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Testing Quantum Electrodynamics in Bound State systems

● Quantum Electrodynamics (QED) is the 
most precise and experimentally verified 
theory in physics. Its predictions for simple 
atomic systems, especially hydrogen, reach 
astonishing accuracy.

● But for high-Z atoms, the perturbation series 
in (αZ) becomes unreliable.

● Tests are required to evaluate QED 
contributions to the transition energies

● Bound State systems can be used to such 
scope due to enhanced interaction among 
particles
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BSQED contributions with the MCDF code
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How to Tests Bound State QED?

● Laser: High power lasers reach very intense fields suitable for strong field studies.
● Highly Charged Ions: Few electron high-Z ions generate extreme electric fields while 

keeping a simple atomic structure (H-like, He-like, Li-like)
● Exotic Atoms: Atoms where an electron is replaced by a heavier particle such as a muon, 

pion, kaon, or antiproton providing clean systems for precision QED tests.
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Can BSQED tests be made with Kaonic Atoms?

Among different exotic particles Kaons provide some 
advantages: 

● Larger reduced mass than muons and pions, leading to 
stronger QED effects 

● Spin zero, so no hyperfine splitting as in muonic or 
antiprotonic atoms   

Remaining limitation: 
● The current uncertainty on the kaon mass still affects the 

predicted transition energies   
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Kaonic Atoms with SIDDHARTA-2 in DA𝛷NE at LNF
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High Precision X-ray Spectroscopy in KNe

F Sgaramella, et al., Physics Letters B, 139492

https://doi.org/10.1016/j.physletb.2025.139492
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MCDF Calculations to Reveal the Cascade Mechanism in KNe
● Qualitative trends in kaonic X-ray Yields can be explained by the interplay between Radiative 

and Auger decay rates 
→ X-ray emission dominates for n<10

● Quantitative predictions require accurate Cascade Calculations
→ Currently in development

Burbidge, G.R., 
de Borde, A.H., 
1953. Phys. Rev. 
89, 189–193.
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Kaonic Atoms for Bound-State QED Studies?

● QED Contributions exceed experimental 
uncertainties (~8σ for the 7-6)

● Many transitions lie in the sub-eV ROI, enabling 
Precision BSQED Tests.
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Kaonic Atoms for Bound-State QED Studies? Yes!
● Evaluation of Electronic Screening effects and Uncertainty on the Kaon Mass (~13 keV) on the 

observed lines in comparison to the size of QED contributions

● Both Effects are Small (< 0.5 eV) relative to the QED contributions and, moreover, electronic 
screening is negligible for the considered transitions.

Kaon WFs are well inside the 1s electron orbit
 -> Neon Fully Ionized! Article Accepted by PRA! (arXiv:2508.08161)

https://arxiv.org/abs/2508.08161
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Fundamental Physics: Kaon Mass determination & BSM Physics
● Transitions with Sub-eV Statistical Precision already 

provide a Statistical Uncertainty of ~18 keV on the 
Kaon Mass. 

● Exclusion Limits can be set on hypothetical particles 
with Yukawa-type couplings using these transitions.

constrain uds-scalar [arXiv:2502.03537]
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How Strong Must a Field Be for Strong Field QED?
● Search to study effects of QED in strong fields beyond the Schwinger limit
● Limit defined where the Spontaneous e+- e− Pair Production occurs below 

threshold

Above Ec ~ Dielectric Breakdown - Observed in Graphene 

https://doi.org/10.1038/s41567-023-01978-9
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Schwinger limit with Exotic Atoms
● Interest in Studying QED in Strong Fields with Exotic Atoms (e.g., Antiprotons with 

PAX@CERN, Muons at J-PARC)

● Search for Transitions where the Electric Field experienced by the Exotic Particle 
Exceeds the Schwinger Limit EC 

https://doi.org/10.48550/arXiv.2501.08893
https://doi.org/10.1103/PhysRevLett.130.173001
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Schwinger limit with Kaonic Fluorine
● For KF, the 5g-4f, 6h-4f and 4f→3d the Average Orbital Electric 

Field approaches the Schwinger limit (a First in Exotic Atoms!)

● Significant BSQED contribution due to the Nonlinear 
Dependence of VP Diagrams on the Electric Field Strength (~9σ 
for 5g-4f with only 22.4 pb-1 ~ 2 days)
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EXtensive
Kaonic
Atoms research: from 
LIthium and 
Beryllium to
URanium

1.1 - High Precision Kaonic Neon Measurement
To extract the negatively charged kaon mass with 
a precision < 10 keV

EXKALIBUR

C. Curceanu et al., Front.in Phys. 11 (2023) 1240250

1.2 - Light kaonic atoms (LHKA)
– solid target Li, Be, B
– integration of 1mm SDD

Intermediate kaonic atoms (IMKA)
In parallel we plan dedicated runs for kaonic atoms (O, Al, S) with CdZnTe detectors 

- 200 -300 pb-1 of integrated luminosity/target
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Building a (Strange) Periodic Table of Kaonic Atoms

● Cascade Workflow O1: 
KH–KU, ~12M transitions

● Properties Workflow O2: 
Observable and Detectable

● Machine Learning O3: 
Inference from Experiments 

● Deliver an Online-Accessible 
Database (FAIR principles)

(Grant no. 
PLG/2025/018524)

Awarded 500,000 Core-Hours on the 
Helios Supercomputer (PLGrid) to build 
a Kaonic Atoms Database (KaonDB)

Dr. Magdalena 
Skurzok
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WORKFLOW 1: Calculating the cascade for all Kaonic Atoms
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WORKFLOW 2: Screening for Observable and Detectable Transitions
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