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The potential:

Why compact atoms?

Changes the energies of circular states (𝑛 = 𝑙 + 1):

Beyond the decoupling radius, the sensitivity drops:

The higher the mass, the more sensitive we are !
For  me, 1/𝑟𝑛 ≈ keV 
For  mp, 1/𝑟𝑛 ≈ MeV 



Compact atoms give:

Access to short distances

Sensitivity to specific couplings



Existing bounds from hadronic atoms PRL 135, 131803



We were limited by existing detection technologies

Resolving power deteriorates Background increases

At the low energies, mostly relevant to new physics searches



Th Sikorsky, et. al., PRL 125, 142503 (2020)Ph. Pfäfflein, et. al., Phys. Scr. 97 (2022). M.O. Herdrichet. al., Atoms 11, 13 (2023), …

229mTh optical excitation energy 8.1 2  eV:X-ray spectroscopy of highly charged ions @ storage rings 

Search for Axion-like particles:

Determination X-ray absolute emission intensities:

R Mariam, et. al., Spectrochimica Acta B 187 (2022) L. Gastaldo, A. Fleischmann, et. al., 
Journal of Low Temperature Physics 209 (2022)

Electron capture in 163Ho:

Enter Microcalorimeters 

D. Unger, L. Gastaldo, A. Fleischmann, et. al., JINST 16 (2021)



antiProtonic Atom X-ray spectroscopy

Spokesperson: Nancy Paul 
npaul@lkb.upmc.fr

• Testing high-field QED with antiprotonic atoms

• Target circular transitions in noble gasses

• Employ microcalorimeter detectors

https://pos.sissa.it/480/085
doi: 10.1109/TASC.2026.3672351

Michael Roosa’s Talk on Wednesday !



Prospects  pAX (at ppm accuracy)

Energies in the 20-200 keV range

PRL 135, 131803

Sensitive to new bosons 
with MeV masses !

PAX experiment could search for new physics well-beyond the state of the art !
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Need new experiments targeting contact-free transitions in muonic atoms !
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Current bounds
• Lamb shift measurements in muonic hydrogen, 

deuterium and helium (Randolf’s talk) 
combined with radii from electronic atoms. 

• have a complex interplay with fundamental 
constant determination and searched for new 
physics coupled to electrons. Delaunay et. al.

• Most straightforward bound from 3d-2p in 𝜇Mg 
and 𝜇Si with combined 3 ppm accuracy.

• X-ray spectroscopy in the 1980’s using crystal 
spectrometer. Beltrami et. al.

• (most?) stringent test of high field QED at twice 
the Schwinger limit  

• There are also competitive bounds from heavier 
muonic atoms: arXiv:2512.16593 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.121801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.121801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.121801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.121801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.121801
https://www.sciencedirect.com/science/article/abs/pii/037594748690299X
https://www.sciencedirect.com/science/article/abs/pii/037594748690299X
https://www.sciencedirect.com/science/article/abs/pii/037594748690299X
https://www.sciencedirect.com/science/article/abs/pii/037594748690299X
https://www.sciencedirect.com/science/article/abs/pii/037594748690299X
https://arxiv.org/abs/2512.16593
https://arxiv.org/abs/2512.16593
https://arxiv.org/abs/2512.16593
https://arxiv.org/abs/2512.16593
https://arxiv.org/abs/2512.16593


Can we do muonic atoms spectroscopy 
with ppm accuracy?
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What we mean by calibration :

Muonic energy =
 difference to calibration + 
literature value of calibration



Calibration lines with sub ppm uncertainty are 
rare and far between
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“Literature” values are not static ! arXiv:2602.12836

https://arxiv.org/abs/2602.12836
https://arxiv.org/abs/2602.12836
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First 3-2 spectrum in 𝜇17𝑂
𝑆𝑛 (𝐾𝛼)

3𝑑 − 2𝑝 (≈ 9: 5: 1)

3𝑝 − 2𝑠 (≈ 2: 1)
3𝑠 − 2𝑝?

Need broad experimental program to study linesahapes
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Electron screening shifts

• Residual electrons shift muonic atom energies.

• Can we (by we I mean you) calculate them ?

• Preliminary results from Sergiy Bubin

• Even if, can we predict the average population?



Low Z gas targets

• No remaining electrons

• Molecular explosion 
broadening

• Poor stopping power

• Difficulty in working with 
isotopically enriched targets

• Can efficiently stop muons

• Use and reuse isotopically 
enriched targets

• More x-ray absorption 

• Unclear how many electrons 
remain

Solid/Liquid targets
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Pure QED theory of muonic atoms

• Fundamental constants (Rydberg, muon electron mass ratio, alpha, g-
factors) are known well enough.

• Outside of the nucleus, QED seems to be well understood to sub ppm

• Various methods of calculation cross-checking each other (2603.25278)

• Some specific points of interest:  

SE-eVP, nuclear self energy, higher nuclear spins, recoil with realistic charge 
distributions, radiative-recoil …
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• Nuclear pol is about 2 eV 
(10 ppm) for 2p in Z=20.

• Proportional to static 
dipole polarizability

• Sub ppm seems 
plausible for 𝑍 ≤ 20

Nuclear Polarization seems to be manageable



QED theory of p-states (Patkos, Yerokhin, Pachucki, 022819):
Leading nuclear structure effects:

𝑟𝑐
2 𝑟𝑐𝑐

4

𝑟𝑐𝑐
4

Plus eVP-FNS and SE-FNS that is proportional to 𝑟𝑐
2 
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𝑟𝑐 mostly known to 10−3 + QUARTET for light nuclei
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See Randolf’s Talk on Wednesday

2 4 6 8 10 12

10-3

10-2

H

D

3He

4He

6Li

7Li
9Be

11B

10B

13C

12C

14,15N
18O

17O

16O
19F

20,22Ne
23Na

24,26Mg

µ-X (HPGe)
El. Scat.
µ-Laser

µ-X (Crystal)
µ-X (MMC)

10-4

𝑟𝑐 mostly known to 10−3 + QUARTET for light nuclei

0.00%

0.05%

0.10%

0.15%

0.20%

0.25%

0.30%

0.35%

4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

Z

 experiment

 Nuclear polarization

 Charge density
𝜎𝑟

𝑟

ADNDT

𝜎𝑟

𝑟

Z

https://www.sciencedirect.com/science/article/pii/S0092640X25000257


Working group on nuclear charge radii
Whitepaper available: arXiv:2604.08985  

Welcoming your feedback

2025 Meeting of at IAEA headquarters

https://arxiv.org/abs/2604.08985
https://arxiv.org/abs/2604.08985
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Noam Burger, BO in preparation
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Effect of uncertainty in 4th moment:



Effect of uncertainty in 4th moment:

Prefer light or magic nuclei 𝑍 ≤ 20

Noam Burger, BO in preparation





Prospects with PPM accuracy

Noam Burger, BO in preparation



Are there 2 minutes left?
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Radii determinations in heavy 

Muonic and Electronic Atoms
New physics searches in 

contact-free transitions

2605.13985 Ishiyama et al. Nat. Phot. 20 504-511
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V24 vs. Z

Only Scat
Combined analysis
Nuclear Theory
Fermi 2.3
Pure Muonic

Gaussian Distribution

Hard Ball

Rising importance of the 4th moment

My new initiative:

Natalia & Valdimir’s talks
VA Yerokhin & BO PRA 113 (1), 012804

Taming KP nonlinearity:

Towards the first compilation of V24 factors

Taming nuclear size and shape 
effects in nuclear beta-decay 
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V24 in Sn

- DFT 

- Scattering 

- Pure Muonic 

N

Preliminary: Isotopic variation in V factor

See next talk !
Simultaneous analysis of muonic atom energies is a superb way of determining v-factors with robust errorbars !
Need more measurements of the other transitions (not 2p-1s) !!!



Thanks for listening!

Exotic Atoms Lab @ Technion QUARTET Beamtime 2025

bohayon@technion.ac.il

Congratulations to Daniel Unger (KIP) !
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