quantumsensing strategy for enhancingDMdetection.
By structuring superconducting qubits into networks with
specific symmetries and optimizing their connections using
VQM, we achieved substantial improvements in sensing
precision compared to conventional GHZ-based protocols.
Both the QB and CB were systematically minimized, and
Bayesian estimationvalidated the enhanced sensitivity of the
optimized networks. The optimal configurations maintained

shallow circuit depths, making them feasible for implemen-
tation on NISQ devices. Our findings emphasize the signifi-
cant impact of network design on quantum metrology
performance and suggest that well-structured quantum net-
work can serve as powerful platforms for DM searches and
for a wide range of high-precision sensing applications.
Future works may extend these results by exploring larger
networks, adaptive strategies, and integration with error
mitigation techniques to further push the limits of quan-
tum-enhanced detection.

Acknowledgments. This paper is supported by JSPS
KAKENHI Grant No. 23K13025.

Data availability. The data that support the findings of this
article are openly available [36].

Appendix: Variational quantum metrology optimization
method. We detail the optimization process employed in
variational quantum metrology VQM. Consider the F4
configuration as an example, with the quantum circuit
illustrated in Fig. 7. The system is initialized in the state
j0i, which evolves to jΨðδ; α; θÞi ¼ Vðδ; αÞUðθÞj0i. The
QFI is given by

Q ¼ 4ðh∂δΨj∂δΨi − jhΨj∂δΨij2Þ; ðA1Þ

where dependence on δ, α, θ is omitted for brevity.
Consider the cost function as CðθÞ ¼ 1=Q, and minimize

it using the Adam optimizer. The update rule at iteration t is

θtþ1 ¼ θt − η
m̂tffiffiffiffi
v̂t

p þ ϵ
; ðA2Þ

where mt ¼ β1mt−1 þ ð1− β1Þgt; vt ¼ β2vt−1 þ ð1− β2Þg2t ;
m̂t ¼ mt

1−βt
1

; v̂t ¼ vt
1−βt

2

, and gt ¼ ∇θCðθtÞ. We use β1 ¼ 0.9,

β2 ¼ 0.999, and ϵ ¼ 10−8. The process is repeated until
convergence of CðθÞ.
To evaluate the required derivatives, i.e., j∂δΨi and

∇θCðθÞ, we employ the parameter-shift rule [35].

= F4

FIG. 7. Quantum circuit for optimizing the QB in VQM.

(a) (b)

FIG. 6. QBs under dephasing noise for (a) F4 and (b) F9.
Sensitivity decreases slightly with increasing λ, but even at λ ¼ 0.9
the rise is small: Δ ¼ 1.68 × 10−5 (a) and Δ ¼ 3.73 × 10−5 (b).

ADRIEL I. SANTOSO and LE BIN HO PHYS. REV. D 112, L081301 (2025)

L081301-6



[1] G. Bertone and D. Hooper, History of dark matter, Rev.
Mod. Phys. 90, 045002 (2018).

[2] M. Tanabashi et al. (Particle Data Group), Review of
particle physics, Phys. Rev. D 98, 030001 (2018).

[3] S. D. M. White and M. J. Rees, Core condensation in heavy
halos: A two-stage theory for galaxy formation and cluster-
ing, Mon. Not. R. Astron. Soc. 183, 341 (1978).

[4] E. Bertschinger, Simulations of structure formation in the
Universe, Annu. Rev. Astron. Astrophys. 36, 599 (1998).

[5] F. Zwicky, Republication of: The redshift of extragalactic
nebulae, Gen. Relativ. Gravit. 41, 207 (2009).

[6] V. C. Rubin, W. K. Ford, and N. Thonnard, Rotational
properties of 21 SC galaxies with a large range of lumi-
nosities and radii, from NGC 4605 (R ¼ 4 kpc) to UGC
2885 (R ¼ 122 kpc), Astrophys. J. 238, 471 (1980).

[7] J. L. Feng, Dark matter candidates from particle physics and
methods of detection, Annu. Rev. Astron. Astrophys. 48,
495 (2010).

[8] L. Baudis, Dark matter detection, J. Phys. G 43, 044001
(2016).

[9] A. Boyarsky, D. Iakubovskyi, and O. Ruchayskiy, Next
decade of sterile neutrino studies, Phys. Dark Universe 1,
136 (2012).

[10] A. H. G. Peter, Darkmatter: A brief review, arXiv:1201.3942.
[11] M. D. Campos and W. Rodejohann, Testing keV sterile

neutrino dark matter in future direct detection experiments,
Phys. Rev. D 94, 095010 (2016).

[12] M. Schumann, Direct detection of wimp dark matter:
Concepts and status, J. Phys. G 46, 103003 (2019).

[13] L. Roszkowski, E. M. Sessolo, and S. Trojanowski, Wimp
dark matter candidates and searches—Current status and
future prospects, Rep. Prog. Phys. 81, 066201 (2018).

[14] A. Ringwald, Exploring the role of axions and other wisps
in the dark universe, Phys. Dark Universe 1, 116 (2012).

[15] A. O. Sushkov, Quantum science and the search for axion
dark matter, PRX Quantum 4, 020101 (2023).

[16] S. Chen, H. Fukuda, T. Inada, T. Moroi, T. Nitta, and T.
Sichanugrist, Detecting hidden photon dark matter using the
direct excitation of transmon qubits, Phys. Rev. Lett. 131,
211001 (2023).

[17] A. V. Dixit, S. Chakram, K. He, A. Agrawal, R. K. Naik, D. I.
Schuster, and A. Chou, Searching for dark matter with a
superconducting qubit, Phys. Rev. Lett. 126, 141302 (2021).

[18] R. Moretti et al., Design and simulation of a transmon qubit
chip for axion detection, IEEE Trans. Appl. Supercond. 34,
1 (2024).

[19] S. Chen, H. Fukuda, T. Inada, T. Moroi, T. Nitta, and T.
Sichanugrist, Quantum enhancement in dark matter detec-
tion with quantum computation, Phys. Rev. Lett. 133,
021801 (2024).

[20] S. Chen, H. Fukuda, T. Inada, T. Moroi, T. Nitta, and T.
Sichanugrist, Search for QCD axion dark matter with
transmon qubits and quantum circuit, Phys. Rev. D 110,
115021 (2024).

[21] M. H. Zaheer, N. J. Matjelo, D. B. Hume, M. S. Safronova,
and D. R. Leibrandt, Quantum metrology algorithms for
dark matter searches with clocks, Phys. Rev. A 111, 012601
(2025).

[22] T. J. Proctor, P. A. Knott, and J. A. Dunningham, Multi-
parameter estimation in networked quantum sensors, Phys.
Rev. Lett. 120, 080501 (2018).

[23] C. Dailey, C. Bradley, D. F. Jackson Kimball, I. A. Sulai, S.
Pustelny, A. Wickenbrock, and A. Derevianko, Quantum
sensor networks as exotic field telescopes for multi-
messenger astronomy, Nat. Astron. 5, 150 (2021).

[24] N. Shettell and D. Markham, Graph states as a resource
for quantum metrology, Phys. Rev. Lett. 124, 110502
(2020).

[25] P. T. Nguyen, T. K. Le, H. Q. Nguyen, and L. B. Ho,
Harnessing graph state resources for robust quantum mag-
netometry under noise, Sci. Rep. 14, 20528 (2024).

[26] T. K. Le, H. Q. Nguyen, and L. B. Ho, Variational quantum
metrology for multiparameter estimation under dephasing
noise, Sci. Rep. 13, 17775 (2023).

[27] J. J. Meyer, J. Borregaard, and J. Eisert, A variational
toolbox for quantum multi-parameter estimation, npj Quan-
tum Inf. 7, 89 (2021).

[28] B. MacLellan, P. Roztocki, S. Czischek, and R. G. Melko,
End-to-end variational quantum sensing, npj Quantum Inf.
10, 118 (2024).

[29] D. DeMille, N. R. Hutzler, A. M. Rey, and T. Zelevinsky,
Quantum sensing and metrology for fundamental physics
with molecules, Nat. Phys. 20, 741 (2024).

[30] V. Giovannetti, S. Lloyd, and L. Maccone, Advances in
quantum metrology, Nat. Photonics 5, 222 (2011).

[31] V. Cimini, M. Valeri, S. Piacentini, F. Ceccarelli, G.
Corrielli, R. Osellame, N. Spagnolo, and F. Sciarrino,
Variational quantum algorithm for experimental photonic
multiparameter estimation, npj Quantum Inf. 10, 26 (2024).

[32] J. A. H. Nielsen, M. J. Kicinski, T. N. Arge, K. Vijayadharan,
J. Foldager, J. Borregaard, J. J. Meyer, J. S. Neergaard-
Nielsen,T.Gehring, andU. L.Andersen,Variational quantum
algorithm for enhanced continuous variable optical phase
sensing, npj Quantum Inf. 11, 70 (2025).

[33] A. Peruzzo, J. McClean, P. Shadbolt, M.-H. Yung, X.-Q.
Zhou, P. J. Love, A. Aspuru-Guzik, and J. L. O’Brien, A
variational eigenvalue solver on a photonic quantum proc-
essor, Nat. Commun. 5, 4213 (2014).

[34] M. Cerezo, A. Sone, T. Volkoff, L. Cincio, and P. J. Coles,
Cost function dependent barren plateaus in shallow para-
metrized quantum circuits, Nat. Commun. 12, 1791 (2021).

[35] L. B. Ho, A stochastic evaluation of quantum fisher in-
formation matrix with generic Hamiltonians, Eur. Phys. J.
Quantum Technol. 10, 37 (2023).

[36] A. I. Santoso and L. B. Ho, Supporting data for optimized
quantum sensor networks for ultralight dark matter detec-
tion (2025), https://github.com/echkon/darkmatter.

OPTIMIZED QUANTUM SENSOR NETWORKS FOR ULTRALIGHT … PHYS. REV. D 112, L081301 (2025)

L081301-7

https://doi.org/10.1103/RevModPhys.90.045002
https://doi.org/10.1103/RevModPhys.90.045002
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1093/mnras/183.3.341
https://doi.org/10.1146/annurev.astro.36.1.599
https://doi.org/10.1007/s10714-008-0707-4
https://doi.org/10.1086/158003
https://doi.org/10.1146/annurev-astro-082708-101659
https://doi.org/10.1146/annurev-astro-082708-101659
https://doi.org/10.1088/0954-3899/43/4/044001
https://doi.org/10.1088/0954-3899/43/4/044001
https://doi.org/10.1016/j.dark.2012.11.001
https://doi.org/10.1016/j.dark.2012.11.001
https://arXiv.org/abs/1201.3942
https://doi.org/10.1103/PhysRevD.94.095010
https://doi.org/10.1088/1361-6471/ab2ea5
https://doi.org/10.1088/1361-6633/aab913
https://doi.org/10.1016/j.dark.2012.10.008
https://doi.org/10.1103/PRXQuantum.4.020101
https://doi.org/10.1103/PhysRevLett.131.211001
https://doi.org/10.1103/PhysRevLett.131.211001
https://doi.org/10.1103/PhysRevLett.126.141302
https://doi.org/10.1109/TASC.2024.3350582
https://doi.org/10.1109/TASC.2024.3350582
https://doi.org/10.1103/PhysRevLett.133.021801
https://doi.org/10.1103/PhysRevLett.133.021801
https://doi.org/10.1103/PhysRevD.110.115021
https://doi.org/10.1103/PhysRevD.110.115021
https://doi.org/10.1103/PhysRevA.111.012601
https://doi.org/10.1103/PhysRevA.111.012601
https://doi.org/10.1103/PhysRevLett.120.080501
https://doi.org/10.1103/PhysRevLett.120.080501
https://doi.org/10.1038/s41550-020-01242-7
https://doi.org/10.1103/PhysRevLett.124.110502
https://doi.org/10.1103/PhysRevLett.124.110502
https://doi.org/10.1038/s41598-024-71365-8
https://doi.org/10.1038/s41598-023-44786-0
https://doi.org/10.1038/s41534-021-00425-y
https://doi.org/10.1038/s41534-021-00425-y
https://doi.org/10.1038/s41534-024-00914-w
https://doi.org/10.1038/s41534-024-00914-w
https://doi.org/10.1038/s41567-024-02499-9
https://doi.org/10.1038/nphoton.2011.35
https://doi.org/10.1038/s41534-024-00821-0
https://doi.org/10.1038/s41534-024-00947-1
https://doi.org/10.1038/ncomms5213
https://doi.org/10.1038/s41467-021-21728-w
https://doi.org/10.1140/epjqt/s40507-023-00195-w
https://doi.org/10.1140/epjqt/s40507-023-00195-w
https://github.com/echkon/darkmatter
https://github.com/echkon/darkmatter

	Optimized quantum sensor networks for ultralight dark matter detection
	Acknowledgments. 
	Appendix: Variational quantum metrology optimization method. 
	References


