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The presence of dark matter (DM) stands as one of the most compelling indications of new physics in
particle physics. Typically, the detection of wavelike DM involves quantum sensors, such as qubits or
cavities. The phase of the sensors is usually discarded as the value of the phase itself is not physically
meaningful. However, the difference of the phase between the sensors contains the information of the
velocity and direction of the DM wind. We propose a measurement protocol to extract this information
from the sensors using quantum states. Our method does not require specific experimental setups and can
be applied to any type of DM detector as long as the data from the detectors can be taken quantum
mechanically. We also show that our method does not spoil the sensitivity of the DM detectors and is
superior to the classical method based on the correlations of the DM signals between the detectors.
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Introduction—Dark matter (DM) constitutes a signifi-
cant fraction of the universe [1], yet its fundamental
properties remain elusive. Among various candidates,
ultralight particles such as axions, axionlike particles,
and dark photons are particularly well motivated [2]. As
their masses are sufficiently small, these particles exhibit
wavelike rather than particlelike behavior. Although their
couplings to standard model (SM) particles are expected to
be extremely weak, a wide range of experiments and
observations are actively searching for signatures of such
interactions.
DM comes to the Earth from all directions, but its flux is

anisotropic. Because of the motion of the solar system
through the galactic halo, an enhanced flux—often referred
to as the “DM wind”—is expected in the direction of the
solar system’s motion. This anisotropy is a distinctive
feature of DM [3]. For particlelike DM, numerous exper-
imental efforts have focused on detecting this wind by
measuring the recoil of target particles [3–10]. By observing

such recoils, one can determine the velocity distribution of
the DM.
However, for wavelike DM, the situation is different as

the recoil of target particles is extremely small and generally
undetectable. If the DM couples to SM particles via
velocity-dependent interactions—such as the axion cou-
pling to fermion spin (e.g., Refs. [11–13])—the DM wind
can be probed by changing the orientation of the apparatus.
However, this approach is highly model dependent, and the
sensitivity is limited by the small DM velocity and unknown
coupling strength, making independent measurement of the
DM wind velocity challenging. Alternatively, one could
construct experimental apparatus with sizes comparable to
the de Broglie wavelength of the DM [14,15]. For example,
in cavity detectors, the axion-to-photon conversion proba-
bility depends on the direction of the axion wind. However,
this requires specialized and often large setups, especially
for lighter DM.
In this Letter, we show that, if the quantum states from

DM detectors can be transferred over a distance and
processed quantum mechanically, it is possible to inde-
pendently and simultaneously measure both the velocity of
the DM wind and the coupling between DM and SM
particles. Our method is broadly applicable to any type of
DM detector, regardless of the specific detection mechanism
or the type of DM, if the detector state can be read out
quantum mechanically. Furthermore, we find that, in the
absence of noise, this approach does not sacrifice the
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sensitivity of the detector; we extract additional information
from the DM detectors.
The key idea of our proposal is using the quantum

interference of the quantum sensors at distant positions.
The information of the DM phase is generally encoded in
the phase of the detector state. The value of the phase itself
has little physical meaning, but the phase difference is
sensitive to the momentum of the DM wind. The classical
correlations of the DM signals between the detectors at
distant positions have been discussed in Ref. [16], but we
focus on the quantum correlations of the DM signals; we
measure the interference due to the DM wind by a nonlocal
operator. Our method outperforms the classical correlations
for weak signals.
Our proposal requires transferring quantum states

between distant locations. As we will discuss, the distance
between the detectors is to be on the order of the de Broglie
wavelength of the DM, and we need to transfer the quantum
states even over kilometers depending on the DM mass.
However, such operations are fundamental in quantum
information science [17] and used in various applications,
such as the quantum key distribution [18]. Indeed, quantum
teleportation, which transfers quantum information between
remote parties, has already been experimentally demon-
strated by using optical photons [19], solid-state qubits such
as trapped atoms [20], rare-earth-doped crystals [21], super-
conducting qubits [22] and the nitrogen-vacancy (NV)
center in diamond [23,24]. For the distance, Ref. [25]
demonstrates qubit-photon entanglement over 50 km.
Transferring quantum states may introduce additional
channel noise, but this can be mitigated by entanglement
distillation techniques [26], which have also been exper-
imentally demonstrated [27]. This capability is useful not
only for quantum communication [28] but also for quantum
sensing [29].
Quantum mechanical signal from dark matter—We first

review how DM interacts with quantum detectors. For
concreteness, we focus on superconducting qubits coupling
directly to the DM field [30,31], but the discussion applies
equally to other two-level systems such as NV centers [12]
and trapped ions [32]. Our approach is also applicable to
other quantum sensors, including cavity detectors [33,34],
as long as the output is accessible quantum mechanically.
We briefly comment on this at the end of the section.
Consider a qubit with ground and excited states j0i and

j1i. The Hamiltonian is

H0 ¼ −
ω

2
σz; ð1Þ

whereω is the energy splitting and σi is the ith Pauli matrix.
The interaction with the DM field is modeled as

H1 ¼ 2ησxΦðtÞ; ð2Þ
with the coupling η and the DM field ΦðtÞ. For a
monochromatic DM field,

ΦðtÞ ¼ Φ0 cosðEtþ φÞ; ð3Þ

with E ¼ mð1þ v2=2Þ being the DM energy, m being the
DM mass, v being its velocity, Φ0 being the amplitude, and
φ being the phase.
Assuming the detector is tuned (ω ¼ E), by the rotating

wave approximation (RWA), the interaction Hamiltonian in
the interaction picture becomes

HI ¼ ϵðσx cosφ − σy sinφÞ; ð4Þ

where ϵ≡ ηΦ0. Starting from j0i, after time τ the state
evolves to

jψðτÞi ≃ j0i − iϵτe−iφj1i; ð5Þ

for jϵτj ≪ 1. The probability of finding the qubit in j1i is

p ¼ jh1jψðτÞij2 ≃ ðϵτÞ2; ð6Þ

which allows for measurement of the DM interaction
strength ϵ.
Up to here, we have assumed that the DM field is

oscillating with a single frequency. However, in reality, this
may not be the case. In this Letter, we assume the model
adopted in Refs. [35,36], where the DM field is a sum of
many oscillating fields with random phases:

ΦðtÞ ¼ Φ0ffiffiffiffiffiffiffiffiffiffi
NDM

p
XNDM

i¼1

cos

�
m

�
1þ v2i

2

�
tþ φi

�
; ð7Þ

where NDM is the number of DM particles that make up the
DM field, vi is the velocity of the ith DM particle, and φi is
the phase of the ith DM particle. Let the time we measure
the DM field be τ. For such Δv that mviΔvτ ≪ 1, the
oscillation frequencies of the DM field with velocity v
satisfying jv − vij≲ Δv are almost the same, and we can
add them up:

Φ0ffiffiffiffiffiffiffiffiffiffi
NDM

p
X

jv−vij≲Δv
cos

�
m

�
1þ v2i

2

�
tþ φi

�

¼ Φ0

X
direction

αi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fðv⃗iÞΔv3

q
cos

�
m

�
1þ v2i

2

�
tþ φ̃i

�
; ð8Þ

where αi is a random variable obeying the Rayleigh
distribution, PðαiÞ ¼ αie−α

2
i =2, fðv⃗iÞ is the distribution

function of the DM velocity, and φ̃i is a random variable
uniformly distributed in the range ½0; 2πÞ. The sum in the
right side is taken over the direction of the DM velocity.
Tuning the frequency of the detector to be equal to
m½1þ ðv̄2=2Þ�, where v̄ is the average speed of the DM,
we can again use the RWA, and the interaction Hamiltonian
is now
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HI ¼ ϵ
X
i

αi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fðv⃗iÞΔv3

2

r �
σx cos

�
mΔv2i
2

tþ φ̃i

�

− σy sin
�
mΔv2i
2

tþ φ̃i

��
; ð9Þ

where Δv2i ≡ v2i − v̄2. Then, the state of the detector
after τ is

jψðτÞi≃ j0i− iϵτ
X
i

αi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fðv⃗iÞΔv3

2

r
e−iðδiþφ̃iÞFðδiÞj1i; ð10Þ

where FðxÞ ¼ ðsin x=xÞ and δi ¼ ðmΔv2i =4Þτ. The proba-
bility of the detector being j1i is given by

p ¼ jhψðτÞj1ij2 ≃ ϵ2τ2
X
i

α2i
fðv⃗iÞΔv3

2
F2ðδjÞ: ð11Þ

We have used the fact that the random phases φ̃i are
uncorrelated, and the cross terms with i ≠ j average to zero.
Taking the average over the random amplitude αi, we
obtain hpi ≃ ϵ2τ2, where we assume that mv̄2τ ≲ 1 and
FðxÞ ≃ 1, and we have used the fact that the distribution
function fðv⃗Þ is normalized,

R
d3vfðv⃗Þ ¼ 1. The average

probability gives the same result as the case with a single
frequency, Eq. (6).
We can take the average over the random phase φi in the

density matrix formalism. There, we treat the detector state
as an ensemble of states, each having evolved under the
interaction Hamiltonian with DM field, Eq. (7), with
random phases; the final state of the detector is, instead
of jψðτÞi, given by

ρðτÞ ≃
Z �Y

i

dφi

2π

�
UðτÞj0ih0jU†ðτÞ; ð12Þ

where UðτÞ≡ T exp ½−i R τ0 dtHIðtÞ� depends on the ran-
dom phases φi. Again, we can take the partial sum over the
DM velocities vi, rewriting the integration over φi in terms
of αi and φ̃i. Performing the integration, we obtain

ρðτÞ ≃ j0ih0j þ ϵ2τ2
Z

d3vfðv⃗ÞF2

�
mðv2 − v̄2Þ

4
τ

�
j1ih1j:

ð13Þ

Averaging over the random phases removes all phase
information when considering only the state of a single
qubit. Consequently, no useful information from the phase
of the DM can be extracted in this case. However, the
difference of the phases can be observable, as is shown in
the next section.
Up to this point, we have assumed two-level qubits as the

DM detectors. However, the information of the DM phase

is also encoded in other types of DM detectors, such as
resonant cavities [37]. Therefore, if we can take the data
from the detectors quantummechanically, we can apply our
proposal to these detectors as well. As an example, we
discuss the case of the cavity detectors in the End Matter
Appendix A.
Measurement protocol—Now, we present our measure-

ment protocol to extract information about the DM wind
using quantum interference between two spatially sepa-
rated qubits. Let the qubits be positioned at x⃗1 and x⃗2,
separated by Δ⃗r ¼ x⃗2 − x⃗1. To account for spatial depend-
ence, we replace the random phase φ in the DM field with
φ − k⃗ · x⃗, where k⃗ ¼ mv⃗ is the DM wave vector. We
assume that Δv is so small that mΔvΔr ≪ 1 to ignore
the phase difference.
Suppose we initialize both qubits in the ground state

j00i. After τ, the state evolves to

ρðτÞ ≃ j00ih00j þ
�
ϵ2τ2

Z
d3vfðv⃗ÞF2

�
mðv2 − v̄2Þ

4
τ

�

×
�
j10i þ eik⃗·Δ⃗rj01i

��
h10j þ e−ik⃗·Δ⃗rh01j

��
: ð14Þ

As before, the phases are averaged, but the difference of the
phases, k⃗ · Δ⃗r, remains in the density matrix.
We first perform a projective measurement to select

events where exactly one qubit is excited without speci-
fying which one. The corresponding projection operator is

P1 ¼ j10ih10j þ j01ih01j: ð15Þ

The probability of this outcome is

p1 ¼ Tr½P1ρðτÞ� ≃ 2ϵ2τ2
Z

d3vfðv⃗ÞF2

�
mðv2 − v̄2Þ

4
τ

�
;

ð16Þ

which is twice as large as that of the single-qubit result. The
postmeasurement state is

ρ̃ðτÞ¼ P1ρðτÞP1

Tr½P1ρðτÞ�
≃
1

2

Z
d3vfðv⃗Þ

�
j10iþeik⃗·Δ⃗rj01i

��
h10jþe−ik⃗·Δ⃗rh01j

�
:

ð17Þ

Here, we neglected F by assuming mðv2 − v̄2Þτ=4 ≪ 1 for
relevant v.
To extract information about the DM wind, we measure

the following operator:

M ¼ −ij01ih10j þ ij10ih01j: ð18Þ
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(See the End Matter Appendix B for the quantum circuit
implementation.) The expectation value is

M̄ ¼ Tr½ρ̃ðτÞM� ¼ −
Z

d3vfðv⃗Þ sin 	mv⃗ · Δ⃗r


: ð19Þ

Since operators P1 andM are applied to the two qubits at a
distance, we need nonlocal gates to measure these observ-
ables. The state transfer over distance using quantum
teleportation also helps perform such operators.
We adopt the standard halo model for the DM velocity

distribution [38]:

fðv⃗Þ ∝ 1

π3=2v30
exp

�
−
½v⃗þ v⃗obsðtÞ�2

v20

�

× Θðvesc − jv⃗þ v⃗obsðtÞjÞ; ð20Þ
where v0 is the local standard of rest velocity, vesc is the
escape velocity, v⃗obsðtÞ ¼ v⃗0 þ v⃗⊙ þ v⃗⊕ðtÞ includes the
solar peculiar velocity v⃗⊙ and Earth’s orbital velocity
v⃗⊕ðtÞ, and ΘðxÞ is the Heaviside function.
Neglecting the escape velocity, the analytic expression

for M̄ is

M̄ ¼ exp

�
−
m2v20Δr2

4

�
sin
	
mv⃗obs · Δ⃗r



: ð21Þ

The sensitivity is maximized when the separation Δr is on
the order of the DM de Broglie wavelength, λ ¼ 2π=ðmv0Þ.
The direction of Δ⃗r determines the velocity component
being probed: parallel to v⃗0 to access the local standard of
rest velocity or perpendicular to capture the annual modu-
lation due to Earth’s motion.

The sensitivity to the ith component of v⃗obs is

δvobs;i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − M̄2

p
ffiffiffiffi
N

p
���� dM̄
dvobs;i

����−1; ð22Þ

where N is the number of measurements of M under the
constraint that the postselection with P1 is done [29]. This
expression assumes that N is sufficiently large [39].
So far, we have neglected quantum noise. To include it,

we consider depolarization noise acting on each qubit
independently before the measurements. This models
various noise types, including local noises such as envi-
ronmental noise and infidelities in the state transfer. The
state in Eq. (14) becomes

ρ0ðτÞ ≃ ρðτÞ þ c
2
ðj10ih10j þ j01ih01jÞ; ð23Þ

where c ≪ 1 is the depolarization rate. The probability for
P1 is now p0

1 ≃ p1 þ c, and the postselected state is

ρ̃0ðτÞ ¼ p1

p1 þ c
ρ̃ðτÞ þ c=2

p1 þ c
ðj10ih10j þ j01ih01jÞ: ð24Þ

The expectation value of M is suppressed:

M̄0 ≃
2ϵ2τ2

cþ 2ϵ2τ2
M̄: ð25Þ

Other noise types similarly reduce sensitivity.
Figure 1 illustrates the sensitivity of our protocol to the

DM wind. Here, we follow the conventions of Ref. [38],
expressing the quantities in the galactic rectangular

FIG. 1. Left: the blue solid (dotted) line shows the value of M̄ as a function of mv0Δr using numerical integration (analytic
approximation) (left axis). The dashed lines show the number of measurements needed to achieve v0=δv0 ¼ 3 (right axis). The orange,
green, and red lines correspond to the noise rate, c ¼ 0; 2ϵ2τ2, and 20ϵ2τ2, respectively. Right: the solid lines show the value of M̄ as a
function of θ, the angle between Δr, and the direction to the galactic center within the galactic plane (left axis). The blue (purple) line
corresponds to the case with (without) the annual modulation of the DM wind. The dashed lines show the number of measurements
needed to achieve vobs;x=δvobs;x ¼ 3 (right axis). The color means the same as the left figure. (See Ref. [40] for the dataset.)
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coordinates. In the left panel, we align Δ⃗rwith the direction
of v⃗0 (the y axis) and vary Δr. We ignore v⊙ and v⊕ðtÞ for
simplicity here. The analytic (solid) and numerical (dotted)
results for M̄ agree well. We therefore use the analytic
solution ignoring the escape velocity for the other
results. Dashed lines indicate the number of measurements
N3σ required for v0=δv0 ¼ 3. Optimizing Δr allows for
efficient DM wind detection with a manageable number of
measurements.
In the right panel, we setmΔr ¼ 1=v0 and vary the angle

θ between Δ⃗r and the direction to the galactic center (the x
axis) within the galactic plane (the x-y plane), choosing t to
maximize the x component of v⃗obsðtÞ. The blue (purple) line
shows M̄ with v⃗obs ¼ v⃗0 þ v⃗⊙ þ v⃗⊕ (v⃗obs ¼ v⃗0). Dashed
lines show N3σ for vobs;x=δvobs;x ¼ 3 for the blue line,
demonstrating sensitivity to the DM wind direction.
Both panels include the effect of depolarization noise: as

the noise rate c increases, more measurements are needed,
but the sensitivity to the DM wind is retained even for
c ≫ ϵ2τ2. While these results assume a fixed DM wind
direction, in practice, Earth’s rotation induces diurnal
modulation [9], which can be resolved with sufficient
measurement statistics.
Comparison with classical correlations—In the previous

section, we demonstrated that the DM wind can be
measured via quantum interference between qubits with
nonlocal operations. An alternative approach is using
classical correlations with local measurements [16]. Here,
we compare the two methods and show that our quantum
protocol with nonlocal operations offers superior sensitivity
for weak signals.
The local method using classical correlations considers

detectors measuring continuous DM field values. For weak
signals, the detector can be modeled as a single two-level
system, with field operators σx and σy. For a monochro-
matic DM field, hσxi and hσyi encode the DM amplitude
and phase. The DM wind information can be extracted
from the two-point correlation:

I≡Tr½σð1Þy σð2Þx ρðτÞ�≃2ϵ2τ2
Z

d3vfðv⃗Þsin	mv⃗ · Δ⃗r


; ð26Þ

where the superscripts at Pauli matrices denote the index of
the detectors. The two-point correlation is on the same
order as the quantum expectation value M̄ in Eq. (19),
taking into account that we postselect states to measure M̄.
The key difference lies in the measurement uncertainty.

For NI repetitions, the uncertainty in I is

δI ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tr

��
σð1Þy σð2Þx

�
2
ρðτÞ

�
− I2

s
ffiffiffiffiffiffi
NI

p ≃
1ffiffiffiffiffiffi
NI

p þOðϵ4τ4Þ: ð27Þ

The corresponding DM wind resolution is

δvðIÞobs;i ∼
ffiffiffiffi
N

p

ϵ2τ2
ffiffiffiffiffiffi
NI

p
�

1ffiffiffiffi
N

p
���� dM̄
dvobs;i

����−1
�
: ð28Þ

To match the sensitivity of the quantum protocol with
nonlocal operations, the local method with classical corre-
lation requiresNI ∼ ðϵτÞ−4N measurements, where N is the
number of postselected quantum measurements. Since the
postselection probability is p1 ≃ 2ϵ2τ2, the total number of
quantum measurements is NðtotalÞ ¼ N=p1. Thus, the ratio
of required measurements is

NI

NðtotalÞ ∼
1

ðϵτÞ2 : ð29Þ

Therefore, in the weak-field limit (jϵτj ≪ 1), our quantum
protocol requires far fewer measurements than the classical
correlation method for the same sensitivity.
This scaling persists even without postselection.

Measuring M directly, we have the expectation value
hMi ¼ p1M̄ and uncertainty δM ≃ ffiffiffiffiffi

p1

p
. Then,

δvðMÞ
obs;i ≃

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðϵτÞ2NM

p ���� dM̄
dvobs;i

����−1; ð30Þ

where NM is the number of measurements. Again, the
method to use classical correlation requires 1=ðϵ2τ2Þ times
more measurements. The essential advantage of our
approach stems from using the nonlocal operator M;M
directly accesses the phase difference induced by the DM
wind, which is nonlocal as well. Indeed, as is shown in the
End Matter Appendix C, the scaling of the uncertainty,
Eq. (30), in terms ofNM and ϵτ, is optimal as it saturates the
quantum Cramér-Rao bound [41].
Conclusion and discussion—In this Letter, we have

introduced a quantum protocol to measure the DM wind
using interference between spatially separated quantum
sensors. Our method enables simultaneous extraction of
both the DM interaction strength and the DM wind velocity
with each detection event. By optimizing the sensor
separation, the protocol can probe both the solar system’s
motion relative to the DM halo and the Earth’s orbital
velocity. We have shown that the approach remains robust
even in the presence of significant noise, and while we
focused on the standard halo model with the distribution,
Eq. (7), our method is adaptable to more complex DM
distributions. It is interesting to ask to what extent the DM
distribution can be reconstructed from the measurement
results. We leave this question to future work. The scanning
with various separations of qubit detectors could also help
gain information about the DM distribution.
Although we assumed identical qubits for simplicity, the

protocol is general: if each sensor has a different interaction
strength with the DM field, the measurement outcome is
simply rescaled, and the method remains valid. Even with
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systematic phase shifts or different detector types, as long
as the phase offset is stable, the DM wind information can
still be extracted.
Extending the protocol to more than two distant sensors,

which is considered a quantum sensing network [42–47],
offers further possibilities. For example, arranging sensors
in an array with uniform phase differences allows for
efficient phase estimation via quantum Fourier transform
(QFT) techniques [48]. Recent work suggests that entan-
glement and quantum computing can enhance sensitivity to
unknown-frequency signals such as DM [49]. The use of
techniques such as the QFT could open up another way to
use quantum computers for extracting additional informa-
tion. More sophisticated protocols, including those using
entangled states like GHZ (Greenberger-Horne-Zeilinger)
states [50–53], may further improve performance, though
they may well require more sophisticated measurement
strategies, such as Ref. [54], since the response of the GHZ
state to the DM is different [55]. We leave the exploration
of these directions to future work.
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End Matter

Appendix A: Cavity detector response to the DM field—
In the main text, we discuss the details of the response
of the qubit detector to the DM field. In this appendix,
as an example, we show that a similar response is
obtained from the cavity detector as well. For simplicity,
here, we consider monochromatic DM, while the
extension to the superposition of plane waves can be
performed similarly as in the main text.
The Hamiltonian of an electromagnetic field inside a

cavity in the second quantization picture is

H0 ¼ ωca†a; ðA1Þ
with the interaction between the DM field and the cavity
field given by

H1 ¼ 2ϵðaþ a†Þ cosðEtþ φÞ; ðA2Þ
where E ¼ mð1þ 1

2
v2Þ with m, v being the mass and

velocity of DM, respectively, and φ is the phase of the DM
field. The operators a; a† are the annihilation and creation
operators of cavity photons satisfying

½a; a†� ¼ 1; aj0ic ¼ 0; ðA3Þ
where j0ic is the vacuum state of the cavity. We denote the
interaction strength between this cavity mode and DM as ϵ,
which is proportional to the amplitude of the DM field. We
note that the form of the interaction given by Eq. (A2) is
obtained for the cavity haloscope experiments (see, e.g.,
Ref. [31]). When the interaction strength ϵ is small and we
focus on the Hilbert space of the two lowest-energy states
fj0ic; a†j0icg, one can see that the system is equivalent to
that of the qubit detector system interacting with DM.
Therefore, the same response should be expected.
Let us consider the situation where ωc ¼ E; the inter-

action Hamiltonian is given by

HI ¼ ϵðaeiφ þ a†e−iφÞ; ðA4Þ
where we have used the RWA. Then, assuming that the
initial state of the cavity is j0ic, we obtain the detector state
at time τ as

jψðτÞi ¼ T exp

�
−i
Z

τ

0

dtHI

�
j0ic ðA5Þ

≃j0ic − iϵτe−iφa†j0ic; ðA6Þ
where we assume a small interaction strength, i.e.,
jϵτj ≪ 1. The response is the same as that obtained with
the qubit detector, Eq. (5), as expected.
We also briefly comment on transferring the information

of the cavity state to a qubit degree of freedom for the
subsequent state transfer over distance or subsequent

measurements. Let us consider the Jaynes–Cummings
Hamiltonian [57] as the interaction between the cavity
and the qubit:

ΔH¼λðj0ih1je−iωqtþj1ih0jeiωqtÞðae−iωctþa†eiωctÞ; ðA7Þ

where λ is a constant and ωq is the (effective) qubit
frequency. The frequency ωq can be tuned, e.g., for
superconducting qubits, by applying an oscillating field
interacting with the qubit and inducing an AC Stark shift
[58,59]. For those equipped with a superconducting quan-
tum interference device (SQUID), the frequency can be
tuned by adjusting the external magnetic flux through the
SQUID loop [60]. When ωq is set to ωc, using RWA, we
obtain the interaction as

ΔH ≃ λðj0ih1ja† þ j1ih0jaÞ; ðA8Þ

which leads to the transition,

a†j0ic ⊗ j0i → j0ic ⊗ j1i: ðA9Þ

One might apply it to transfer the cavity state, Eq. (A6), to
the qubit state as

ðj0ic − iϵτe−iφa†j0icÞ ⊗ j0i → j0ic ⊗ ðj0i − iϵτe−iφj1iÞ:
ðA10Þ

Appendix B: Quantum circuits for the measurements—
In this appendix, we present the quantum circuits to
perform the measurements P1 and M described in the
main text. The circuits to perform the measurement P1

[Eq. (15)] and M [Eq. (18)] are given by Figs. 2 and 3,
respectively. For the convention of the quantum circuits
and gates, we follow Ref. [61].
In the following, we derive the state of the qubits after

passing through each circuit, demonstrating that the circuits
indeed perform the desired operations. The general state of
2 qubits with an ancilla qubit in the ground state can be
written as

jψi ¼ ðaj00i þ bj01i þ cj10i þ dj11iÞ ⊗ j0ian; ðB1Þ

with a, b, c, d being constants, and we have added the
subscript to the rightmost state to clarify that it is for the

FIG. 2. Quantum circuit for P1 measurement.
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ancilla qubit. First, consider passing it through the circuit
given by Fig. 2. There, we obtain the state before the
measurement of the ancilla qubit as

jψP1
i¼ ðaj00iþdj11iÞ⊗ j0ianþðbj01iþcj10iÞ⊗ j1ian;

ðB2Þ
giving the desired projection operator P1 when selecting
only the j1ian outcome of the measurement of the
ancilla qubit.
Next, let us consider the measurementM given by Fig. 3.

This circuit works asM measurement only when the state is
projected by P1. Thus, let us consider the general state with
a ¼ d ¼ 0. The final state before the measurement of the
ancilla qubit is

jψMi ¼
1ffiffiffi
2

p ðb− icÞj01i⊗ j0ianþ
1ffiffiffi
2

p ðbþ icÞj01i⊗ j1ian:

ðB3Þ
Wemay assignM ¼ þ1 for the j0ian outcome andM ¼ −1
for the j1ian outcome, respectively.

Appendix C: Quantum and classical Fisher
information for the DM wind measurement—In this
appendix, we derive the quantum Fisher information
(QFI) for the DM wind measurement, which gives the
quantum Cramér-Rao bound (QCRB) for the uncertainty
of the DM wind velocity. We show that Eq. (30)
saturates the QCRB in terms of the number of
measurements and the interaction strength. We also
calculate the classical Fisher information for the separate
measurement of each qubit and show that it is smaller
than the QFI by a factor of ϵ2τ2.
First, let us ignore the escape velocity for the DM

velocity distribution and ignore FðxÞ in Eq. (14) for
simplicity. The density matrix can be written as

ρðτÞ ¼ j00ih00j þ ϵ2τ2
h
j10ih10j þ j01ih01j

þ e−Δ0ðe−iθj01ih10j þ eiθj10ih01jÞ
i
; ðC1Þ

where Δ0 ¼ 1
4
m2v20Δr2 and θ ¼ mv⃗obs · Δ⃗r. This state can

be rewritten as

ρðτÞ ¼ j00ih00j þ pþjψþihψþj þ p−jψ−ihψ−j; ðC2Þ

where

p� ¼ ϵ2τ2ð1� e−Δ0Þ; ðC3Þ

jψ�i ¼
1ffiffiffi
2

p ðj10i � e−iθj01iÞ: ðC4Þ

Using this decomposition, we can calculate the QFI for the
parameter vobs;i as

FQ ¼ 2
X
i;j¼�

jhψ ij∂vobs;iρðτÞjψ jij2
pi þ pj

∼ ϵ2τ2: ðC5Þ

For NM measurements, the uncertainty of vobs;i is given by
the QCRB as

δvobs;i ≥
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

FQNM
p ∼

1

ϵτ
ffiffiffiffiffiffiffi
NM

p : ðC6Þ

Indeed, Eq. (30) gives the same scaling in terms of NM
and ϵτ.
Next, let us consider the classical Fisher information for

the separate measurement of each qubit. Using the detector
state, Eq. (10), the probability of obtaining the outcome
sa ¼ 0, 1 when measuring σa (a ¼ x; y) is

PðsxÞ¼
1

2
− ð−1Þsxϵτ

X
i

αi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fðv⃗iÞΔv3

2

r
sinðδiþ φ̃iÞ; ðC7Þ

PðsyÞ¼
1

2
− ð−1Þsyϵτ

X
i

αi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fðv⃗iÞΔv3

2

r
cosðδiþ φ̃iÞ; ðC8Þ

where we drop FðδiÞ by assuming jδij ≪ 1 for relevant vi.

The probability of obtaining the outcome ðsð1Þx ; sð2Þy Þ when
measuring σð1Þx and σð2Þy is

Pðsð1Þx ; sð2Þy Þ ¼
X
αi

Z  Y
ϕi

dϕi

2π

!
Pðsð1Þx ÞPðsð2Þy Þ

≃
1

4
− ð−1Þsð1Þx þsð2Þy

ϵ2τ2

2
M̄; ðC9Þ

where we retain terms up to ϵ2τ2. The classical Fisher
information for vobs;i is

FC ¼
X

sð1Þx ;sð2Þy

���∂vobs;iPðsð1Þx ; sð2Þy Þ
���2

Pðsð1Þx ; sð2Þy Þ
∼ ϵ4τ4: ðC10Þ

Indeed, the information obtained by the separate measure-
ment of each qubit is smaller than the QFI, which is the
information obtained by our protocol, by a factor of ϵ2τ2.

FIG. 3. Quantum circuit for M measurement.
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