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Permanent electric dipole moments (EDMs) provide a sensitive probe of physics beyond the standard
model and are directly linked to additional sources of CP violation that could explain the matter-antimatter
asymmetry of the Universe. EDM measurements of charged particles in storage rings rely on detecting a
small tilt of the invariant spin axis with respect to the ring plane. In this Letter, we present the experimental
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determination of the invariant spin axis of an ensemble of deuterons in the Cooler Synchrotron (COSY), a
conventional magnetic storage ring, using a combination of a radio-frequency Wien filter, a super-
conducting Siberian snake, and an electron-cooler solenoid. The measurements reveal tilts of a few
milliradians, which are dominated by systematic effects. From the observed tilts, we derive the first
experimental limit on the deuteron EDM, jddj < 2.5 × 10−17 e cmð95%C.L.Þ. This result demonstrates the
feasibility of using storage rings to search for EDMs of charged stable hadrons and provides a foundation
for future dedicated facilities.

DOI: 10.1103/ns3s-ld4k

Permanent electric dipole moments (EDMs) of elemen-
tary and composed subatomic particles violate both parity
(P) and time-reversal (T) symmetry [1,2]. If the combined
CPT symmetry, where C represents charge conjugation, is
conserved, then T violation implies CP violation [3,4].
So far CP violation have been observed, for example, in
the decays of neutral kaons [5], B mesons [6,7], and
baryons [8]. The standard model predicts EDMs so tiny
that their detection is beyond the current experimental
reach [9,10]. Consequently, any measurable EDM would
be a hint at the presence of physics beyond the standard
model (or a nonzero QCD θ term) [2]. Therefore, EDMs are
considered to be sensitive probes to search for additional
sources of CP violation, which are needed to explain the
observed matter-antimatter asymmetry in the Universe [11].
This Letter discusses the first measurement of the deuteron
EDM building on a sequence of milestones previously
achieved and published by the JEDI Collaboration [12–16].
In general, an EDM of a subatomic particle can be

measured by studying its influence on the particle’s spin
motion, since the EDM is aligned with its spin direction.
Quantitatively, the spin dynamics is governed by the
Thomas–Bargmann-Michel-Telegdi equation [17–19]. In
a purely magnetic storage ring with a vertical magnetic
field and β⃗⊥B⃗, the spin evolution relative to the momentum
vector can be described in a corotating frame. Subtracting
the cyclotron rotation removes all kinematic and Dirac
(g ¼ 2) contributions, such that the remaining spin pre-
cession is governed solely by the anomalous magnetic
moment G and a possible EDM (see, e.g., Ref. [10]).
Neglecting terms proportional to β⃗ · B⃗, the resulting equa-
tion of motion reads

dS⃗
dt

¼ Ω⃗S × S⃗ ¼ ðΩ⃗G þ Ω⃗EDMÞ × S⃗; ð1Þ

Ω⃗G ¼ −
q
m
GB⃗; ð2Þ

Ω⃗EDM ¼ −
q
m
η

2
β⃗ × B⃗: ð3Þ

Here, Ω⃗G denotes exclusively the anomalous magnetic-
moment-induced spin precession and Ω⃗EDM the EDM-
induced spin rotation. S⃗ is the spin vector in units of ℏ

in the particle rest frame, t the time in the laboratory
system,m and q the rest mass and the charge of the particle,
β the particle velocity in units of c, and B⃗ the magnetic field
in the laboratory system. The dimensionless quantities G
and η are related to the magnetic dipole moment μ⃗ and the
EDM d⃗,

μ⃗ ¼ g
qℏ
2m

S⃗ ¼ ð1þ GÞ qℏ
m

S⃗ and d⃗ ¼ η
qℏ
2mc

S⃗: ð4Þ

With the given assumptions, the anomalous magnetic
moment and an EDM cause precessions around the vertical
y axis and the radial x axis, respectively (see Fig. 1),

Ω⃗G ¼ ΩGe⃗y; ð5Þ

Ω⃗EDM ¼ ΩEDMe⃗x: ð6Þ

FIG. 1. Influence of the EDM on the invariant spin axis n⃗. The
gray line marks the beam trajectory. Assuming an idealized
storage ring and no EDM, the spin is precessing in the x-z plane.
A non-zero EDM tilts the spin-precession plane around the z-axis
by an angle ξEDM indicated by the blue plane. The situation
shown here corresponds to a particle with G < 0, e.g. a deuteron.
The spin s⃗ precesses in opposite direction to the momentum p⃗.
For a positive EDM, i.e. η > 0, the angle ξEDM defined in Eq. (8)
is negative.
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It is convenient to introduce the invariant spin axis n⃗ as a
unit vector normal to the tilted precession plane, i.e.,
Ω⃗S ¼ ΩSn⃗, and its tilt angle ξEDM in the x-y plane such that

n⃗ ¼ ð− sin ξEDM; cos ξEDM; 0Þ: ð7Þ

With jηj ≪ 1 one gets to first order in η

ξEDM ¼ −
ΩEDM

ΩG
¼ ηβ

2G
: ð8Þ

Solving Eq. (1) one finds for a spin vector initially pointing
in the longitudinal direction [S⃗ð0Þ ¼ ð0; 0; 1Þ] to first
order in η,

S⃗ðtÞ ¼ �
sinðΩGtÞ; ξEDM sinðΩGtÞ; cosðΩGtÞ

�
; ð9Þ

i.e., the EDM causes an oscillation of the vertical polari-
zation component with amplitude jξEDMj. This signature is
used in the muon g − 2 experiment to measure the muon
EDM [20]. For deuterons this approach is far less sensitive
because the magnitude of the magnetic anomaly G is much
larger than that of the muon.
To induce a macroscopic buildup of a vertical polariza-

tion an additional radio-frequency (rf) Wien filter [21,22] in
resonance with the spin precession is applied such that the
Lorentz force vanishes [23] and the electric and magnetic
fields only act on the spin vector. For a bunched beam, the
rf Wien filter applies a spin kick turn by turn and is operated
at a spin-resonance frequency corresponding to the k th
harmonic of the revolution frequency. The additional spin
rotation around the magnetic field axis m⃗ of the rf Wien
filter (WF) per turn is

ψðtÞ ¼ ψ0 sinðΩWFtþ φrelÞ with ð10Þ

ψ0 ¼
q
m
Gþ 1

γ2βc

Z
BWFdl; ð11Þ

ΩWF ¼ jkΩrev þ ΩSj; k∈Z; ð12Þ

whereBWF andΩWF denote the magnetic field and the radio
frequency of the rf Wien filter, respectively, and φrel is the
relative phase between the radio frequency and the pre-
cession in the horizontal plane. The corresponding spin
dynamics is presented in detail in Refs. [24,25]. Below,
only the key elements are summarized.
Solving Eq. (1) for this case, the fast vertical oscillation

in Eq. (9) is superimposed by a slow oscillation (also see
Fig. 10 of Ref. [16]),

SyðtÞ ¼ cosðφrelÞ sin ð2πfytÞ: ð13Þ

The frequency fy depends on the relative orientation of the
magnetic-field axis m⃗ and the static invariant spin axis n⃗ in

the absence of the rf excitation. Aligned axes do not induce
an oscillation, whereas a perpendicular configuration yields
the maximal effect. If m⃗ is vertical, this sensitivity allows
the rf Wien filter to probe the tilt of the invariant spin axis.
As experimental observable one can then define the reso-
nance tune (or resonance strength) directly related to ξEDM,

ϵ ¼ fy
frev

¼ ψ0

4π
jn⃗ × m⃗j ¼ ψ0

4π
jsinðξEDMÞj: ð14Þ

This describes the ideal case where only the EDM
contributes to the tilt of n⃗. In an actual ring, however,
magnet misalignments, field imperfections, and orbit devi-
ations introduce additional, position-dependent contribu-
tions nsysx and nsysz ,

n⃗ ¼ �
nsysx − ξEDM; 1; n

sys
z
�
for jξEDMj; jnsysx j; jnsysz j ≪ 1:

ð15Þ

Therefore, instead of aligning the rf Wien filter’s magnetic
field axis m⃗ vertically and measuring only the buildup, we
followed a different strategy. The rf Wien filter could be
rotated around the beam axis (ϕWF) to introduce an addi-
tional x component (roll) to m⃗, while a spin rotation in a
Siberian snake located on the opposite side of the ring (see
Fig. 2) added a z component (pitch) to n⃗ (ϕsnake). For small
additional tilts one gets

n⃗ ¼ ðnx; 1; nz þ ϕsnakeÞ; ð16Þ

m⃗ ¼ ðϕWF; 1; 0Þ; ð17Þ

and using Eq. (14) ϵ2 can be written in leading order as

ϵ2 ¼ ψ2
0

16π2
�ðnx − ϕWFÞ2 þ ðnz þ ϕsnakeÞ2

�
: ð18Þ

Equation (18) describes a two-dimensional paraboloid
with the minimum corresponding to m⃗kn⃗, where the reso-
nance strength vanishes. The corresponding angles ϕmin

WF

FIG. 2. Sketch of the COSY ring indicating the position of the
relevant installations: electron coolers, rf Wien filter, Siberian
snake and the JEDI polarimeter (JePo).
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and ϕmin
snake are a measure of the direction of the invariant

spin axis at the rf Wien filter location such that
n⃗ ¼ ðϕmin

WF; 1;−ϕmin
snakeÞ. This approach facilitates a system-

atic study of how experimental uncertainties affect the
extracted parameters and the final result.
The experiment was performed at the Cooler

Synchrotron (COSY) at Forschungszentrum Jülich, utiliz-
ing the standard COSY infrastructure along with the rf
Wien filter [23], a superconducting Siberian snake [26,27],
the solenoid of the 2-MVelectron cooler (e-cooler), and the
JEDI polarimeter (JePo) [28] (see Fig. 2). Results from
beam-based alignment [29] and a dedicated geodetic
survey of the ring magnets were implemented following
the experience gained in earlier experiments. A summary of
standard parameters is given in Table I. Each cycle involved
the injection of vertically (vector)polarized deuterons into
the COSY ring, bunching and accelerating the beam to
970 MeV=c, electron cooling to reduce emittance and orbit
corrections. After starting the extraction onto a carbon target
for polarization measurements the deuteron spins were
rotated into the horizontal plane using an rf solenoid. The
spin precession was continuously monitored, and the rf fre-
quency and phase of the Wien filter was adjusted accord-
ingly to keep a constant phase between the Wien filter rf and
the spin precession phase (phase locking) [13,16].
The experiment began with spin-coherence time opti-

mization [12,31], followed by systematic studies of the
vertical polarization buildup. The data acquisition system
was the same as described in [16]. The primary observables
were the detector rates in the four quadrants up, right,
down, left of JePo together with the radio frequencies of the
accelerator cavity and the rf Wien filter. The rates were used
to calculate the time-dependent up-down and left-right
asymmetry as a measure of the in-plane and vertical
polarization, respectively.
The measurements were organized in maps, defined as

two-dimensional scans over ϕWF and ϕsnake, each at various
relative phases φrel, with all other parameters held fixed for

one map. For this, the two methods discussed conceptually
in [16] were used: (i) one or more bunches, such that the
phase locking is probing the same bunch as reference that
the rf Wien filter acts on (single-bunch method), and
(ii) using two bunches with the rf Wien filter selectively
acting on one bunch while the other bunch remained
undisturbed (pilot-bunch method) [15].
In order to determine the resonance strength ϵ, the in-

plane and vertical polarizations were fitted simultaneously
using model-based fit functions [25,32], with common
parameters describing the resonance strength, oscillation
amplitude, spin decoherence, and the deviation from
resonance. The corresponding fit formulas are given in
End Matter. The squared resonance strength (ϵ2) is then
plotted as a function of ϕWF and ϕsnake, as exemplarily
shown in Fig. 3. The minimum, and thus the direction of
the invariant spin axis, is extracted by a parabolic fit
using Eq. (18).
In total, seven maps were taken: the first two using

the single-bunch method and the remaining five using the
pilot-bunch method. The measurement of each map
took approximately 24 h. For systematic studies, the last
two maps were taken with the 2-MV e-cooler solenoid
inducing an additional tilt of an invariant spin axis at the
location of the rf Wien filter of Δnx ¼ �1 mrad and
Δnz ¼ �1.8 mrad; the plus signs apply to map 6 and
the minus signs to map 7. The results are summarized in
Table II; the quoted uncertainties are statistical only. The
elevated reduced chi-squared values and the observed
scatter reflect varying systematic offsets throughout the
data, which dominate the chi-squared contributions at
larger distances from the minimum. Averaging yields

TABLE I. Beam and machine parameters. The deuteron mass
m and the deuteron g factor are taken from the National Institute
of Standards and Technology database [30].

Parameter Symbol Unit Value

Deuteron momentum (lab) p [MeV=c] 970
Particles per bunch N ð0.5 − 1Þ × 109

Lorentz factor γ 1.126
Beam velocity β 0.46
COSY circumference LCOSY [m] 183.6
Revolution frequency frev [Hz] 750602.6
Spin precession frequency fs [Hz] 120847.3
Deuteron mass m [MeV=c2] 1875.61
Deuteron g factor g 1.714025
Deuteron G ¼ ðg − 2Þ=2 G −0.142987
rf Wien filter field integral

R
BWFdl [μTm] 7.9 − 12.0

FIG. 3. The resonance strength for Map 2 bunch 1 is shown as a
function of the rf Wien filter rotation angle and the spin rotation in
the Siberian snake. The minimum of the resulting two-dimen-
sional paraboloid indicates the orientation of the invariant spin
axis at the location of the rf Wien filter.
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nx;avg: ¼ −2.1ð12Þmrad; nz;avg: ¼ 3.9ð6Þmrad; ð19Þ

where the uncertainties correspond to the rms of the scatter
of the results. These results are clearly dominated by
systematic effects. Ideally, nx would be a measure of the
EDM effect, while nz would be consistent with zero.
The experimental method relies on the magnetic-field

axis of the rf Wien filter as a reference for determining the
orientation of the invariant spin axis. While no direct
experimental data exist on the magnetic-field direction
within the rf Wien filter, extensive simulation studies have
been performed, which explore the range of possible field
errors perpendicular to the main axis [23,33,34]. Additional
simulations were performed that explicitly account for the
geometry of the installed rf Wien filter, following the
approach described in Ref. [33]. The resulting possible
spread corresponds to systematic uncertainties in the order
of a few milliradians in the field orientation. The dominant
contribution was found to originate from a rotation of the
beam axis in the horizontal plane. Further details are given
in End Matter.
Extensive beam and spin-tracking simulations to study

the influence of known misalignments of the ring magnets
and the beam-position monitors and the corresponding
uncertainties have been carried out. No longitudinal or
radial components of the invariant spin axis larger than
1 mrad could be found [35].
As a further systematic check, the longitudinal compo-

nent of the invariant spin axis at the locations of two
solenoids was determined using the spin tune mapping [14]
developed by the JEDI Collaboration. In these measure-
ments the rf Wien filter was not involved. The results are

nz;1 ¼ −0.0565ð7Þmrad; nz;2 ¼ −0.0706ð6Þmrad; ð20Þ

for the Siberian snake and the 2-MV e-cooler solenoid,
respectively. The longitudinal tilt below 0.1 mrad, mea-
sured at the 2-MV e-cooler solenoid only 8m upstream of
the rf Wien filter, supports the conclusion that the main

systematic uncertainties originate from the direction of the
magnetic field axis of the rf Wien filter.
In an ideal storage ring, the invariant spin axis has no

longitudinal component. As the observed longitudinal tilt is
therefore predominantly caused by systematic effects, the
measured tilt provides a direct estimate of the experimental
uncertainty. This uncertainty can then be transferred to the
radial component in order to construct an upper limit for the
corresponding tilt,

σnsysz
≈ σnsysx

¼̂ nz;avg: ¼ 3.9 mrad: ð21Þ

Assuming that our measurement is consistent with an EDM
value of zero and taking σnsysz

¼ 3.9 mrad as a one standard
deviation Gaussian error for nx, a 95% C.L. can be obtained
by multiplying by the corresponding factor 1.96. Using
Eqs. (7) and (8), this translates into an upper limit of the
dimensionless EDM strength,

jηj < 0.00475 ð95% C.L.Þ: ð22Þ

Consequently, a first limit on the deuteron EDM can be
determined using Eq. (4),

jddj < 2.5 × 10−17 e cm ð95%C.L.Þ: ð23Þ

To put this result into perspective, the only measurement
of a permanent EDM performed in a storage ring so far
was carried out for muons, yielding an upper limit of
jdμj < 1.8 × 10−19 e cm ð95%C.L.Þ [20]. The sensitivity is
governed by the ratio of the EDM to the magnetic anomaly,
G ≈ −0.14 for deuterons and a ≃ 0.001 for muons, result-
ing in about 2 orders of magnitude higher sensitivity for
the muon. Furthermore, this result was obtained using a
dedicated muon storage ring specifically designed for pre-
cision experiments. It should also be noted that at COSY a
significantly more stringent limit has recently been
obtained for an axion-field-induced oscillating EDM of
the deuteron [36]. Owing to the resonant coupling to the
axion field, most systematic effects cancel, illustrating the
potential of storage-ring techniques.
This measurement demonstrates that a storage ring can

be used to access the EDM of charged hadrons by precisely
determining the invariant spin axis. At the present stage, the
observed tilt of the invariant spin axis is still dominated by
systematic effects, such as magnet misalignments, devia-
tions from an ideal orbit, and field errors. This calls for
further experimental studies aimed at reducing and validat-
ing the associated systematic uncertainties. An improved
rf Wien filter setup, incorporating additional ferrites to
enhance field strength and homogeneity, had already been
prepared for implementation. However, the COSY ring was
permanently shut down at the end of 2023 and is no longer
available for experiments.

TABLE II. Summary of all maps of the invariant spin axis.
Maps 6 and 7 were taken with the 2-MV e-cooler solenoid
inducing an additional, fixed tilt of the invariant spin axis at the
location of the rf Wien filter. The corresponding shift of the
minimum has been taken into account.

Map nx=mrad nz=mrad χ2=ndf Method

1 −1.72ð12Þ 4.90(6) 455.5=8 ¼ 56.9 Single bunch
2 −1.34ð11Þ 4.18(4) 147.0=8 ¼ 18.4 Single bunch
3 −3.29ð36Þ 3.54(31) 16.5=5 ¼ 3.3 Pilot bunch
4 −1.96ð8Þ 3.81(4) 163.8=21 ¼ 7.8 Pilot bunch
5 −2.50ð8Þ 3.61(5) 201.8=21 ¼ 9.6 Pilot bunch
6 −0.61ð12Þ 3.15(6) 52.5=5 ¼ 10.5 Pilot bunch
7 −4.84ð17Þ 3.35(10) 127.5=5 ¼ 25.5 Pilot bunch
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Dedicated storage rings with only electric fields or a
combination of electric and magnetic fields employing
counterrotating beams are currently under investigation
[37–39]. In such a configuration, many of the dominant
systematic effects—arising from field imperfections, orbit
distortions, and beam dynamics—are expected to cancel
out due to their opposite signs in the two oppositely
circulating beams. This cancellation offers a powerful
pathway to significantly reduce systematic uncertainties
and achieve a sensitivity that could surpass current limits
for hadrons, i.e., 10−26 e cm for the neutron [40]. The
successful realization of such a facility would mark a
significant advance in precision EDM measurements,
enabling a direct test of CP violation in the hadronic
sector and opening a new frontier in the search for physics
beyond the standard model.
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End Matter

Models for polarization buildup—Two models have
been developed for the single-bunch and pilot-bunch
methods to describe the polarization buildup and to
extract the resonance strength ϵ. Deviations from the
ideal behavior described by Eq. (13) arise from
decoherence and from deviations from the resonance
frequency. Spin decoherence leads to a decay of the in-
plane polarization, thereby reducing the effective
contribution of spin rotation from horizontal to vertical
polarization over time [25,32]. This effect must be taken
into account, in particular for finite spin-coherence
times, to reliably determine the resonance strength from
the initial slope or the oscillation frequency. Deviations
from exact resonance account for the finite precision of
the phase-lock feedback [16].

Polarization buildup using a single bunch—
Decoherence is taken into account by fitting the out-of-
plane angle αðtÞ of the polarization vector and the total

polarization ptotðtÞ simultaneously, where

αðtÞ ¼ arctan½pvðtÞ=phðtÞ�; ðB1Þ

ptotðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pvðtÞ2 þ phðtÞ2

q
; ðB2Þ

where phðtÞ and pvðtÞ denote the in-plane and the
vertical polarization, respectively. Note that the vertical
polarization pv corresponds to the spin component Sy in
Eq. (13). Assuming an exponential decay of the in-plane
polarization, characterized by

−
1

phðtÞ
dphðtÞ
dt

¼ const: ¼ B; ðB3Þ

this results in a nonlinear term for αðtÞ, which includes
the constant spin kick per turn A ¼ 2πϵfrev sinφrel as
one of its parameters [cf. Eq. (5.13) and (5.14) in [32] ],
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where α0 and ptot;0 denote the initial out-of-plane angle
and initial total polarization.

Polarization buildup using a pilot bunch—This case
including decoherence and off-resonance behavior is
discussed in [25]. The underlying formalism describes
the time evolution of the polarization vector p⃗ after a
time interval x, described in terms of a dimensionless
variable,

x ¼ 2πϵmðn − nonWFÞ or x ¼ 2πϵmfrevðt − tonWFÞ; ðC1Þ

where n denotes the turn number and ϵm the measured
resonance strength. Here, xonWF ¼ 2πϵmnonWF corresponds
to the time when the rf Wien filter is switched on. The
polarization vector is expressed as

p⃗ðxÞ ¼ EðxÞ · p⃗ðx ¼ xonWFÞ; ðC2Þ

with p⃗ ¼ ðpr; pv; ptÞT. The vertical component pv is
oriented along the invariant spin axis n⃗, the tangential
component pt is defined along the beam direction, and
the radial component pr lies perpendicular to both n⃗ and
pt. The polarization transfer matrix EðxÞ is given by
Eq. (91) in [25]. The initial polarization condition for
the experiment is defined by

p⃗ðx ¼ xonWFÞ ¼

0
B@

ph;0 sinðφrel;0Þ
pv;0

ph;0 cosðφrel;0Þ

1
CA; ðC3Þ

where φrel;0 denotes the relative phase at the time the rf
Wien filter is switched on. The initial in-plane polarization

is given by p2
h;0 ¼ p2

r;0 þ p2
t;0, and pv;0 denotes the initial

vertical polarization, which can be nonzero if the rotation
of the vertical polarization into the horizontal plane by the
rf solenoid is incomplete. While the vertical polarization
remains preserved over time, an exponential decay of the
in-plane polarization is assumed. The decoherence para-
meter Q, related to the spin-coherence time, τSCT, is
defined as

Q ¼ 1

2πϵmfrevτSCT
: ðC4Þ

The parameter δ characterizes the off-resonance behavior
and is defined as

δ ¼ 2πðfs − fWFÞ
frev

: ðC5Þ

In contrast to these corrections for the SCT, a detuned rf-
Wien-filter frequency leads to a systematic shift of
the measured resonance strength. The measured and the
detuned resonance strength are connected via the
dimensionless parameter ρ,

sinðρÞ ¼ ϵ

ϵm
and cosðρÞ ¼ 2δ

4πϵm
; ðC6Þ

which allows for the determination of the unbiased
resonance strength. The tangential, radial, and vertical
components of the polarization are given by

pt ¼ −e−Qx cosðρÞ sinðxÞ cosðφrel;0Þph;0

þ e−Qx sinðρÞ sinðxÞpv;0

þ e−Qx cosðxÞ sinðφrel;0Þph;0; ðC7Þ

pr ¼
�
e−2Qx sinðρÞ2 þ e−Qx cosðρÞ2 cosðxÞ� cosðφrel;0Þph;0

þ ðe−2Qx − e−Qx cosðxÞÞ cosðρÞ sinðρÞpv;0

þ e−Qx cosðρÞ sinðxÞ sinðφrel;0Þph;0; ðC8Þ

and

pv ¼ −e−2Qx cosðρÞ sinðρÞ sinðφrel;0Þph;0

þ e−Qx cosðρÞ sinðρÞ cosðxÞ sinðφrel;0Þph;0

þ �
e−2Qx cosðρÞ2 þ e−Qx sinðρÞ2 cosðxÞ�pv;0

− e−Qx sinðρÞ sinðxÞ sinðφrel;0Þph;0: ðC9Þ

Using the polarimeter, only the in-plane polarization,

ph ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
r þ p2

t

q
; ðC10Þ

and the vertical polarization can be measured. From the
event rates in the polarimeter quadrants, the left-right
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(ϵLR) and up-down asymmetries (ϵUD) are determined,
which scale directly with the vertical and horizontal
polarization, respectively,

ph → ϵUD; ðC11Þ

pv → ϵLR: ðC12Þ

Finally, both pv and ph are fitted simultaneously to the
measured asymmetries and the resonance strength ϵ can
be extracted for one map point.

Systematic uncertainties—Beam- and spin-tracking
simulations accounting for misalignments of the ring
magnets and beam-position monitors have been carried
out. In addition, simulations employing uncertainties in
the envisaged final rf Wien filter configuration were
performed to assess their impact on the field orientation.
Originally, an additional experimental run using this final
rf Wien filter geometry, including the planned ferrite com-
ponents, had been foreseen. This could not be realized,
as COSY was shut down at the end of 2023, excluding
also further dedicated measurements to experimentally
constrain sources of systematic uncertainties.
Moreover, the Rogowski coils developed as beam-

position monitors (BPM) at the entrance and exit of the
rf Wien filter [43] had been commissioned during the beam
time used for the measurements presented in this Letter.
Consequently, local beam orbit monitoring within the rf
Wien filter was limited, and beam-position information
relied on BPMs located further upstream and downstream.
As a result, possible deviations from the optimal beam orbit
within the rf Wien filter could not be excluded. To address
these limitations, additional simulations on the rf Wien
filter fields were performed following the approach of
Ref. [33]. In total 16 parameters were varied. These
simulations included variations of both the rf Wien filter
geometry and the beam parameters, including horizontal

and vertical translations and rotations of the beam. The
dominant contribution was found to originate from a
rotation of the beam axis in the horizontal plane, as
illustrated in Fig. 4. This could also explain the observed
map-to-map variations, if one allows for map-dependent
orbit changes in the rf Wien filter.
Combining all identified sources of systematic uncer-

tainty, the resulting uncertainty in the magnetic-field
orientation and thus in the direction of the invariant spin
axis can reach the level of a few milliradians, consistent
with the observed systematic offset of the final result.

FIG. 4. Perpendicular contributions to the main (vertical)
magnetic field as a function of a rotation of the beam axis in
the horizontal plane (x0), illustrating the sensitivity of the field
orientation to uncertainties in the beam parameters. The plot
resembles a projection of the 16-parameter space onto the x0 axis
and is based on 800 full-wave simulations, further processed
using a machine-learning-based sparse polynomial chaos ex-
pansion as discussed in Ref. [33]. Expected uncertainties in x0 are
in the order of 1–2 mrad. The colors indicate the probability for
the H⊥ contribution given at a certain x0.
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