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Abstract
Axions, originally introduced to solve the strong CP prob-

lem, are leading dark matter candidates appearing in var-
ious Standard Model extensions. At low masses, axion-
like particle (ALP) dark matter behaves as a classical field,
potentially detectable when its frequency resonates with a
beam’s spin-precession frequency. The JEDI collaboration’s
proof-of-principle experiment at COSY set upper limits on
oscillating EDMs caused by ALPs, though no signals were
observed. This paper discusses COSY results and recent
efforts to explore the feasibility of conducting axion search
experiments using existing accelerators at GSI/FAIR with
polarized hadron beams.

INTRODUCTION
The strong CP problem in quantum chromodynamics pre-

dicts the existence of axions [1], which are leading dark mat-
ter candidates and arise naturally in many Standard Model
extensions. These hypothetical particles, along with their
generalized counterparts, axion-like particles (ALPs), in-
teract with Standard Model fields via distinctive couplings.
Of particular interest is the ALP–gluon coupling, which in-
duces an oscillating Electric Dipole Moment (oEDM). For
sub-μeV ALPs, the oEDM 𝑑 takes the form [2, 3]:

𝑑(𝑡) = 𝑑DC + 𝑑AC cos(𝜔𝑎𝑡 + 𝜑0), (1)

where 𝜔𝑎 = 𝑚𝑎𝑐2/ℏ defines the oscillation frequency di-
rectly related to the ALPs mass, 𝜑0 is an unknown phase.
When the 𝜔𝑎 matches the spin precession frequency of po-
larized beams in storage rings, a vertical polarization builds
up from an initially horizontal one. This resonance can be
measured with a polarimeter via the left–right asymmetry.

Storage ring experiments offer two ALP search strategies:
broad mass scans using energy variation and spin techniques,
and focused measurements to verify specific mass signals
with enhanced sensitivity [4]. The first proof-of-principle
experiment in a storage ring was conducted by the JEDI col-
laboration at COSY using a 0.97 GeV/𝑐 polarized deuteron
beam. Although no ALP signal was detected, the experi-
ment demonstrated the viability of the storage ring approach
and set upper limits on the oEDM in a narrow mass window
near 5 × 10−9 eV [5].

Building on COSY’s pioneering work and its closure, we
recently proposed using the polarized beam source previ-
∗ daoning.gu@rwth-aachen.de

ously operated at COSY to realize polarized particle beams
with a polarized target at the existing GSI/FAIR accelerator
complex [6]. This offers opportunities to continue the search
for ALPs in storage rings.

SPIN COHERENCE TIME (SCT)
The main challenge for storage ring based ALPs searches

lies in maintaining polarization. In a storage ring, the spin
tune 𝜈𝑠 = 𝛾𝐺 (with 𝐺 the gyromagnetic anomaly) governs
spin precessions per revolution. As illustrated in Figure 1, for
polarized beams the initial horizontal spin alignment depolar-
izes due to the beam momentum spread. This spread induces
an energy-dependent spin tune spread through changes in 𝛾,
thus ultimately destroying polarization coherence.

n̂ n̂

Figure 1: Illustration of spin coherence. Left: initial spin
alignment. Right: decoherence due to spin tune spread.

The spin coherence time (SCT) is the time it takes for the
polarization to decay to 1/𝑒 of its initial value. Since the sta-
tistical sensitivity of oEDM measurements scales inversely
with SCT (𝜎stat ∝ 1/𝜏SCT), achieving a sufficiently long
SCT (> 1000 s) becomes essential.

Theoretical Approach of SCT Optimization
Spin tune spread Δ𝜈𝑠 = Δ𝛾𝐺 depends on particle en-

ergy. RF cavity bunching suppresses first-order effects,
while second-order contributions from betatron motion and
momentum deviations are quantified in [7, 8]:
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Here, 𝛼0 and 𝛼1 are the first- and second-order momen-
tum compaction factors, 𝛾𝑠 the Lorentz factor of the syn-
chronous particle, 𝛿𝑚 ≡ Δ𝑝/𝑝 the momentum deviation,
𝜉𝑥,𝑦 the chromaticities, 𝜀𝑥,𝑦 the Courant–Snyder invariants,
𝐿 the ring length, and Δ𝛿eq the equilibrium energy shift.
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Under defind lattice conditions, the parameters 𝛼1, 𝜉𝑥,
and 𝜉𝑦 dictate Δ𝜈𝑠, governing three decoherence mecha-
nisms: momentum spread and horizontal/vertical betatron
motion. This requires at least three sextupole families to be
placed at large 𝛽𝑥, 𝛽𝑦, and 𝐷 locations.

FEASIBILITY STUDY AT GSI/FAIR
The Experimental Storage Ring (ESR) at GSI can stores

ions ranging from protons (𝑍 = 1) to uranium (𝑍 = 92),
achieving energies up to 2208 MeV (protons) and 555 MeV/u
(uranium) [9]. Electron cooling enables low emittance. Fig-
ure 2 shows the ESR optics with betatron tunes 𝑄𝑥 = 2.36,
𝑄𝑦 = 2.28.
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Figure 2: ESR optical functions showing 𝛽𝑥 (blue), 𝛽𝑦 (or-
ange), and dispersion 𝐷 (black). Vertical dashed lines indi-
cate sextupole positions: existing families (green, purple)
and proposed new locations (red) for three-family optimiza-
tion.

Numerical Approach of SCT Optimization
We employ systematic sextupole optimization based on

the functional dependence of SCT on magnet currents [10]:

1
𝜏 = |𝐴 + 𝑎𝑖𝐼𝑖| ⋅ (Δ𝑥)2 + |𝐵 + 𝑏𝑗𝐼𝑗| ⋅ (Δ𝑦)2

+ |𝐶 + 𝑐𝑘𝐼𝑘| ⋅ (Δ𝑝
𝑝0

)
2

,
(3)

where 𝜏 denotes the SCT, Δ𝑥 and Δ𝑦 represent transverse
particle deviations, and Δ𝑝/𝑝 is the relative momentum de-
viation. The quadratic terms Δ𝑥2 and Δ𝑦2 correspond to
horizontal and vertical emittance contributions respectively.
The coefficients 𝐴, 𝐵, and 𝐶 quantify decoherence rates with-
out sextupole corrections, while 𝐼𝑖, 𝐼𝑗, 𝐼𝑘 denote currents in
distinct sextupole families with the corresponding coeffi-
cients 𝑎𝑖, 𝑏𝑗, 𝑐𝑘.

Numerical simulations using the Bmad software li-
brary [11] systematically vary both individual sextupole fam-
ily strengths (𝑘2) and particle phase space parameters (Δ𝑝/𝑝,
Δ𝑥, Δ𝑦) in spin tracking simulations. Figure 3 presents simu-
lation results for 1 GeV/𝑐 deuterons, showing the characteris-
tic parabolic dependence of Δ𝜈𝑠 on the relative momentum
deviation Δ𝑝/𝑝 and transverse displacements Δ𝑥, Δ𝑦.

The existing two-sextupole configuration (upper panel of
Figure 3) fails to control vertical displacement dependence
due to large 𝛽𝑥 overlap with long sector dipoles. The lower
panel shows the successful optimization after introducing a
third sextupole family placed close to the dipoles, suppress-
ing quadratic dependence and reducing Δ𝜈𝑠 variations to
𝒪(10−10), indicating significant SCT improvements.

Spin Resonances
Since the oscillation frequency of ALPs is unknown, a

full energy range scan of the ESR is needed. In an ideal
lattice, intrinsic spin resonances arise solely from vertical
betatron oscillations [12], occurring when:

𝛾𝐺 = 𝑛𝑃 ± 𝑄𝑦, (4)

where 𝑃 = 2 corresponds to the twofold periodicity of ESR,
𝑛 is an integer, and 𝑄𝑦 denotes the vertical betatron tune.

Figure 4 compares the simulated spin tune spread across
the full energy range for deuteron and proton beams. For
deuteron beams, Δ𝜈𝑠 shows gradual energy dependence
while remaining distant from resonance regions. In contrast,
proton beams encounter two prominent intrinsic resonances
at 𝑄𝑦 and 6 − 𝑄𝑦, requiring careful working point selection
to avoid these resonance regions.

Sextupole Positions
We investigated the position dependence of SCT optimiza-

tion by placing additional sextupoles at various locations
and performing long-term spin tracking with ensembles of
100 particles over 20 million turns. The results reveal fun-
damental differences between deuteron and proton beam
optimization requirements.

For deuteron beams (upper panel of Figure 5), the opti-
mized three key parameters (𝜉𝑥, 𝜉𝑦, 𝛼1) remain consistent
across different installation positions. All simulated configu-
rations preserve over 95% of the initial polarization through-
out the tracking period, demonstrating robust optimization
performance.

Proton beams present greater challenges, with 𝐺𝑝 ≈
12.5𝐺𝑑, increasing the optimized Δ𝜈𝑠 from 𝒪(10−10) (for
deuterons) to 𝒪(10−8) (for protons), and requiring sextupole
strengths at least an order of magnitude higher. Figure 5
(lower) reveals critical instabilities: while short-term track-
ing suggests stable polarization at multiple locations, after
107 turns (∼ 7 s), the total polarization begins to drop rapidly
at several sextupole locations, with some falling below the
SCT threshold. This behavior suggests that strong sextupole
fields introduce nonlinear effects that limit long-term polar-
ization stability.

These simulations emphasise the importance of long-term
tracking for optimization assessment, and indicate that pro-
ton beam optimization will require more sophisticated ap-
proaches, potentially including new optimization methods
or alternative lattice configurations.
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Figure 3: Simulated spin tune spread (Δ𝜈𝑠) vs. phase space variables for 1 GeV/𝑐 deuterons in ESR. Colors indicate
normalized sextupole strengths 𝑘2. Upper: existing two-sextupole configuration shows unoptimized parabolic dependencies
(left-right: Δ𝑝/𝑝0, Δ𝑥, Δ𝑦), with Δ𝑦 profiles clustered below Δ𝜈𝑠 = 0. Lower: optimized three-sextupole configuration
enables Δ𝜈𝑠 sign reversal through strategic sextupole placement near dipoles, achieving required zero-crossing for all
variables.
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Figure 4: Energy dependence of spin tune spread in ESR.
Upper: deuteron beam showing smooth variation without
resonance interference. Lower: proton beam with two strong
intrinsic resonance effects at 𝑄𝑦 and 6 − 𝑄𝑦 (highlighted in
green).

CONCLUSION
Our simulations confirm that with an optimized three-

sextupole configuration, deuteron beams achieve long spin
coherence times across the ESR’s operational energy range.
Proton beams require at least an order of magnitude stronger
sextupole fields due to their larger gyromagnetic anomaly,
with careful working point selection required to avoid in-
trinsic spin resonances. Position-dependent optimization
demonstrates that, while deuteron beams maintain polariza-
tion preservation, proton beams face greater challenges from
sextupole-induced nonlinear effects. Future work will focus
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Figure 5: Long-term polarization evolution for 1 GeV/𝑐
beams with optimized sextupole settings in ESR. Different
colors represent sextupole positions in both panels. Upper:
deuteron beam showing nearly overlapping curves. Lower:
proton beam demonstrating position-dependent polarization
decay; red line marks the 1/𝑒 threshold 𝜏SCT.
on developing improved optimization strategies for polar-
ized proton beams in ALP searches at GSI/FAIR storage
rings.
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