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Quantum information for quantum metrology
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thousands of atoms, with local addressing and atom
storage and reloading [Fig. 1(d)]. The increasingly higher
fidelity and programmability for one- and two-qubit gates,
along with effective midcircuit readout, and flexibility in
spatial reconfiguration and entanglement distribution in a
network of qubits, are leading to the production of
encoded and error-corrected logical qubits, permitting
the systems to make fault-tolerant production of logical
GHZ states that can be used to measure certain parameters
at an enhanced rate [10].
Indeed, quantum simulation and quantum sensing are

inextricably linked [29]. Simulating many-body quantum
systems provides fundamental insights into dynamical
phases of matter, and this knowledge can be leveraged
to design a new generation of quantum sensors with
engineered many-body states and collective quantum mea-
surements [30–32]. The goal is to develop sensors that
supersede the current state of the art for targeted applica-
tions that are specifically motivated by the need to probe
fundamental physics [33]. It is through such applications
that current intermediate-scale quantum technologies can
have a great impact on both fundamental science and
disruptive technology.
To realize a meaningful quantum advantage [34], quan-

tum technologies must demonstrate scalability and superior

performance in regimes where classical approaches reach
their limit, and it is necessary to characterize and verify
quantum devices in the classically inaccessible regime [35].
Demonstrations of quantum advantage on problems
that have practical applications, such as entanglement-
enhanced quantum sensors, will help expand the deploy-
ment of quantum devices in the field, which will in turn
open new scientific opportunities. Achieving that requires
demonstrations of robustness and compactness for field
applications including the distribution of entanglement in
a network [22,36,37]. It is further important to improve
our ability to perform and characterize measurements
in multiple-parameter quantum devices, such as sensor
networks [38,39]. The close coordination of quantum
hardware with quantum algorithms and measurement
protocols to optimally extract relevant physical informa-
tion [40], together with the identification of impactful
applications that are best suited for these quantum
devices, will be critical for demonstrating a quantum
advantage for meaningful applications.
Emerging quantum technologies based on AMO

platforms.—Deploying entanglement will significantly
increase the measurement sensitivity at a given bandwidth,
or equivalently, the sensing bandwidth for a given preci-
sion. One can weigh the desired properties of a quantum

FIG. 1. Quantum system design and engineering to open new frontiers for quantum sensing. (a) A quantum network that links
individual clocks in space with enhanced performance and security based on their entangled quantum states. The optimal use of global
resources and quantum-enabled precision and accuracy also represent a unique long-baseline observatory for fundamental physics [6].
(b) A Wannier-Stark optical lattice where clock (spin) and atom interferometer (motion) are integrated into a single quantum plat-
form [7]. Cavity-QED-based entanglement generation will further enhance the probing of clock frequency, coherence, and gravity [8].
(c) A new monolithic ion trap configuration allows a two-dimensional arrangement of laser-cooled ions for quantum simulations of spin
models and increased sensing capabilities [9]. (d) A tweezer array of neutral atoms that enable any-to-any connectivity among hundreds
of atomic qubits with universal local single-qubit rotations and high-fidelity two-qubit Rydberg gates. Fast midcircuit readout and
feedforward can be implemented together with parallel transport in reconfigurable array architecture [10,11]. (e) The generation of GHZ
entangled states for enhanced interferometric sensitivity in clock operation, reaching the Heisenberg limit where the phase sensitivity
scales with the inverse of particle number N. This is the best possible outcome defined by quantum physics [11,12].
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In this Essay, we argue that a compelling long-term vision for 
fundamental physics and novel applications is to harness the 
rapid development of quantum information science to define 
and advance the frontiers of measurement physics, with strong 
potential for fundamental discoveries.

Use programmable many-body 
systems as quantum sensors Harness local and non-local entanglement

Connections and application to 
fundamental symmetry & gravity:  
• atomic clocks ~ 1 × 10−21

• dark matter

• EDM (ACME, JILA)

• biological and chemical physics




Gravity-Quantum interface in Optical 
Atomic Clocks

Probe interplay of redshift and 
entangling interactions

Large masses and large distances

Probe non-local superposition states

see also: X. Zheng et al., Nat. 
Commun. 14, 4886 (2023)

Gravity-quantum interplay at 
small distances

Redshift measurement on lattice 
spacing scale

~mm redshift

T. Bothwell et al., Nature 602, 420-424 (2022)

A. Chu et al., Phys. Rev. Lett. 134, 093201 (2025)

Challenge!
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We can see the same physics in both settings

Atomic mass  (large)m

Excitation mass  (small)m↑↓ = ℏω↑↓/c2

Couples to gravity: redshift

Ĥ = ∑

A/B

M̂A/B ϕ(zA/B)

z

zB

zA

z

zB
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Excitation mass  (small)meg = ℏωeg/c2

Internal (node) masses Mσ = ℓσmeg

Non-local mass superpositions
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ωeg

Mass defect 
m → m̂ = m + ĤI /c2



Non-local mass superpositions



Setup - quantum sensor network
Build quantum superpositions of 

non-local mass distributions:

Trapped ionsAtomic ensembles

General state:

Alternative implementations (depending on platform)
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E. S. Polzik and J. Ye, Phys. Rev. A 
93, 021404 (2016)

R. Blatt and D. Wineland, Nature 
453, 1008-1015 (2008)More atoms  larger masses→
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Motional Internal Relativistic 

coupling
Interaction 
with light

Hamiltonian: Focus on internal d.o.f

Localized and cold atomic ensembles
Absorb  corrections in definition of  and ĤI |g⟩ |e⟩
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Local and non-local superpositions
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Preparing mass superpositions



Preparing mass superpositions
Apply local preparation unitaryGenerate delocalized single excitation (Bell pair)

Variational optimization to find the right circuit:

Non-local Schrödinger cat states:

+A ↔ B
A B

+A ↔ B+
A B B

Ûp = ℛ̂np
(θp) 𝒯̂np−1

(χp−1) … 𝒯̂n1
(χ1)

Rotations One-axis twisting



Entanglement distribution

Quantum communication schemes: deterministic or probabilistic
Quantum state transfer Quantum repeater protocol

One or two photons

Do relativistic corrections 
change the picture?

L.-M. Duan et al., Nature 414, 413-418 (2001)

Quantum Optics 
model including 
GR corrections

Bath

Node B

Node A

g

B. Vermersch et al., Phys. Rev. Lett. 118, 133601 (2017)

• Redshift  detuning of atomic 
transition frequencies


• Phase-corrected mode functions


• Delay time correction

→

Small systematic shifts

Generate delocalized single excitation (Bell pair)



Variational state preparation

Goal: “growing Schrödinger cats”

Resources: one-axis-twisting and global rotations Cost functions

|0⟩ → |0⟩

|1⟩ → |ψ⟩
Large average 

mass

Superposition 
of several levelsTarget

See also: 
R. Kaubruegger et al., Phys. Rev. X 11, 041045 (2021) 
C. D. Marciniak et al., Nature 603, 604 (2022)

Ûp = ℛ̂np
(θp) 𝒯̂np−1

(χp−1) … 𝒯̂n1
(χ1) • Fidelity of  state result.


• Target state probability 
distribution overlap

|0⟩

Only probability distribution 
impacts interference pattern

Separate vacuum and excitation
Reposition states on 

the Bloch sphere

Constraint: keep 
vacuum unchanged

Optimize the circuit (classically or on-device)



Resulting states

3-5 layers of OAT:N = 20

Three example target states:

• Single mass eigenstate  (analog: 
COW scheme)


• Superposition of two mass eigenstates 
 (analog: atom- 

clock interferometer)


• Coherent state of mass excitations 
 (analog: macroscopic 

particle in superposition)

|M⟩

(|M1⟩ + |M2⟩)/ 2

ℛ̂y(π/2)|0⟩



Non-local Ramsey interferometer



Non-local Ramsey interferometer

|Ψi⟩ = ∑
ℓ≥1

ψℓ
|0⟩A ⊗ |ℓ⟩B + |ℓ⟩A ⊗ |0⟩B

2
|Ψf⟩ = ∑

ℓ≥1

ψℓ
e−iφℓ,B|0⟩A ⊗ |ℓ⟩B + e−iφℓ,A|ℓ⟩A ⊗ |0⟩B

2

Interference pattern is a weighted sum of oscillations, with different 
frequencies corresponding to different mass/energies 

1. Prepare superposition 
state (previous part)


2. Accumulate phases 
under GR Hamiltonian


3. Decoding (if needed) 
and measurement (local 
or non-local)



Expected interference patterns
Mass eigenstate

+A ↔ B
M0

M1

Equivalent: 
COW experiment

Single-frequency oscillation

Fast decay of noisy amplitudes — 

signal oscillation with lower visibility

Interference pattern:

Reference - single excitation (seed state)

Ideal state preparation

Variational state preparation

One frequency



Expected interference patterns
Superposition of two mass eigenstates

Visible beating between 
 and  frequenciesM1 M2

M0

M1

M2

+A ↔ B

Equivalent: two-
level atom (clock) 

interferometer

Interference pattern:

Reference - COW (eigenstate) oscillation

Ideal state preparation

Variational state preparation

Two frequencies



Expected interference patterns
Coherent state of mass excitations

+A ↔ B
M0

M1

Signal oscillation with frequency given 
by average mass


Fast loss of visibility  — Gravitational 
“decoherence”

Equivalent: complex 
particle (gravitational 

decoherence)

Interference pattern:

Reference - COW (eigenstate) oscillation

Ideal state preparation

Variational state preparation

Many frequencies



Outlook
• Possible experiment in Innsbruck


• Enhance mass/energy scales: nuclear transitions?


• New/interesting physics not accessible in atom interferometer experiments?

J Bate B Lanyon

K ≈ ∑
ij

κij (∂i∂j ϕ( ⃗r ))
2

K = f(ϕ1, …, ϕ10)Curvature: 

Riemann tensor Ra

bcd

Kretschmann scalar
Distributed quantum sensing task!

See:

J. Tiedau et al., Phys. Rev. 
Lett. 132, 182501 (2024) 
R. Elwell et al., Phys. Rev. 
Lett. 133, 013201 (2024) 
C. Zhang et al., Nature 633, 
63-70 (2024)P. Thirolf, Physics 17, 71 (2024)

Innsbruck Trapped-Ion 
Quantum Network

230 m quantum link V. Krutyanskiy et al., 
Phys. Rev. Lett. 

130, 050803 (2023)



Thank you for listening!
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