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Muonic Hydrogen and the Proton CHARGE Radius
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Magnetic properties of the proton
Hyperfine splitting
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HFS in muonic Deuterium - - Y -]

PHYSICAL REVIEW A 98, 062513 (2018)

Nuclear-structure corrections to the hyperfine splitting in muonic deuterium

Marcin Kalinowski® and Krzysztof Pachucki'
. Facultv of Physics, University of Warsaw, Pasteura 5, 02-093 Warsaw, Poland

Vladimir A. Yerokhin
Center for Advanced Studies, Peter the Great St. Petersburg Polvtechnic University, 195251 St. Petersburg, Russia

M (Received 15 October 2018; revised manuscript received 7 November 2018; published 17 December 2018)

Nuclear structure corrections of orders Za Ey and (Za)® Er are calculated for the hyperfin

muonic deuterium. The obtained results disagree with previous calculations and lead to . .
the current experimental value of the 25 hyperfine splitting in muonic deuterium.

50 disagreement between theory and experiment !!!

probably 2-photon exchange on the deuteron




1S Hyperfine Splitting in Muonic Hydrogen

Eyg prs(WH) = [ 182.443 +1350(7) +0.004 —1.30653(17) (%’) + Fp (1.01656(4) Arecoil + 1.00402 Apol) ] meV
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1S Hyperfine Splitting in Muonic Hydrogen

Eys.prs (WH) = [182 443 +1.350(7) $0.004 ~1.30653(17) ( ) + Fy (1 01656(4) A,euy + 1.00402 Apol) ] meV

Eg EDuweadk  hVP S Y
QED+we 2y incl. radiative corr.

Two-photon exchange contributions . § y y
— Franziska Hagelstein qé éq _?Lg;
+ PhD . g 2 .

{ Rz Az Arecoil Apol }

Radiative two-photon, Three-photon corrections |
Er(1+ 027+ Za 6(1) + (Za)2,8(2) + o(Za) S(I)rad +.

— Krzysztof Pachucki x
+ PhD 3-ph0t0n radiative 2-photon

‘,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

0@ =520 + m/M, 3@V K | |
W, i |

: P P

difficult, K.P. PRA 109, 052822 (2024)



HyperMu@PSI| Experiment: The Laser System

Trigger ( atomic ) .
from p reference
g
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atomic (TDL amp
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Pump diodes )
3 kW, 940 nm

(TDL amp.
300 mJ
~ 1030 nm
o 000 nm .
Irggn?er ( 'ambda-). . ( Cw seed Requirements
—— meter 2000 nm delay time: 1 ps
stochastic trigger
energy: S mJ
Same technology will allow improving on the repetition rate: 200 1/s
¢ wavelength: 6.8 um
Lamb shift measurements bandwidth: < 100 MHz

Aldo Antognini BVR56, 10.02.2025



HyperMu@PSI| Experiment: The Laser System

Trigger ( atomic ) .
from p reference
-
' 1550 nm
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atomic (TDL amp
300 mJ

Pump diodes )
3 kW,

5md =

Laser system works (at low pulse energy) 2
— Modification for a future 5x better
R 1030 Lamb shift = charge radius measurement
¢ mm
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Same technology will allow improving on the repetition rate: 200 1/s

¢ wavelength: 6.8 um

Lamb shift measurements bandwidth: < 100 MHz
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MagP

Summary

HyperMu experiment at PSI aims at a measurement of the HFS in muonic hydrogen.
— Zemach radius, Gg + Gu

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 kKEUR for one workshop on “nuclear precision physics for hyperfine splitting”

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

Nantes 2.7.2025 Randolf Pohl
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Comprehensive theory of the Lamb shift in light muonic atoms

K. Pachucki,® V. Lensky,? F. Hagelstein,>3 S. S. Li Muli,> S. Bacca,>* and R.

1F.:-rc;urli'y of Physics, University of Warsaw, Pasteura 5, 02-093 Warsaw, Poland

Pohl®

2 Institut fiir Kernphysik, Johannes Gutenberg-Universitit Mainz, 55128 Mainz, Germany

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

“ Helmholtz-Institut Mainz, Johannes Gutenberg Universitit Mainz, 55099 Mainz, Germany

5 Institut fiir Physik, Johannes Gutenberg-Universitat Mainz, 55099 Mainz, Germany

(Dated: May 19, 2023) Rev. Mod. Phys. 96 (2024) 1, 015001

Eqep point nucleus 206.0344(3)  228.7740(3)  1644.348(8)  1668.491(7)

Cré finite size —5.225977 —6.1074r2  —103.383 2 —106.209 12

Ens nuclear structure 0.028 9(25) 1.7503(200)  15.499(378) 9.276(433)

Er(exp) experiment?® 202.3706(23)  202.8785(34) 1258.598(48)  1378.521(48)

re this work 0.84060(39)  2.12758(78)  1.97007(94)  1.6786(12)

ro previous® 0.84087(39)  2.12562(78)  1.97007(94)  1.67824(83)
MH: | present accuracy comparable with experimental precision

MD, u3He*, ptHe*: present accuracy factor 5-10 worse than experimental precision

Experiments will improve by up to a factor of 5

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




Theory: Lamb shift in muonic D
pD

AE, . =228.7740 (3) meV,, + 1.7503 (200) meTVTPE ~6.1074 meV/fm?* R ?

AE[S = 202.8785(31) gy (14) e MEV

syst

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

a C
” ” Pachucki, RP et al, arXiv 2212.13782
see also Krauth, RP et al. (2016) using calculations from
Pachucki (2011), Friar (2013), Carlson, Gorchtein, Vanderhaeghen
d d (2014), Hernandez et al. (2014), Pachucki + Wienczek (2015)

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

b d
. " + Hernandez et al., PLB 778, 377 (2018): xEFT
E ? + Kalinowski (2019): eVP to nucl. struct.
d d + Acharya et al., PRC 103, 024001 (2021)

XEFT + Disperson relations

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



Muonic Deuterium

d
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Theory in muonic D

L:m[t)) = 228.7740 (3) meV ., + 1.7503 (200) meV . — 6.1074 meV/fim?* Rd2

AE

|

AE_ . (theo) = 1.7503 +-0.0200 meV Bacca group
VS. +-0.0034 meV experimental uncertainty

(1) charge radius, using calculated TPE

r, (uD) = 212758 (13),,, (78),, fM
(2) polarizability, using charge radius from isotope shift
AE_ . (theo) = 1.7503 (200) meV vs.
AE___ (exp) = 1.7591 ( 59) meV 3X more accurate

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




The HyperMu Laser System
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The Hyp
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1S Hyperfine Splitting in Muonic Hydrogen

Eys.nrs (WH) = [ 182.443 +1.350(7) +0.004 —1.30653(17) (%’) + Fp (1.01656(4) A, eou + 1.00402 Apol) ]meV
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QED+we 2y incl. radiative corr.

* Zemach radius allows to pin down magnetic properties of the proton
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1S Hyperfine Splitting in Muonic Hydrogen

Eys.prs (WH) = [ 182.443 +1.350(7) +0.004 —1.30653(17) (%’) + Fy (1.01656(4) A, oo + 1.00402 Apol) ] meV

- -

Ey FD+weak  hVP o
QED+we 2y incl. radiative corr.

 Zemach radius allows to pin down magnetic properties of the proton
* Theory prediction is limited by two-photon-exchange (2y) contributions

k 2 £ 4
?2 2‘? q 2 Z g
p p P p
[ Rz Az Arecoil Ao }
1-054+3j38§/fm ‘7403{?2 ppm 8501ppm 37(95)\p‘pm (LO BChPT)
[Antognini, etal. 22,  [Antognini, et al. '22] [Hagelstein, et al. '23]

[Lin, et al. "22] annual reviews)



Muonic Hydrogen and the Proton CHARGE Radius

—Smie | e-p scattering
dispersion 2(J07 o CODATA-2006 d G
¢ L2010 e ¢ o CD:Mainz 2010 _6 ];Z
CODATA-2010 d Q.. <
nH 2013 1 CODATA-2014 Q<=0
uD 2021  —g—
Garching 2017 aris
- %SI%ATA_%.IS . . Paris 2018 hydrogen spectroscopy
PRad 2019 muonic atoms
Garching 2020 ——— 2 )
dispersion 2021  —e—p—
Colorado 2021 o AE = —ma ‘LIJS(U)‘
CODATA-2022 3
Garching 2025
| | I | | | | I | | | | I | | | | I | | | | I | | | | | | | | I | | |
082 083 08 08 086 087 088 089  CODATA/PDG average
proton charge radius [fm]
: g [Gu(@®) — 1]
SV (1) = Vo) — V@) = —4ma (25)3 - 31 :
MagP Nantes 2.7.2025 Randolf Pohl



1S Hyperfine Splitting in Muonic Hydrogen

Eys.prs (WH) = [ 182.443 +1.350(7) +0.004 —1.30653(17) (%’) + Fp (1.01656(4) A et + 1.00402 Apol) ]meV
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QO Zemach radius allows to pin down magnetic properties of the proton
O Theory prediction is limited by two-photon exchange (2y) contributions
> Discrepancy between data-driven dispersive & BChPT prediction of

polarizability effect
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1S Hyperfine Splitting in Muonic Hydrogen

Eys.prs (WH) = [ 182.443 +1.350(7) +0.004 —1.30653(17) (%’) + Fp (1.01656(4) A et + 1.00402 Apol) ]meV

- -

Er  QED4weak  hVP R
2y incl. radiative corr.

aQ Zemach radius allows to pin down magnetic properties of the proton
Q Theory prediction is limited by two-photon exchange (2y) contributions
> Discrepancy between data-driven dispersive & BChPT prediction of
polarizability effect
Q Theory needed to guide and interpret AL oo
the spectroscopy experiments Disp. Rel.

Tomalak '18 —e—
HBYPT
Peset et al. '17 -

BxPT LO
this work 1 } *

182.60 182.64 182.68
Enss (15, uH) [meV]

0.16 meV (40 GHz) search range



1S Hyperfine Splitting in Muonic Hydrogen

Eys.prs (WH) = [ 182.443 +1.350(7) +0.004 —1.30653(17) (%’) + Fp (1.01656(4) A et + 1.00402 Apol) ]meV

- -

Er  QED4weak  hVP R
2y incl. radiative corr.

QO Zemach radius allows to pin down magnetic properties of the proton
O Theory prediction is limited by two-photon exchange (2y) contributions
> Discrepancy between data-driven dispersive & BChPT prediction of
polarizability effect

Q Theory needed to guide and interpret -t
. Antognini et al. '22
the spectroscopy experiments Disp. Rel.
. . . Tomalak '18 - ——
O Anticipated measurements require HBPT
1 . Peset et al. '17 1
fu rthfar theory |mprovements: BT L0
> Higher-order QED corrections thisworky -
. . . 182.60 182.64 182.68
» Hadronic vacuum polarization Evre (15, uH) [meV]

0.16 meV (40 GHz) search range



Muonic Deuterium Lamb Shift

Q Deuteron (proton) charge radius extractions from
uH & uD Lamb shift, and 1S-2S H-D isotope shift
are consistent

Q Higher-order radiative corrections are important

» Nuclear and nucleon two-photon exchange (2y)

» Three-photon exchange (3y)

> Radiative corrections to 2y, e.g., electron
vacuum polarization

O Extraction of nuclear structure from atomic
spectroscopy factor 4 more precise than (chiral and
pionless) EFT predictions or data-driven
evaluations

> Experiment as benchmark for nuclear theory

Error Budget of Nuclear Charge Radii

3.0 W Experiment: Systematic
- Experiment: Statistical
|/ E Theary: QED
mm Theory: nuclear 2y-exchange
Theaory: nucleon 2y-exchange
Theory: nuclear 3y-exchange
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NUcClear otructure in ana Out ot (iViuonic)

Deuterium

EFFECTIVE FIELD THEORIES CONFRONT EMPIRICAL PARAMETRIZATIONS
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from PUZZLE

Muonic Atom Speotroscopy
Theory Initiative

to PRECISION https://asti.uni-mainz.de

' Coordinated effort to support the experiments (inspired by “Muon g-2 Theory Initiative”)

d 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 pH

1 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

U O
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Precision Tests

of the SM
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Theory: QED, ChPT, data-driven P ( | p
dispersion relations, ¢ Experiment: HFS in uH, pHe™, ...

ab-initio few-nucleon theories

Testing the theory
» discriminate between theory Determine
Interpreting the exp. predictions for polarizability |  fundamental
Guiding the exp. effect constants
extract ETFE, EPol of R, - disentangle R, &
find narrow 1S HFS polarizability effect by Zemach radius R,
transitions combining HFS in H & uH
with the help of full » test HFS theory
HISORPISCICHONS: Input for data- + combining HFS in H & uH
QED, weak, finite : oL
size. polarizabilit driven evaluations with theory prediction for
, P y form facters, polarizability effect
structure functions, » test nuclear theories
polarizabilities |

Spectroscopy of
ordinary atoms (H, He™)

on and
n Scattering




Ruth et al. '24 (this work)
Hagelstein et al. '23 (LO yPT)

Lattice QCD
Djukanovic et al. '23

Proton Form Factors
Lin et al. '21
Distler et al. '14

1S HFS H & choice of Ay (cf. Fig. 3)

100 105
Ry [fm]
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