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One of the major problems of modern particle physics is the inability of the Standard Model (SM) of
Particle Physics to explain the matter-antimatter asymmetry in the Universe. Therefore, the pursuit
of physics beyond the SM is required and one of the necessary conditions for the appearance of
the matter-antimatter asymmetry is the violation of the CP symmetry. Permanent electric dipole
moments (EDMs) of particles violate CP symmetry, so EDM measurements of fundamental particles
are able to probe new sources of CP-violation.

Storage rings make it possible to measure EDMs of charged particles by observing the effect of the
EDM on the spin motion in the ring. The Cooler Synchrotron COSY at the Forschungszentrum Julich
provides polarized protons and deuterons with momenta up to 3.7 GeV/s, which is an ideal testing
ground and starting point for the JEDI collaboration (Jiilich Electric Dipole moment Investigations)
for such an experimental program.

The preliminary results of the first direct (precursor) measurements of the deuteron EDM in COSY
are presented. This is the first stage of the experimental program to determine the EDMs of proton
and deuteron using storage rings [1], [2].
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1. Introduction

The Standard Cosmological Model (SCM) fails to explain the baryon asymmetry level in the
Universe. The rate of baryon asymmetry is expressed as n = "b,;ng, where n;, and nj, are the numbers
of baryons and antibaryons and n,, is the number of relict photons. According to the SCM 5 ~ 10718
[3] while the experimental observations yield 7 of the oder of 107'° [4], [5]. The conditions for
baryogenesis in the Universe were formulated by Andrei Sakharov in 1967, and one of them states
that C and CP invariances must be violated [6]. Electric dipole moments (EDMs) of particles violate
both parity (P) and time reversal symmetry (7)) which means that, if CPT symmetry is conserved, it
also violates CP symmetry. Therefore, finding the EDM of a fundamental particle would allow us to
understand the baryogenesis of the Universe.

2. Spin motion in a storage ring

The spin vector S motion in a storage ring with radial electric E and vertical magnetic field Bin
the rest frame of the particle is described by the Thomas-BMT equation [7], [8],
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where angular velocities consists of two parts, acting through magnetic dipole moment (MDM) and
EDM,

1 BxE
1 pXE)
-1 c )

2 EDM
QEpm = 772 q(E"‘ B x B).
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Here G is the anomalous gyromagnetic g-factor and pgpym denotes the electric dipole factor. The case
of QMDM - ﬁcyc = 0 is called a ’frozen spin” condition because in the absence of EDM spin stays
aligned to the momentum of the particle. The “’frozen spin” condition in a purely electric ring can be
reached for particles with G > 0 if (G — ﬁ) = 0. In this case the EDM would be sensed by the

radial electric field and spin will precess around the radial axis leading to a vertical spin component.
3. Proof of principle EDM experiment at COSY

3.1 Magnetic storage ring COSY

The JEDI collaboration aims to measure the charged hadron’s EDM using a stepwise approach
and, as the first step, the precursor experiment was done at the COoler SYnchrotron COSY at Forschungszen-
trum Jiilich [1]. A pure magnetic storage ring COSY has been previously used for hadron physics
experiments and is capable of providing polarized protons and deuterons at momenta from p = 0.3 to
3.7 GeV/c. It is an ideal starting point for the proof-of-principal for the search of the charged hadron
EDM. The schematic layout of COSY and principal elements are shown on Fig.1.
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Fig. 1. The schematic of COSY showing the positions of the principal elements.

3.2 Experimental layout
Vertically polarized deuterons were injected into the COSY ring and accelerated to a momentum
of 970 MeV/c. After the bunching and the electron cooling, the beam was extracted on a carbon block
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Fig. 2. Invariant spin axis is vertical in case of an ideal ring in the absence of the EDM (left) and tilted in
radial direction due to EDM effect (right).

target and elastically scattered deuterons were detected with a WASA polarimeter. Then spins of the
particles were rotated into the horizontal plane with an RF solenoid. Optimisation of the decoher-
ence of the in-plane polarization time was done using sextupole magnets [10], [11] and a long spin
coherence time of about 1000 s. was reached for the purposes of the experiment.

In a purely magnetic ring, according to the Eq. 2, spin rotation caused by the EDM receives a
contribution in the vertical direction from the motional electric field (cﬁ X §). However, due to the
spin precession around B, there will be tiny oscillations of the vertical polarization and no build-up
accumulation. In order to overcome this obstacle RF Wien filter was used [9], [2], it was operated
on one of the harmonics of the spin precession frequency (871 kHz) and the phase-lock feedback
was used to keep the relative phase between the spin precession and the Wien filter RF oscillations
constant throughout the measurements [12], [13]. That leads to a particle receiving a spin kick in the
same direction for each turn it passes through the RF Wien filter, resulting in a polarization build-up.
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Fig. 3. Out-of-plane rotation angle & as function of the relative phase between spin precession and Wien
filter RF. Wien filter rotation ¢"F = 0 mrad, snake )(501 is set to -26.17 mrad (red), O mrad (blue) and 26.17
mrad (green).
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3.3 Invariant spin axis determination

In the ideal ring and in the absence of the EDM, the invariant spin axis, about which the spin of
the particle oscillates, is vertical (direction of the B field), Fig.2. The EDM produces the oscillation
of the vertical spin component, this results in a tilt of the invariant spin axis away from the vertical
into radial direction, Fig.2. In reality, however, there are additional magnetic misalignments, which
is why the invariant spin axis is inclined further. The direction of the invariant spin axis provides an
experimental access to the EDM.

Fig. 4. The map of the resonance strength 2P for various Wien filter angle ¢™© and Sibirian snake spin
rotation angle y*°'.

Measurements were performed for several rotation angles around the beam direction of the RF
Wien filter (¢™F) and for several Sibirian snake currents (y*°') on the opposite side of the ring, to
rotate the invariant spin axis in the longitudinal direction. The EDM resonance strength £PM can be

defined as ,
y
£EDM _ Q 3)

T oQrev’

where QFy denotes spin angular frequency and Q™ denotes the revolution frequency. Taking into
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account that the EDM induced vertical polarization oscillations can be written as
py(t) = asin(Q”t + ¢rp), “)
one can show that £"PM can be determined as

SEDM _ a(t)lt:o ) 1
acos(grp) QY

&)

where a(1)|,—o denotes the initial slope of the out-of-plane polarization rotation angle.

The out-of-plane angles & were observed for 8 relative phases between spin precession and the
RF Wien filter, resulting in the sinusoidal dependencies, shown in Fig.3. The decoherence of the
horizontal polarization [14] was distinguished by simultaneously fitting the time dependencies for
full polarizations and slopes of the vertical polarization build-up. An example of the resulting map
for the resonance strength versus Wien filter and snake angles is shown in Fig.4. The minimum of
the fitting surface determines the orientation of the invariant spin axis, which yields (¢(‘)"’F , /\/(S)Ol) =
(3.6,5.4) mrad. The spin tracking calculations are required to determine invariant spin axis of the

ring, accounting for all misalignments.
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