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Abstract

The lJiilich Electric Dipole moment Investigations (JEDI)
collaboration in Jiilich is preparing a direct Electric Dipole
Moment (EDM) measurement of protons and deuterons.
The first experiment is performed at the storage ring COSY
(COoler SYnchrotron) and later a dedicated storage ring
may be used for further studies. In order to analyze the data
and to disentangle the EDM signal from systematic effects
spin-tracking simulations are needed. Therefore a model of
COSY was implemented using the software library Bmad.
The model was successfully benchmarked using analytical
predictions of the spin behavior. A crucial point regarding
the data analysis is the knowledge of the orientation of the
invariant spin axis with vanishing EDM at the position of the
RF Wien filter. Especially its radial component is unknown
and spin-tracking simulations can be used to determine this
missing number. Tracking results as well as the algorithm to
find the invariant spin axis will be presented in the following.

INTRODUCTION

The observed matter-antimatter asymmetry in the uni-
verse cannot be explained by the Standard Model (SM) of
particle physics. In order to resolve the matter dominance
an additional C# violating process is needed. A candidate
for physics beyond the SM is a non-vanishing EDM of sub-
atomic particles. Since permanent EDMs violate parity and
time reversal symmetries, they are also C# violating if the
CP9T theorem is assumed. Since the SM predictions for
EDMs are many orders of magnitude too small to explain
the dominance of matter, the discovery of larger nucleon
EDMs would indicate physics beyond the SM and could give
an explanation for the matter-antimatter asymmetry [1]. The
interaction of a particles’ spin with electromagnetic fields
enables the measurement of an EDM. The underlying ex-
periments for charged particles need to be performed with
high-precision storage rings and require an accurate mea-
sure and control of the spin and the beam motion. The JEDI
collaboration is therefore investigating spin and beam effects
to enable EDM studies at COSY [2,3].

SPIN DYNAMICS IN A STORAGE RING

The spin motion in presence of electromagnetic fields is
described by the Thomas-BMT equation [4,5]. Since COSY
is a pure magnetic machine the spin S is only influenced by
magnetic fields B and the equation of motion reduces to
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where f!MD » and f!ED m indicate the angular frequency
due to the magnetic dipole moment (MDM) and the EDM
respectively and G is the gyromagnetic anomaly. E describes
the velocity ratio * of the particle where c is the speed of
light. Furthermore, g and m indicate the charge and mass of
the particle. The effect of the EDM d enters the equation via
the dimensionless proportionality factor n that is connected
to the EDM by

d=n 13§ )
2mc

A permanent EDM results in a vertical polarization build
up that is oscillating over time. In order to prevent a com-
plete averaging out of the signal a radio-frequency (RF)
device using radial electric and vertical magnetic fields, the
so-called RF Wien filter, was implemented into COSY. The
fields are set such that the Lorentz force cancels and there-
fore no beam perturbation is achieved. The EDM signal
accumulates over time due to the additional phase advance

the spin experiences [6—8].
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Figure 1: Due to a permanent EDM the invariant spin axis
tilts in horizontal direction by the angle £gpas.

The spin motion can be characterized by the so-called
invariant spin axis 7. It is defined by the rotation axis around
which the spin precesses. In case of an ideal ring and a
vanishing EDM this axis always points in vertical direction
as the spin precesses in the horizontal plane. In the presence
of an EDM the invariant spin axis is tilted in the horizontal



direction by the angle £gpas as sketched in figure 1. This
angle is directly proportional to the magnitude of the EDM
and can be expressed as

tan(éppy) = % (3

PARTICLE AND SPIN TRACKING
Tracking Code

The underlying tool for the presented particle and spin-
tracking simulations is the Fortran based software library
Bmad [9]. It already contains basic lattice elements as
dipoles, quadrupoles and sextupoles as well as the possi-
bility to add fringe fields and misalignments to the elements.
The RF Wien filter device was implemented by using super-
imposed static Cartesian field maps with an external time
dependency.

Calculating the invariant spin axis

In order to determine the polarization build up due to the
EDM, it is necessary to know the orientation of the invariant
spin axis. One current challenge is the lack of knowledge of
the radial component of this axis that cannot be measured.
A possible solution is its determination by modeling the
COSY lattice and performing beam and spin tracking. To
accomplish this, the spin of the reference particle is tracked
for N turns which leads to an ensemble of spin vectors §;
where j € Nand j € [ 1, N]. For each possible configuration
of three chosen spin vectors (51, 52, 53) an invariant spin
axis 7i; is calculated as follows.
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Figure 2 shows a schematic description of the method. The
invariant spin axis is then calculated as the mean of all 7;
vectors. Figure 3 shows the spin distribution after tracking
trough the COSY lattice including the misalignments of
dipoles and quadrupoles as well as an illustration of individ-
ual spin vectors §;, the vectors #i; and the average invariant
spin axis (i).

Figure 2: Method for calculating the invariant spin axis from
three chosen spin vectors.
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Figure 3: Illustration of the method to calculate the invariant
spin axis (red). The spin distribution resulting from mis-
aligned magnets is shown in blue and the average invariant
spin axis is indicated in red.

The precision of this method can be easily investigated by
performing a simulation assuming a non-zero EDM value
and comparing the resulting invariant spin axis with the
theoretical prediction of equation 3. Taking an input value of
1 = 0.0002 (corresponds to and EDM of |57| ~ 1078 ¢. cm)
leads to an invariant spin axis of

—0.321269108 - 1073 £ 7.636 - 10~°
0.999999948393 +2.5- 10712 |.  (7)
2.568-107% + 1.6878 - 1078
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Equation 3 gives a value of n, = —0.32127 - 107> which
corresponds to the calculated horizontal component of the
invariant spin axis. As expected, the longitudinal component
is zero within the error.

Simulations for precursor experiment

For the precursor experiment at COSY the so-called EDM
resonance strength £ pjys is measured. It is defined as the
ratio of the angular frequency of the vertical polarization
oscillation Qp,, and the orbital angular frequency Q,,

Qp,

EEDM = . (8)

The measurement uses the RF Wien filter as well as the
longitudinal field of a solenoidal magnet to manipulate the
spin motion. The vertical polarization build up is measured
for each setting of RF Wien filter rotation and solenoid
field [10]. This results in a two-dimensional map as shown
in figure 4 where ¢wr denotes the rotation angle of the RF
Wien filter. y g, relates to the spin rotation angle due to the
solenoid field. The EDM resonance strength can be analyt-
ically described by a parabolic function and the following
function can be used to fit the measurement results [11]
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where v, denotes the unperturbed spin tune'. According to
theoretical predictions, the fit parameters A and B should be
equal and C is supposed to be zero. The parameters ¢o wr
and yoq,s,7 indicate the point of minimal resonance strength.
In other words, ¢g wF is a measure for the horizontal com-
ponent of the invariant spin axis, including the effect of the
EDM, as well as all systematic effects that tend to aftect the
spin motion and, as a consequence, tilt the invariant spin axis.
Performing spin tracking with a vanishing EDM and taking
the misalignments of the COSY dipoles and quadrupoles
into account is a first approach of modeling the experimental
conditions. Figure 4 shows the resulting map as well as the
fitted function using equation 9. Figure 5 displays the pro-
jection to the horizontal plane in order to clearly illustrate
the shift of the minimum of the fit.
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Figure 4: Simulation results assuming a vanishing EDM and
taking magnet misalignments into account. Equation 9 was
used for fitting and the fit result is displayed as well.
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Figure 5: Horizontal projection of the fit shown in figure 4.
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In order to compare the simulation results with the mea-
surement, the fit values to the simulated points as well as
the preliminary results of the first measurement are listed in
table 1 [12]. The errors of the fit to the measured data may be
further reduced if one takes data at more points of the map.
Since an EDM only leads to a tilt of the invariant spin axis in
the horizontal direction and does not affect the longitudinal
component, the value of yq s is only influenced by longitu-
dinal magnetic fields originating from the solenoid and other
systematic sources. Comparing the yg s, values in table
1 with each other there is a huge difference of three orders
of magnitude. One can therefore conclude that the simula-
tion model, which so far includes only the misalignments
of dipoles and quadrupoles, is missing dominant systematic
effects that lead to a net longitudinal magnetic field and thus
produce a larger longitudinal component of the invariant
spin axis. Nevertheless, the fit results of the simulation are
in agreement with the calculated invariant spin axis using
the method of the previous section that results in

0.151519x 103 £2.17x 10™°
0.999999985 + 5 - 10713
1.9463 - 1073 + 4.86 - 1072

@iy = 10

Table 1: Fit parameters of simulation and measurement

Simulation Measurement
dowr  0.15328 £ 0.0176 mrad -3.7 + 0.04 mrad
x0.501  0.01093 £ 0.00869 mrad -6.96 + 0.04 mrad

CONCLUSION

The JEDI collaboration investigates the EDM of deuterons
at COSY performing a high-precision experiment. To distin-
guish the EDM signal from systematic effects, spin-tracking
simulations are needed. Using the software library Bmad a
model of COSY and a method to extract the invariant spin
axis were implemented. The model was benchmarked and
the spin tracking results show high compatibility with the
theoretical predictions. As first order effects magnet mis-
alignments were included in the model in order to compare
the simulation results with the first measurements at COSY.
The comparison shows that the model misses a net longitudi-
nal magnetic field which is possibly induced by longitudinal
field components of the magnet fringe fields for off-center
particles. Additionally, longitudinal fields may occur due
to the narrow positioning of the COSY magnets and the re-
sulting fringe field modification. As a next step these effects
will be investigated and added to the simulation model.
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