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Physics of Kaonic Atoms

• Predicted in the ‘40s (Tomonaga and Araki, 
1940; Conversi, Pancini, and Piccioni 1945, 
1947) 

• Exotic Atoms: atoms in which a negatively 
charged particle replaces an electron in the 
atomic orbit 

• Study of hadronic atoms to probe the interaction 
between the hadron and the nucleus 

• Kaonic atoms offer a unique way of directly 
probing the low-energy strong interaction and 
bound-state QED in atomic systems with 
strangeness [Part. Nucl. Phys. 147, 104226 (2026]
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Physics of Kaonic Atoms

•  slowed down and stopped inside a target 
• Atomic capture followed by cascade process 
•  captured in an highly excited state  
• Emission of radiation following the de-excitation
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Hadronic researches with Kaonic Atoms

• Detected X-Rays carry 
information about the 
(strong) interaction 

• Broadening ( ) and shift ( ) 
of the energy level induced 
by the strong interaction 

• Scientific goal: performing 
the first measurement of 
kaonic deuterium X-ray 
transition to the fundamental 
level to extract  and 

Γ ε

ε1s Γ1s
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The DAΦNE Collider of INFN-LNF

•  collider working at a center of 
mass energy of the  meson mass 
(1.02 GeV/c ) 
• Decay to  pairs with a BR of 

48.9%, back-to-back emission 
• Momentum spread of charged kaons 

 
• Kaon momentum 127MeV/c
• Not (much) relativistic , 

e+e−

ϕ
2

K+K−

Δp/p < 0.1 %

β ∼ 0.25
βγ ∼ 0.26
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• Cylindrical vacuum chamber 
• Cryogenic target cell 
• Kaon trigger 
• 384 X-Ray detectors (SDDs) 
• Mylar degrader 
• Luminosity monitor 
• Veto Systems

The SIDDHARTA-2 apparatus
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The SIDDHARTA-2 apparatus
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BSQED precision studies with Kaonic Atoms

QED
QED + QCD

• High-n levels transitions 
do not experience 
strong-interaction effects 
• Kaonic atoms can be 

used to provide 
precision measurements 
of bound-state QED 
• Compelling alternative 

to other exotic atoms 
and HCI
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Highly Charged Ions
• They provide extremely strong electromagnetic 

fields and allow tests of BSQED in the high-Z 
regime 

• Production and confinement require complex 
facilities 

• Precision of QED contributions is comparable in 
magnitude to FNS effects 

• Overall experimental accuracy limited

μ, π,  - Atoms
• Larger mass of the exotic particle (>>m ) 

enable probing regions closer to the nucleus 
• BSQED effects are enhanced

• μ  and  are spin -  particles, hyperfine 

splitting of the energy levels 
• π  still has a small mass

p̄
e

− p̄ 1
2

−

Kaonic Atoms
• Allow to observe transitions with BSQED effects highly 

amplified
• Spinless particles
• No hyperfine splitting, easier spectral analysis 
• Specific transitions of kaonic atoms to minimise the 

influence of FNS effects and residual electrons 
(screening)

[J. Phys. B 52 (2019) 232001]
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[Phys. Lett. B 865 (2025) 139492]
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BSQED Studies with Kaonic Neon

• Demonstrates the feasibility of precision studies of QED with kaonic atoms 
• Precision tests of BSQED in atomic systems with strangeness 
• Testing for deviation hinting at BSM physics [Phys. Rev. Lett. 135, 131803 (2025)] 
• Measurement of the charged Kaon Mass

[Phys. Lett. B 865 (2025) 139492]
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Refined analysis of the full Kaonic Neon dataset

BSQED Studies with Kaonic Neon (refined)

Probing bound-state QED above the Schwinger limit with high precision kaonic atoms measurements — Francesco Clozza

[Phys. Rev. A 113, 022815]



14

• MCDF calculations include transition 
energies, QED effects, Electron Screening, 
Isotopic Shifts (K Ne, K Ne) and Kaon mass 
[Computer Physics Communications 9 (1975) 3 1-45, Phys. Rev. A 42.9 
(1990) 5139.] 

• Sub-eV Statistical Uncertainties match the 
scale of Second-Order QED corrections 

• Kaonic Neon offers a clean system to test 
QED calculations and constrain BSM 
scenarios. 

20 22

BSQED Studies with Kaonic Neon (refined)
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The Charged Kaon Mass problem
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The Charged Kaon Mass problem
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The Charged Kaon Mass problem
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QED Studies: Charged Kaon Mass

• MCDF calculations to iteratively extract the kaon mass from measured 
transitions (as in GALL88) 

MK− = 493.677 ± 0.018(stat) ± 0.066(syst) MeV
• Gaseous Neon target grants 

better control over systematics 
• Low-Z means FNS negligible 

with respect to Pb 
• KNe is completely ionized, no 

screening 
• No electron refill effect in a gas

[Phys. Rev. A 113, 022815]
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Future plans: beyond SIDDHARTA-2

• Minimal modifications/addings to SIDDHARTA-2 
• New calibration system (0.2 eV accuracy) 
• New 1mm thick SDDs (characterization ongoing) 
• Better detection efficiency at higher energies
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Future plans: the charged kaon mass puzzle

• First goal: measurement of kaonic 
neon high-n levels transition with 
precisions below 1 eV 
• Achievable with new calibration 

system 
• Kaon mass with a 5 keV precision 
• Gaseous target to resolve 

ambiguities in the kaon mass 
determination

∼
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• Bohr radius in kaonic atoms is much smaller 

 
 
 
 

• The electric field between the kaon and the nucleus is  greater than that of 
“normal” atoms 

• Studies of BSQED in strong fields with kaonic atoms

•  critical value: Schwinger Limit

O(105)

Ec =
m2

e c3

eℏ
≈ 1.3 × 1018 V/m
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Strong Field QED with Kaonic Atoms
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Strong Field QED with Kaonic Atoms
• QED in presence of a strong background EM field described by the Euler-

Heisenberg Lagrangian [Progress in Particle and Nuclear Physics 133 (2023): 104068., arXiv:hep-th/0406216v1]

• Non-linear terms arise, VP, SE corrections amplified 

• Vacuum becomes unstable against spontaneous  creation + other effects 
induced: light-by-light scattering, vacuum birefringence, etc. 

• Fields exceeding the Schwinger limit can be found in extreme astrophysical 
scenarios (e.g. neutron stars’ surfaces, black holes [Phys. Rev. Lett. 135, 131803 (2025), 

Astrophys. J. Lett. 985, 2 (2025)])

e+e−
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Strong Field QED with Kaonic Atoms

• Community effort to measure such EM fields with ultra-intense lasers and exotic atoms 
experiments

[Physics Reports 1010 (2023) 1–138] 

χ = E/Ec

[PoS EXA-LEAP2024 (2025) 085]
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Probing QED beyond the Schwinger Limit with KF 

Measurement of Kaonic Fluorine X-ray transitions in the 10-50 keV range 

[arXiv:2604.19387] 
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Probing QED beyond the Schwinger Limit with KF 
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Probing QED beyond the Schwinger Limit with KF 

• Comparison with all-order MCDF calculations [Phys. Rev. A 113, 022806] 
• Agreement with theory for all measured transitions exceeding the Schwinger limit 
•  residual on the 5g-4f line (the most intense), 

corresponding to a  sensitivity to QED effects
• Direct comparison between theory and experiment in the critical strong-field 

domain of QED

5.8 ± 4.7 (stat.) ± 5.5 (syst.) eV
∼ 9σ
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Conclusions

• Kaonic atoms are extremely powerful systems to conduct research on 
hadronic physics and BSQED 

• DA NE delivers very clean kaon beams, optimal conditions for studies of 
kaonic atoms 

• Kaonic Neon is a powerful and clean tool to conduct studies on BSQED 

• Possibility to settle the charged kaon mass problem by performing a 
dedicated Kaonic Neon measurement  

• Observation of X-ray transitions in electric fields above the Schwinger Limit 
in exotic atoms with a measurement of Kaonic Fluorine 

• Sub-per-mille relative precision on the 5g-4f line and  sensitivity to 
QED effects, no deviation found 

• Test of BSQED in the strong-field regime and constraints on BSM 
physics with kaonic atoms 

Φ

∼ 9σ
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SPARE SLIDES
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MCDF calculations
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QED Studies: Charged Kaon Mass with KNe

MK− = 493.677 ± 0.018(stat) ± 0.066(syst) MeV
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QED Studies: BSM physics

Exotic atoms constrain new mediator mass and coupling [Phys. Rev. Lett. 135, 131803 (2025)]
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Probing QED beyond the Schwinger Limit with KF 
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Probing QED beyond the Schwinger Limit with KF 
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Need of a Kaonic Deuterium measurement

• Theoretical models in 
good agreement  
low momentum 
scattering amplitude

K−p

• Theoretical models for 
the  low momentum 
scattering amplitude 
highly spread

K−n

Óbertová, J., Friedman, E., Mareš, J. & Ramos, À. On K–
nuclear interaction, K–nuclear quasibound states and K-
atoms. In EPJ Web of Conferences, vol. 271, 07003 (EDP 
Sciences, 2022).
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• Antikaon-nucleon scattering lengths  related to these observables(aK̄N)

Physics of light kaonic atoms

εH
1s +

i
2

ΓH
1s = 2α3μ2aK̄p [1 − 2αμ(lnα − 1)aK̄p + . . . ]

• Combined analysis of kaonic hydrogen and kaonic deuterium to extract the 
isospin-dependent antikaon-nucleon scattering lengths 
• Kaonic hydrogen measured by the SIDDHARTA experiment in 2009 
• Lack of a kaonic deuterium measurement

lim
k→0

σe = 4πa2
Landau, L. D. & Lifshitz, E. 
M. Quantum Mechanics: 
non-relativistic theory, vol. 3 
(Elsevier, 2013).

Meißner, U.-G., Raha, U. & 
Rusetsky, A. Spectrum and 
decays of kaonic hydrogen. 
The European Physical Journal 
C-Particles and Fields 35, 
349–357 (2004).

fine structure constant reduced mass

elastic cross section
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The SIDDHARTA-2 apparatus: kaon trigger

• Pair of plastic scintillators above and 
below the IP 
• Read by two PMTs each 
• Selection of kaons as coincidence 

between the scintillators (5 μs time 
window) 
• Suppression of asynchronous 

background related to particle losses 
from  beams due to Touschek 
effect 
• MIPs-induced triggers suppressed with 

Time-of-Flight ToF signatures 
• ToF referenced to DA NE RF (368MHz)

e+e−

Φ
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The SIDDHARTA-2 Silicon Drift Detectors

• SDD cells: 8x8mm  active area 
• 450μm thick silicon bulk: it allows a 

~100% detection efficiency for 
5-12keV X-rays ( 7keV region of 
interest for kaonic deuterium) 
• Extremely good linear behaviour and 

energy resolution in the range of 
interest 
•  
• FWHM  170 eV @ 6.4 keV

2

∼

ΔE/E < 10−3

∼

SIDDHARTA-2 SDD
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New 1mm Silicon Drift Detectors
1mm SDD prototype

• Thicker silicon bulk will allow for a 
much better efficiency at higher 
energy (above 15 keV)
• Insight into the  strong 

interaction
K− − NN
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• Maximization of kaons stopped inside the target 
• Boost of the kaons towards the center of the collider 
• Step-wise mylar degrader to obtain a uniform stopping distribution inside the target  
• Overall thickness ranges from 200μm-950μm 
• MC simulations + Experimental fine tuning to optimise the shape and thickness

The SIDDHARTA-2 apparatus: mylar degrader

Probing bound-state QED above the Schwinger limit with high precision kaonic atoms measurements — Francesco Clozza


