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Background and paradigms

 (i) preparation of the probe state 𝜌ො଴

 (ii) encoding of a phase shift θ that depends on the physical quantity of interest

 (iii) readout, where μ indicates ageneric measurement result

 (iv) estimation, where the estimator         is a function of the measurement result(s)

 The uncertainty Δθ of the estimation depends crucially on all of these operations

 Luca Pezze et al.,  REVIEWS OF MODERN PHYSICS 90, 035005 (2018)



 Luca Pezze et al.,  REVIEWS OF MODERN PHYSICS 90, 035005 (2018)

 (a) Mach-Zehnder interferometer
relative phase between spatial modes

(b) Ramsey interferometer on internal energy level
relative phase depending on energy difference

  (c) Spin interferometer 
relative phase depending on spin rotation

Background and paradigms



 Luca Pezze et al.,  REVIEWS OF MODERN PHYSICS 90, 035005 (2018)

 Maximizing over all possible generalized
measurements in quantum mechanics

Background and paradigms



One black cloud leading to the development of Special Theory of Relativity
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Michelson-Morley Experiment Detecting the aether wind

Background and paradigms
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Background and paradigms

Gravitational wave detection 
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Background and paradigms
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Quantum probes enhancingClassical methods Quantum evolution 

Coherent state Squeezed state Entangled state

PRL 123, 231108 (2019)
Nature 594, 201 (2021)
Nature 581, 159 (2020)

Science 316, 726 (2007)
Nat. Photon. 11, 700 (2017)

Light: Sci. & Appl. 10, 103 (2021) 
PRL 125, 080501  (2020)

Beat SQL by utmost ～15dB Low scalability

PRL, 124 090503 (2020)

Standard quantum limit (SQL) Surpassing SQL Heisenberg limit Super-Heisenberg limit

Indefinite causal order
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Nat. Phys. 19, 1122 (2023)Nature 608, 677 (2022)

Background and paradigms

Physical consistence?
Practical advantage?



研究成果1: 基于弱测量技术的量⼦精密测量

& Pre-selection statePost-
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AAV amplification effect (1988)

Weak value (amplify factor)：

Amplifying meter shift
Detecting fewer photons

Y.  Aharonov D.  Albert L. Vaidman

Suppress technical noises to achieve SQL
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Amplification of the meter shift

Phys. Rev. Lett. 60, 1351–1354 (1988)



Science 319, 787 (2008) 11

Suppress technical noises to achieve SQL



Phys. Rev. Lett. 111, 033604 (2013) 12

Real part

Imaginary part

Suppress technical noises to achieve SQL



Phys. Rev. Lett. 111, 033604 (2013) 13

Suppress technical noises to achieve SQL

Intense debates surrounding the weak value amplification



Phys. Rev. Lett. 111, 033604 (2013) 14

Suppress technical noises to achieve SQL

Intense debates surrounding the weak value amplification



实验结果：
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Suppress technical noises to achieve SQL

Z.H. Zhang, G. Chen* …, C. F. Li*, et al., Phys. Rev. A 94, 053843  (2016)

Meter shiftThree Protocols



P. Yin, ..., G. Chen*, C. F. Li*, et al., Light: Science and Applications 10, 103 (2021)

旋转相位片来预先
引入一个偏置相位
获得更高精度
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Incident photon number
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 Biased weak measurement outperforms conventional
method and standard weak measurement by at least one
order of magnitude.

 Biased weak measurement is more impervious to
detector saturation and allows the usage of more photons

Suppress technical noises to achieve SQL



Conclusion on weak measurement
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Conventional 
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Postselection Probability:                    1

Weak measurement can suppress technical noises
and achieve but not beat SQL by detecting fewer photons

𝑜𝑟  𝜎
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Suppress technical noises to achieve SQL
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Suppress technical noises to achieve SQL

 Weak measurement (WM) cannot outperform conventional methods
(CM) if the shot noise dominates; but when detector saturation occurs,
WM can surpass CM by detecting fewer photons.

 Weak measurement can suppress technical noise due to the weak value
amplification, and thus approaches the SQL and maintains the
amplified meter shift.

 Weak measurement cannot beat SQL since no quantum resources are
exploited.

Brief Summaries:



Achieve Heisenberg limit and provide precision advantage
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Heisenberg limit ଵ
ே

Standard quantum limit ଵ
୒

Scaling advantage does not necessarily lead
to precision advantage due to the low
scalability and quality of the quantum probe

REVIEWS OF MODERN PHYSICS 90, 035005 (2018)



G. Chen et. al., Nat. Commun. 9 , 93 (2018)

Coherent statePrecision of WM：𝛿𝑔~ ଵ
஺ೢ ∆ ∆~ 𝑛 → 𝛿𝑔 ∝

1
𝑛

∆~𝑛 → 𝛿𝑔 ∝
1
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关键技
术创新：直接写

Intensity modulation
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Quantum Logic Gate

Quantum non-demolition

Modulate the coherent state and increase the variance up to ∆~𝑛

（n: mean photon number）ሺ𝐴௪:  weak value ， ∆ : SD of the probe）

Approaching Heisenberg-limit with mixed state probe

20

Achieve Heisenberg limit and provide precision advantage
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How to beat SQL? ——with Quantum Resources

G. Chen et. al., Nat. Commun. 9 , 93 (2018) 21

Approaching Heisenberg-limit with mixed state probe

Achieve Heisenberg limit and provide precision advantage



 Merely takes use of single qubit superposition
and achieves Heisenberg scaling of 6.3/n;

 The ultimate precision is approximtely 10ିଽrad,
which is equivalent to the precision using
100,000 maximally entangled photons, and
outperforms former classical method by one
order of magnitude (Nat. Photon. 3, 95 (2008)) 。

研究成果1: 基于弱测量技术的量⼦精密测量

Heisenberg limit
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G. Chen et. al., Nat. Commun. 9 , 93 (2018) 22

Approaching Heisenberg-limit with mixed state probe

Achieve Heisenberg limit and provide precision advantage



L. J. Zhang et al., Phys. Rev. Lett. 114, 210801 (2015)

研究成果1: 基于弱测量技术的量⼦精密测量
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Fisher Info. Analysis 
FI in projective probability:

FI in post-selected state:

FI in discarded state:

Achieve Heisenberg limit and provide precision advantage



Heisenberg limit

Experimental
fitting curve

研究成果1: 基于弱测量技术的量⼦精密测量

G. Chen et al., Phys. Rev. Lett. 121, 060506 (2018) 24

Approaching HL by projective measurement on single photons
 Merely takes use of single qubit superposition

and achieves Heisenberg scaling of 1.2/n;

 The ultimate precision is 10ିଵ଴rad, which is
equivalent to the precision using 1,000,000
maximally entangled photons, and outperforms
former classical method by two orders of
magnitude (Nat. Photon. 3, 95 (2008)) 。
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Achieve Heisenberg limit and provide precision advantage



研究成果1: 基于弱测量技术的量⼦精密测量
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Achieve Heisenberg limit and provide precision advantage

Brief Summaries:
 It is currently insurmountable to meanwhile achieve both scaling and

precision advantages.

 In some specific scenarios, single qubits could render a scalable
Heisenberg scaling and eventual achieve a better precision.

 Fisher information analysis is a useful to guide the experimental
engineering.
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Super-Heisenberg limit metrology

Quantum probe |𝜑଴⟩ Evolution to encode g Readout Estimation 

Classical probe |α⟩ Quantized Evolution 
to encode g

Readout Estimation 
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The causal order is definite for two related
events in classical world

Left： A occurs before B，A causes B；
Right：B occurs before A，B causes A

Indefinite 
Causal order

Definite causal order

Indefinite causal order

Super-Heisenberg limit metrology

Quantum mechanics allows the superposition of
eigenstates, and also the superposition of orders

Middle：superposition of two alternative orders
between A and B, forms a supermap of evolution
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 To build this quantum supermap, a control qubit has to be introduced to control the evolution
order, and the whole structure is named as Quantum SWITCH.

Sci. Adv. 3: e1602589 (2017) 

Super-Heisenberg limit metrology
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Discriminating two unitary operations commute or anti-commute

ሾ𝑈஺,𝑈஻ሿ|𝜓 ൐ ൌ 0 𝑜𝑟 𝑈஺,𝑈஻ |𝜓 ൐ ൌ 0

Definite casual order method:
one of the gates has to used at 
least twice

Phys. Rev. Lett. 105, 120402(2010) 

Super-Heisenberg limit metrology



30Phys. Rev. A 86, 040301(R) (2012)

ሾ𝑈஺,𝑈஻ሿ|𝜓 ൐ ൌ 0 𝑜𝑟 𝑈஺,𝑈஻ |𝜓 ൐ ൌ 0

Only one query of each black box

I. Preparing control Qubit:

II. Imposing quantum switch on the target qubit:

III. Hadamard gate on the control qubit:

Discriminating two unitary operations commute or anti-commute

Super-Heisenberg limit metrology



31Nat. Commun. 6, 7913 (2015)

Control qubit: paths of photons 
Target qubit: polarization of photons

Discriminating two unitary operations commute or anti-commute

Super-Heisenberg limit metrology



32Phys. Rev. Lett. 120, 120502(2018) 

completely depolarizing channel 

Quantum switch channel and its outcome

Outcome of Hadamard measurement 

To overcome noisy channels

Super-Heisenberg limit metrology



33Phys. Rev. Lett. 124, 030502 (2020) 

completely depolarizing channel 

To overcome noisy channels

Super-Heisenberg limit metrology
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N position 
displacements

N momentum
displacements

estimate Standard quantum 
limit 

Super-Heisenberg limit metrology

Phys. Rev. Lett. 124, 190503 (2020) 
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Super െ Heisenberg scaling ∝ ଵ
ேమ

Enhanced scaling

Control qubit

Fisher
Info.Geometric Phase

Super-Heisenberg limit metrology

Phys. Rev. Lett. 124, 190503 (2020) 
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X-displacement
z

x

|H>
(Horizontal Polarization)

|V>
(Vertical Polarization)

Optical axis

Transverse mode of photons——
quantum switch on continuous variables

P-displacement

𝑒௜௣௑=׬𝑑𝑥 𝑒௜௣௫|𝑥 ൐൏ 𝑥|

 𝑒௜௣௫*  𝑒௜௞௭=𝑒௜ሺ௣௫ା௞௭ሻ

Super-Heisenberg limit metrology

P. Yin et al. Nat. Phys. 19, 1122-1127 (2023). 
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Experimental Setup

Control system: photon polarization
(finite dimensional)

Target system: transverse mode 
(infinite dimensional)

Control

Initialization: eliminate the stochastic
phase introduced by the optical elements:
Cancel x-displacement by changing the 
polarization

Super-Heisenberg limit metrology

P. Yin et al. Nat. Phys. 19, 1122-1127 (2023). 
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Fitting curve of experimental points
 lower bound for all feasible 

strategy with fixed order

Super-Heisenberg limit

Super-Heisenberg limit metrology

P. Yin et al. Nat. Phys. 19, 1122-1127 (2023). 



39

 Any setup using a superposition of alternative orders and a finite amount of energy in
the probes is necessarily bound to the N^(-2) scaling, two orders are optimal.

 Irrespective of the definition of Heisenberg limit, our scheme realizes a realistic
advantage compared to definite causal order schemes, not merely a better scaling.

 Our experiment implements ICO on a hybrid system for the first time, which utilizes
discrete control qubit to decide the alternative order of two sets of evolutions.

 The resource count in terms of the energy does not exceed the energy of a single
photon, and no nonlinear effect occurs.

Super-Heisenberg limit metrology

Brief Summaries:
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Discussions
Classcial Nonlinear schemes are widely debated

Quantum nonlinear enhancement of precision
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Measure the rotating angle with vortex beam

Remote Sensing Asteroid Defense

PNT Gravitation constant

Quantum nonlinear enhancement of precision
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Quantum SWITCH operator:

Quantum nonlinear enhancement of precision

Paper in preparation
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Quantum nonlinear enhancement of precision

Projection probability of control qubit: Fisher info. analysis:

Interference fringe for increasing m and l

Nonlinear enhancement of normalized precision

Paper in preparation
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Measure the rotating angle with vortex beam

Quantum nonlinear enhancement of precision
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 When one of the processes in quantum SWITCH can be precisely
applied, it can be used as the leverage to boost the Fisher information
and creates quantum nonlinear enhancement.

 Other scheme may also render approximate amount of quantum Fisher
information, but with ICO we can conveniently approach the quantum
Cramer-Rao bound merely with projective measurement on control qubit.

Brief Summaries:

Quantum nonlinear enhancement of precision



Discussion and perspective
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Heisenberg uncertainty principle (HUP) Heisenberg limit

Quantum Cramer-Rao (QCR) bound
for single parameter estimation

Relate HUP with quantum Fisher info.
for multi-parameter estimation 

The measurement uncertainties between 
two inherent observables of a particle

The scaling of the precision with N to estimate the
coupling strength 𝑔 in evolution operator 𝑈෡ 𝑔 ൌ
𝑔𝐴⨂𝑃෠ but not the inherent property of a particle.

From the Fisher information view, HUP decides the
information loss in one measurement of two parameters

The QCR bound can only be attained of with
an optimal measurement

𝑄௜௜=



Discussion and perspective
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𝐻ଵ ് 𝑥ො, 𝑎𝑛𝑑 𝐻ଶ ് 𝑝,
ሺ∆𝑔௜ሻଶ→

ଵ
ఔொ೔೔

, 

&ሺ∆𝑔௝ሻଶ→
ଵ
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Optimize probe 
and measurement

𝐻ଵ ൌ 𝑥ො, 𝑎𝑛𝑑 𝐻ଶ ൌ 𝑝,

Both and           can be infinitely enhanced, and the two parameter simultaneously saturate the 
QCR bound without any information loss.



Discussion and perspective
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Rediscover of Heisenberg uncertainty principle (HUP)

I. HUP does not put constraint on the scaling of precision in single parameter estimation, and
super-Heisenberg limit is allowed and consistent with current physical framework.

II. HUP relates to the incompatibility of two parameters and causes information loss, but
with specific probe and measurement engineering, the incompatibility can be minimized and
uncertainties of the two parameters can simultaneously approach the QCR bound.



Discussion and perspective
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Two further questions:

I. In the sense that the HUP does not restrict the scaling in single
parameter estimation, is it possible to achieve higher limit than 1/𝑁ଶ?

II. Is it possible to meanwhile approach the QCR bound and achieve
dual super-Heisenberg limit in bi-parameter estimation?
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