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Preface

This Annual Report 2022 compiles the joint activities of the Institute for Nuclear Physics (IKP) of the FZ-
Julich (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 GSlI, 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, Jilich, Minster, 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 PhaseO to study the production and
decay of excited hyperons with two neRANDA-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 féw f0per 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 oX 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 ¢ infrastructure for
the search for charged-particle electric dipole moments. In September 2022 the Advanced Grant "Search
for electric dipole moments using storage rings" (sSrfEDM, #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 momentys ;70 MeV=c. It has been shown that
sextupole con gurations leading to small chromaticities in the horizontal and vertical plane result in long
SCTsinthe order df = 1000s. A rstrun 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-lon 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.



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 20ton 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 Minchen, Ruhr-Universitat 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 Jilich. 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 ¢ 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.

Julich, March 2023
Ralf Gebel, UIf-G. Mei3ner, 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 particlesp( 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 nderin
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 thep! 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: 824 %). 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 59 %, which is more than twice that of
the standard tracker with only:2%. This is a conse-
guence 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: 560% - 736 %, Hough + Secondary: 5%

- 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 % to 99 %). The increase in ef ciency
for the Hough and secondary track nder is less pro-
nounced with an improvement of about 40 % (froré %

to 82%). 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 432 62.8
p*(X+) 52.5 69.2
P 50.9 51.9
p* 323 51.6
Fullevent] 24 | 59

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 :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.



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 reafpst
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 715 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 | 929 | 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

Figure 2: Drift time simulation (Gar eld) of proton tracks
passing through a single straw and r(t) parametrization
(green line: tto 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

measurements covering the polar-angle range from about spread of 3.2 nss() of the distribution corresponds to

0.7° up to 6.% 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 P0s 1 per straw was achieved.
This result veri es the various quality assurance methods

very low differences in the maximum isochrone radius
for all straws of less than 40 um, 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 fRANDA-
type straw technology with self-supporting, pressurized
and thin-wall Im tubes.

and measurements during the preparation and set up of Note, that a few straw channels in the region 150 to 155 ns

the systems, which will be adopted for RANDA-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

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-

as an example the result of the parametrized isochrones mine the integrated luminosity for the production run.

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

Events were selected that contain one proton in the STS
tracking stations with a polar anglg)(in the region of

3 < gsts< 6 in coincidence with a proton in the po-
lar angular range 70< gy <79 measured bythe main
HADES spectrometer. Kinematic contraints are used to



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 3.25)s (

suppress the background in the data sample. The cross-
section of proton-proton elastic scattering into this an-
gular range ise=4.4" 35 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 * and will allow studies o&qg:
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 transfeii;e;, jtj=0.0008-0.1 (Ge\Wy)2.

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 ¢ infrastructure which enables the search for
charged-particle electric dipole moments with unprece-
dented sensitivity. At the end of September 2022, a ma-

The recoil detector comprises four semiconductor strip jor milestone was reached with the successful conclu-

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

sion of the Advanced Grant ,Search for electric dipole
moments using storage rings* (SfEDM, #694340) of the
European Research Council with Principal Investigator
Hans Stroher and additional bene ciaries University of
Ferrara (Paolo Lenisa) and RWTH Aachen University



Preliminary

Figure 5: Examples of a step function tto the Wien lter
scan data for a single bunch from one cycle. The black
line is a twith 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
c?is chosen.

(Jorg 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 Me\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 submittéd 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 eld(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 componedic 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 119997 kHz to 121457 kHz or an axion mass range
of 4:95-502 ne\=c?. 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 Iter 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 EDAc 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
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