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Physics enabled by atomic, nuclear and molecular systems

Variation of fundamental constants (o and p) — 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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Work Package currently lists three groups:

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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Particle Physics Example: Mass Scales for Dark Matter

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

1022 eV keV GeV mp 10 Mo
et ——— | e ————— e e e L L P
Light and Ultra-light Dark Matter Composite Dark Matter
Axions, ALPs WIMPzillas, Q-balls, bound states
Quantum Sensing CMB, Cosmic Rays
probably not below: Standard Model Particle Scale Superheavy Dark Matter

de Broglie wavelength too long Weakly Interacting Massive Particles Primordial Black Holes
Collider Searches Gravitational Lensing
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Example: Light Bosonic Dark Matter Couplings

[ Bosons ]

Pseudoscalar (Spin = 1)
Investigate anomaly-
free couplings

Scalar
(Spin =0)
Axions and other
Goldstone Bosons

Electro- Nuclear Nuclear Electro- Nuclear Nuclear
magnetism Spin Force magnetism Spin Current
a n 0 \7 : : e G !
(?ZFF) ( Ji‘aaN'y“%N) (J?—GGG) (eF F) (%IZ_VNJWN) (gAMJg_L)
LN 3: : :
s 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: a = fine structure constant, and p = proton to electron mass ratio, no longer constants
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Quantum Methods for Testing Variations in a and p

Methods for Testing Aa/a Methods for Testing Ap/u
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Optical Atomic Clocks

feedback

Ultrastable laser
AL

excited

fo optical

ground

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 Hansch in 2005

Ultra-sensitive, e.g. to Dark Matter variations in fine structure constant a or proton/electron mass ratio u
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Clock Transitions and Sensitivities

Atomic transition scale set by Rydberg constant R, = a?m,c/4mh, also
structure constant a and proton-to-electron mass ratio u

Hyperfine transitions:  Vps = A - Ry
Optical transitions: Vopt = B - Ry
Vibrational transitions:  Vyip, = C - ‘R

Transitions have different sensitivities to variations in a or u, given by K, and K,

Measure ratios of frequencies of two transitions (R = v, /v5)

Yb" (467 nm) -5.95 0
Sr (698 nm) 0.06 0
Cs (32.6 mm) 2.83 1
CaF (17 pum) 0 0.5
N, (2.31 um) 0 0.5
Cf>* (618 nm) 47 0
Cf'’* (485 nm) -43.5 0

So for a and simple case of scalar field ¢ and linear coupling, ratio oscillates with frequency f = m¢,cz/h

dR da
? = [Ka,l - Ka,z] 7

X [Kyq1 — Kg2]cos(2mft)
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Principle of Optical Clocks
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Ultralight dark matter : new limits

» Ultralight bosonic dark matter (m < 10eV) expected to locally behave like a classical field

@(t) x \/2ppm/m, cos(wt)

with a frequency given by the Compton frequency [1] w = m@CQ/h

de
* A coupling d, of such a dark matter field to photons £ D ¢

dpo M

would lead to coherent oscillations of the fine-structure constant [1]: a(¢) = a(1 4 dep)

e Can translate limits on oscillations in atomic clock comparisons into limits on dark matter couplings
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Highly Charged lons: Production, cooling and trapping
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Need to look for variations on different

time/lengthscales

5 /\/\/\/
Oscillations a » Very light DM

minutes / hours / days

e Fast transients a

minutes / hours / days

* Slow drifts — } {

Year 1 Year 2 Year 3

> Time
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Fast transients (optical fibre network)

* 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 a

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
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Quantum Experiment Examples: BASE, MAGIS, AION

BASE: Quantum experiments for magnetic
moment of antiproton, g/m ratio, antiproton
trap at CERN

MAGIS-100 Detector at Fermilab

100 meters

DESY. Terascale Detector 2023 | Steven Worm | 02.03.23

* Mainz: Measurement of the magnetic moment of
the proton, implementation of new technologies.

Rk <
+  CERN-AD: Measurement of the magnetic moment .~ =~~~ .~
of the antiproton and proton/antiproton g/m ratio o
* BASE-STEP: Development of transportable ' N
antiproton traps

* Hannover/PTB: QLEDS-laser cooling project, new
technologies
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Team at CERN, running 24/7 since 2013

Three experiments, 9 institutes, about 30 collaborators, 10 at CERN

Source 2

MAGIS-100, AION: 100m atom
interferometer experiments
swces  Planned for FNAL, CERN



AION

‘The Atom Interferometric
Observatory and Network

exploration of ultra-light dark matter
and gravitational waves




Ideas for Milestones/Deliverables

Networking links & dark fibre
Portable clocks & free space links

Control systems, up-time, reliability

(Other ideas welcome!)
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Ideas for Milestones/Deliverables

* Networking links & dark fibre

DESY. 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



G'ANTQ

Time and frequency distribution in the GEANT network .

Guy Roberts
Senior Network Architect, GEANT

NDN, Reykjavik

CloNets DS &4

Clock Network Services Design Study
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Ring topology across Europe
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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)




* 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

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

Preferred solution: dark fibre ring
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Ideas for Milestones/Deliverables

* Portable clocks & free space links
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Clock networks
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Transportable clock efforts

‘ | [ ’ Spectroscopy chamber

| 19-inch rack mount inside p-metal box
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Boulder Atomic Clock Optical Network
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Fractional instability

BACON Measurement Campaign
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BACON results

V
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Vyp ARyp sy
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R = 6.8 x 10718

Beloy et al., Nature 591, 564 (2021)
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Work towards longer distance networks

Hawaii
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Ideas for Milestones/Deliverables

* Control systems, up-time, reliability
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Reliability and Control Systems

* PS Accelerator: running for > 50 years * Ultralight Dark Matter w/ clocks: ~2 weeks?

T < 0.9hr === Weislo et al. (2018)
=17 12 hr Weislo et al. (2016)
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Control systems for Cold Atoms experiments
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ARTIQ (Advanced Real-Time Infrastructure for Quantum physics) is a
leading-edge control system for quantum information experiments. It
was initiated and developed in partnership with the lon Storage Group - _ A
at NIST, and is now used and supported by a growing number of Oy NaE
research institutions worldwide. While ARTIQ is currently mostly used by )

atomic physics groups, its applicability reaches beyond ion trapping. ,._LIO power SUPplieS. "
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Sometimes timing is essential

CERN to Gran Sasso Neutrino Beam
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Fig. 2: Sketch of the 732 km distanc
to Gran Sasso (near Rome).
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LIFLA JdaaLs

e from CERN in Geneva

J. High Energ. Phys. 2012, 93 (2012). https://doi.org/10.1007/JHEP10(2012)093
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» Instability = 10 ps over 275 days
» Repeatability < 30 ps

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




DESY.

C\ERN The White Rabbit Project
~7_

The White Rabbit Project is a multilaboratory, multicompany and multinational collaboration to develop new technology
that provides a versatile solution for control and data acquisition systems. The project was started within an effort to
renovate the current CERN control and timing system. Since then, it has expanded beyond this initial application. One of the
reasons for such expansion is the open source paradigm used in the project for the development of hardware, gateware and
software. Another reason is the compatibility with standards.

The White Rabbit Network is based on existing IEEE standards while extending these standards in a backward-compatible
way if needed to meet CERN's requirement. Technically, the White Rabbit Network is a Bridged Local Area Network with
VLANSs (IEEE 802.10Q) that uses Ethernet (IEEE 802.3) to interconnect switches and nodes, and the Precision Time Protocol
(PTP, IEEE 1588-2008) to synchronise them.

The main features of the White Rabbit Network are:

 sub-nanosecond accuracy and picoseconds precision of synchronization
 connecting thousands of nodes

typical distances of 10 km between network elements

Gigabit rate of data transfer

fully open hardware, firmware and software

o commercial availability from many vendors



Conclusions and Next Steps for WP2

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

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)

Pillar 1: Reduce the uncertainty in clock measurements. Continued research
and development into techniques to reduce the instability and inaccuracy
of clock frequency measurements.

Pillar 2: Develop new types of clocks with enhanced sensitivities. There are
many aspects of new physics that can be probed by searching for
variations in fundamental constants such as the fine structure constant,
a and the proton-to-electron mass ratio, yu. Certain clock transitions are
particularly well-suited to searches for variations in a, such as highly
charged ions and nuclear transitions. Variations in u, however, are better
probed with rotational or vibrational transitions in molecules. Transitions
in highly charged ions present also enhanced sensitivity to violations of
Lorentz invariance.

Pillar 3: Use optical fibres to link a large number of diverse clocks in a
network. Comparing a large number of clocks with different sensitivities
creates an extremely powerful detector for searches of new physics. A
network makes it possible to compare two or more clocks in different
locations, which opens up a wider range of physics that can be tested as
well as optimally exploiting the resources and expertise spread across
different institutes.

DESY. RDq | Steven Worm | 3.4.23

A European network of clocks for detecting new physics

Proposal for the ECFA Roadmap

The extreme precision of atomic, molecular and nuclear clocks can be exploited to
detect signatures of physics beyond our best established theories: the standard model
of particle physics and the Lambda cold dark matter model of cosmology. Optical
atomic clocks have already reached fractional frequency uncertainties close to 108,
Clocks based on highly charged ions, molecules or nuclear transitions hold the
promise to reach and even surpass such precision, offering in addition enhanced
sensitivity to probing new physics.

New physics can change the rates at which the clocks “tick”. To measure a change in
a clock’s frequency, there must be a reference frequency that it can be measured
against, preferably with comparable or lower uncertainty. In practice, to detect new
physics we need to measure two or more ultra-precise clocks relative to each other by
recording frequency ratios between them. Notably, clocks in different laboratories (and
even different countries) can be linked and compared via optical fibres, with phase-
noise cancellation in the links resulting in negligible additional uncertainty being
introduced into the measurement.

A geographically distributed network of diverse clocks, connected by optical fibre links

could thus be used as a detector with unprecedented precision to:
e Look for variations in fundamental constants, which could themselves be

indicators of

Ultralight dark matter models

Quintessence-like models of dark energy

Generic hidden sector scalar fields

Kaluza-Klein models

Dilaton field models

Soliton models

Transient phenomena due to cosmic strings, domain walls, and kinks of

a scalar field

Look for violations of Lorentz Invariance and Local Position Invariance

Test quantum gravity

Test grand unification theories

Probe space-time correlations, providing additional information, such as the

speed and directionality of phenomena linked to new physics

+ Detect transient events linked to macroscopic dark objects, such as topological
defects, Q-balls and dark stars

+ Improve the limit from a single pair of clocks by a factor sqrt(N), by having N
pairs of clocks making the same measurements.

« Provide independent confirmation of measurements and rejection of false
positives by having independent clocks detecting the same signal

0000 O0O0




Submission 2. Transportable Optical Clocks (Hume et al)

Portable reference clock, for fundamental physics studies Iransportable Optical Clocks Enablinga Global Network for Fundamental Physcs

Can do much of the same physics as with a networked approach, and is also
. The frequencies of atomic clocks are defined by fundamental interactions between subatomic particles.
ext re m e |y u S efu I to c h a ra Cte rl S e a n etWO r k Measurements of these frequencies can be isolated from environmental effects to a greater extent than other

physical systems, providing access to unprecedented levels of sensitivity for probing fundamental constants,
relativistic effects, quantum electrodynamics and ultralight dark matter, to name a few [1]. As a result,

Discussions just starting, with many interested institutes (NIST coordinated optcal clocks based on atomie, ionic, molecular and even nuclear species are being actively pursued around

the world, targeting enhanced sensitivity to various effects in fundamental physics [2].
s u b m iss i O n n O a uth 0 r | ist yet) Measurements of clocks like these rely on stabilized optical networks between two or more clocks.
’ Such networks have been developed from the local to international scale, using optical fiber and free-space
links, but not yet on an intercontinental or global scale [3]. Extending ultrastable optical networks to these
larger scales via satellite-based networks or undersea optical fibers appears challenging and expensive in the
near-to-medium term.
. In general, two or more clocks can also be compared through reference or transfer standards, available at
Re q u I re m e n ts or near National Metrology Institutes (NMIs). However, laboratory reference clocks have the same network-
ing limitations described above. To address this problem, high-stability, high-accuracy transportable optical
clocks are necessary [4—10]. Such systems can be deployed at research institutes that are otherwise isolated,
Excel | e nt Sta b i I ity & a cc u ra Cy . Op tical C I OC k providing access to synchronous or asynchronous comparisons with other clocks worldwide. Compared to
* direct optical networking between distant clocks, this solution benefits from reduced noise from the optical
links (particularly on short time scales) at the cost of potentially added noise from the reference clocks.
PO rt a b | e an d com p a ct Tests of fundamental physics require the highest level of performance achievable with optical clocks
to reach new parameter space. The central metric is clock stability over timescales from milliseconds to
years. The longer timescales are typically related to systematic frequency shifts which must be carefully
H i g h u p _ti m e characterized and controlled. The shorter timescales are related to statistical noise in the measurement and
are limited by gquantum projection noise. The latter can, in principle, be reduced to the Heisenberg limit
using entangled states of atoms [11-13]. These and other quantum metrology protocols have the potential to
ECO n O m ica I significantly improve the bandwidth and short-term stability of clock measurements, with implications for
detecting time-varying fundamental effects such as the interaction of a clock frequency with dark matter, or
changes in fundamental coupling constants, such as the fine-structure constant..
Ea Sy to set u p an d to o) pe rate re I ia b | e A separate family of performance metrics for clock measurements are the sensitivities of the clocks
U to effects in fundamental physics. Depending on the particular clock transition chosen and the reference
frame in which it operates, an atomic, molecular or nuclear system may have enhanced sensitivity to one or
S ifi i n ( t n d rd i ti n ) n t i m rt nt more fundamental effects. For example, the most stringent tests of Lorentz symmetry in the electron sector
p e C C O S a a s a O O s O p O a rely on clock transitions involving a highly anisotropic electronic orbitals [14, 15]. Similarly, the low-energy
nuclear isomer transition in 229-thorium is anticipated to be orders of magnitude more sensitive to variations
in the fine structure constant compared to typical atomic clocks due to the high binding energies in a nucleus
compared to the electrons in an atom [16]. There are numerous efforts worldwide to develop clocks with
these enhanced sensitivities but often no high-performance reference clocks with which to compare. These
S u gge Ste d ta rgets fo r t ra n S p O rta b | e C I OC k Syste m S ( n e a r—te r m ) : existing efforts can be effectively leveraged if robust, transportable systems with sufficient performance can
be deployed to make measurements when required.
With these constraints in mind, demands on the performance of transportable optical clocks for a global
network testing physics will be stringent. Relative frequency stability below 1 x 10719/ v/7/s and relative
Relative fr‘eq ue ncy sta bi | ity < 1x 10_16 / T/S frequency accuracy below 1 x 107'® have been achieved in the laboratory and are reasonable targets in
the near-term for transportable clock systems [17, 18]. Indeed, recent efforts are already approaching the
performance of the best laboratory standards [6]. Longer term, clocks with even lower instabilities and

Re | ative freq u e n Cy a Ccu ra Cy < 1 X 10—18 accuracies could be required to explore new parameter space. Having co-located reference clocks offers
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