Benchmarks for nuclear and atomic physics
from laser spectroscopy of muonic atoms

CREMA collaboration

Aldo Antognini

Paul Scherrer Institute
ETH, Zurich

Swiss National
Science Foundation



Laser spectroscopy of muonic atoms

Finite size effects
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Laser spectroscopy of light muonic atoms

A
> 2P
O
Lch pd Laser excitation
2S

e
-
We measured 10 Theoretical predictions: =~

25-2P transitns 1 +
up, ud,@3He*, p4Hes

charge rai

QED + Nuclear structure

— = .t " |
P —
. i

PAULLS;_H_ERRE TTTTTTT m Aldo Antognini EFBZS, Mainz 31.07.2023




EEEEEEEEEEE

The pHe* 25-2P experiment

»Stop low-energy muons in 2 mbar Helium gas

>uHe* are formed (1% in the 2S-state)

> | wHe'(2S - 2P, )
» Excite 25-2P transition with laser ; .
»Detect X-ray from 2P-1S de-excitation qé ¢
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»Plot number of X-rays vs. laser frequency g
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The measured transitions in u*He"
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Theoretical prediction of the Lamb shift

= 1668.491(7) — 106.209 r?

QED

Finite size
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> Elastic: can be calculated using form factor

> Inelastic: requires few-body theory

Chen Ji et al., J.Phys.G 45 (2018) 9, 093002
Nevo Dinur et al., PRC 99, 034004 (2019)

Li Muli et al., J.Phys.G 49 (2022) 10, 105101
Pachucki et al., PRA 97, 062511 (2018)
Pachucki et al., arXiv:2212.13782
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Theory

Experiment

The 4He charge radius

QED Finite size nucl. str.

E" =1668.491(7) — 106.209 r; +9.276(433) meV  Pachucki et al., arXiv:2212.13782

Ei’gp = 1378.521(48) meV Nature 589 (2021) 7843, 527-531

Uncertainty 2PE increased
by 45%. No elastic/
inelastic separation.
More consistent treatment.

Bacca, Li Muli, Acharya, Ji,
Hernandez, Barneag, ....
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Pertfect agreement with the electron scattering result

| u*He
e-He scatt
Sick 2008
® re = 1.681(4)fm
o il L PRC 77,041302R (2008)
1.676 1.678 1.68 1.682 1.684 1.686
alpha particle charge radius [fm]
2 — _GdF(QZ)
“ dg® 1q2=0
10 ey M Good data
: @ f [ Only one form factor
07 I | World data [ He-nucleous has smaller tail compared to proton
- . veumten [ Large-r behaviour of the charge distribution
5 , %@ B | McCarthy constrained from theory
1076 — — Arnold
[J Proton information is used in this analysis
o : ] Radiative corrections?

10—10 S S S . 2\@ r
0 2 < 6 8 Ingo Sick Radiative correction @ NNLO with McMule available /5 m
‘_/hd

A.Signer et al., https://mule-tools.gitlab.io
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Radius as a benchmark for ab initio few-nucleon theories
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Filin et al, -
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XEFT
Marcucci et al. ’16
[ ] -
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i Marcucci et al. '16 Muli et al. 21 :
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Towards a consistent treatment

of the nuclear effects:
radii and 2PE+3PE
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Radius as benchmark for ab initio few-nucleon predictions

1

FC(Q2)=2J+1§<P/,MJ|J3|P,MJ> (in Breit frame)
J
Filin
SR (PSP
C Str 4mp2 7 n
Current operator Nuclear forces
e QY M\r‘ ‘ 2N force 3N force 4N force
(@) Consistent derivation and LO >< }
“kﬁ+ ‘ regularization of many body o
N (b) forces and nuclear current NLO >< } i
oo A | Nﬂt* operators + Rel. Dynamics+ txi t::
| » g . isospin breaking+...
o Ll b L & wolff 11 - 4 X X
S S <°
0w om0 Xt KB [
a b -] 9 . N3LO
fnk’ SO S X Epelbaum, Krebs, Meissner, )H( "1 F>< H"H
Li Muli Y ! e Reinert, Hammer, Maris, Lynn,

Ekstrom, Bacca, Barnea, Li Muli,
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Schuhmann et al., arXiv 2305.11679
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The measured transitions
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Lamb shift and 2S-hypertine splitting
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Measured
transition
energies
1
AES) = Ers — 7 BPups + Eps — 9.23945(26) meV
3
AER) = Erg + 7 Bups + Eps + 15.05305(44) meV
1
AE®) = Ers — 7 s — 14.80851(18) me\
i
v

- By = 1258.598( 48)7P(3)""° meV |
| ESP = —166.496(104)P(3)*°° meV

ESP = 144.958(114) meV
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Theory

Experiment

The helion charge radius

QED Finite size nucl. str.

EM =1644.348(8) — 103.383 r; + 15.499(378) meV  Pachucki et al., arXiv:2212.13782

Xp __ X h |
EESP = 1258.598 (48) p(3)t ~ meV \\_‘ Contains nuclear and

nucleon uncertainties

t

Pascalutsa, Birse, Hagelstein,

r, = 1.97007 (12)*P(93)1e° fm = 1.97007(94) fm |

Alarcon, Tomalak,....

—

—L w’He
Sick 2014 ®
LENPIC 2021 o
Nevo Dinur 2019 O
Piarulli 2013 o
| ! ! ! ! | ! ! ! ! | ! ! ! ! ! ! ! ! | ! ! ! ! | !
1.94 1.95 1.96 1.97 1.98 1.99

helion charge radius r [fm]
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Two ways to the two-photon exchange

Dispersion relation
and data

Barnea, Bacca, Nevo Dinur, Ji,

Hernandez, Li Muli ...
Carlson, Gorchtein,

few-nucleon ab initio Vanderhaeghen

theory
with chiral-inspired
potentials

o 1 F R

(e) (f) (9) (h) () \.
] XXX X For peHe
Gy ) " ’ Dispersion: 15.14 (49) meV
Few-nucleon th.: 16.38 (31) meV

Agreement
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Muonic atoms
spectroscopy

PAUL SCHERRER INSTITUT
== ETH

Nuclear and hadron theories

Aldo Antognini EFB25, Mainz

High-precision laser
spectroscopy in He and He+
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CPT tests (Lsym

He charge radius needed to

extract the electron g-factor

Fractional precision

— CPT test

S. Sturm
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The hydrogen-like Het

Karshenboim et al., PLB795:432(2019)
Yerokhin et al., Ann.Phys.531(5):1800324(2019)

Theory sensitive to higher
order contributions

3Z7°cRe 1 37 5 7 (Za)c*
_1s(He™) » +QEDy + (Z£7, 27 — o 1. .
fQS 15( € ) A 1+ Ee Q He ( ) 24#@% 73 T« + nucl.struct
Uncertainty (1kHz) (9kHz) (40kHz) (61kHz) (3 kHz)
Prospected Using R Using r,, from
experimental from H+uH u*He*

accuracy
u, —NIRI °

@ !
Pachucki et al., arXiv:2212.13782 90 kHz

Li Muli, Bacca (in preparation) >90 kHz

Moreno, et al. EPJD 77, 67 (2023).
Krauth et al. PoS FFK2019, 49 (2019).
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The He atom

Two electrons are much more

than one electron

ma’ contributions completed

Patkos et al, PRA 103, 042809 (2021)
Yerokhin et al., PRA107, 012810 (2023)

From He spectroscopy a
charge radius can not
yet be extracted due to
theory uncertainties

PAUL[j_H_ERR_i:NSTITUT m Aldo Antognini EFBZS, Mainz

For some transitions
there is perfect
agreement, for others
perfect disagreement

Clausen et al, PRL 127, 093001 (2021)
Zheng, et al, PRL 119, 263002 (2017)

31.07.2023

20




Isotopic shift in He

But large theory
cancellations are taking
place in the isotopic
shift of regular He.

The isotopic shift is

2 2

sensitive to r, — Ty
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Van der Werf et al., arXiv:2306.02333

d)

Previous result
van Rooij et al. [25]
i o :

f—t—i
Zheng et al. [30] (“He)

+ [29] (°He)

van der Werf
=9=]

van Rooij et al. [25]
re-evaluation

Cancio Pastor et al. [16,28,29]
f—tt—ry

Shiner et al. [16,27]
—e—]

1.02 1.03  1.04
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Isotopic shift in He

Between uHe™" and van der Werf results
there is a 3.60 tension

3
Hett bt
! : M @ vy
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Previous result
van Rooij et al. [25]
i o :
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Van der Werf et al.,
arXiv:2306.02333

van Rooij et al. [25]

re-evaluation
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Isotopic shift in He

» Van Rooij results corrected to include a
differential ac-stark shift effect. The van der
Werf result makes use of the magic
wavelength to eliminate this systematic

» The values of Shiner and Pastor may lack a
systematic correction due to quantum

interference effects
Marsman et al., PRA 89, 043403 (2014)

» The value of Zheng may have to be
corrected for a systematic Doppler shift

Wen, et al. PRA 107, 042811 (2023).
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van Rooij et al. [25]
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exp.
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Another benchmark for nuclear theories: 2S HFS

Theory

Experiment

Nuclear structure
contribution (2PE+...)

;% § + 3PE

Fermi+QED nucl. str.
El o =—172.7457(89) meV + EfmaS™  Franke etal, EPID 71,341 (2017),
ESP = — 166.496(104)%*P(3)the0 meV Schuhmann et al., arXiv 2305.11679

HFS

| | Hucl struct ] No theory predictions exist to
H By ips = 0.25(10) meV date for the inelastic part

AEZsmach = 6 53(4) meV

using ¥, = 2.528(16) fm  Sick. PRC 90, 064002 (2014).

Aldo Antognini EFB25, Mainz 31.07.2023 24
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The proton radius puzzle

™ i

o Cr

e_
H v .

e-p scattering H spectroscopy Up spectroscopy

e— CODATA-2010

up 2013 ¢
o - scatt. JLab

up 2010 | *— scatt. Mainz
- H spectroscopy

0.82 0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.9
Proton charge radius [fm]

Pohl et al., Nature 466, 213 (2010)
Antognini et al., Science 339, 417 (2013)
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Status of the proton charge radius puzzle in 2 minutes

CODATA
'18 - sl
'14 —e—i
'10 4 ==

Muonic atoms

Lensky et al. '22 (uD+is0) A k-
Antognini et al. '13 (uH) A '
Pohl et al. '10 (uH) A 1l

H spectroscopy
H(25-8D) Colorado '21 - e
H(1S-3S) Garching '20 - e

H(2S5-2P) Toronto '19 A ——
H(1S-3S) Paris '18 A —e
H(2S5S-4P) Garching '17 - e
H pre '14 (CODATA) ——

ep scattering
Xiong et al. '19 (PRad) | o I
Horbatsch et al. '17 - : o
Higinbotham et al. '16 e
Lee et al. '15 - ! .
Sick '12 - —o—1
Bernauer et al. '10 (MAMI) - ——d

Lin et al. '21 -
Alarcon et al. '18 1
Lorenz et al. '14 A
Belushkin et al. '07 -

AA, Hagelstein, Pascalutsa, 0.82 0.84 0.86 0.88 0.90 0.92 0.94
arXiv:2205.10076 rp [fm]
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Status of the proton charge radius puzzle in 2 minutes

Dispersion-based analysis

> Allow for a consistent description of all

data (including neutron) in the space- and

time-like regions based on fundamental
principles.

> Always led to a small proton charge

radius

PAUL SCHERRER INSTITUT
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Muonic atoms

Lensky et al. '22 (uD+iso0)
Antognini et al. '13 (uH) A
Pohl et al. '10 (uH) A

H spectroscopy
H(25-8D) Colorado '21 -
H(1S-3S) Garching '20 -

H(2S5-2P) Toronto '19 A
H(1S-3S) Paris '18 A
H(2S5S-4P) Garching '17 -
H pre '14 (CODATA)

ep scattering

Xiong et al. '19 (PRad)
Horbatsch et al. '17 A
Higinbotham et al. '16
Lee et al. '15 1

Sick '12 A

Bernauer et al. '10 (MAMI) -

Lin et al. '21 -
Alarcon et al. '18 1
Lorenz et al. '14 A
Belushkin et al. '07 -

B
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]
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rp [fm]
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Status of the proton charge radius puzzle in 2 minutes

CODATA
'18 - sl
'14 - —e—i
10 - ==

Muonic atoms
Lensky et al. '22 (uD+is0)
Antognini et al. '13 (uH) - E
Pohl et al. '10 (uH) -

H spectroscopy

H(25-8D) Colorado '21 - e

The PRAD experiment H(1S-3S) Garching '20 - e
H(2S-2P) Toronto '19 - ——

H(1S-3S) Paris '18 - —
H(25S-4P) Garching '17 —c—
H pre '14 (CODATA) - o1

ep scattering

Xiong et al. '19 (PRad)
Horbatsch et al. '17
Higinbotham et al. '16 -

ke Thin aluminium window 5
Cryo cooles I —_—

Beam halo Harp -

blocker F ;
~'$‘A-"..~ "

GEM

-

Lee et al. '15 ~ y *
Sick '12 - ——
Bernauer et al. '10 (MAMI) - i

ep scatt., disp. analysis

Lin et al. '21 - e
Talk H. Gao Alarcon et al. '18 - i
Lorenz et al. '14 - — ]
Belushkin et al. '07 - o |—o—1
0.82 0.84 0.86 0.88 0.90 0.92 0.94
Hessels rp [fm]
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Status of the proton charge radius puzzle in 2 minutes

Talks
F. Hagelstein
V. Lensky
T. Richardson
B. Acharya

uD and H-D isotopic shift

H/D shift: r; —r2 = 3.82061(31) fm”
= 2.12763(78) fm

d - rd

Pachucki et al., PRA 97, 062511 (2018)
Kalinowsiet al., PRA 99, 030501 (2019)
Lensky et al., PLB 835 (2022) 137500
Lensky et al., EPJA 58, 224 (2022)
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CODATA
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'10 A

Muonic atoms

Lensky et al. '22 (uD+iso0)
Antognini et al. '13 (uH) A
Pohl et al. '10 (uH) A

H spectroscopy
H(25-8D) Colorado '21 -
H(1S-3S) Garching '20 -

H(2S5-2P) Toronto '19 A
H(1S-3S) Paris '18 A
H(2S5S-4P) Garching '17 -
H pre '14 (CODATA)

ep scattering

Xiong et al. '19 (PRad)
Horbatsch et al. '17 A
Higinbotham et al. '16
Lee et al. '15 1

Sick '12 A

Bernauer et al. '10 (MAMI) -

Lin et al. '21 -
Alarcon et al. '18 1
Lorenz et al. '14 A
Belushkin et al. '07 -
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0.82 0.84 0.86 0.88 0.90 0.92 0.94
rp [fm]
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Status of the proton

New measurements in H

> Values have moved towards r,(uH),
yet, some deviations still exist.

» Deviations tends to decrease as n
INncreases.

PAUL SCHERRER INSTITUT . .
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charge radius puzzle in 2 minutes
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'18 -

'14 -

'10 -

Muonic atoms

Lensky et al. '22 (uD+iso0)
Antognini et al. '13 (uH) A
Pohl et al. '10 (uH) A

H spectroscopy
H(25-8D) Colorado '21 -
H(1S-3S) Garching '20 -

H(2S5-2P) Toronto '19 A
H(1S-3S) Paris '18 A
H(2S5S-4P) Garching '17 -
H pre '14 (CODATA)

ep scattering
Xiong et al. '19 (PRad) | o I
Horbatsch et al. '17 - : o
Higinbotham et al. '16 e
Lee et al. '15 - ! .
Sick '12 - —o—1
Bernauer et al. '10 (MAMI) - ——d

Lin et al. '21 -
Alarcon et al. '18 1
Lorenz et al. '14 A
Belushkin et al. '07 -

0.82 0.84 0.86 0.88 0.90 0.92 0.94
rp [fm]
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Impact of precise nuclear radii?

> A simplified story (neglecting least square adjustment )
> Muonic-atom centric approach
> Just consider the proton

Aldo Antognini EFB25, Mainz 31.07.2023
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pH measurements

Muonic hydrogen

E,s_op(uH) ~ QED + k7, +NS

(6 =1x107)

RRRRRRRRRRRRRRRRRRRR . .
BS ETH Aldo Antognini

EFB25, Mainz

31.07.2023
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Muonic hydrogen

E,q_p(uH) ~ QED + xr> # NS

Combining pH and H(1S-2S) measurements

P

Aldo Antognini

Input from |
proton structure L

Extract
proton radius

S=4x10""*

| Benchmark for hadron
l | theories

EFB25, Mainz 31.07.2023
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Combining pH and H(15-2S) measurements

Muonic hydrogen
Input from

EZS—ZP(IMH) ~ QED + Krg + NS proton structure 74 te  +3PE

TN

E o _»s(H) zZROO QED’ + k'r;

Hydrogen

(6 =4x%x10"D)

Extract
Rydberg constant M_fzg___t I
. azmec | Fundamental constant |
— I el
o0 o needeq for.preC|S|on
. predictions in atomes,
0=38x10 ~_molecules, ions.
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Adding for example the H(1S-3S).....

Muonic hydrogen

E)s_»p(uH) ~ QED + kr; + NS

6 =1x1075
Hydrogen 3
~ / / 2
Eys_os(H) & 7Ry, + QED' + k'
6 =4x 10719
LHe flow cryostat
~ E 7 1.2
Eis_3s(H) = 0 R, + QED" + k " Mirror Puise Colision Mirror
6=25x10"13) - e T <
T e 2 ;::j & . —
2 © ) Aspherical lens
¢
Atomic hydrogen *t‘ m
from discharge i To PMT
4
Grinin et al. Science 370(6520):1061-1066 (2020)
5 ETH Aldo Antognini EFB25, Mainz 31.07.2023 o




Adding H(1S-395).....

Muonic hydrogen

T~ Input from
EZS—ZP(IMH) ~ QED ~+ Krlg NS prot(fn Ztructure
Hydrogen 3
Eys os(H) ~ TRy + QED’ ,
Brsal) = g+ i

- TestofHtheory |
. Test of bound-states QED |
o~ 1X -‘, .

1J : —

Lr: """""" ETH Aldo Antognini EFB25, Mainz 31.07.2023 37




Adding H(1S-3S).....

Muonic hydrogen S—
Test

EZS—ZP(ﬂH) ~ QED + Kr 5 proton structure ! l; §Tq +3PE
3 \

E o _s(H) ~ ZROO QED’ + k'r;

Combine

Hydrogen

E_s(H) ~ EROO + QED" + k'r;

””t_”_”‘iﬂ """""" ETH Aldo Antognini EFB25, Mainz 31.07.2023 38




Muonic hydrogen

Eyrq -p(uH) = QED + «k

(6 =1x107°)

Hydrogen

3

(6 =4x1071)

HD+

E(wL — V' L")

5 =010 -10"1%

Adding HD* measurements

P,

—SE () DR ;. (o

Aldo Antognini

r+NS

/ 2‘\
+krp

N\, HD isotope

9 9 7Tpard) e © c
my 1d

Karr et al., Springer Proc. Phys. 238:75-81 (2020)
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Adding Penning traps measurements

Muonic hydrogen

(5—1><10 %)

magnetron

Hydrogen
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(6 = 4>< 10~15)
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Penning traps
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Wics+ HeilBe et al. Phys. Rev. A 100(2):022518 (2019)
5~ O0(10~1h Sturm et al. Nature 506(7489):467-470 (2014)
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Combining measurements in pp, H, HD* and Penning-traps

Muonic hydrogen

Eys_»p(uH) ~ QED + k12 4 NS

Hydrogen

HD+

, Test of HD+ theory
Test of 3- -body QED
5~ 1071

E(V L—1v L/) = ROOQEDg_bOdy(Oé, : s Tps Td) g

Penning traps

g-factors, ©p | S E-gM |im7ts S
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Combining measurements in pp, H, HD* and Penning-traps

Muonic hydrogen

Eys_p(uH) = QED + kr; +( NS

Hydrogen

E _,(H) ~ ZROO + QED' + k'r; ™\

HD+ |
m.m
/ / A e o,
E(VL — v L ) — ROOQ_LDg_bOdy(Oé, ; s T'ps Td)
my Mg
Extract e T
. Best determination of the
me/mp ratio !
T electron mass
o0=2x10 — f
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Combining measurements in pp, H, HD* and Penning-traps

Muonic hydrogen

Eys_p(uH) = QED + kr; +( NS

Hydrogen

E o »H) ~ ZR"" + QED' + k'r;

HD+

E(VL — 1/ L/) = ROOQEDg_bOdy(Oé,

' Test of bound g-factors

Penning traps e e
T u S5~ 4x 1071

measurements
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