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Entanglement-enhanced optomechanical 
sensing

Yi Xia    1,2  , Aman R. Agrawal    1, Christian M. Pluchar    1, Anthony J. Brady3, 
Zhen Liu    4, Quntao Zhuang    1,3,5, Dalziel J. Wilson1 & Zheshen Zhang    1,2,3,6 

Optomechanical systems have been exploited in ultrasensitive 
measurements of force, acceleration and magnetic fields. The fundamental 
limits for optomechanical sensing have been extensively studied and now 
well understood—the intrinsic uncertainties of the bosonic optical and 
mechanical modes, together with backaction noise arising from interactions 
between the two, dictate the standard quantum limit. Advanced techniques 
based on non-classical probes, in situ ponderomotive squeezed light and 
backaction-evading measurements have been developed to overcome 
the standard quantum limit for individual optomechanical sensors. An 
alternative, conceptually simpler approach to enhance optomechanical 
sensing rests on joint measurements taken by multiple sensors. In this 
configuration, a pathway to overcome the fundamental limits in joint 
measurements has not been explored. Here we demonstrate that joint force 
measurements taken with entangled probes on multiple optomechanical 
sensors can improve the bandwidth in the thermal-noise-dominant regime 
or the sensitivity in the shot-noise-dominant regime. Moreover, we quantify 
the overall performance of entangled probes with the sensitivity–bandwidth 
product and observe a 25% increase compared with that of classical probes. 
The demonstrated entanglement-enhanced optomechanical sensors 
would enable new capabilities for inertial navigation, acoustic imaging and 
searches for new physics.

Optomechanical sensors1,2 have garnered substantial interest owing 
to their high sensitivity in the measurements of force3, acceleration4 
and magnetic fields5; immunity to electromagnetic interference; and 
a small footprint3,4. As extensively studied in the field of cavity opto-
mechanics6, the superior performance of optomechanical sensors 
stems from their low-noise readout mechanism based on the paramet-
ric coupling of an optical field and a mechanical oscillator. In cavity 
optomechanical sensors, a probe field is coupled into an optical cavity 
where a mechanical oscillator resides. Physical displacement of the 

mechanical oscillator shifts the cavity’s resonant frequency, which, 
in turn, shifts the phase of the field leaving the cavity. The sensitivity 
of the displacement measurement is typically bounded by the stand-
ard quantum limit (SQL) dictated by two fundamental noise sources 
including imprecision noise, also known as the shot noise owing to the 
photon-number fluctuations in the probe, and backaction noise arising 
from the interaction between the radiation-pressure shot noise and 
the mechanical oscillator7–9. Several techniques have been developed 
in recent years to improve the sensitivity of individual optomechanical 
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by multiple sensors to achieve—in an ideal situation—a more favourable 
Heisenberg scaling of 1/M for the joint measurement sensitivity31–34. 
Recent distributed quantum sensing experiments have demonstrated 
that entangled sensors outperform separable sensors in estimating 
global parameters such as the average optical phase shifts35–37 and 
radio-frequency phase gradients38. To date, entanglement-enhanced 
optomechanical sensing has not been explored, to the best of our knowl-
edge. In this work, we take a critical step to surpass the SQL scaling for 
arrayed optomechanical sensors by verifying that entangled probes 
improve joint force measurements with two mechanical membranes. 
We observe that entangled probes reduce the joint noise floor by 
2.0 ± 0.2 dB, leading to a 40% improvement in force sensitivity in the 
shot-noise-dominant regime. In addition, entangled probes also extend 
the frequency range over which thermal noise is dominant, thus enhanc-
ing the sensor bandwidth by 20%. We further quantify the joint sensitiv-
ity and bandwidth with respect to the resonant frequency difference. 
We assess the overall performance of joint force detection using the 
sensitivity–bandwidth product (SBP) as a figure of merit. Finally, we 
investigate joint force sensing of two incoherent forces, demonstrating 
that entangled probes can shorten the integration time by 60% (limited 
by 2 dB squeezing in the imprecision noise limit) and improve the sens-
ing bandwidth by 20% in the thermal noise limit, accelerating the spec-
tral scanning rate in searches for unknown signals.

sensors. To combat imprecision noise, probes carrying squeezed 
light have been employed in advanced LIGO10 and Virgo11 detectors to 
enable a 3 dB sensitivity improvement, as well as in optomechanical 
magnetometry to enhance the sensitivity and bandwidth in detecting 
magnetic fields12. Alternatively, backaction-evading measurements, 
quantum non-demolition measurements and imprecision-backaction 
correlations provide a route to beating the SQL. These approaches  
have been implemented in cavity optomechanics using two-tone driv-
ing13,14, negative-mass oscillators15–17 and the intrinsic optomechanical 
Kerr nonlinearity18–21.

Apart from these intriguing advances in optomechanical measure-
ment techniques with a single sensor, a parallel route to enhance opto-
mechanical measurements builds on increasing the number of sensors. 
Per the central limit theorem, averaging the measurement outcomes 
of M identical and independent sensors reduces the statistical uncer-
tainty by a factor of 1/√M. As such, a large number of sensors can boost 
the measurement sensitivity in detecting a common signal, a scenario 
pertinent to a wide range of sensing tasks from earthquake-warning 
systems22 to dark-matter searches23–27.

Quantum metrology harnesses non-classical resources, for exam-
ple, entanglement28,29, to outperform the 1/√M factor of joint measure-
ments, also known as the SQL scaling30. Distributed quantum sensing 
is a quantum metrology paradigm that leverages entanglement shared 
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Fig. 1 | Experimental scheme and measurement power spectra. a, Experimental 
setup. BS, beamsplitter; PBS, polarizing beamsplitter; QWP, quarter-wave plate.  
b, Normalized PSDs of the individual homodyne measurement for the displace
ment of each membrane using entangled probes. Individual shot-noise PSD  

(grey line) is normalized to unity. c, Normalized PSD of joint homodyne 
measurement for the displacements of both membranes. Joint shot-noise PSD 
(grey line) is normalized to 3 dB. The circles mark the delta peaks. The resolution 
bandwidth is 10 Hz (Methods describe the measurements and data processing).

http://www.nature.com/naturephotonics


Nature Photonics

Article https://doi.org/10.1038/s41566-023-01178-0

Experimental implementation
The workhorse for entanglement-enhanced optomechanical sensing 
is squeezed light that is split into multiple arms to create entangled 
probes. The quantum advantage of this approach over separable clas-
sical probes stems from the correlated shot noise across the entan-
gled probes, in the same vein as the recent entangled sensor network 
experiments35,38. Figure 1a sketches the experimental setup. The probes 
couple to two separate optomechanical sensors, each comprising 
a 100 × 100 μm2 Si3N4 membrane with reflectively R ≈ 11.5% atop a 
high-reflectivity (R > 99.9%) mirror, forming an optical cavity with a 
finesse of ~3. Each membrane supports a set of high-Q drum modes 
with an effective mass of 6.75 × 10−13 kg at resonant frequencies of a 
few megahertz. We study sensing with the first higher-order mode 
of the two membranes at Ω1/2π ≈ 5.953 MHz and Ω2/2π ≈ 5.955 MHz, 
with damping rates of Γ1/2π ≈ 200 Hz and Γ2/2π ≈ 260 Hz. Homodyne 
measurements of the phase quadratures of the output probes from 
each cavity yield spectral amplitudes of

̂Y
(i)
out(ω) = ̂Y

(i)
in (ω) + αiβiχi(ω) [ ̂F

(i)
th (ω) + ̂F

(i)
sig(ω)] , (1)

where i ∈ {1, 2} is the sensor index, ̂Y
(i)
in (ω) is the phase quadrature of the 

input probe, α2
i  is the mean photon number of each input probe (we 

assume αi to be real for simplicity), βi = 4√2Gi/κi is the optomechani-
cal transduction efficiency, Gi is the parametric coupling between the 
cavity’s resonant frequency and mechanical oscillator position, κi is 
the cavity decay rate, χi(ω) =

1/meff

Ω
2
i −ω2+iωΓi

 is the mechanical susceptibil-

ity, meff is the effective mass, ̂F
(i)
th (ω)  is the spectral amplitude of the 

thermal force and ̂F
(i)
sig(ω) is the spectral amplitude of the force signal 

(backaction noise is negligible in our current system owing to the  
low cavity finesse). The estimation of the average force at the two sen-
sors of nearly equal optomechanical transduction efficiencies 
(β1 ≈ β2 = β) is carried out using near-optimal entangled probes gener-
ated by evenly splitting the squeezed light into two arms35,38 
(α1 = α2 = αc/√2), where α2

c is the mean photon number at the carrier 
wavelength of squeezed light. To achieve optimal performance, the 
frequency-dependent entangled state needs to be engineered accord-
ing to the force transduction efficiencies at each sensor over the entire 
sensing bandwidth (Supplementary Section IC), similar to 
frequency-dependent squeezed light39,40. The impacts of loss and  
detector inefficiency are accounted for in the first term of equation (1) 
(Supplementary Section IB).

Results
To capture the physics behind entanglement-enhanced optomechan-
ical sensing, we plot the power spectral densities (PSDs), namely, 

SY(1)outY
(1)
out
(ω)  (blue) and SY(2)outY

(2)
out
(ω)  (red), of the homodyne measure-

ments for membrane displacements (Fig. 1b) normalized to the 
shot-noise level (SNL) represented by the grey line at unity (Supple-
mentary Section I provides the definition of the PSD). The imprecision 
noise floor of each sensor is ~1 dB below the SNL, whereas the measured 
squeezing level from the source is ~4 dB below the SNL38 (Supplemen-
tary Section III provides the loss contributions). The spectra also show 
a thermal-noise-dominant band in the vicinity of the mechanical reso-
nant frequencies, manifested as two broad peaks. The radiation-pressure 
test forces on the membranes are created by an auxiliary 
amplitude-modulated 775 nm laser, yielding two delta peaks that are 
2.80 and 8.36 dB above the SNL (Fig. 1b, circles). The signal-to-noise 
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Fig. 2 | Entanglement-enhanced versus classical optomechanical sensing. 
a,d, Normalized joint PSDs of homodyne measurements for displacements. Joint 
shot noise is normalized to unity. b,e, Joint force noise at 50 μW probe power. c,f, 
Joint minimum force noise (solid lines) and bandwidth (dashed lines) at different 
probe power levels. Filled dots, minimum force noise; open dots, bandwidth; 
stars, fitted from force noise in b and e. Resonant frequency difference, 1,422 Hz 

(a–c) and 262 Hz (d–f). In all the figures, entangled probes are indicated in red; 
classical probes, black; experimental data, dots; theoretical data, curves. The 
error bars indicate systematic errors that account for drifting in frequency 
difference and optomechanical coupling. Statistical errors are negligible 
compared with systematic errors (Methods). The resolution bandwidth is 20 Hz.
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ratio at each sensor is slightly improved due to the residue single-mode 
squeezing in each probe. Figure 1c draws the joint homodyne PSD 
SY(joint)out Y(joint)out

 obtained by adding the homodyne measurement records 
from both sensors, showing a more substantial signal-to-noise ratio 
advantage for the entangled probes. The signals coherently add to 
11.5 dB, whereas the joint imprecision noise floor increases to 1.0 dB 
for entangled probes, compared with the anticipated 3.0 dB for clas-
sical probes. Notably, this 2 dB noise reduction implies a joint sensitiv-
ity improvement beyond the 1/√M  SQL scaling—beneficial for 
broadband, shot-noise-limited distributed force-sensing applications, 
such as accelerometer arrays.

Entanglement-enhanced measurement sensitivity
We next investigate the performance of average force estimation 
̄F = (F(1) + F(2))/2  based on entangled or classical probes interrogating 

two mechanical sensors with a large resonant frequency difference 
(1,422 Hz). Figure 2a shows the joint homodyne PSDs for the two  
cases with the joint SNL normalized to unity. The noise peaks in  
the vicinity of the mechanical resonant frequencies are of equal mag-
nitude for the entangled and classical probes due to the dominant 
thermal noise in this region. Nonetheless, the entangled probes  
reduce the off-resonant imprecision noise floor from the SNL by 2 dB. 
To characterize the advantage this offers to force sensing, Fig. 2b  
shows the joint force noise √S ̄F ̄F  derived by rescaling the individual 

output-phase quadratures: ̂F
(i)
= ̂Y

(i)
out(ω)/(αiβi|χi(ω)|)  and adding 

them together (Supplementary Section I). The minimum force-noise 

PSDs S ̄Fmin ̄Fmin  associated with the classical probes (Fig. 2, black) 

is achieved at ωmin =
1
2√−Γ 2

1 − Γ
2
2 + 2(Ω2

1 +Ω
2
2 ) ≈

Ω1+Ω2

2
≡ Ω̄ in the 

shot-noise-dominant region between the two resonant frequencies. 
The two mechanical susceptibilities coincide near Ω̄ as |χ1(Ω̄)| = |χ2(Ω̄)|. 
The entangled probes (Fig. 2, red) reduce the force noise by 20%. 

In Fig. 2c, we plot the minimum force noise √S ̄Fmin ̄Fmin  (filled dots) for 

the entangled (red) and classical (black) probes at different power 
levels and the solid lines denote theoretical predictions. The minimum 
force-noise PSD is approximated by

S ̄Fmin ̄Fmin ≈
m2

eff

β2α2
c
Ω̄

2( ̄Γ 2 + ΔΩ2)SY0Y0 + S ̄Fth ̄Fth (2)

in the limit of ∣Ω1 − Ω2∣ and Γ1, Γ2 ≪ Ω1, Ω2, where SY0Y0 = V/2 with V = 1.00 
for coherent states and V ≈ 0.63 for the entangled state with the 

measured 2 dB squeezing and ̄Γ = √(Γ 2
1 + Γ

2
2 )/2. Here ΔΩ = Ω1 − Ω2 is 

the resonant frequency difference. The minimum force noise scales 
as 1/αc until thermal noise becomes comparable with imprecision noise. 
We define the peak sensitivity as 𝒮𝒮 = 1/S ̄Fmin ̄Fmin. The entangled probes 
offer an improvement in sensitivity by reducing the imprecision noise 
floor below the SNL by 2 dB.

In Fig. 2d, we plot the joint homodyne PSDs of two sensors  
with a small resonant frequency difference (262 Hz) interrogated  
by entangled (red) or classical (black) probes, each with  
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Fig. 3 | Sensitivity and bandwidth reconfigured by resonant frequency 
difference. a,b, Normalized PSD of joint homodyne measurement (a) and joint 
force sensitivities based on entangled probes at 50 μW power (b). The blue, red, 
purple and yellow curves correspond to resonant frequency differences of 
–1,422, 262, 1,339 and 2,641 Hz. Shaded plane, SNL. c,d, Sensitivity (c) and 
bandwidth ℬ3dB/2π  (d) at various resonant frequency differences for entangled 

(red), classical (black) and optimal entangled (blue) probes with 50 μW power. 
Circles, experimental data; solid lines, theoretical data; dashed lines, single 
classical sensor. The error bars indicate systematic errors that account for 
drifting in frequency difference and optomechanical coupling. Statistical errors 
are negligible compared with systematic errors (Methods).
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50 μW power. Figure 2e shows that the dominant thermal noise 

√S ̄Fth ̄Fth =√(SF(1)th F(1)th
+ SF(2)th F(2)th

)/2  around the resonant frequencies 

limits the peak force sensitivity for the joint force measurements with 

entangled and classical probes, where √SF(i)th F(i)th
= √2ΓimeffkBT   

≈ 10–15 N Hz–1/2 is the thermal noise at each sensor. Figure 2f shows  
the minimum force noise (filled dots) at different probe power levels. 
The sensitivities for both entangled and classical probes converge to the 
thermal noise limit as the probe power increases. However, the entangled 
probes can improve the sensing bandwidth, as elaborated later.

Entanglement-enhanced measurement bandwidth
The response of a mechanical oscillator to external stimuli is enhanced 
by its quality (Q) factor, which boosts the transduction efficiency 
around the resonant frequency. Due to coupling to the thermal bath, 
the force sensitivity of a single sensor is limited by the thermal noise 
that inversely scales as the Q-to-mass ratio. Recent developments in 
ultrahigh-Q mechanical resonators has enabled dramatic improve-
ments in force sensitivity at the cost of a narrow sensitivity band-
width41–45. By contrast, joint measurements undertaken by M identical 
mechanical sensors with homogeneous resonant frequencies can 
improve force sensitivity by the SQL scaling of 1/√M  and maintain a 
bandwidth similar to that of a single sensor. Entangled probes can, 
moreover, increase the sensing bandwidth of sensor arrays, in analogy 
to recent demonstrations of squeezed-light-enhanced bandwidths for 
a microwave cavity sensor46,47 and an optomechanical magnetometer12.

As shown in Fig. 2e, it is evident that the bandwidth for entangled 
probes (red) is broadened compared with that for classical probes 
(black). To quantify the bandwidth improvement by entangled probes, 
we define the 3 dB sensing bandwidth as ℬ3dB ≡ ω3dB+ − ω3dB− , the 
width of the frequency band over which the force noise power is within 
a factor of 2 of the minimum, that is, S ̄F ̄F(ω3dB±) = 2S ̄Fmin ̄Fmin. Figure 2f 
shows the 3 dB sensing bandwidths (open dots) at different probe 
power levels and the dashed lines correspond to theoretical predic-
tions. The bandwidth approximately scales as αc in the 
thermal-noise-dominated regime and the entangled probes maintain 
a 20% sensing bandwidth improvement. At large resonant frequency 
differences (Fig. 2c), the bandwidth is predominantly determined by 
the resonant frequency difference (1,422 Hz) and marginally increases 
with the probe power. The bandwidth for the entangled probes is worse 
than that of the classical probes because the entangled state around 

the resonant frequencies is not optimized to account for the large 
disparity in mechanical transduction efficiencies of the two sensors. 
Frequency-dependent entangled states are required to fully exploit 
the advantage of quantum correlations.

Sensitivity-bandwidth product
The previous two sets of data illustrate that sensors with a large  
resonant frequency difference enjoy a larger measurement band-
width, and their sensitivity minimum can be enhanced by entangled 
probes. Conversely, sensors with a small resonant frequency differ-
ence possess higher sensitivity, whereas entangled probes can 
increase the measurement bandwidth. To highlight this feature, we 
first display (Fig. 3a) the homodyne PSDs acquired by entangled 
probes with 50 μW power at four resonant frequency differences. 
Figure 3b then visualizes the dependence of force noise and band-
width on the resonant frequency difference. Figure 3c,d depicts the 
minimum force noise and 3 dB bandwidths associated with the entan-
gled (red lines) and classical (black lines) probes at different frequency 
differences, showing good agreement between theory and experi-
ment. The bandwidth with entangled light approaches the perfor-
mance of the optimal entangled state (Fig. 3d, blue line) near the zero 
resonant frequency difference but drops below the bandwidth of 
both optimal entangled and classical light at large resonant frequency 
differences, whereas the minimum force noise using entangled light 
coincides with the minimum force noise achieved by the optimal 
entangled state. As a comparison, we also show the theoretical min-
imum force noise and 3 dB bandwidth of a single sensor (Fig. 3c,d, 
dashed grey lines) probed with classical light. The minimum force 
noise for the two sensors with similar resonant frequencies is reduced 
by about 1/√2  compared with that of a single sensor. However, the 
peak sensitivity of two sensors with a large resonant frequency dif-
ference is worse than that of a single sensor as joint imprecision noise 
is dominant over thermal noise. The bandwidth of two sensors, how-
ever, is always larger than that of a single sensor and increases with 
the resonant frequency difference.

For broadband sensing, high sensitivity over a wide frequency 
range is desirable. Following another work48, we adopt the SBP as a 
figure of merit to assess the performance of the joint force measure-
ment. This metric—similar to integrated sensitivity49—has been shown 
to be a useful figure of merit for broadband sensing applications47.  
The SBPs of the classical and optimal entangled state are given by 
(equation (S40) in Supplementary Section IE)
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Fig. 4 | Sensitivity-bandwidth product as a figure of merit for joint force 
measurements. a, Sensitivity-bandwidth product (SBP) versus frequency 
difference. Probe power is 50 μW for all the measurements. b,c, SBP versus probe 
power at resonant frequency difference of 262 Hz (b) and 1,422 Hz (c). For all the 
figures, entangled probes are denoted by red; classical probes, black; optimal 

entangled probes, blue; experimental data, dots; theory, solid lines; single 
classical sensor, dashed lines. The error bars indicate systematic errors that 
account for drift in resonant frequency difference and optomechanical coupling. 
Statistical errors are negligible compared with systematic errors (Methods).
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𝒮𝒮 𝒮 ℬ3dB ≈
βαc

ωminmeff√SY0Y0 √
1

S ̄Fmin ̄Fmin

. (3)

The SBP of the entangled probe in our experiment is suboptimal and 
lies in between the ones for the classical and optimal entangled probes. 
Figure 4a shows the SBP at various resonant frequency differences for 
the classical (black), entangled (red) and optimal entangled (blue) 
probes. The probe power is fixed at around 50 μW at each sensor for 
both classical and entangled probes. SBPs decrease with respect to the 
resonant frequency difference, as expected from equation (3), accord-
ing to which the joint imprecision noise increases with resonant fre-
quency differences. We also plot the SBP for a classical single sensor 
(Fig. 4, dashed line) probed with 50 μW as a comparison. Beyond certain 
resonant frequency differences, the SBP for entangled probes can even 
drop below that of a single sensor. In the small resonant frequency 
difference scenario, the SBP of the entangled probes in our experiment 
is on par with that of the optimal entangled probes, surpassing the SBP 
of classical probes by a factor of 1/√V  ≈ 1.25. We plot the SBPs against 
different probe power levels at two resonant frequency differences of 
262 and 1,422 Hz (Fig. 4b,c). The SBPs of two sensors increase with 
respect to the square root of the mean photon number αc in the 
thermal-noise-dominant regime (Fig. 4b) and the mean photon num-
ber α2

c in the imprecision-noise-dominant regime (Fig. 4c).

Entanglement-enhanced incoherent force sensing
Optomechanical sensors have been exploited in detecting weak 
incoherent forces embedded in a thermal noise background3,50, a 
regime pertinent to dark-matter searches23,49. Joint measurements 
taken by multiple sensors can increase the signal-to-noise ratio by 
lowering the measurement noise, thereby enhancing the resolution 
in incoherent force sensing. Entangled probes, in this regard, can 

further improve incoherent force sensing by increasing the meas-
urement bandwidth (resolution) in the thermal-noise-dominant 
(imprecision-noise-dominant) scenario. Following other work3,50, we 
choose the energy estimator as a performance metric and use it to 
demonstrate a quantum advantage in the measurement of uncorre-
lated, incoherent forces.

We define the equivalent force spectral resolution (EFSR) as 
δFN = √δEN(t), that is, the square root of the standard deviation of the 
overall force noise within its 3 dB bandwidth, which includes the ther-
mal force and an equivalent force noise contributed by the imprecision 
noise of the probes, where EN(t) = ∫t

0 dtFN(t)
2/t  is the noise-force energy  

averaged over t seconds. An incoherent force is detectable only if the 
EFSR is finer than its standard deviation. Figure 5a shows the EFSR 
versus integration time for the entangled (red) and classical (black) 
probes, each carrying 50 μW of power. The resonant frequency differ-
ence is 262 Hz; therefore, the measurement is dominated by thermal 
noise, resulting in similar force resolutions for the entangled and clas-
sical probes. The data corroborate the force resolution scaling of t−1/4 
for both types of probe, as predicted by theory3. However, the entan-
gled probes offer a larger measurement bandwidth (enabling  
accelerated search for unknown signals, in the same spirit of 
squeezed-light-enhanced dark-matter search based on microwave 
cavity sensors46,47). Figure 5b shows the time dependence of the force 
resolution for sensors with a 2,641 Hz resonant frequency difference. 
The entangled probes reduce the integration time by 60% over that of 
the classical probes in arriving at the same force resolution. Figure 5e,f 
presents the simulation result for the force resolution versus the reso-
nant frequency difference and integration time attained by entangled 
and classical probes. The dashed lines (Fig. 5e,f) correspond to the 
theory curves in Fig. 5a,b. The estimated force power (EN(t) − ̄EN)  
is shown in Fig. 5c,d and it converges to zero at a long integration  
time, where ̄EN is the mean noise-force power. The dashed lines also 
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Fig. 5 | Incoherent force sensing. a,b, Force resolution versus integration time 
based on 50 μW entangled (red) and classical (black) probes on sensors with a 
resonant frequency difference of 262 Hz (a) and 2,641 Hz (b). c,d, Estimate of 
force-noise power at different times for 50 μW entangled (red) and classical 
(black) probes for resonant frequency difference of 262 Hz (c) and 2,641 Hz (d). 

The dashed lines derived from the force resolution in a and b are the bounds for 
force-noise power. e,f, Simulated force resolution versus resonant frequency 
difference and time for entangled (e) and classical (f) probes. Theory lines in 
a and b are marked as the dashed lines in e and f. The black solid lines are the 
contours of resolution at {0.21, 0.41, 0.61, 0.81} fN Hz–1/2.
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correspond to the force resolution in Fig. 5a,b. A stationary incoherent 
force signal can only be resolved when its energy within the detection 
bandwidth exceeds the noise power uncertainty at a given averaging 
time. Without loss of generality, we only plot the estimate for the total 
noise force. An example of the signal–force estimate is presented in 
Supplementary Section IIIE.

Discussion and conclusions
The gain in measurement sensitivity with two entangled probes com-
pared with a single measurement supplied with the same amount of 
squeezing at the source is a factor of √2. Our approach can be readily 
scaled up to more optomechanical sensors by leveraging multimode 
entangled probes33 created by splitting a single-mode squeezed state 
through a linear optical network. It should be noted that the vacuum 
noise injected from the input ports of the beamsplitters does not con-
tribute to the joint measurement as it is eliminated in post-processing33. 
The force sensitivity of our experiment is limited by the thermal noise 
near resonance and imprecision noise off-resonance, a regime perti-
nent to many optomechanical sensing applications including inertial 
sensing4,51, thermal sensing52 and distributed acoustic sensing53–55. 
Cryogenic cooling and increasing the probe power would enhance the 
sensor performance. Yet, the entangled probes always enjoy quantum 
advantages over classical laser light subject to the same level of probe 
power. In practice, our entanglement-based approach can mitigate 
photodamage in bioimaging56 as well as the photothermal effect and 
radiation pressure instability in optomechanical sensing57,58. It is worth 
noting that the entangled probes can also enhance the sensitivity at 
the displacement SQL, where imprecision and backaction noise equally 
contribute at mechanical resonance. A full analysis of the role of back-
action in entanglement-enhanced optomechanical sensing is presented 
elsewhere49. The SBP (equation (3)) serves as a figure of merit for the 
sensors. One can, in general, define an SBP built on a different core 
function tailored to target signals with a known non-trivial spectrum 
or with a frequency-dependent coupling strength (for example, quan-
t u m  c h ro m o d y n a m i c s  a x i o n s 59)  w i t h o u t  t h e  l o ss  o f 
entanglement-enabled enhancement. Also, note that another work60 
defined a quantity analogous to SBP to study the sensitivity–bandwidth 
tradeoff (Supplementary Section IE).

In conclusion, we have experimentally demonstrated 
entanglement-enhanced joint force measurements with two optom-
echanical sensors. Sensitivity and bandwidth enhancement enabled 
by entangled probes are predicted and observed. Specifically, optom-
echanical sensors jointly probed by entangled light generated from a 
passive beamsplitter array with squeezed-light input outperform the 
same sensors probed by classical laser light in force resolution and 
measurement bandwidth. Our work opens a new avenue for ultrapre-
cise measurements with an array of quantum-enhanced sensors for 
applications ranging from inertial navigation61 to acoustic sensing62, 
as well as searches for new physics47.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41566-023-01178-0.
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Methods
Squeezed-light source
Squeezed light at 1,550 nm is generated by pumping an optical para-
metrical amplifier cavity below the threshold. The pump light at 775 nm 
is phase locked to amplify the seed laser at 1,550 nm through a type-0 
periodically poled KTiOPO4 nonlinear crystal embedded in an optical 
cavity. The output power of the squeezed light can be effectively tuned 
by adjusting the seed laser power. All the cavity lengths are locked based 
on the Pound–Drever–Hall technique using 24 MHz sidebands created 
by phase modulating the 1,550 nm pump laser. A measured squeezing 
spectrum is shown in Supplementary Fig. 2.

Calibration of optomechanical sensors
To measure the membrane displacement, the probe light is first con-
verted into circular polarization by a quarter-wave plate and then 
focused onto the membrane. The displacement is encoded on the phase 
of the reflected probe, which is then separated by the same quarter-wave 
plate and polarizing beamsplitter. The phase quadrature is subsequently 
measured by a homodyne detector. The propagation loss from the 
optomechanical sensors to the detectors is measured to be around 18%.  
The interference visibility of homodyne measurement is optimized to 
92%. The d.c. signal of the photocurrent is used to lock the phase between 
the local oscillator and probe light. The a.c. component of the photocur-
rent is sampled by a fast Fourier transform (FFT) spectrum analyser.  
The measured PSDs are fitted using equation (1) to extract the opto-
mechanical coupling efficiency β and mechanical susceptibility χ(ω).

Joint measurement of two optomechanical sensors with 
entangled probe light
We balance the optomechanical coupling efficiencies at the two sensors 
by slightly displacing the position of the light spot on one membrane. 
With identical coupling efficiencies, near-optimum entangled probes 
can be generated via splitting the squeezed light evenly into two arms 
so that each sensor receives 50% of the squeezed light. The disparity 
in resonant frequencies between the fabricated membranes can be as 
large as 300 kHz. We pick two membranes with similar resonant frequen-
cies with a difference close to the linewidth and then tune the resonant 
frequency by shining thermal light (Thorlabs OSL2) onto the chip. The 
entangled probes are measured by two homodyne detectors. The photo-
currents are filtered by high-pass filters (Thorlabs EF513), demodulated 
by an electrical mixer and amplified by a low-noise voltage preamplifier 
(Stanford Research Systems SR560). The data are acquired by an oscil-
loscope (LeCroy WavePro 604HD) at 1 MHz sampling rate for 20 s and 
post-processed to derive the individual and joint PSDs. The PSDs are 
obtained from fast Fourier transforms on the time-domain data averaged 
over 200 (400) oscilloscope traces, corresponding to an effective reso-
lution bandwidth of 10 (20) Hz, as shown in Fig. 1 (Fig. 2). The measured 
PSDs at individual sensors are plotted in Supplementary Figs. 4 and 5.

Estimation of force resolution
The measured phase quadrature Y(i)out(t) at the two sensors is first con-
verted into the equivalent sampled force F(i)(t) by the mechanical 
response functions. Then, individual sampled force F(i) is filtered by a 
band-pass filter within the 3 dB bandwidth ℬ3dB during post-processing. 
The average joint force is given by ̄Fest(t) = (F(1)(t) + F(2)(t))/2. The esti-

mated force power at different times ti is E(ti) = 1/ti ∫
ti
0

̄F2est(t)dt . In the 
limit of weak signals δ2 ̄Fsig ≪ δ2 ̄FN , the statistical uncertainty of the 
estimator mainly arises from noise. Without the loss of generality, we 
only characterize the noise properties of our optomechanical sensors. 
To determine the accuracy of the power estimator, we recorded 
J = 20 independent measurements of ̄FN(t). Each measured trace gives 
an estimate of E(j)(ti) with respect to acquisition time ti up to 1 s.  
The root mean square error of the estimator is calculated by 

δE(ti) = √∑J
j=1 [E(j)(ti)]

2/J. The EFSR after ti-second averaging, thus, reads

δF(ti) = √δE(ti). (4)

Two examples of the measured EFSR are presented in Fig. 5a,b.

Error analysis
We find that systematic errors dominate statistical fluctuations.  
Specifically, the systematic errors comprise the drifting in resonant 
frequency and optomechanical coupling rate. To derive systematic 
errors, we first fit the resonant frequencies Ω(k)

{1,2} and optomechanical 
coupling rate β(k){1,2} of each sensor from K measurements to obtain the 
average resonant frequency Ω̄{1,2} = ∑K

k=1 Ω
(k)
{1,2}/K  and the average opto-

mechanical coupling rate β̄{1,2} = ∑K
k=1 β

(k)
{1,2}/K, where K = 10–15 depend-

ing on the specific experimental run. We then calculate the error of the 
measured bandwidth and minimum force noise with respect to the 
values calculated based on the average resonant frequency and opto-
mechanical coupling rate as δℬ(k) = |ℬ(Ω̄{1,2}, β̄{1,2}) − ℬ(Ω(k)

{1,2},β
(k)
{1,2})| and 

δS(k)̄Fmin ̄Fmin
= |S ̄Fmin ̄Fmin (Ω̄{1,2}, β̄{1,2}) − S ̄Fmin ̄Fmin (Ω

(k)
{1,2},β

(k)
{1,2})|

.
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