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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
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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 |0) and
|1). The Hamiltonian is

HOZ_EJD (1)

where o is the energy splitting and o; is the ith Pauli matrix.
The interaction with the DM field is modeled as

Hy = 210,®(), )

with the coupling # and the DM field ®(7). For a
monochromatic DM field,

D(1) = Dy cos(Et + @), (3)
with E = m(1 + v?/2) being the DM energy, m being the
DM mass, v being its velocity, @, being the amplitude, and
@ being the phase.

Assuming the detector is tuned (w = E), by the rotating
wave approximation (RWA), the interaction Hamiltonian in
the interaction picture becomes

H; = ¢€(o,cosp —o,sing), (4)

where € = 5n®,. Starting from |0), after time 7 the state
evolves to

lw (7)) = |0) — ieze™[1), (5)

for |ez| < 1. The probability of finding the qubit in |1) is

= (1w (2))]? = (e2)?, (6)

which allows for measurement of the DM interaction
strength e.

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:

) Npwm 2
0 Zcos[m(l—k%’)t—k(p,], (7)

NDM i=1

D(1) =

where Npy, is the number of DM particles that make up the
DM field, v; is the velocity of the ith DM particle, and ¢; is
the phase of the ith DM particle. Let the time we measure
the DM field be 7. For such Av that mv;Avr < 1, the
oscillation frequencies of the DM field with velocity v
satisfying |v — v;| < Av are almost the same, and we can
add them up:

i 2, (1)l
cos|m|1+-=)t+ @,
Nom v—;Av 2

=d > a \/—T;l_Tcos[ < >t+rp,], (8)

direction

where «a; is a random variable obeying the Rayleigh
distribution, P(a;) = a;e™%/2, f(7;) is the distribution
function of the DM velocity, and @, is a random variable
uniformly distributed in the range [0, 27). 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
m[1 + (7%/2)], where 7 is the average speed of the DM,
we can again use the RWA, and the interaction Hamiltonian
is now
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A’ Av?
H,; —GZC( ; v [o-xcos<mzvl t—l—{o,)
Av?
—aysin<m20’ t+q~0,->], 9)

where Av? = v? — %, Then, the state of the detector
after 7 is

ly (7))~ —IGTZa\/f(U —i0EPIF(5,)[1), (10)

where F(x) = (sinx/x) and §; = (mAv?/4)r. The proba-
bility of the detector being |1) is given by

p = @ e rzzazf BAY sy ()

We have used the fact that the random phases @; are
uncorrelated, and the cross terms with i # j average to zero.
Taking the average over the random amplitude «;, we
obtain (p) ~€%7%, where we assume that mo°z < 1 and
F(x)~1, and we have used the fact that the distribution
function f(7) is normalized, [d®vf(¥) = 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 ¢; 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 |y (7)), given by

o= [ ([I52)vomov@. a2

1

where U(t) = Texp [—i [{ dtH ()] depends on the ran-
dom phases ¢;. Again, we can take the partial sum over the
DM velocities v;, rewriting the integration over ¢; in terms
of a; and @;. Performing the integration, we obtain

m(v? — 7?
p(r)z|0><0|+€272/d31)f(17)F2<¥7>|1)<1.
(13)

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

pr) =

is also encoded in other types of DM detectors, such as
resonant cavities [37]. Therefore, if we can take the data
from the detectors quantum mechanically, 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 X; and X,,

separated by Ar = ¥, — X,. To account for spatial depend-
ence, we replace the random phase ¢ in the DM field with

Q- k- X, where k=m7 is the DM wave vector. We
assume that Av is so small that mAvAr < 1 to ignore
the phase difference.

Suppose we initialize both qubits in the ground state
|00). After 7, the state evolves to

p(7) = [00) (00| + [6212 / Bof(7)F? (MT)

x (|1o> + eﬂ?&r|01>) (<10| + e_”?'&’<01|)} (14)

As before, the phases are averaged, but the difference of the

phases, k- Kr, 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

P, = [10)(10] + 01){01]. (15)

The probability of this outcome is

p1 = Tr[Pp(7)] 226212/d3vf(17)F2 (MT),
(16)

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

Pip(r)P,
Tr[Pp(7)]
1

zz/d%fuaﬁu»+e£&mn)(um+e4@9m1)

(17)

Here, we neglected F by assuming m(v? — 9?)7/4 < 1 for
relevant v.

To extract information about the DM wind, we measure
the following operator:

M = —i[01)(10] + i|10)(01]. (18)
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FIG. 1. Left: the blue solid (dotted) line shows the value of M as a function of mvyAr using numerical integration (analytic
approximation) (left axis). The dashed lines show the number of measurements needed to achieve vy/8vy = 3 (right axis). The orange,
green, and red lines correspond to the noise rate, ¢ = 0, 2e>72, and 20e72, respectively. Right: the solid lines show the value of M as a
function of 6, the angle between Ar, 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 s /SVopsc = 3 (right axis). The color means the same as the left figure. (See Ref. [40] for the dataset.)

(See the End Matter Appendix B for the quantum circuit
implementation.) The expectation value is

M = Te[p(e)M] = — / Pof(F)sin (mi - Ar).  (19)

Since operators P, and M 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]:

B, 1 Vobs
f(¥) ﬂ3/21)(3) exp [_ [0+ 1;(2;) (1)] ]

X ®(Uesc - |17 + Eobs(t)

): (20)

where v, is the local standard of rest velocity, v, is the
escape velocity, Ug(f) = U + U + Ug(f) includes the
solar peculiar velocity ¥, and Earth’s orbital velocity
Ug(1), and O(x) is the Heaviside function.

Neglecting the escape velocity, the analytic expression
for M is

_ ( m?v3Ar?
M=exp|-——

The sensitivity is maximized when the separation Ar is on
the order of the DM de Broglie wavelength, A = 2z/(muy).

The direction of Ar determines the velocity component
being probed: parallel to 7, to access the local standard of
rest velocity or perpendicular to capture the annual modu-
lation due to Earth’s motion.

> sin (m7p - &r) (21)

The sensitivity to the ith component of 7, is

S VI=I| dit | o)
Vgbs.i = ,
oot \/N dvobs.i

where N is the number of measurements of M under the
constraint that the postselection with P 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

p'(e) = p(z) +5 (110)(10] + o1y (o1]),  (23)

where ¢ <« 1 is the depolarization rate. The probability for
Py is now p/ ~ p; + ¢, and the postselected state is

~ P c/2
T) = 7)+ 10)(10| +|01)(01]). (24
70 =P + L (110010 + fony o1, (24)
The expectation value of M is suppressed:
_ 2e?77
M~— M. 25
¢+ 2e*7? (25)

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
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coordinates. In the left panel, we align Ar with the direction
of ¥ (the y axis) and vary Ar. We ignore vg and vg(t) for
simplicity here. The analytic (solid) and numerical (dotted)
results for M agree well. We therefore use the analytic
solution ignoring the escape velocity for the other
results. Dashed lines indicate the number of measurements
N3, required for vy/dvy = 3. Optimizing Ar allows for
efficient DM wind detection with a manageable number of
measurements.

In the right panel, we set mAr = 1/v, and vary the angle

0 between Ar and the direction to the galactic center (the x
axis) within the galactic plane (the x-y plane), choosing  to
maximize the x component of ¥, (7). The blue (purple) line
shows M with Dy, = U + U + Ug (Ugps = Up). Dashed
lines show N3, for vgps./0Vonsx = 3 for the blue line,
demonstrating sensitivity to the DM wind direction.

Both panels include the effect of depolarization noise: as
the noise rate ¢ increases, more measurements are needed,
but the sensitivity to the DM wind is retained even for
¢ > €*7?. 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 6, and o,. For a monochro-
matic DM field, (o,) and (o,) encode the DM amplitude
and phase. The DM wind information can be extracted
from the two-point correlation:

IETI‘[6§;1)6)(52>p(T)]22€272/d3’[1f<’l7)8i1’1(m17' Aﬁr), (26)

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 M in Eq. (19),
taking into account that we postselect states to measure M.

The key difference lies in the measurement uncertainty.
For N, repetitions, the uncertainty in / is

\/TrRoysl)of))zp(r)} -r
51 = L0, (27)
VN, VN,

The corresponding DM wind resolution is

-1
I
5”213)&,1' N RN ) : (28)

To match the sensitivity of the quantum protocol with
nonlocal operations, the local method with classical corre-
lation requires N; ~ (er)~*N measurements, where N is the
number of postselected quantum measurements. Since the
postselection probability is p, ~ 2272, the total number of
quantum measurements is N(©?) = N/p,. Thus, the ratio
of required measurements is

N d”obs,i

\/ﬁ<1 am

N, 1
N(total) (6’[)2 '

(29)

Therefore, in the weak-field limit (Jezr| < 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
(M) = p;M and uncertainty §M =~ ,/py. Then,

-1

soM) ~ , (30)

obs,i

1 ‘ dm
(€T)ZNM

dvobs,i

where Ny, is the number of measurements. Again, the
method to use classical correlation requires 1/(e?z?) 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 of N, and ez, 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

Hy=w.a'a, (A1)
with the interaction between the DM field and the cavity
field given by

H, =2¢(a+ a')cos(Et + ¢), (A2)
where E = m(1 + % v?) with m, v being the mass and
velocity of DM, respectively, and ¢ is the phase of the DM
field. The operators a, a’ are the annihilation and creation
operators of cavity photons satisfying
[a,a’] =1, al0),. =0, (A3)
where |0),. is the vacuum state of the cavity. We denote the
interaction strength between this cavity mode and DM as e,
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 € is small and we
focus on the Hilbert space of the two lowest-energy states
{|0).,a"|0),}, 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 @, = E; the inter-
action Hamiltonian is given by
H; =e(ae +a'e?), (A4)
where we have used the RWA. Then, assuming that the
initial state of the cavity is |0),., we obtain the detector state
at time 7 as

(o) =Tewp|-i [“arm |0, (a9

~|0), — iete=?a’|0),, (A6)
where we assume a small interaction strength, i.e.,
ler] << 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:

AH=2(|0)(1|e~™@! 4 |1)(0]e*") (ae~ ™! +-a'e>"), (AT)

where 1 is a constant and @, is the (effective) qubit
frequency. The frequency w, 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 wq is set to w,, using RWA, we
obtain the interaction as

AHz/l(|O>(1|a*+ [1)(0]a), (A8)
which leads to the transition,
a*|0), ® |0) - [0). ® [1). (A9)

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

(10), — ieze=?a’|0),) ® [0) — [0), ® (|0) — iere™"|1)).
(A10)

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

lw) = (al00) + b|01) + ¢[10) +d[11)) ® [0),,. (B1)
with a, b, ¢, d being constants, and we have added the
subscript to the rightmost state to clarify that it is for the

qubit 1 —¢————
qubit 2
ancilla, |0) &o— A

FIG. 2. Quantum circuit for P; measurement.
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qubit 1 v
qubit 2 .,

ancilla, |0) @ st
FIG. 3. Quantum circuit for M measurement.

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

we,) = (al00) +d[11)) ® |0),, + (b|01) +¢[10)) @ 1),

(B2)

giving the desired projection operator P; when selecting
only the |1),, outcome of the measurement of the
ancilla qubit.

Next, let us consider the measurement M given by Fig. 3.
This circuit works as M measurement only when the state is
projected by P;. Thus, let us consider the general state with
a = d = 0. The final state before the measurement of the
ancilla qubit is

L b +io)on) @ 1),

1 .
(b—1ic)|01) ® |0),, +ﬁ

|‘//M> :\ﬁ

(B3)
We may assign M = +1 for the |0),, outcome and M = —1
for the |1),, 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 €*7?

First, let us ignore the escape velocity for the DM
velocity distribution and ignore F(x) in Eq. (14) for
simplicity. The density matrix can be written as

p(7) = |00)(00] + €222 [|10><10| +101)(01]

+e‘A0(e_i9|01>(10|+ei9|10>(01|)}, (C1)

where Ay = {m*03Ar* and 0 = mi, - Ar. This state can
be rewritten as

p(7) = 100)(00| + pw ) {yi| + p_lw_)(w_|, (C2)

where

py = 22(1 £ e™0), (C3)

1
lys) = \ﬁ(|10> +

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

Fom 22 (Wil P

— pi+pj

e~9101)). (C4)

(©l)P ~et. (C5)

For N, measurements, the uncertainty of v, ; is given by
the QCRB as

1 1
W/FQNM €T\/NM‘

Indeed, Eq. (30) gives the same scaling in terms of N,
and er.

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
s, = 0, 1 when measuring o, (a = x,y) is

5Uobs i = (C6)

;) Av?
Pls) =5~ (-1ery [P A (s, 4.3). ()
P(s_):—— \erZa, 17’ 3cos(6 +@;). (C8)

where we drop F(6;) by assuming |§;| < 1 for relevant v;.

The probability of obtaining the outcome (sg), s§?>) when

() 2)

measuring o, ' and oy’ is
P(st s Z/( ) (s¢hP(s?)
1 W, @ €27’
o (1) —M, Cc9
G- oS (c9)

where we retain terms up to €>72. The classical Fisher

information for v, ; is

(1) (2)) 2

Dobs.i P(Sx ’ Sy

N (0 P(st. s

~e*tt. (C10)

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 e’7?
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