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ABSTRACT

The QSNET consortium is building a UK network of next-generation atomic and molecular clocks that will
achieve unprecedented sensitivity in testing variations of the fine structure constant, α, and the electron-to-
proton mass ratio, µ. This in turn will provide more stringent constraints on a wide range of fundamental and
phenomenological theories beyond the Standard Model and on dark matter models.

Keywords: variations of fundamental constants, atomic and molecular clocks, networks of quantum sensors,
dark matter, dark energy, physics beyond the Standard Model

1. INTRODUCTION

QSNET is aiming to create a world-leading programme to search for spatial and temporal variations of fun-
damental constants using high-precision spectroscopy in networked quantum clocks. The network will include
existing Sr, Yb+ and Cs atomic clocks at the National Physical Laboratory in London and several new clocks
that are currently being developed: a N+

2 molecular ion clock at the University of Sussex, a CaF molecular optical
lattice clock at Imperial College London, and a Cf highly-charged ion clock at the University of Birmingham.
As the programme progresses, QSNET can be expanded and linked with other clocks across the globe. An
important objective of QSNET is to exploit the networked approach, in which multiple quantum sensors will
be linked, having complementary sensitivities to changes of fundamental constants. In particular, QSNET will
achieve unprecedented accuracy in testing variations of the fine structure constant, α; and the electron-to-proton
mass ratio, µ. Such variations could manifest as slow drifts, oscillations or transient events, and all of them may
be detectable by QSNET. This will allow us either to discover new physics or to provide tighter constraints on
e.g. specific dark matter and dark energy models, soliton models and violations of fundamental symmetries.

2. THEORETICAL BACKGROUND

Fundamental constants of nature are by definition assumed to be immutable in time or space. However, since the
late 1930’s, there have been speculations,1–5 starting with Dirac’s large numbers hypothesis, that fundamental
constants could vary in time. The interest in such a time evolution was revived some 20 years ago by astrophysical
observations6 claiming a potential discovery that the fine structure constant was smaller in the past at high
redshift. However, this observation is not supported by other groups see e.g. Chand et al.7 and the situation
remains open. A key issue with astrophysical observation is that it is difficult to control all the parameters.
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This is a very strong motivation to look for such effects using earth based experiments. While astrophysical
observations can probe effects of time variation which accumulate over long periods of time i.e. some billions of
years (corresponding to redshifts of 3 to 5), measurements with clocks can only be performed over periods of time
corresponding to days or years. However, clocks clearly surpass any astrophysical measurement of a potential
time evolution of fundamental constants in terms of precision. The unrivalled precision of clocks provides us
with an exceptional tool for measuring variations of fundamental constants.

There are many theoretical motivations to consider a possible time evolution of fundamental constants, see
e.g. the review by Uzan.8 Models can range from those with extra-dimensions, to quintessence models and
models of extremely light dark matter. A time dependence of the coupling constants of the Standard Model of
particle physics can be parametrized by a scalar field φ which couples to the electron ψe, light quarks (u, d and
s-quarks) ψq, the photon Aµ or gluons Ga

µ according to

L = κφ

(

d
(1)
e

4
FµνF

µν − d(1)me
meψ̄eψe

)

+ κφ

(

d
(1)
g

4
GµνG

µν − d(1)mq
mqψ̄qψq

)

(1)

with κ =
√
4πGN , Fµν = ∂µAν − ∂νAµ and Gµν = ∂µGν − ∂νGµ − igs[Gµ, Gν ] where gs is the QCD coupling

constant and GN is the Newtonian constant of gravitation. We could also add couplings to the field strength
of the neutrinos, heavier leptons and quarks, electroweak gauge bosons of the standard model and to the Higgs
bosons, but these particles usually do not play an important role for very low energy tabletop experiments such
as clocks, so can be ignored at this stage. Note that these operators are dimension 5 operators as they are
suppressed by one power of the reduced Planck scale MP = 1/

√
8πGN .

For some applications, it might be necessary to consider scalar fields that transform under some discrete,
global or gauge symmetry in which case, the simplest coupling to matter is given by dimension 6 operators

L = κ2φ2

(

d
(2)
e

4
FµνF

µν − d(2)me
meψ̄eψe

)

+ κ2φ2

(

d
(2)
g

4
GµνG

µν − d(2)mq
mqψ̄qψq

)

. (2)

In other words, the interactions of the scalar field with stable matter are suppressed by two powers of the reduced
Planck scale. These are non-linear couplings.

These simple Lagrangians can account for a variety of physical phenomena which can be probed with the
QSNET network, e.g. scalar dark matter models in which case the magnitude of φ is related to the density of
dark matter, quintessence-like models,9 generic hidden sector scalar field,10 Kaluza-Klein models,11 dilaton field
models or Brans-Dicke fields, transient phenomena, cosmic strings, and domain walls.

One expects on very general grounds that quantum gravity will generate an interaction between any scalar

field φ and regular matter with d
(i)
j ∼ O(1) whether such a coupling exists or not when gravity decouples.10, 12–15

However, very light scalar fields coupling linearly to regular matter (i.e. dimension five operators) are essentially

ruled out by the Eöt-Wash torsion pendulum experiment16–19 for d
(1)
j ∼ O(1). Indeed, Eöt-Wash’s data implies

that if d
(1)
j ∼ 1, the mass of the singlet scalar field must be heavier than 10−2 eV, and thus to be relevant for

clocks d
(1)
j ≪ 1.10, 12–15 QSNET will therefore provide a very important test of quantum gravity.10, 12–15 If a

very light neutral scalar field with linear coupling to regular matter was found with QSNET, we would learn
that dimension 5 operators are not generated by quantum gravity. On the other hand, non-linear couplings are
far less constrained by current experiments and clocks will be able to explore uncharted territory.

Besides quantum gravity, QSNET enables tests of grand unified theories,20–31 as it allows us to measure at
the same time variations of α and µ using different clocks of the network. In grand unified models, shifts in α
and µ are related and the functional dependence is very model dependent. QSNET could therefore discriminate
between models that predict a variation of the unified coupling constant or a time-variation of the unification
scale, or both. Finally, QSNET can probe space-time symmetries such as Lorentz invariance, CPT, and also
probe models of space-time non-commutativity.32, 33 QSNET thus enables tests of cosmology, astrophysics and
particle physics in a laboratory with tabletop experiments.



3. THE QSNET NETWORK

QSNET will include a range of clocks selected to maximize the sensitivities Kα and Kµ to the variation of α and
µ. Here, we summarize the clocks and give their sensitivity factors in atomic units.

• A 133Cs microwave fountain clock. This clock is sensitive to changes in both the fine structure constant
(Kα = 2.83) and the electron-to-proton mass ratio (Kµ = 1). There are several state-of-the-art Cs fountain
clocks around the world,34–38 reaching fractional frequency uncertainties at the level of 1–2× 10−16 limited
by systematic shifts.

• A 87Sr optical clock. Clouds of about 104 atoms can be trapped in an optical lattice potential tuned close
to a ‘magic wavelength’ at 813 nm, where the differential polarisability between ground and excited states
is zero. The 87Sr clock has very small sensitivity factors, Kα = +0.06 and Kµ = 0, useful when comparing
against clocks with larger sensitivities. The current state-of-the-art for the 87Sr optical lattice clock39 has
an estimated fractional frequency uncertainty from systematic shifts of 2.0× 10−18.

• A 171Yb+ optical clock. This clock features an octupole transition that is very sensitive to variations
of α with Kα = −5.95. The current state-of-the-art for the E3 transition40 has an estimated fractional
frequency uncertainty from systematic shifts of 2.7× 10−18.

• A CaF molecular lattice clock. This clock will be based on the fundamental vibrational transition in CaF,
which has Kµ = 0.5. The main ideas for such a clock were presented by Kajita.41 The ultracold molecules
will be loaded into an optical dipole trap42 or an optical lattice. Through a careful choice of transition,
Zeeman, dc Stark and ac Stark shifts all cancel to high accuracy. In the optical lattice, the molecules are
deep in the Lamb-Dicke regime which eliminates first-order Doppler shifts. A 3D lattice also eliminates
collisional shifts. We estimate that systematic shifts can be controlled at the level of ≃ 8× 10−18.

• A molecular N+
2 clock. The vibrational clock transition has a sensitivity of Kµ = 0.5 and systematic shifts

which are comparable with the current best optical clocks43 and facilitate frequency measurements at an
uncertainty below 10−18. The molecular ions need to be trapped alongside atomic ions for sympathetic
cooling and state detection. We evaluate that the fractional frequency uncertainty from systematic shifts
for N+

2 is ≃ 4× 10−18 under conditions that can be easily reached in current experiments.

• A Cf highly charged ion clock. Optical transition with values of |Kα| ≃ 45 are predicted to exist in the
ionization states Cf15+ and Cf17+. Clocks based on highly-charged ions are expected to be less sensitive
to external perturbations, and with the information at hand, in principle it would be possible to reach
fractional frequency uncertainty on the order of 10−19 for both ionization states.44 Additionally, the
possibility of realizing a dual clock co-trapping Cf15+ and Cf17+ is particularly appealing.

4. SUMMARY

The QSNET project aims at realising a network of clocks with different sensitivities to variations of α and µ.
Such a network will explore large uncharted territories of the dark sector, and has the potential to impose new
constraints over many models and theories, widening our understanding of the physics that governs the Universe.
More specifically, QSNET will be sensitive to slow drifts of α and µ, with relevance for, e.g., dark energy models
and models that predict cosmological evolution of fundamental constants, fast oscillations of α and µ, that can
be linked to, e.g., virialised dark matter scalar fields, and transient events due to kinks or topological defects in
dark matter fields.
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