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Abstract. Electric Dipole Moments (EDM) of elementary particles, including hadrons, are
considered as one of the most powerful tools to discover CP-violation beyond the already known
sources of the Standard Model. Such CP-violating mechanisms are required to explain the
dominance of matter over anti-matter in our universe.

Up to now experiments concentrated on neutral systems. Storage rings offer the possibility
to measure EDMs of charged particles by observing the influence of the EDM on the spin motion.
Different options and a strategy towards storage ring EDM measurements will be discussed.

1. Introduction & Motivation

The existence of electric dipole moments (EDMSs) of (sub-)atomic particles (e.g. leptons, atoms,
certain molecules, hadrons) is only possible if parity (P) and time reversal (T') symmetry are
violated. Assuming that the CPT theorem holds, T-violation is equivalent to CP-violation.
Note that in this context we talk only about permanent EDMs. The well known EDMs of
certain molecules (e.g. H0, NH3) are not of this nature and don’t require violation of P
and T symmetries. These molecules appear to have a permanent EDM because of two almost
degenerated energy levels of opposite parity. This implies that the energy levels grow linearly
with an applied electric field — a sign of a permanent EDM. However, in very small electric fields
E, the energy levels grow quadratically with the electric field strength (quadratic Stark effect).
This is the case if the interaction energy eFE is smaller than the energy difference of the two
almost degenerated energy levels. A more detailed discussion can be found in Ref. [1].

The measurement of EDMs has a long history. Starting 60 years ago with the measurement of
the neutron EDM by Smith, Purcell and Ramsey [2|. Fig.|l|shows an overview of experimental
results for various particles. Up to now all measurements show results consistent with zero.
The resulting upper limits for various particles together with predictions from super-symmetric
models (SUSY) and the Standard Model are shown. Most of the measurements were performed
on neutral systems. The proton limit was deduced from an EDM measurement of the mercury
atom for example. The limit shown in Fig. [I| for the muon was obtained at a storage ring
experiment where the main purpose was to measure the anomalous magnetic moment of the
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muon . Based on this idea, experiments are proposed to measure EDMs of charged particles
in storage rings . The principle will be discussed in the next section.

2. Principle of Storage Ring EDM Experiments
For an elementary particle, the spin is the only vector defining a direction. A possible EDM
has to be aligned along this axis. If an EDM exists, the spin vector will experience a torque
in addition to the one caused by the magnetic moment. For a particle kept on a horizontal
orbit by a radial magnetic and/or vertical electric field the EDM causes a rotation of the spin
vector around the radial axis as indicated in Fig. The magnetic moment causes a rotation
around the vertical axis. For a particle ensemble with a spin polarisation initially aligned along
the momentum vector, this torque causes a build-up of a polarisation component in the vertical
direction. The polarisation direction can be determined by scattering the beam off a carbon
target and analyzing the azimuthal distribution of the scattered particles. A vertical polarisation
results in an left-right asymmetry in the detector.

Quantitatively the spin motion relative to the momentum vector in electric and magnetic
fields is governed by the Thomas-BMT equation [6H8]:
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Figure 1. Experimental limits of EDMs together with predictions from super symmetric models
(SUSY) and the Standard Model (SM).
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S in this equation denotes the spin vector in the particle rest frame, ¢ the time in the laboratory
system, 8 and -y the relativistic Lorentz factors, and B and E the magnetic and electric fields
in the laboratory system, respectively. To simplify the notation terms including ( - B and R E
were omitted. .

The magnetic dipole moment [ and electric dipole moment d both pointing in the direction
of the particle’s spin S are related to the dimensionless quantities G (magnetic anomaly) and 7
in eq. [T}
qh

m

S d d=n—-12=5. 4
an 772mc ( )

L, qh g
fi=g5 S5=(1+0)

The difficulty of the experiment is that in general the magnetic moment (terms proportional to
G in eq. [1]) causes a precession of the spins orders of magnitude higher compared to the expected
effect of the EDM. The G factors of proton and deuteron are 1.79 and —0.14 respectively. The
factor n amounts to 2 - 107! for an EDM of d = 10~??¢ cm.

Analyzing eq. [1, one has several possibilities. The most favorable option is to run in a so
called frozen-spin condition where the precession in the horizontal plane is suppressed by a
suitable choice of an electric and magnetic field combination, i.e. Qypym = 0, see e.g. [EI] In
order to achieve this

—
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Figure 3. Proton momentum (left) and storage ring radius (right) for different values of the
magnetic and electric field. For a pure electric ring (i.e. B = 0) the momentum is fixed to
p = 0.7007 GeV /c.

has to be fulfilled. Assuming radial electric fields (E,) and vertical magnetic fields (B,) this can
be written as

(1 - GBZVQ) E, = GBycBy*. (6)

Fig. |3 and [4] show the particle momentum and bending radius of a storage ring for possible
combinations of magnetic and electric fields for protons and deuterons where eq. [0 is fulfilled.
For particles with G > 0 this can be achieved with a pure electric storage ring (i.e. B = 0).
For protons (G ~ 1.79) this means that the momentum has to be p = 0.7007 GeV /¢ in order to
have G — 72171 = 0. For particles with G < 0 (e.g. deuterons with G &~ —0.14) one needs both
electric and magnetic fields. Also note that for particles with G < 0, fulfilling eq. [6] means that
the bending of electric and magnetic field act in opposite directions.

If the polarisation vector points initially in the direction of the momentum vector, the EDM
causes a rotation out of the horizontal plane. In practice, since the effect of the EDM is expected
to be very small, the observable is just a build-up of a tiny vertical polarisation.

In a pure magnetic storage ring, it is impossible to null Qympy. This prevents a continuous
build-up of a vertical polarisation due to the EDM, because the spin precesses in the horizontal
plane such that the build-up due to Qgpum is half of the time in the positive and half of the
time in the negative direction. The net effect is an oscillation of the vertical polarisation with
an amplitude fn/(2G). This signature is used in the muon g — 2 experiment to measure the
muon EDM [3]. For hadrons this method is less sensitive because Ghadron > G, ~ 1073. For
p = 970 MeV /c deuterons the amplitude is only 3 - 10715 for an EDM of d = 10~?%¢ cm.

To allow for a build-up of the vertical polarization proportional to the EDM, a radio-frequency
(RF) Wien-filter has to be operated [10,/11]. Running at a resonance frequency of the spin
precession, it leads to the desired build-up of the vertical polarisation proportional to the EDM.
Qualitatively this can be understood as follows. Running at resonance with the spin precession
frequency the Wien filter advances/slows down the spin motion in the horizontal plane in such
a way that on average it points more parallel than anti-parallel to the momentum vector. This
leads finally to a build-up proportional to the EDM due to the term cﬁ x B in eq. 1} because
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Figure 4. Deuteron momentum (left) and storage ring radius (right) for different values of the
magnetic and electric field. Note that for the deuteron (G < 0) a magnetic field B > E/c is
always required to maintain the frozen spin condition.

Table 1. Different options for storage ring EDM experiments.

Options pros cons

1.) pure electric ring no B field needed, works only for particles
CW/CCW beams simultaneously with G > 0 (e.g. p)

2.) combined ring works for p,d, 3He, ... both E and B

required

3.) pure magnetic ring existing (upgraded) COSY lower sensitivity,
ring can be used, precession due to G,
shorter time scale i.e. no frozen spin

now the average over the ring < S x 5 x B > 0.

Tab. [1] lists the options discussed. The main advantages of option 1 is the possibility to
run counter circulating beams at the same time. As will be discussed in sec. |3] this is a big
advantage for the cancellation of systematic effects. The disadvantage is that it works only
for particles with G > 0. Option 2 works for all G, but to run a beam in opposite direction
the magnetic field has to be reversed. Option 3 finally has the advantage that magnetic rings,
like the Cooler Synchrotron COSY at Forschungszentrum Jiilich already exist. The reachable
statistical sensitivity is worse as explained in eq.

3. Statistical and Systematic Sensitivities
3.1. Statistical Sensitivities
Assuming Qypy = 0, the EDM can be determined from the measurement of 2 = Qgpwm:

dE
QEDM = th . (7)

Here we assume a pure electric ring. For the combined ring E has to be replaced by E + GcB.
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Assuming a polarisation vector initially along the momentum vector and QppyT <K 1, we get

dE

P, = QepmP = T
S

P, (8)
where P is the polarisation of the beam and P, < P the vertical component.

This results in )
shP,  sh (P, (1) — Py(0)) 9)
EP EP T ’ (
where 7 is the duration of the measurement. This describes the most simple scenario where half
of the beam is extracted at t = 0 to measure P,(0) and half of the beam at ¢ = 7 to measure
P(T).

The statistical error on the polarization measurement from the azimuthal distribution of
events is given by

d=

2
~ (N2
where A is the analyzing power of the scattering process. N is the number of particles in the

beam, f the fraction of particles elastically scattered and detected in the polarimeter. For the
polarization difference one finds

a?(P,) (10)

4
2 _
o (Py(T) — P,(0)) = (N2 (11)
We finally obtain .
S
TEoM = V8 e (12)

In a more realistic scenario where the polarisation is continuously monitored instead of just
taking two measurements at t = 0 and ¢ = 7, the rhs has to be multiplied by a factor v/3. The
factor r accounts for the fraction of the ring where the electric and magnetic fields are present.

For option 3 using the Wien filter, eq. [I2] has to be modified as follows: the electric field
FE has to be replaced by the electric field in the Wien filter and r by the fraction of the ring
equipped with the Wien filter. A factor (2Gv?)/(G + 1) has to be included as well. In Eq. [12]it
is assumed that the beam polarisation is constant during the measurement duration 7. Tab.
gives the statistical error for the three different options discussed.

3.2. Systematic Sensitivities
The major sources of systematic errors and ways to mitigate them will be discussed. The
discussion is restricted to the frozen spin method with electric fields only.
The observable is Qrpy. For an EDM of 102%e cm and an electric field of E = 8 MV /m for
protons (s = 1/2) it is
dE -9 —1
QEDM =—=24-10 S . (13)
sh
We will now discuss several systematic effects and compare their contribution to O to the
one in eq. [[3

(i) Radial magnetic field: A remanent radial magnetic field of B, = 10717 T leads to an

Qp = LB 7400 (14)
m

which is similar to Qgpum.
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pure magnetic ring combined ring pure electric ring
with Wien filter

P 0.8

N 10° 2107 4-10%

f 0.005

A 0.6 0.2 0.6

T 1000 s

E. B 3kV/m, 22 4T 7.3 MV/m, 0.03T 8 MV/m, —
r 1/184 0.55 0.65
ogpm(1fill) fecm  8.6- 10721 5510720 4.6-1072%7
ogpm(lyear)/ecm  8.6-10"% 5510728 4.6-107%
10000 fills

Table 2. The statistical uncertainty for the three different options proposed assuming a
continuous extraction of the beam. The beam polarisation P is assumed to be constant during
the measurement time 7.

(ii) Geometric Phases: Imagine the following sequence of rotations:
A rotation around the vertical y-axis followed by a rotation around the longitudinal z-axis by
an angle 9 compensated by rotations by — around the y-axis and finally the longitudinal z-
axis. This results, like the EDM, in a net rotation around the radial z-axis of approximately
¥2. Such rotations can for example be caused by misalignment of ring elements. Assume
for example alternating B =1 nT longitudinal and vertical magnetic fields in four segments
of 90° in the ring [12]. In each segment the rotation angle is

eGB 1
T =8.6-1078 15
m Ao (15)

where frev =~ 0.5 MHz is the revolution frequency. This leads to

Qap = % frey ~ 3.7-1077s7 L, (16)
which is again of the same order as Qgpwm.

Ways to fight these systematic effects are described in Refs. [4,(13] and are still under
investigation. Here we just describe the main ideas: The key point is to use clockwise (CW)
and counter clockwise circulating (CCW) beams. One measures thus two frequencies or rather
polarisation build-ups, Qcw and Qcow. Schematically one can write

Qcw = QppMm + Qcp + 05, , (17)
Qccw = Qepm — Qcp + OB, - (18)

Taking the sum Qcw + Qcow the contribution from geometrical phases, Qgp will cancel. The
effect of a remanent radial magnetic field {2p. does not but it will cause a vertical displacement
of the two beams which can be used to disentangle a build-up due to an EDM or a radial B-field.

At this level of precision even effects of gravity have to be taken into account. There are two
contributions, a direct one |14/16]

2v+1 Bg -8 —1
QraV: — =31 1
g =Sy, =310 (19)
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on the spin rotation, with ¢ = 9.81ms~2, and an indirect one. To prevent the particles from
falling, a restoring force either in form of a vertical electric or radial magnetic field has to be
present. If gravity is compensated by a radial magnetic field its magnitude is

(2% = 1)mg

B =
" vefe

=12-107"°T (20)

which will cause in turn a fake EDM effect as described above [17]. Note that for a correct
treatment of the gravity and other systematic effects eq. [l is no more applicable because is uses
the simplified assumption that the particle is kept on a circular orbit simply by a radial electric
and/or vertical magnetic field. Nevertheless, to estimate the order of magnitude of various
contributions, it can be used.

From the examples discussed above, it is evident that the only possibility to disentangle
systematic effects from the EDM build-up is to operate a storage ring with counter rotating
beams. The main advantage of the pure electric ring is that two beams can circulate at the
same time on the same orbit, except for small shifts due to B,.. This assures that Qgp occurring
in Qcw and Qcew is really identical. Note that in other EDM experiments one either takes
data shifted in time (e.g. by a few minutes in the neutron EDM experiment [18]) or in space
(two cells with opposite E-fields separated by a few cm in the Hg-EDM experiment [19]). This
is also the case for a combined ring. One has to reverse the magnetic field to circulate a beam
in the opposite direction and take two consecutive runs apart by the measurement duration of
7 2 1000s. In this case conditions may have changed such that the cancellation in Qcw + Qccow
is not perfect.

The examples discussed above is not an exhaustive list. Other sources of systematic errors
are still under consideration. These include differences of beam intensities and phase space of
the two counter circulating beams and off axis passage of the beams in the RF cavity.

4. Status & Strategy

In December 2018 a document [20] has been submitted to the European Strategy for Particle
Physics (ESPP). It outlines a strategy for a storage ring EDM experiment. It starts with a
continuation of the so called precursor experiment at the magnetic ring COSY aiming at a first
measurement of the deuteron EDM. Several milestones have already been reached:

(i) a spin coherence times of over 1000 s needed to achieve the statistical sensitivity [21],
(ii) a precise determination of of the horizontal spin precession frequency [22] and

(iii) a polarisation feedback system [23] was developed needed in a dedicated ring to maintain
the frozen spin condition.

A vertical polarisation build-up could also be observed in a first test run using the Wien filter
method. At this stage the build-up is dominated by systematic effects which are still under
investigation.

As can be judged from Fig.[3] a pure electric storage ring will have a radius of around 50 m in
order to keep the electric field at a achievable level of &~ 8 MV /m. Before starting the construction
of such a storage ring it is proposed to construct a prototype ring of smaller size with a ring
radius of about 9m [24]. Many components could be tested in such a ring. Operating the ring
only with electric fields, one could test simultaneously circulating counter-rotating beams, albeit
not in the frozen spin mode. To achieve this, an additional magnetic field of about 0.03 T (see
Fig. [4) is necessary. This would allow to measure the proton EDM. With a magnetic field of
0.38 T the deuteron EDM could also be measured.
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