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Muonic Hydrogen and the Proton CHARGE Radius
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Magnetic properties of the proton
Hyperfine splitting

Zemach radius (elastic two-photon contribution)

8 Z α mr



HFS in muonic Deuterium

nucl. TPE scaled from electronic D

(50) meV Krauth et al., Ann. Phys. (N.Y.) 366, 168 (2016)

 Pohl et al. (CREMA Coll.), Science 353, 669 (2016)

5σ disagreement between theory and experiment !!!

probably 2-photon exchange on the deuteron

HFS



1S Hyperfine Splitting in Muonic Hydrogen

Two-photon exchange contributions

    → Franziska Hagelstein
+ PhD

Radiative two-photon, Three-photon corrections

    → Krzysztof Pachucki
+ PhD

EF ( 1 + α/2π + Zα δ(1) + (Zα)2 δ(2) + α(Zα) δ(1)
rad + …

3-photon radiative 2-photon

δ(2) = δ(2,0)  +  mμ/Mp δ(2,1)

 

difficult, K.P. PRA 109, 052822 (2024)
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HyperMu@PSI Experiment: The Laser System

delay time: 1 μs
stochastic trigger
energy: 5 mJ    
repetition rate: 200 1/s
wavelength: 6.8 μm
bandwidth: < 100 MHz

OPO I 

cw seed
1030 nm

OPAs 

1550 nm

3200 nm
DFG 
ZGP

2000 nm

TDL amp.
300 mJ

cw seed
1550 nm

OPO II 
OPAs 21

00
 n

m
TDL amp.
300 mJ

cw seed
2000 nm

2000 nm

6800 nm

1030 nm

1030 nm

1550 nm

lambda-
meter

atomic
reference

atomic
reference

Pump diodes
3 kW, 940 nm

3200 nm

2100 nm

5 mJ

TDL osc.
50 mJ

1030 nm

TDL osc.
50 mJ

1030 nm

Requirements

Same technology will allow improving on the 
Lamb shift measurements
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Laser system works (at low pulse energy)

       → Modification for a future  5x better
            Lamb shift = charge radius measurement

RP + Aldo Antognini     +  1 PhD
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Summary
HyperMu experiment at PSI aims at a measurement of the HFS in muonic hydrogen.

→ Zemach radius,  GE + GM 

1 PhD student (theo) for nuclear two-photon exchange (Franziska Hagelstein)

1 PhD student (theo) for higher-order mixed QED + nuclear corr. (Krzysztof Pachucki)

1 PhD student (exp) for data taking + laser development for a future better charge radius

(DFG: 61,200 EUR p.a.)

200 kEUR for laser development: laser crystals (Yb:YAG), nonlinear crystals (PPLN, ZGP)

280 kEUR for travel (data taking, laser development at PSI)  → TNA for PSI?

15 kEUR for one workshop on “nuclear precision physics for hyperfine splitting”

dream: total 1536 kEUR (incl. 25% indirect costs)
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Backup





Theory: Lamb shift in muonic D

Nuclear structure two (and three!)-photon contributions to the Lamb shift in muonic deuterium.

ΔE
Lamb

 = 228.7740 (3) meV
QED

 + 1.7503 (200) meV
TPE

 – 6.1074  meV/fm2 * R
d

2 
μD

Pachucki, RP et al, arXiv 2212.13782

see also Krauth, RP et al. (2016) using calculations from
   Pachucki (2011), Friar (2013), Carlson, Gorchtein, Vanderhaeghen
   (2014), Hernandez et al. (2014), Pachucki + Wienczek (2015)

  + Pachucki et al., PRA 97, 062511 (2018): Sizeable three-photon !!

  + Hernandez et al., PLB 778, 377 (2018):    χEFT

  + Kalinowski (2019):        eVP to nucl. struct.

  + Acharya et al., PRC 103, 024001 (2021)
χEFT + Disperson relations

Pachucki, Lensky, Hagelstein, LiMuli, Bacca, Pohl, RMP (2024)



Muonic Deuterium

μD:       2.12758   (13)
exp

 (78)
theo

 fm    

μH + H/D(1S-2S): 2.12785   (17) fm

muonic electronic



Theory in muonic D

ΔE
Lamb

 = 228.7740 (3) meV
QED

 + 1.7503 (200) meV
TPE

 – 6.1074  meV/fm2 * R
d

2 
μD

ΔE
TPE

 (theo)  =  1.7503 +- 0.0200   meV    Bacca group

vs.                                 +- 0.0034   meV    experimental uncertainty

(1) charge radius, using calculated TPE

r
d
 (μD)                =  2.12758   (13)

exp
 (78)

theo
 fm

(2) polarizability, using charge radius from isotope shift 

 ΔE
TPE

 (theo)      =  1.7503 ( 200)  meV  vs.

ΔE
TPE

 (exp)       =  1.7591 (   59)  meV        3x more accurate

Pachucki, Lensky, Hagelstein, LiMuli, Bacca, Pohl, RMP (2024)
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The HyperMu Laser System
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1S Hyperfine Splitting in Muonic Hydrogen

• Zemach radius allows to pin down magnetic properties of the proton
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Muonic Deuterium Lamb Shift



Nuclear Structure In and Out of (Muonic) 
Deuterium



 Coordinated effort to support the experiments (inspired by “Muon g-2  Theory Initiative”)
 Initials objectives:

 Accurate theory predictions for light muonic atoms to test fundamental interactions by  comparing 
to electronic atoms

 Community consensus on SM predictions
 Emphasis on the hyperfine splitting in μH

 Steering committee:  Aldo Antognini (PSI), Carl Carlson (William & Mary),  Franziska Hagelstein 
(Mainz), Paul Indelicato (CNRS), Krzysztof Pachucki (Warschau), Vladimir Pascalutsa (Mainz)

 So far 5 (satellite-)workshops @ PSI, Crete, Mainz, Stony Brook, ETH Zurich
 Next workshop: “New perspectives in the charge radii determination of light nuclei”, ECT* Trento, 

28.07.25 — 01.08.25

https://asti.uni-mainz.de





Precision Tests 
of the SM



Interplay Between Theory and Experiment
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