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Loredana Gastaldo Nancy Paul Randolf Pohl

- Microcalorimeter X-ray detector technology

- High-resolution X-ray and laser spectroscopy

R. Pohl: “Light muonic atoms - fruitful collaboration between experiment and theory” 


‣ Strengthen the crucial collaboration between experiment and theory


‣ 31 participants (near-even split between experimental and theoretical physicists)

A S
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from PUZZLE

to PRECISION

Muonic Atom Spectroscopy  
Theory Initiative

- Theory of muonic atoms

- Nuclear & nucleon structure

- BSM searches

+
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3. T.E. Cocolios (KU Leuven, Belgium) "Reference Radii for odd-Z and heavy elements"
4. D.P.L. Aude Craik (ETH Zürich, Switzerland) "Nonlinear calcium King plot: implications for new bosons and nuclear properties"
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6. M. Drissi (TU Darmstadt, Germany) "Ab initio nuclear corrections to muonic lithium atoms"
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8. X. Feng (Peking University, China) "Corrections to muonic atoms from Lattice QCD"
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20. A. Ouf (Johannes Gutenberg University, Mainz, Germany) "The ground state hyperfine splitting in muonic hydrogen experiment (HyperMu) at PSI"
21. S. Pastore (Washington University, USA) "Electromagnetic radii of light nuclei from variational Monte Carlo calculations"
22. C. Peset (University of Madrid Complutense, Spain) "New physics bounds from the spectroscopy of muonic atoms"
23. S. Pitelis (Johannes Gutenberg University, Mainz, Germany) "Finite-size effects & New Physics"
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Main Topics
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Bound-state QED

Nuclear and nucleon
structure

3-body molecules

...

improve theoretical
precision

MMC detector
technology

improve experimental
precision

Theory Experiment

aim to match uncertainties Scattering experiments

Bound g-factor

...

Determination of nuclear radii Complementary approaches
cross check

Search for New Physics

• New innovative metallic magnetic calorimeter (MMC) X-ray detector technology


• Theoretical improvements needed to match anticipated experimental accuracies


• Identify prospects for testing physics Beyond the Standard Model (BSM)

Nuclear Radii Determination from Atomic Spectroscopy



• High-resolution X-ray and laser spectroscopy


• Light and medium-Z muonic atoms (CREMA, QUARTET, Reference Radii, muX @PSI) 
→ Ben Ohayon (Wednesday)


• Antiprotonic atoms (PAX @CERN … GBAR @CERN) → Christian Regenfus (Monday)


• Isotope-shifts and King plots → Gil Paz (Monday), Shane Wilkins (Wednesday)


• Highly-charged and He-like ions → Kristian König (Wednesday)


• Hydrogen molecular ions → Soroosh Alighanbari (Monday)


• Hydrogen spectroscopy → Lothar Maisenbacher (Monday)


• Bound electron g-factors → Fabian Heiße (Monday)


• Electron and muon scattering (PRad-II … Amber, MAGIX, MUSE, ULQ2)


• …

@ECT*-2025 and @NREC-2026
Experimental Programmes

8



• Lepton scattering


•

Experimental Probes
Electromagnetic Properties of Nuclei

9

bound-state wave functions

Scattering on a Point-Like Nucleus

recoil

Plane wave impulse approximation (PWIA)

point charge

point-like projectile
only electromagnetic interaction

e−

Rutherford versus Mott

neglected:
• nuclear structure and size
• plane wave distortion
• two-photon-exchange
• higher-order QED
• nuclear spin
• nuclear polarization

correction for β → 1

“helicity conservation”: 
spin || direction of flight

{ Nuclear response function 


Elastic form factors 

R(ω, ⃗q)
1

(1 + τ) [G2
E(Q2) +

τ
ϵ

G2
M(Q2)]



• Lepton scattering


•

Experimental Probes
Electromagnetic Properties of Nuclei
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bound-state wave functions

A Definitions 8

A. Definitions

The predominant part of the energy spectrum of hydrogen-like atoms can be described by the following OPE
potentials:

VC(r) = →4ωZε
r

,

GE

VeFF(r) =
Zε
ω

ˆ →

t0

dt ImGE(t)
VY(r, t)

t
,

1 + ω

V (nS-HFS)

Fermi
(r) =

ϑ(r)
ϖ2

1

↑ EF ,

GM

V (nS-HFS)

mFF
(r) =

2Zε
3mM

1
ω

ˆ →

t0

dt ImGM (t)

[
VY(r, t)→

4ωϑ(r)
t

]
.

One-photon exchange potentials with inclusion of electromagnetic form factors

(20)

(21)

(22)

(23)

Leveraging the Q-dependence of the FFs and the VP amplitudes known from the dispersion relations in Eqs. (2),
(6) and (7), the coordinate-space potentials are easily obtained as the Fourier transform of the momentum-space
potentials:

Vω(r) =
1

(2ω)3

ˆ
dq eiq·r Vω(q), (24)

where q is the momentum transfer between the initial- and final-state particles, related to the Mandelstam variable
t = q

2 = q
2

0
→ q2. The Coulomb potential (20) is the dominant potential responsible for the gross structure:

E
(0)

n
= → Zε

2an2
, (25)

where n is the principal quantum number. The electric (21) and magnetic (22)+(23) FF potentials take the form of
simple Yukawa,

VY(r, t) =
e
→r

↑
t

r
, (26)

and ϑ(r) functions in coordinate space. The dominant HFS shift, given by the Fermi energy (9), is generated by the
potential in Eq. (22), where we introduced the nS wave function at the origin:

ϖ
2

n
=

1

ω(na)3
, (27)

as defined in Eq. (A1a). Note that the magnetic FF potentials in Eqs. (22) and (23) are only applicable to the nS

HFS, since the spin-spin interaction has been implicitly applied to the nS
F=1 →nS

F=0 transition by substituting the



• Lepton scattering


• Laser and X-ray spectroscopy of electronic and muonic atoms

Experimental Probes
Electromagnetic Properties of Nuclei

11

bound-state wave functions



Experimental Probes
Electromagnetic Properties of Nuclei
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+ radiative 
corrections …

two-photon exchange

• Lepton scattering


• Laser and X-ray spectroscopy of electronic and muonic atoms



• Lepton scattering


• Laser and X-ray spectroscopy of electronic and muonic atoms 


• Photoabsorption and Compton scattering
γ∗

N

X

Experimental Probes
Electromagnetic Properties of Nuclei

13

elastic 
form 
factors

inelastic structure 
functions & 
polarizabilities



Definition and Interpretation
Nuclear Radii / Moments
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“RZ”

GMGE

“RF”

GEGE

GM

GE

emergence in   
finite-size potentials

• Charge and magnetic radii: 




• Friar radius (3rd Zemach moment):




• Zemach radius: 

⟨rN⟩ = ∫
∞

0
dr rN+2ρ(r)

⟨r2N⟩ = (−1)N (2N + 1)!
N!

G(N)(0)
G(0)

⟨r2N−1⟩ =
(−1)N (2N )!

G(0)
2
π ∫

∞

0

dQ
Q2N [G(Q2) −

N−1

∑
k=0

Q2k

k!
G(k)(0)]

⟨r3⟩E(2) ≡ ∫ dr r3 ∫ dr′￼ρE( |r′￼− r | ) ρE(r′￼)

=
48
π ∫

∞

0

dQ
Q4 [G2

E(Q2) − 1 +
1
3

R2
E Q2]

RZ ≡ ∫ dr r ∫ dr′￼ϱE( |r′￼− r | ) ϱM(r′￼)

= −
4
π ∫

∞

0

dQ
Q2 [ GE(Q2)GM(Q2)

1 + κ
− 1]

(assuming spherically 
symmetric distribution)

1S hyperfine splitting in 
muonic hydrogen     
(talk by Ahmed Ouf)



Laser vs. X-ray Spectroscopy
(Muonic) Atom Experiments
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Laser spectroscopy 
• Muonic H, D and He (CREMA @PSI)

• He-like ions (LaserSpHERe)


X-ray spectroscopy 
• nP→ 1S transitions in muonic Li, Be, … 

(QUARTET @PSI)

• Reference Radii / muX @PSI


charge radius effect

X-ray (tens of keV)hyperfine structure 
(proton magnetization)

Laser

see slides R. Pohl



maXs-30

maXs-30 mounted on coldfinger of a dry dilution fridge

Metallic Magnetic Calorimeters (MMCs)

16see slides A. Fleischmann

metallic magnetic calorimeters

paramagnetic sensor:  Au:Er500ppm  , Ag:Er                

main differences to resistive sensors like TES and thermistors 
• no dissipation in the sensor
• no galvanic contact to the sensor
• M and C of weakly interacting spins well understood

signal size:

• numerical optimization
• non-linearity: small & understood from thermodynamics

important for large arrays

t

T

~1mK

20mK

~1ms

M

T

micro-calorimeters

Operation at low temperature (T < 0.1 K):

small specific heat

large temperature change

small thermal noise !

Temperature change

Relaxation to bath temperature

Thermal bath
(T < 100mK)

Weak thermal link G Absorber C

Thermometer

X-ray photon or particle Thermal detectors !
   Somewhat numb: 
   Convert good form of energy to heat!

summary & outlook

• metallic magnetic calorimeters combine in a unique way

• energy calibration: 
sparse set of calibration lines will allow for ppm-FS-accuracy for line-positions in fullrange

• micro-fabrication works

• scaling to pixelcounts > 100 in progress

• large variety of sizes, stopping powers and resolutions

• MMCs start to contribute to atomic, molecular, nuclear and astro-particle physics

time resolution   energy resolution   linearity   



Successful Li measurements
QUARTET Collaboration

17see slides R. Pohl & D. Kreuzberger → Ben Ohayon (Wednesday)

preliminary

QUARTET Research Proposal

preliminary

Isotope shift of muonic 6Li and 7Li resolved !
23

Preliminary Results



Successful Li, Be, B and O measurements
QUARTET Collaboration

18
ECT*, 28.7.2025 Randolf Pohl, JGU Mainz

QUARTET Goals

10x improved nuclear charge radii  → challenging nuclear few-body calculations

Current knowledge on

radii of the lightest nuclei:

Z=1,2: muonic atom 

laser spectroscopy

Z>3: mostly e-scattering

Z=6: some muonic X-rays

        (crystal spectrometer)

Z>8: muonic X-rays

        (Ge detectors)

see slides R. Pohl & D. Kreuzberger → Ben Ohayon (Wednesday)



Why muonic atoms ?

Nuclear Structure in Muonic Atoms

19

Aldo Antognini SFB, Mainz   22.10.2020

From the 2S-2P to HFS measurements

18

1S

2P

2S
2S-2P

1S-HFS

En
er
gy

• 2S-2P μp
• 2S-2P μd
• 2S-2P  μ3He, μ4He
• 1S-HFS μp
• 1S-HFS μ3He

• From 2S-2P
   → charge radii

• From HFS
   → 2PE contributions
   → Zemach radii
   → Magnetic structure

HFS:
�EnS(LO + NLO) = EF (nS) [1� 2Z↵mr RZ ]

Hyperfine splitting (HFS)
μH, μ3He+

⇒ Zemach radii, magnetic properties

Lepton

spin

Nuclear

spin

NLO becomes appreciable in μH 

Lamb shift: 
wave function at 

the origin

�Enl(LO+NLO) = �l0
2⇡Z↵

3

1

⇡(an)3


R2

E � Z↵mr

2
R3

E(2)

�

Lamb shift
μH, μD, μ3He+, μ4He+

⇒ Charge radii

1
π(an)3



Two- and Three-Photon Exchange

20

forward 

two-photon exchange (2γ)

elastic contribution:             
finite-size recoil, 

3rd Zemach moment (Lamb shift),
Zemach radius (Hyperfine splitting)                     

polarizability contribution
(non-Born VVCS)
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Comprehensive theory of the Lamb shift in light muonic atoms

K. Pachucki,
1
V. Lensky,

2
F. Hagelstein,

2, 3
S. S. Li Muli,

2
S. Bacca,

2, 4
and R. Pohl
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1
Faculty of Physics, University of Warsaw, Pasteura 5, 02-093 Warsaw, Poland

2
Institut für Kernphysik, Johannes Gutenberg-Universität Mainz, 55128 Mainz, Germany

3
Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland

4
Helmholtz-Institut Mainz, Johannes Gutenberg Universität Mainz, 55099 Mainz, Germany

5
Institut für Physik, Johannes Gutenberg-Universität Mainz, 55099 Mainz, Germany

(Dated: May 19, 2023)

We present a comprehensive theory of the Lamb shift in light muonic atoms, such as µH,
µD, µ3He+, and µ4He+, with all quantum electrodynamic corrections included at the
precision level constrained by the uncertainty of nuclear structure e↵ects. This analysis
can be used in the global adjustment of fundamental constants and in the determination
of nuclear charge radii. Further improvements in the understanding of electromagnetic
interactions of light nuclei will allow for a promising test of fundamental interactions by
comparison with “normal” atomic spectroscopy, in particular, with H-D and 3He-4He
isotope shifts.

CONTENTS

I. Introduction 1

II. Expansion of energy in powers of the fine structure
constant ↵ 2

III. QED contributions to the Lamb shift 4
A. Electron vacuum polarization 4
B. Light by light electron vacuum polarization 5
C. Leading recoil ⇠ (Z ↵)4 5
D. Relativistic correction with the one-loop electron

vacuum polarization 5
E. Relativistic correction with the two-loop electron

vacuum polarization 6
F. Leading muon self-energy and vacuum polarization 6
G. Next-to-leading muon self-energy and vacuum

polarization 6
H. Combined muon and electron vacuum polarizations 6
I. Muon self-energy combined with the electron vacuum

polarization 7
J. Recoil ⇠ (Z ↵)5 7
K. Recoil with the electron vacuum polarization 7
L. Nuclear self-energy 7
M. Muon two-loop form factors and vacuum polarization 8
N. Pure recoil ⇠ (Z ↵)6 8
O. Radiative recoil ⇠ ↵ (Z ↵)5 9
P. Hadronic vacuum polarization 9
Q. Combined electron and hadronic vacuum

polarization. 9

IV. Finite nuclear size contribution 9
A. Leading finite size r2C 9
B. One-loop electron vacuum polarization with r2C 9
C. Two-loop electron vacuum polarization with r2C 9

V. Nuclear structure contributions 10
A. Two-photon exchange 10

1. TPE in µH 11
2. TPE in µD 12
3. TPE in µHe+ 13

B. Coulomb distortion correction 13
C. Three-photon exchange 13
D. Electron vacuum polarization with TPE 14
E. Muon self-energy and vacuum polarization with TPE 14

VI. Summary 14

Acknowledgments 16

A. Subtraction of the point deuteron amplitude 16

B. eVP(1) correction with TPE on single nucleons 16

C. eVP(1) correction with TPE on di↵erent nucleons 16

D. eVP(1) correction with the leading polarizability 17

E. µSE(1) + µVP(1) correction with the elastic TPE 18

References 18

I. INTRODUCTION

The comparison of nuclear charge radii obtained from
muonic atoms (Antognini et al., 2013b; Krauth et al.,
2021; Pohl et al., 2010, 2016, 2023) with those obtained
from “normal” atomic spectroscopy is a unique test of
lepton universality and also a search for the existence of
possible yet unknown lepton-nucleus interactions at the
scale from a few to a few hundred femtometers, which
have not yet been probed experimentally by other means.
A similar or even stronger sensitivity to the lepton uni-
versality is expected from the direct comparison of the
electron versus muon scattering of the proton, which is
the aim of the MUSE collaboration (Lorenzon, 2020).
The charge radii of the proton and other light nuclei
are important also for the determination of fundamen-
tal physical constants, like the Rydberg constant Ry
from the spectroscopy of H (Tiesinga et al., 2021) or
He+ (Herrmann et al., 2009; Krauth et al., 2020), or
the electron-nucleus mass ratios from the spectroscopy
of HD+ (Alighanbari et al., 2020; Kortunov et al., 2021;
Patra et al., 2020). In fact, the global adjustment of fun-
damental constants, performed by CODATA (Tiesinga
et al., 2021) periodically every four years, will now em-
ploy the nuclear charge radii obtained from the muonic
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Rev. Mod. Phys. 96 (2024) 1, 015001

present accuracy factor 5-10 worse than experimental precision    

present accuracy comparable with experimental precision    μH: 

μD, μ3He+, μ4He+:   

Experiments will improve by up to a factor of 5

Theoretical improvement needed for nuclear/nucleon 2- and 3-photon exchange

3

TABLE I Contributions to the 2P1/2 � 2S1/2 energy di↵erence EL in meV, with charge radii rC in fm. All corrections larger
than 3% of the overall uncertainty are included. Theoretical predictions for EL are EL(theo) = EQED + C r2C + ENS. The last
two rows show the values of rC determined from the comparison of EL(theo) to EL(exp).

Sec. Order Correction µH µD µ3He+ µ4He+

III.A ↵ (Z ↵)2 eVP(1) 205.007 38 227.634 70 1641.886 2 1665.773 1
III.A ↵2 (Z ↵)2 eVP(2) 1.658 85 1.838 04 13.084 3 13.276 9
III.A ↵3 (Z ↵)2 eVP(3) 0.007 52 0.008 42(7) 0.073 0(30) 0.074 0(30)
III.B (Z,Z2, Z3)↵5 light by light eVP �0.000 89(2) �0.000 96(2) �0.013 4(6) �0.013 6(6)
III.C (Z ↵)4 recoil 0.057 47 0.067 22 0.126 5 0.295 2
III.D ↵ (Z ↵)4 relativistic with eVP(1) 0.018 76 0.021 78 0.509 3 0.521 1
III.E ↵2 (Z ↵)4 relativistic with eVP(2) 0.000 17 0.000 20 0.005 6 0.005 7
III.F ↵ (Z ↵)4 µSE(1) + µVP(1), LO �0.663 45 �0.769 43 �10.652 5 �10.926 0
III.G ↵ (Z ↵)5 µSE(1) + µVP(1), NLO �0.004 43 �0.005 18 �0.174 9 �0.179 7
III.H ↵2 (Z ↵)4 µVP(1) with eVP(1) 0.000 13 0.000 15 0.003 8 0.003 9
III.I ↵2 (Z ↵)4 µSE(1) with eVP(1) �0.002 54 �0.003 06 �0.062 7 �0.064 6
III.J (Z ↵)5 recoil �0.044 97 �0.026 60 �0.558 1 �0.433 0
III.K ↵(Z ↵)5 recoil with eVP(1) 0.000 14(14) 0.000 09(9) 0.004 9(49) 0.003 9(39)
III.L Z2 ↵ (Z ↵)4 nSE(1) �0.009 92 �0.003 10 �0.084 0 �0.050 5

III.M ↵2 (Z ↵)4 µF (2)
1 , µF (2)

2 , µVP(2) �0.001 58 �0.001 84 �0.031 1 �0.031 9
III.N (Z ↵)6 pure recoil 0.000 09 0.000 04 0.001 9 0.001 4
III.O ↵ (Z ↵)5 radiative recoil 0.000 22 0.000 13 0.002 9 0.002 3
III.P ↵ (Z ↵)4 hVP 0.011 36(27) 0.013 28(32) 0.224 1(53) 0.230 3(54)
III.Q ↵2 (Z ↵)4 hVP with eVP(1) 0.000 09 0.000 10 0.002 6(1) 0.002 7(1)

IV.A (Z ↵)4 r2C �5.197 5 r2p �6.073 2 r2d �102.523 r2h �105.322 r2↵
IV.B ↵ (Z ↵)4 eVP(1) with r2C �0.028 2 r2p �0.034 0 r2d �0.851 r2h �0.878 r2↵
IV.C ↵2 (Z ↵)4 eVP(2) with r2C �0.000 2 r2p �0.000 2 r2d �0.009(1) r2h �0.009(1) r2↵

V.A (Z ↵)5 TPE 0.029 2(25) 1.979(20) 16.38(31) 9.76(40)
V.B ↵2 (Z ↵)4 Coulomb distortion 0.0 �0.261 �1.010 �0.536
V.C (Z ↵)6 3PE �0.001 3(3) 0.002 2(9) �0.214(214) �0.165(165)
V.D ↵ (Z ↵)5 eVP(1) with TPE 0.000 6(1) 0.027 5(4) 0.266(24) 0.158(12)
V.E ↵ (Z ↵)5 µSE(1) + µVP(1) with TPE 0.000 4 0.002 6(3) 0.077(8) 0.059(6)

III EQED point nucleus 206.034 4(3) 228.774 0(3) 1644.348(8) 1668.491(7)
IV C r2C finite size �5.225 9 r2p �6.107 4 r2d �103.383 r2h �106.209 r2↵
V ENS nuclear structure 0.028 9(25) 1.750 3(200) 15.499(378) 9.276(433)

EL(exp) experimenta 202.370 6(23) 202.878 5(34) 1258.598(48) 1378.521(48)

rC this work 0.840 60(39) 2.127 58(78) 1.970 07(94) 1.678 6(12)
rC previousa 0.840 87(39) 2.125 62(78) 1.970 07(94) 1.678 24(83)

a Presented in Antognini et al. (2013b); Krauth et al. (2021); Pohl et al. (2016); Schuhmann et al. (2023)

mµ

m↵
=0.028 346 557 7(6) , (8e)

where the subscripts d, h, and ↵ denote the deuteron,
helion (3He nucleus) and ↵ particle (4He nucleus), re-
spectively. Moreover, with µ being the reduced mass of
the two-body system,

µ =
mµ

1 +mµ/M
(9)

with M standing for the nuclear mass, we define the ratio

� =
me

Z↵µ
, (10)

for which we obtain the following values:

�p = 0.737 383 68 , (11a)

�d = 0.700 086 14 , (11b)

�h = 0.343 842 92 , (11c)

�↵ = 0.340 769 14 . (11d)

Finally, the nonrelativistic Coulomb wave function � with
nonrelativistic energy E0 is the solution of (H0�E0)� = 0
with

H0 =
~p 2

2µ
� Z ↵

r
(12)
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We present a comprehensive theory of the Lamb shift in light muonic atoms, such as µH,
µD, µ3He+, and µ4He+, with all quantum electrodynamic corrections included at the
precision level constrained by the uncertainty of nuclear structure e↵ects. This analysis
can be used in the global adjustment of fundamental constants and in the determination
of nuclear charge radii. Further improvements in the understanding of electromagnetic
interactions of light nuclei will allow for a promising test of fundamental interactions by
comparison with “normal” atomic spectroscopy, in particular, with H-D and 3He-4He
isotope shifts.
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I. INTRODUCTION

The comparison of nuclear charge radii obtained from
muonic atoms (Antognini et al., 2013b; Krauth et al.,
2021; Pohl et al., 2010, 2016, 2023) with those obtained
from “normal” atomic spectroscopy is a unique test of
lepton universality and also a search for the existence of
possible yet unknown lepton-nucleus interactions at the
scale from a few to a few hundred femtometers, which
have not yet been probed experimentally by other means.
A similar or even stronger sensitivity to the lepton uni-
versality is expected from the direct comparison of the
electron versus muon scattering of the proton, which is
the aim of the MUSE collaboration (Lorenzon, 2020).
The charge radii of the proton and other light nuclei
are important also for the determination of fundamen-
tal physical constants, like the Rydberg constant Ry
from the spectroscopy of H (Tiesinga et al., 2021) or
He+ (Herrmann et al., 2009; Krauth et al., 2020), or
the electron-nucleus mass ratios from the spectroscopy
of HD+ (Alighanbari et al., 2020; Kortunov et al., 2021;
Patra et al., 2020). In fact, the global adjustment of fun-
damental constants, performed by CODATA (Tiesinga
et al., 2021) periodically every four years, will now em-
ploy the nuclear charge radii obtained from the muonic
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TABLE I Contributions to the 2P1/2 � 2S1/2 energy di↵erence EL in meV, with charge radii rC in fm. All corrections larger
than 3% of the overall uncertainty are included. Theoretical predictions for EL are EL(theo) = EQED + C r2C + ENS. The last
two rows show the values of rC determined from the comparison of EL(theo) to EL(exp).

Sec. Order Correction µH µD µ3He+ µ4He+

III.A ↵ (Z ↵)2 eVP(1) 205.007 38 227.634 70 1641.886 2 1665.773 1
III.A ↵2 (Z ↵)2 eVP(2) 1.658 85 1.838 04 13.084 3 13.276 9
III.A ↵3 (Z ↵)2 eVP(3) 0.007 52 0.008 42(7) 0.073 0(30) 0.074 0(30)
III.B (Z,Z2, Z3)↵5 light by light eVP �0.000 89(2) �0.000 96(2) �0.013 4(6) �0.013 6(6)
III.C (Z ↵)4 recoil 0.057 47 0.067 22 0.126 5 0.295 2
III.D ↵ (Z ↵)4 relativistic with eVP(1) 0.018 76 0.021 78 0.509 3 0.521 1
III.E ↵2 (Z ↵)4 relativistic with eVP(2) 0.000 17 0.000 20 0.005 6 0.005 7
III.F ↵ (Z ↵)4 µSE(1) + µVP(1), LO �0.663 45 �0.769 43 �10.652 5 �10.926 0
III.G ↵ (Z ↵)5 µSE(1) + µVP(1), NLO �0.004 43 �0.005 18 �0.174 9 �0.179 7
III.H ↵2 (Z ↵)4 µVP(1) with eVP(1) 0.000 13 0.000 15 0.003 8 0.003 9
III.I ↵2 (Z ↵)4 µSE(1) with eVP(1) �0.002 54 �0.003 06 �0.062 7 �0.064 6
III.J (Z ↵)5 recoil �0.044 97 �0.026 60 �0.558 1 �0.433 0
III.K ↵(Z ↵)5 recoil with eVP(1) 0.000 14(14) 0.000 09(9) 0.004 9(49) 0.003 9(39)
III.L Z2 ↵ (Z ↵)4 nSE(1) �0.009 92 �0.003 10 �0.084 0 �0.050 5

III.M ↵2 (Z ↵)4 µF (2)
1 , µF (2)

2 , µVP(2) �0.001 58 �0.001 84 �0.031 1 �0.031 9
III.N (Z ↵)6 pure recoil 0.000 09 0.000 04 0.001 9 0.001 4
III.O ↵ (Z ↵)5 radiative recoil 0.000 22 0.000 13 0.002 9 0.002 3
III.P ↵ (Z ↵)4 hVP 0.011 36(27) 0.013 28(32) 0.224 1(53) 0.230 3(54)
III.Q ↵2 (Z ↵)4 hVP with eVP(1) 0.000 09 0.000 10 0.002 6(1) 0.002 7(1)

IV.A (Z ↵)4 r2C �5.197 5 r2p �6.073 2 r2d �102.523 r2h �105.322 r2↵
IV.B ↵ (Z ↵)4 eVP(1) with r2C �0.028 2 r2p �0.034 0 r2d �0.851 r2h �0.878 r2↵
IV.C ↵2 (Z ↵)4 eVP(2) with r2C �0.000 2 r2p �0.000 2 r2d �0.009(1) r2h �0.009(1) r2↵

V.A (Z ↵)5 TPE 0.029 2(25) 1.979(20) 16.38(31) 9.76(40)
V.B ↵2 (Z ↵)4 Coulomb distortion 0.0 �0.261 �1.010 �0.536
V.C (Z ↵)6 3PE �0.001 3(3) 0.002 2(9) �0.214(214) �0.165(165)
V.D ↵ (Z ↵)5 eVP(1) with TPE 0.000 6(1) 0.027 5(4) 0.266(24) 0.158(12)
V.E ↵ (Z ↵)5 µSE(1) + µVP(1) with TPE 0.000 4 0.002 6(3) 0.077(8) 0.059(6)

III EQED point nucleus 206.034 4(3) 228.774 0(3) 1644.348(8) 1668.491(7)
IV C r2C finite size �5.225 9 r2p �6.107 4 r2d �103.383 r2h �106.209 r2↵
V ENS nuclear structure 0.028 9(25) 1.750 3(200) 15.499(378) 9.276(433)

EL(exp) experimenta 202.370 6(23) 202.878 5(34) 1258.598(48) 1378.521(48)

rC this work 0.840 60(39) 2.127 58(78) 1.970 07(94) 1.678 6(12)
rC previousa 0.840 87(39) 2.125 62(78) 1.970 07(94) 1.678 24(83)

a Presented in Antognini et al. (2013b); Krauth et al. (2021); Pohl et al. (2016); Schuhmann et al. (2023)

mµ

m↵
=0.028 346 557 7(6) , (8e)

where the subscripts d, h, and ↵ denote the deuteron,
helion (3He nucleus) and ↵ particle (4He nucleus), re-
spectively. Moreover, with µ being the reduced mass of
the two-body system,

µ =
mµ

1 +mµ/M
(9)

with M standing for the nuclear mass, we define the ratio

� =
me

Z↵µ
, (10)

for which we obtain the following values:

�p = 0.737 383 68 , (11a)

�d = 0.700 086 14 , (11b)

�h = 0.343 842 92 , (11c)

�↵ = 0.340 769 14 . (11d)

Finally, the nonrelativistic Coulomb wave function � with
nonrelativistic energy E0 is the solution of (H0�E0)� = 0
with

H0 =
~p 2

2µ
� Z ↵

r
(12)
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TABLE I Contributions to the 2P1/2�2S1/2 energy di↵erence EL in meV, with the charge radii rC given in fm. All corrections
larger than 3% of the overall uncertainty are included. Theoretical predictions for EL are EL(theo) = EQED+C r2C +ENS. The
last two rows show the values of rC determined from a comparison of EL(theo) to EL(exp).

Sec. Order Correction µH µD µ3He+ µ4He+

III.A ↵ (Z↵)2 eVP(1) 205.007 38 227.634 70 1641.886 2 1665.773 1
III.A ↵2(Z↵)2 eVP(2) 1.658 85 1.838 04 13.084 3 13.276 9
III.A ↵3(Z↵)2 eVP(3) 0.007 52 0.008 42(7) 0.073 0(30) 0.074 0(30)
III.B (Z,Z2, Z3)↵5 light-by-light eVP �0.000 89(2) �0.000 96(2) �0.013 4(6) �0.013 6(6)
III.C (Z↵)4 recoil 0.057 47 0.067 22 0.126 5 0.295 2
III.D ↵ (Z↵)4 relativistic with eVP(1) 0.018 76 0.021 78 0.509 3 0.521 1
III.E ↵2(Z↵)4 relativistic with eVP(2) 0.000 17 0.000 20 0.005 6 0.005 7
III.F ↵ (Z↵)4 µSE(1) + µVP(1), LO �0.663 45 �0.769 43 �10.652 5 �10.926 0
III.G ↵ (Z↵)5 µSE(1) + µVP(1), NLO �0.004 43 �0.005 18 �0.174 9 �0.179 7
III.H ↵2(Z↵)4 µVP(1) with eVP(1) 0.000 13 0.000 15 0.003 8 0.003 9
III.I ↵2(Z↵)4 µSE(1) with eVP(1) �0.002 54 �0.003 06 �0.062 7 �0.064 6
III.J (Z↵)5 recoil �0.044 97 �0.026 60 �0.558 1 �0.433 0
III.K ↵ (Z↵)5 recoil with eVP(1) 0.000 14(14) 0.000 09(9) 0.004 9(49) 0.003 9(39)
III.L Z2↵ (Z↵)4 nSE(1) �0.009 92 �0.003 10 �0.084 0 �0.050 5

III.M ↵2(Z↵)4 µF (2)
1 , µF (2)

2 , µVP(2) �0.001 58 �0.001 84 �0.031 1 �0.031 9
III.N (Z↵)6 pure recoil 0.000 09 0.000 04 0.001 9 0.001 4
III.O ↵ (Z↵)5 radiative recoil 0.000 22 0.000 13 0.002 9 0.002 3
III.P ↵ (Z↵)4 hVP 0.011 36(27) 0.013 28(32) 0.224 1(53) 0.230 3(54)
III.Q ↵2(Z↵)4 hVP with eVP(1) 0.000 09 0.000 10 0.002 6(1) 0.002 7(1)

IV.A (Z↵)4 r2C �5.197 5 r2p �6.073 2 r2d �102.523 r2h �105.322 r2↵
IV.B ↵ (Z↵)4 eVP(1) with r2C �0.028 2 r2p �0.034 0 r2d �0.851 r2h �0.878 r2↵
IV.C ↵2(Z↵)4 eVP(2) with r2C �0.000 2 r2p �0.000 2 r2d �0.009(1) r2h �0.009(1) r2↵

V.A (Z↵)5 TPE 0.029 2(25) 1.979(20) 16.38(31) 9.76(40)
V.B ↵2(Z↵)4 Coulomb distortion 0.0 �0.261 �1.010 �0.536
V.C (Z↵)6 3PE �0.001 3(3) 0.002 2(9) �0.214(214) �0.165(165)
V.D ↵ (Z↵)5 eVP(1) with TPE 0.000 6(1) 0.027 5(4) 0.266(24) 0.158(12)
V.E ↵ (Z↵)5 µSE(1) + µVP(1) with TPE 0.000 4 0.002 6(3) 0.077(8) 0.059(6)

III EQED point nucleus 206.034 4(3) 228.774 0(3) 1644.348(8) 1668.491(7)
IV C r2C finite size �5.225 9 r2p �6.107 4 r2d �103.383 r2h �106.209 r2↵
V ENS nuclear structure 0.028 9(25) 1.750 3(200) 15.499(378) 9.276(433)

EL(exp) experimenta 202.370 6(23) 202.878 5(34) 1258.598(48) 1378.521(48)

rC this review 0.840 60(39) 2.127 58(78) 1.970 07(94) 1.678 6(12)
rC previous worka 0.840 87(39) 2.125 62(78) 1.970 07(94) 1.678 24(83)

a Presented by Antognini et al. (2013b), Pohl et al. (2016), Krauth et al. (2021), and Schuhmann et al. (2023).

mµ

md
= 0.056 332 718 3(13) , (13c)

mµ

mh
= 0.037 622 379 7(8) , (13d)

mµ

m↵
=0.028 346 557 7(6) , (13e)

where the subscripts d, h, and ↵ denote the deuteron,
helion (3He nucleus), and ↵ particle (4He nucleus), re-
spectively. Moreover, with µ the reduced mass of the
two-body system,

µ =
mµ

1 +mµ/M
(14)

with M standing for the nuclear mass, we define the ratio

� =
me

Z↵µ
, (15)

for which we obtain the following values:

�p = 0.737 383 68 , (16a)

�d = 0.700 086 14 , (16b)

�h = 0.343 842 92 , (16c)

�↵ = 0.340 769 14 . (16d)

Finally, the nonrelativistic Coulomb wave function � with
nonrelativistic energy E0 is the solution of (H0�E0)� =



Aim: first full comparison of predictions for He and Li 
across various approaches 

• Ab-initio nuclear theory:


- 𝜂 expansion for the Lamb shift with phenomenological (AV4) or chiral EFT nuclear 
potentials (S. Bacca)


- 𝜂-less approach for the Lamb shift in Li-6 and Li-7 with N4LO-E7 and N3LO chiral 
interactions (M. Drissi)


- Extension to the HFS, including pionless EFT predictions for deuterium (C. Ji)


• Data-driven estimates of nuclear- and nucleon polarizability correction for 4 < Z < 41 
nuclei (M. Gorshteyn)


• Novel method employing ANN to model nuclear dipole responses (T. Egert)


• Electromagnetic radii for light nuclei from variational Monte Carlo (S. Pastore)

Nuclear Structure Contributions

23
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Example of cancellation: β 6,7Li2+

SciPost Physics Proceedings Submission

Figure 4: Graphical representation of preliminary nuclear structure corrections to µ-
6Li2+ and µ-7Li2+ atoms in meV.

Future work will be devoted to a complete and consistent evaluation of these terms using
realistic nucleon-nucleon and three body forces.
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Impact of precise nuclear radii on Ft and Vud

14

was not applied to the present 27Al part of the COLLAPS
analysis as the analyzed spectra were a subset of the
measurements examined in Ref. [32].
For 26;26mAl, a model of the I ¼ 5 ground state and one of

the I ¼ 0 isomeric state were superimposed. Within each
experimental campaign, all 26;26mAl resonance spectra were
fitted simultaneously with the same, shared hyperfine
parameters as long as a parameter was not otherwise
constrained, see above. Similarly, the isomer shift between
ground and isomeric state in 26Al was implemented as a
shared fit parameter across a campaign’s entire dataset. The
isomer centroid ν26m0 itself was freely varied for each
individual spectrum. For the determination of ν26m0 , the
Doppler-tuning voltage was converted into frequency based
on the isomer’s ionic mass. It was verified in fits of
simulated spectra that this approach led to accurate results
despite the peak overlap with the resonance spectrum of the
ground state.
Voigt profiles were chosen for the line shapes of

individual resonance peaks with no intensity constraints
in the ground state. The Lorentzian and Gaussian widths
were shared between ground state and isomer peaks within
each individual spectrum but not shared overall. Because of
inelastic collisions in the charge-exchange cell [38,43,44],
four equidistant side peaks were considered in the analysis
of the COLLAPS data [32]. The energy offset of these
sidepeaks was determined empirically and the relative
intensities were constrained by Poisson’s law. Because
of lower statistics, the IGISOL data were found to be
insensitive to the inclusion of these sidepeaks, thus, they
were not considered in the analysis.
Each spectrum of 26;26mAl was measured in sequence

with an independent 27Al reference measurement. The
isotope shift δν27;26m ¼ ν26m0 − ν270 of each measurement
pair was calculated from the frequency centroid ν26m0 of
26mAl with respect to the frequency centroid ν270 of the
closest 27Al reference measurement. The results of all
individual δν27;26m determinations are shown in Fig. 1(f).
Weighted averages in δν27;26m are calculated separately for
the COLLAPS and IGISOL datasets, see Table I.
Systematic uncertainties in CLS for measurements of

isotope shifts are well understood [45–48] and are domi-
nated by the imperfect knowledge of the beam energy. The
acceleration voltage from the cooler-buncher at IGISOL
was calibrated by matching measured isotope shifts in
the D1 and D2 lines for singly charged ions of stable
magnesium isotopes to their precisely known literature
values in Ref. [49]. The remaining uncertainty in beam
energy was 1.8 eV. An additional 1 × 10−4 relative uncer-
tainty was assigned to the scanning voltage in the Doppler
tuning. For the COLLAPS data, a 1.5 × 10−4 relative
uncertainty of the incoming ion beam energy was assigned
following the specifications of the employed voltage
divider (Ohmlabs KV-30A). This was combined with the

uncertainties of the calibrated JRL KV10 voltage divider
used to measure the scanning voltage and of the employed
voltmeters (Agilent 34661A).
Since the systematic uncertainties at COLLAPS and

IGISOL were fully independent, statistical and systematic
uncertainties of each measurement campaign were first
added in quadrature before the weighted average of both
measurement results was calculated, see Table I. Our final
value for the isotope shift between 26mAl and 27Al
is δν27;26m ¼ 377.5ð3.4Þ MHz.
With knowledge of the isotope shift δν27;26m the differ-

ence in mean square nuclear charge radii δhr2i between the
two isotopes could be calculated according to [50]

δν27;26m ¼ Fδhr2i27;26m þM
m26m −m27

m27ðm26m þmeÞ
;

where me is the electron mass [51] and mA are the nuclear
masses obtained when 13 electrons are subtracted from
the atomic masses [52] and an excitation energy of
228.305 keV [53] is added for 26mAl. Precision atomic-
physics calculations were performed in a multiconfigura-
tion Dirac-Hartree-Fock framework to evaluate the field
and mass shift factors F and M of the investigated atomic
transition [32,54]. Combining the adopted values of
F ¼ 76.2ð2.2Þ MHz=fm2 and M ¼ −243ð4Þ GHz u with
the isotope shift δν27;26m of the present work yields
δhr2i27;26m ¼ 0.429ð88Þ fm2, see Table I. Finally, the root
mean square (rms) nuclear charge radius of 26mAl can be
derived:

Rcð26mAlÞ≡ hr2i1=226m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rcð27AlÞ2 þ δhr2i27;26m

q
:

Using the previously evaluated rms charge radius of 27Al,
Rcð27AlÞ ¼ 3.061ð6Þ fm [32], a value of Rcð26mAlÞ ¼
3.130ð15Þ fm is obtained, see Table II.
Discussion.—Nuclear charge radii of superallowed β

emitters are essential input parameters for the calculation of

TABLE I. Measured isotope shift δν27;26m between 27Al and
26mAl obtained at the IGISOL facility and at COLLAPS-
ISOLDE. The weighted average of the two measurements and
the resulting difference in mean square charge radius δhr2ci27;26m
is listed.

δν27;26m (MHz) δhr2ci27;26m (fm2)

COLLAPS 376.5{1.7}[3.7]a

IGISOL 379.7{5.5}[2.2]a

Weighted average 377.5(3.4)b 0.429ð45Þh76ib

aStatistical and systematic uncertainties given in curly and
square brackets, respectively.

bCombined statistical and systematic uncertainties in
parentheses. Uncertainty from atomic physics calculations of
mass and field shift from [32] in angle brackets.

PHYSICAL REVIEW LETTERS 131, 222502 (2023)

222502-4

the ISB corrections δC when a nuclear shell-model
approach with Woods-Saxon radial wave functions is
employed [27,28]. Currently, these δC calculations are
the only ones considered to be sufficiently reliable to
evaluate F t values and thus Vud [10]. In the shell-model
approach, the ISB corrections are separated into two
components, δC ¼ δC1 þ δC2. The former is associated
with the configuration mixing within the restricted shell
model space while the latter, known as the radial overlap
correction, is derived from a phenomenological Woods-
Saxon potential and it depends on the nuclear charge
radius Rc.
Since Rcð26mAlÞ was previously unknown, the calcula-

tion of δC2 used Rc ¼ 3.040ð20Þ fm [27], an extrapolation
based on other, known nuclear charge radii. Our exper-
imental result, Rcð26mAlÞ ¼ 3.130ð15Þ fm, deviates from
this extrapolation by 4.5 standard deviations. This signifi-
cantly impacts the radial overlap correction which is
updated to δC2 ¼ 0.310ð14Þ% [55] compared to the pre-
vious 0.280(15) % [10]. The impacts of this sizable change
in δC2 are summarized in Fig. 2(a) and in Table II.
Despite 26mAl being the most accurately studied super-

allowed β emitter, the corrected F t value is shifted by
almost 1 full standard deviation to 3071.4(1.0) s. Its high
precision is maintained but, in terms of Rc in the calculation
of δC, the value now stands on a solid experimental basis.
The updated F t value of 26mAl also affects the F t value,
i.e., the weighted average over all 15 precisely studied
superallowed β emitters, which is shifted by one-half of its
statistical uncertainty, see inset in Fig. 2(a). To our knowl-
edge, this represents the largest shift in the F t value since
2009, see Fig. 2(b). This is a remarkable influence of a
single experimental result on a quantity which is based on
more than 200 individual measurements and which is
dominated in its uncertainty by theoretical corrections.
Accounting for 0.57 s, this statistical uncertainty con-

tains all experimental as well as those theoretical errors
which scatter “randomly” from one superallowed transition
to another. Previously, a single systematic theoretical
uncertainty of 0.36 s due to δ0R had to be added affecting
all superallowed β emitters alike [56]. In these circum-
stances, the shift in the F t value caused by the new charge

radius of 26mAl would have corresponded to ≈40% of its
total uncertainty. In the latest survey of superallowed β
decays [10], however, a systematic theoretical uncertainty
of 1.73 s in δNS was newly introduced, reflecting uncer-
tainties due to previously unaccounted contributions to the
nuclear-structure dependent radiative corrections. This
represents an almost threefold increase of the theoretical
error associated with δNS which now dominates the
uncertainty in the F t value. Considering our new charge
radius of 26mAl, one thus obtains an F t value of
3071.96(1.85) s.
The present work further implies a ΔCKM in the unitarity

test of the first row of the CKM matrix which is brought by
≈1=10σ closer towards unitarity. Although the magnitude
of this change is too small to resolve the tension to CKM
unitarity, it illustrates the importance of a comprehensive
examination of all relevant ingredients to Vud, especially
theoretical corrections which involve nuclear-structure
dependencies such as radiative and ISB corrections. In
terms of δC2, there remain seven superallowed β emitters in
which the nuclear charge radius is experimentally unde-
termined [62,63]. Among those, 10C and 14O are of specific
interest given their sensitivity to the Fierz interference term
which relates to scalar contributions in β decays. Moreover,
it has recently been proposed to constrain models of ISB
corrections by new, more precise measurements of charge
radii in triplets of the isobaric analog states, e.g.,
38Ca-38mK-38Ar [20].

TABLE II. Summary of the rms charge radius Rc, the radial
overlap correction δC2 and the F t value of 26mAl, the weighted
average of the 15 superallowed β emitters F t and the result of the
CKM unitarity test.

Quantity Previous value This Letter

Rc 3.040(20) fm [27] 3.130(15) fm
δC2 0.280(15)% [10] 0.310(14)%
F tð26mAlÞ 3072.4(1.1) s [10] 3071.4(1.0) s
F t 3072.24(1.85) s [10] 3071.96(1.85) s
ΔCKM 152ð70Þ × 10−5 [7] 144ð70Þ × 10−5

(a) (b)

FIG. 2. (a) F t values of the 15 superallowed β emitters used to
determine Vud. The values in black, taken from [10], include
experimental as well as “statistical” theoretical errors. The
previously determined F t value for 26mAl [10] (blue) is compared
to the one (orange) when considering the experimental nuclear
charge radius of the present work. The weighted averages for the
15 superallowed β emitters are shown as horizontal bars in the
inset (without considering additional, systematic theoretical
uncertainties). (b) Evolution of the F t value with statistical
uncertainties in previous reviews [10,56–61] (black) compared to
this Letter (orange). The vertical line to guide the eye corresponds
to the value from 2020 [10].

PHYSICAL REVIEW LETTERS 131, 222502 (2023)

222502-5

Previously guessed Rc(26mAl) = 3.040(20) fm

Plattner et al, arXiv: 2310.15291

was not applied to the present 27Al part of the COLLAPS
analysis as the analyzed spectra were a subset of the
measurements examined in Ref. [32].
For 26;26mAl, a model of the I ¼ 5 ground state and one of

the I ¼ 0 isomeric state were superimposed. Within each
experimental campaign, all 26;26mAl resonance spectra were
fitted simultaneously with the same, shared hyperfine
parameters as long as a parameter was not otherwise
constrained, see above. Similarly, the isomer shift between
ground and isomeric state in 26Al was implemented as a
shared fit parameter across a campaign’s entire dataset. The
isomer centroid ν26m0 itself was freely varied for each
individual spectrum. For the determination of ν26m0 , the
Doppler-tuning voltage was converted into frequency based
on the isomer’s ionic mass. It was verified in fits of
simulated spectra that this approach led to accurate results
despite the peak overlap with the resonance spectrum of the
ground state.
Voigt profiles were chosen for the line shapes of

individual resonance peaks with no intensity constraints
in the ground state. The Lorentzian and Gaussian widths
were shared between ground state and isomer peaks within
each individual spectrum but not shared overall. Because of
inelastic collisions in the charge-exchange cell [38,43,44],
four equidistant side peaks were considered in the analysis
of the COLLAPS data [32]. The energy offset of these
sidepeaks was determined empirically and the relative
intensities were constrained by Poisson’s law. Because
of lower statistics, the IGISOL data were found to be
insensitive to the inclusion of these sidepeaks, thus, they
were not considered in the analysis.
Each spectrum of 26;26mAl was measured in sequence

with an independent 27Al reference measurement. The
isotope shift δν27;26m ¼ ν26m0 − ν270 of each measurement
pair was calculated from the frequency centroid ν26m0 of
26mAl with respect to the frequency centroid ν270 of the
closest 27Al reference measurement. The results of all
individual δν27;26m determinations are shown in Fig. 1(f).
Weighted averages in δν27;26m are calculated separately for
the COLLAPS and IGISOL datasets, see Table I.
Systematic uncertainties in CLS for measurements of

isotope shifts are well understood [45–48] and are domi-
nated by the imperfect knowledge of the beam energy. The
acceleration voltage from the cooler-buncher at IGISOL
was calibrated by matching measured isotope shifts in
the D1 and D2 lines for singly charged ions of stable
magnesium isotopes to their precisely known literature
values in Ref. [49]. The remaining uncertainty in beam
energy was 1.8 eV. An additional 1 × 10−4 relative uncer-
tainty was assigned to the scanning voltage in the Doppler
tuning. For the COLLAPS data, a 1.5 × 10−4 relative
uncertainty of the incoming ion beam energy was assigned
following the specifications of the employed voltage
divider (Ohmlabs KV-30A). This was combined with the

uncertainties of the calibrated JRL KV10 voltage divider
used to measure the scanning voltage and of the employed
voltmeters (Agilent 34661A).
Since the systematic uncertainties at COLLAPS and

IGISOL were fully independent, statistical and systematic
uncertainties of each measurement campaign were first
added in quadrature before the weighted average of both
measurement results was calculated, see Table I. Our final
value for the isotope shift between 26mAl and 27Al
is δν27;26m ¼ 377.5ð3.4Þ MHz.
With knowledge of the isotope shift δν27;26m the differ-

ence in mean square nuclear charge radii δhr2i between the
two isotopes could be calculated according to [50]

δν27;26m ¼ Fδhr2i27;26m þM
m26m −m27

m27ðm26m þmeÞ
;

where me is the electron mass [51] and mA are the nuclear
masses obtained when 13 electrons are subtracted from
the atomic masses [52] and an excitation energy of
228.305 keV [53] is added for 26mAl. Precision atomic-
physics calculations were performed in a multiconfigura-
tion Dirac-Hartree-Fock framework to evaluate the field
and mass shift factors F and M of the investigated atomic
transition [32,54]. Combining the adopted values of
F ¼ 76.2ð2.2Þ MHz=fm2 and M ¼ −243ð4Þ GHz u with
the isotope shift δν27;26m of the present work yields
δhr2i27;26m ¼ 0.429ð88Þ fm2, see Table I. Finally, the root
mean square (rms) nuclear charge radius of 26mAl can be
derived:

Rcð26mAlÞ≡ hr2i1=226m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rcð27AlÞ2 þ δhr2i27;26m

q
:

Using the previously evaluated rms charge radius of 27Al,
Rcð27AlÞ ¼ 3.061ð6Þ fm [32], a value of Rcð26mAlÞ ¼
3.130ð15Þ fm is obtained, see Table II.
Discussion.—Nuclear charge radii of superallowed β

emitters are essential input parameters for the calculation of

TABLE I. Measured isotope shift δν27;26m between 27Al and
26mAl obtained at the IGISOL facility and at COLLAPS-
ISOLDE. The weighted average of the two measurements and
the resulting difference in mean square charge radius δhr2ci27;26m
is listed.

δν27;26m (MHz) δhr2ci27;26m (fm2)

COLLAPS 376.5{1.7}[3.7]a

IGISOL 379.7{5.5}[2.2]a

Weighted average 377.5(3.4)b 0.429ð45Þh76ib

aStatistical and systematic uncertainties given in curly and
square brackets, respectively.

bCombined statistical and systematic uncertainties in
parentheses. Uncertainty from atomic physics calculations of
mass and field shift from [32] in angle brackets.
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IS	in	Al	27-26m	3s23p	2P3/2	—>	3s24s	2S1/2	transi.on

Recent	measurement	at	ISOLDE

Al-26m—>	Mg-26	is	the	most	precisely	measured	transi.on	—>	impacts	the	Vud	determina.on!

Measured isotope shift

δν (26mAl, 27Al)ΔE2P−1S (μ27Al)

δR2 (26mAl, 27Al)

Muonic X-rays

R (27Al) R (26Mg)

ΔE2P−1S (μ26Mg)
Theory 
Many-Body QED

Theory  
QED  
Nuclear Polarization

R (26mAl)

ℱt = f t (1 + δ′ R) (1 − δC + δNS)

Theory 
Isospin symmetry

Theory 
Isospin breaking

 26mAl → 26Mg
QEC, T1/2 , Branching Ratio

Beta decay

|Vud |2 = 2984.431(3) s
ℱt(1 + ΔV

R)

Theory 
QED

Theory 
Nuclear Structure

Theory 
SM RC

Many	theory	ingredients	to	translate		
atomic	measurements	into	Vud

MG et al, arXiv: 2502.17070We	re-examined	~ALL	ingredients

Careful	reevalua.on	of	f-value	(QED)	
isotope	shil	factors	F,	M	(Many-body	QED)	
charge	radii	of	Al-27,	Mg-26	(Nuclear	theory)

×t[26mAl − 26Mg] = 3072.4(1.1)stat s − 3070.0(1.2)stat s
Major	impact	on	Ft	value	uncovered

Wilfried’s talk

see slides M. Gorshteyn

ℱt = ft(1 + δ′￼R)(1 + δNS−δC)

74Rb: Mane et al., Phys. Rev. Lett. 107, 212502 (2011) 
26mAl: Plattner et al., Phys. Rev. Lett. 131, 222502 (2023)

Implications for Vud



TPE Effect in μH Lamb Shift

Table 1 Forward 2�-exchange contributions to the 2S-shift in µH, in units of µeV.

Reference E
(subt)
2S E

(inel)
2S E

(pol)
2S E

(el)
2S E

�2��
2S

data-driven

(73) Pachucki ’99 1.9 −13.9 −12(2) −23.2(1.0) −35.2(2.2)
(74) Martynenko ’06 2.3 −16.1 −13.8(2.9)
(75) Carlson et al. ’11 5.3(1.9) −12.7(5) −7.4(2.0)
(76) Birse and McGovern ’12 4.2(1.0) −12.7(5) −8.5(1.1) −24.7(1.6) −33(2)
(77) Gorchtein et al.’13 a −2.3(4.6) −13.0(6) −15.3(4.6) −24.5(1.2) −39.8(4.8)
(78) Hill and Paz ’16 −30(13)
(79) Tomalak’18 2.3(1.3) −10.3(1.4) −18.6(1.6) −29.0(2.1)
leading-order B�PT

(80) Alarcòn et al. ’14 −9.6+1.4−2.9
(81) Lensky et al. ’17 b 3.5+0.5−1.9 −12.1(1.8) −8.6+1.3−5.2
Lattice QCD

(82) Fu et al. ’22 −37.4(4.9)
a
Adjusted values due to a di↵erent decomposition into the elastic and polarizability contributions.

b
Partially includes the �(1232)-isobar contribution.

the spin-independent amplitudes we have:

T1(⌫,Q2) = T1(0,Q2) + 32⇡Z2
↵M⌫

2

Q4 � 1

0

dxx

1 − x2(⌫�⌫el)2 − i0+ F1(x,Q2), 31a.

T2(⌫,Q2) = 16⇡Z2
↵M

Q2 � 1

0

dx

1 − x2(⌫�⌫el)2 − i0+ F2(x,Q2), 31b.

where ⌫el = Q2�2M .

Unfortunately, the dispersion relation for T1 requires a subtraction, which means not

everything is expressed in terms of the structure functions, here F1 and F2. The amplitude

T1(0,Q2), i.e., the subtraction function1 is an additional unknown in this equation. It is

not well-constrained by experimental data, and hence, in a purely data-driven approach its

modeling leaves some room for imagination. At the beginning of the proton-radius puzzle, a

large subtraction-function contribution was even proposed to resolve the discrepancy (84),

yielding the missing 310 µeV in the µH Lamb shift. In all the other existing models, however,

this contribution appears to be much smaller, by two orders of magnitude, cf. E(subt) in

Table 1. The modest 2�-exchange contribution was corroborated by �PT calculations,

where this problem of model-dependence does not arise. These results are also displayed in

Table 1. Listed in there are the following 2�-exchange e↵ects in the µH Lamb shift:

• E
(subt) the subtraction function,

• E
(inel) the inelastic structure functions,

1The conventional subtraction is done at ⌫ = 0, but, a subtraction at ⌫ = iQ can be used to
diminish the inelastic structure-function contribution and simplify the calculations (83).
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CROSS CHECK BETWEEN                
3 COMPLEMENTARY APPROACHES

Data-driven 
dispersive approach

Baryon Chiral 
Perturbation Theory

Lattice QCD

*our preliminary results based on their LQCD prediction for              Δ𝔈subtr.
nS = − 7.22(81)(57) μeV

Fu et al. ’24*                                                 −11.7*                   −32.2*                                                      
(talk by X. Feng)
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• Complementary experimental approaches:


• Muonic atoms allow for PRECISE extractions 
of nuclear charge and Zemach radii


• CODATA since 2018 included the μH result 
for 


• Still open issues: H(2S-8D) and H(1S-3S)


• Precise and accurate!

rp

Vladimir Pascalutsa — Mainz Laborotory Highlights — KPHTH —  Aug 12,  2019               

Various extractions
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Complementary Measurements, Determination of 
Fundamental Constants, Theory Tests & BSM Searches

Physics at the Precision Frontier
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Figure 9

Simplified scheme showing the impact of rp(µH) on improving fundamental constants and bound-state QED tests.

5.2. µ4He+ and He+: testing higher-order QED and nuclear models

An interesting test of bound-state QED can be obtained when the ongoing e↵orts to measure

the 1S-2S transition in the hydrogen-like He+ ion in LaserLaB, Amsterdam (35) and MPQ,

Garching (36) will be accomplished. To understand the interplay between measurements in

He+, µ4He+, H and µH we express the He+(1S-2S) with explicit Z-dependence

f2S−1S(He+) ≈ 3Z2
cR∞
4

1

1 + me
M↵

+QED
He+ �Z3.7

, Z
5...7� − 7(Z↵)c4

24⇡ a3

B

�h3
r
2

↵ 60a.

(1kHz) (9kHz) (40kHz) (61kHz) 60b.

with M↵ being the alpha-particle mass. The Bohr structure scales only with Z
2, the

finite size with Z
4, the one-loop QED contributions scale approximately as Z3.7, while the

challenging higher-order contributions scaling as Z5..7 (C50 scales as Z5, B60 scales as Z6)

are strongly enhanced in He+. Eq. 60b illustrates the uncertainties: 1 kHz uncertainty is

expected from the LaserLaB experiment in the first phase (35), while an analysis of typical

systematic e↵ects of the MPQ experiment promises uncertainties far below that level, on

the order Hz level (36). The 9 kHz is from the uncertainty of R∞(µH + H) (Eq. 59), the
40 kHz represents the present uncertainty of the QED theory (119, 117), and the 60 kHz is

the uncertainty resulting from the alpha particle charge radius r↵ = 1.67824(13)exp(82)th fm

from µ
4He+(10) spectroscopy limited by the uncertainty of the 2�-exchange contribution in

µ
4He+ (120, 121).

By considering these uncertainties, it is clear that the 1S-2S transition in He+ can be

tested after completion of the measurement in He+ down to an accuracy of 60 kHz limited
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μ4He+

μD

μH

  A. Antognini, FH, V. Pascalutsa, Ann. Rev. Nucl. Part. 72 (2022) 389

Example :Z = 1,2



• Measurements of the μH ground-
state HFS planned


• FAMU results in summer?       
[EPJA (2025) 61:284]


• CREMA aims at  accuracy


• Very precise input for the 2-photon-
exchange effect needed to narrow 
down frequency search range for 
experiment


• Predictions for HFS in μH are driven 
by 1S HFS in H

10−7

1S Hyperfine Splitting in μH

29

A. Antognini, FH, V. Pascalutsa, 
Ann. Rev. Nucl. Part. 72 (2022)

Muonic Atoms at PSI2022                        14-15.10.2022Aldo Antognini 

How long to search for the resonance?

24

Figure 8

Experimental values and theoretical predictions for the 1S and 2S hfs in H and µH.

The main source of uncertainty here is the 2� recoil contribution �recoil(H). Adding the

2� recoil contribution �recoil(µH) to Eq. 46, we obtain a prediction for the full 2�-exchange

and hVP contributions to the hfs in µH:

E
2�+hVP

1S-hfs
(µH) = −1.159(2)meV, E

2�+hVP

2S-hfs
(µH) = −0.1448(2)meV. 47.

With this, we arrive at a complete prediction of the hfs in µH:

E1S-hfs(µH) = 182.634(8)meV, E2S-hfs(µH) = 22.8130(9)meV, 48.

where we have also included an uncertainty due to possible scaling violation of �pol at the

level of 2% (assuming a very generous size for this contribution, �pol(µH) = 400ppm). Our

result is shown in Fig. 8, together with the existing µH 2S hfs measurement. The theory

predictions based on the empirical hfs in H, Eq. 48, are up to a factor 5 better than results

that do not use the H hfs.

Note that all theory predictions shown in Fig. 8 are in agreement, even though the

data-driven dispersive evaluations and the B�PT prediction disagree in the polarizability

contribution (cf. Fig. 6, Table 4). This is because most works use the experimental H

hfs to refine their prediction for the total 2�-exchange e↵ect. Hence the discrepancy in

polarizability is compensated by slightly di↵erent Zemach radii.

In future, reversing the above procedure to obtain a prediction of the hadronic con-

tributions to the 1S hfs in H from a measurement of the 1S hfs in µH, might allow for a

benchmark test of the H hfs theory. This, however, would also require further improvements

for the recoil corrections from 2� exchange, as well as for the uncertainty from missing con-

tributions in the µH theory. Note that a better benchmark test (� ∼ 2×10−9) of bound-state
QED for a hyperfine transitions can be achieved for the muonium hfs, which the MuSEUM

experiment (114) aims to measure with � ∼ 2×10−9 relative accuracy. To test the muonium

hfs on this level, the MuMass experiment (115, 116) has to determine the mµ�me ratio to

better than � ∼ 1 × 10−9 from the 1S-2S transition in muonium.

5. Bound-state QED tests of simple atomic and molecular systems

The simplicity of two- and three-body atomic-molecular systems combined with the preci-

sion of laser spectroscopy permit unique confrontations between theory and experiments.

The predictive power of bound-state QED, however, depends on the knowledge of funda-

mental constants such as the masses of the involved particles, ↵, R∞, and nuclear properties

such as the nuclear charge radii or magnetic moments.
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(AA, Hagelstein & Pascalutsa) ΔE1S−HFS = 182.634(8) meV

⇨
Measure 1.4 h at fixed wavelength to 
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1 h to change the laser frequency in 
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Figure 10: (a) Simulation of the resonance search in which a time 1.4t4� is spent
at each frequency point. ⌫ denotes the laser frequency, ⌫0 the resonance frequency.
(b) Ranking of the frequency points in correspondence of the resonance. For 97.43%
of the cases the simulated pseudo-data have a maximum in correspondence of the
resonance. For 1.84% of the cases the second largest point is in correspondence of
the resonance and so on.

the maximum of the simulated pseudo-data has been found in correspondence of the resonance
(see Fig. 10 (b)). As can be seen from the same figure, the probability that the second highest
point is at the position of the resonance is of about 1.84% and the probability that the third
highest point is at the position of the resonance is 0.39%. Summing up these probabilities
we obtain 99.66% which basically corresponds to the probabability of identifying the position
of the resonance by adding some statistics to three frequency points at maximum. On top
of this we have also investigated what is the probability that in the correspondence of the
resonance there are two adjacent frequency points whose sum deviates more than 4� from
background. Considering also this search criteria we obtain that with 99.93% we are able to
correctly identify the resonance position. Hence, we confirm that the above described simple
procedure to search for the resonance with 100 MHz steps and by accumulating statistics at
each frequency point for a time of 1.4t4� is adequate.

The maximal time needed to search for the resonance (using the simple procedure de-
scribed above) can be estimated to be 400⇥(1.4t4�+ t��change)

1
"uptime

= 820300 miniutes corre-
sponding to 8.2 weeks. For this estimate we have used conservative values for the experimental
performance: an uptime (including accelerator) of "uptime = 70%, a time t��change = 1 h to
change the laser frequency, a laser pulse energy of 1 mJ, a laser bandwidth of 100 MHz, a
cavity reflectivity of 99.2%, a muon rate of 500 1/s, "Au = 0.7, "Au-false = 0.09, a target thick-
ness of 1.2 mm, and scan range of 40 GHz. Moreover we assumed that all µp atoms have
100 eV initial kinetic energy. Most probably the resonance can be found much faster if a sig-
nificant deviation from background is found earlier and by adapting our search strategy (i.e.
accumulating more statistics on points with significant deviations from background).

We have also simulated 105 pseudo-measurements of the HFS resonance after its discovery,
assuming that two weeks of beamtime can be used to measure the resonance (this time does
not include the time needed to change the laser wavelength and the time when the setup or
the accelerator are not operative). A simulation of a resonance measurement for conservative
assumptions is shown in Fig. 11a. Figure 11b shows a similar simulation for slightly less
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• BChPT polarizability prediction 
implies smaller Zemach radius 
(smaller, just like the charge radius)
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FIG. 3. The polarizability contribution to the hyperfine splitting for electronic (left) and muonic (right) hydrogen. The analysis
of this work is shown in a red circle, and is compared to previous data-driven dispersion relation calculations [4–6] shown in
orange squares, and the baryon chiral perturbation theory calculation [23] shown in blue triangles. Values compiled from and
in the style of [7].

of 0.02 GeV2 to 0.12 GeV2. A sixth kinematic setting was
measured exclusively for the purpose of radiatively cor-
recting the higher energy settings. The results include
four settings with a transverse polarized target field, giv-
ing rise to a perpendicular polarized cross section di↵er-
ence and a g2 result, and one setting with a longitudinally
polarized target field, which provides a parallel polarized
cross section di↵erence and a g1 result. The results from
the g2p experiment are the first data in a range relevant
to the HFS, and so are used to form the �2 results in
this article.

Results for the �1 integrand are shown in the top of
Fig. 2. The unmeasured part of the integral, largely
at low Bjorken-x, is estimated using the CLAS Hall B
model [20]. This is the best available model, contain-
ing significantly more modern g1 data than the Simula
parametrization [25] used in previous analyses [4]. A new
phenomenological fit, shown in red, is generated to ex-
trapolate to the low Q2 region. Full details of the fit-

H µH
Value Uncertainty Value Uncertainty

�1 6.78
±1.02 (data)

±0.26 (extrap.)
5.69

±0.84 (data)
±0.22 (extrap.)

�2 �1.98
±0.16 (data)

±0.38 (extrap.)
�1.40

±0.11 (data)
±0.31 (extrap.)

�pol 1.09 ppm ±0.32 ppm 200.60 ppm ±52.82 ppm

TABLE I. Results for �1 and �2, as well as the total polar-
izability contribution to the hyperfine splitting in parts per
million (ppm) of the Fermi energy EF . Data are used for inte-
gration whenever possible. The uncertainty of each quantity
is divided into the contribution from the data, and the con-
tribution from our extrapolations into unmeasured regions.

ting procedure are available in the supplemental meth-
ods section. Franzi: Should this be A1? Details on the
fitting procedure can be found in the Methods section
A.Numerical results for these contributions are obtained
by integrating over the data where they exist, primar-
ily the EG4 data shown [17], as well as data from the
EG1b experiment in the Q2 = 1.0-5.0 GeV region [20].
The contribution from the low-Q2 regime is calculated
by integrating the displayed extrapolation fit, while the
high-Q2 contribution above Q2 = 5.0 GeV is calculated
using the Hall B Model [20].

Results for the �2 integrand in Eq. (9) are shown in the
bottom of Fig. 2. The unmeasured part of the integral
is again estimated using the Hall B model [20]. The re-
sults of g2p shown are the first ever direct experimental
extractions of this quantity. Since the �2 formula is al-
ready quickly convergent to zero at low Q2, but requires
extrapolation at both high and low Q2, we choose a func-
tional form which can be used to extrapolate both above
and below the data. Due to the comparative lack of g2
data, the extrapolation has a somewhat larger error than
for the �1 results.

This historical lack of g2 data makes it di�cult to con-
clude if the Hall B model [20] is a good estimation of
the low-x region or not. To account for this, we compare
the result using the older Simula parametrization [25],
which contains a significantly di↵erent prediction for the
low-x behaviour of g2, and include the di↵erence in our
extrapolation error by comparing the upper and lower
error bands of our extrapolating fit to the data in each
case. Despite the very di↵erent models, this error con-
tribution is relatively small, because the low-x region is
suppressed for �2.

• Discrepancy between data-driven and 
BChPT predictions of the polarizability effect 
in the (muonic-)hydrogen hyperfine splitting

CAREFUL ASSESSMENT OF THEORETICAL 
UNCERTAINTIES AND MODEL DEPENDENCE

THEORY COMPLEMENTS UNMEASURED 
DATA REGIONS
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