Nucleon and nuclear structure from
muonic and hormal atoms

Randolf Pohl

Johannes Gutenberg

Universitat Mainz

Cluster of Excellence

PRiSMA*

21 October 20

000y
........
.......
8



Nuclear rms charge radil

from measurements with electrons

N 'Be °Be | ""Be || 'Be
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Q
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et
QO 1 2 3
D’: H D T values in fm
0.8751 (61)| | 21413 (25)||1.7550 (B60 _ _
— * elastic electron scattering
N * H/D: laser spectroscopy and QED (a lot!)
* He, Li, .... isotope shift for charge radius differences
* for medium-high Z (C and above): muonic x-ray spectroscopy

L.
sources: * p,d: CODATA-2014

< Amroun et al. (Saclay) . NPAS79, 506 1004y NeUutron number N

* 34He: Sick, J.Phys.Chem.Ref Data 44, 031213 (2015)

* Angeli, At. Data Nucl. Data Tab. 99, 69 (2013)



Nuclear radii
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= * Nuclear structure and models

* Precision tests of QED and

the Standard Model
* Fundamental constants (CODATA)



Nuclear radii

Atomic Fundamental
spectroscopy constants

electron higher .
VS muon moments Radil TPE subtraction

........ function

Form factors
S Catte rl n g ..... structure functions H a d ro nl
experiments ., Sucear
theories

adapted from A. Antognini



The “Proton Radius Puzzle”

Measuring R using electrons: 0.88 fm ( +- 0.7%)
using muons: 0.84 fm ( +- 0.05%)
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Proton charge radius R h[fm]

pud 2016: RP et al (CREMA Coll.) Science 353, 669 (2016)
Mp 2013: A. Antognini, RP et al (CREMA Coll.) Science 339, 417 (2013)
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Measuring R using electrons: 0.88 fm ( +- 0.7%)
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The “Proton Radius Puzzle”

Measuring R using electrons: 0.88 fm ( +- 0.7%)
using muons: 0.84 fm ( +- 0.05%)
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The “Proton Radius Puzzle”
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A “Proton Radius Puzzle” ?7?
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Ernest Rutherford — 1911

1871 — 1937
Nobel prize 1908



Ernest Rutherford — 1911

Rutherford shoots alpha particles onto a
thin gold foil

Zoldfolie
Fadium-Strahl (x-Strahlung)

T

Ahlenkung

1871 — 1937
Nobel prize 1908

Most alpha particles pass the thin gold foil
unaffected.
A few are however deflected at large angles.



Ernest Rutherford — 1911

The Atomis a

1871 — 1937 .
Nobel prize 1908 very small, heavy, positively charged Nucleus

orbited by negatively charged Electrons



Ernest Rutherford — 1917

14N+a_)170+p

Rutherford achieves first man-made nuclear
reaction.

Thereby he discovers the Proton.




Ernest Rutherford — 1917

14N+a_)170+p

Rutherford achieves first man-made nuclear
reaction.

Thereby he discovers the Proton.

104 years of the proton !!!




Building blocks of matter




Building blocks of matter

Proton: Ernest Rutherford
(1917)




Building blocks of matter

Electron: Joseph John Thomson

Proton: Ernest Rutherford
(1917)




Building blocks of matter

Electron: Joseph John Thomson

Proton: Ernest Rutherford Neutron: James Chadwick

At the same time: Deuterium!
(Urey 1932)




Proton — 3 Quarks
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Proton — >>3 Quarks

Matt Strassler
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Proton — >>3 Quarks
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Robert Hofstadter — 1955

1915 - 1990
Nobel prize 1961



Robert Hofstadter — 1955

@
Electron (-)

Proton (+)

Scattering of (negatively charged) Electrons
off (positively charged) Protons.

1915 - 1990
Nobel prize 1961



Robert Hofstadter — 1955

e (- l | | 1
ELECTRON SCATTERING FROM HYDROGEN
236 MEV (LAB)
£ | |
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LABORATORY ANGLE OF SCATTERING IN DEGREES
The Proton has a diameter of “0,7 - 103 cm”



Mainzer Microtron MAMI




Mainzer Microtron




Mainzer Microtron




How large Is a Proton?
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Hydrogen



The Hydrogen Atom

One Proton, orbited by one Electron.

Electron



The Hydrogen Atom

One Proton, orbited by one Electron.

Electron

Nils Bohr

1885 — 1962
Nobel prize 1922



The Hydrogen Atom

One Proton, orbited by one Electron.

n=3

n=2

. ‘{nmw»
. AE = hv
+7e

Nils Bohr

1885 — 1962
Nobel prize 1922



The Hydrogen Atom

One Proton, orbited by one Electron.

n=3

n=2

n=1 ‘{nmw»
. AE = hv
+/Ze

Nils Bohr

1885 — 1962 e Discrete orbits

Nobel prize 1922 " u
P * “Quantum leaps



The Hydrogen Atom




The Hydrogen Atom

T T T err
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The Hydrogen Atom

One Proton, orbited by one Electron.

Electron



The Hydrogen Atom

One Proton, bound to one Electron.

Electron



The Hydrogen Atom

One Proton, bound to one Electron.

Atom is NO Planetary System.

- Quantum mechanics
- Wave functions

— Probabilities



Energy levels of Hydrogen

n=14

45

35 3D

28 —— —— 2P

15 —



Energy levels of Hydrogen

n=14

45

35 3D

28 — ——— 2P

Electron probability density
(Square of the wave function)

15 —



Energy levels of Hydrogen

n=14

45

35 3D

28 — ——— 2P

Electron probability density
0 (Square of the wave function)

15 —



Energy levels of Hydrogen

n=14

45

35 3D

28 — ——— 2P

Electron probability density
‘ (Square of the wave function)

15 —



Energy levels of hvdrogen

Electron
n=00

b2

Bohr formula



Energy levels of hydrogen

n=00

b2

Rydberg constant

2
n

Bohr formula



Energy levels of hydrogen

45

35 3D

2 —— —— 2P

Rydberg constant

En:—C}EZD-F 1.2’1;er (r’yd,, +A(n,l, j)

1S —

RP et al., Metrologia 54, L1 (2017)



Energy levels of hydrogen

Rydberg finite size effect
constant

RP et al., Metrologia 54, L1 (2017)



Energy levels of hydrogen

n=00

45

2S5-2P Lamb shift
— (n,1,j)

Rydberg finite size effect

‘ s constant

RP et al., Metrologia 54, L1 (2017)



Energy levels of hydrogen

1

3 -
n=00 = % —2P
= @
_ 0.5~ radial wave function
45
35 3D .
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r [Zr/a0]

2S-2P Lamb shift Roo /)
2

J+A(n,l,j)

Rydberg finite size effect

‘ constant

RP et al., Metrologia 54, L1 (2017)
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Nuclear charge radius from atoms

kProton charge distribution

Coulomb-Potential: V = 1/r
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willk. Einh.

Nuclear charge radius from atoms

kProton charge distribution

Coulomb-Potential: V = 1/r

Change of Coulomb
potential at r~0

shifts energy levels of
S-states
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Muonic Hydrogen

A proton, orbited by a negative muon.



What Is

30000 m
Secondary

cosmic rays

\-"r Lt
20000 m

Tt

Concorde

Carl David Anderson  Seth Neddermeyer

10000 m

Nobel prize 1936
(for the Positron!)



The Muon and its place In the Universe

Standard Model of particle physics
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Electronic and muonic atoms

Regular hydrogen: Muonic hydrogen:

Proton + Electron Proton + Muon

Muon mass = 200 * electron mass

electron
Bohr radius = 1/200 of H

2002 = a few million times more
sensitive to proton size

muon

O,

Vastly not to scale!!



Muonic Hydrogen

n=14

2P

312

2P1/2

2% effect!

45

35

25 —

15 —

206 meV
3D 50 THz
6 um

AE [meV] = 209.998 — 5.226 R 2 [fm]

— 2P
— 2P state: p not
inside proton.
State insensitive.
2S-2P Lamb shift fin. size:
3.8 meV

2S state: u spends some time inside the proton!
State is sensitive to the proton size.



Measurement Principle

45

35

28 —— —— 2P

1S —

3D

*Muons stop in H,

* Capture into high states
with n~14

* Cascade to lower n




Measurement Principle
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45

35 3D

28 —— —— 2P

15

*Muons stop in H,

* Capture into high states
with n~14

* Cascade to lower n
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Measurement Principle

45

35

28 —— —— 2P

1s — 99%

3D

*Muons stop in H,

* Capture into high states
with n~14

* Cascade to lower n

*99% end in 1S ground-
state

* X-ray photons




Measurement Principle

45

35

28 —— —— 2P

1s — 99%

3D

*Muons stop in H,

* Capture into high states
with n~14

* Cascade to lower n

*99% end in 1S ground-
state

* X-ray photons




Measurement Principle

45

35

28 —— —— 2P

1%

1s — 99%

3D

*Muons stop in H,

* Capture into high states
with n~14

* Cascade to lower n

* 1% end in long-lived
2S state




Measurement Principle

n~14—— —
1 %/ [99 %
2P
2S——
2keV vy
1S —

“‘prompt” (t=0):

* Muon capture into n~14
* Cascade

*99% end in ground state

— “prompt” X-ray photons



Measurement Principle

n~14—— —
1 %/ [99 %
2P
2S——
2keV vy
1S —

“‘prompt” (t=0):

* Muon capture into n~14
* Cascade

*99% end in ground state

— “prompt” X-ray photons

2P
Lase

28

2keV vy

1 S——

“‘delayed” (t ~ 1us):

* 1% of the Muons in 2S state
* Laser on resonance (A=6um)
*2S - 2P —> 1S

— “delayed” X-ray photons
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- Experimental Hall
from above
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The Laser System

___________________________

cw TiSa laser

Verdi

cw TiSa
708 nm
400 mW
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Raman cell

Yb:YAG Thin-Disk laser
— quick response to u

Frequency doubling (SHG)
— green light to pump
Ti:sapphire crystals

Ti:sapphire cw laser
— controls laser wavelength

Ti:sapphire oscillator/amplifier
— large pulse energy (15 mJ)

Raman cell
— 3fold wavelength change
— 6 um

Target Cavity
— Mirror system surrounds
muon stop volume



Inside the Laser Hut
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"Yb:YAG Oscillator
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Yb:YAG Amplifier
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The Heart of the Setup -- Target
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The Heart of the Setup -- Target




The Heart of the Setup -- Target




Muon beam movie
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Time Spectra

13 hours of data
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13 hours of data

Time Spectra
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Resonance search movie



The resonance line
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Theory In muonic H

AE, ., = 206.0336 (15) meV, + 0.0332 (20) meV . — 52275 (10) meV/im* * R *

— |
- Q. T

# # H Proton form
Kallen-Sabry i ( factor
b p b
% v
p p

p b

elastic and inelastic two-photon

and 20+ more.... exchange
(Friar moment and polarizability)



signal [arb. units]

signal [arb. units]

2 transitions 1n muonic H

]
I

CODATA
——

this value

1 1 1 | 1
900 950
v - 49.0 THz (GHz)

]
I

CODATA this value
¥ . i L]

1 I 1
650
v - 54.0 THz (GHz)

charge
radius

shift

25 hyperfine splitting

magnetization
distribution
(Zemach radius)

Antognini et al. (CREMA Coll.), Science 339, 417 (2013)



Theory In muonic H

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

La

[-loop e VP

proton size

2-loop eVP

USE and pVP
discrepancy

[ -loop eVPin 2 Coul.
recoil

2-photon exchange
hadronic VP
proton SE

3-loop eVP
light-by-light

10

3

10

i
[

10

10

2
10 meV




Theory In muonic H

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

10% . Pachucki, Carlson, Birse,
. \ _ McGovern, Pineda, Peset,
& i \/ __ i Gorchtein, Pascalutsa,
s Of ] Vanderhaeghen, Tomalak,
E" [ \/ 1 Martynenko, Alarcon, Miller,
- | Paz, Hill, Hagelstein...
= 0 5 1 o TS - (25) Pascalutsa et al.
Q° (GeV9)

(100) Hill & Paz

1-loop e VP 4
proton size
2-loop eVP
MUSE and VP
discrepancy
l-loop eVP in 2 Coul. p
recoil
2-photon exchange
R Inelastic two-photon exchange
HoopeVP (polarizability)
light-by-light |
2 -




Muonic Deuterium




Muonic Deuterium

muonic electronic
CODATlA-zom

uD ——
uD 2018 —e—|
pD 2016 —@—

wH + H/D iso »

- D spectr.
=
e-d scatt.
@
B T R - R I T T R ¥ 5135
Deuteron charge radius [fm]
uD: 2.12717 (lB)exIO (82), ., fm  (theo = nucl. polarizability)
) : H/D 1S-2S isotope shift:
uH + H/D(1S-2S): 2.12785 (17) fm (212 = 3.82070(31) fm’

CODATA-2014:  2.14130 (250) fm

Pachucki et al., PRA 97, 062511 (2018)

uD: RP et al. (CREMA) Science 353, 669 (2016)
H/D 1S-2S. Parthey, RP et al.,, PRL 104, 233001 (2010), PRL 107, 203001 (2011)



Theory In muonic D

uD _ 2
AEMY =228.7854 (13) meV,, + 1.7500 (210) meV,,. — 6.1103 (3) meV/m? * R,

;

AE___ (theo) = 1.7500 +- 0.0210 meV (Kalinowski, 2018)

VS. +- 0.0034 meV experimental uncertainty

(1) charge radius, using calculated TPE
r, (WD) = 212717 ( 13) ,, ( 82) ., fm vs.

r (CODATA-14) = 2.14130 (250) fm

(2) polarizability, using charge radius from isotope shift
AE_._ (theo) = 1.7500 ( 210) meV vs.

AE_._ (exp) = 1.7591 ( 59) meV 3.5X more accurate

Krauth et al. (2016) + Pachucki et al. (2018) + Hernandez et al. (2018) + Kalinowski (2018)



Hydrogen



Energy levels of hydrogen

45 /
35 3D |
measure between different n
2S - nl 2 unknowns — measure 2 transitions:

1S-2S + any other
28 — 2P

— correlated Rydberg/radius pairs

Rydberg constant

En:—C}E;l- 1'2’]1\;[HZ@6,0 +A(n,1, j)

proton radius

1s-25 A

18 —/——



Rp from H spectroscopy

uD + iso -e-

uH —— CODATA-2014
H avg.

1S =38,
2S —»12D ,, PN
2S —»12D,, P

2S =8D ), P
2S -8D 5, o

2S -8S , PS
2S —-6D , °
2S —»6S |, °
2S5 —4P ,, PN
2S5 —4P |, o—
2S —4D ), °
2S =4S |, P

28 -2P ,, P
28 =2P |, P
2S —2P

172 @
| | | | | I | | | I | | | I | | | | | | |

0.82 0.84 0.86 0.88 0.9 0.92
proton charge radius rp[fm]

RP et al., Metrologia 54, L1 (2017)



integrating PMT

cauﬂy
(v MIrror
photodiode

CEM

CEM

Garching H(2S-4P)

detection region

iy

g

magnetic
shielding

486 nm

Faraday cage

axcitation reqion

L w 3 v

fo cryopump

count rate [a.u.|
w

1% order Doppler cancellation

¢ exp dala

—— model fit
5 900 "3 o exp data
i 880 —— modecl fit

=40 =20 0 20 40 60

frequency detuning [MHz]

80

cryogenic H beam (6 K)

optical 1S-2S excitation (2S, F=0)

2S-4P transition is 1-photon: retroreflector
split line to 10!

2.3 kHz vs. 9 kHz PRP

large systematics

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



1% order Doppler shift

f AFR in vacuum
§ H(2S)

a . \
e

EEE A = )

EZ HR

g

' |

2D tilt ._f intensity \J@A
stabilization stabilization PD1

BD
|
EOML T AOM
486 nm —

laser system > = ="
PBS frequency scan




Quantum Interference shifts

F=2

3.0 MHz | by, ‘
1.3 GHz o) S= |em)
74 MHz | 12 i B
&‘f{“\
: ‘._L
616 THz : ™ Ws
: S
1 3D, , 35, , } ; LA
178 MHz | , o W "
T V| W :
92466 THz o o) :
R :
it gk iy =
1.4 GHz 181/2
1 F—0—|
N ; — (dlEO)dl (don)dze
AvEO(4P) = 1367433 (3)kH7>l )" /27 P((D>OC : .
. « | w,—0;+iy,/2 w,—w,+iy,/2
< & 4P ’
E 4P1p 4 ‘ﬁ 3/2
ER W) 20 MH / — = Lorentzian(1) + Lorentzian(2)
8 i \—
B ol \ + cross-term (Ql
2 Hw}/ \\\*w )‘/ ( )
V60 =30 0 30 60 /1310 1340 1370 1400 14‘30 see

Horbatsch, Hessels, PRA 82, 052519 (2010); PRA 84,
032508 (2011); PRA 86 040501 (2012)

Sansonetti et al., PRL 107, 021001 (2011)

Brown et al., PRA 87, 032504 (2013)

Laser frequency detuning (MHz)



Quantum interference shifts

E— |( m>
0.25 ’C>
= 0.10 . : ' lhh"uf"
0.05 - : “\1
abgs R : RN
=) 0 2 4 6 | R .
Detuning [I7] i LUL ‘j>
0.100 ’
= 0.010 .
E 0.001 |(> s
g 10
_;E 10~5 > > > > o2 A |2
107° B P(u))oc <d1E0)d1 (don)dze
1077 20 40 60 80 100 (Dl—(DL+iy1/2 (Dz—u)L+iy2/2
Line splitting [1I7]
= Lorentzian(1) + Lorentzian(2)
Fitting this with 2 Lorentzians creates + cross-term (QI)
line shifts see

Horbatsch, Hessels, PRA 82, 052519 (2010); PRA 84,
032508 (2011); PRA 86 040501 (2012)

Sansonetti et al.,, PRL 107, 021001 (2011)

Brown et al., PRA 87, 032504 (2013)



Studying QI In 2S-4P

sl
gl

CEM2

n

CEMI



QI in hydrogen (A =100T)

F=l)
qlu 'I'Pl.u

151 A ‘v'(:rig‘rﬁ’ri '}_*i X
» *- -
-+
+

S0F i R .
o+, ¢ \‘ LY
Lot ‘ ’ N
L " '.f i“ l
F %
(0 'i '*E ‘-‘ t‘
= # # * - "
~15/4,- 3 i, Y
oL SO -
_agk” tea-- 5*?_.-" .
X

—45 -| I CcEMI ¥ CEM2 ]

151 € Fano-Voigt fit
30F

- i
Lot .
() _.I. SR, J—— 1 .-.-.-. -.-.-.-.& .........

Observed line center - v 9 (kHz)

— 15}
30N Ares = 3.2(1.2) kHz ==~ Ares — —0.1(0.8) kHz
—45} vy o =616 520 152 555.1(3.0) kHz

0 20 40 60 S0 100 120 140 160 180

Observed line center - vy 9 (kHz)

451

30
15
()
—15
—30
—45

45
30
15
()
—15
—30
—45

F=i)
qln 'LP;JJ

B Voigt fit

X L S h_.!*"*:'i-
. =T &

| ﬁi*._ _::ii: . 3 L 3

i : 3

|t cemi ¥ cEM2)

D Fano-Voigt fit

S S T T | ;,I! i@i...:

vya = 616521 519 990.8(3.0) kHz

_l- = "11'.[1;&;, = []2{12} kHz =x- "'11'{1;&; =1 l{ll}kHJ’

0 20 40 60 S0 100 120 140 160 180

Linear laser polarization angle @ (°)

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



Systematics

Contribution Av (kHz) o (kHz)
Statistics 0.00 041

First-order Doppler shitt 0O 213
Quantum interference shitt 000 0.21
Light force shit ~~ -032 0.30
Model corrections o1 0.06
Sampling bias 044 0.49
Second-order Dopplershit 022 0.05
do-Stark shift 000 s 020
Zeeman shift 0.00 0.22

Pressure shit 000 002
Laser spectrum 000 0.10
Frequency standard (hydrogen maser) 000 0.06
Recoil shit 83723 0.00
Hyperfine structure corrections - -132,552.092 0.075
Total  -1333889 23



The “Proton Radius Puzzle”

Muons Electrons
CODA”I].‘A—ZOIM
hydrogen
WH 2013 % (pre-2016)
electron scattering
WH 2010 - (MAMTI, JLab, etc.)
l l l l | l l l l | I l l I | l l | | l l l l | l l | l l l

0.83 0.84 0.85 0.86 0.87
proton charge radius RD [fm]

0.88 0.89



New Measurements: Garching 2S-4P

Muons Electrons
1ydrogen
Garching 2017 '
. DATA-2014
ubD 2016 _ “9 11“ !
hydrogen
WH 2013 % (pre-2016)
electron scattering
LH 2010 - (MAMTI, JLab, etc.)
| | | | I l | [ 1 1 l | l [ 1 | | l [ 1 1 | | | [ 1 1
0.83 0.84 0.85 0.86 0.87 0.88 0.89

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

proton charge radius Rp [fm]



New Measurements: Paris 1S-3S

Muons Electrons
| . hydrogen
1ydrogen | Paris 2018
Garching 2017 7D
CT DATA-2014
uD 2016 CODALA-20
hydrogen

WH 2013 % (pre-2016)
electron scattering
WH 2010 - (MAMTI, JLab, etc.)
l l I l I l l I l I I l l l I l l | I l l l l [ 1 l l I l l I

0.83 0.84 0.85 0.86 0.87 0.88 0.89

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

o ey ot al PR 150, 183005 (2018) proton charge radius Rp [fm]



Lamb shift
We are using a new Frequency-offset SOF technique (FOSOF)

(AC Vutha and EA Hessels Phys. Rev. A052504 (2015))

of | =~100 H

| lf f+of “ rfin two SOF regions oscillate
between being in phase and out
of phase at of offset frequency

ET,

2S-3P LASE

Bezginov et al., Science 365, 1007 (2019)
Hessels group (York U, Toronto)



New Measurements: Toronto 25-2P

Muons Electrons
hydronen !

Toronto 2018 | . hydrogen
1ydrogen | Paris 2018
Garching 2017 I ? I I

uD 2016 CODATA-2014
hydrogen
wH 2013 ¢ (pre-2016)
electron scattering
ll-LH 2010| - | | (MAMT, JLab, efc.)

0.83 0.84 0.85 0.86 0.87 0.88 0.89

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

Fleurbaey et al., PRL 120, 183001 (2018) proton charge radius R [fm]
Bezginov et al., Science 365, 1007 (2019) P
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Mainzer Microtron MAMI




Electron scattering

1.01 | ] I | I | I

extrapolation to Q2 = 0 required

0.99

0.98

Ggo/CGp

0.97

0.96 } =

0-95 | | | | | | ]
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Q? [(GeV/c)?]
Mainz MAMI data 2010 Vanderhaeghen, Walcher: 1008.4225



PRad @ Jefferson Lab

Cryo—coolen; I Thin aluminium window
—
Beam halo Harp "

blocker

-

Vacuum chamber i.

- J

{
=

S B
i

=

kY
1._.—_'________________.._—

N

no magnetic spectrometer

angle 0.7-7° (0.002 -

large Q2 range in one setting
windowless cryogenic gas target

Xiong et al., Nature 575, 147 (2019)



New Measurements: PRad

Muons Old value

PRad

e-p 20 %
hydrogen (Z.S—ZP}
Toronto 2019

hydrogen {25 4P) . o nydrogen (I1S-3S)
Garching 2017 | Paris 2018
CODA] E-ZU 18 CODAIA- 2014
1D 2016 |
hydrogen
uwH 2013 & o (pre-2016)

t:le:.,lmn scattering
H 2010 |
L1 1 1| |1T | 1 1 | L1 1 1| | 1 1 1| | L1 1 1| {plﬁ 2|:}ldl-})l | I

0.83 0.84 0.85 0.86 0.87 0.88 0.89
proton charge radius Rﬂ [fm]

Xiong et al. (PRad), Nature 575, 147 (2019)



Garching H(1S-3S)

-150 -100 -50 0 50 100
detuning at 205nm [MHz|

‘I(w) T T T I T T T T ' T
i '_11%(}?:1)—3;;(10:1) | I | b S—D‘ﬁ—/:;j
) — It I 3D, F=2
M . &1 i i
< L -
B 3S F=1
——S > o 1 < F=0
U =
1 =l T
— w2 -
2 €g g
S
A = |
=
O
" -
-
b.D §
—
q:] =
o
D

* Direct Frequency Comb Spectroscopy
e cryogenic H beam (6 K)

Grinin, Matveev,.. RP et al, Science, next week



H(1S-3S) Garching 2020
Muons Old value

hydrogen (1S-3S)

Garching 2020
PRad

e-p 20 i
hydrogen {Q.S—ZP)

Toronto 2019

hydrogen (28;413] | | . hyd‘mgt:n (1S-38)
Garching 2017 Paris 2018
CODAJLA-2018 CODA'TA-2014
pD2016  —e hydrogen
WH 2013+ - o Y05

H 2010 | electrOR"Scatldfihg
|||||1+|||||||||||||||||| {pl'ﬁ-z(]Ilé]-})lllll

0.83 0.84 0.85 0.86 0.87 0.88 0.89
proton charge radius RD [fm]

Grinin, Matveev,.. RP et al, Science, next week



New Mainz electron accelerator MESA

Kurt Aulenbacher
MESA — “Mainz Energy-Recovering Superconducting Accelerator

Beam energy: 105MeV/155MeV Current: 1-2mA

L0m

’ N

a ®al )

ﬁi L e

o =" .

Being built on Campus of JGU Mainz

Cluster of Excellence

o F , o
MAGIX: windowless (gas-jet) target, lowest Q @ PRiSM A+



Muonic Helium

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

Measured



normalized signal [arb. units]

muonic “He ions

nHe (28 = 2P,,)

e-He scatt
Sick 2008

claim

by

~*~_Carboni et al. 1977

excluded by
Hauser et al. 1992

u*He

e-He scatt
Sick 2008

1.676 1.678 1.68 1.682 1.684 1.686
alpha particle charge radius [fm]

T T

R(‘He) = 1.67824 (13),__ (82),,,fm

Theory: Diepold et al., Ann. Phys. (2018)
incl. 3-photon nuclear polarizability (Pachucki, 2018)

371 372
frequency [THz]

Krauth, RP et al. (CREMA Coll.)
Nature 589, 527 (2021)



muonic “He ions

| uHe'(2S — 2P, ) e [ uHe'(2S —» 2P, )
e e sca Sick 2008
1ICK o
‘ ‘ ‘ ‘ __]4r
1.676 1.678 1.68 1.682 1.684 1.686

. alpha particle charge radius [fm]
claim by

~*_Carboni et al. 1977

normalized signal [arb. units]
[@))
[

claim by

—e—

Carboni
e

excluded by !
| Hauser et al. 1992 2 tal. 1978
? % l } l l ] ] H
[ l ®
O i * | + 1 + l ] + 1 }I 1 ] { + +I 1 + II 1 T | + 1 O | 1 %
366 367 368 369 370 371 372 333 334
frequency [THz] frequency [THz]
2P, : +17 GHz 2P, : +15 GHz

R(‘He) = 1.67824 (13),_ (82),,,,fm

Krauth, RP et al. (CREMA Coll.)
Nature 589, 527 (2021)

Theory: Diepold et al., Ann. Phys. (2018)
incl. 3-photon nuclear polarizability (Pachucki, 2018)



Impact of p*He* measurements

_ BSM physics
Few-nucleon theories > Agreement constrains BSM
> r_ represents a benchmark for few- models suggested to explain
nucleon theories. the R, puzzle

S —

> r_can be used also to fix a low-energy

constant of nuclear potential.
> r_ improves °He and ®He radii

Udem, MPQ
Eikema, LaserLab

Combined with upcoming He* (He) exp.

> bound-state QED test He*(1S-2S):

Mdiller, Lu 60 kHz, u,= 6x10'2

> Rydberg constant: 24 kHz
SN > 2PE+3PE in uHe with 0.1 meV

: uncertainty

from A. Antognini



Conclusions

Muonic atoms / ions provide:

 ~10x more accurate charge radii, when combined with
calculated polarizability



Conclusions

Muonic atoms / ions provide:

 ~10x more accurate charge radii, when combined with

od
- e
i | N

Ehe New York Times

f\

A i} o calculated polarizability
N = preliminary
| -
3 4

ps He || "He
g 1.9687°( 13) | 1.6778 ( 7)
= 1.97:30-(160) | 1+-6810-(40)
s ([ 1 2 3
1S H D T
O || 0.8409 ( 4)|| 2.1277 ( 2)

/ i 0-87514(61) | | 2-1448(25)| | 1.7550 (860)

Neutron number I\T




Intermediate conclusions

Muonic atoms / ions provide:

 ~10x more accurate charge radii, when combined with
calculated polarizability

 few times more accurate nuclear polarizability,
when combined with charge radius from regular atoms

Muonic atoms are a novel tool for proton and new-nucleon properties!
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