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Sub-part-per-trillion test of the Standard Model
 in atomic hydrogen



Hydrogen (-like atoms)

“There's a reason physicists are so successful with what they do,
 and that is they study the hydrogen atom and the helium ion

 and then they stop.”
 - Richard Feynman



Proton Radius and Hydrogen

V = -1 / r

Energy levels
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Proton Radius and Hydrogen

Modified potential 
shifts energy levels of   
    S states

Proton charge distribution

V = -1 / r



Muonic Atoms

A bare nucleus, orbited by one negative muon.

Hydrogen theory!



Muonic atoms in a nutshell

Regular hydrogen:

Bohr radius ~ 50’000 x nuclear radius

Bohr ra
dius

Muonic hydrogen:

Muon mass = 200 * electron mass

Bohr radius = 1/200 of H

2003 = a  ten million times more
            sensitive to nuclear size & structure

==> Our (laser) spectroscopy at 10-5 level

        can compete with 10-12  from normal atoms

Vastly not to scale!!



Lamb shift in Muonic Hydrogen

2S-2P Lamb shift

2S state is sensitive to the proton size.

ΔE [meV]  = 209.998 – 5.226 R
p

2 [fm]

2% effect!



Resonance



The “Proton Radius Puzzle“
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Theory in muonic H       (D, 3,4He+ similar)

ΔE
Lamb

 = 206.0344 (3) meV
QED

 + 0.0289 (25) meV
TPE

 – 5.2259 (1) meV/fm2 * R
p

2 

Uehling

Källen-Sabry

Muon SE+VP

Proton form 
factor

elastic and inelastic two-photon 
exchange
(Friar moment and  polarizability)

and 20+ more….



∞

1S - 2S

2S - nl

measure between different n
2 unknowns → measure 2 transitions:
1S-2S + any other

→ correlated Rydberg/radius pairs

En=−
R∞

n2 + 1.2MHz

n3
⟨r2 ⟩ δ l0+Δ (n , l , j )

proton radius

Rydberg constant
QED etc.

Proton radius from ordinary hydrogen
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(Normal) Hydrogen 2S-nP in Garching

Beyer, Maisenbacher, RP et al, Science 358, 79 (2017)

 cryogenic H beam (6 K)
 optical 1S-2S excitation (2S, F=0)
 2S-nP transition is 1-photon
 →   retroreflector (“AFR”)
 split line to 10-4

 0.5 kHz vs. 9 kHz PRP



 Hydrogen 2S-nP in Garching

1st order Doppler cancellation (2S-4P)

90°
88°

Beyer, Maisenbacher, RP et al, Science 358, 79 (2017)



V. Wirthl, MPQ Sub-part-per-trillion test of the Standard Model with atomic 
hydrogen

Doppler shift suppression: Active Fiber-based Retrorefector

Improved active fiber-based retroreflector for near UV provides high-quality wavefront-retracing laser beams:

Rotatable cylinder

Atomic beam and 1S-2S 
preparation laser beam

V. Wirthl et al., Opt. Express 29(5), 7024 (2021)
Detector for backcoupled light
for active stabilization

410 nm 
spectroscopy 
laser beam

Single-mode
PM fiber

Four-lens collimator

HR mirror
PMT for Intensity 
Stabilization

Polarimeter for
polarization monitor



V. Wirthl, MPQ Sub-part-per-trillion test of the Standard Model with atomic 
hydrogen

Time-resolved detection: velocity-dependent signal

Atomic beam and 1S-2S 
preparation laser beam

HR mirror
PMT for Intensity 
Stabilization trigge

r
chopper periodically
stops 1S-2S excitation

Time-resolved detection allows to access different velocity groups of atoms to study velocity-dependent effects

  ➔ signal is recorded as a function of 
delay time after 243nm light is blocked
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V. Wirthl, MPQ Sub-part-per-trillion test of the Standard Model with atomic 
hydrogen

Time-resolved detection: velocity-dependent signal

Time-resolved detection tests velocity-dependent effects and extracts the zero-velocity frequency

Example of a single 2S-6P spectroscopy line scan



V. Wirthl, MPQ Sub-part-per-trillion test of the Standard Model with atomic 
hydrogen

Corrections and uncertainties for hydrogen 2S-6P measurement

Largest individual uncertainty: Statistical uncertainty of 
Doppler-free (extrapolated) transition frequency

L. Maisenbacher, V. Wirthl, RP et al, Nature 650 (2026)

Correction Uncertainty

Largest systematic correction: Light force shift



V. Wirthl, MPQ Sub-part-per-trillion test of the Standard Model with atomic 
hydrogen

Corrections and uncertainties for hydrogen 2S-6P measurement

Largest individual uncertainty: Statistical uncertainty of 
Doppler-free (extrapolated) transition frequency

L. Maisenbacher, V. Wirthl, RP et al, Nature 650 (2026)

Correction Uncertainty

Largest systematic correction: Light force shift

Light Force Shift
measured by
rotating atomic beam

Experiment Simulation



V. Wirthl, MPQ Sub-part-per-trillion test of the Standard Model with atomic 
hydrogen

Corrections and uncertainties for hydrogen 2S-6P measurement

Largest individual uncertainty: Statistical uncertainty of 
Doppler-free (extrapolated) transition frequency

L. Maisenbacher, V. Wirthl, RP et al, Nature 650 (2026)

Correction Uncertainty

Largest systematic correction: Light force shift

All corrections other than LFS individually 
contribute less than 100 Hz to uncertainty



V. Wirthl, MPQ Sub-part-per-trillion test of the Standard Model with atomic 
hydrogen

Corrections and uncertainties for hydrogen 2S-6P measurement

Largest individual uncertainty: Statistical uncertainty of 
Doppler-free (extrapolated) transition frequency

L. Maisenbacher, V. Wirthl, RP et al, Nature 650 (2026)

Correction Uncertainty

Largest systematic correction: Light force shift

All corrections other than LFS individually 
contribute less than 100 Hz to uncertainty

Recoil shift and hyperfine (HFS) corrections are large,
but known extremely well

Total correction (excl. recoil and HFS) only 3.5 σ



V. Wirthl, MPQ Precision spectroscopy of 2S-6P transitions in hydrogen 
and deuterium

QED Test

En=−
R∞

n2 + 1.2MHz

n3
⟨r2 ⟩ δ l0+Δ (n , l , j )



V. Wirthl, MPQ Precision spectroscopy of 2S-6P transitions in hydrogen 
and deuterium

QED Test

ν (1S−2S )≈ 3
4

R∞−
7
8

ENS

En=−
R∞

n2 + 1.2MHz

n3
⟨r2 ⟩ δ l0+Δ (n , l , j )
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V. Wirthl, MPQ Precision spectroscopy of 2S-6P transitions in hydrogen 
and deuterium

QED Test

En=−
R∞

n2 + 1.2MHz

n3
⟨r2 ⟩ δ l0+Δ (n , l , j )

Theory test to
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The proton radius situation now

CODATA
But what about the 
old H data?

H (2S-6P)
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Solving the “Proton Radius Puzzle”
But what about the 
old H data?

undercompensated

overcompensated



Solving the “Proton Radius Puzzle”
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Solving the “Proton Radius Puzzle”

CODATA

H (2S - 6P)
H (2S – 8/9/10S)

But what about the 
old H data?



Muonic Deuterium



Muonic Deuterium

μD: 2.12758   (13)
exp

 (78)
theo

 fm    

muonic electronic



Muonic Deuterium

μD: 2.12758   (13)
exp

 (78)
theo

 fm    

μH + H/D(1S-2S): 2.12785   (17) fm

muonic electronic

  r
d

2 – r
p

2 = 3.8207(3)theo fm2



H/D isotope shift
electronic H/D  (1S-2S):   r

d
2 – r

p
2 = 3.8207(3)theo fm2

muonic H/D  (2S-2P):    r
d

2 – r
p

2 = 3.8200(7)exp(30)theo fm2

→ Best bound on 5th force

T. Sailer et. al. (Blaum group), Nature  606  (2022)



Krauth et al. (CREMA), Nature (2021)

Muonic Helium

Schuhmann et al. (CREMA),  
Science 388, 854 (2025) ; arXiv 2305.11679  
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3.6σ !

CREMA Coll., Science 388, 852 (2025)

normal He atoms:
van der Werf et al.: Science (2025 / arXiv 2306.02333 )
Huang: PRA 101, 062507 (2020) 
Rengelink: Nature Physics 14, 1132 (2018)
Zheng: PRL 119, 263002 (2017)
van Rooij:  Science 333, 196 (2011)
Cancio Pastor:  PRL 108, 143001 (2012)
Shiner: PRL 74, 3553 (1995)
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CREMA Coll. Science 2025 (arXiv 2305.11679)



Rp

hydrogen electron scattering

muon scatteringmuonic hydrogen

Lattice

QED

nucl. polarizabilities

Standard Model

Why was the proton radius so 
interesting?

fundamental 
constants



The Rydberg constant

R∞

H He+

D

Rp

Rd

RHe

2-body QED calculations

 → Test QED and SM



R∞

H He+

D

Rp

Rd

RHe

2-body QED calculations Exp:  Amsterdam, Garching,
   Paris, Colorado, Mainz 
...

The Rydberg constant



R∞

H
He+

D

Rp

Rd

RHe

H2
+

D2
+

HD+

He

Li+ RLi

2-body QED calculations
3-body QED calculations

Exp:  Amsterdam, Zurich, 
Düsseldorf, Garching, Paris, 
Darmstadt, Wuhan, ...

The Rydberg constant

Be2+ RBe

B3+ RB

C4+ RC



R∞

He+ RHe

He

Li+ RLi

The Rydberg constant

Be2+ RBe

B3+ RB

C4+ RC

Exp:  Amsterdam, Zurich,  
 Paris, Darmstadt, ...

2-body QED calculations
3-body QED calculations
4-body QED calculations

Li

Be+

H

D

Rp

Rd

H2
+  H2

D2
+  D2

HD+  HD



R∞

He+ RHe

He

Li+ RLi

The Rydberg constant

Be2+ RBe

B3+ RB

C4+ RC

Li

Be+
R∞

Mu Ps

HCI Rydberg 
atoms

Exp:  PSI, GSI, Zurich, Heidelberg, 
Japan, NIST, Ann Arbor, … 

H

D

Rp

Rd

H2
+  H2

D2
+  D2

HD+  HD



QUARTET: X-ray spectroscopy of muonic atoms  



Muonic X-ray spectroscopy

finite size effect

low-Z muonic atoms: 
low X-ray energy → difficult!

muonic Li: 18 keV

En=−
R∞

n2 +
CFS

n3
⟨r2 ⟩ δ l0+Δ (n , l , j )



Metallic Magnetic Calorimeters (MMCs)

(T < 100mK)

Decay time 3ms@30mK
Keep rates < 10 Hz 
per pixel to avoid pileup

Magnetization of paramagnetic material:



High efficiency (>90%) for 
photons 10-60 keV

pixel array, area 16mm2

Metallic Magnetic Calorimeters (MMCs)



MMC have excellent energy resolution
2023 pilot run muLi 



2024: Li, Be, B

Muonic 6,7Li



2024: Li, Be, B

Muonic 6,7Li

[W. Nörtershäuser et al., Physical Review C 84, 024307 (2011)]



2024: Li, Be, B

Muonic 10,11B



muonic 17O, online spectrum 2025 

Beautiful Bohr spectra!

n = 2→1

4→1 

6→1   

5→1    (cal)

n = 3→1  
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QUARTET: X-ray spectroscopy  

2024

20252026!



QUARTET: X-ray spectroscopy  

2024

20252026!
T. Sailer et. al. (Blaum group), Nature  606  (2022)



Conclusions

muonic H, D, 3He, 4He by laser done → improved charge radii

      nuclear polarizability

Proton radius puzzle solved

He isotope shift solved

QED/SM Test to 8x10-13

muonic Li, Be, ….  → better charge radii by QUARTET  X-rays and MMCs

muonic high-Z , also for rare or radioactive nuclei! → muX

Muonic atoms provide reliable charge radii



Thanks a lot
 for your attention

Vitaly
Wirthl

? ?

Lothar
Maisenbacher

Arthur
Matveev

Alexey
Grinin
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