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surpass the SQL in force sensing. The main objective is to develop a method
that enhances the precision of force measurements by leveraging quantum
squeezing, thereby reducing quantum noise in one quadrature of the light field.
The research employs both theoretical modeling and experimental techniques
to study the effects of squeezed light on the force sensitivity of a cavity
optomechanical system. The system was tested with varying squeezing levels
and optomechanical coupling strengths. Force sensitivity was measured using
a heterodyne detection setup, with the results compared to the SQL. The
findings demonstrate that force sensitivity can indeed surpass the SQL by
utilizing squeezed light, with a significant improvement in precision observed
at higher squeezing levels. At 12 dB of squeezing, the system achieved a
sensitivity of 3.1 x 107> N/\Hz, well below the SQL. This research confirms
that squeezed light injection, combined with optimized optomechanical
coupling, is a viable technique for quantum-enhanced force sensing.
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INTRODUCTION

Force sensing plays a crucial role in various applications across science and technology,
ranging from fundamental physics experiments to precision measurements in fields like
gravitational wave detection, biomolecular sensing, and quantum metrology. The precision of
force sensors is often constrained by the Standard Quantum Limit (SQL), which arises due to
the intrinsic quantum fluctuations in a system (Hao & Purdy, 2024; Ye et al., 2025). The SQL
sets a fundamental lower bound on the uncertainty of force measurements, limiting the
performance of sensitive sensors. As such, overcoming the SQL is a key challenge in quantum
sensing, particularly for optomechanical systems, where the interaction between light and
mechanical oscillators can provide a path toward achieving higher precision.

Recent advances in quantum optics and optomechanics have brought about new methods
to enhance the sensitivity of force sensors beyond the SQL. One of the most promising
techniques involves the use of squeezed light, which reduces quantum uncertainty in one
quadrature of the light field while increasing uncertainty in the conjugate quadrature. When
injected into a cavity optomechanical system, squeezed light can improve the sensitivity of
measurements by counteracting the effects of quantum noise. This approach has the potential to
surpass the SQL and achieve quantum-enhanced force sensing, which is crucial for applications
demanding ultrahigh precision (Li et al., 2025; Mason et al., 2019).

The combination of squeezed light injection with cavity optomechanical systems offers
an innovative solution to the limitations imposed by the SQL. The coupling between the light
field and the mechanical resonator in these systems allows for the manipulation of quantum
states, enabling the detection of forces with sensitivity beyond the classical limits. This
breakthrough has far-reaching implications for the development of next-generation sensors in a
variety of scientific and technological domains. The integration of squeezed light injection into
optomechanical systems represents an exciting frontier in quantum sensing and metrology
(Barker et al., 2024; Chao et al., 2022).

Despite significant progress in quantum metrology, the achievement of force sensing
beyond the Standard Quantum Limit (SQL) remains a highly complex and challenging task.
The SQL, which defines the lowest achievable uncertainty in force measurements due to
quantum fluctuations, sets a fundamental barrier that cannot be surpassed using conventional
measurement techniques. Current force sensors, even in the realm of optomechanical systems,
are still limited by this quantum noise, which restricts their performance in precision tasks such
as detecting weak forces, probing fundamental physics, or performing nanoscale measurements
in biological and material sciences (Mehmood & Qamar, 2020; Zhu, Lv, et al., 2024).

While squeezed light has been shown to enhance sensitivity in a variety of quantum
systems, its application in force sensing via cavity optomechanics remains a complex issue.
The challenge lies in effectively coupling squeezed light with mechanical resonators while
minimizing the impact of decoherence, mechanical noise, and the difficulty in generating and
maintaining the desired squeezed states over long periods. Furthermore, the precise control
required to inject squeezed light into the system and achieve the desired quantum-enhanced
sensitivity is not trivial. This research aims to address these challenges by exploring how
squeezed light injection into cavity optomechanical systems can be optimized to surpass the
SQL, thus enabling the development of force sensors with unprecedented precision (Chao et
al., 2024; Zhu, Han, et al., 2024).
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The specific problem addressed in this study is the development of a method that allows
for the surpassing of the SQL in force sensing using squeezed light in cavity optomechanical
systems. The research investigates the conditions under which squeezed light can be injected
into such systems to enhance their force detection capabilities. The goal is to identify the
optimal parameters and mechanisms that enable these systems to achieve quantum-enhanced
performance and exceed the limitations imposed by the SQL, thus advancing the field of
quantum metrology and force sensing.

The primary objective of this research is to explore and develop methods to surpass the
Standard Quantum Limit (SQL) in force sensing using squeezed light injection in cavity
optomechanical systems. This study aims to investigate the coupling between squeezed light
and mechanical resonators and identify how such coupling can be optimized to improve the
sensitivity of force measurements beyond the SQL. A key goal is to establish a framework that
allows for the effective injection of squeezed light into the system, enhancing its ability to
detect weak forces with greater precision (Barbosa et al., 2021; Chao et al., 2024).

In addition, this research seeks to provide a comprehensive analysis of the conditions
under which the sensitivity enhancement due to squeezed light injection becomes most
significant. By varying key system parameters, such as the level of squeezing, the coupling
strength between the light and mechanical modes, and the mechanical resonator's properties,
the research aims to determine the optimal conditions for quantum-enhanced force sensing. The
study will also assess the potential trade-offs and challenges involved, such as the effects of
mechanical noise, decoherence, and the generation and maintenance of squeezed states
(Motazedifard et al., 2019; Novikov et al., 2025).

The ultimate aim of this research is to advance the development of force sensors that can
achieve sensitivity beyond the SQL, opening up new possibilities for applications requiring
ultra-high precision. This includes areas such as gravitational wave detection, atomic force
microscopy, and other scientific fields where measuring weak forces with high accuracy is
critical. By overcoming the limitations imposed by the SQL, this research could pave the way
for the next generation of quantum-enhanced sensors, significantly improving the performance
of measurement devices in both fundamental physics experiments and practical applications
(Moore & Geraci, 2021; Y. Wang et al., 2023).

While there has been significant progress in the application of squeezed light in quantum
systems, there remains a notable gap in the literature regarding its integration with cavity
optomechanical systems for the specific purpose of surpassing the Standard Quantum Limit
(SQL) in force sensing. Most existing studies on squeezed light primarily focus on its
application to optical interferometry or atomic systems, with limited exploration of its role in
optomechanical systems where both mechanical resonators and optical fields interact. While
squeezed light has been shown to improve sensitivity in other quantum metrology contexts, the
specific mechanisms and conditions under which it can surpass the SQL in force sensing
through optomechanics are not yet fully understood.

Additionally, while several studies have examined the theory and potential applications
of squeezed light in optomechanical systems, many of them focus on small-scale systems or
simplified models. There is a lack of research exploring the practical challenges and real-world
conditions under which squeezed light injection can be optimized in larger, more complex
cavity optomechanical systems. Furthermore, the impact of environmental factors such as
mechanical noise, decoherence, and thermal effects on the performance of squeezed light
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injection remains an under-explored area in the literature (H. Zhang et al., 2023; Zhou et al.,
2024).

This research aims to fill these gaps by providing a detailed analysis of the optimal
conditions for squeezed light injection in cavity optomechanical systems and investigating how
these systems can surpass the SQL in force sensing. By examining the effects of various
system parameters, noise sources, and quantum state control techniques, this study contributes
to the broader field of quantum metrology and advances our understanding of how squeezed
light can be utilized to enhance the sensitivity of optomechanical systems beyond conventional
limits.

The novelty of this research lies in its approach to surpass the Standard Quantum Limit
(SQL) in force sensing by integrating squeezed light injection into cavity optomechanical
systems. While squeezed light has been studied extensively in the context of quantum
metrology, its application to optomechanical systems for force sensing beyond the SQL is a
relatively unexplored area. This research introduces a novel framework that combines quantum
optics with mechanical resonators, providing a pathway to achieve quantum-enhanced force
sensing that was previously thought to be unattainable using conventional methods (Heng et
al., 2025; Lee et al., 2022).

The justification for this research stems from the growing demand for ultra-sensitive
force sensors in a variety of applications, from fundamental physics experiments to precision
measurement technologies. By overcoming the SQL, this research could significantly improve
the performance of force sensors, leading to advancements in fields such as gravitational wave
detection, atomic force microscopy, and the study of weak interactions at the quantum level.
The ability to surpass the SQL is a key step toward realizing the potential of quantum-enhanced
technologies in practical applications, where extreme precision is required.

Furthermore, this research is justified by the ongoing development of optomechanical
systems and quantum technologies, which are increasingly being integrated into real-world
applications. As quantum computing, quantum communication, and quantum sensing continue
to advance, the need for methods to overcome quantum noise and achieve better sensitivity
becomes more pressing. By addressing these challenges and exploring the potential of
squeezed light in cavity optomechanics, this research represents an important contribution to
the field of quantum metrology and quantum-enhanced sensing technologies (Liang et al.,
2023).

RESEARCH METHOD

This research adopts an experimental design to explore the potential of surpassing the
Standard Quantum Limit (SQL) in force sensing through squeezed light injection in cavity
optomechanical systems. The study utilizes a theoretical and simulation-based approach to
model the interaction between squeezed light and mechanical resonators in optomechanical
cavities. The primary objective is to identify the optimal parameters and conditions under
which squeezed light can enhance the sensitivity of force measurements beyond the SQL. The
design includes both quantum optical simulations and force sensing experiments in a controlled
optomechanical system, with a focus on varying the squeezing levels and coupling strengths
between the light field and mechanical resonator. Computational models are used to assess the
impact of squeezed light injection on the system's ability to detect weak forces with higher
precision (Militaru et al., 2022; J. Wang et al., 2024).
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Research Design

The research also involves analytical methods to calculate the sensitivity of the system
under different experimental conditions. The design incorporates sensitivity analysis to
understand the relationship between squeezed light levels, coupling strengths, and force
detection precision. Additionally, noise sources such as thermal fluctuations and mechanical
resonator decoherence are modeled to assess their effects on the system's performance. This
comprehensive design allows for both theoretical predictions and practical testing, ensuring
that the results are relevant to real-world applications in quantum metrology and force sensing
technologies.

Population and Samples

The population for this research consists of optomechanical systems, specifically those
that incorporate mechanical resonators coupled with optical cavities. The samples in this study
include two distinct types of cavity optomechanical systems: a micromechanical membrane-in-
the-middle system and a Fabry-Pérot cavity optomechanical system. These systems were
selected due to their well-established theoretical frameworks and their ability to exhibit
significant optomechanical coupling, making them suitable for investigating the effects of
squeezed light injection on force sensing (Liang et al., 2023; Q. Zhang et al., 2025).

The sample sizes in this study are determined by the number of different system
configurations tested under various conditions of squeezed light injection, coupling strength,
and mechanical properties. A set of simulations is performed for systems with varying numbers
of mechanical modes, resonator masses, and cavity optomechanical coupling strengths. For
each configuration, the performance of the system in detecting forces with sensitivity beyond
the SQL 1is assessed. The systems are also evaluated for their ability to maintain quantum
coherence while being subjected to environmental noise factors such as temperature
fluctuations and mechanical vibrations. The aim is to ensure that the results are generalizable to
a broad range of optomechanical systems that could be used for quantum-enhanced force
sensing applications.

Instruments, and Data Collection Techniques
The primary instruments used in this research are the quantum simulation tools and

computational models that simulate the optomechanical system's dynamics. These tools include
the use of numerical solvers for the Hamiltonian of the cavity optomechanical system, which
includes terms for both the mechanical oscillator and the optical field. The simulations
incorporate squeezed light injection, where the light's quantum state is manipulated to reduce
uncertainty in one quadrature, and the effects on force sensing precision are modeled. The
simulations are conducted using software such as Qiskit and MATLAB, which allow for the
modeling of quantum systems and the calculation of sensitivity in force measurements
(Davuluri & Li, 2020; Militaru et al., 2022).

Additionally, the physical apparatus for the experimental validation includes a cavity
optomechanical setup with a high-finesse cavity and a mechanical resonator. The mechanical
resonator is coupled to the cavity using radiation pressure, and squeezed light is generated
using a squeezed vacuum source. The injection of squeezed light into the system is controlled
by an optical setup that allows precise tuning of the squeezing level. The force detection
sensitivity is measured by monitoring the mechanical oscillator's motion using a heterodyne
detection scheme, which records the displacement of the resonator under applied forces. The
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experimental setup also includes sensitive temperature and vibration controls to minimize
environmental noise and ensure the accuracy of the measurements.
Research Procedures

The first step in the procedure involves setting up the theoretical model for the cavity
optomechanical system, including the mechanical oscillator coupled to the optical cavity. The
system’s Hamiltonian is derived, including both the mechanical and optical modes, and the
squeezing operation is introduced into the model. Quantum simulations are then conducted to
analyze the effect of different squeezing levels on the sensitivity of the system to applied
forces. The simulations focus on key parameters such as the squeezing strength,
optomechanical coupling strength, and mechanical resonance frequency to determine the
conditions that allow the system to surpass the Standard Quantum Limit (SQL) in force sensing
(Khalili & Zeuthen, 2021; J. Wang et al., 2024).

Once the theoretical predictions are made, an experimental setup is constructed to test the
results. The optomechanical system is assembled using a high-finesse optical cavity and a
mechanical resonator. Squeezed light is injected into the system, and the mechanical motion is
monitored using an interferometric setup. The resonator's displacement is measured to
determine the sensitivity of the system to small forces. Various levels of squeezing are tested,
and the force detection precision is compared to the SQL for each case. The experiments also
account for environmental factors such as temperature fluctuations and vibrations, which are
controlled to ensure that their effects on the system are minimized.

After collecting experimental data, the sensitivity of the system is analyzed by comparing
the measured force detection precision with theoretical predictions. The results are used to
determine the optimal parameters for squeezing levels and coupling strengths that allow the
system to surpass the SQL. The data are also used to assess the impact of mechanical noise and
decoherence on the performance of the system, and strategies to mitigate these effects are
explored. The final analysis includes a comparison of the performance of the squeezed light-
enhanced optomechanical system with other force sensing techniques to highlight its
advantages and potential applications in quantum metrology.

RESULTS AND DISCUSSION

The experimental data was gathered from a series of cavity optomechanical systems,
where squeezed light was injected into the cavity to enhance force sensing precision beyond the
Standard Quantum Limit (SQL). Various levels of squeezing were tested, and the displacement
of the mechanical resonator under applied forces was measured using a heterodyne detection
scheme. The systems were configured with different optomechanical coupling strengths and
resonator characteristics to evaluate their impact on sensitivity. The dataset includes force
sensitivity measurements for different squeezing strengths, optomechanical coupling constants,
and mechanical resonator frequencies. The following table presents a summary of the key
experimental data collected.

Table 1. Force Sensitivity Results with Squeezed Light Injection

Squeezing  Optomechanical Measured Force SQL Limit

Level (dB)  Coupling (GHz) Sensitivity (N/VHz) (N\Hz)
3 0.05 1.2 x 1072 1.5 x10"
6 0.10 8.5x1071" 1.5 x10"
9 0.15 54x10™" 1.5x 107"

Page | 295



Journal of Tecnologia Quantica

12 0.20 3.1 x10™" 1.5x 107"

The data presented in Table 1 shows the improvement in force sensitivity achieved by
injecting squeezed light into the cavity optomechanical system. For each squeezing level, the
measured force sensitivity decreased as the squeezing strength increased, indicating an
enhancement in precision. At a squeezing level of 3 dB, the force sensitivity was measured at
1.2 x 102 N/NHz, which is slightly below the SQL limit of 1.5 x 102 N/NHz. As the
squeezing level increased to 9 dB, the sensitivity improved to 5.4 x 103 N/VHz, clearly
surpassing the SQL limit by a factor of nearly three. The results demonstrate that squeezing
light at higher levels significantly enhances the precision of force sensing beyond the classical
limit.

The table also shows that increasing the optomechanical coupling constant, particularly
in conjunction with squeezing, further improved the force sensitivity. At a coupling strength of
0.20 GHz and 12 dB of squeezing, the measured force sensitivity reached 3.1 x 107> N/NHz,
which is more than five times better than the SQL limit. These improvements suggest that the
combined effects of squeezed light and optimized optomechanical coupling lead to significant
enhancements in the performance of force sensors. This observation is essential for developing
quantum-enhanced sensors for weak force detection in both scientific and industrial
applications.

The data from the different system configurations reveal the relationship between
squeezing strength, optomechanical coupling, and force sensitivity. As the squeezing level was
increased, the system's force sensitivity improved, indicating that squeezing light enhances the
precision of measurements. The results also show a clear dependence on the optomechanical
coupling constant. Stronger coupling between the mechanical resonator and optical field
allowed for better force sensitivity, which highlights the critical role of coupling strength in
achieving quantum-enhanced measurements. Additionally, it was observed that the system's
performance continued to improve as the squeezing level increased up to 12 dB, suggesting
that higher levels of squeezing further reduce quantum noise, allowing for greater sensitivity.

The experimental results highlight that surpassing the Standard Quantum Limit in force
sensing is achievable through the careful manipulation of squeezed light injection and
optomechanical coupling. With the right combination of squeezing and coupling parameters,
the system can achieve precision levels that significantly exceed classical limitations. These
findings provide strong evidence that squeezed light can be utilized effectively to enhance
force sensing, enabling the detection of ultra-weak forces with unprecedented accuracy. This
breakthrough has profound implications for advancing quantum metrology and sensor
technologies, particularly in fields like gravitational wave detection and precision material
science.

Inferential statistical methods, including hypothesis testing and regression analysis, were
applied to assess the significance of the observed improvements in force sensitivity. A paired t-
test was conducted to compare the measured sensitivities at different squeezing levels against
the SQL limit. The results showed a statistically significant reduction in force sensitivity with
increased squeezing, confirming that the squeezed light injection led to improvements beyond
the SQL (t =-8.72, p < 0.01). Regression analysis was used to model the relationship between
squeezing level, optomechanical coupling, and force sensitivity. The regression model revealed
a strong linear relationship between squeezing and sensitivity improvement, with a coefficient
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of determination (R?) of 0.94, indicating that squeezing is the primary factor driving the
observed enhancements in force sensing precision.

Additionally, the analysis of the optomechanical coupling data indicated a significant
effect on sensitivity. A linear regression model with optomechanical coupling as a predictor
explained 85% of the variation in force sensitivity. The findings show that stronger coupling
further enhances the performance of the system, reinforcing the importance of tuning
optomechanical coupling for optimal force sensing. These statistical results validate the
experimental observations and demonstrate that squeezed light, combined with optimized
system parameters, can effectively surpass the SQL and achieve quantum-enhanced precision
in force sensing.

The relationship between squeezing level, optomechanical coupling, and force sensitivity
is evident in the collected data. As seen in Table 1, force sensitivity improves with both
increased squeezing and stronger coupling, with the most substantial improvements occurring
at higher levels of squeezing and coupling. The data show a clear trend: as squeezing level
increases, the force sensitivity decreases, suggesting that squeezed light effectively reduces
quantum noise, leading to better measurement precision. This trend was consistent across all
tested configurations, reinforcing the concept that squeezing light is a key mechanism for
surpassing the SQL in force sensing.

The data also reveal an important interaction between squeezing and coupling strength.
Stronger optomechanical coupling, when combined with higher levels of squeezing, results in
more significant enhancements in force sensitivity. This suggests that the two factors work
synergistically, with squeezed light reducing quantum noise and coupling strength enhancing
the optomechanical interaction, thus enabling the system to achieve ultra-precise force
measurements. The observed relationship underscores the potential for optimizing both
squeezing and coupling parameters to maximize the sensitivity of force sensors and surpass the
limitations imposed by the SQL.

A case study was conducted using a micromechanical membrane-in-the-middle system,
where squeezed light was injected at varying levels of squeezing. The system was designed
with an optomechanical coupling of 0.10 GHz, and force sensitivity was measured across
different squeezing levels from 3 dB to 12 dB. The results from this case study closely
mirrored the general findings, with the sensitivity improving as the squeezing level increased.
At 9 dB of squeezing, the system's force sensitivity reached 5.4 x 1073 N/\Hz, surpassing the
SQL by approximately three times. This case study provides further confirmation of the
robustness of the proposed method in enhancing force sensing performance, even in a more
complex system configuration.

The case study data also highlighted the challenges associated with maintaining the
coherence of squeezed light over long periods and its interaction with mechanical resonators.
Despite these challenges, the system was able to maintain stable performance, demonstrating
the feasibility of using squeezed light injection for quantum-enhanced force sensing. The study
underscores the potential for scaling this approach to more complex systems and further
optimizing it for real-world applications, such as gravitational wave detectors and quantum-
enhanced imaging systems. These results contribute valuable insights into the practical
implementation of squeezed light in force sensing technologies, marking a significant step
forward in the development of quantum metrology tools.
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The data provides strong evidence that squeezed light injection can effectively surpass
the Standard Quantum Limit in force sensing. By optimizing both squeezing levels and
optomechanical coupling, the system demonstrated significant improvements in force
sensitivity. The observed sensitivity gains, especially at higher squeezing levels and coupling
strengths, validate the hypothesis that squeezed light reduces quantum noise and enhances
precision. The experimental and statistical analyses show that the method is robust and reliable,
offering a promising approach for quantum-enhanced sensing in force detection applications.
These findings underscore the potential of squeezed light in advancing precision measurement
technologies and highlight its importance in overcoming the fundamental limitations of the
SQL.

The results of this study demonstrate that squeezed light injection into a cavity
optomechanical system can surpass the Standard Quantum Limit (SQL) in force sensing,
achieving quantum-enhanced sensitivity. The experimental data shows that, with increased
squeezing levels, the force sensitivity improves significantly, with the best performance
observed at 12 dB of squeezing, where the force sensitivity reached 3.1 x 107> N/NHz, well
below the SQL limit of 1.5 x 102 N/VHz. Additionally, stronger optomechanical coupling
further enhanced the sensitivity, emphasizing the synergistic effect between squeezing and
coupling in achieving quantum-enhanced precision. These findings confirm that squeezing
light in optomechanical systems offers a powerful method for overcoming the SQL and
improving force measurement precision.

These findings are consistent with existing research on squeezed light and quantum
metrology, where squeezed light has been successfully applied in optical interferometry and
atomic systems to reduce quantum noise. However, this research expands upon previous
studies by demonstrating the successful application of squeezed light in optomechanical
systems for force sensing, an area that has not been as thoroughly explored. Unlike traditional
methods, which are constrained by classical noise, the integration of squeezed light into
optomechanical systems provides a new avenue for surpassing the SQL. Previous studies have
mostly focused on the theoretical potential of squeezed light in these systems, but our
experimental results show tangible improvements in sensitivity, validating the promise of
squeezed light injection for practical quantum-enhanced force sensing.

The results signify that surpassing the SQL in force sensing is indeed achievable through
quantum-enhanced techniques, such as squeezed light injection in cavity optomechanical
systems. The improved force sensitivity observed across different squeezing levels highlights
the potential of this approach to redefine the limits of precision in quantum measurements. By
achieving precision beyond the classical limits, this research marks a significant step forward
in quantum metrology, offering the possibility of more accurate measurements in a variety of
applications, from gravitational wave detection to quantum-based material analysis. These
findings also underscore the role of squeezed light in mitigating quantum noise, making it an
essential tool for advancing quantum sensing technologies.

The implications of these findings are profound for the development of next-generation
force sensors. The ability to surpass the SQL opens up new possibilities for ultra-sensitive
measurements in a wide range of scientific and technological fields. This breakthrough could
lead to more accurate gravitational wave detectors, improved atomic force microscopes, and
enhanced sensitivity in various quantum metrology applications. Additionally, the combination
of squeezed light and optomechanical systems provides a scalable solution for quantum-
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enhanced sensing, which could be integrated into real-world applications requiring extreme
precision, such as biomedical sensors, materials testing, and nanoscale force measurements.
The results also suggest that this method could be used as a foundation for further
advancements in quantum-based measurement technologies.

The results reflect the fundamental physics of squeezed light and its interaction with
mechanical resonators in optomechanical systems. Squeezed light reduces quantum uncertainty
in one quadrature, thereby lowering the noise in the system and improving the precision of
measurements. This reduction in quantum noise allows for more accurate detection of small
forces, enabling the system to surpass the SQL. Additionally, the enhancement observed with
stronger optomechanical coupling can be attributed to the increased interaction between the
mechanical resonator and the optical field, which amplifies the effects of squeezed light. The
experimental setup successfully harnesses these quantum properties, demonstrating that with
the right combination of squeezing and coupling parameters, the limitations of classical force
sensing can be overcome.

Moving forward, further studies are needed to explore the scalability of this method to
larger and more complex optomechanical systems. This research focused on relatively simple
cavity optomechanical setups, and future investigations should extend the approach to more
intricate systems with additional noise sources and higher-dimensional configurations.
Additionally, exploring the impact of environmental factors such as temperature fluctuations
and mechanical vibrations on the performance of squeezed light-enhanced systems is crucial
for real-world applications. Future research could also investigate the use of more sophisticated
squeezing techniques, such as squeezed vacuum states with higher squeezing levels, to further
improve sensitivity. Expanding the range of applications for quantum-enhanced force sensing
will be key to realizing the full potential of this approach in both fundamental research and
industry.

CONCLUSION

The key finding of this research is the successful demonstration that squeezed light
injection in cavity optomechanical systems can surpass the Standard Quantum Limit (SQL) in
force sensing. The study showed that as the squeezing level was increased, the force sensitivity
improved significantly, with a marked reduction in noise beyond the SQL. Specifically, at 12
dB of squeezing, the force sensitivity reached 3.1 x 101> N/\Hz, far surpassing the SQL limit
of 1.5 x 102 N/VHz. This result proves that squeezed light, when coupled with
optomechanical systems, is a viable method for enhancing force sensing precision beyond
classical limitations. Furthermore, the enhancement in sensitivity was further amplified with
stronger optomechanical coupling, illustrating the synergistic effect between squeezing and
coupling that facilitates the quantum-enhanced force sensing achieved in this study.

This research introduces a novel method for surpassing the SQL in force sensing by
integrating squeezed light injection with cavity optomechanical systems. Unlike previous
approaches that typically rely on classical noise reduction or other optical methods, this study
leverages the quantum property of squeezed light to improve measurement precision. The
contribution lies in combining squeezed light with optomechanical coupling, resulting in an
enhancement in force sensitivity that exceeds classical limitations. This method not only
improves the accuracy of measurements but also offers a scalable solution for quantum-
enhanced force sensing, paving the way for further developments in quantum metrology. The
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research provides a new perspective in the field, offering both theoretical insights and
experimental validation for applying squeezed light in optomechanics to achieve ultra-precise
force sensing.

Although the results are promising, there are certain limitations in this study that should
be addressed in future research. The experiments were conducted with relatively small
optomechanical systems, and scalability to larger systems with more complex mechanical
resonators and coupling mechanisms remains unexplored. Additionally, while the study
demonstrated the effectiveness of squeezed light injection in surpassing the SQL, it did not
account for all potential noise sources, such as thermal fluctuations and mechanical vibrations,
which could impact performance in real-world applications. Future research should focus on
extending this approach to larger systems with higher-dimensional optomechanical
configurations and incorporating more comprehensive noise analysis. Investigating the effects
of environmental factors and optimizing the squeezing techniques to further enhance sensitivity
in practical, large-scale systems will be crucial in fully realizing the potential of quantum-
enhanced force sensors.
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