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Abstract: <p>Laser spectroscopy of muonic hydrogen [1,2] yielded a proton rms charge radius which is 4% (or ~6 sigmas) smaller than the
CODATA value [3]. Thisdiscrepancy is now called the "proton radius puzzle' [4].<br />

Also the deuteron charge radius from muonic deuterium [5] is 6 sigmas smaller than the<br />

CODATA value, but consistent with the smaller proton inside the deuteron.<br />

These smaller charge radii, when combined with precision measurements of the 1S-2S transitions in regular (electronic) hydrogen [6] and deuterium
[7], yield a6 sigmas smaller value of the Rydberg constant [8], compared to the CODATA value.<br />

In thistalk | will report about a new measurement of the Rydberg constant from the 25-4P transition in regular hydrogen performed in Garching [9],
which supports the smaller, "muonic” value. More recently, however, a new measurement of the 1S-3S transition in Paris confirmed the larger
proton radius [10].<br />

Several new measurements, such as hydrogen from Toronto, elastic electron scattering at lower QA2, and new results from electronic and muonic
helium will help understand the proton radius puzzle.</p>
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Outline

* Muonic atoms

as a probe of nuclear physics (charge radii,
magnetization radii, polarizabilities, ...)

* The “Proton Radius Puzzle”
* Rydberg constant

key parameter to check atomic physics part of
the discrepancy

 Muonic helium
 Muonic future: Li, Be, T?
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Nuclear rms charge radii

from measurements with electrons

A
N 'Be °Be | 'Be || 'Be
- 2.6460(150) 2.5190(120)| (2.3600 (140) |2.4650 (150)| | 2.502¢
q) "
¥e! o | %L || Pl ¥
g 2.5890 (390) |2.4440 |420): 2.3390 (440)| |2.2450 (460) 2.4820 (430)
Z 3He | “He He 8He
= .
O 1.9730 (160) | 1.6810 ( 40)| 2.0680 (110) 1.9290 (260)

2

O | . °T ‘
= values in fm

0.8751 (61)| | 21413 (25)| |1.7550 (860)

‘ * elastic electron scattering

* H/D: laser spectroscopy and QED (a lot!)

*He, Li, .... isotope shift for charge radius differences

n

sources: * p,d: CODATA-2014

*t- Amroun et al. (Saclay) , NPA 579, 596 (1994) Neutron num ber N
)

*34He: Sick, J.Phys.Chem.Ref Data 44, 031213 (2015
* Angeli, At. Data Nucl. Data Tab. 99, 69 (2013)

>
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The “Proton Radius Puzzle”

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

0.84 fm 0.88 fm
pd 2016 |
—— CODATA-2014
pp 2013 ¢
o— e-p scatt.
up 2010 |-
~ H spectroscopy
1 I 1 ' A I l L 1 1 L ] ' L 1 L l 1 1 L L 1 A L I l 1 1 1 L I ' L
0.83 0.84 0.85 0.86 0.87 0.88 0.89 09

Proton charge radius R : [fm]
<h

pd 2016: RP et al (CREMA Coll.) Science 353, 669 (2016)
Hp 2013: A. Antognini, RP et al (CREMA Coll.) Science 339, 417 (2013)
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The “Proton Radius Puzzle”

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

0.84 fi SCIENTIFIC T
pd 2016 AMEBJ ______ B
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!| p 201 3 @ There's mor B
\ i
- It's worse than

S— | g you think
J f J x CHIMPANZEES
up 2010 |- ;J'ﬁf;) u{J
P '

The battle for_
Fropiem

= astaes domeates 10

Could scientists
beseeng dgns o THEPROTON
e e
0.83 0.84 ‘”l “” ‘” 0)

pd 2016: RP et al (CREMA Coll.) Science 353, 669 (2016)
Hp 2013: A. Antognini, RP et al (CREMA Coll.) Science 339, 417 (2013)
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The “Proton Radius Puzzle”
Measuring R using electrons —\’\ / //

using muons:

0.84 fm
pd 2016
pp 2013 ¢
up 2010 |-
€he New Jork Times
, g J

L l 1 1 A L 1 A L I l 1 1 1 L I '
0.86 0.87 0.88 0.89 09

Proton charge radius R : [fm]
<h

1 1 I 1 ' A I l L L ] L
0.83 0.84 0.85

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

Pirsa: 18110037 Page 7/158



Proton — 3 Quarks

8o




Robert Hofstadter — 1955
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Phys. Rev. 102, 851 (1956)
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Mainzer Microtron MAMI
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Electron scattering - today
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Hydrogen
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Electron scattering - today
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Energy levels of hydrogen

n=pp =—/—
as
3s —— — 3D
28 Te—
Rydberg constant
(R.) 1.2MHz , , -
E,=—=24=—"——(r")§,, +A(n,l, j)
n n
18

RP et al., Metrologia 54, L1 (2017)
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Energy levels of hydrogen

2S-2P Lamb shift

N=p =

o inim

— | — D)

Rydberg
constant

radial w.f.

1=
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radial wave function
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finite size effect

RP et al., Metrologia 54, L1 (2017)
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Proton radius and hydrogen

uoton charge distribution

Coulomb-Potential: V = 1/r

willk. Einh.
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Muonic Hydrogen

A proton, orbited by a negative muon.
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L\

Carl David Anderson

Nobel prize 1936
(for the Positron!)

What i1s a Muon?

Seth Neddermeyer

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.

Muon have a lifetime of 2 microseconds.
(millionths of a second).
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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

200° = a few million times more
sensitive to proton size

muon

O,

Vastly not to scale!!
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Muonic Hydrogen

n=14 =5
4S
3S —— — 3T)
25 — 2P
2S-2P Lamb shift
18
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Muonic Hydrogen

n=14 ==
8.4 meY

2P :t_— ::\.}ff

W = Fsl

F=()

4S 2% effect!

3s —— — 3D ..
X (1]

. » AE [meV] =209.998 - 5.226 R 2[fm] :
2P state: 4 not
inside proton.
State insensitive.

2S-2P Lamb shift : fin. size:
1.8 mr\'_ F=1
I-—,n
18 2S state: y spends some time inside the proton!

State is sensitive to the proton size.
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The muonbeam I|ne in TES
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The laser system

Yb:YAG thin-disk laser
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The laser hut at PSI
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Laser system: Raman cell
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The laser hut at PSI
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The hydrogen target

w o)
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Time Spectra

13 hours of data
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13 hours of data

Photonen in 25 ns
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Time Spectra
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normalized events (a.u.)
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normalized events (a.u.)
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normalized events (a.u.)
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93 weeks 1 day 20 hours

—_———————

=]

04
0.3
0.2

l
|

0.1

|

|
T

Done with the 1st line!

switching to deuterium now
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Resonance in muonic hydrogen

o ‘i - our value
!
.‘

delayed / prompt events [107)

] | ; t 1
49.9 49.95
laser frequency [THz]

B l ] 1 1 l 1 1
0%90.75 49.8 49.85

Pohl et al. (CREMA Coll.), Nature 466, 213 (2010)
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2 transitions in muonic H

CODATA us value
- ( ] L
£ . >
E . 2Py, | i=2
£ ¢ same data as Nature I —C ey F=|
— 2010, reanalyzed % F=
;?:u F={)
2L | &
& charge
3!+ — radius
ey
I ; -
. ; 225 meV
900 950 55 THz
v -49.0 THz (GHz) g g {m
8 CODATA this value
p— . =
z .
£ 0 7
3 § N
= Y. T N
- 4 BT T
m = - -
magnetization
> distribution
(Zemach radius)
(] Jf s - e A - - - . ek — A N — l - - - - ' - ,,,,l s
450 500 550 GO0 650

v - 54.0 THz (GHz) Antognini et al. (CREMA Coll.), Science 339, 417 (2013)
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Theory in muonic H

AE,, , =206.0336 (15) meV,,, + 0.0332 (20) meV,,, - 5.2275 (10) meV/fm? * R 2
Annals of Physics 331 (2013) 127-145

Contents lists available at SciVerse ScienceDirect

R Annals of Physics

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

Theory of the 25-2P Lamb shift and 2S hyperfine @Crw_\,‘;,rk
splitting in muonic hydrogen

Aldo Antognini®*, Franz Kottmann?, Francois Biraben®, Paul Indelicato®,
Francois Nez®, Randolf Pohl¢

* Institute for Particle Physics, ETH Zurich, 8093 Zurich, Switzerland
b [aboratoire Kastler Brossel, Ecole Normale Supérieure, CNRS and Université P. et M. Curie, 75252 Paris, CEDEX 05, France
© Max-Planck-Institut fiir Qmm[crwpnk 85748 Garching, Germany

Our attempt to summarize all the original work by many theorists....
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Table 1

All known radius-independent contributions to the Lamb shift in pep 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

Theory I: “pure” QED

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.

" Contribution Pachucki Nature Borie-vb Indelicato Our choice Ref.
[10.11] [13] (79] (80]

1 NR one-loop electron VP (eVP) 205.0074
2 Rel. corr. (Breit-Pauli) 0.0169"
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)° 0.0041 0.0041 0.00208° [77.78]
4q T'wo-loop eVP (Killén-Sabry) 1.5079 1.5081 1.5081 1.50810 1.50810 |80] Eq.(57)
5 One-loop eVP in 2-Coulomb lines ¢? (Za)® 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]
[ 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 189]
20 HSE and pvp —-0.6677 —0.66770 —0.66788 —-0.66761 —0.66761 |80] Eqs. (72) + (76)
11 Muon SE corr. to eVP o? (Za)? 0.005(1) 0.00500 0,004924" 0.00254 |85] Eq. (29a)°

12 eVP loop in self-energy o (Za)? 0.001 0.00150 f [74,90-92]
21 Higher order corr. to ;¢SE and uVP —0.00169 —=0,00171% -0.00171 186] Eq.(177)

13 Mixed eVP + VP 0.00007 0.00007 0.00007 [74]
New eVP and g VP in two Coulomb lines 0.00005 0.00005 |80] Eq.(78)

14 Hadronic VP a(Zee)*m, 0.0113(3) 0.01077(38) 0.011(1) 0.01121(44) [93-95]

5 Hadronic VI a(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 005747 0.05747 |80] Eq. (B8)
22 Rel. RC (Zar)® 0.045 0.04497 0.04497 0.04497 0.04497 |80] Eq.(88),|74]
23 Rel. RC (Zr)® 0.0003 0.000320 0.0002475 0.0002475 |80] Eq. (86 +Tab.ll
New Rad. (only ¢VP) RCar(Za)” 0.000136 [85] Eq. (64a)
24 Rad. RC w(Za)" (proton SE) 0.0099 0.00960 0.0100 0.01080{ 100) (43)" [74)

Sum

206.0312 206.02915 206.02862

Antognini, RP at al., Ann. Phys. (N.Y.) 331, 127 (2013)

206.03339(109)
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Theory in muonic H

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

La
2 / J

Uehling

P

p
2 5 " Proton form
Kallen-Sabry ' : factor
P P p
/.f
Muon SE+VP é fi E 2
P P

elastic and inelastic two-photon

and 20+ more.... exchange
(Friar moment  and polarizability)
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Theory in muonic

AELamb = 206.0336 (15) meVQED + 0.0332 (20) meV, . —5.2275 (10) meV/fm* " sz

Nice hierarchy

I-loop ¢ VP [N 20502821 meV

mevV
2-100p ¢ VP NG 1.50810 meV
uSE and p VP NG -0.66761 meV
discrepancy |GGG  Disciepancy 0.33 meV
1-loop VP in 2 Coul. |GGG = 5" largest term!
recoil |ITEG_—_——
2-photon exchange _ 0.0332(20) meV

hadronic VP _
proton SE _
3-loopeVP _
light-by-light

3 1 2
10 10 10 | 10 10 meV

(¥
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Muonic Hydrogen

0.84 fm 0.88 fm
nd 2016 l
—e— CODATA-2014
1P 2013 4
1 e-p scatt.
np 2010 |e
& H spectroscopy
I ' I L 'l 'l L l 'l ' L L I I 'l 1 I I i i i 1 Il L ' ' I ' ' L ' I I '

0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.9

Proton charge radius R [fm]
ch

muonic hydrogen: 0.8409 + 0.0004 fm 20x more precise

electronic hydrogen: 0.876 +0.008 fm
electron scattering 0879 +0.011 fm
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gnal [arb. units]

Si1g

nal [arb. units]

|

2.5 transitions in muonic D

10HCODATA I this value _‘\" y 2P
e w ) o
[ ]
5
gloiil 1 PR W |
~100 0 100
| T F=172 N
CODATA this value ¢ T p
" ® L e e "Stl )“'1._‘
«\" 1|_v..
6
I\
[ |
4 3
1.
2 . -
+ .
L ]
lli l A . L I
~100) 0 100

Av (GHz)

512
1/2

3/2

— —“:
_f l{‘

F=1/2

Pohl et al. (CREMA Coll.), Science 353, 669 (2016)
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Theory In muonic D

AEHY =228.7854 (13) meV,,, + 1.7150 (230) meV, . — 6.1103 (3) meV/im? * R 2

/ d

Lamb P

AEHN, =206.0336 (15) meV ., + 0.0332 ( 20) meV,, — 5.2275 (10) meV/fm? * R 2

Contents lists avallable at SciVerso \nnals o y alk > (201¢€ ’» b

) Annals of Physi , ) )
St DI iy Contents lists available at ScienceDirect
|aumn| homepage: waww.alsevier.cl X : YR
Annals of Physics
Theory of the 25-2P Lamb shift and :
Rplilling in muonic hych'ngen journal homepage: www.elsevier.com/locate/aop

Aldo Antognini™*, Franz Kottmann®, Francois
Francois Nez ", Randolf Pohl¢

! Instirute for Parvicle Physies, ETH Zurich, 8093 Zurich, Switzerland

e " Theory of the n = 2 levels in muonic deuterium

Max- Manck- frstinet filr Quantenc

Julian J. Krauth**, Marc Diepold “, Beatrice Franke“,
Aldo Antognini ", Franz Kottmann ", Randolf Pohl*

Summarizes original work by: Bacca, Barnea, Birse, Borie, Carlson, Eides, Faustoy, Friar,
Gorchtein, Hernandez, Ivanov, Jentschura, Ji, Karshenboim,
Korzinin, Krutov, Martynenko, McGovern, Nevo~Dinur,
Pachucki, Shelyuto, Sick, Vanderhaeghen, et al.

Newer work: Pachucki et al., PRA 97, 062511 (2018), Hernandez et al., PLB 778, 377 (2018)
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Muonic Deuterium

muonic electronic

uD _l_ CODA'[I\-2014

D spectroscop
= pe Py

e-d scattering

&
I L 1 1 I | ' 1 I 1 L L 1 I 1 L 1 L I 1 1 A
2.12 2125 2.13 2.135 2.14 2.145
Deuteron charge radius [fm]
MD: 2.12616 (13)“_‘_!: (89),., fm (theo = nucl. polarizability)

CODATA-2014: 2.14130 (250) fm

Krauth, RP at al., Ann. Phys. (N.Y.) 366, 168 (2016)
: + Pachucki et al., PRA 97, 062511 (2018)
RP et al. (CREMA Coll.), Science 353, 559 (2016)  + Hernandez etal., PLB 778, 377 (2018)
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Muonic Deuterium

muonic electronic
CODATA-2014
nb  —e— ’%
<—» 180
uH+ HDiso ¢
D spectroscopy
»
e-d scattering
&
| L | 1 ) ) N | L L . . | ) L L L | L
2.12 2.125 2.13 2.135 2.14 2.145
Deuteron charge radius [fm]
MD: 2.12616 (13)“_&!: (89),., fm (theo = nucl. polarizability)
MH + H/D(1S-2S): 2.12785 (17) fm H/D 1S-2S isotope shift:
CODATA-2014:  2.14130 (250) fm Lol e 0L, OBl
Pachucki et al., PRA 97, 062511 (2018)

H/D 1S-2S. Parthey, RP et al. (MPQ Garching), PRL 104, 233001 (2010)
PRL 107, 203001 (2011)
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Muonic Deuterium

uH+ HDiso ¢

e-d scattering

muonic electronic
CODATA-2014
pD ——
-—p 180

D spectroscopy

2.125

]
o

d struct

Pirsa: 18110037

R2 = R +R!

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

l I L
2.135

R 2 (+ DF)
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Theory in muonic D

d

AERY =228.7854 (13) meV,, + 1.7150 (230) meV, . — 6.1103 (3) meV/im? * R 2

Krauth, RP atal., Ann. Phys. (N.Y.) 366, 168 (2016)
+ Pachucki et al.,, PRA 97, 062511 (2018)
+ Hernandez et al., PLB 778, 377 (2018)

Two-photon nuclear structure contributions to the Lamb shift in muonic deuterium.

d C

1 1
d d

b d
I H
d d
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Theory in muonic D

D _
AE, =228.7854 (13) meV,,

i

Nuclear structure contributions to the Lamb shift in muonic deuterium.

+ 1.7150 (230) meV. .. —6.1103 (3) meV/fm

d

I q | Pachuckl |55 Fr Hurnands & Wi il dur che
AViIR ItA AViS NTLO AV dat duo mource
e 1 2 ] ) o
pl Dipol 1.010 5o F 1.02 Laoad 1.007 1 1.010 1.91¢ 0. (05
p2 I tr. to pl 1 Al i I 0.037  Sul 1 20 030 Y24
pd I ore. to pl @ pa 012 i
pd I iy, Lo pl 0« 1 A 000000000000 000 i
um Total rol. corr., p2+y 1 035 0. )22 0197 2
I domb distortion lir I
pl distortion i 06 I WG
i Total Coulomls d i G2 264 61 015
i I wnopole « 1 I .04 (& 12 ol 042
i [ Lig xcitation I 0.137  Re lod 0 10 150
pY I poadev s i I noGr <2 061 061 b0
1in 1 nuel P nt 10 0.034 i 0.0 0.0 0.0 1
plo Wi il 0n.a11 i 18 0. ] i iy
UM_1 | Total nuel ted 164 1.648 1 660 167 L.i 1.661 1o
pll I oozl T Lol 20 ).020
pl2 ol | 0 0.0 i ( m7 i S
\\\\\ I l‘l 1.1 (L 1004 {11} 00010 LLALLENTL)
+
p13 | Proton ol 1 Zomack 1 }“ : W 0.0 i 0.0250 0.0015  Eq.(13)
pld | Protos lastic polarizal ) AE! | 0.0280
pls Ne I pol ] o )
plt Pre & tron sul t [ 00008  Eq.(15)
..... n TPE, pl3+pld+plSiplo 0.043(3 0.030 0.027 0.050(0 0.0471 0.nlnl
| contrib 0.04:3(3) 0024 0.0 0 00476 0.0105
S 1.680(16) 1.941(19 1.690{2 1 1) 2011{T40
Sur t 1.697(1 1.714( X 1.707(20) 1.7458( 740 1.7096 00147

Krauth, RP at al., Ann. Phys. (N.Y.) 366,

168 (2016)

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

AEHY =228.7854 (13) meV,, + 1.7150 (230) meV, . — 6.1103 (3) meV/im? * R

2
d

|

AE___ (theo) = 1.7150 +- 0.0230 meV (Hernandez etal., 2018)

VS.

+- 0.0034 meV experimental uncertainty

(1) charge radius, using calculated TPE
= 212616 ( 13) . ( 89) ., fm vs.

r, (UD)

r, (CODATA-14) = 2.14130 (250) fm
(2) polarizability, using charge radius from isotope shift

AE... (theo)
AE .. (exp)

1.7150 (230) meV vs.
1.7591 ( 59) meV 4x more accurate, 1.80

Krauth et al. (2016) + Pachucki et al. (2018) + Hernandez et al. (2018)
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Theory In muonic He-3

3He—

AE}He= 1644.4820(149)
D e

AE! . = 228.7854 (13),, + 1.7150(230),, — 6.1103 ( 3)*R2/m? [meV]

d
uH
AE, = 206.0336 (15)

oro + 15.3000(5200) . — 103.5184(10) * R, 2 /fm?> [meV]

+ 0.0332( 20)..,

= D)/ ( (1) X 7. /
QED 5.2275(10) * R “/fm [meV]

Annals of Physics 366 (2016) 168-196

Eur. Phys. J. D (2017) 71: 341

DOIL: 101140/ epjd /e2017-80296-1 THE EUROPEAN
PHYSICAL JOURNAL D

Topical Review

Theory of the n = 2 levels in muonic helium-3 ions

Beatrice Franke'?®, Julian J. Krauth!+#:"
and Randolf Pohl*+!

Theory Of] Max- Planck- Institut fur Quantenoptik, 85748 Garching, Germnny

I'RIUMF, 4004 Wesbrook Mall, Vancouver, BC VGT 2A3, Canada
' Johannes Gutenberg-Universitat Mainz, QUANTUM, Institut fir Physik & Exzellenzeluster PRISMA,

JLII]anJ. K]‘au 55099 Maing, Germany

' Institute for Particle Physics and Astrophysics, ETH Zurich, 8093 Zurich, Switzerland

Al(]() Al'lt()gﬂ ' Paul Scherrer Institute, 5232 Villigen, Switzerland

Aldo Antognini®®, Marc Diepold?, Franz Kottmann®

Three-photon contribution still missing (Pachucki et al., PRA 97, 052511 (2018))

Pirsa: 18110037
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Muonic Helium-3

PRELIMINARY wHe ¥ #
Sick 2014 ——te

Amroun 1994 ®

Retzlaff 1984 ®
Collard 1965
o

1 | 1 1 1 | 1 1 1 | 1 1 1 1 |

| T [ | O A i il ey e i e e iy
1.82 1.84 1.86 1.88 1.9 1.92 1.94 1.96 1.98 2
helion charge radius [fm]

prel. accuracy: exp +-0.00012 fm, theo +-0.00128 fm (nucl. polarizability)

Theory: see Franke et al. EPJ D 71, 341 (2017) [1705.00352]
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Muonic conclusions

 The proton radius is 0.84087 (26).,, (29)e fM
* The deuteron radius is 2.12771 (22) fm
* both are >50 smaller than CODATA values

* No discrepancy for the absolute radii of the
helion and alpha particle
(limited by e-scattering accuracy)

 BUT: The helium isotope shift!!!

e (caveat: 3-photon, maybe more missing?)
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The *He — “He Isotope shift

SHe / “He (squared) charge radius difference

P— —

—&— Shiner 1995
Sick 2014

L

PRSSE TH| NS TONAT T TNRRY [N T N U VOUS| (BN U TOUN PN | Y TONRT MUY TUUY T I TG AT MR 1) Y [ VAN T | LAY R TS TRAWY 1A [N WO (R |

I 1ot 192 16 164 105 106 107 108 109

L.

2 2> . p)
Ry~ R &y [fm 7]

Shiner et al., PRL 74, 3553 (1995)
vanRooij, Science 333, 196 (2011)

all evaluated with recent theory by
Cancio Pastor et al., PRL 108, 143001 (2012)

Pachucki et al.

Sick, PRC 90, 064002 (2014)
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The *He — “He Isotope shift

SHe / “He (squared) charge radius difference

superseded by Zheng?

e ————
P — T —TT1
at by

———
R —

- e - ST{ifncr 1995

Zheng 2017 ~e~

Sick 2014

®

' 1 ' Il l 1 A

'l 'l i ' ' L 'l l ' ' '} Il ' 1 ' 'l 'l | il L ' ' l ' L '} '} l L L

'l 'l ] il I '} 'l I ' L '} 'l
1 1.01 1.02 1.03 1.04 1.05 1.06 1.07 1.08 1.09 L.

2 > - p)
R?HL" R «THclfm _]

Shiner et al., PRL 74, 3553 (1995)
vanRooij, Science 333, 196 (2011)

all evaluated with recent theory by
Cancio Pastor et al., PRL 108, 143001 (2012)

Pachucki et al.

Sick, PRC 90, 064002 (2014)
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The *He — “He Isotope shift

SHe / “He (squared) charge radius difference

muonic helium —l—
: \\-\“\-\\\’J\‘\l
o superseded by Zheng?
Zheng 2017 e~ . e
—%— Shiner 1995 i
R P Ta R I
Sick 2014 &
1 1 1 1 I 1 1 1 1 l 1 1 L 1 I 1 1 1 L I 1 1 1 L l 1 L 1 1 L 1 I 1 1 1 1 I 1 1 1 1 I L L 1 1
1 1.01 1.02 1.03 1.04 1.05 1.06 1.07 1.08 1.09 1.

2 2 - b
R-?HL" R IHclfm _]

Another >50 discrepancy?!
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Part 2: The Rydberg constant

R _(xzmec
=

 most accurately determined fundamental constantu = 5.9 * 10-*2

* corner stone of the CODATA LSA of fundamental constants

links fine structure constant a, electron mass m_, velocity of light c
and Planck’s constant h

* correlation coefficient with proton radius: 0.9891
- The “proton radius puzzle” could be a “Rydberg puzzle”

« R_Is a “unit converter”: atomic units — Sl (Hertz)
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Energy levels of hydrogen

N=p =
4s
3S s s 1)
B s — » [
Rydberg constant
(R.) 1.2MHz/ E
En:_ 2 + 3 &(B IO+A(H’I!1)
n n
proton radius
° 1S
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Energy levels of hydrogen

N=p =

measure between different n
2 unknowns — measure 2 transitions:
1S-2S + any other

- correlated Rydberg/radius pairs

Rydberg constant

1S - 25 A
Re) L2MEBzZ/ : :
E”:Q 3 @B IO+A(ninJ)
n n
proton radius
1S +—
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Rp from H spectroscopy

pD +iso  ~-e-

uH —— CODATA-2014
— 1 Havg. )

1S =38 ,,

25 12D o, e

28 -12D 4, @

25 58D ., o

25 —=8D 4, .

25 58S ., R

28 =6D -, g

25 =65 | oS

25 —4P . o

1."7- — H) | @

2S —4D .

»4S 1/ &

»2P v .

}',::’ 1/ .

»2P &
| | I | | | I | | | I | | | I | | | I |

0.82 0.84 0.86 0.88 0.9 0.92

proton charge radius r p[’fm]

170717

| |
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Rp from H spectroscopy

pD +iso  ~-e-

uH —— CODATA-2014
— 1 Havg. )

1S =38 ,,

25 12D o, e

28 -12D 4, @

25 58D ., o

25 —=8D 4, .

25 58S ., R

28 =6D -, g

25 =65 | oS

25 —4P . o

1."7- — H) | @

2S —4D .

»4S 1/ &

»2P v .

}',::’ 1/ .

»2P &
| | I | | | I | | | I | | | I | | | I |

0.82 0.84 0.86 0.88 0.9 0.92

proton charge radius r p[’fm]

170717

| |
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Correlation between R and R /R

8S
48
38 3D
Rydberg constant  proton radius
2S ¢ P O
1. ZMHZ
/ s 2 A (N1 g
: 3 7
1S-2S 4 V(lSZS)"ﬁszgENS
»
10 =10Hz 10%=20kHz
The source of the 98.91% correlation of R_and R
1S

Pirsa: 18110037 Page 130/158



Garching H(2S-4P)

detection region

magnetic
o di
e i cryostat with
486 nm nozzle CR%%%?r
integrating PMT ‘
sphere : | . Faraday cage || ™SS cavily
\\/— B a . l mirror
4 Cavﬁy ... ________________ »
ik M excitation region
photodiode ¥
-
\
CEM - cryogenic H beam (6 K)

Y

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

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

2.3 kHz vs. 9 kHz PRP

large systematics

Beyer, Maisenbacher, RP et al, Science 358, 79 (2017)
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Garching H(2S-4P)

detection region

1* order Doppler cancellation

) magnetic all ——
shielding I At
I 1 56 f o | eipdin
486 nMm " YO | \ model fit
_ 8
integrating PMT =4 &
sphere Faraday cage || o N e
A \(_ - - =5 3 fv x
" A VIS ) . = T il \
v “‘ ' ‘ . . | - ¥ \' \
/ \ O 2} / \ &
\ ) : : i \
DRVIEAE |8y o e wiekns kmieisins /e 7 '
Oy Mirror _ excitation region ‘ 4 7/ !
photodiode ! R o S S P o S
\g —_— 80 60 40 20 0 20 40 60
\ [requency detuning [MHz]
CEM » cryogenic H beam (6 K)
v - - .
[—-) to cryopump e Optlca’ 18‘28 EXCItatIOI’] (28, F:O)

» 2S-4P transition is 1-photon: retroreflector

* split line to 101!
2.3 kHz vs. 9 kHz PRP
* large systematics

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

A : w2
3.0 MHz . i P,
7 1
1.3 GHz o) ki
Varz /e Fe=1 4
” 4 iP.
4 MHz s F=g 12 -
&/ V) AR
616 THz Ay ] TRy Ws
-‘.\ b : :
F=1 5/ JBep~{3D,,3D,,3S,,} :
178 MHz | 2S5, _ N4 o ; -
e | W |/
2466 THz - " 12835 9P 4 ¢ ;
F—1 e fiia ) _:_
v ’ . /
1.4 GHz .. fy »
T F=0
— — - — — — lA‘t’ 2
. Plw)ox - —+ T
: . - W, —W,+iy, /2 0,—0,+iy,/2
n D -
;—:-‘ ” /2 '. * . 1]’5.__)
~ 4 DY 7 = Lorentzian(1) + Lorentzian(2)
7 o A i N + cross-term (QI)
U260 =30 0 30 6071310 1340 1370 1400 1430 see
; o Horbatsch, Hessels, PRA 82, 052519 (2010); PRA 84,
Laser frequency detuning (MHz) 032508 (2011); PRA 86 040501 (2012)

Sansonetti et al., PRL 107, 021001 (2011)
Brown et al., PRA 87, 032504 (2013)
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Quantum interference shifts

0.25 \ fa ..
€)
0.20 g
% 0.15% \ ' _ VE
= 0.10 ' ;
3 "‘L‘\
0.05
0.00 > o > - h g '~.‘ "
Detuning [17) - vi-‘,r |f
0. 100 :
==y 0010 :
= . ! mnbetoilieme
= 0.001
f: 104
’: 103 T o \3 T o\T LiAd |2
10™% P((O)Cﬁ p e . =
i W, —W,+iy, /2 0,—0,+iy,/2
20 40 6O RO 100
Line splitting [1] i ;
= Lorentzian(1) + Lorentzian(2)
Fitting this with 2 Lorentzians creates + cross-term (QI)
i i see
Ilne Shlfts 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)
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Studying QI In 25-4P

N
(W'[\/E,_) Im

CEMI

from 243 nm

laser system 486 nm
= nozzle e HR mirror
) l\\_}h L‘.XL‘r-ll;l“Un

[C210n

Mirra
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Ql in hydrogen (A =100T)

2S; 2 4Py = 2S; 204P3
15 A Voigt ht - NP X . 15 B Voigt ht
L™ “Xp° .
30 3’ i gt lI‘. 30
15 b ' 8 ‘s e i
0 4 X i ll‘t“*l e R Pt
N L ; v N - i 1 ‘," : 1
= —lo i",' R ’i‘ ‘I =< ’ "9 “vg®” 3 [ ]
. - -® 1 : ) cew" -
2 =30 2 Y- 30 I
v —HTF CcEMI § CceEM2) v —IF  cEMI T CEM2
> (5] € Fano-Voigt fit > (5| D Fano-Voigt fit
= 30 = 30
1505 ! ; 2 15 5
5 7 .
2 e r— st s T Z —— — . a— | — N— - - —
S llh ..... ‘ 'ij}_ ; i 1"'&--*..--!" 5 0 ? t * , I v ; i
|'-| )
30) p : . 304 r Py
« Ares }.2(1.2) kHz ==+ Apes 0.1(0.8)kHz ees Apes 0.2(1.2)kHz «++ Apes = 0.1(1.1)kHz
£D 0 =616 520 152 555.1(3.0) kHz 15 varo =616 521 519 990.8(3.0) kHz
() 20) 1) Ol S0 100 120 140 160 180 ) 2) 10 60 S0 100 120 140 100 180

Linear laser polarization angle #;

Beyer, Maisenbacher, RP et al, Science 358, 79 (2017)
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The “old” measurements
Electrons

CODA'II.'A-ZO 14

hydrogen
(pre-2016)

electron scattering

(MK.\/H. JLab, etc.)

| PSR S [P I L] I | NS ST S | I | PR | [ I Ll ) | S| [ Y | | | R A

0.83 0.84 0.85 0.86 0.87 0.88 0.89

proton charge radius RD [fm]
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New Measurements
Muons Electrons

hydrogen "
(Garching 2017 '
- CODATA-2014
ubD 2016
hydrogen

uH 2013

¥

(pre-2016)
electron scattering

9,
uH 2010 (MAMLI, JLab, etc.)

llllllllllllllllllllllll llllllll

0.83 0.84 0.85 0.86 0.87 0.88 0.89
Beyer, RP et al, Science 358, 79 (2017) prOlOIl Chal'ge radllls RD [fln]
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New Measurements

Muons

Electrons

<

hydrogen

I Toronto 2018, prel.!

(Garching 2017
ubD 2016

uH 2013

xr
¥

UH 2010 |-

| FESESEN PR [T | I L] l

JLab PRad 2018, prel.!

hydrogen

1777

Paris 2018

CODA']].'A-ZO 14

hydrogen

(pre-2016)

electron scattering

| R | o I | AR 1SR [ I | I [ I

!(Mm;ll. .ll‘;ll%, etc.)

N Y | | I 1

Ll

0.83 0.84

Beyer, RP et al, Science 358, 79 (2017)
Fleurbaey et al., PRL 120, 183001 (2018)

0.85 0.86

0.87

0.88 0.89

proton charge radius Rn [fm]
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- need even more data!

JLab PRad 2018, prel.!

< B Toronto 2018, prel.! . hydrogen
hydrogen Paris 2018
(Garching 2017 ’) ' ’77 I
e i CODATA-2014
ubD 2016
hydrogen
uH 2013 » (pre-2016)

; Llulmn scattering
uH 2010 - MAMI. JLab, etc.)

| S DA [T | I S USSR [ l | R | o | ] | AR ] O I | 1A R  FERE Y | R | I | M |

0.83 0.84 0.85 0.86 0.87 0.88 0.89

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

Heméjae}" et aZ’_. PRL 120, 183001 (2018) prOton Charge radius RD [fm]
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Muonic atoms / ions provide:

Conclusions

* 10x more accurate charge radii, when combined with

—

%

-
\

\'..

i
By S
2
Vit

Ehe New {Jork Times

Proton Number Z

/

\

calculated polarizability

3 4

He He
1.9686"( 13) | 1.6783 ( 5)
1.9730-(160) | 1-6810-(40)

1H' 2D oy

0.8409 ( 4)|| 2.1277 ( 2)
0-8751(671) | | 2:4443+(25) | | 1.7550 (860)
n

* = preliminary

Neutron number N

Page 141/158



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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Conclusions

Proton radius situation:

* smaller radii from muonic hydrogen and deuterium imply a smaller Rydberg constant
* new H(2S-4P) gives a smaller proton radius

* new H(1S-3S) however confirms large proton radius
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Conclusions

Proton radius situation:

* smaller radii from muonic hydrogen and deuterium imply a smaller Rydberg constant
* new H(2S-4P) gives a smaller proton radius

* new H(1S-3S) however confirms large proton radius

More data needed:

* H(2S - 6P, 8P, 9P, ...) and D(2S-nl) underway in Garching and Colorado
* H(1S - 3S, 4S, ..) underway in Paris and Garching

* H(2S-2P) (Hessels @ Toronto)

* Muonium at PSI, J-PARC

* Positronium (Cassidy @ UCL, Crivelli @ ETH)

* He*(1S-2S) underway in Garching (Udem) and Amsterdam (Eikema)

« HD", H,, etc. in Amsterdam (Ubachs @ Amsterdam) and Paris (Hilico, Karr @ Paris)
* He (Vassen @ Amsterdam), Li* (Udem @ Garching)

* HCI, e.g. H-like Ne (Tan @ NIST)

* Rydberg-atoms, e.g. Rb (Raithel @ Ann Arbor)

* new low-Q? electron scattering at MAMI, JLab, MESA

* muon scattering: MUSE @ PSI, COMPASS @ CERN
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Conclusions

Proton radius situation:

smaller radii from muonic hydrogen and deuterium imply a smaller Rydberg constant
new H(2S-4P) gives a smaller proton radius
new H(1S-3S) however confirms large proton radius

More data needed:

H(2S - 6P, 8P, 9P, ...) and D(2S-nl) underway in Garching and Colorado
H(1S — 3S, 4S, ..) underway in Paris and Garching

H(2S-2P) (Hessels @ Toronto) )
ki SEPSl BoPARC Compafe Rydberg values
Positronium (Cassidy @ UCL, Crivelli @ ETH) to test QED and SM
He*(1S-2S) underway in Garching (Udem) and Amsterdam (Eikema)

HD*, H,, etc. in Amsterdam (Ubachs) and Paris (Hilico, Karr)

He (Vassen @ Amsterdam), Li* (Udem @ Garching)

HCI, e.g. H-like Ne (Tan @ NIST)

Rydberg-atoms, e.g. Rb (Raithel @ Ann Arbor)

new low-Q? electron scattering at MAMI, JLab, MESA

muon scattering: MUSE @ PSI, COMPASS @ CERN
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Up next: Hyperfine structure in yp

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)
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Up next: Hyperfine structure in yp

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 +04 kHz

th proton size ~— " " polarizability

Eides et al., Springer Tracts 222, 217 (2007)
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Proton Zemach radius

HFS depends on “Zemach” radius:

AE=-2(Zoa)m(r),E

F
<r>'2I:fd3rd3r'pE(r)p:\I("r.)|r_r'|

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

Form factors and momentum space

2 dk | Ge(—K*)G,,(—K")
AE:MEFJ‘ dl: E( ) Mt
tn o K 1+x
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Proton Zemach radius from pp

LLp 2013 - @
e-p. Mainz - @ -
H. Volotka - i)
& . e-p, Fnai
H. Dupays - @
e 1 A . A A . l A i A 1 .. . l
| 1.02 1.04 1.06 1.08 1.1 1.12

Proton Zemach radius R/ [fm]
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Proton Zemach radius from pp

goal R-16-02 (CREMA-3) -
mp 2013 - ®
e-p. Mainz -9 -
H. Volotka - @
@ e-p. Friar
H, Dupays - @
A J. . .. e | L e J. e J. . J. .. L J.
| 1.02 1.04 .06 1.08 1.1 1.12

Proton Zemach radius R, [Im]

PSI Exp. R-16-02: Antognini, RP et al. (CREMA-3 / HyperMu)

see e.qg. Schmidt, RP et al., arXiv 1808.07240
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Charge radii: The future

7 9 10 11
N Be Be Be Be
é 26460 (150) || ’2".5_190(1_270) 2.3600 (140)| [2.4650 (150) | | 2.502L
£ Sl
6y ; . . 9 : 1 ;
z IO I (L Li Li
9 p— “"\
e .5890 (390)| (2.4440 (420)D|2.3390 (440) | [2.2450 (460) 2 4820 (430)
o — — =
3 4 6 8
He || "He He He
1.96867 13)| | 1.6783( 5)
1.9730-(160) | | 1-6810-(40) 2.0680 (110) 1.9290 (260)
i 4 2D 3T
| 0.8409( 4) || 21277 ( 2)||_ =
| 08764-61) | | 2144325) |(1.7550 (860))
= il pLi in Li vapour (heatpipe target): 10x better
* = preliminary

>
Neutron number N
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>

Charge radii: The future

7
N Be °Be | "Be | "Be
é 2.6460 (150) || _’2".;5_190(1_2701 2.3600 (140)| [2.4650 (150) | | 2.502¢L
E L
: - . 9 : il
z SN I | 4 8L j Li Li
e S ¥ )
§ /5890 (390) 2.4440@ 2/3390 (440) | |2.2450 (460) 2 4820 (430)
o — ———
*He || “He *He 8He
1.96867 13)| | 1.6783( 5)
1.9730-(160) | | 1-6810-(40) 2.0680 (110) 1.9290 (260)
] o (R
0.8409( 4)|| 21277 (2| | MBe in Be+ ion trap target: 5x better
0.8754-61) | | 24443+25) |(1.7550 (860)))
= il pLi in Li vapour (heatpipe target): 10x better
* = preliminary
>

Neutron number N

Pirsa: 18110037 Page 152/158



Pirsa: 18110037

Proton Number Z

>

|

H
0.8409 ( 4)
0.8754-(61)

Charge radii: The future

3He

1.9686( 13)
1.9730-(160)

2D

21277 ( 2)

24443+25) |(1.7550 (860)))

"= wlnnirm:\

4
He
16783 ( 5)
1-6810-(40)

S

"Be

26460 (150) ||

oL

i}

—
5890 (390)

24440 (420)]
_/

*He

2.0680 (110)

°Be

25190 (120)

8L

2/3390 (440)

1OBe

2.3600 (140)
9 A
Li
2.2450 (460)

8He

1.9290 (260)

11Be

2.4650 (150)

2.502L

11 Lj

24820 (430)

pBe in Be+ ion trap target: 5x better

pLi in Li vapour (heatpipe target): 10x better

T(1S-2S) using trapped T atoms: 400x better
>

Neutron number N
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CH

A
N
@
L
£
-
z
c
L
o
(a
SH'
1.9686 (
1.9730(t
'H || D | °T
08409( 4)| | 21277 ( 2)|| pBe in Be+ ion trap target: 5x better

0.8764-(61) | | 21443+25) |(1.7550 (860)))

= \ pLi in Li vapour (heatpipe target): 10x better
s T(1S-2S) using trapped T atoms: 400x better

>
Neutron number N
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Thanks a lot for your attention

The Garching Hydrogen Team:

Axel Beyer, Lothar Maisenbacher, Arthur Matveev, RP,
Ksenia Khabarova, Alexey Grinin, Tobias Lamour, Dylan C. Yost,
Theodor W. Hansch, Nikolai Kolachevsky, Thomas Udem

The CREMA Collaboration:

Aldo Antognini, Fernando D. Amaro, Frangois Biraben, Joao M. R. Cardoso,
Daniel S. Covita, Andreas Dax, Satish Dhawan, Marc Diepold, Luis M. P.
Fernandes, Adolf Giesen, Andrea L. Gouvea, Thomas Graf, Theodor W.

Hansch, Paul Indelicato, Lucile Julien, Paul Knowles,Franz Kottmann, Juilian

J. Krauth, Eric-Olivier Le Bigot, Yi-Wei Liu, José A. M. Lopes, Livia Ludhova,

Cristina M. B. Monteiro, Francoise Mulhauser, Tobias Nebel, Frangois Nez,
Paul Rabinowitz, Joaquim M. F. dos Santos, Lukas A. Schaller, Karsten
Schuhmann, Catherine Schwob, David Taqqu, Joéao F. C. A. Veloso, RP
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Thanks a lot for your attention

My new Mainz group:

Jan Haack, Merten Heppener, Rishi Horn, Ahmed Ouf, Stefan Schmidt,
Gregor Schwendler, Lukas Schumacher, Andreas Wieltsch, Marcel Willig

The Garching Hydrogen Team:

Axel Beyer, Lothar Maisenbacher, Arthur Matveev, RP,
Ksenia Khabarova, Alexey Grinin, Tobias Lamour, Dylan C. Yost,
Theodor W. Hansch, Nikolai Kolachevsky, Thomas Udem

The CREMA Collaboration:

Aldo Antognini, Fernando D. Amaro, Frangois Biraben, Joao M. R. Cardoso,
Daniel S. Covita, Andreas Dax, Satish Dhawan, Marc Diepold, Luis M. P.
Fernandes, Adolf Giesen, Andrea L. Gouvea, Thomas Graf, Theodor W.

Hansch, Paul Indelicato, Lucile Julien, Paul Knowles,Franz Kottmann, Juilian

J. Krauth, Eric-Olivier Le Bigot, Yi-Wei Liu, José A. M. Lopes, Livia Ludhova,

Cristina M. B. Monteiro, Frangoise Mulhauser, Tobias Nebel, Francois Nez,
Paul Rabinowitz, Joaquim M. F. dos Santos, Lukas A. Schaller, Karsten
Schuhmann, Catherine Schwob, David Taqqu, Joao F. C. A. Veloso, RP
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Group at JGU Mainz

“old” picture from summer 2018, now + 1 PhD, +1 MSc, +2 BSc
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Proton Number Z

>

|

H
0.8409 ( 4)
0.8754-(61)

Charge radii: The future

3He

1.9686( 13)
1.9730-(160)

2D

21277 ( 2)

24443+25) |(1.7550 (860)))

"= wlnnirm:\

4
He
16783 ( 5)
1-6810-(40)

S

"Be

26460 (150) ||

oL

i}

—
5890 (390)

24440 (420)]
_/

*He

2.0680 (110)

°Be

25190 (120)

8L

2/3390 (440)

1OBe

2.3600 (140)
9 A
Li
2.2450 (460)

8He

1.9290 (260)

11Be

2.4650 (150)

2.502L

11 Lj

24820 (430)

pBe in Be+ ion trap target: 5x better

pLi in Li vapour (heatpipe target): 10x better

T(1S-2S) using trapped T atoms: 400x better
>

Neutron number N
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