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1. Introduction

Although the Standard Model of particle physics is very successful in describing fundamental
interactions and particles, it does not provide an answer to very fundamental questions like:

* What is the origin of the matter anti-matter asymmetry in our universe?
* Why is CP-violation not present in the strong sector, although in principle allowed?
* What is the origin of dark matter?

Measurements of electric dipole moments (EDM) will provide answers to these questions. These
proceedings give an overview of the current status and future plans of EDM measurements. The
document is organized as follows. First an introduction to EDMs is given. In section 3 various
experimental methods used to search for EDMs will be discussed. Results and future plans will be
presented in section 4.

2. Electric Dipole Moments (EDMs)

In a classical system an EDM is present if the center of gravity of positive and negative charges
are different. Formally, for N point-like charges it is defined as

N
67: Z%’Fi’ (D
i=1

where g; denotes the electric charge and 7; the position vector of the point-like charge.
Interpreted as an operator in quantum mechanics, d has zero expectation value for states of a
given parity, because the operator itself is odd under a parity transformation #:

d=-Piap. (2)
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if |a) is a state of definite parity, i.e. P |a) = +|a). Molecules, such as water can acquire large

As a consequence

EDMs because the ground state is a mixture of (almost) degenerate states of opposite parity.

Elementary particles (including hadrons) have a definite parity and thus should not possess an
EDM. If however parity (and, as we will see below, also time reversal) violating interactions are
present they can contribute to an EDM. In this case the particle ground state does not have a definite
parity anymore. There is a small admixture of the opposite parity state:

lay =1+) +nl-) .

where the parameter 7 <« 1 describes the symmetry violating contribution. Now one finds in

(efdla) = (+}a1 ) + e 0.

general
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Since the spin defines the only direction in the particle, the EDM, as its counter part the magnetic
dipole moment (MDM), have to be aligned with the expectation value of the spin vector. This seems
to be counter intuitive since the spin S is an axial vector but the electric dipole moment d is a polar

(e} oSl

in the absence of an electric field is given in Ref. [1] and invokes the Wigner-Eckart-theorem.

vector. A rigorous proof that
S

The Hamiltonian for a particle at rest in electric and magnetic fields reads:
H=-d-E-ji-B. 4)
In this form the parity and time reversal violation of the EDM term is explicitly seen. The EDM
d, the MDM 4, both linked to the spin, and the magnetic field B are axial vectors which transform
even (odd) under parity ¥ (time reversal 7°) and the electric field Eisa polar vector transforming
odd (even) under P (7). This results in

P(H) = -d-(-E)-ji-B (5)
= +J-I§—ﬁ-1§,

T(H) = —(=d)-(-E) - (=fi) - (-B) (6)
- +d-E-ji B,

explicitly showing that the EDM part is 7~ and P violating, while the corresponding MDM term is
not. Assuming the validity of the C#7 theorem, an EDM is also C% violating.

This means that finding a non-zero EDM for a fundamental particle is a clear indication for
C® violation. The well established C® violation in the Standard Model leads to EDMs orders of
magnitude below current experimental sensitivities (see figure 4). Many proposed extensions of
the Standard Model allow for EDMs reachable with current sensitivities. A finite EDM of hadrons
could for example be interpreted as a non-zero éQCD parameter [2]. If H_QCD is different from zero,
CP symmetry would also be violated in the strong sector. The experimental limit of the neutron
EDM implies H_QCD < 10719, The fact that Q_QCD is so small, although as an angle it could have
values of O(1), is called the strong C# problem. A hadron EDM could also originate from other
C®P violating interactions. Therefore EDM measurements from many different particle species are
needed in order to track down the fundamental interaction.

3. Experimental Methods

The observable in most of the experiments is the measurement of the spin precession. In
general the spin precession angular frequency in a magnetic and electric field for a particle at rest
is given by
~dE — uB 3 2
=2 5=6x%5. @)

|51

To get an idea of the complexity of corresponding experiments, it is instructive to look at the

Q=

order of magnitude of the precession frequency €. A neutron in the earth’s magnetic field has
an angular frequency of Q ~ 9000s~! due to its MDM. Assuming the neutron has an EDM of
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E Figure 1: Spin precession for parallel and anti-
parallel electric and magnetic fields.
Qv = Qupm + Qepm Qv = Qupm — QedM

d, = 1x107%°¢ - cm, which corresponds roughly to the current experimental upper limit, in
an electric field of E = 10’ V/m, the precession frequency is 10 orders of magnitude smaller:
Q~3x1070s71

To fight systematics most experiments observe the spin precession in a combination of electric
and magnetic fields reversing their relative orientation. As indicated in figure 1 the difference in pre-
cession frequency is proportional to the EDM. The statistical uncertainty for a single measurement
of duration T is generically given by

n

Ostat &€ P\/NET . (8)
Here P denotes the spin polarisation of the particle ensemble and NV the number of detected particles.
In order to increase the sensitivity, apart from maximizing N, P and 7, another key ingredient is to
provide a large electric field E£. Depending on the experiment, this is done in different ways. The
most obvious method is to use electric plates. For charged hadrons, storage rings using electric
bends are proposed [3-5]. Placing atoms and molecules in an electric field, huge enhancement
factors (order 100 — 10°) for fields inside the atom or molecules are obtained. This increases the
sensitivity to the EDM signal [6, 7]. Bent crystals are considered to measure for example the EDM
of baryons like A. and = [8]. For particles having a non zero velocity v in the laboratory system,
a magnetic field leads to a motional electric field v x B in the particle rest frame. This method is
employed for EDM measurements of charged particles in magnetic storage rings [9].

In order to measure the spin precession frequency again different methods are employed.
Ranging from observing the shift of energy levels in atoms and molecules, analysing a scattering
process for neutrons and protons to using the self analysing power of the decay for A or u.

Given the variety of techniques, it is not surprising that many different experimental setups are
used. Three examples are displayed in figure 2. It shows setups used for 'Hg atoms, neutrons
and a proposed storage ring for protons. From one example to the next the size of the experiments
increases in size by two orders of magnitude. The Hg atoms are stored in two cells (MT, MB) with
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Figure 2: Three different setups to measure the EDM of various particles. Left: Cells to store Hg atoms
in various field configurations at University of Washington, USA [10]. Middle: Chamber to store ultra cold
neutrons at Paul Scherrer Institut in Switzerland [12]. Right: Proposed storage ring with electric bends to
measure the EDMs of protons [5].

different relative orientation of electric and magnetic fields. Additional cells (OT, OB) only subject
to a magnetic field are used for a further reduction of the systematic uncertainty. The size of the
cells is of the order of one cm [10]. The difference in precession frequency is measured via the
difference of energy levels in the Hg-atoms. As a diamagnetic atom, the Hg atom can be used to
indirectly measure the EDM of protons and neutrons.

Ultra cold neutrons are stored in a cell (size about one meter). Between two consecutive runs
the relative orientation of electric and magnetic field is reversed. The precession frequency is
determined using the Ramsey method of oscillating fields [11]. The polarisation of the neutrons is
finally measured via a spin dependent scattering process [12].

To measure the EDM of the proton, a storage ring (diameter ~ 100 m) with electric bending
fields of several Volt/meter is proposed [3, 4]. Here two proton beams can circulate simultane-
ously clockwise and counter clockwise to cancel systematic effects. Choosing a so called magic
momentum of the proton of p = 700.74 MeV /¢, the spin precession due to the magnetic moment is
suppressed (frozen spin condition). An EDM would cause a build-up of a vertical polarisation for
a beam initially polarized along the direction of the momentum vector. This vertical polarisation
can be determined using elastic scattering of protons on a carbon target. The left-right counting
rate asymmetry is proportional the vertical polarisation which is in turn proportional to the EDM.

4. Experiments and Results

4.1 Results on EDMs

Figure 3 gives an overview of running and planned EDM experiments around the world,
grouped by particle species. Figure 4 shows current results for the electron, muon, tau leptons
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Figure 3: Current and proposed EDM experiments around the world.
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as well for neutron, proton, A and 'Hg. No finite EDM was found yet, but impressive limits
were obtained. The red bands indicate expectations for EDMs from the Standard Model physics
originating from the C#-violation in the Standard Model (CKM matrix). Extensions of the SM,
like super symmetry allow for much larger EDM values. Especially the electron EDM result derived
from a measurement on HfF* ions exclude already some of the SUSY parameter space. Table |
lists the results shown in figure 4 and gives also sensitivities goals of future experiments.

4.2 Connection to dark matter searches

Axion and axion like particles (ALPs) also influence the spin precession. One effect is an
oscillating EDM:
d = dpc + dac cos(wa + @) ©)
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caused by an axion/ALP background field [27]. The oscillation frequency w, is simply given by
the axion/ALP mass: mqc? = hw,. Many EDM experiments, in parallel to the analysis of the
static EDM (dpc) presented in section 4.1 also performed an analysis of the oscillating part, dac,
which can be translated to an axion-EDM coupling constant. Results are shown in figure 5. EDMs
experiment are dominating the limits. Note that the excluded area by SN1987A and Planck+BAO
are strongly model dependent.

5. Summary & Conclusions

Measurements of electric dipole moments will contribute to answer fundamental questions
of the Standard Model of particle physics and cosmology. Many experimental techniques are
employed to search for EDMs of various particles. Up to now only impressive upper limits are
obtained, excluding already some parameter space of proposed extensions of the Standard Model.
EDMs are also sensitive to various axion/ALP couplings.
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