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• Variation of fundamental constants (α and μ) ➝ eg for Dark Matter

• Precision tests of Quantum Electrodynamics

• Atomic parity violation

• Time-reversal violation: electric dipole moments and related phenomena

• Tests of the CPT theorem, matter-antimatter comparisons 

• Searches for exotic spin-dependent and spin-independent interactions

• General relativity and gravitation

• Lorentz symmetry tests

• …
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Physics enabled by atomic, nuclear and molecular systems

[Search for New Physics with Atoms and Molecules, arXiv:1710.01833v3]RDq | Steven Worm | 2.10.23
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• Exotic systems: Rydberg systems, exotic nuclei (King plots), …

• Interferometry: many groups active, such as AION, MAGIS, ELGAR, MIGA…

• Clocks, networks: metrology labs & many university groups, CASPEr, QSNET, …

• Are these the right groupings?  

• Does it cover everything it should?

• What work packages make sense?

• How best to build a community, and show the added value?
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Work Package currently lists three groups:

RDq | Steven Worm | 2.10.23
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Particle Physics Example: Mass Scales for Dark Matter

10-2 108 1018 1028 1038 1048

Standard Model Particle Scale 
Weakly Interacting Massive Particles   

Collider Searches

probably not below: 
de Broglie wavelength too long

Light and Ultra-light Dark Matter
Axions, ALPs                                     

Quantum Sensing

10-22 eV keV GeV mP

Superheavy Dark Matter 
Primordial Black Holes

Gravitational Lensing

Composite Dark Matter
WIMPzillas, Q-balls, bound states            

CMB, Cosmic Rays

10 M☉

Why Quantum Sensing? Why Clocks?  Light/Ultralight Dark Matter is one reason…

RDq | Steven Worm | 2.10.23
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Bosons

Scalar 
(Spin = 0)

Axions and other 
Goldstone Bosons

Pseudoscalar (Spin = 1)

Investigate anomaly-
free couplings

Electro-
magnetism

Nuclear 
Current

Nuclear 
Spin

Nuclear 
Force

Electro-
magnetism

Nuclear 
Spin

General Axions QCD Axions
Kinetic Mixing     Dipole Moment B-L

• New boson fields for Dark Matter can change fixed, fundamental constants into dynamic variables

• For example: α = fine structure constant, and μ = proton to electron mass ratio, no longer constants

Search for Dark Matter by looking for spatial and temporal violations of α, μ
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Example: Light Bosonic Dark Matter Couplings

[Stadnik]RDq | Steven Worm | 3.4.23RDq | Steven Worm | 2.10.23
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Electron transition frequency stabilisation for timekeeping element

• Recent (2000) innovation of using high-frequency mode-locked laser for optical transitions

• Stabilisation technique led to Nobel Prize in Physics for Hall and Hänsch in 2005

Ultra-sensitive, e.g. to Dark Matter variations in fine structure constant 𝛼 or proton/electron mass ratio 𝜇

7RDq | Steven Worm | 3.4.23

Optical Atomic Clocks
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RDq | Steven Worm | 3.4.23RDq | Steven Worm | 2.10.23
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• Atomic transition scale set by Rydberg constant 𝑅∞ = 𝛼2𝑚𝑒𝑐/4𝜋ℏ, also                                                                                                      fine 
structure constant 𝛼 and proton-to-electron mass ratio 𝜇

Hyperfine transitions: 𝜈hf = 𝐴 ⋅ 𝜇𝛼2𝐹hf(𝛼) ⋅ 𝑅∞

Optical transitions: 𝜈opt = 𝐵 ⋅ 𝐹opt(𝛼) ⋅ 𝑅∞

Vibrational transitions: 𝜈vib = 𝐶 ⋅ 𝜇 Τ1 2 ⋅ 𝑅∞

• Transitions have different sensitivities to variations in 𝛼 or 𝜇, given by 𝐾𝛼 and 𝐾𝜇

• Measure ratios of frequencies of two transitions (𝑅 = 𝜈1/𝜈2)

• So for 𝛼 and simple case of scalar field 𝜙 and linear coupling, ratio oscillates with frequency 𝑓 = 𝑚𝜙𝑐
2/ℎ

8CPAD 2022 | Steven Worm | 30.11.22

Clock Transitions and Sensitivities

𝑑𝑅

𝑅
= [𝐾𝛼,1 − 𝐾𝛼,2]

𝑑𝛼

𝛼

∝ [𝐾𝛼,1 − 𝐾𝛼,2]cos(2𝜋𝑓𝑡)

RDq | Steven Worm | 3.4.23RDq | Steven Worm | 2.10.23



Principle of Optical Clocks
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Atomic System

Clock frequency:

Femtosecond Laser

11:00 am

Fast feedback 
~100 kHz

Laser

Optical 
cavity

Drive atomic resonance 
0.1 s – 10 s

Slow feedback 
~0.1 Hz

𝜈0 =
𝐸2−𝐸1

ℎ
≈ 1015 Hz
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Ultralight dark matter : new limits
• Ultralight bosonic dark matter (                    ) expected to locally behave like a classical field 

with a frequency given by the Compton frequency [1]

• A coupling de of such a dark matter field to photons

would lead to coherent oscillations of the fine-structure constant [1]:

[1] A. Arvanitaki et al., PRD 91, 015015 (2015)

• Can translate limits on oscillations in atomic clock comparisons into limits on dark matter couplings

Yb1 Sr3
E3/Sr

Yb1

This work: Filzinger et al., arXiv 2301.03433 (2023)
[Dy/Dy] K. Van Tilburg et al., PRL 115, 011802 (2015)
[Rb/Cs] A. Hees et al., PRL 117, 061301 (2016)
[Sr/Si cav] C. J. Kennedy et al., PRL 125, 201302 (2020)
BACON collab., Nature 564, 564 (2021)
[Yb/Cs] T. Kobayashi et al. PRL 129, 241301 (2022)

Yb1 Sr3
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Highly Charged Ions: Production, cooling and trapping

EBIT test stand @MPIK

Paul trap w/ optics

Be crystal with highly 
charged ion (Ar)

[MPIK: José R. Crespo López-Urrutia]



Need to look for variations on different 
time/lengthscales

• Oscillations

• Fast transients

• Slow drifts
Δ𝛼

𝛼

Time
Year 1 Year 2 Year 3

New physics, dark energy

DM- topological defects

Very light DM
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Δ𝛼

𝛼

Time
minutes / hours / days

Δ𝛼

𝛼

Time
minutes / hours / days



Fast transients (optical fibre network)
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• NPL-SYRTE-PTB: realising a “superdetector” connecting clocks with 
dark fibres [Roberts et al, New J. Phys. 22, 093010 (2020)]

• Comparing clocks with different sensitivities to variations of 𝛼

• Clock-clock comparisons over optical fibres features excellent long-
term stability

• Previously unconstrained parameter space for quadratic coupling

• Longer measurement time (40 days so far), nested networks

, In+
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• Networking links & dark fibre

• Portable clocks & free space links

• Control systems, up-time, reliability

• (Other ideas welcome!)

1
6

Ideas for Milestones/Deliverables

RDq | Steven Worm | 2.10.23
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• Networking links & dark fibre

• Portable clocks & free space links

• Control systems, up-time, reliability

1
7

Ideas for Milestones/Deliverables

RDq | Steven Worm | 2.10.23



Concept of an International Fiber Network:

as investigated in the CLONETS consortium (2020-2022)

Coordinator:  GEANT – runs also CERN LCG network

Transatlantic connections of LCG are run by ESnet



Time and frequency distribution in the GÉANT network

Guy Roberts
Senior Network Architect, GÉANT

NDN, Reykjavik

14 Sept 2022



https://clonets-ds.eu



Harald Schnatz, PTB and the CLONETS-DS consortium ICRI 2022, Research Infrastructures for Quantum Technologies, 21st October 2022, Brno 21

Ring topology across Europe

The network should rely

➢ on already existing national 
infrastructure if available

➢ and on NREN/GEANT for missing links 
and cross border connections

➢ National existing point-to-point 
connections should be considered as 
“in-kind” contribution to CLONETS-DS

➢ The operational responsibility should 
remain at the national level

➢ Fiber links should  interconnect at 
dedicated Points of Presence (dPoP)



Engineering cost of dedicated dark fibre

• In this scenario we have estimated 
the engineering cost of building a T/F 
ring on the reference ring below.

• The solution uses dedicated fibre for 
time/frequency

• Cost over 10 years includes dark fibre 
IRU, regenerators, amplifiers and 
maintenance.

Preferred solution: dark fibre ring  
Cost: around 19.5 Million Euros over 10 years
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• Networking links & dark fibre

• Portable clocks & free space links

• Control systems, up-time, reliability

2
3

Ideas for Milestones/Deliverables

RDq | Steven Worm | 2.10.23
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Clock networks
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Transportable clock efforts

Ohmae et al., Adv. Quant. Tech. 4, 2100015 (2021)

Stuhler et al., Measurement: Sensors 18, 100264 (2021)

Hannig et al., RSI 90, 053204 (2019)
NIST Transportable Yb-lattice clock
Fasano PhD thesis (2021)

Zeng et al., arXiv:2303.07566 (2023) Grotti et al., Nat. Phys. 14, 437 (2018)

Ca+ Sr

Yb+

Al+Yb

Sr



Boulder Atomic Clock Optical Network

Beloy et al., Nature 591, 564 (2021)
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BACON Measurement Campaign

Beloy et al., Nature 591, 564 (2021)

D. Hume 2711/18/2022



BACON results

𝜈𝐴𝑙+
𝜈𝑌𝑏

= 2.162 887 127 516 663 703(13)

𝜈𝐴𝑙+
𝜈𝑆𝑟

= 2.611 701 431 781 463 025(21)

𝜈𝑌𝑏
𝜈𝑆𝑟

= 1.207 507 039 343 337 848 2(82)

Δ𝑅𝐴𝑙+/𝑌𝑏

𝑅𝐴𝑙+/𝑌𝑏
= 5.9 × 10−18

Δ𝑅𝐴𝑙+/𝑆𝑟

𝑅𝐴𝑙+/𝑆𝑟
= 8.0 × 10−18

Δ𝑅𝑌𝑏/𝑆𝑟

𝑅𝑌𝑏/𝑆𝑟
= 6.8 × 10−18

Beloy et al., Nature 591, 564 (2021)

D. Hume 2811/18/2022



Work towards longer distance networks

Caldwell et al., arXiv:2212.12541 [physics.ins-det] (2022)

See also: Shen, Q. et al. Nature 610, 661 (2022)

Quantum-limited performance over 300 km
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• Networking links & dark fibre

• Portable clocks & free space links

• Control systems, up-time, reliability

3
0

Ideas for Milestones/Deliverables

RDq | Steven Worm | 2.10.23
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• PS Accelerator: running for > 50 years • Ultralight Dark Matter w/ clocks: ~2 weeks?

3
2

Reliability and Control Systems

RDq | Steven Worm | 2.10.23
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Control systems for Cold Atoms experiments

RDq | Steven Worm | 2.10.23



Harald Schnatz, PTB and the CLONETS-DS consortium ICRI 2022, Research Infrastructures for Quantum Technologies, 21st October 2022, Brno 34

J. High Energ. Phys. 2012, 93 (2012). https://doi.org/10.1007/JHEP10(2012)093

Source: https://www.uni-muenster.de/Physik.KP/en/AGFrekers/forschung/opera.html

Sometimes timing is essential

➢ Instability ≈ 10 ps over 275 days
➢ Repeatability < 30 ps

L. Sliwczynski et al., IEEE Communications Magazine, 58, 67-73, (2020) 

Fiber-based dissemination of UTC
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• Many ongoing activities!  

• Which ones benefit from global coordination?  

• Are there technical challenges many groups/collaborations are facing?

• What is the added value of RDq?

• Need to work on the text… input welcome!

• Suggestions for milestones greatly appreciated

3
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Conclusions and Next Steps for WP2

RDq | Steven Worm | 2.10.23



CPAD 2022 | Steven Worm | 30.11.22 3
7



CPAD 2022 | Steven Worm | 30.11.22

• Motivates clock networks, proposes three pillars of activity

• First two pillars motivate increased sensitivity and diversity

• Third pillar suggests a fiberoptic network for comparison

• 49 signatories from 12 countries (open signup)

3
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RDq Meeting | Steven Worm | 3.4.23

Submission 1: European Network of Clocks (Barontini et al)

RDq | Steven Worm | 3.4.23



CPAD 2022 | Steven Worm | 30.11.22

• Portable reference clock, for fundamental physics studies

• Can do much of the same physics as with a networked approach, and  is also 
extremely useful to characterise a network

• Discussions just starting, with many interested institutes (NIST coordinated 
submission, no author list yet)

• Requirements

• Excellent stability & accuracy: optical clock 

• Portable and compact

• High up-time

• Economical

• Easy to set up and to operate, reliable

• Specific ion (standardisation) not so important

• Suggested targets for transportable clock systems (near-term):

• Relative frequency stability < 1×10−16 / 𝜏/𝑠

• Relative frequency accuracy < 1×10−18

3
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RDq Meeting | Steven Worm | 3.4.23

Submission 2. Transportable Optical Clocks (Hume et al)

RDq | Steven Worm | 3.4.23


