Introduction Results Theory Motivation Outlook

Nuclear radii from muonic atoms spectroscopy

Natalia S. Oreshkina
Max Planck Institute for Nuclear Physics (Heidelberg)

New perspectives in the charge radii determination for light nuclei
ETC*, July 30, 2025

' ELIROPEAN(ENTRE
THEORETICAL STUDI

FONDAZIONE IN NUCLEAR PHYSICS AND RELATED AREAS
BRUNO KESSLER

MANPLANCK GESELLSCHAFT

N. S. Oreshkina ETC* 30.07.2025 Nuclear radii from muonic atoms spectroscopy



Introduction Results Theory

Outline

Introduction
Results
Theory
Motivation

Outlook

N. S. Oreshkina ETC* 30.07.2025

Motivation

“Live fast, die young!”

https://www.particlezoo.net

Nuclear radii from muonic atoms spectroscopy

Outlook



Introduction Results Theory Motivation Outlook

Disclaimer

"... you can tell how advanced a physical theory is by the number
of interacting bodies it can’t handle. Newton's law of gravity runs
into problems with three bodies. General relativity has difficulty
dealing with two bodies. Quantum theory is overextended for one
body, and quantum field theory runs into trouble with no bodies -
the vacuum.”

From " The Great mathematical
problems” by lan Stewar

Fig source: https://scitechdaily.com/
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Muonic anomalies

Muonic fine-structure anomaly, Pb

Proton radius puzzle Experiment
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Compared with old data

TW i 5.5062(5)
Angeli (2013) —— 5.5012(13)
Fricke (2005) - 5.5010(10)
—_— Mazanek (1992) 5.4785(41)
Bergem (1988) e 5.5040(11)

; . ' 5.498(10)

Dreher (1974)

4
7

5475 5480 5485 5490 5495 5500 5505 fm
e Mild tension with Bergem

e 3-40 with Angeli, Fricke

e x?/DoF = 9.5: factor of 20 improvement

e Evidence against the existence of the anomaly

Normalized fit quality x?/DoF = 1: value 5.5062(17) fm
reduced model-dependence
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Muonic atoms anomalies: H vs Pb

Fig: CERN / Sandbox Studio

Fig: The Simpsons

N. S. Oreshkina ETC* 30.07.2025 Nuclear radii from muonic atoms spectroscopy



Introduction Results Theory Motivation Outlook

Dirac value and nuclear size

e Muons are close to the nucleus,

1IIIIIIIII 70770770

muc2 ﬂg;x;;:;x: relativistic — Dirac equation
bindi
v A e muc® ~ 100 Mev
A
FNS Epirac =~ 80 MeV
Dirac Ebinding ~ 20 MeV
e Extended nucleus: sphere,
Fermi, deformed Fermi
9 N
0 pa,c,ﬁ(r,uv N) 1 + elr—c(1+8Y20(9,))]/2

[ AEFNS 10 MeV

Simple formula — QED on a grid for Fermi distribution parameters
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Our improvements

Nuclear polarization
= + +

e field-theory approach, including transverse part

e state-of-art muonic and nuclear input, model dependence
e 07,17,2%,37,4% 5~ and 1T excitation modes

e 4252 eV — 5712 eV

Self energy

Relativistic recoil

e rigorous QED calculations

o AE,.. = 385* — 3902 eV e AEgy = 3270(160), 3373 —
3225(15) eV
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How can we do the calculations?

Perturbation theory:

in o in aZ

I

The two approaches can be independent or complimentary!
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Complications
All-order in aZ: Furry picture
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Recoil with reduced mass
Schodinger equation:

Hiy(ri,r2) = Ev(ry,ro)

h? 2
<_2mEVe - mvN + V(|re - l’N‘)) '@b(l"e,l’/\/) = Eq/}(re’ rN)

Mete + MyTy
{re,rn} — r:re_rN,R:m
e

<§Zv VA0 ) 0lr) = £Vl

Dirac equation:
Hp=ap+6m+V
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PHYSICAL REVIEW LETTERS 130, 053002 (2023)
QED Theory of the Nuclear Recoil with Finite Size
Krzysztof Pachucki
Faculty of Physics, University of Warsaw, Pasteura 5, 02-093 Warsaw, Poland
Vladimir A. Yerokhin
Peter the Great St. Petersburg Polytechnic University, Polytekhnicheskaya 29, 195251 St. Petersburg, Russia
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FIG. 1. Finite-size nuclear recoil correction for the 1s state of
H-like ions, in terms of function 8P = Eeqos/[(m*/M)(Za)? /7).
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Polarization or polarizability?

e nucleus plus muon

;\ together

e "measure of
entanglement”

7

— e sometimes can be
Image source: www.universetoday.com Separated (apprOXimate|y)

Nuclear polarization =~ Nuclear polarizability x muonic factor
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Nuclear polarization: light vs heavy

2ndorder PT AE,= » (0’ |an,| N}[Z —M—@——} (Nl an | 0)

=0 €€, "Wy Ericson, Hiifner 1972

Friar 1977
Perturbation: transition induced by Coulomb interaction AH (F) =~a f— d°Fy p(T,)
: B F-g0P(E

First approximation:
nucleus much smaller than atom [Z | m) (nl ]

nuclear energy splittings much larger than atomic energy 7 S T Wy

Npol-induced potential - 5-function at origin; relativistic treatment of nuclear system

From: Misha Gorshteyn, Monday

e overlap of WF is significant = no spacial factorization
e nuclear and muonic energy scales are the same = no selection
e aZ is not small = Furry picture

NP  Natalia et al 2504.19977 MG
208ph AE, g: 5.7(6) keV vs. 4.9(7) keV
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Outlook
NRQED: Furry QED:
o, aZ, rms o
many terms numerics
. 77?7 .
H e Pb
2p-1s: one line 2p3 and 2pl-1s
no sensitivity to 2pF can determine a, ¢
model-independent model-dependent
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Workshop
Precise nuclear charge radii and beyond ( Z>10 ;-)
January 26 — 30, 2026 @ MPIK, Heidelberg
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