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I. RELEVANCE OF SEARCHES FOR PERMANENT ELECTRIC DIPOLE MO-

MENTS

Searches for electric dipole moments (EDM) of fundamental particles and systems with
spin (like neutrons, atoms, molecules, protons, deuterons, muons, ...) are considered to
be among the most important particle physics experiments at the high precision frontier,
see e.g. [1, 2]. They provide an alternative route to new physics, which is complementary
to searches at high energy colliders. EDM searches provide the most sensitive tests of
non-standard time reversal invariance violation and, by the CPT-theorem, of CP-violation
(CPV). Generically, assuming a large CP-violating phase, fundamental fermion EDM today
test new physics at mass scales around 10-100 TeV. In case of a signal and in combination
with other new physics searches at low energies this could become in particular valuable for
the motivation and design for the energy reach of a future high energy particle collider.

The observation of any new CP-violating physics would be a very significant discovery.
Interpretation of the experimental results requires theoretical treatment on various levels.
For instance, the most sensitive limits on the EDM of the electron come from experiments
with molecules like YbF [3] or ThO [4] and molecular ions like HfF+[5]. These are sensi-
tive both to the intrinsic electron EDM and to CPV in the electron-nucleon interaction.
Elaborate atomic and molecular calculations are required to account for these interactions.
Similarly, when using diamagnetic atoms like 199Hg [6], atomic and nuclear theory are both
required to extract the CP-violating parameters at the hadronic level (nucleon EDM and
CP-violating pion-nucleon couplings). Somewhat easier but still model dependent is the ex-
traction of the fundamental CP-violating sources (including EDM and chromo-EDM of the
quarks) from the EDM of the neutron [7] proton or deuteron measurements. Interestingly,
as of today, the muon EDM is the only elementary fermion EDM measured directly in an
experiment [8].

The known CPV of the electro-weak part of the standard model produces EDM only via
higher-order loop contributions. These are five orders of magnitude too small to be detected
for current experimental sensitivities in case of the neutron, eleven orders of magnitude for
the electron and even more for other particles like muons or taus. However, most new physics
scenarios include additional sources of CP-violation which quite naturally could account for
the observed baryon asymmetry of the universe, and they typically predict much larger
EDM: The experimental EDM bounds thus tightly constrain the parameter space of such
new-physics models and theories.

For hadronic probes, like neutrons and nuclei, EDM can also be induced by the so called
θ-term of QCD. These EDM experiments can thus also be considered to be the only mea-
surements of θ, the only remaining parameter of the Standard Model of which only an
upper bound exists. The fact that hadronic EDM have not been found so far limits θ to
be extremely, perhaps unnaturally small (of order 10−10) which is termed the “strong CP-
problem”. The fact that no fundamental EDM has been found so far also already excludes
naive Supersymmetry models and is known as the “Susy CP-problem”.

The next round of planned experiments allows for a few orders of magnitude improved
sensitivity, thereby closing further the gap to the electro-weak standard model EDM. Even
a non-observation of EDM at this level will have important implications for our under-
standing of the Universe since this would completely rule out many models of electro-weak
baryogenesis, see e.g.[9].
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System upper limit [ecm] Reference Comment

n 3.0 × 10−26 90% C.L. [7] direct limit

µ 1.9 × 10−19 95% C.L. [8] direct limit
199Hg 7.4 × 10−30 95% C.L. [6] best direct EDM limit of any ex-

periment; best indirect limit for

proton dp < 2× 10−25ecm and

neutron dn < 1.6×10−26ecm

ThO 1.1 × 10−29 90% C.L. [4] used to set a limit for the electron
180Hf19F+ 1.3 × 10−28 90% C.L. [5] used to set a limit for the electron

TABLE I: The present best EDM limits of their kind: bare nucleon, lepton, diamagnetic atom,

paramagnetic atom, molecule, and molecular ion. The extraction of e.g. the electron or the proton

EDM limits assumes a single source of CP violation, i.e. other particle EDM or CP violating

interactions between quarks and electrons to vanish.

FIG. 1: Presently ongoing efforts to search for an electric dipole moment in various systems. A

listing of these efforts may be found at [10].

II. THE EUROPEAN EDM LANDSCAPE AND THE GLOBAL CONTEXT

Presently, European collaborations still lead the field in the search for the neutron
EDM [7]. The best limits using molecules [4], diamagnetic atoms [6] and of muons [8]
presently come from experiments conducted in the USA.

The next step with improved sensitivity of the neutron EDM search is again likely to
be made in Europe, where five projects are currently in various stages of development.
These projects are grouped around reactor facilities (ILL Grenoble, FRM-2 Munich, PNPI
Gatchina) and intense proton spallation sources (PSI Villigen, ESS Lund). Worldwide,
there are three further substantial neutron EDM projects under development: The first is a
collaboration working at the SNS in Oak Ridge, USA; the second is a collaboration working
at LANL in Los Alamos, USA; the third is a Japanese-Canadian collaboration working at
TRIUMF, Canada.

EDMs of charged particles such as protons or deuterons can be searched for in stor-
age rings by measuring the influence of electric fields on the polarization vector. In Eu-
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rope, the JEDI (Jülich Electric Dipole Moment Investigations) collaboration focuses on
first exploratory measurements, using the pure magnetic Cooler Synchrotron COSY at
Forschungszentrum Jülich (FZJ). In 2017, the CPEDM (charged particle EDM) collabora-
tion, mainly comprising scientist of the JEDI collaboration and from CERN was established,
in order to investigate options for a design and construction of storage ring for high precision
EDM measurements. At PSI a project intends to exploit the high intensity muon source for
a dedicated measurement of the muon EDM in a compact storage ring. So far, the muon
EDM is measured as a byproduct of muon g-2 experiments, as presently pursued at FNAL
and J-PARC.

Searches for molecular and atomic EDM are traditionally done in smaller groups of people
at university labs. In Europe this is for instance the case for 129Xe and 199Hg atomic
EDM searches at PTB and FZJ, respectively at University of Bonn or the YbF and BaF
molecular searches at Imperial College London and University of Groningen, respectively.
Some projects are pursued by small groups but must take place at radioactive beam facilities
such as ISOLDE. Many EDM experiments rely on ideal magnetic environments which need
advanced magnetic shielding and often use facilities like the magnetically shielded room,
BMSR-2, at the PTB Berlin.

For a rather complete list of international EDM efforts, see Fig. 1 and reference [10].

III. CHALLENGES OF SMALLER SCALE PRECISION EXPERIMENTS

There are a number of issues pertaining to smaller-scale precision experiments that com-
pete for funding with the extremely large projects that are common in the field of particle
physics. These include:

• The community is small, and widely dispersed. This can be a barrier to effective
communication, but is also a source of inspiration to think outside the box.

• The fact that these experiments often employ a very small number of people across
a wide range of expertise makes them extremely dependent upon critical individuals.
A single person’s illness, or difficulty of recruitment in a specific area, can impede
progress significantly if adequate backup plans are not in place.

• The breadth of physics involved often makes recruitment challenging. It can be tricky
to find high-quality candidates with expertise in e.g. cryogenics, surface physics, laser-
cooling, quantum and atomic physics, magnetometry or high-voltage techniques who
wish to work on experiments impacting particle-physics. Nevertheless, these experi-
ments also provide ample opportunity to train young scientists in the required breadth
and depth.

• A laboratory like CERN often becomes intimately involved in the experiments carried
out there, and provides resources and technical support. Other institutions such as
the ILL or ESS are regarded as “user facilities”: in the past institutions’ responsi-
bility typically ended where neutrons emerge from a beamline, and less but steadily
increasing and highly appreciated technical support is provided for users. This can
pose particular challenges, and requires much shipping of equipment to and from sites
elsewhere where the actual development takes place.
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• For large projects such as those at CERN, the technology is known in advance of
the experiment starting. Often it has been attained in a long preceding R&D phase.
Detailed modelling can be undertaken, and rates predicted with considerable accuracy.
It is often not appreciated in such large communities that precision or limit experiments
require constant adjustment to improve their performance gradually over a number of
years.

• There is considerable pressure to produce a steady stream of publications. For a large
multi-purpose experiment, many measurements are made simultaneously, and it is
possible to produce large numbers – sometimes hundreds – of publications per year. A
precision experiment, in contrast, usually measures just one, sometimes a handful of
parameters and often requires many years to produce a single albeit highly important
result.

A. National laboratories and university labs

Although EDM experiments are small in comparison with more conventional particle
physics projects, they can be relatively large when compared with other areas of physics.
While projects of a single or a few institutions, setting up an experiment in a university
laboratory, is still common for molecular and diamagnetic atoms searches, for neutrons,
muons and ions, their scale typically requires much larger collaborations often involving also
national labs. In these cases substantial support, engineering assistance and so on from
national laboratories is therefore vital while universities provide academics, students and
research associates to carry out underpinning research and development.

B. Education and outreach

Although the science of CP violation is challenging to explain to a lay audience, it lends
itself perfectly for outreach activities by connecting directly to the big philosophical question
where all matter came from. In this respect, there is considerable scope to build and develop
a substantial outreach program to inspire pupils to study science and to justify to the
general public the expenditure of money on such projects. The nature of the experiments
also provides substantial opportunity to educate students in a wide range of physics-related
skills, from computational modelling and analysis through to high-voltage, surface, and
cryogenic physics and vacuum technology. It must also be emphasized that the scale of the
experiments allows very good students to learn a complete set of skills for an experimental
physicist covering all steps from ideas via modeling, design and construction to building
equipment, measuring, analyzing and publishing. It is vital that particle physics maintains
experimental activities on that level in order to contribute to the education of ‘complete’
experimental scientists.

C. Theory

The importance of searches for permanent electric dipole moments is widely accepted and
their impact in limiting model parameter space for new physics models of CP violation is
huge. Quite often todays EDM limits provide the tightest constraints on these models. This
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is documented, e.g. in [1]. Considerable theory efforts are urgently needed, on the one hand
side for combined analyses of all low and high energy constraints in a unified framework and
on the other hand side, especially also for EDM systems, a full consideration of all particle,
nuclear, atomic and molecular physics issues relevant for interpreting the experimental re-
sults. Ultimately, it should also be possible from a unified theoretical approach to point to
most sensitive systems for concentrating experimental efforts.

D. Facilities

For precision particle physics in general, and in particular for EDM searches, it is crucial
to develop and maintain experimental facilities and particle sources with adequate quality,
intensity and brightness. Europe has a number of figurehead facilities with a program in
fundamental precision physics. Some of the world-leading facilities, also with respect to EDM
research, are situated in Europe: the ILL, ESS, FRM-2, PNPI, PSI and for fundamental
neutron physics, IKP of COSY for polarized protons and deuterons, ISOLDE for radioactive
ions, and PSI for high intensity muons. The importance of world-leading facilities is also
stressed by the high intensity strategy in the US and Japan and their support for world-
leading projects at FNAL and JPARC. Neighboring subfields use unique opportunities at
GSI or at the CERN AD/Elena. The continued support for these and other such world
leading facilities is vital for maintaining a diverse and healthy particle physics community.
The same holds true for the continued support of university groups involved in projects at
these facilities.
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IV. EUROPEAN STRATEGY

1. The wide arena of particle physics, including both the high-energy collider frontier and
the low-energy precision-measurement frontier, brings important new knowledge about
our origins and about the nature of the Universe, and stimulates the development
of new technologies. Europe should maintain and strengthen its central position in
particle physics, which is founded on its strong national and international institutes,
universities and laboratories.

2. The search for permanent electric dipole moments of fundamental particles requires a
range of different technologies. Competing technologies must be assessed on a suitable
timescale to determine an optimum strategy.

3. There are many different EDM projects, and these are themselves a subset of the many
ongoing non-accelerator and accelerator projects throughout Europe and around the
world. The EDM community needs to work with national and international particle
and astroparticle physics organizations to pursue a coordinated strategy.

4. Neutron sources are primarily used for scattering and other applied-physics measure-
ments. There is nonetheless a need to develop and maintain neutron sources appro-
priate for fundamental-particle studies, including sources for ultracold neutrons.

5. In more general terms, high intensity, low momentum particle beams of ions, muons,
pions, kaons and antiprotons are required for various important precision experiments.
The strategy should include the need to develop and maintain these facilities and to
make maximal use of the complementarity of the various research projects.

6. Theoretical physicists are extremely interested in the results from EDM measurements,
as witnessed by the high citation rate that such papers generate. Nonetheless, the
degree of isolation between the experimental and theoretical communities within the
EDM field is significantly greater than for particle physics in general. There is a need
to develop stronger links between the experimental and the theoretical community. Also
the links within the theoretical community between high energy particle physics and low
energy precision physics and neighboring fields such as nuclear and atomic physics need
to be strengthened for a unified approach.

7. Small-scale, elegant high-precision measurements provide an ideal vehicle to inspire
students and the public, and to promote a general interest in fundamental physics.
There is a need to implement and pursue a coherent outreach strategy.

8. EDM experiments require expertise over many areas of physics: particle physics, spin
physics and polarimetry, modeling and simulation, quantum physics and magnetom-
etry, surface physics, atomic laser spectroscopy and laser-cooling, high-voltage tech-
niques, vacuum techniques, cryogenics and so on. EDM measurements provide a valu-
able route for education and skills training of upcoming generations of physicists, and
studentships in this area should be supported.

9. Many years ago, EDM measurements were intimately linked with the foundations of
nuclear magnetic resonance and thereby to the invention of atomic clocks. Technology
transfer from the field should continue to be promoted, with full appreciation of the
long timescales that are typically required.
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