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Hydrogen-like atoms

“There's a reason physicists are so successtul with what they do,
and that is they study the hydrogen atom and the helium ion
and then they stop.”

- Richard Feynman
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High-resolution X-ray and laser spectroscopy
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Experimental progress: target preparation, background
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Theory of muonic atoms

Nuclear and nucleon structure effects
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Welcome to ECT* Trento

Monday Tuesday Wednesday Thursday Friday
9:40 - 10:20 30 + 10 van Kolck Ohayon Bacca Gasparian Craig
10:20 - 11:00 30 + 10 Pohl Peset Drissi Ouf Potvliege
11:00 - 11:30 | Coffee——
11:30-12:10 30+ 10 Gorshteyn Harman Pastore Pitelis Feng
12:10 - 12:50 30+ 10 Fleischmann |Noértershauser |Oreshkina Lensky Closing
13:00 - 15:00 | T EaRehn
15:00 — 15:40 30+ 10 Kreuzberger |Weber Ji
15:40 — 16:20 30 + 10 Godhino Rathi Egert
16:20 — 16:50 .~ Coffre  FExcursion
16:50 - 17:30 30+ 10 Baptista Cocolios
17:30 - 18:10 30+ 10 Heille (Zoom) |Deseyn
18:10 - 18:30 Discussions
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DIFFERENT
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The “Proton Radius Puzzle”

Measuring R using electrons: 0.88 fm ( +- 0.7%)
using muons: 0.84 fm ( +- 0.05%)

0.84 fm 0.88 fm
ud 2016 l
—— CODATA-2014
up 2013 o
- e-p scatt.
pup 2010 |-
@ H spectroscopy

1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1
0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.9

_ Proton charge radius R [fm]
pud 2016: RP et al (CREMA Coll.) Science 353, 669 (2016) ch

pup 2013: A. Antognini, RP et al (CREMA Coll.) Science 339, 417 (2013)
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The “Proton Radlus Puzzle
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The “Proton Radius Puzzle”

8 July 2010 | www.nature.com/nature | $10 THE INTERNATIONAL WEEKLY JOURNAL OF SCIENCE
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The “Proton Radius Puzzle”

8 July 2010 | www.nature.com/nature | $10 THE INTERNATIONAL WEEKLY JOURNAL OF SCIENCE
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Muonic Atoms

A bare nucleus, orbited by one negative muon.
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Muonic Atoms

A bare nucleus, orbited by one negative muon.

Hydrogen theory!
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What i1s a Muon?

Muons are heavy electrons:

200x the mass of an electron.

Discovered in 1936 by Carl D. Anderson and

‘ & Seth Neddermeyer as part of the cosmic

radiation.

Carl David Anderson  Seth Neddermeyer Muon have a lifetime of 2 microseconds.

Nobel prize 1936 (millionths of a second).
(for the Positron!)

Isidor Isaac Rabi
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Carl David Anderson

Nobel prize 1936
(for the Positron!)
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What i1s a Muon?

Muons are heavy electrons:

200x the mass of an electron.

Discovered in 1936 by Carl D. Anderson and

‘ ﬁ Seth Neddermeyer as part of the cosmic

radiation.
Carl David Anderson  Seth Neddermeyer pMunr k=~ - “<~+img of 2
Nobel prize 1936 Who ordered that?!

(for the Positron!)

Isidor Isaac Rabi
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Muonic atoms In a nutshell

Regular hydrogen: Muonic hydrogen: @muon

Bohr radius ~ 50’000 x nuclear radius Muon mass = 200 * electron mass
Bohr radius = 1/200 of H

200° = a ten million times more
sensitive to nuclear size & structure

electron

==> Qur (laser) spectroscopy at 10°° level

can compete with 10"*? from normal atoms

2c¢t (Za)?
AEFNS (n, l) = 3h2 7’?,3 m§r25go
Vastly not to scale!! T
Randolf Pohl, JGU Mainz




Lamb shift iIn Muonic Hydrogen

3.4 megz 5
2P, F=1
2P1 ” F=1

el =085F=s = = = = =—— =—— =—— F=0
206 meV
4s 2% effect! S0 THz
6 pm
35 3D

» AE [meV] =209.998 — 5.226 R 2[fm]

\ —

2S-2P Lamb shift

25

2P state: not
sensitive to proton
structure

fin. size:
3.8 meV

15 2S state is sensitive to the proton size.
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The accelerator at PSI
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The hydrogen target

2L s
Laser pulse: = 'z

CL\.‘\
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Time Spectra

13 hours of data
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13 hours of data

Time Spectra
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Time Sp
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Time Spectra
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Resonance

delayed / prompt events [10™]
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Resonance vs Result
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Resonance vs Result
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g The total pred1cted 28t 71 5 —2P5 ;7 energy difference, AL,
ot in muonic hydrogen is the sum of radlatlve recoil, and proton struc-

ture contributions, and the fine and hyperfine splittings for our par-
ticular transition, and it is given®''~"> by

‘ AE=209.9779(49) —5.2262 12 +0.0347 rJ meV (1)

where 1, = <r§> is given in fm. A detailed derivation of equation

(1) is given in Supplementary Information.

Measurement NOT useful without THEORY!
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Resonance vs Result

Electron scattering 0

delayed / prompt events [10°]
[=] - ] W -hll [4]] (=] ~

o I Hydrogen spectroscopy

@75  a9s 4985 = a99
laser frequ | o I CODATA 2006

m Muonic hydrogen spectroscopy

i T i T i T : T g
0.84 0.85 0.86 0.87 0.88 0.89 0.90 091
Proton size (femtometres)

AE=209.9779(49) —5.2262 r; +0.0347 r, meV (1)

Measurement NOT useful without THEORY!
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Theory in muonic H

AE,, . =206.0336 (15) meV,,, + 0.0332 (20) meV,,, —5.2275 (10) meV/im* * R 2

Annals of Physics 331 (2013) 127-145

Contents lists available at SciVerse ScienceDirect ANNALS
O]
PHYSICS

Annals of Physics

journal homepage: www.elsevier.com/locate/aop

Theory of the 2S-2P Lamb shift and 2S hyperfine @CmssMark
splitting in muonic hydrogen

Aldo Antognini **, Franz Kottmann?, Francois BirabenP®, Paul Indelicato?,
Francois NezP, Randolf Pohl®

4 Institute for Particle Physics, ETH Zurich, 8093 Zurich, Switzerland
P Laboratoire Kastler Brossel, Ecole Normale Supérieure, CNRS and Université P. et M. Curie, 75252 Paris, CEDEX 05, France
¢ Max-Planck-Institut fiir Quantenoptik, 85748 Garching, Germany

Our attempt to summarize all the original work by many theorists....
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Theory in muonic H

AE, .., = 206.0344 (3) meV, +0.0289 (25) meV .~ 5.2259 (1) meV/im* * R ?

Kallen- Sabry

Uehling <> \ é
T Proton form
g é @ factor
Muon SE+VP o <> u "J\;? o E 2 o _g_

elastic and inelastic two-photon
and 20+ more.... exchange

(Friar moment and polarizability)
ECT*, 28.7.2025 Randolf Pohl, JGU Mainz




Theory I: “pure” QED

All known radius-independent contributions to the Lamb shift in up from different authors, and the one we selected. Values are in meV. The entry # in the first column refers to Table 1
in Ref. [13]. The “finite-size to relativistic recoil correction” (entry #18 in [13]), which depends on the proton structure, has been shifted to Table 2, together with the small terms #26
and #27, and the proton polarizability term #25. SE: self-energy, VP: vacuum polarization, LBL: light-by-light scattering, Rel: relativistic, NR: non-relativistic, RC: recoil correction.

Table 1

# Contribution Pachucki Nature Borie-v6 Indelicato Our choice Ref.
[10,11] [13] [79] [80]

1 NR one-loop electron VP (eVP) 205.0074
2 Rel. corr. (Breit-Pauli) 0.01692
3 Rel. one-loop eVP 205.0282 205.0282 205.02821 205.02821 [80] Eq. (54)
19 Rel. RC to eVP, a(Za)* (incl. in #2)b —0.0041 —0.0041 —0.00208¢ [77,78]
4 Two-loop eVP (Kdllén—-Sabry) 1.5079 1.5081 1.5081 1.50810 1.50810 [80] Eq. (57)
5 One-loop eVP in 2-Coulomb lines «? (Zar)® 0.1509 0.1509 0.1507 0.15102 0.15102 [80] Eq. (60)
7 eVP corr. to Kdllén-Sabry 0.0023 0.00223 0.00223 0.00215 0.00215 [80] Eq.(62), [87]
6 NR three-loop eVP 0.0053 0.00529 0.00529 0.00529 [87,88]
9 Wichmann-Kroll, “1:3” LBL —0.00103 —0.00102 —0.00102 —0.00102 [80] Eq. (64), [89]
10 Virtual Delbriick, “2:2” LBL 0.00135 0.00115 0.00115 [74,89]
New “3:1” LBL —0.00102 —0.00102 [89]
20 mSE and pVP —0.6677 —0.66770 —0.66788 —0.66761 —0.66761 [80] Egs. (72) + (76)
11 Muon SE corr. to eVP o? (Zax)? —0.005(1) —0.00500 —0.0049244 —0.00254 [85] Eq. (29a)¢
12 eVP loop in self-energy o«? (Za)* —0.001 —0.00150 i [74,90-92]
21 Higher order corr. to «SE and VP —0.00169 —0.00171¢ —0.00171 [86] Eq.(177)
13 Mixed eVP + wVP 0.00007 0.00007 0.00007 [74]
New eVP and nVP in two Coulomb lines 0.00005 0.00005 [80] Eq. (78)
14 Hadronic VP o (Za)*m, 0.0113(3) 0.01077(38) 0.011(1) 0.01121(44) [93-95]
15 Hadronic VP o (Za)° m, 0.000047 0.000047 [94,95]
16 Rad corr. to hadronic VP —0.000015 —0.000015 [94,95]
17 Recoil corr. 0.0575 0.05750 0.0575 0.05747 0.05747 [80] Eq. (88)
22 Rel. RC (Za)> —0.045 —0.04497 —0.04497 —0.04497 —0.04497 [80] Eq. (88), [74]
23 Rel. RC (Za)® 0.0003 0.00030 0.0002475 0.0002475 [80] Eq. (86)+Tab.II
New Rad. (only eVP) RC o (Zx)® 0.000136 [85] Eq. (64a)
24 Rad. RC & (Zx)" (proton SE) —0.0099 —0.00960 —0.0100 —0.01080(100) [43]" [74]

Sum 206.0312 206.02915 206.02862 206.03339(109)
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REVIEWS OF MODERN PHYSICS, VOLUME 96, JANUARY-MARCH 2024

Comprehensive theory of the Lamb shift in light muonic atoms Th eo ry

K. Pachucki
Faculty of Physics, University of Warsaw, Pasteura 5, 02-093 Warsaw, Poland Pachucki ’ Len Sky’ H age Istein , LiMuli ’

V. Lensky Bacca, RP, RMP 96 (2024)

Institut far Kernphysik, Johannes Gutenberg-Universitédt Mainz, 55128 Mainz, Germany

F. Hagelstein

Institut flir Kernphysik, Johannes Gutenberg-Universitédt Mainz, 55128 Mainz, Germany
and Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland

S.S. Li Muli
Institut far Kernphysik, Johannes Gutenberg-Universitédt Mainz, 55128 Mainz, Germany

S. Bacca

Institut fir Kemnphysik, Johannes Gutenberg-Universitédt Mainz, 55128 Mainz, Germany
and Helmholtz-Institut Mainz, Johannes Gutenberg-Universitdt Mainz, 55099 Mainz, Germany

R. Pohl
Institut fir Physik, Johannes Gutenberg-Universitdt Mainz, 55099 Mainz, Germany

M (published 24 January 2024)

A comprehensive theory of the Lamb shift in light muonic atoms such as gH, yD, g*He ™, and p*He?
is presented, with all quantum electrodynamic corrections included at the precision level constrained
by the uncertainty of nuclear structure effects. 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 *He-*He isotope shifts.

DOIL: 10.1103/RevModPhys.96.015001
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TABLEL

re determined from a comparison of Ej (theo) o £, (exp).

Contributions to the 2Py ;5 = 2§, energy difference £ in meV, with the charge radii r- given in fm. All corrections larger than 3%
of the overall uncertainty are included. Theoretical predictions for E; are E; (theo) = Eqp + Cri + Eyg. The last two rows show the values of

Section Order Correction uH uD wHet wiHet
LA a(Za)® evp!! 205.007 38 227.634 70 1641.886 2 1665.773 1
NLA  &(Za)? eVP 1.658 85 1.83804 13.084 3 13.2769
NLA  &(Za)? eVP 0.007 52 0.008 42(7) 0.073 0(30) 0.074 0(30)
LB (2 7%, 7%)a" Light-by-light eVP —0.00089(2) —0.00096(2) —0.0134(6) -0.0136(6)
e  (Za) Recoil 0.05747 0.067 22 0.1265 0.2952
LD a(Za)t Relativistic with eVP!!) 0.018 76 0.021 78 0.509 3 0.5211
NLE  &(Za) Relativistic with eVP!?) 0.000 17 0.000 20 0.005 6 0.005 7
ILF  a(Za)! uSEM + 4vPl, LO ~0.663 45 ~0.76943 ~10.6525 ~10.9260
MG  a(Za) uSE'Y + uVP'!, NLO -0.00443 —0.005 18 -0.1749 —0.1797
NLH  &A(Za) UVPU with VP 0.000 13 0.000 15 0.003 8 0.0039
L o (Za) uSE" with VP!V —0.00254 ~0.003 06 —-0.0627 ~0.0646
.t (Za) Recoil —0.04497 ~0.026 60 ~0.558 1 ~0.4330
LK a{Za)® Recoil with eVP!") 0.000 14(14) 0.000 09(9) 0.004 9(49) 0.003 9(39)
NLL  Za(Za)*  nSE!N ~0.00992 ~0.003 10 ~0.0840 ~0.0505
MM 2(Za) uF®, yF2, yvpo) ~0.00158 ~0.001 84 ~0.0311 ~0.0319
LN  (Za)® Pure recoil 0.000 09 0.000 04 0.0019 0.001 4
.0 «Za)® Radiative recoil 0.00022 0.000 13 0.0029 0.0023
NP a(Za) hVP 0.01136(27) 0.013 28(32) 0.224 1(53) 0.2303(54)
n.Q  &(Za)* hVP with eVP'! 0.00009 0.000 10 0.002 6(1) 0.0027(1)
VA (Za)' = -5.1975r; —6.0732r —102.523r; -105.322r2
IVB  a(Za)! eVP!! with r} —0.0282r3 —0.0340r] —0.851r} -0.878%
VG &A(Za) eVPIZ with +2 —0.0002r3 —0.0002r5 —0.009(1)73 —0.009(1)r2
VA (Za) TPE 0.0292(25) 1.979(20) 16.38(31) 9.76(40)
V.B a*(Za)t Coulomb distortion 0.0 =0.261 =1.010 =0.536
V.C  (Za) 3PE —0.0013(3) 0.002 2(9) —0.214(214) ~0.165(165)
VD  a{Za)® eVP!! with TPE 0.0006(1) 0.027 5(4) 0.266(24) 0.158(12)
VE  a{Za)® uSE"  pVP(! with TPE 0.000 4 0.002 6(3) 0.077(8) 0.059(6)
I Egen Point nucleus 206.034 4(3) 228.7740(3) 1644.348(8) 1668.491(7)
v cr Finite size -5.2259,3 —6.1074r ~103.383r] ~106.20972
v Exs Nuclear structure 0.028 9(25) 1.750 3(200) 15.499(378) 9.276(433)
E; (exp) Experiment" 202370 6(23) 202.878 5(34) 1258.508(48) 1378.521(48)
re This review 0.840 60(39) 2.127 58(78) 1.970 07(94) 1.678 6(12)
re Previous work" 0.840 87(39) 2.12562(78) 1.970 07(94) 1.678 24(83)
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TABLEL

re determined from a comparison of Ej (theo) o £, (exp).

Contributions to the 2Py ;5 = 2§, energy difference £ in meV, with the charge radii r- given in fm. All corrections larger than 3%
of the overall uncertainty are included. Theoretical predictions for E; are E; (theo) = Eqp + Cri + Eyg. The last two rows show the values of

Section Order Correction uH uD wHet wiHet
LA alZa)? eVPp!! 205.007 38 227.63470 1641.8862 16657731
LA a(Za)? eVPl2 1.658 85 1.83804 13.084 3 13.2769
LA o (Za)? eVPY 0.007 52 0.008 42(7) 0.073 030) 0.074 0(30)
LB (2.7%,7%)a" Light-by-light eVP —0.00089(2) —0.00096(2) —0.0134(6) ~0.0136(6)
1.C (Zar) Recoil 0.057 47 0.067 22 0.1265 0.2952
I.D alZa)t Relativistic with eVP!! 001876 0.02178 0.5093 0.5211
[LE a(Za)t Relativistic with eVP!? 0.00017 0.00020 0.005 6 0.0057
MLF  a(Za) 4SE(M 4+ zvP), LO —0.663 45 —0.769 43 —10.6325 ~10.9260
MG  a(Za) WSEM + uvP), NLO —0.004 43 —0.005 18 —0.1749 —~0.1797
MLH  o2(Za) uVPU with eVP() 0.000 13 0.000 15 0.003 8 0.0039
Ol o?(Za) 4SE with VPV —0.002 54 —0.003 06 —0.0627 —0.0646
Ly (Za) Recoil =0.044 97 ~0.026 60 —0.558 1 -0.4330
LK alZa)® Recoil with eVP'! 0.000 14(14) 0.00009%9) 0.004 9(49) 0.003 9(39)
ILL Z2a(Za)t nSE!!! =0.00992 =0.003 10 =0.0840 =0.0505
IM  &(Za)' @ ) vpe -0.001 58 ~0.001 84 ~0.0311 ~0.0319
LN (Zex)® Pure recoil 0.00009 0.00004 0.0019 0.001 4
1.0 a{Za)® Radiative recoil 0.00022 0.000013 0.0029 0.0023
IL.P alZa)t hVP 0.011 36(27) 0.013 28(32) 0.224 1(53) 0.2303(54)
1.Q @ (Za)t hVP with eVP'! 0.00009 0.000 10 0.0026(1) 0.0027(1)
TV A 7 aad 2 = 107 8.2 & 7.2 17 871..2 1ns 177%..2
V.A (Za)® TPE 0.029 2(25) 1.979(20) 16.38(31)
o 5 §
V.B a*(Za) Coulomb distortion 0.0 =0.261 -1.010
VC  (Za) 3PE ~0.001 3(3) 0.002 2(9) —0.214(214)
V.D a(Za)’ eVP!!! with TPE 0.000 6(1) 0.027 5(4) 0.266(24)
V.H alZa)’ uSE!Y + VP with TPE 0.000 4 0.002 6(3) 0.077(8)
111 Eoen Point nucleus 206.034 4(3) 228.774003) 1644.348(8) 1668.491(7)
v Finite size -5.225972 -6.1074r% ~103.38372 ~106.209/
v Eys Nuclear structure 0.028 9(25) 1750 3(200) 15.499(378) 9.276(433)
E; (exp) Experiment” 202.3706(23) 202.878 5(34) 1258.598(48) 1378.521(48)
Fe This review 0.840 60(39) 2.127 58(78) L.970 07(94) 1.6TR6(12)
re Previous work" 0.840 87(39) 2.125 62(78) 1.970 07(94) 1.678 24(83)

ECT*, 28.7.2025

Randolf Pohl, JGU Mainz

Theory

Pachucki, Lensky, Hagelstein, LiMuli,
Bacca, RP, RMP 96 (2024)

9.76(40)

~0.536

—0.165(165)
0.158(12)
0.059(6)



The “Proton Radius Puzzle”

Measuring R_ using electrons: 0.88 fm ( +- 0.7%)
using muons: 0.84 fm ( +- 0.05%)

0.84 fm 0.88 fm
ud 2016 l
—— CODATA-2014
up 2013 ¢
- — e-p scatt.
Q'\,‘b up 2010 |-
V
. 00 o H spectroscopy
o
é\&o 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1 | 1 1 1 1 I 1 1
0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.9

Proton charge radius Rch[fm]

pd 2016: RP et al (CREMA Coll.) Science 353, 669 (2016)
Mp 2013: A. Antognini, RP et al (CREMA Coll.) Science 339, 417 (2013)

ECT*, 28.7.2025 Randolf Pohl, JGU Mainz



ECT* Workshop 2012

“Fitting wars”

TPE and The Subtraction Term
Missing QED contributions?
Form factors vs. charge density
BSM Physics

Muon Scattering

muH-HFS

Randolf Pohl, J GU Mainz

.ECT* 28.7.2025



Hvdrogen enerqy levels

45
35 / 3D  measure between different n
2 unknowns — measure 2 transitions:
2S - nl - 1S-2S + any other
25

— correlated Rydberg/radius pairs

Rydberg constant

1S -2S
R
E“:_(EI_LZ’?HZ@IO-FA(H’LJ)

15 = proton radius

ECT*, 28.7.2025 Randolf Pohl, JGU Mainz



Rp from H spectroscopy

D + iso —e=

uH CODATA-2014
1S—3S . H avg. .

172 r
285 =2P . .
o | | R I |

] ] [ ] ] ] | I 1
0.82 0.84 0.86 0.88 0.9 0.92
RP et al., Metrologia 54, L1 (2017) proton charge radius rp[fm]

ECT*, 28.7.2025 Randolf Pohl, JGU Mainz



2S-nP In Garching

e cryogenic H beam (6 K)
optical 1S-2S excitation (2S, F=0)
2S-nP transition is 1-photon

2S-6P — retroreflector (“AFR”)
spectroscopy

Rotatable detector cylinder with
attached active fiber-based
retroreflector (AFR)

| Top detector

High-reflectivity * region e split line to 104
mirror (AFR .
(AFR) & e 0.5kHz vs. 9 kHz PRP
"""" a: Adjustable atomic beam offset angle
aration i e c
ﬁi;g( < . b | - _\_O‘OJ’ B, : Polarization angle
: % ::';:!f:'" o Collimating | _
- e * Cryogenic aperture Polarization-
.. nozzle (4.8 K) maintaining
fiber
Hydrogen ' (AFR)
atoms

ﬁ Bottom detector

ECT*, 28.7.2025 Randolf Pohl, JGU Mainz



Rotatable detector cylinder with
attached active fiber-based
retroreflector (AFR)

ECT*, 28.7.2025

2S-nP In Garching

| Top detector

1st order Doppler cancellation

ﬂ Bottom dete«

Randolf Pohl, JGU Mainz

| 61 ! ¢ expdata
High-reflectivity * 5| 0 exp datu
mirror (AFR) 88° —— model fit
,,,,,,, T4t
s?
=
s 3
_— m
aral® . o =
Pfep‘r v il . . %
e .\af-"?“ ".-:';".:-': g . ‘ 2 21
RS, A , Collimating Co
- Cryogenic aperture (4
*  nozzle (4.8 K) ot
t Hydrogen P | . | | . 1 .
ABMms 80 —60 40 -20 0 20 40 60

frequency detuning [MHz]




Rotatable detector cylinder with
attached active fiber-based
retroreflector (AFR)

High-reflectivity
mirror (AFR)

Prepa‘aﬁor‘ : g
\ase’ Sy .

. '}:0: ;‘ .' .-
. *° Q"' - :
.-+ . Cryogenic
. nozzle (4.8 K)

Hydrogen
atoms

a
LA

ECT*, 28.7.2025

2S-nP In Garching

Svstematics (2S-6P)

Collimating
aperture

ﬂ Bottom detector

. Recoil shift

Contribution Av (kHz) o (kHz)
First-order Doppler shift 0.34 0.43
Extrapolation (statistical) 0.34 0.43
Simulation of atom speeds — 0.01
Simulation corrections 1.05 0.17
Light force shift 1.15 0.17
Quantum interference shift 0.05 0.02
Second-order Doppler shift —0.14 0.01
dc-Stark shift 0.05 0.07
BBR-induced shift 0.28 0.01
Zeeman shift 0.00 0.08
Pressure shift 0.00 0.02
Sampling bias 0.00 0.06
Signal background 0.00 0.03
Laser spectrum 0.00 0.07
Frequency standard 0.02 0.01
Subtot_a,] (e:xperlment—spemﬁc 174 0.48
contributions)
—1176.03 0.00
HF'S correction Avypg(Vog gp)  —132985.25 0.01
Total (all contributions) —134159.54 0.48

Randolf Pohl, JGU Mainz

Maisenbacher et al., submitted



The proton radius situation today

e-p scatt., pre-2006
hydrogen, pre-2006
.dispersion 2007‘ CODATA-2006
WH 2010 |- oD Mainz 2010
CODATA-2010
WH2015 - » | Coparta2014
uD 2021  —e— A
Garching 2017 CODAT Paris 2018
CODATA-2018 —@— R
Toronto 2019 - (157%5}///
PRad 2019 o ransie—=—
saf*™-
Garching 2020 ———
dispersion 2021 +—e——
Colorado 2021 ————
(:::éarching 2024 —o— /)
1 1| | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1 | 1 1 1

| | |
0.82

(I).83 0.84 0.85 0.86 0.87 0.88 0.89

proton charge radius [fm]

Not really “solved”

H (2S-6P)
preliminary
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__QED Test
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Muonic Deuterium

d

T

Pohl et al. (CREMA), Science (2016)

Randolf Pohl, JGU Mainz



signal [arb. units]

signal [arb. units]

2.5 transitions In muonic D

F=5/2

—CODATA
- ... 1

Hp + i-“.'-‘ +Lhi5 value

25r=372

> 2P "7

o= F=1/2
F=3/2

F=3/2

F=1/2

L 1 I L L L
—100 0

| CODATA Hp
* . .

150 this value
* -. 1 -y

25 &Eﬁ}ép

172

exXp

F=1:2

ECT*, 28.7.2025

Av (GHz)

Randolf Pohl, JGU Mainz

d

)

= 202.8785(31) 5 (14) 4y5e MEV

= 6.2747(70) 414 (20) 5y MEV

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



Theory In muonic D

AEMD = 2287854 (13) meV

QED

+1.7150 (230) meV_,. — 6.1103 (3) meV/im* * R

Nuclear structure contributions to the Lamb shift in muonic deuterium.

Item Contribution Pachucki [55] Friar [GO] Hernandez et al. [58] Pach.& Wienczek [65] Carlson et al. [64] Our choice
AVI1E ZRA ANV1S8 NPLo t AV1E data value SOUrce
Source 1 2 3 1 5 5]
Pl Dipole 1.910 8n I 925 Leading C1 1.907 1.926 (55)“1} 1.910 do 2 1.9165 £ 0.0095 3-5
p2 Rel. corr. to pl, longitudinal part —0.035 dpE —0.037 Subleading C1 —0.029 —0.030 é;’r“} —0.026 dp E
p3 Rel. corr. to pl, transverse part 0.012 0.013 s40
pd Rel. corr. to pl., higher-order 0,004 S ey 5
sum Total rel. corr., p2+p3+p4 —0.035 —0.037 —0.017 —0.017 —0.022 —0.0195 £ 0.0025 3-5
5 Cloulomb distortion, leading —0.255 Scn —0.255 S B2
Pt Coul. distortion, next order —0.00G A B — 0006 e B
sum | Total Coulomb distortion, p5-+p6 —0.261 —0.262 —0.264 st —0.261 —0.2625 =+ 0.0015 3-5
P7 El. monopole excitation 0.045 Ao 0.042 [ay] 0.042 0.041 o}fj 0.042 dgo
ps El dipole excitation 0.151 So1E | 0137  Retarded C1 0.139 o140 89 0.139 o1 E
PO El. quadrupole excitation —0.066 So=F | —0.061 ©2 —0.061 —0.061 52 —0.061 SazE
suIm Tot. nuclear excitation, p7+p8-+p9 0.040 0.034 CO + ret-C1 4 C2 0.036 0.038 0.036G 0.0360 £ 0.0020 2-5
p10 | Magnetic —0.008 Y% S B | 0011 M1 —0.008 —0.007 &4 —0.008 Sar B2 —0.0090 =+ 0.0020 2-5
SUM_1 | Total nuclear {(corrected) 1.646 1.648 " 1.656 1.676 1.655 1.6615 E 00103
pll | Finite nucleon size 0.021 Retarded C1 f.s. 0.020 ¢ 0.021 ©° s47L 0.020 dpsE
pl2 n p charge correlation —0.023  pn correl. f.s. —0.017 —0.017 AE}J} —0.018 S
S pll+pl2 —0.002 0.003 0.004 0.002 0.0010 &+ 0.0030 2-5
pl3 FProton elastic 3rd Zemach moment } 0.043(3) dpE 0.030 (T‘F‘}E"f_f’j }07“43(3) SpE 0.0289 =+ 0.0015 Eq.(13)"
pld | Proton inclastic polarizab. } 0.027(2) SN [64] }0,:)28(2] A pphads } 0.0280 =+ 0.0020 6
pl5 | Neutron inelastic polariz 0.016(8) dn i
ple Froton & neutron subtraction term 0.0098 =+ 0.0098 Eq.(15)"
sum | Nucleon TPE, pl34pldtpl5tpls 0.043(3) 0.030 0.027(2) 0.059(9) 0.0471 =+ 0.0101 i
SUM_2 | Total nucleon contrib. 0.043(3) 0.028 0.030(2) 0.061(9) 0.0476 =+ 0.0105
Sum. published 1.630(16) 1.941(19) 1.690(20) 1.717(20) 2.011(740)
Sum, corrected 1.697(19) ¢ 714(20) " 1.707(20) 1.748(740) 7 1.7096 - 0.0147

Krauth, RP at al., Ann. Phys. (N.Y.) 366, 168 (2016)
ECT*, 28.7.2025

Randolf Pohl, JGU Mainz

+ Pachucki et al., PRA 97, 062511 (2018)
+ Hernandez et al., PLB 778, 377 (2018)




Theory In muonic D

D _ *
AE! - =228.7854 (13) meV,, + 1.7150 (230) meV,_— 6.1103 (3) meV/im? * R ?

Nuclear structure contributions to the Lamb shift in muonic deuterium.

Item

Table 3

Hernandez et al. [58]

Pach.& Wienczek [65]

Carlson et al. [64]

Our choice

& * r data value SOUrCe
— Nuclear polarization contributions to the 25-2P Lamb shift AE [meV] in uD with = = L? A\;m 15[ :
pl different potentials. D7 1.926 5] 1.910 S0 E 1.9165 =+ 0.0095 3-5
p2 Ref. [29] AV18 N3LO-EM N3LO-EGM 200 —0.080 5y —0.026  SrE
p3 L2 0.013 S
pd 5@ 50 -1.910 -1.907  -1.912 (—1.911, —1.926) 0.004  Suok
suUrmn (0 L7 —0.017 —0.022 —0.0195 -+ 0.0025 3-5
o5 8 0.035 0.029 0.029 (0.029, 0.030) T
p6 (0) —0.006 Sera B
sum Br B =002 =0.012 =0.013 32 —0.264 &Y —0.261 —0.2625 -+ 0.0015 3-5
T 39 0.261 0.262 0.262 (0.262, 0.264) 12 ‘
ps (0 BY
c ) 0.016 0.008 0.007 0.007 .
5 't (0.J. Hernandez et al. / Physics Letters B 736 (2014) 344-349
sum ) 850 - 0.357 0.359 (0.359, 0.363) ¢g
plo I
v 52 s 0.045 0.042 0.041 0.041 — .
SUM_] R2 515 '
5 SEE  BE. BEE S = nuclear structure theory with error bars!
. {0 ~0139  —0.139 (~0.139, —0.140) e
p13 S s - 0.064 0.064 (0.064, 0.065) }0,:143(3) o B 0.0289 =+ 0.00I15 Eq.(13)"
14 i ‘N e 2a y ~hadr . : <
‘;15 5]{]}3) _ 0.017 0.017 0.017 0.027(2) A0 [64] 0.016(8) 6w i }0,:)2&(2) A phad }:),nzxn =+ 0.0020 G
pl6 2) 0.0098 -+ 0.0098 Eq.(15)°
sum ENS - —0.015 —0.015 —0.015 0.027(2) 0.059(9) 0.0471 4+ 0.0101 f
SUM_3 A 0.030(2) 0.061(9) 0.0476 =+ 0.0105
6pul - —1.235 —1.237 (—1.236, —1.246) 1.690(20) 1.717(20) 2.011(740)
87zem - —0.421 —0.423 (—0.424, —0.428) L.714(20} " 1.707(20) * 1.748(740) 7 1.7096 -+ 0.0147
= 8% + Szem —1.638 -1.656  —1.661 (—1.660, —1.674)
" .
ECT*, 28.7.2025 Randolf Pohl, JGU Mainz




Theory: Lamb shift in muonic D

uD _ .
AELamb = 228.7740 (3) meVQED + 1.7503 f(200) meVTPE —6.1074 meV/fm?* R d2

AE[S = 202.8785(31) , (14)

syst

meV i

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

a C
i u 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
0 w
+ Hernandez et al., PLB 778, 377 (2018): xEFT
+ Kalinowski (2019): eVP to nucl. struct.
d d

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

ECT*, 28.7.2025 Randolf Pohl, JGU Mainz




d

Muonic Deuterium < @y»

muonic electronic
~ e-d scatt. o
RN D spectr.
(HH+HD1so gy > CODATA-2014
uD 2023

CODATA-2018
I I | | | | I I | | | | I | I I I | | I |
2.12 2.125 2.13 2.135 2.14 2.145

deuteron charge radius [fm]
uD: 2.12758 (1 3)exlo (78),., fm

uH + H/D(1S-2S): 2.12785 (17) fm



Theory in muonic D

AEMD = 2287740 (3) meV, ., + 1.7503 (200) meV, . — 6.1074 meV/im?* R ?

|

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

(1) charge radius, using calculated TPE

r, (uD) = 212738 (13),,, (78),, fm

(2) polarizability, using charge radius from isotope shift
AE__ (theo) = 1.7503 (200) meV vs.
AE___ (exp) = 1.7591 ( 59) meV 3Xx more accurate

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




d

Muonic Deuterium -0

muonic old electronic
~e-d scatt. o
B | D spectr.
HH + H/D1so S o CODATA-2014
—8— perfect agreement
— — ~ betweeneH/eD
— al. and pyH / uD
uD 2023 -4 °
CODATA-2018 e~

! I ! ! I ! ! | ! ! I ! ! | !
2.12 2.125 2.13 2.135 2.14 2.145
rp—r2= 3.82070( 31)fm> H/D 1S-2Sisotope shift deuteron charge radius [fm]

3.82028(232) fm? pH / uD 2S-2P isotope shift (0.18 o)
ECT*, 28.7.2025 Randolf Pohl, JGU Mainz



H/D isotope shift -

2 — rp2 = 3.8207(3)theo fm?

electronic H/D (1S-2S): -

d

muonic H/D (2S-2P): r2 =12 = 3.8200(7 )exs(30)ineo fm?

107 |

— Best bound on 5" force 106 |

;: 108
K. Blaum, S. Sturm:
tomorrow 1010
B. Ohayon (QUARTET) oz |
uLi ... uNe
Wednesday

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

CF

— Ne%+* g IS

___________ = Ca* IS-NL

- Ar15/1?+ g IS
— Yb* IS-NL

I (g - 2)9”
— H-D 1S-2S IS

10-1

100 101 102 108 10¢ 105 106
m, (keV/c?)



HFS in muonic D - - -

_F:?E PHYSICAL REVIEW A 98, 062513 (2018)

F=5/2

F=3r2

F=1/2
Nuclear-structure corrections to the hyperfine splitting in muonic deuterium

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

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

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

o of the
ith

Nuclear structure corrections of orders Za Ey and (Zw)* Ey are calculated for the hyperfin

muonic deuterium. The obtained results disagree with previous calculations and lead to@ 5 o disagreement

|

the current experimental value of the 28 hyperfine splitting in muonic deuterium.

50 disagreement between theory and experiment !!!

a €
" n
d d

b d
w "

Randolf Pohl, JGU Mainz
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Muonic Helium-4

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

ECT*, 28.7.2025 Randolf Pohl, JGU Mainz



muonic “He ions

2y [ T =

£ uHe'(2S — 2P, ) n*He uHe (2S — 2P, )

5 8 "
: L . e-He scatt

= e-He scatt Sick 2008

S Sick 2008

= ‘ ‘ ‘ ‘ ‘ 4

=] 6L 1676 1.678 T.68 T.682 1.684 1.686

%D . alpha particle charge radius [fim]

= claim by

L ~*~_Carboni et al. 1977 "

:T‘; claim by
é excluded by I Cur.l?(.):ir
= Hauser et al. 1992 > L etal. 1978

t

368 360 370 371 ' 372 ' 0 333 ' 332
frequency [THz] frequency [THz]
2P_ : 17 GHz 2P, : *15 GHz

R(‘He) = 1.67854 (13),,, (120),,, fm
(120)theo = (112)2PE (46)3PE

2-photon exchange: Bacca group
3-photon exchange: our educated guess based on Pachucki et al.

Exp: Krauth, RP et al. (CREMA Coll.) Nature 589, 527 (2021) Theory updated in Pachucki, RP et al., arXiv 2212.13782
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muonic “He ions

ol uHe™(2S — 2P,) piHe
e-He scatt
Sick 2008

e-He scatt
Sick 2008

1.676 1.678 1.68 1.682 1.684 1.686

. alpha particle charge radius [fm]
claim by

~®~_Carboni et al. 1977

excluded by s
Hauser et al. 1992

normalized signal [arb. units]
(@)
|

1‘

| L
368 369

11

t

0

366 3é7 372
R(‘He) = 1.67854 (13),,, (120),,, fm frequency [THz]
(120)theo = (112)2PE (46)3PE

2-photon exchange: Bacca group
3-photon exchange: our educated guess based on Pachucki et al.

Exp: Krauth, RP et al. (CREMA Coll.) Nature 589, 527 (2021) Theory updated in Pachucki, RP et al., arXiv 2212.13782
ECT*, 28.7.2025 Randolf Pohl, JGU Mainz



muonic “He ions

uHe (2S — 2P,),)

e-He scatt -
Sick 2008

claim by

excluded by
Hauser et al. 1992

normalized signal [arb. units]
o)}
[

~*~ _Carboni et al. 1977 \

Randolf Pohl, JGU Mainz
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muonic “He ions

%n
» L ]
50
L |
&0
: SMP

0
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1
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Randolf Pohl, JGU Mainz
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Muonic Helium-3

SHett

Schuhmann et al. (CREMA), Science (2025)
arXiv 2305.11679

Randolf Pohl, JGU Mainz



MuonIc

W
L
D
S
>
7p

signal [arb. units]
[«)}
[
—
signal [arb. units]
o)}
\

Toe 3
. obb v 1 v o
Y T 310 311 312 313
frequency [THz] frequency [THZ]

exp: each line has +-20 GHz(stat) +- 1 GHz (syst)

R(3He) = 1.97007 (12)_ (93) _ fm

exp theo

theo = +- 0.00076 fm 2PE
+- 0.00052 fm 3PE
+- 0.00001 fm R~"2 coeff.

CREMA Coll., arXiv 2305.11679 +- 0.00002 fm QED
ECT*, 28.7.2025 Randolf Pohl, JGU Mainz




Muonic Helium-3

Sick 2014

4 M He

LENPIC 1021 .

(e scattering world averag

Nevo Dinur 2019

e)

e-scattering world average:
Sick 2014: PRC 90, 064002 (2014)

nuclear theory:
LENPIC: Maris et al., PRC 106, 064002 (2022)
Nevo Dinur et al., PRC 99, 034004 (2019)
Piarulli et al., PRC 87, 014006 (2013)

L L L L | L L L 1 L
1.94 1.95 1.96

L L L L L | L L L L | L
1.97 1.98 1.99

helion charge radius r [fm]

CREMA Coll., Science (2025)

ECT*, 28.7.2025 Randolf Pohl, JGU Mainz




Helium-3 — Helium-4 Isotope Shift

muonic helium - van der Werf 2023

Sick 2014

Shiner 1995

1 1.02

CREMA Coll., arXiv 2305.11679

ECT*, 28.7.2025

1.04 1.06 1.08 1.1
2
r; -1 [fm’]

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)

Randolf Pohl, JGU Mainz
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Helium-3 — Helium-4 Isotope Shift

muonic helium —f=.. yan der Werf 2025

—()—

Sick 2014 Shiner 1995
I R (R (N ST TR R
1 1.02 1.04 1.06 1.08 1.1
2
r2-r2 [fm7]
Huang: PRA 101, 062507 (2020)
CREMA Coll., Science (2025) 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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2" order
hyperfine mixing

Qi et al, 2024
Pachucki et al. 2024



Helium-3 — Helium-4 Isotope Shift

muonic helium —f=.. yan der Werf 2025

Shiner 1995

Sick 2014
! ]

! ! | ! ! ! ! ! ! ! | ! ! ! !
1 1.02 1.04 1.06 1.08 1.1
2
r2-r2 [fm7]
Huang: PRA 101, 062507 (2020)

CREMA Coll., Science (2025) 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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Intermediate conclusions

Muonic atoms / ions provide:
 ~10x more accurate charge radii, when combined with
calculated polarizability

4
SHe || “He

1.9701°( 10 | 1.6786 ( 12)
1.9730(160) | 1-:6810-(40)

T~

/.

g o | 08406 ( 4)|| 21279 ( 2)
2 | sorsren| | 24s4825)| | 17550 (860)

Ehe New York Times
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The future
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1S — 2S In (ordinary) atomic tritium

N

Triton-Radius EXperiment
Mainz
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se — o\~ Tritium 1S-2S ./

' @ muonic lase e S il
7Li . Mainz
: . © El. Scattering
6 .Be © ™°B @ pX-ray (HPGe)
1072 ¢ 6 11 @ X-ray (Crystal) | |
i Sk T(1S-25)
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Tritium 1S-2S N/

Triton-Radius EXperiment

inz
» @® electron scatt.
>1O — -
= = ® ® muonic atoms
S — @) exp. error only
— - @ ® ® H/D iso shift
—2
810 = M. H/T T-REX
- — ®
: -
P N ®
-210—3 Y \l/ ...................................
o S b4 ®
© £ &ir---e____ ¥ | 5
e ) AR :.ﬁ.‘..i ................................................ operenerennesenenaenns S e
= v S S
107°
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Tritium 1S-2S N/

Triton-Radius EXperiment

inz

10 ® eclectron scatt.
=  E ® muonic atoms
- — @
= ~ O exp. error only
g - - @ ® @® H/D iso shift
810—2 E_ ............................................................... - ................. I ..... - ............. - ‘ H/T T—REX
S F 400x better triton radius
o T with 1 kHz measurement '’
-_610 E_\/ ........ (VS. O-Ol kHZ for H’ D) ' ...................................
© £ &:- * cryogenic H nozzle (4.2K)

10-4 e o magnetic quadrupo|e guide ) ...................................

= « Li MOT -> cold buffer gas
1075 o = magne’gllc trapplngHoef H/D/T4He
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Trapping and spectroscopy \’J,

1ient

- cryogenic H nozzle (4.2K)
* magnetic quadrupole guide
- LI MOT -> cold buffer gas

- magnetic trapping of H/D/T




Simulated trapping efficiency

= —
% 1: simple simulation:
2 OF 4.2K atomic H beam
-l n 60 m/s trap depth
S 102
®N —
Q. —
© -
" 1073 =
= 10 trapping efficiency (better for T)
104 =
- —e— H + 7Li
10° &= : -
= 10° Li In —e— mass=3 + 7Li
oo doy Locogtemdia L
10° 10'° 10" 10'2 10'° 10"

J. Phys. Conf. Ser. 1138, 012010 (2018) Li density (atoms / cm”3)



Triton charge radius from Tritium 15-2S

SHe

1.9679 ( 14)
1.9730-¢160)

4
He

1.6782 ( 8)

1-6810-(40)

N

H

‘D

| °T

Triton-Radius EXperiment
Mainz

4x better radius

with 100 kHz measurement
(vs. 0.01 kHz for H, D)

* Optogalvanic spectroscopy

in a cell

* Syst. extrapolation w/ H,D

0.8409 ( 4)|| 2.1279 ( i( 1.7xxx<(8?OO'
0-8754(61) | | 2:4443-(2 1.7550 (860)
\\

B e T S
243nm = . ///9 T C\\\ ™,
100mW E A N EI

Té\g _________________________
signal wire probe miniature
e , A 4 pressure gauge

ECT*, 28.7.2025

lock-in

amplifier

* Tritium confined.

staged approach

Randolf Pohl, JGU Mainz



Hydrogen/Tritium Laser Spectroscopy in RF Discharge Cell

Spectroscopy Setup

RF signal lifi power
generator Preamplifier  qmplifier
| | typ. 20W power
GSB | | ~ detector
Y (ZX47-40LN-S+) - _
directional [} C ) ( |0Ck—l_n optogalvanic
Coupler j 20dB —/ L amp|lf|er Slgnal
UV enhancement cavity helical resonator

243nm & E—m—ﬂ
(486nm) : — ) -

tical ™ = Treemenosemsemmeoeosoceoooocooooooos ’ 1
kg H,/ T, discharge cell

chopper

optogalvanic detection — laser-induced impedance change of the plasma
* monitoring reflected (or forward) RF power via directional coupler (shown above)
* pickup-coil around plasma tube

+ avoid optical detection within the fluorescence background of the discharge glow
+ containment of radioactive tritium samples in a compact sealed glass cell
- large systematic effects expected due to electric fields and collision processes



Hydrogen/Tritium Laser Spectroscopy in RF Discharge Cell

Spectroscopy Setup

i i coaxial input connector
air cooling \ — P

tuning rod (PTFE)
— tune resonance freq.

(very coarsely + 1 MHz) \

discharge tube axis

tap wire coupling
— impedance matching

copper shielding

resonator coil
Resonator design inspired by [Tate, Investigations of simple atomic systems by laser spectroscopy, Phd thesis, Oxford (1987)]

a discharge tube (reduced power) overview 4
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Hydrogen/Tritium Laser Spect_ro_scopy in RF Diss:harge Cell
Balmer-f8 Transition / Overview

optogalvanic
spectroscopy (OGS)

modulated lin. OGS

intermodulated OGS (IMOGS)

optogalvanic signal (uV)

optogalvanic signal (uV)

NN
 u

Lin. OGS (P.=1.8mW, T=1.0s, p(H3) = 0.2 mbar)
Lin. abs. (P =140 uW, T=1.0s, p(H>z) = 0.2 mbar)

1.20
'-""'-"'s""q. =
g > 2 ~—
N\, e P e / 1.15 u
¥ el R °
%\ ) =
N e S
; NS’ = 3
= 1.05 2
‘-n._‘” —g_

- , : , — 1.00

IMOGS (P =20 mW counter-prop., T=0.35s, p(Hz) = 0.2 mbar)
SAS (P, probe = 140 pW, P, pump = 2 MW, T = 0.03 s, p(H2) = 0.2 mbar)

15.0
: Rl 2ES =
=
10.0 =
o
—
8 &
e
5.0 o
©
r g
" . 25 =

ST R
- : — T 0.0
515 520 525 530 535

laser frequency (GHz) +616000.0

absorption
spectroscopy

linear absorption

—CEER D

saturated absorption (SAS)
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Towards trapping and spectroscopy \’J,

Triton-Radius EXperiment
Mainz




Towards H Beam Characterization

* Hydrogen beam dissociation
* Cryogenic nozzle design and atom beam shape

* Quadrupole cut-off velocity




Towards H Beam Characterization

Lo A 2 o
a1 i — |, S—
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Towards H Beam Characterization

Jul23 17:28

| P Tri i
gger | & Display | # Cursors | Bl Measure | @ Math | 2 Analysis | %¢ utilities ©® Support

Oins s |
70ms 80ms |
e o |

1.00 V/div | H base 300 ms] Tngger (=4 tu i
< H i 10.0 ms/div Normal 2.52 V
asesversti | 100kS . 1MS/s Edge . Positive |

Time-of-Flight velocity measurement

using Argon at Room Temperature
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Atomic Lithium

2500

2000

1500

1000
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Randolf Pohl, JGU Miinz

0.2

Silicon detector

maXs30 MMC detector

] QUARTET
2p_1s 6'—' 2Ps /0
' 2P0 f C
28 —O
2p-1s “Li
v
L " - 1
0.4 0.6 0.8
E - 18.7 keV




2D MOT as cold Li beam source

mirror

fluorescence

°Li reservoir + heating

2D-MOT design: Tiecke, Walraven et al, PRA 80, 013409 (2009)



2D I\/Ifor cold Li (old)

£

2D-MOT design: Tiecke, Walraven et al, PRA 80, 013409 (2009)



Vacuum Setup / Beamline




Our 15t spectroscopy on cold Li

80000 - ---- background

) — fit

——

] 70000 - & measurement

Q

-

© 60000 -

4

5

8 50000 - ____'-J—'—; "‘“*—r__-__j
40000 - D e R e | I

)

f—-._i ® @ e @ ® = &

E D 55 ] ® o e ° = e e =T s ® & & ® g

G L]

=

S 5000 - .

un : i . | .

L —20 =10 0 10 20

frequnecy detuning from 446799.804 THz (MHZz)

Fig.1: Fluorescence spectrum with a probe beam power pW measured over 1 s.



Next up: AFR

* Use of Active fiber-based Retroreflector:

—> Reduction of Dopbler effect
v
Tip/tilt piezos Shutter

H(25) 6|i ;- adj. piezo

0.8 m
fiber

Four- T
quadrant @@ 7 ' e
PMT @@ oy -

HR mirror Four-lens collimator

[A. Beyer, “Active fiber-based retroreflector providing phase-retracing anti-parallel laser beams for
precision spectroscopy”, 2016]

[V. Wirthl, “Improved active fiber-based retroreflector with intensity stabilization and a polarization
monitor for the near UV”, 2022]



AFR: Actively stabilized Fiber-based
Retro-Reflector

Laser Beam

— Avp

Spectroscopy Signal [a.u.]

103 0 10
Laser Detuning [MHz]

~10 0 10
Atomic Resonance

—— Total Signal

—— Single Doppler Shift in Signal



AFR: Actively stabilized Fiber-based
Retro-Reflector




.‘ \ é’ 4‘ \4

2D MOT + sectrosco

Y f:’&‘

2D- MOT deS|gn Tlecke Walraven et al, PRA 80, 0*13409 (2609)



Thanks a lot

for your attention
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for your attention




Welcome to ECT* Trento

Monday Tuesday Wednesday Thursday Friday
9:40 - 10:20 30 + 10 van Kolck Ohayon Bacca Gasparian Craig
10:20 - 11:00 30 + 10 Pohl Peset Drissi Ouf Potvliege
11:00 - 11:30 | Coffee——
11:30-12:10 30+ 10 Gorshteyn Harman Pastore Pitelis Feng
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13:00 - 15:00 | T EaRehn
15:00 — 15:40 30+ 10 Kreuzberger |Weber Ji
15:40 — 16:20 30 + 10 Godhino Rathi Egert
16:20 — 16:50 .~ Coffre  FExcursion
16:50 - 17:30 30+ 10 Baptista Cocolios
17:30 - 18:10 30+ 10 Heille (Zoom) |Deseyn
18:10 - 18:30 Discussions
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Hyperfine structure in muonic H

CREMA-3 / HyperMu at PSI
(R16.02)




The sky in hydrogen




Hyperfine structure in H/ pp

OB

The 21 cm line in hydrogen (1S hyperfine splitting) has been measured to
12 digits (0.001 Hz) in 1971

V., = 1420 405. 7 + 0.000 001 kHz

Essen et al., Nature 229, 110 (1971)

QED test is limited to 6 digits (800 Hz) because of proton structure effects:

v, =1420403.1 +0.6

+
proton size — O'zl'polarizability kHz

Eides et al., Springer Tracts 222, 217 (2007)
ECT*, 28.7.2025 Randolf Pohl, JGU Mainz



Proton Zemach radius

HFS depends on “Zemach” radius:
AE=—2(Zo)m(r),E,
<r Jld rd’r'pg(r)py(r')|r—r’|

Zemach, Phys. Rev. 104, 1771 (1956)

8(za)m % dk|Gp(—K)G,(—K)
E.J 23
Jtn o Kk 1+x

Form factors and momentum space

ECT*, 28.7.2025 Randolf Pohl, JGU Mainz



From charge to magnetic properties

A
_ o 2S-2P = Lamb shift
5 TS/EW%I; o is sensitive to CHARGE radius

2P lifetime (8ps)

width: 0.1 GHz 1S-HFS = Hyperfine splitting
18 .— (Doppler width)
—— 1 1S-HFs

IS sensitive to ZEMACH radius

ECT%@%&}?I [CREMA], 2112.00138 Randolf Pohl, JGU Mainz



Proton Zemach radius from pp

LLp 2013 @
e-p. Mainz ——
H. Volotka L
o e-p. Friar
H. Dupays
S T VB B - T b B b T

Proton Zemach radius R, [fm]

Mp 2013: Antognini et al. (CREMA Coll.), Science 339, 417 (2013)
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Proton Zemach radius from pp

coal R-16-02 (CREMA-3) o
Lp 2013 L
e-p. Mainz —i»—
H. Volotka L
- e-p. Friar
H. Dupays
S T T v B T - U R T

Proton Zemach radius R, [fm]

PSI Exp. R-16-02: Antognini, RP et al. (CREMA-3 / HyperMu)
see e.g. Schmidt, RP et al., J. Phys. Conf. Ser 1138, 012010 (2018); arXiv 1808.07240

also: FAMU @ RIKEN/RAL, and a Collaboration at J-PARC
ECT*, 28.7.2025 Randolf Pohl, JGU Mainz



Backup
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Electron scattering

1.01 . /\

<r2>: 6> dGE(? )
dQ

extrapolation to Q? = 0 required

Q*=0
0.99

0.98

Ggp/Gp

0.97

0.96 |- ~
{ Vanderhaeghen, Walcher: 1008.4225

0-95 1 | 1 | 1 | |
0 0.056 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Q2 [(GeV/c)F] Mainz MAMI data 2010
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Correlation between R_and R/ R,

85
45
35

1S

CRoo Mred Y i NS

E(ﬂaﬁfj)/h = = n2 m +F6€0 +A(ﬂaﬁ;j) (7)
v(lS—ZS)%%Rw—%ENS

10 =10Hz 102 =20 kHz

The source of the 98.91% correlation of R and R

[Pohl et al., Metrologia 54, L1 (2017)]



,New Physics constraints

week ending

PRL 104, 220406 (2010) PHYSICAL REVIEW LETTERS 4 JUNE 2010

Precision Physics of Simple Atoms and Constraints on a Light Boson with Ultraweak Coupling

S. G. Karshenboim™

D. I. Mendeleev Institute for Metrology, St. Petersburg, 190005, Russia
and Max-Planck-Institut fiir Quantenoptik, Garching, 85748, Germany
(Received 12 April 2010; published 4 June 2010)

modified Coulomb potential:

a e (1)

| . . | A (MeV? ¥ r
10°° 1073 1074 0.001 0.01 0.1 1
/
FIG. 1. Constraints on a long-range spin-independent interac- - a+o exXp ( —mx T)
tion from hydrogen spectroscopy and g, — 2, including a con- T r

V. Wirthl, MPQ _

Precision spectroscopy of 2S-6P transitions in hydrogen ‘




Hydrogen 2S-6P: which contributions are being tested

Hydrogen 28, /9-6P1 /5 (Hz)

V. Wirthl, MPQ _

Our 2S-6P meas. uncert.:
490 Hz

Start seeing muons and
hadrons in vacuum

bound-state vacuum effects

Dirac (with me. — mpeq) 730691 021 696 054
Rel. nuclear recoil 1129173
Radiative recoil 1540
1-loop QED
self-energy —1071679859
vacuum-polarization 26 853 088
[~ vacuum-pol. 634
hadronic vacuum-pol. 425
2-1oop QED —90477
3-loop QED —236
Finite nuclear size
x at —138394
x a’ o
x af —T74
Nuclear polarizability
x a® 8
x ab —49
Nuclear self-energy —584
Total 730689977 771255
Theory uncertainty 199

Start seeing
Nuclear self-energy

Start seeing 3-loop ]

Precision spectroscopy of 2S-6P transitions in hydrogen

[ 2



CREMA:
f light muonic atoms

Laser spectroscopy o
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Radil of Z=3 .... 10

Xray spectroscopy

of muonic atoms

QUARTET
.
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X-ray spectroscopy

n=14

45

35 30

25 2P low-Z muonic atoms:

low X-ray energy — difficult!

muonic Li: 18 keV

R C

QUARTET

2Pss2
2Pise
2s

1s

—o

f

| E,=— §+@<r2>610+4\(n,1,1)
n
15

finite size effect

!

Randolf Pohl, JGU Mainz




QUARTET Goals
E (2P-1S) keV
8 33 75 134 207 297
0 @ plaser
85LE 9Be © El. Scattering
102! © o'B ® uX-ray (HPGe) |
OB @ pX-ray (Crystal)|
' % uX-ray (MMC)
180
14,15N .
O 170
£ o
© 130 160 20,22
¢ =F @ 23Na
A . .
103} Yo B :
@ ‘He 0
X 24,26
.3He * v * ’ Mg
. il v
. LA g g ok
.D
2 4 6 8 10 12

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

ECT*;28.7.2025 Randolf Pohl, JGU Mainz

ANN

QUARTET
2Pgye -

2Pise -
2s —O r

1s

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)



QUARTET Goals
E (2P-1S) keV
8 33 75 134 207 297
10 @ plaser
8. o E i
s °Be El. Scattering
‘ © @B @ pX-ray (HPGe)
102} wrray ]
| éus ® uX-rav (Crvstal)

QUARTET, muX, ReferenceRadii:

see Talk by Frederik Wauters

tomorrow
- ‘ ‘ -
N e l l l ve l 2426Mg
H i * dof K
®
2 4 6 8 10 12

10x improved nuclear charge radii — challenging nuclear few-body calculations
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ANN

QUARTET
2 T -
Z}S)U:z o f

1s

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)



Quantum Interference in 2S-nP

0.25 -
. 0.20 |C> 7
=i ‘
= 0.15 '
[~ -~
EI) £ A “
& 0.10 ;
1
0.05 ;
I 1
0.00 T ‘
= 0 2 4 6 ;
Detuning [I7] :
‘
0.100 "
1)
0.010 :
0.001 . :
|‘[> —

10—4

103

Line center shift [I']

1070

107
40

Line splitting [I"]

60

Fitting this with 2 Lorentzians creates
line shifts

ECT*, 28.7.2025

lem) see
Horbatsch, Hessels, PRA 82, 052519
(2010);
) PRA 84, 032508 (‘11); PRA 86 040501
"N W, (12)
L . Sansonetti et al., PRL 107, 021001
Al (2011)
X4 Brown etal., PRA 87, 032504 (2013)
Wy |f)
T =\7 T 2\ 7 iAD |2
[ (d1Eo>d1 (don)dze
P (u))oc

w,—0,+iy,/2 w,—w,+iy,/2
= Lorentzian(1) + Lorentzian(2)
+ cross-term (Ql)

Randolf Pohl, JGU Mainz



Studying Quantum Interference in 25-4P

————lem)

from 243 nm
laser System

-

(Jlﬁo)‘i 4 (Jzﬁo)dzemq) :
w,—0,+iy,/2 w,—w,+iy,/2

= Lorentzian(1) + Lorentzian(2)

Beyer, Maisenbacher, RP et al, Science 358, 79 (2017) + cross-term (QI)

ECT*, 28.7.2025 Randolf Pohl, JGU Mainz



Observed line center - vy (kHz)

Studying Quantum Interference in 25-4P

2875 4P !
45k A Voigt fit - X ]
J (=] i‘," -!' r * ~l¥ 4P1I2
30t 5 Rk . -
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0f ¥ JE . ‘.
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_ank * Ve e §‘ - - 1
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Linear laser polarization angle 8 (°)

Observed line center - vy (kHz)
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Beyer, Maisenbacher, RP et al, Science 358, 79 (2017)
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