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Outline

Muonic atoms

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

The “Proton Radius Puzzle”
Rydberg constant

key parameter to check atomic physics part of
the discrepancy

Muonic helium, later Li, Be, T?



The “Proton Radius Puzzle”

Measuring R using electrons: 0.88 fm ( +- 0.7%)
using muons: 0.84 fm ( +- 0.05%)
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pd 2016: RP et al (CREMA Coll.) Science 353, 669 (2016)
Mp 2013: A. Antognini, RP et al (CREMA Coll.) Science 339, 417 (2013)



A “Proton Radius Puzzle” ?7?
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Energy levels of hydrogen
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Energy levels of hydrogen
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Energy levels of hydrogen
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Energy levels of hydrogen

n=00
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Energy levels of hydrogen
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Part 1: Muonic atoms

A nucleus, orbited by one negative muon
Muon mass = 200 x electron mass

muonic Bohr radius = 1/200 electronic Bohr radius

wave function overlap = 200° = 10 million times larger

muon = very sensitive probe of nuclear properties



Muonic Hydrogen

n=14
B.4me¥
b2
48
206 meV
35 3D 50 THz
6 Lm
" » AE[meV] =209.998 -5.226 R ?
Tl 2P state: p not
inside proton.
State insensitive.
3.8 meV 1
25, :2:3: 1:11:e: v
F=0
1S —— 2S state: p spends some time inside the proton!

State is sensitive to the proton size.



The accelerator at PSI
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The laser system

_____________________________

Yb:YAG thin-disk laser ' .. _______________
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Ti:sapphire cw laser
— determines laser frequency

_______________________________________________

Ti:.sapphire MOPA
— high pulse energy (15 mJ)

Raman cell
- 3 sequential stimulated
Raman Stokes shifts
Laser wave length — 6 um

6 Lm monitoring

-y

Target Cavity
— Mirror system to fill the
muon stop volume (H,)

@19
N
o
3




G
D
@)

p -
©

o
-
D
o)
O
 _—

e
>

-
D

L

_I .




Time Spectra
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13 hours of data

Photonen in 25 ns
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Photonen in 25 ns
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Photonen in 25 ns

=l
=
e

=l
=
L

102

10

Time Spectra

— n~14——

B | %/ [99 %

| 2P

= D i

— 2keV v
1S —

prompt (t=0)

o
|‘-III|III:|IIIIII|

m 2P

LV
25

2keV vy

1 S
“delayed” (t = 1 ps)

resonance curve

L SN R

R 1
49.9 49.95
laser frequency [THz]

.
49.85



Muonic Hydrogen

0.84 fm 0.88 fm
nd 2016
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Proton charge radius Rch[fm]

muonic hydrogen: 0.8409 + 0.0004 fm 20x more accurate
electronic hydrogen: 0.876 +0.008 fm
electron scattering 0.879 £0.011 fm



Muonic Deuterium

CODATA-2014
Hd ’—?—‘ = & :
D spectzﬂsmpy
e-d scatt.
&
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2.12 2.125 2.13 2.135 2.14 2.145
deuteron charge radius [fm]
uD: 2.12562 (13),,, (77),,, fM (nucl. polarizability)

MH + H/D(1S-2S): 2.12771 (22) fm

CODATA-2014:

2.14130 (250) fm

RP et al. (CREMA Coll.), Science 353, 559 (2016)




Deuteron radius

CODATA-2014

D spectzﬂsmpy

RZ = R, +RZ?+ RZ (+DF)

struct

Pohl et al. (CREMA), Science 353, 669 (2016)
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Muonic Helium-4

PRELIMINARY  W'He ™ ¢
Sick 2008 ®
(Carbonm1 1977) O
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1.66 1.665 1.67 1.675 1.68 1.685

alpha charge radius [fm]

prel. accuracy. exp +- 0.00019 fm, theo +- 0.00058 fm (nucl. polarizability)

Theory: see Diepold et al. arxiv 1606.05231



Muonic Helium-3

PRELIMINARY wWHe *
Sick 2014 &
Amroun 1994 o
Ottermann 1985 ®
Retzlatf 1984 o
Collard 1965
s

R IR TR SR AT I R T R N
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 etal. EPJ D 71, 341 (2017) [1705.00352]



The Eu ropean ?h*_.'ni{_‘ﬂ Journal volume 71 - number 12 - december - 2017
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Muonic conclusions

ne proton radius IS 0.84087 (26)cy, (29) e, M

ne 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!!!




Part 2: The Rydberg constant

R _oczmec
* 2h

« most accurately determined fundamental constant u = 5.9 * 10+

e corner stone of the CODATA LSA of fundamental constants

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

e 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)



Energy levels of hydrogen

n=00

Rydberg constant

En:—CIE;D-p 1'2¥HZ@,0 +A(n,1, )

proton radius




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:@ 1'2’3;”%@5,0 +A(n,1, )

proton radius

1S - 2S A

15 —/——



Correlation between R_and R /R,

8S
48
3S 3D
Rydberg constant proton radius
25 4% P
R, ) 1.2MHz/ >
En:_ p) 3 <r> IO+A(n3l:J)
n n
3 7
1525 4 v(lS—ZS)N—ROO——ENS
4 8 %
10 =10Hz 101%=20kHz \\
S The source of the 98.91% correlation of R_ and RIO

1S-2S: Parthey, RP et al., PRL 107, 203001 (2011)



Rp from H spectroscopy

uD + iso ~-e~

uH —~— CODATA-2014
T~ t Havg. .

1S - 3S
2S -12D

2S -12D

12
5/2 ®

3/2 @
28 ~8D ., .

28 -8D ,, o
28 -»8S |, PN
258 -6D ., ®
28 »6S |, ®
2S5 -4P ,, °
2S5 -4P ,, >
2S -4D ., ®
28 -48 |, P

2S5 -2P ,, P
2S5 -2P ,, PN
2S - 2P

12 ®
| | | | | | | | | | | | | | | | | | | | |

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




integrating PMT

CEM

Garching H(2S-4P)
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photodiode

CEM

Beyer, Maisenbacher, RP et al, Science 358, 79 (2017)
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2S-4P transition is 1-photon: retroreflector
split line to 1074 11!

2.3 kHz vs. 9 kHz PRP

large systematics



1% order Doppler shift
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Quantum Interference shifts
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F=1
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Quantum Interference shifts
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Brown et al., PRA 87, 032504 (2013)



Studying QI In 2S-4P
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Rp from H spectroscopy
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Rp from H spectroscopy
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New Rp from Paris: 1S-3S

arXiv: 1801.08816

New measurement of the 15 — 35 transition frequency of hydrogen: contribution to
the proton charge radius puzzle

Héléne Fleurbaey, Sandrine Galtier,”™ Simon Thomas, Marie

Bonnaud, Lucile Julien, Francois Biraben, and Francgois Nez
Laboratoire Kastler Brossel, UPMC-Sorbonne Universités,

CNRS, EN5-PSL Research University, Collége de France,
4 place Jussieu, Case 74, 75252 Paris Cedex 05, France

Michel Abgrall and Jocelyne Guéna
LNE-SYRTE, Observatoire de Paris, PSL Research University,
CNRS, Sorbonne Universités, UPMC University Paris 06,
61 avenue de l'Observatoire, 75014 Paris, France
(Dated: January 29, 2018)

We present a new measurement of the 15 — 35 two-photon transition frequency of hydrogen,
realized with a continuous-wave excitation laser at 205 nm on a room-temperature atomic beam,

f : B —13 s 1
W selative uncertainty of 9 x 107", The proton charge radius deduced from this measurement,
i:-; in very good agreement with the current CODATA-recommended value. This
: s 5 to the ongoing search to solve the proton charge radius puzzle, which arose from

a discrepancy between the CODATA wvalue and a more precise determination of v, from muonic
hydrogen spectroscopy.



arXiv: 1801.08816

New Rp from Paris:

1S-3S
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New Rp from Paris: 1S-3S

arXiv: 1801.08816
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Atomic frequency - 2922742930 (MHz)

Data:
Average of 47 recordings
(4 hours of integration)

Fit with theoretical line profile

Obs. linewidth = 1.35 MHz
Nat. linewidth = 1 MHz



Rp from H spectroscopy

LKB 2018 ¢ _ .
- 4P

MPQ 2017 53 b
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Fleurbaey et al., 1801.08816 (submitted)
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proton charge radius rp[fm]



Rp from H spectroscopy

MPQ 2017 53 Z4p *2 P—

1/2

puD + iso =-e-

uH —— CODATA-2014
— t Havg. .

1S -3S ,,
2S -12D, PN
2S -12D,, PN
28 -8D ., o
28 -»8D ,, ®

2S5 -85 |, PS

2S - 6D - @

Proton Radius Puzzle is NOT “solved” !!

We have a “Rydberg problem” now — need more data!

A= B e

~r e~ A B~ a4

proton charge radius rp[fm]

e T ~ .

Beyer, Maisenbacher, RP et al, Science 358, 79 (2017)
Fleurbaey et al., 1801.08816 (submitted)



Conclusions

* smaller radii from muonic hydrogen and deuterium imply a smaller Rydberg constant
* new H(2S-4P) gives small Rydberg constant in agreement with muonic values

* new H(2S-4P) gives thus a smaller proton radius, too

* 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) in Toronto (Hessels)

* Muonium

* Positronium (Cassidy, Crivelli)

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

« HD*, H,, etc. in Paris, Amsterdam

* new low-Q? electron scattering at MAMI, JLab, MESA
* muon scattering: MUSE @ PSI, COMPASS @ CERN
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* H(2S-2P) in Toronto (Hessels)
* Muonium

Compare Rydberg values
to test QED and SM
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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

ex

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 +0.4 kHz

the proton size — " "polarizability

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



Proton Zemach radius

HFS depends on “Zemach” radius:

AE==2(Za)m(r)y,E,

<’”>(z):f d’rd’r'pg(r)py(r')|r—r|

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

Form factors and momentum space

8(Zalm _ 7 dk
AE:< 3> E. |5
Ttn ()k




Proton Zemach radius from pp

lp 2013 . o
e-p. Mamz ——
H. Volotka o
@ e-p, Friar
H, Dupays &
S R V1 ¥ ¥ S ¥ T I R W T

Proton Zemach radius R, [fm]



Proton Zemach radius from pp

coal R-16-02 (CREMA-3) o
lp 2013 o
e-p, Mainz ——
H. Volotka o
@ e-p, Friar
H. Dupays &
S S ¥ N S ¥ ¥ T I R T

Proton Zemach radius R, [fm]

PSI Exp. R-16-02: Antognini, RP et al. (CREMA-3 / HyperMu)
also: FAMU @ RAL, and a collaboration at J-LAB



Proton Number Z

Charge radii: The future

’Be Be || ""Be || "Be
2.6460 (150) m 2.3600 (140)| [2.4650 (150)| | 2.502L
°Li || 7Li || i || L ML
@0) 2.@) 2.3390 (440)| |2.2450 (460) 2.4820 (430)
SHe | “He *He He
1.96xx7{ 13)| | 1.67xx( 5) 2.06xx 7 80) 1.9xxx *(246)
1.9730-(160) | 1-6810-(40) 2.0680 (110 1.9290 (260)
1 2 3
H T . .
0.8400 ( 4) 2.1277D( 2| — uBe in Be+ ion trap target: 5x better
0.8754-(67T) | | 2-+448+25) [(1.7550 (860)
0 uLi in Li vapour (heatpipe target): 10x better

* = prelimin;\

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

>

Neutron number N
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