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On-chip measurements of cavity-confined fields
Aleksei Gaier1, Jiawen Liu1, Xuhui Cao1, Yazan Lampert1, and

Cristina Benea-Chelmus2

1Hybrid Photonics Laboratory, EPFL, Switzerland
2 Quantum Science Center, EPFL, Switzerland

Cavity confined electromagnetic fields have long been a useful tool to establish
correlations between otherwise uncorrelated two-level systems through their coupling
to the vacuum cavity field. Since in-situ observation of the electromagnetic field and its
correlation has long been very challenging, the effect has been rather quantified by
read-out of the state of the matter part. The terahertz range is particularly interesting
for studying light-matter coupling since it hosts a variety of matter excitations such as
Landau level transitions, interband transitions in various single-layer and bulk
semiconductors, or roto-vibrational modes of extended molecules. In this context, long-
range correlations are predicted theoretically to play an important role in electron
transport, optical decay rates, and even in the nature of the ground state of a system.
Only recently, integrated photonic circuits have enabled for the first time sampling of
electromagnetic waves on at-will controlled sub-cycle spatio-temporal scales in the
terahertz frequency range by means routing of optical probes along well-defined
waveguides (with well-defined linear and non-linear properties) into highly confining
terahertz elements [1-3].
In this presentation, I will highlight recent advances in the field of terahertz metrology
using integrated photonic circuits realized on thin film lithium niobate.
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Fermi gases with cavity-mediated interactions
J.P. Brantut

EPFL, Lausanne, Switzerland

In this talk, I will describe experiments where an ultracold Fermi gas is strongly coupled
to light in optical resonators. In such a system, virtual photon exchanges between
atoms yield a long-range, all-to-all interaction leading to a number of emergent
phenomena. I will describe how it induces charge-density wave ordering, and the
observation of this transition in real time and with high spatial resolution. I will also
discuss extensions of this physics to photon-pair interactions in a superfluid, and show
first evidences for pair-density wave ordering in this case.









Dynamics of interacting atoms in an optical cavity
C. Kollath

1Physikalisches Institut, Uni Bonn, Bonn, Germany

Quantum gases in optical cavities have shown many exciting phenomena as the self-
organization into superradiant phases. Additionally many complex phases have been
predicted to be realizable in these systems reaching from topologically interesting
phases to glass like phases. The theoretical treatment of these systems is very
difficult due to the presence of the long range coupling of the cavity to the atoms and
fluctuations need to be critically taken into account. We investigate bosonic and
fermionic atoms on a lattice and coupled to an optical cavity using many-body
adiabatic elimination technique and exact matrix product state methods to capture
the global coupling to the cavity mode and the open nature of the cavity. We simulate
the spreading of correlations and discover a new type of bistabilities which are
caused by the excited states in the system.
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Single atoms in a cavity:
A platform for graph states generation

P. Thomas, L. Ruscio, O. Morin and G. Rempe
Max-Planck-Institut für Quantenoptik, Garching, Germany

Graph states constitute a particular class of multipartite entangled states. Since the
seminal proposal by Briegel and Raussendorf [1], they have been used in a plethora
of protocol proposals for quantum information. The most prominent examples are
measurement-based quantum computing and the one-way quantum repeater. Over
the last two decades, significant experimental efforts have focused on generating
graph states, particularly with photons. Most realizations were based on spontaneous
parametric down-conversion. However, this approach is inherently probabilistic and
therefore not scalable.

An obvious alternative is the use of deterministic photon sources. In this endeavor,
single atoms coupled to an optical cavity offer a promising route. Indeed, we have
shown the efficient generation of large GHZ and linear cluster states [2]. More
recently we have shown the implementation of cavity-assisted fusion, a feature that
enables the generation of more complex topologies such as tree and ring states [3].
These milestones bring the field closer to leveraging the full potential of graph states
for practical quantum information processing.
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Exploring Strong Light Matter Coupling and
Polariton Condensation in Quasi-2D Perovskites at
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Layered halide perovskites are organic and inorganic 2D or quasi-2D layers [1], which
self-assemble in solution realizations of quantum well stacks with giant exciton
oscillator strengths, tunable emission spectra and very large exciton binding energies.
In this contribution, we discuss widely tunable room-temperature cavity exciton
polaritons at the cross-over from the strong coupling to the very strong coupling regime
[2,3], utilizing mechanically exfoliated quasi-2D Ruddlesden-Popper iodide perovskite
(BA)2(MA)2Pb3I10 integrated into an open microcavity [4]. The observed Rabi splitting
exhibits a systematic reduction with increasing cavity length; however, the scaling
behavior deviates from the square root dependence typically observed in the strong
coupling regime. Moreover, under strong non-resonant optical excitation, polariton
condensation can be observed, and interferometric measurements reveal the
emergence of spatial coherence throughout the condensate. Our findings provide a
foundation for future on-chip applications involving tunable polaritonic and nonlinear
optical devices based on strongly coupled perovskite systems.
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Non-equilibrium as a resource: Non-thermal steady-
states of cavity-quantum-materials

F. Piazza
University of Augsburg, Germany

Coupling a system to two different baths can lead to novel phenomena escaping the
constraints of thermal equilibrium. In quantum materials inside optical cavities, this
feature can be exploited as electrons and cavity-photons are easily pulled away from
their mutual equilibrium, even in the steady state. This offers new routes for a non-
invasive control of material properties and functionalities. Motivated by recent
experimental puzzles arising with transition-metal-dichalcogenides inside Fabry-Perot
cavities, we show how the absence of thermal equilibrium between electrons and
photons leads to qualitative modifications of the material's properties in two different
ways: 1) the electron distribution shows enhanced fluctuations near the Fermi surface
due to the breaking of detailed balance; 2) the scattering between electrons in the
steady state acquires a genuinely non-thermal component which can for instance
enhance the tendency to pair and become superconducting.
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A continuous-wave cavity microscope
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Atoms coupled to optical cavities provide a powerful platform for quantum simulation.
Until now, most experiments have relied on single-mode cavities. We introduce a self-
imaging 4f cavity setup [1] that supports multimode operation, enabling local control of
the cavity field. This opens new possibilities for manipulating atomic samples and
performing in-cavity microscopy for high-resolution readout. Using our proof-of-
concept cavity, we have demonstrated cavity-enhanced microscopy, and I will outline
future directions for exploring atom–cavity interactions in the multimode regime.
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Exploring Multiband Topology in Exciton-Polariton Lattices
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Exciton-polaritons, hybrid quasiparticles arising from the strong coupling between quantum
well excitons and cavity photons, offer a versatile platform to study topological physics [1,2].
Their unique light-matter nature allows for engineering topological bands, topological lasers,
topological solitons... [3-7] In this presentation, I will report on recent progress in the
experimental investigation of multiband topology in exciton-polariton lattices.

Building upon earlier studies of two-band systems, we have developed and implemented a
generalized tomography technique that reconstructs the full Bloch eigenstate structure across
the Brillouin zone for lattices with an arbitrary number of bands. This method relies on k-space
interferometric measurements combined with controlled phase modulations between sub-
orbitals, enabling us to extract the full Stokes vector for each Bloch mode. Applied to polariton
honeycomb lattices incorporating multiple orbitals and/or polarization-dependent effects, our
approach allows the measurement of the Berry curvature and quantum geometric tensor of each
band. We demonstrate this technique on a honeycomb lattices featuring up to six bands, and
reveal clear signatures of topology beyond the two-band paradigm.

Our work highlights the potential of exciton-polariton lattices as a testbed for exploring
multiband topological effects in a highly tunable photonic platform, and paves the way for
accessing more exotic phenomena, such as non-Abelian topology in driven photonic
systems [8].
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New frontiers in quantum simulation and sensing via
cavity mediated interactions

A. M. Rey1

1 JILA, NIST and Department of Physics, University of Colorado, Boulder, USA

Atoms and photons are the fundamental building blocks of our universe. Their
interactions rule the behavior of our physical world but at the same time can be
extremely complex, especially in the context of many-body quantum systems.
Understanding and harnessing them is one of the major challenges of modern
quantum science. In recent years, ultracold atomic systems have emerged as a pristine
platform for the exploration of atom-light interactions. In this talk, I will discuss the
potential of atomic systems loaded in optical cavities as a resource to enhance the
energy scales needed to observe complex many-body behaviors by harnessing infinity
range interactions mediated by photons that can couple a large set of internal levels. I
will show how cavity systems can help us not only to shed light on behaviors of iconic
Hamiltonians describing real materials but also to engineer broader classes of
Hamiltonians with multi-body interactions too complex to emerge naturally.
Furthermore, I will explain how they can facilitate the generation of quantum
entanglement and overcome physical constraints currently limiting the performance of
state-of-the-art atomic clocks and interferometers.
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Quantum correlations of exciton polaritons
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Cavity exciton-polaritons are quasiparticles that form when quantum well excitons
hybridize with a cavity mode (Fig.1a) [1]. In our experiment we carry out photon
correlation measurements under continuous wave resonant laser excitation to
demonstrate quantum correlations between cavity–polaritons (Fig.1b). Our
experiments reveal an unexpectedly strong dependence of polariton interactions on
cavity-exciton detuning (Fig.1c). When the polaritons are predominantly exciton-like,
we observe a transition from photon antibunching to bunching as the laser is tuned
across the polariton resonance, in agreement with a simple Kerr-nonlinearity model [2].
When the lower-branch polariton energy is tuned to resonance with the biexciton mode,
the degree of polariton antibunching becomes independent of the laser detuning: we
explain our finding by invoking a dissipative blockade mechanism arising from large
biexciton broadening. Our experiments demonstrate that the strong polariton blockade
regime could be achieved by reducing the polariton decay rate by a factor of 10.
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Fig 1 a Cavity transmission spectrum showing the normal mode splitting characteristic of the hybridized light-matter states.
b Second order correlation function of a polariton with an excitonic content of 72% measured with negative laser detuning
reveals the non-classical nature. c g2(0) as function of the exciton content for three different laser detunings, shows an
unexpectedly strong dependence on the exciton content.



Towards cavity control of superconductivity
Michael A. Sentef 1,2
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In recent years, light-driven quantum materials science has undergone a fundamental transformation.
What was once a theoretical vision—the ability to control and manipulate emergent properties of
materials on ultrafast timescales—has now become a reality [1]. This progress has been enabled by
rapid advancements in shaping laser pulses, probing nonequilibrium dynamics with femtosecond
resolution, and developing sophisticated theoretical approaches to describe light-driven many-body
systems [2]. As a result, we are now entering an era in which quantum materials can be actively
“designed” and controlled using tailored light fields.

A cornerstone of this approach is Floquet engineering, which exploits periodic driving to coherently
modify electronic states and induce novel phases of matter. I will briefly review key developments in
realizing Floquet states in quantum materials and discuss their implications for controlling competing
orders. However, despite its promise, Floquet engineering also faces intrinsic limitations, particularly
due to heating effects and decoherence, which can constrain its applicability as a general tuning
mechanism.

Moving beyond conventional Floquet approaches, a new frontier is emerging: cavity quantum
materials [3]. By embedding materials in tailored quantum-electrodynamical environments, such as
optical cavities, it is possible to enhance light-matter interactions and create hybrid light-matter states
with fundamentally new properties. Unlike classical laser-driven schemes, cavity-mediated
interactions can modify quantum fluctuations and collective excitations even in thermal equilibrium,
offering a novel route to control material properties without direct external driving. I will highlight recent
advances in this field, both from theoretical [4] and experimental [5,6] perspectives, and specifically
discuss how strong correlations in cavity quantum materials provide new opportunities for engineering
competing electronic orders through light-matter hybridization. Importantly, this relies on a
generalization of the “cavity paradigm” beyond optical resonators into the realm of “polaritonic
quantum matter” in order to structure fluctuations in cavity quantum materials [7]. This may open
pathways toward controlling superconductivity, charge density waves, and other ordered phases in a
fundamentally new way.
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Quantum Science in Cavity Arrays
Jonathan Simon

Stanford University, Stanford, CA

In this talk I will discuss ongoing efforts in the Simon-Schuster collaboration at Stanford
that leverage arrays of optical and microwave resonators for quantum science. On the
microwave side, I will describe our Bose-Hubbard circuit platform and share
experimental work assembling and studying liquids and solids of photons, culminating
in our demonstration of many-body Ramsey spectroscopy as a probe of chemical
potential and pressure in photon fluids. On the optical side, I will introduce our recently
developed cavity array microscope as a tool for rapidly reading out atom arrays, and
discuss prospects for networking, computing and many-body physics.





Electro-Optic Cavities for THz Cavity Electrodynamics

M. Spencer1, O. Minakova1, M. Frenzel1, J. Urban1, M. Wolf1, & S.

Maehrlein1,2,3

1. 1 Department of Physical Chemistry, Fritz Haber Institute, Germany

2. Institute of Radiation Physics, Helmholtz Zentrum Dresden Rossendorf, Germany

3. Institute of Applied Physics, Technische Universität Dresden, Germany

Cavity control over material excitations and order parameters represents a major

driving force for the rising field of THz cavity electrodynamics. A significant limitation in

the work so far is an over-reliance on conventional techniques of measuring light-

matter interactions – i.e. measurement of transmitted or reflected fields (i.e. ex-situ)

rather than in-situ measurement of cavity fields themselves. This shortcoming is readily

addressed by performing electro-optic sampling inside of the electromagnetic cavity,

here using alpha quartz, thereby creating what we call an electro-optic cavity (EOC),

which allows measurement of cavity electromagnetic fields.

As a first example of local light-matter interaction measured in the electro-optic cavities,

we demonstrate strong coupling of a cavity photon to a phonon within the EOC. This

discovery of bulk electro-optic phonon polaritons serves as a promising example of the

novel opportunities for fundamental research in light-matter interactions in the THz

range. More specifically, the identification of strong light-matter interactions in these

electro-optic cavities opens an important new testing ground for measurement of

potential light-matter entanglement, created due to the strong interaction.

Furthermore, our choice of quartz is an ideal electro-optic medium for measuring

tailored and textured light fields, thus setting the stage for measurement of tailored light

pulses within engineered electro-optic cavities.
























































































































