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Cover picture: The cover picture shows the sensitivity at a 90% confidence level for excluding oscillating
electric dipole moments (EDMs) of the deuteron induced by axion-like particles as measured by the JEDI
collaboration. The frequency range shown is 120 – 121:4 kHz, corresponding to an axion mass range of
0:495 – 0:502 neV=c2. The exclusion region is represented by the lighter filled areas, while the darker lines
indicate the upper limit of the oscillating EDM. The green and blue colors are used to distinguish between
two experimental settings, with the green and blue areas representing measurements with a momentum
change per cycle of Dp = 0:112MeV=c and Dp = 0:138MeV=c, respectively. More detailed information
can be found in Sect. 2.1.
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Preface

This Annual Report 2022 compiles the joint activities of the Institute for Nuclear Physics (IKP) of the FZ-
Jülich (FZJ) and the departments FAIR Research at NRW (FFN) and HESR of GSI-FAIR together with
international collaborations at COSY as well as experiments of our scientists at other laboratories. This
has been the second year of the incremental transfer of most of the activities at IKP and the corresponding
resources from FZJ to GSI, a process called TransFAIR. Two new departments have been established at
GSI. The experimental activities at IKP-1 and IKP-2 and part of the infrastructure activities are transferred
into the department FFN (FAIR-Forschung-NRW). The accelerator-related and the remaining infrastructure
activities are transferred to the department HESR and other organizational units at FAIR. Despite these orga-
nizational changes, the following experimental, theoretical and accelerator highlights have been achieved:

The contributions of FFN and the IKP theory feature prominently in the newly approved network of experi-
mental and theoretical groups within NRW (Bochum, Bonn, Jülich, Münster, Wuppertal and GSI-Darmstadt
as associated partner). The network is called NRW-FAIR and has over 16 MEUR available for the upcoming
four years, and also provides a basis to establish of a signi�cant part of FFN at universities in NRW.

A four week beam time was successfully performed as part of FAIR Phase0 to study the production and
decay of excited hyperons with two new,PANDA-type Straw Stations, in the upgraded HADES spectrom-
eter. The new detectors operated stably without failures and the electronic readout of the straw signals were
constant with low noise levels up to the highest particle rates of a few 105 s� 1 per straw.

The KOALA experiment was designed and built to precisely measure the total and elastic cross section of
antiproton-proton elastic scattering. In commissioning experiments at COSY, it was learned that the results
depend signi�cantly on the beam alignment and the vacuum in the scattering chamber, which is now being
studied in further detail with simulations.

The performance ofX reconstruction with realistic track �nders for PANDA has been substantially im-
proved. Hyperon reconstruction requires a high track �nding ef�ciency for both primary tracks and sec-
ondary tracks, i.e. originating from a displaced secondary vertex. The new track �nders improve the full
event reconstruction rate for hyperons by as factor four.

The JEDI- and CPEDM collaborations continued towards their goal to provide a scienti�c infrastructure for
the search for charged-particle electric dipole moments. In September 2022 the Advanced Grant "Search
for electric dipole moments using storage rings" (srEDM, #694340) of the European Research Council was
successfully concluded. A design study of the prototype storage ring is envisaged as the next step.

In 2019 the JEDI Collaboration explored a new method to search for axions or axion-like particles (ALPs)
in storage rings using an in-plane polarized deuteron beam. The experiment entailed a scan of the spin pre-
cession frequency. In 2022 the data analysis was �nished, and a corresponding publication was submitted.
No ALP resonance was observed and upper limits of the oscillating EDM component of the deuteron and
the corresponding axion coupling constants are provided.

The main goal of the JEDI precursor experiment is to make the �rst direct measurement of the deuteron
EDM. This includes performing experiments on prolonging and understanding the spin coherence time
(SCT) of cooled and bunched deuterons at a beam momentum ofp = 970MeV=c. It has been shown that
sextupole con�gurations leading to small chromaticities in the horizontal and vertical plane result in long
SCTs in the order oft = 1000s. A �rst run on proton SCT was performed at the beginning of 2022. Detailed
beam and spin dynamics simulations have been performed to explain experimental results with polarized
deuterons and protons at COSY and determine the optimal setting for polarized protons.

Together with the INFN Section of Ferrara, IKP has developed storage cells for gaseous targets, with sig-
ni�cant impact in the �eld of experimental hadronic physics. This competence is being made available to
LHCspin, which aims at installing a polarized gas target to bring spin physics at LHC for the �rst time.
With strong interest and support from the international theoretical community, LHCspin offers unique op-
portunities by complementing both existing facilities and the future Electron-Ion Collider.

A Letter of Intent entitled "Towards experiments with polarized beams and targets at the GSI/FAIR storage
rings" has been submitted to the GPAC. The committee encouraged the authors to submit a full proposal.
Among the physics topics proposed are axion/ALP searches and the measurement of parity even time-
reversal odd analyzing power in polarized proton tensor polarized deuteron scattering.
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Together with the Borexino collaboration, the IKP neutrino group published the �rst precise measurement
of the Earth's orbital parameters based solely on solar neutrinos. In 2022, the �rst measurement of sub-
MeV solar neutrinos using their associated subdominant Cherenkov radiation was presented by Borexino.
To investigate neutrinos from Fast Radio Bursts (FRBs) a search for an excess in the number of events
produced by neutrino-electron elastic scattering and the inverse beta-decay on protons (IBD) has been
performed using the full exposure Borexino data set. No statistically signi�cant increase in the number
of events over the backgrounds was observed. Furthermore, the strongest upper limits on FRB-associated
neutrino �uences of all �avors is obtained in the 0.5 to 50 MeV neutrino energy range. JUNO will be
the �rst multi-kton Liquid Scintillator (LS) detector currently under construction in Jiangmen, China. The
success of JUNO strongly depends on the levels of radiopurity that will be achieved. The achieved level
of LS radiopurity will be tested in 20 ton detector of OSIRIS (Online Scintillator Internal Radioactivity
Investigation System). Within OSIRIS, the neutrino group is responsible for the source insertion calibration
system, a refurbished Automated Calibration Unit.

The IKP theory group studies the strong interactions in their various settings, spanning topics in hadron
structure and dynamics, the nuclear many-body problem, symmetry tests in Quantum Chromodynamics
(QCD), physics beyond the Standard Model, strongly correlated electronic systems and brain dynamics.
The �rst focus of the theory group is the formulation and application of effective �eld theories for preci-
sion hadron and nuclear physics based on the symmetries of QCD. The second focus is related to high-
performance computing in nuclear, hadronic and condensed matter physics, spear-headed by the work on
nuclear lattice simulations. This year, we added machine-learning techniques to our toolbox.

Since July 2012, the group is heavily involved in the activities of the collaborative research center “Sym-
metries and the emergence of structure in QCD” (CRC 110) together with researchers from Bonn Univer-
sity, TU München, Ruhr-Universität Bochum, IHEP/CAS (Beijing, China), ITP/CAS (Beijing, China) and
Peking University (China). This CRC is presently in its third and �nal funding period. A further strength-
ening of the group was achieved through the ERC Advanced Grant “EXOTIC” that began in November
2021. It focuses on precision calculations in nuclear and hypernuclear physics on the lattice and exploring
�ne-tunings in nuclear reactions and the role of anthropic considerations. Since this year, the IKP theory
group is also involved in the NRW-FAIR network funded by the Ministry of culture and science of the state
of Northrhine-Westfalia. Some of the highlights of all of these activities are discussed in this report.

One central element unifying IKP is the operation of and experiments with COSY. A second element is the
realization of the High Energy Storage Ring (HESR) for the PANDA experiment. The completion of all
accelerator components is coming to an end and all major systems are ready to be stored until installation
starts for the completion of FAIR. All 46 bending dipole magnets have been equipped with the necessary
vacuum chambers and delivered to the storage in Weiterstadt. This includes four magnets that were prepared
for the SPARC experiment and therefore possess modi�ed vacuum chambers, where a laser beam for the
experiment can be passed in and out. One of the cavities for the HESR was installed in COSY for testing
already in late 2021. In early 2022 some initial tests including the recording of calibration data were
performed. Since then it has been used to accelerate the beam during the operation of COSY. As expected
its stability and reliability could be demonstrated.

Researchers from JCNS at FZJ have achieved a breakthrough by delivering the �rst neutrons with a new
powerful target/moderator technology developed in Jülich. Currently, the platform houses three beamlines:
a detector test stand, a time-of-�ight (ToF) diffractometer, and the HERMES neutron re�ectometer from the
decommissioned Orphée reactor, which was contributed through a collaboration with LLB (Saclay). Both
thermal and cold neutrons were measured at all three positions around the TMR facility.

The success of our institute is built on the efforts of all its members, and with this report, we can share our
achievements. We are pleased to express our sincere gratitude to everyone in the institute for their efforts
during this challenging year. The achievements presented in this report would not have been possible
without the dedication of our technicians and engineers, the service groups, our colleagues in the FZJ
infrastructure, and the students who advanced the scienti�c work. We continued in COVID conditions
followed by the effects of the Russian invasion of Ukraine. There were impressive results and progress
across many activities. We thank all for their continued commitment and sense of responsibility, which
enabled the institute to perform excellently this year despite highly challenging circumstances.

Jülich, March 2023

Ralf Gebel, Ulf-G. Meißner, Jim Ritman
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1 Experimental Activities for FAIR

1.1 X reconstruction with realistic track
�nders for PANDA

Hyperon reconstruction requires a high track �nding ef�-
ciency not only for primary tracks but also for secondary
tracks originating from a displaced secondary vertex. The
reason is that hyperons have a long lifetime and often
decay intoL particles, which also have a long lifetime
with a mean decay length of a few cm. Secondary track
�nding is a more computationally intensive task than pri-
mary track �nding, where the interaction point (IP) can be
used to simplify the calculation and to reduce the number
of parameters. Therefore a combination of primary and
secondary track �nders leads to the best performance in
terms of ef�ciency and computing time. In this work the
combination of primary and secondary track �nders were
investigated by analyzing a benchmark hyperon reaction
chain for PANDA: pp ! X(1820)� X+ ! LK� Lp + !
pp� K� p+ pp+ . The reaction chain contains one primary
particle (K� ) and �ve secondary particles (p, p� , p+ ,
p, p+ ). An example event display is shown in Fig. 1.
Two different primary track �nders were combined with a
newly developed secondary tracker. The two investigated
primary track �nders are the currently used track �nder in
PANDA, which is called the standard tracker, and a newly
developed track �nder based on Hough transformations.
The ef�ciencies are here always de�ned as the fraction
of found tracks divided by the number of reconstructable
tracks. A track is de�ned as reconstructable if it has at
least four hits in the MVD or six hits in all tracking de-
tectors (MVD, STT, GEM).

Figure 1: An example event of thepp ! X(1820)� X+

reaction. The ideal tracks are shown in green, the tracks
found by the combination of Hough and Secondary track
�nder are shown in red.

Comparing only the primary track �nders for tracks in
the target spectrometer shows that the standard tracker
has a higher ef�ciency for the primary particle (Standard:
88:2 %, Hough: 82:4 %). However, the ef�ciency of the
secondary particles is higher for the Hough track �nder
(table 1). The full event reconstruction rate for the Hough
track �nder is 5:9 %, which is more than twice that of
the standard tracker with only 2:4 %. This is a conse-
quence of the higher ef�ciencies for secondary tracks for
the Hough track �nder.
The combination of primary and secondary track �nders
(table 2) improves the reconstruction rate in the target
spectrometer of the secondary tracks (Standard + Sec-
ondary: 56:0 % - 73:6 %, Hough + Secondary: 58:6 %
- 78:3 %). Here the improvement of the standard tracker
is larger than the improvement of the Hough track �nder,
since the Hough track �nder itself had already a better
ef�ciency. In both cases the secondary track �nder im-
proves the full event reconstruction rate. For the standard
track �nder an improvement by a factor of four could be
reached (from 2:4 % to 9:9 %). The increase in ef�ciency
for the Hough and secondary track �nder is less pro-
nounced with an improvement of about 40 % (from 5:9 %
to 8:2 %). The reason for the slightly lower ef�ciency
of the combination of Hough and secondary track �nder
compared to the combination of standard and secondary
track �nder is that the Hough tack �nder itself has a much
better reconstruction rate for secondary tracks. However,
the momentum resolution of these tracks is poorer. Con-
sequently, the Hough track �nder �nds secondary tracks
with a poor momentum resolution which then are not
available for the secondary track �nder anymore. Here,
optimizing the Hough track �nder to only �nd primary

Standard Hough
K� 88.2 82.4
P 61.6 62.3

p� 43.2 62.8
p+ (X+) 52.5 69.2

P 50.9 51.9
p+ 32.3 51.6

Full event 2.4 5.9

Table 1: Reconstruction ef�ciencies of the �nal state par-
ticles found in the target spectrometer and reconstruction
ef�ciency of the full event using only the primary track
�nder.

tracks promises a stronger improvement for the combi-
nation with the secondary track �nder. The new track
�nders (Hough and Secondary track �nder) both lead to
an improvement of the full event reconstruction rate of
the investigated hyperon decay. The full event recon-
struction rate, which also takes the detector acceptance
into account, could be improved by a factor of four to
a reconstruction ef�ciency of 1:2 % for the combination
of the standard and secondary track �nders, compared to
0:3 % for the full event reconstruction rate reached with
only the standard tracker.
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Currently, both the Hough and the Secondary track �nd-
ers reconstruct only the x-y-component of a particle
track. The z-component is reconstruction using Monte
Carlo information from the simulated tracks. The next
step towards a realistic track �nding in the target spec-
trometer is to combine the algorithms with a realistpz-
�nder, which already exists in PANDA. Additionally, an
online capability of the Hough track �nder has already
been tested by porting the algorithm to a GPU. A speed-
up factor of four could be achieved with a medium size
GPU. Of particular interest is also the investigation of the
online capability of the Secondary track �nder.

Standard + Hough +
Secondary Secondary

K� 88.8 86.5
P 71.5 70.4

p� 65.7 73.5
p+ (X+) 73.6 78.3

P 56.5 58.6
p+ 56.0 63.5

Full event 9.9 8.2

Table 2: Reconstruction ef�ciencies of the �nal state par-
ticles found in the target spectrometer and reconstruction
ef�ciency of the full event using primary and secondary
track �nders.

1.2 Beamtime (Phase-0) at HADES

As part of the FAIR phase-0 program, a beam time of
four weeks was successfully performed in spring 2022 to
study the production and decay of excited hyperons with
two new,PANDA-type Straw Stations (STS1 and STS2)
in the upgraded HADES spectrometer. The proton beam
with kinetic energy of 4.5 GeV was focused on a liquid
hydrogen target. In addition to the new STS tracking sta-
tions, there was a new RPC detector for time-of-�ight
measurements covering the polar-angle range from about
0.7o up to 6.5o to complement the forward going tracks
in the STS. A stable operation of the STS detectors with-
out any failures and stable electronic readout of the straw
signals with constant, low noise levels up to the highest
particle rates of a few 105 s� 1 per straw was achieved.
This result veri�es the various quality assurance methods
and measurements during the preparation and set up of
the systems, which will be adopted for thePANDA-STT.
The calibration methods of both STS stations were de-
veloped and the calibration of the space – drifttime re-
lation for each of the 1728 single straws in the STS has
been completed for the beam time data. Fig. 2 shows
as an example the result of the parametrized isochrones
radius - drifttime relation r(t) (red line) and the compar-
ison with a simulation of ionizing proton tracks through
a single straw (green line: �t of the track distance ver-
sus drifttime points). As expected, close to the wire the
measurement of small track distances is distorted by the

Figure 2: Drift time simulation (Gar�eld) of proton tracks
passing through a single straw and r(t) parametrization
(green line: �t to the simulation, red line: r(t) calibration
for the in-beam data)

.

varying and Poisson-distributed distances of the ioniza-
tion clusters along the track path, which limits the reso-
lution in this region. Above a track-to-wire distance of
about 0.6 mm the agreement between the simulated drift
motion and r(t) calibration of the data is very good.
Part of the calibration is the determination of the maxi-
mum drift time of a straw, which contains all smearing
effects of the drifttime measurement and systematic er-
rors, from the straw geometry, drift gas, electric �eld,
electronic readout up to the drifttime extraction and cal-
ibration with a parametrization of the isochrone radius -
drifttime relation r(t). Fig. 3 shows the distribution of
the maximum drifttime for all 704 straws in the STS1
with a mean value of 164 ns. The obtained very low
spread of 3.2 ns (s) of the distribution corresponds to
very low differences in the maximum isochrone radius
for all straws of less than 40 µm, which is less than 0.8%
of the pressurized straw tube inner radius of 5.05 mm.
The result con�rms the precise geometry of thePANDA-
type straw technology with self-supporting, pressurized
and thin-wall �lm tubes.
Note, that a few straw channels in the region 150 to 155 ns
in Fig. 3 have a low number of entries in the drifttime
spectrum, where the determination of the start and end
of the spectrum yields slightly lower values for the max-
imum drifttime.
Proton-proton elastic scattering events are used to deter-
mine the integrated luminosity for the production run.
Events were selected that contain one proton in the STS
tracking stations with a polar angle (q) in the region of
3� < qSTS< 6� in coincidence with a proton in the po-
lar angular range 70� < qH < 79� measured bythe main
HADES spectrometer. Kinematic contraints are used to
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Figure 3: Distribution of the maximum drifttime (ns) for
all straws in the STS1. A gaussian �t (red line) to the data
obtained a mean value of 164 ns and width of 3.2 ns (s).

suppress the background in the data sample. The cross-
section of proton-proton elastic scattering into this an-
gular range issel=4.4+ 0:8

� 0:3 mb as obtained by interpola-
tion between measurements from other experiments. The
reconstruction ef�ciency is determined by a comparison
with proton-proton elastic events from simulation. The
preliminary time integrated luminosity for the four week
beamtime is 5.6� 0.4 pb� 1 and will allow studies ofe:g:
hyperon production and decay channels and the experi-
mentally unexplored process of hyperon Dalitz decays.
More details about the proton-proton elastic scattering
analysis and determination of the integrated luminosity
are discussed in this annual report as a separate individ-
ual report by G. Perez-Andrade (see page 85).

1.3 KOALA Experiment

The KOALA experiment was designed and built to mea-
sure the antiproton-proton elastic scattering in order to
gain precise knowledge of the total cross section as well
as the elastic cross section. The main idea of KOALA
is to measure the region covering the Coulomb-nuclear
interference, in which Coulomb scattering can be used
for an absolute normalization of the luminosity. KOALA
consists of a hydrogen cluster-jet target, a recoil detector
and a forward detector to obtain a wide range of squared
four-momentum transfer,i:e:, jtj=0.0008-0.1 (GeV/c)2.
The recoil detector comprises four semiconductor strip
energy sensors measuring the kinetic energy and emitting
angle of the recoil protons. Four pairs of plastic scintilla-
tor bars as the forward detector are located symmetrically
at the vertical and horizontal direction close to the beam
axis. With the commissioning experiments at COSY, it

Figure 4: Schematic layout of the KoalaSoft framework.

was learned that the precision of the measurement is sig-
ni�cantly impacted by the �nite beam misalignment as
well as the poor vacuum in the scattering chamber.
To pursue an even higher precision of the measurements,
the current focus of KOALA is to investigate such con-
straints by software studies. Based upon FairRoot, which
combines the VMC library and the ROOT package, the
KoalaSoft framework has been developed for both data
analysis and simulation study. As illustrated in Fig. 4, the
KoalaSoft package has been devised to be modularized
concerning a sustainable development and maintenance.
In order to implement the same analysis codes either for
simulated data or for experiment data, special attention
has been paid for the data format. The unpacked experi-
ment data as well as the simulated data after digitization
can be further processed with the same analysis routines.
Bene�ting from the modularization, new features or de-
velopments can be readily added to the framework.
To enable investigations of the impact of the beam and
target on the overall precision of the experiment, a pre-
liminary simulation chain for proton-proton elastic scat-
tering has been implemented. It can be used to gen-
erate proton-proton elastic events and reconstruct the t-
distribution for further studies. The new features to sim-
ulate the the beam misalignment and the beam halo or
generate background from a poor vacuum from the hy-
drogen cluster target are being implemented.

2 Storage Ring Based EDM Search

The JEDI- and CPEDM-collaborations continued inves-
tigations and measurements towards their goal to provide
a scienti�c infrastructure which enables the search for
charged-particle electric dipole moments with unprece-
dented sensitivity. At the end of September 2022, a ma-
jor milestone was reached with the successful conclu-
sion of the Advanced Grant „Search for electric dipole
moments using storage rings“ (srEDM, #694340) of the
European Research Council with Principal Investigator
Hans Ströher and additional bene�ciaries University of
Ferrara (Paolo Lenisa) and RWTH Aachen University
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Figure 5: Examples of a step function �t to the Wien �lter
scan data for a single bunch from one cycle. The black
line is a �t with the jump at the resonance crossing. The
red and green curves show the results for other choices of
the jump time. In the analysis, the time with the lowest
c2 is chosen.

(Jörg Pretz). As the next step, the collaborations envis-
age a design study of the prototype storage ring.

2.1 Axion Searches

In 2019 the JEDI Collaboration performed a �rst mea-
surement at COSY exploring a new method to search for
axions or axion-like particles (ALPs) in storage rings by
using an in-plane polarized deuteron beam. The experi-
ment scanned momenta near 970 MeV=c and entailed a
scan of the spin precession frequency. At resonance be-
tween the spin precession frequency of deuterons and the
ALP-induced EDM oscillation frequency, there should be
an accumulation of the polarization component out of the
ring plane. The beam momentum and, consequently, the
spin precession frequency were ramped to search for a
vertical polarization change. During 2022 the data anal-
ysis has been �nished, and a corresponding publication
has been submitted1. No ALP resonance was observed
and upper limits of the oscillating EDM component of
the deuteron and the corresponding axion coupling con-
stants are provided.
The pseudoscalar nature of axions and ALPs allows in-
teractions of the oscillating axion/ALP �elda(t) with
the spin of nucleons and nuclei by two different mech-
anisms: coupling to the electric dipole moment of a non-
self-conjugate particle with non-zero spin or by the gra-
dient of the �eld, known as the axion-wind effect. The
�rst coupling leads to an oscillating componentdAC of
the particle's total EDM pointing parallel to the spin di-
rection. The second coupling, the axion wind, causes the
spin of a nucleon or nucleus to rotate about the gradient
of the axion �eld, which is analogous to a magnetic �eld
parallel to the particle momentum. Both effects cause res-

1Preprint available at https://arxiv.org/abs/2208.
07293 .

Preliminary

Figure 6: 90% con�dence level sensitivity for excluding
the ALPs induced oscillating EDM. The two colors indi-
cate two different measurement intervals per scan.

onant rotation of the spin when the precession frequency
of the spin matches the oscillation frequency of the ax-
ion �eld, resulting in a build-up of vertical polarization.
The measurement principle is similar to a Froissart-Stora
scan, in which the axion �eld is treated as an RF spin
resonator scanning the spin precession frequency using a
slow momentum ramp. In this way, most of the system-
atic effects that occur in a static EDM measurement are
not present here.

During the experiment, a total of 103 partially overlap-
ping frequency intervals were scanned, covering a range
from 119:997 kHz to 121:457 kHz or an axion mass range
of 4:95–5:02 neV=c2. For each scan, the phase of the os-
cillating electric dipole moment relative to the in-plane
precession motion is unknown. This could cause a ALP
to be missed during a single scan, since the magnitude of
the out-of-plane rotation is affected by this relative phase.
To avoid this, four beam bunches were used simultane-
ously so that the spin directions are nearly orthogonal
relative to the particle momentum in these four bunches.
For each bunch, a step function was �t to the vertical po-
larization as function of time to describe the effect of a
resonant spin rotation. An example of such a �t using the
rf Wien �lter as the spin rotator is shown in Fig. 5. Fig. 6
shows the resulting exclusion regions for the oscillating
EDM dAC for the measured frequency range.

The limits of the spin rotation can then be expressed as
limits of the coupling of ALPs to the deuteron spin via
the oscillating part of the deuteron EDMdAC and/or via
the axion wind effect. Since we cannot experimentally
distinguish between these two sources, the coupling con-
stants are calculated assuming that either one or the other
process produces 100% of the effect. As an example, we
show here the limits for the model-independent coupling

4



Preliminary

Figure 7: The 90% upper bound onjgadgj from this exper-
iment (in cyan) is shown along with the bound onjgaNgj
from other experiments3.

of the ALPs todAC. The Lagrangian is given in terms of
the couplinggaNg of the axion to the EDM operator

LaNg = �
i
2

gaNgaȲ Nsµng5Y NFµn

= �
i
2

dAC

a0
aȲ Nsµng5Y NFµn ; (1)

wherea is the ALP �eld andN = n, p denotes neutron
or proton, respectively. Fig. 7 shows the limit forjgadgj
from this experiment in cyan along with bounds forjgaNgj
from other experiments (see the publication for details).
This experimental study was conducted as a proof-of-
principle for searching for axion-like particles in storage
rings, with a limited data collection period of four days.
However, in future experiments with longer beam times
and stronger beam intensities, the sensitivity for detect-
ing these particles can be greatly improved. New types
of dedicated storage rings for EDM searches such as pro-
posed by the JEDI Collaboration could also be considered
to search for axions in a wider mass range. These would
utilize a combination of radial electric and vertical mag-
netic bending �elds. These types of experiments could
be further explored at facilities such as RHIC, NICA, or
GSI/FAIR, which have or are planning to have polarized
hadron beams, and different particles such as protons,
deuterons, nuclei, and even leptons could be used to study
the effects of spin and isospin on the various couplings. It
also offers the opportunity to conduct measurements with
different G-factors.

2.2 Electric Dipole Moment (EDM)
Searches

Electric Dipole Moments (EDM) of elementary particles
are one of the most sensitive tools for the study of physics
beyond the Standard Model (BSM), since they break both

3R. L. Workmanet al:: Review of Particle Physics, PTEP, 2022,
083C01 (2022), Figure courtesy of C. O'Hare,https://doi.org/
10.5281/zenodo.3932430 .

parity (P) and time-reversal invariance (T) — and, as-
suming that the CPT theorem holds, also charge parity
(CP). The latter is one of the key prerequisites for un-
derstanding the apparent asymmetry between matter and
antimatter in the universe. Non-zero EDMs exist within
the Standard Model, however, these are too small to ex-
plain the observed dominance. Therefore, a measurement
of EDMs larger than the predictions from the Standard
Model would provide a hint towards physics behind the
SM and contribute to our understanding of our universe.
The goal of the JEDI collaboration with the precursor
experiment is a �rst direct measurement of the deuteron
EDM. It is part of a staged approach towards a dedicated
high precision, all-electric storage ring for protons4.
The spin motion in a storage ring can be characterized by
the so-called invariant spin axis~n and the spin tunens. In
an ideal storage ring and in the absence of an EDM, the
invariant spin axis is vertical. In this case, if one starts
with a spin direction within the ring plane, the spin starts
precessing about the invariant spin axis and stays in the
plane. A non-zero EDM would result in a tilt of the in-
variant spin axis. In a magnetic ring like COSY the spin
tune is given byns = gG, and the tilt of the invariant spin
axis caused by an EDM isx = hEDMb

2G in radial direction
producing a (small) oscillation of the vertical spin com-
ponent. In order to generate a net result, additional tools
are needed: it has been shown that using an RF Wien
�lter with the magnetic �eld axis~nWF aligned to the in-
variant spin axis without EDM (i.e. vertical for an ideal
ring), the EDM-induced spin rotations can be accumu-
lated when the Wien �lter is operated in phase with the
spin precession of the stored particles.
This concept has been implemented in two experimental
runs at COSY, one in December 2018 and one in Febru-
ary 2021. In order to maintain the resonance condition of
the rf Wien �lter, a phase-lock feedback had been imple-
mented keeping the relative phase between the Wien �lter
frequency and the spin precession constant. In addition,
the experimental setup allowed intentional variations of
~n in longitudinal direction by means of a solenoidal �eld
(characterized by the anglexSol) and~nWF in radial direc-
tion by means of a rotation of the Wien �lter about its
longitudinal axis (characterized byf WF). The resonance
strength of Wien �ltere is then given by

e2 =
y 2

0

16p2

"
�
f WF � f WF

0
� 2

+
�

xSol

2sin(pns)
+ xSol

0

� 2
#

:

By measuringe as function off WF and xSol (called a
map) one can determine the setting when the resonance
strength of the Wien �lter vanishes (f WF

0 ;xSol
0 ). This cor-

responds to the direction of~n. An upper limit of the
deuteron EDM can then be extracted by a comparison
with simulations assuminghEDM = 0.
The polarization build-up was measured using two dif-
ferent methods. In Precursor run I, a single bunch was

4Abusaif, F.et al:: Storage ring to search for electricdipole mo-
ments of charged particles: Feasibility study,https://doi.org/
10.23731/CYRM-2021-003

5



f WF
0

slope pilot
bunch

xSol
0

slope pilot
bunch

Figure 8: Overview of the current status of all measured
maps during Precursor I & II. The upper and lower panel
shows the radial and longitudinal component of the in-
variant spin axis, respectively. The two difference colors
for Precursor II Map 1 & 2 represent the two bunches.

used, and the phase-lock feedback as well as the rf Wien
�lter were acting on the same particles. As the feedback
system requires a minimum degree of in-plane polariza-
tion to work, the measurement stopped as soon as the
out-of-plane spin rotation into the vertical direction was
complete. In this setup the slope of the out-of-plane an-
gle a(n) depends on the relative phasef rel between the
Wien �lter frequency and the spin precession. For Precur-
sor run II, a system of fast switches were implementedat
the Wien �lter that allowed bunch-selective spin manip-
ulations to be performed (see Sect. 2.3). We then used
two bunches in the machine, one for the phase-lock feed-
back ("pilot bunch") and one for spin rotations by the RF
Wien �lter. Here, we directly measured the (phase inde-
pendent) vertical oscillation frequencyf = efrev. During
both runs we measured several maps for systematic stud-
ies. We also had several campaigns to mechanically align
the COSY components in between the two runs and also
calibrated the beam position monitors using beam based
alignment.

The results for the directions of~n for various maps are
summarized in Fig. 8. There are a number of systematic
effects that are currently under investigation.

2.3 Proof of Principle of the Pilot Bunch
Technique

There are important spin-physics experiments in storage
rings where it is imperative to maintain a large number of
spin �ips under continuous operation of an rf spin rotator.
The pilot bunch approach developed by the JEDI collabo-
ration at COSY (see IKP Annual Report, 2021) uniquely
allows either to maintain the exact resonance condition or
to �x the detuning of the rf spin rotator with respect to the
spin precession frequency by operating in multi-bunch
mode, where the spin rotator is gated out (decoupled)
from the rf power when a particular (pilot) bunch passes
through the spin rotator. The undisturbed (idle) preces-
sion of the horizontal polarization of the pilot bunch is
continuously monitored using the beam polarimeter. The
idle precession frequency is prone to drift, but feedback
from the polarimeter is used to correct the spin rotation
frequency and maintain either an exact resonance or �xed
detuning. The results presented were obtained in 2020
with stored polarized 970 MeV=c deuterons, using the rf
Wien �lter (WF) employed as a spin rotator.
The case of weak detuning is of interest in its own right,
as detuning provides a very interesting insight into the
aspects of rf-driven spin rotations in storage rings that
have not yet been fully exploited. Here we illustrate the
main features of the pilot-bunch technique using the re-
sults for vertical polarization obtained in the two-bunch
regime. Further details regarding the in-plane polariza-
tion and the phase walk are discussed in Vera Shmakova's
contribution to this Annual Report (see page 98).
The time structure of the gated rf magnetic �eld in the
WF is shown in Fig. 9. The experiment used of two beam
bunches stored simultaneously in COSY, as indicated in
Fig. 10. The width of the gate in Fig. 9 is selected accord-
ing to the bunch length.

Figure 9: The effect of gating on the electromagnetic
�elds of the rf Wien �lter on the signal amplitude.

Polarized beams are stored with vertical initial polariza-
tion. The polarizations for the WF-off cycles and those
for the pilot-bunch cycles are shown in Fig. 11. In the
case of exact resonance, the up-to-down and inverse spin
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Figure 10: Pattern of the longitudinal beam intensity
pro�les of the two deuteron bunches orbiting in the ring.

�ips of the active bunch would have been complete and
with full amplitude. At �nite detuning, the spin �ip of
the signal bunch would be a partial one with suppressed
amplitude and �nite offset. The internal polarimeter tar-
get only scrapes off the edge (periphery) of the beam that
is outside the symmetry center of the polarimeter, which
also contributes to the offset of the vertical polarization
(see Fig. 11).
The time dependence of the vertical polarization of the
pilot and signal bunches, irrespective of a possible de-
tuning, serves as an irrefutable proof of principle for
the pilot bunch technique. We �t the measured polar-
ization asymmetries to a functionA(t) = a(t � t0) + b+
ccos(wSF(t � t0)+ f SF), wherewSF indicates the spin-�ip
angular frequency andt0 denotes the time when the WF
was switched on. For the pilot bunch and the cycle with
WF switched OFF, the oscillation amplitudec is consis-
tent with zero.

2.4 Investigation of Proton Spin Coherence
Time

During the last years the JEDI collaboration has per-
formed a sequence of experiments on prolonging and
understanding the spin coherence time (SCT) of cooled
and bunched deuterons at a beam momentum ofp =
970MeV=c. It has been shown that sextupole con�gu-
rations leading to small chromaticities in the horizontal
and vertical plane result in long SCTs in the order of
t = 1000s. The long term strategy for EDM searches
aims at an intermediate prototype ring as a demonstra-
tor for key technologies for an electric ring as well as
for frozen spin, and has as a �nal goal a high precision
all-electric storage ring for protons with counter-rotating
beams. For such EDM measurements on protons a suc-
cessful realization of a long spin coherence time is a
mandatory requirement.
A �rst run on proton SCT was performed at the beginning
of 2022. During the experiment a number of challeng-
ing observations were made: the distribution of the spin-

Figure 11: Experimental results for one cycle, with two
stored bunches in the machine. The red points indicate
the vertical polarization when the rf Wien �lter (WF) is
switched ON (att0 � 86s). The blue points re�ect the
case for the pilot bunch,i.e., when the rf of the WF is
gated out, as indicated in Fig. 9. Black points indicate
the situation when, during a different cycle, the WF is
completely switched OFF.

Preliminary

Figure 12: Example plot showing the time-evolution of
the in-plane polarization of protons after the rotation into
the horizontal plane. The vertical line indicates the time
when the spin vector reaches the horizontal plane. The
spin coherence time is well below 1 s.

resonance frequencies in the beam was too wide to be
addressed by an RF solenoid running at �xed frequency,
the synchrotron side bands (which played no role for
deuterons) had a strong in�uence on the spin rotation and
also other interference terms of unknown origin distorted
the pattern of the spin rotation via a Froissart-Stora scan.
The best results were achieved when using the RF Wien
�lter running on a 40 Hz wide frequency band. With this
setup some �rst data were taken.

Fig. 12 shows an example of the in-plane polarization af-
ter rotation in the horizontal plane. The spin coherence
time is well below 1 s and, at this stage, it cannot be ex-
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cluded, that the slope contains some residual effects from
the rotation.
For further planning, additional spin tracking simulations
– including the rotation into the horizontal plane – in or-
der to understand the observed features are mandatory.
This is a prerequisite for any experimental optimization
procedures to come. However, in view of the upcom-
ing cessation of COSY operation by the end of 2023, the
JEDI Collaboration has decided to focus on the conclud-
ing the precursor studies and not to continue with this
topic at COSY.

2.5 Beam and Spin Tracking

Detailed beam and spin dynamics simulations have been
performed to explain experimental results with polarized
deuterons at COSY and to determine the optimal setting
for a long SCT of polarized protons.

Spin tracking simulations in an accurate simulation
model of COSY are required to understand the mea-
sured data from the precursor experiment with polar-
ized deuterons. The EDM signal results in a tilt of the
invariant spin axis from the original vertical direction
to the horizontal plane and needs to be distinguished
from systematic spin rotations that have the same signa-
ture. Therefore, an improved model of COSY was im-
plemented using the Bmad software library. Systematic
effects were considered by including magnet displace-
ments, effective dipole shortenings, longitudinal �elds,
and junction beam de�ections. These effects rotate the
invariant spin axis in addition to the EDM and need to
be analyzed and understood. Recent spin tracking results
and methods for determining the invariant spin axis are
presented byM. Vitz, page 101. The direct implementa-
tion of all measured systematic effects into the simulation
model resulted in a tilt of the ISA (Invariant Spin Axis)
that was one order of magnitude less than the measured
values in the radial and longitudinal directions. As it is
very unlikely that this large deviation in the radial direc-
tion is due to an EDM, an alternative explanation has to
be found. This was recently done by examining the dis-
tribution of the ISA under a series of Gaussian distributed
quadrupole misalignments. The result of this approach is
shown in Fig. 13.
In order to get a complete picture of the ISA distribution
under the in�uence of misalignments, it is necessary to
consider the rotations of the quadrupoles as well as other
displacements and rotations of the magnets. In Fig. 14 the
simulation of an EDM resonance map is shown, taking
into account all known and measured systematic effects
such as misaligned magnets, multipole �elds, etc.
To prepare for SCT optimization for polarized protons
at COSY, modeling of the optical setting has been per-
formed. Similar to the optical setting of deuterons, ef-
fects in�uencing the closed orbit, including magnet mis-
alignments and effective dipole lengths, have been imple-
mented in the software library Bmad. The results of the

Preliminary

Figure 13: Distribution of the ISA (radial on the x-axis,
long. on the y-axis) by assuming Gaussian distributed
quadrupole offsets. A two-dimensional Gaussian �t was
applied to the data and is indicated via the grey lines.

Preliminary

Figure 14: The simulated EDM resonance strength is
plotted for all known and measured systematic effects
versus different Wien �lterf WF and solenoidal snake
magnetxSN rotation angles. The minimum (f WF;0, xSN;0)
indicates the required Wien �lter rotation and magnet
strength of the snake magnet to align the ISA and EM
�elds with the corresponding resonance strengthe0. AWF
andASN are the spin rotation angles in the Wien �lter re-
spectively in the snake magnet, normalized by 4p.

experiments conducted in February and March 2022 are
compared with a model comprising the real COSY set-
tings for the analysis. Overall, it has been shown that the
existing COSY simulation model is capable of describ-
ing measurements with protons at COSY by integrating
additional systematic effects and implementing a com-
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