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New physics is required due to observations: no Stan dard Model explanation

Composition of the Universe

Dark Matter

27 %

ark Energy e

Ordinary Matter
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« Dark matter

 Matter-antimatter asymmetry

 Neutrino masses

 Accelerate expansion of the Universe (dark energy/cosmological constant?)
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Focus Issue in Quantum Science and Technology (20 pa  pers)

Quantum Sensors for New -Physics Discoveries
Editors: Marianna Safronova and Dmitry Budker

https://iopscience.iop.org/journal/2058-9565/page/Focus-on-Quantum-Sensors-for-New-Physics-
Discoveries

Editorial:
Quantum technologies and the elephants, M. S Safronova and Dmitry Budker,

Quantum Sci. Technol. 6, 040401 (2021).
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Measurements beyond the quantum limit

Large ion crystals
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Entangled clocks
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What guantum technologies will be sent to space?
What new physics can one search for in space better then on Earth?

NATIONAL s Key Science question: What new physics, including p article physics, general relativity,

ACADEMIES mine™

and quantum mechanics, can be discovered with exper Iments that can only be carried
out in space?

MULTI-AGENCY OPPORTUNITY: PROBING THE FABRIC OF SPA CETIME

Initial R&D thrusts are to develop space- rated, quantum technology optical lattice clocks.
Goals: testing relativistic gravity, searching for violations of fundamental symmetries, searching
for additional fundamental forces, and searching for time-variations of the fundamental
constants. Probing the hidden nature of the universe by searching for dark matter and dark
energy and other exotic low-mass fields. Testing whether the gravitational field has quantum
aspects.

 May 2023: Establishment of NASA Fundamental Physics Analysis group https://www.jpl.nasa.gov/go/funpag

 MS will lead Review of Modern Physics (approved) on Opportunities for fundamental physics discovery in space
with quantum sensors

» European efforts: Cold Atoms in Space: Community Workshop Summary and Proposed Road-Map, Ivan Alonso
et al., EPJ Quantum Technol. 9, 30 (2022)

« ESAACES (cold microwave clock on ISS) mission launched April 2025
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Need to be away from Earth surface

Tests of gravity are hindered by Earth gravity

Optical time transfer to link Earth clocks Need access to variable  Long baselines: gravitational
Dark energy and some dark matter (screening) gravitational potentials waves, dark matter (especially
Tests of fundamental postulates (WEP, LLI) transients), dark energy

Sun: Dark matter halo bound to the Sun?
Extreme overdensities possible

Moon: laser ranging, low seismic activity,
permanent cryogenic environment
Asteroids: test masses

Image credits:
NASA, Wikipedia
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dark matter
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luminous matter
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Dark
matter
searches
One way VLBI Earth sciences _
navigation
Optical clocks on earth
22,800 km
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Image Credits: NASA, NOAA, Science 281,1825; 346, 1467, University of Hannover, PTB, PRD 94, 124043, ADP 531, 1800364 (2019) .
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erometry Based Sensors to Space Navigation, M. R.
a Z. Anderson, Todd Ely, arXiv:2207.06453 (2022)




Local Dark Matter Density

Semimajor Axis

OSIRIS-Rex

NASA mission to asteroid Bennu -] OSIRIS - REx
Use orbit precession data to set limits on Bennu ¢
dark matter density in the Solar system

Yu-Dai Tsai, Joshua Eby, Jason Arakawa, Davide Farnocchia, and Marianna S. Safronova, JCAP 02, 029 (2024)
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The primary goal for this mission
would be to test the gravitational
redshift, a classical test of general
relativity, with a sensitivity 30,000
times beyond current limits.

Additional science objectives:

o Other tests of relativity

» Enhanced searches for dark matter
and drifts in fundamental constants

< > « Establishing a high accuracy
International time/geodesic

reference (linking Earth clocks)
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The key idea: ultralight dark |:|

matter (UDM) particles behave In
. | _ ~10°(d /m.c
a “wave-like” manner con (B /m;c)
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UDM: coherent on the scale of detectors or coh

networks of detectors.

Need different detection strategies from / T \

particle dark matter. Dark matter

Dark matter mass
density

Dark matter
field amplitude



Dark matter field
couples to
electromagnetic
interaction and
“normal matter”
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Fundamental Atomic, molecular,

coupling constants nuclear energy levels
will oscillate so clock
frequencies oscillate

and mass ratios now
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We propose a clock-comparison satellite mission
with two clocks onboard, to the inner reaches of
the solar system (0.1 AU).

Science goals:

 Search for the dark matter halo bound to the Sun

* Probe natural relaxion (solves hierarchy problem
and can be dark matter) parameter space

» Look for the spatial variation of the fundamental
constants associated with a change in the
gravitation potential
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We propose a clock-comparison satellite mission
with two clocks onboard, to the inner reaches of
the solar system (0.1 AU).

Science goals:

 Search for the dark matter halo bound to the Sun

* Probe natural relaxion (solves hierarchy problem
and can be dark matter) parameter space

» Look for the spatial variation of the fundamental
constants associated with a change in the
gravitation potential



Dark matter clumps: point-like monopoles, one-
dimensional strings or two-dimensional sheets

(domain walls).

If they are large (size of the Earth) and frequent
enough they may be detected by measuring
changes in the synchronicity of a global network of
atomic clocks, such as the Global Positioning
System or networks of precision clocks on Earth.

GPM.DM collaboration: Roberts at el., Nature Communications 8, 1195 (2017)



Bursts of exotic low-mass fields (ELFs) could be generated by
cataclysmic astrophysical events, such as black-hole or neutron-star
mergers, supernovae or the processes that produce fast radio bursts.

Effect of dispersion on the

expected ELF signal at a precision
guantum sensor.

 The leading edge of an ultrarelativistic ELF burst would propagate across Earth in ~40 ms.
 Magnetometers: 1-10 ms temporal resolution.
* Need longer baseline for clocks.

Conner Dailey, Colin Bradley, Derek F. Jackson Kimball, Ibranim A. Sulai, Szymon Pustelny, Arne
Wickenbrock and Andrei Derevianko, Nature Astronomy 5, 150 (2021)

Multimessenger Astronomy Beyond the Standard Model: New Window from Quantum Sensors

Jason Arakawa, Muhammad H. Zaheer, Volodymyr Takhistov, Marianna S. Safronova, Joshua
Eby, arXiv:2502.08716 (2025).
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Terrestrial Very-Long-Baseline Atom Interferometry: Workshop Summary, Sven Abend at al., AVS Quantum Sci.
6, 024701 (2024); Second workshop: EPJ Quantum Technology 12, 42 (2025).

University of Delaware is member of the Proto colla  boration for Terrestrial Very Long Baseline Atom
Interferometer (TVLBAI) study. The main goals are to develop a Roadmap for the design and technology choices
for one or several km-scale detectors to be ready for operation in the mid 2030s, which is supported by the cold
atom community and the potential user communities interested in its science goals.
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Looking for ideas: Moon, planets and asteroids for new physics
searches with guantum sensors

Moon: low seismic noise, cryogenic & vacuum environment

Moon time and navigation?

Can clocks on the Moon improve lunar laser ranging?

Dark matter and gravitational detection with the Moon
Lunar seismic and gravitational antenna (LSGA)

Can we use quantum sensors to track asteroids for better orbital
determination?

How to we use clocks to monitor distance between asteroids?

OSIRIS-REX constraints on local dark matter and cosmic neutrino profiles, Yu-Dai Tsai, Joshua Eby,
Jason Arakawa, Davide Farnocchia, Marianna S. Safronova, JCAP 02, 029 (2024).

Asteroid astrometry as a fifth-force and ultralight dark sector probe, Yu-Dai Tsai, Youjia Wu, Sunny
Vagnozzi, Luca Visinelli, JCAP 2304 (2023) 031

Asteroids for Hz gravitational-wave detection, Michael A. Fedderke, Peter W. Graham, Surjeet
Rajendran, Phys. Rev. D 105, 103018 (2022) - =)/)






 Deployment of quantum sensors in space presents fan tastic
opportunities for paradigm -changing discoveries and enable exploration

e Continuing fast development of quantum sensors is e Xpected in the next
decades

 NASA has a window of opportunity to establish effic lent pathways for
fast deployment of quantum sensors in space to adva nce its key
missions and lead the field

 New opportunities for fundamental physics with quan tum technologies on
the Moon?
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ERC Synergy: Thorsten Schumm, TU Wein Ekkehard Peik, PTB, Peter Thirolf, LMU,
Adriana Palffy (FAU) Q-SEnSE: Jun Ye, Dave Leibrandt, Leo Hollberg, Nate Newbury

Particle physics: Josh Eby (IPMU, Tokyo), Volodymyr Takhistov (QUP, Tokyo), Gilad Perez’ group
(Weizmann Institute of Science, Israel), Yu-Dai Tsai (UC Irvine),

Dmitry Budker, Mainz and UC Berkeley, Andrew Jayich, UCSB, Murray Barrett, CQT, Singapore, José
Crespo Lopez-Urrutia, MPIK, Heidelberg , Piet Schmidt, PTB, University of Hannover,
Nan Yu (JPL), Charles Clark, JQI, and many others!

Open postdoc position in Quantum Algorithms for
New Physics Searches with Quantum Sensors



