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Motivation

The Standard Model and ACDM are very successful theories but...

The ACDM model postulates that 95% of the energy content of the
universe is dark matter and dark energy. Their exact nature is
unknown. Only the remaining 5% is described by the SM.

Both models have several parameters, supposed to be immutable,
called fundamental constants.
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Challenging this central assumption could be the key to solving the

dark matter and dark energy enigmas

new physics

Any variations of fundamental constants would give us evidence of
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Atomic and molecular clocks

Atomic and molecular clocks use extremely high-precision spectroscopy of atoms and molecules
to stabilise an oscillator such as a laser:
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Stability and accuracy at the 10*8 level has been achieved



Looking for variation in fundamental constants with clocks

Precision spectroscopy can be used to measure variations of a and L over time:
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Hyperfine transitions

Uy = Ao’ Fyp(a)Ro

Optical transitions

Uopt = BFO'pt(a)Roo

Vibrational transitions

Upip = C.ul/ZRoo

(.

“f
4'0‘

(/

We compare clocks with different sensitivities to
fundamental constants, measuring the frequency
ratio over time:
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Looking for variation in fundamental constants with clocks

Precision spectroscopy lends itself to measure variations of a and p over time:

n 4-7'[80 hc .

Hyperfine transitions

Uy = Ao’ Fyp(a)Ro

Optical transitions

Uopt = BFOpt(a)Roo

Vibrational transitions

Upip = C.ul/ZRoo

Slow drifts
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We may be looking for slow drifts, oscillations or fast transients, or any combination...



The network approach

. No single institution has
the range of expertise required to run a sufficiently large
and diverse set of clocks

e Sensors with

are necessary to confirm any measurements and reject false
positives

* Networks enable probing of
* The possibility of detecting transient events such as
* A new versatile and expandable with

possible further applications in and beyond fundamental
physics.
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The QSNET project

Search for variations of fundamental constants of the Standard Model,
using a network of clocks

A unique network of clocks chosen for their different sensitivities to variations of a and :
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Yb* (467 nm) -5.95 0
oos Sr (698 nm) 0.06 0
Cs (32.6 mm) 2.83 1
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Yo -x “‘.“ UoS N," (2.31 pm) 0 0.5
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The clocks will be linked, essential to do clock-clock comparisons



NPL optical clock measurements

Frequency ratios between NPL’s optical clocks and Cs
fountain allow limits to be placed on variations in the fine
structure constant, a and the proton-to-electron mass ratio, p.

During QSNET, we have:
Improved the stability, accuracy and automation of the optical clocks

Carried out month-long measurement campaigns to search for variations in fundamental constants
Worked with the theory team at Sussex to interpret the results for fundamental physics, e.g:
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New data from NPL (red and pink lines) have increased
the constraint on the coupling strength between dark
matter and photons by an order of magnitude compared
to any previous measurements

N. Sherrill et al., New J. Phys. 25 093012 (2023) 8



Progress towards a molecular vibration clock at Imperial College London

17um Quantum Cascade Laser Proposed Raman clock scheme:
Spectroscopy of the clock transition: L Conditions [ Fractional Uncertainty |
Lattice frequency 0 flatt < 1 MHz 5x10-1
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Barontini et al., QSNET white paper, arXiv:2112.10618
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N,* clock at Sussex

At Sussex we are building a clock system based on a vibrational transition in a trapped molecular nitrogen ion,
using a calcium ion for cooling and read out.

As part of QSNET, we have:

Built lasers and developed
techniques for N, ionisation

US

University of Sussex

/D'ark N,*ion

Set-up spectroscopy lasers
(locked to ULE cavity)

Sideband cooled calcium and are preparing
to test quantum logic spectroscopy
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Birmingham HCI clock

We are developing the first highly charged ion

v’ Compact EBIT for highly charged ion
production

v' Ultra-low vibration cryogenic vacuum system
v' Cryogenic Paul trap

/

v' Laser cooled Ca* Coulomb crystals

: ‘é ! o S § “ | !
clock in the UK, which will be the second of this -3 ,
kind worldwide, and the only one with enhanced
sensitivity to variations of fundamental : i
constants. :
All components of the experiment have been y i I
completed and commissioned, in accordance with A ' ~
the plan of work: / - L
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Summary

* A new inter-disciplinary community gathered around a new
(expandable) national infrastructure

* Extending and exploiting world-class expertise and
capabilities developed in NQTP

* Aunique opportunity for discovery, improving current
limits on variations of o and . by orders of magnitude
e Cosmology

Astrophysics

High-energy theory
* Fundamental symmetries

* For more information, see gsnet.org.uk and our white
paper Barontini et al. EPJ) Quantum Technology 9, 12 (2022)
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