Radius of the proton

from the Lamb shift in muonic hydrogen

F. Kottmann, ETH Zurich, Switzerland

e Puzzle, media hype, some history
e 1p levels, proton finite size effect
e Principle of experiment, apparatus
e Results, proton radius puzzle

e What may be wrong? (1) up experiment

(2) pp theory
(3) H spectroscopy

(4) H theory
(5) electron-proton scattering

e New physics ?
e muonic deuterium pud
e yHe™ — Conclusions & outlook

ﬂ F KottmannI LTP ZuozI 18.08.2014 — E.l



ne proton radius puzzle

The proton rms charge radius measured with

electrons: 0.8770 4+ 0.0045 fm
muons: 0.8409 £+ 0.0004 fm

7.90

up 2013 f >1 electron avg.
dispersiop 2012 e . scatt. JLab
(incl. old data)
up 2010 | - *— + scatt. Mainz
dispersion 2007
o T o . H spectroscopy
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0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.9

Proton charge radius ﬂfm]
Belushkin, Hammer, Meissner PRC 75, 035202 (2007). ¢
Lorenz, Hammer, Meissner EPJ A 48, 151 (2012).
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... our own journal:

CREMA:

Charge Radius Experiments
with Muonic Atoms
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Wer es geworden ist, steht auf Seite 60!
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History of up Lamb shift

1947
~1948
1949
1953

~1966
1969

1970
1971
1973
~1975

Lamb shift = AE(281/2'2P1/2) in H (Nl GHZ) — QED
muonic atoms p~ Z, muonic cascade [Fermi-Teller 1947, Chang 1949]

Wightman discusses formation of yp (small neutral system — interacts!)

| 1960 first lasers I

Di Giacomo calculates AE(2S-2P)=-0.2eVinup — A=6um!
V. Hughes, V. Telegdi, E. Zavattini consider up(2S-2P)

1/ spectroscopy with Nal(Tl) —  nuclear radii

17 spectroscopy with Ge(Li) [Backenstoss et al.]

— Tag =7

2-keV x-rays from up measured at 4 bar [zavattini et al.]

Proposal at NEVIS, Columbia: search for long-lived up(2S) [V. Hughes et al.]
1 He*(2S-2P) measured by Zavattini et al. (at 40 bar!)

SIN, LAMPF, TRIUMF: meson factories

F. Kottmann, LTP Zuoz, 18.08.2014 — p.5



FISTOry o1 pup Lamp Sni

1975 Propaganda slide (when pp(2S-2P) was first considered at SIN):

“‘pure-QED tests”

€. | ge —2 0.1 ppm H(2S-2P) ~30 ppm

pe | gy —2 8 ppm up(2S-2P)  ~50 ppm (ideas...)

[t = ¢7 (Discrepancies found in pu-atoms!)




—ISTOry or up Lamp sni

1975 Propaganda slide (when pp(2S-2P) was first considered at SIN):

“pure-QED tests” (status 2014:)
€. | ge —2 0.1 ppm H(2S-2P) ~30 ppm
0.2 ppb (Gabrielse...) 8 ppm (H-spectr: 3 ppm)
pe | gy —2 8 ppm up(2S-2P)  ~50 ppm (ideas...)
0.5 ppm (Brookh.) 12 ppm (PSI, 2013)

[t = ¢7 (Discrepancies found in g-atoms!) ... resolved
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€. | ge —2 0.1 ppm H(2S-2P) ~30 ppm
0.2 ppb (Gabrielse...) 8 ppm (H-spectr: 3 ppm)
pe | gy —2 8 ppm up(2S-2P)  ~50 ppm (ideas...)
0.5 ppm (Brookh.) 12 ppm (PSI, 2013)

[t = ¢7 (Discrepancies found in g-atoms!) ... resolved

1979 Proposal for up(2S-2P) at SIN [H. Hofer et al.] (0.3 mbar)




e
History of up Lamb shift

1975 Propaganda slide (when pp(2S-2P) was first considered at SIN):

“pure-QED tests” (status 2014:)
€. | ge —2 0.1 ppm H(2S-2P) ~30 ppm
0.2 ppb (Gabrielse...) 8 ppm (H-spectr: 3 ppm)
pe | gy —2 8 ppm up(2S-2P)  ~50 ppm (ideas...)
0.5 ppm (Brookh.) 12 ppm (PSI, 2013)

[t = ¢7 (Discrepancies found in g-atoms!) ... resolved

1979 Proposal for up(2S-2P) at SIN [H. Hofer et al.] (0.3 mbar)
1981 SIN: no long-lived up(2S) at ~ mbar; problems with laser development

~1985 no motivation for a “test of vac.pol.” at 50 ppm-level!
“THE END”

@ F KottmannI LTP ZuozI 18.08.2014 — E.6



O
History of up Lamb shift

1975 Propaganda slide (when pp(2S-2P) was first considered at SIN):

“pure-QED tests” (status 2014:)
€. | go—2 0.1ppm H(2S-2P) ~30 ppm
0.2 ppb (Gabrielse...) 8 ppm (H-spectr: 3 ppm)
pe | gy —2 8 ppm up(2S-2P)  ~50 ppm (ideas...)
0.5 ppm (Brookh.) 12 ppm (PSI, 2013)
.. Intermezzo:

e 1989 at SIN: i He™ (2S-2P) measured at “\(zavattini)”, 40 mbar
e D. Taqqu continues to think ...

e L. Simons: new Cyclotron Trap (delivered 1996) for 7p, wd

e PSI-Proposal R-93-06: up(3D-3P) with FEL (zavattini et al.)

ﬂ F. Kottmann, LTP Zuoz, 18.08.2014 — p.6



S
History of up Lamb shift

~1995 e big progress in H-spectroscopy [Haensch et al.]
—  new motivation: determine r, precisely (2% — 0.1 %)

e New ;,~-beams, new ideas for up(2S-2P) [L. Simons, D. Taqqu, F.K.]

1998 new Proposal for up(2S-2P) at PSI [new collaboration: MPQ, Paris, Coimbra, FR...]

2000 long-lived up(2S) measured (non-radiative 25— 1S “quenching”) [R. Pohl et al.]

2009 2S-2P resonance found, 50 off! (nothing found in 2003, 2007)
— unexpected new situation, new motivation: solve puzzle!

ﬂ F KottmannI LTP ZuozI 18.08.2014 — E.?



History of up Lamb shift

~1995 e big progress in H-spectroscopy [Haensch et al.]
—  new motivation: determine r, precisely (2% — 0.1 %)

e New ;,~-beams, new ideas for up(2S-2P) [L. Simons, D. Taqqu, F.K.]

1998 new Proposal for up(2S-2P) at PSI [new collaboration: MPQ, Paris, Coimbra, FR...]

2000 long-lived up(2S) measured (non-radiative 2S—1S “quenching”) [R. Pohl et al.]

2009 2S-2P resonance found, 50 off! (nothing found in 2003, 2007)
— unexpected new situation, new motivation: solve puzzle!

2010 e First up(2S-2P) resonance published in Nature

e New Proposal for ; He™ (2S-2P) at PSI

e New e-p scattering data from Mainz [PRL 105, 242001]
2011 New €-p scattering data from JLab [Phys. Lett. B 705, 59]

2013/4 Five 2S-2P resonances measured in 1 *He™ and p3He™

ETH F. Kottmann, LTP Zuoz, 18.08.2014 — p.7



Principle of up(2S-2P) experiment

e special low-energy 1~ beam-line at PSI (unpulsed!) 8.4 me
e 1.~ detected in-flight — trigger of laser system

e /.~ p atoms formed in 1 mbar H, gas

e laser pulse excites the 2S-2P transition (A ~ 6 pm)

T TTT
I
O RPN

206 meV
50 THz

e delayed 2P-1S X-ray detected: signature 6 um
“prompt” (¢ ~ 0) “delayed” (t ~ 1 us)
n~14— — 2 P 2S-vac.pol.
1%/ [99 % , L = 206 meV
[ 7F
2 8meVv/ __
2keV y 2keVy ST
F=0
15.” linewidth =T",p =18.6 GHz
1 — 6 transitions separated !
1% with 795 = 1 us normalize delayed/prompt

[R. Pohl ..., PRL 97,193402 (2006)]




2P/ —— Fq
Lamb shift: x0T eV
Lo.=4x107%eV
— 1058 MHz

ao=5x 1011 m
AFEsp_15=10eV
self energy = +1086 MHz
vac. pol. = =27 MHz

-III-I IIII-III-I
O =N

- L,,=—206 meV,
=50 THz
=0 (M

T'yp = 0.08 meV

finite size:
+ 4 meV

251/2%

a,'g =3x10~13m
AFEsp_15=1900 eV
self energy = +0.6 meV e
vac. pol. = —206 meV ~m

F=1
23 meV
F=0

3




Potential

05 1 75 2 55
R (fm)

Maxwell equation: VE = 4mp

V_{ —Z2(3-(5)2) (r<m)

Z
—70‘ (r >1rp)

_Z62 . LQ_Q&
AV—{ 27p (3 (Tp) 7")
0

AEFS = (B|AV|T)

(In leading oraer)



INIté S1ze elTecCl(in leading order)

.‘_E? —teyH
5 :
- 1 F
g % o
—ieF(q?)y”
G , ; |
R (fm) F(q®) = [d’r p(r)e™*9T = Z(1 -

Maxwell equation: VE = 4mp

_Za (g _ (r\2
V = 27p (3 (Tp) ) (7" < Tp) AV(q) — 47;%04 (1 . F(q)) ~ 27('(3Za) TIQ)
_% (r>rp)

AV (r) = 222 12 5(p)

_ Ze? _ (N2 _ 2rp
AV—{ 27p (3 (Tp) T )
0

AETS = (U|AV W)




ere are several proton radaill

o rms charge radius rp: 2 = (r2) = [ d®r pg(r) r? = 0.774(8) fm” (r, ~ 0.88fm)
— Lamb shift
e rms magnetic radius: 2. = (rZ,.) = [ &3 pu(r) r? = 0.604(20) fm”

e “Zemach radius™ Rz = (rp)2) = [d&r [ & pe(F—r") pm(r’) 7= 1.045(4) fm
— HFS

o “Third Zemach moment”:  (r3) o) = [d®r [ &3 pg(F—1') pe(r’) r3 = 2.85(8) fm’
— Lamb shift, “NLO”

values from e-scattering [Distler, Bernauer, Walcher, arxiv:1011.1861]

___EMWH __ FKottmann, LTP Zuoz, 18.08.2014 —pil



e
Aim of the p,p Lamb shift experiment

(before we dit it!)

e Measure the 25 — 2P energy difference (Lamb shift) in up 8.4 me
AE(2S — 2P) = 209.9779(49) — 5.2262 72 + 0.0347 73 meV
with 30 ppm precision.

T T T TS
I
(@} o V)

206 meV
50 THz

o Extract r, = /72 with u, ~ 102 (rel. accuracy) OHm

— bound-state QED test in hydrogen
to a level of u, ~ 3 x 107 (10x better)

— improve Rydberg constant (cRo = 3 a?mec?/h)
to a level of u, ~ 1 x 10~? (6x better)

fin. size:
: _ 3.8 meV
— benchmark for lattice QCD calculations S| e TR

— confront with electron scattering results

ﬂ F KottmannI LTP ZuozI 18.08.2014 — E.lZ



Apparatus




S
Apparatus

(why realized only after 2000 ?)

e Low energy muon beam line at PSI

725~ 1 5top 1~ in"L mbar Hy (> 100/s in small volume, ~ 10~ g)

detect keV-1~ (sub-um range) — trigger for DAQ and laser

— “trigger quality” is crucial !

e Laser system

tunable around A = 6 ym

triggerable within ~ 1 us on stochastic muon-teigger (PSI17?)

< 1mJ pulse energy (1979: ~100 mJ)

e Detectors and DAQ

2 keV photons: soft X-rays; ¢- and E-resolution; high B-fields

__EMWH __ FKottmann, LTP Zuoz, 18.08.2014 —p14



The up Lamb shift setup

5T solenoid

Momentum filter

Cyclotron trap

Pion beam line

Water vapor
cell

Raman cell

.

\. Protons

C-target

' Ti:Sa amplifier

Disk-laser

o

Diode laser

e

Ti:Sa cw laser

g FP cavity

o

- "Th:Sa oscillator

Disk-laser

940 nm
(2 kW)

l

1030 nm

l

515 nm

l

708 nm

l

1.0 um

l

1.6 um

l

6.0 um
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5 keV energy muon beam line

e Production of 20-50 keV u~
- 108 7= /s injected in CT

CT - m~ decay in MeV p~
| B=4 T % " - - dece_l. to 2_O-SQ keV
s - - HV by crossing thin foll
T —> —HV|B=2T 3 T y Thin foil
E
/ l B=4 T e Extraction of 4~ from CT:
| > Ty(0)  ( Buax v
Slow P~ TJ”_(O) > ( By 1) - %(0)
S ~ 0.5 ~1 0.01..1
= e Momentum selection

- toroidal magnetic field
— vertical drift

- eliminate e~ and n bg.

MEC— - ® /i detect!on
e 1p formation and laser exp.

F. Kottmann, LTP Zuoz, 18.08.2014 — p.16




1979: “muon bottle” 2001: “MEC beam”

Vatop ~ 8 X 8 x 35cm? & 2200cm?®  Viop ~ 0.5 X 1.5 x 20 cm?® ~ 15 cm?
(1 mbar:) ~ 150 @ ~ 100 @ pulsed accelerators
still excluded
u stop n stop
i s 0.07 Cm3 S i ~/ 7 cm3 S

PSI proton accelerator: 10x
dedicated p~ beam: 10x

mirrors for laser experiment:

~ 100 reflexions (proposed) ~1000 reflexions (measured) 7% il
= 6 pm laser: ~ 100 mJ needed = ~ 0.2 mJ needed
0 0
Impossible ! possible, we have 0.3 mJ

<= Progress in muon beam technologies !

__EMWH ___ FKottmann, LTP Zuoz, 18.08.2014 —p17



Setup: 6 um multipass mirror cavity

Horiz. plane Vert. plane

Multipass cavity (curvatures exaggerated) Off-axis coupling into cavity

e fused silica mirrors, dielectric coating of ZnSe and ThF, with 26 layers
[Lohnstar Optics]

e R=099.97% at 6 um, small additional losses — 1700 reflexions in cavity

e non-resonant cavity with curved mirrors: quite stable against misalignment
—  no active adjustment devices needed!
Jan Vogelsang et al., Opt. Express 22, 13050 (2014)
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Setup: 6 um multipass mirror cavity

Horiz. plane Vert. plane
Multipass cavity (curvatures exaggerated) Off-axis coupling into cavity
Ge
e fused silica mirrors, dielectric coating of ZnSe and FhF; with 26 layers

99.9% 700 [Lohnstar Optics]

e R =9997% at 6 um, small additional losses — 17#60-reflexions in cavity

e non-resonant cavity with curved mirrors: quite stable against misalignment
—  no active adjustment devices needed!
Jan Vogelsang et al., Opt. Express 22, 13050 (2014)
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o
Setup: Beam line for keV-muons in7E5 area

"Cyclotron trap"

‘MEC”

extraction (.

channel Solenoid with

hydrogen target

laser cavity
X—ray detectors

Measured 2009: 1m
400 u~/s (3---6 keV, 0.75 cm?) (B =5 Teslal)

ﬂ F. Kottmann, LTP Zuoz, 18.08.2014 — p.19



O
... 1~ Inside the 5 Tesla solenoid

‘At target entrance: 5 keV 11—, 400 s~ ! (detected) I

e From the muon extraction channel (MEC): 20-50 keV u~

slowing down + frictional cooling + e~ emission + E' x B + TOF + trigger
(laser, DAQ)

o Stacks of C-foils — p~-detectors:  eg, = 85%, eg> = 35%, €30 = 55%

e Stopping volume in 1 hPa Hy:  5x 15 x 190 mm?

PM, D H, Target
—> e | .
N > 82 Multipass cavity
S1 «— PM
PM, o e e >
ExB Mmoo 7
10 cm '

Laser pulse

ﬂ F. Kottmann, LTP Zuoz, 18.08.2014 — p.20



Setup: Gas target

° AlehPaHQ

e window for 4~ beam entrance:
30 nm Formvar

e windows for APDs (2 keV det.):
1 um polypropylene

Mr Gross from PSI workshop

e space for laser mirrors inside
target vessel

E’H F. Kottmann, LTP Zuoz, 18.08.2014 — p.21




Open target

ﬂa &aser pylse :.
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O
Setup: APD as 2 keV x-ray detector

e 20 avalanche photo diodes (APD), mounted in two rows at top
and bottom of target vessel (at =8 mm) — ~ 30% solid angle

e RMD company: APD with 14 x 14 mm? sensitive area, square shaped
e cooledto-30°C — ~15nA leakage current
e AFE/E =~ 30% (FWHM), At ~ 35 ns (FWHM) for 2 keV x-rays

e oOperated at B = 5 Tesla without problems

120 (r————

100 F .
80

60

Counts

40 |

20

0

Fnergy [keV]

Central part of one detector array Energy spectrum of °°Fe source
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The laser system (2009)

T L A A~ T TS ‘ Main components:
Yb:YAG thin—disk laser ~ —— N P
=) |Oscillator| |Oscillator| <= cw TiSa laser
200 W | 1030 nm| |1030 nm| 200 W Wave Verdi

 amiy yom | meter Tow e Thin-disk laser

500-\,7 Amplifier| | Amplifier = - cw TiSa || e Frequency doubling (SHG)
| s0w, - e~|(FP)|| | 708 nm |,

| 43 mJ Y 43mJ o 400 mwW |

SHG SInE f—~{l,/Cs . |

SN 1SHG ? ‘ < | o TiSa laser:

cw frequency stabilized laser

————> injected seeded oscillator

multipass amplifier

iISa Amp.

: A X T —

e Raman cell

e Target cavity

Raman cell
/Antognini etal., IEEE J. Quant. Electr.

U™ b b b w6 LM cavity Vol. 45, No. 8, 993-1005 (2009).
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1
|
|
|
|
|
|
|
|
|



F. Kottmann, LTP Zuoz, 18.08.2014 — p.25



Disk laser doubling stages
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Results




e

events in 25 ns

10*

10°

102

10

2 keV X-ray time spectrum

.

1 (after ~10 hours)

time [us]

2keV vy




Data analysis: time spectra

FP 900, 11 hours measurement

C 10° = all APD detector hits
LO —
N —
k= —
I B
g 10°E
> —
B —
10°
= 400 muons per second
B 240 laser shots per second
102 = 860 000 laser shots per hour
- 1.56 million detector clicks in 11 hours
10 — 19 600 clicks in the laser region
i expected 2-3 laser-induced events per hour
1e
| | | | | | | | | | | | | | | | | | |
0 2 4 6 8 10

time [us]
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FP 900, 11 hours measurement

L
\

=
o
a1

10*

events in 25 ns

10

Laser

l

all APD detector hits
all reconstructed events

correlate X-ray and electron detectors

QU — evyVe
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FP 900, 11 hours measurement

S 105 & — all APD detector hits

Lo = il  Laser — all reconstructed events

c — | l ————— mu-decay electrons

2 ot L all x-rays

> =

) [
10° __ x-rays identified by detector multiplicity = 1
10°

10

0 2 4 6 8 10
time [us]




Data analysis: time spectra

FP 900, 11 hours measurement

2 105 4 — all APD detector hits
L0 = g Laser — all reconstructed events
I= - q | l —— mu-decay electrons
2 . — all x-rays
Q 10" & x-rays followed by mu-decay
Qo [
10° £
-
10% - |
2
qu .
1 i W\ p i W W

__EMWH ___  FKottmann, LTP Zuoz, 18.08.2014 —p29
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events in 25 ns

FP 900, 11 hours measurement

=
o
o

=
(@)
I

10

all APD detector hits
all reconstructed events

mu-decay electrons
all x-rays

x-rays followed by mu-decay
2 keV x-rays + mu-decay

n‘ W

“h i 'l M

BRI,

fl
6

w *I H“ l IH

time [us]




Data analysis: time spectra

FP 900, 11 hours measurement 7 events per hour! 1 bgr. event/hour

events in 25 ns

=
o
a1

=
o
N

[EEY
o
w

10?

10

all APD detector hits

all reconstructed events
mu-decay electrons

all x-rays
x-rays followed by mu-decay
2 keV x-rays + mu-decay
same, 2nd muons rejected

8 1C
time [us]




... and measured time spectra

events in 25 ns

- \ 10° 1.32x10° events
200 y . .
= ' 10
- ¢ 10°
150:— i Ipel: Laser
- o 10 ON
100 %
= 5 1k . e WEPELA resonance
~ :.: -05005 1152 25 3 354
50 %
0 ] ] ]
5
200 184 1.02x10° events

Laser
OFF

150

100

resonance

050 05 1152 25335 4

I|IIII|IIII|IIII|II

50

| Time-spectrum fit around laser time = Extract precise background level I
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Measured resonance:p(2 S1 /

(known before 2009:)

2

= CODATA-06 " our value
3L . % { +15ppm

£ g[-€-p scattering [Sick 2003]

g resonance:
5 . = H,0 550 events
£ ok calib. ¥ 155 bgr.

Z F 160 from bgr.
- 41—

=

g L

s

T
@
—

[N
1o

I—.—-[
HH-@—

1
—@—
—@1+
—@—

laser frequency [THz]

49.75 49.8 49.85 49.9 49.95

I opl

32 )

Reference:

R. Pohl, A. Antognini,
F. Nez, D. Tagqu, et al.,
Nature 466, 213 (2010)

Collaboration:

e MPQ Garching

e LKB Paris

e Coimbra and Aveiro
e Stuttgart

e Fribourg

e Yale

e PSI-ETHZ - ...

Statistics: £ 0.70 GHz Discrepancy (to CODATA-06):
Systematics: 4+ 0.30 GHz (laser calibration) ~ 75 GHz < 5.00 < dv/v=15x10"3
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M. Diepold, B. Franke, J. Go6tzfried, T.W. Hansch, MPQ, Garching, Germany
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D.S. Covita, J.F.C.A. Veloso Uni Aveiro, Portugal
P. Amaro, J. Machado, J. P. Santos Uni Nova, Lisboa, Portugal
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K. Schuhmann, A. Giesen D&G GmbH, Stuttgart
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M. Hildebrandt, A. Knecht PSI, Switzerland
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T. L. Chen, C.-Y. Kao, Y.-W. Liu N.T.H. Uni, Hsinchu, Taiwan
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Ve have measured two transitions 1nup
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2S hyperfine splitting
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Ve have measured two transitions 1nup

e Consider the two measurements separately

2P fine structure

Two independent determinations of r,

(ve = 1p, Vs — Tp) | Consistent results! I
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We have measured two transitions inup

e Consider the two measurements separately

2P fine structure

F=2 Iwo independent determinations of ry,
F=1
N---mmmmmmmm=- F=1 .
2 F=0 (ve = 1p, Vs — Tp) | Consistent results! I

e Combine the two measurements

Lamb
shift

Two measurements — determine two parameters
singlet

Ve, Vs — ARy, ABEgRs — | Tp, T7




We have measured two transitions inup

e Consider the two measurements separately

2P fine structure

F=2 Iwo independent determinations of ry,
F=1
N---mmmmmmmm=- F=1 :
2 F=0 (ve = 1p, Vs — Tp) | Consistent results! I

‘ Using the 2S-HFS prediction I

e Combine the two measurements

triplet

Lamb
shift

Two measurements — determine two parameters

Vsinglet

Ve, Vs — ABL, Abgrs — | p, 77

‘ r, does NOT require 2S-HFS prediction I

2S hyperfine splitting

F=0
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Proton charge radius

v(2815" — 2P5)3%) = 49881.88(76)GHz  R.Pohletal, Nature 466, 213 (2010)
49881.35(65) GHz .
A. Antognini et al.,
(2875 — 2P55") = 54611.16(1.05) GHz } Science 339, 417 (2013)

Proton charge radius: |r, = 0.84087 (26)cxp (29):n = 0.84087 (39) fm

wp theory summary: A. Antognini et al., Ann. Phys. 331, 127 (2013) [arXiv:1208.2637]

up 2013 =
e-p, gLab

L
dispersion 2012
CO DAIA-2010

- ‘ .
Hp 2010 e-p, Mainz
dispersion 2007 H/D
— — e . , A
o8 T oes T osd  oss o8 o8 . ose

Proton charge radius Rch [fm]
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2roton Zemach radius

2S hyperfine splitting in pup is: AFpps = 22.9843(30) — 0.1621(10) 7 [fm] meV
with v, = [d®r [ A3 v pe(r) par(r — 1)
We measured AFEypps = 22.8089(51) meV

This gives a proton Zemach radius 7z = 1.082 (31)exp (20)¢n = 1.082 (37) fm
A. Antognini, et al., Science 339, 417 (2013)

up 2013 @
e-p, Mainz —@—
H, Volotka - ®
® e-p, Friar
H, Dupays o
T T 1oa 106 108 T 112

Proton Zemach radius R, [fm]
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10° =
> —
= —
5 —
o 107 &
(@) —
Q =
> B
S 10 =
i) —
5 —
E -
T 10° .
= ® single measurements
n A least-square adjustments
1070 - B muonic hydrogen + H(1S-2S)
10 -
1012 = .\.
EIIIIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III
1930 1940 1950 1960 1970 1980 1990 2000 2010
year
H(1S-2S): C.G. Parthey etal.,, PRL 107, 203001 (2011). rp. A. Antognini et al., Science 339, 417 (2013).



Rydberg constant

Hydrogen spectroscopy (Lamb shift):

Lis(rp) = 8171.636(4) 4 1.5645 (r2) MHz

8S
4S
3S 3D
2S =— — 2P
R Lig
Ens ~ — ;O + 3
n n
1s.0s] 2 unknowns = 2 transitions

e Rydberg constant R

e Lamb shift L5 « r,

"

2000 2010
year
H(1S-2S): C.G. Parthey etal.,, PRL 107, 203001 (2011). rp. A. Antognini et al., Science 339, 417 (2013).
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o
Rydberg constant

— 3.289 841 960 249 5 (10)™ (25)REP x 10" Hz/c

10°

H
o
iy

=
(@)
o

fractional uncertainty

=
o
©

10-10

10-11

10-12

H(1S-2S): C.G.

rel. uncert. = 8 x 10713,
but shifted by 3.5 x 10711

® single measurements
A least-square adjustments
B muonic hydrogen + H(1S-2S)

[ | IIIIII|

1930 1940 1950 1960 1970 1980 1990 2000 2010
year

Parthey et al.,, PRL 107, 203001 (2011). rp. A. Antognini et al., Science 339, 417 (2013).
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What may be wrong ?




Proton radius puzzle: What may be wrong?

Discrepancy: | AE (r§OPATA

(2) pup theory wrong?  but
e mainly pure QED (vac.pol., etc.)
e 'huge’ relative discrepancy

e hadronic terms small

e weak interaction: only HFS, small

e proton shape ?

e proton polarizability ?

75 GHz
) — AE%F" = 0.31 meV
0.15 %

(1) up exp. wrong?  but

e good statistics (o =0.65 GHz <« discrepancy)
e two up(2S-2P) transitions measured

e linewidth ~ 19 GHz < discrepancy

e systematics, molecular effects ?

(3) H spectroscopy wrong?  but
e 25-8S, 2S5-8D, 2S5-12S, etc. all consistent ...

4) H theory wrong?  but
) y Wrond both ?

e uncertainties 10x smaller than discrepancy ...

(5) e-p scattering wrong?  but
e new Mainz and JLab results ...

F. Kottmann, LTP Zuoz, 18.08.2014 — p.38




S
r, puzzle(1): Is the up experiment wrong ?

and I'th — pexp

A E-discrepancy = 75 GHz < u, = 1.5% « 4TI

e Pressure shift?
- pressure shift of H(1S-2S) in Hy gas: ~10 MHz/mbar

- up is m./m,, smaller (stronger E-fields): - less disturbed by external fields
- smaller mixing of states

Detailed calculations give a pressure shift of ~2 MHz at 1 mbar

e Spectroscopy of (ppu)*-molecules, or (up2s)e™-ions, instead of up ?
(@) wp(2S)+Hy — {[(ppr)"]*pee}* — up(1S) + ... (muon-cat.-fusion)
(b) wp*+Hy — (upag)e+--- 272 [Jentschura, Ann. Phys. 326, 516 (2011)]

ﬂ F. Kottmann, LTP Zuoz, 18.08.2014 — ﬁ.39



rp, puzzle(1): Is the up experiment wrong ?

AE-discrepancy = 75 GHz < u, = 1.5% < 4I' and It =P

e Pressure shift?
- pressure shift of H(1S-2S) in H; gas: ~10 MHz/mbar

- up is m./m,, smaller (stronger E-fields): - less disturbed by external fields
- smaller mixing of states

Detailed calculations give a pressure shift of ~2 MHz at 1 mbar

e Spectroscopy of (ppu)*-molecules, or (up2s)e™-ions, instead of up ?
(@) wp(2S)+ Hs — {[(ppp) T pee}* — up(1S)+... (muon-cat.-fusion)
(b) wp*+Hy — (upag)e+--- 272 [Jentschura, Ann. Phys. 326, 516 (2011)]

(@) {[(ppu)T|*pee}* formation/deexcitation exp: [PRL 97, 193402 (2006)]
th: [PRA 68, 032502 (2003)]
[PRA 70, 042506 (2004)]

oo S 1 PS caused by strong Auger/Coulomb/radiative deexcitations

ETH F. Kottmann, LTP Zuoz, 18.08.2014 — p.39




rp, puzzle(1): Is the up experiment wrong ?

AE-discrepancy = 75 GHz < u, = 1.5% < 4I' and It =P

e Pressure shift?
- pressure shift of H(1S-2S) in H; gas: ~10 MHz/mbar

- up is m./m,, smaller (stronger E-fields): - less disturbed by external fields
- smaller mixing of states

Detailed calculations give a pressure shift of ~2 MHz at 1 mbar

e Spectroscopy of (ppu)*-molecules, or (up2s)e™-ions, instead of up ?

(@) wp(2S)+ Hs — {[(ppp) T pee}* — up(1S)+... (muon-cat.-fusion)
(b) wp*+Hy — (upag)e+--- 272 [Jentschura, Ann. Phys. 326, 516 (2011)]

(b) Idea: H™ ionisstable! — (ups2s)e=pup e~ also stable?
-The e™ in (up2gs)e leads to AE ~ 0.4meV if r. = ag [Jentschura]

- What is the probability of (up2s)e formation ?
- Lifetime of this ion? Internal and external Auger emission rate?

- Loosly bound system: “each” collision ionizes it. No population left.

ETH F. Kottmann, LTP Zuoz, 18.08.2014 — p.39




r, puzzle(1): Is the up experiment wrong ?

AE-discrepancy = 75 GHz < u, = 1.5% < 4I' and Tt =Te®P

e Pressure shift?
- pressure shift of H(1S-2S) in Hy gas: ~10 MHz/mbar

- up is m./m,, smaller (stronger E-fields): - less disturbed by external fields
- smaller mixing of states

Detailed calculations give a pressure shift of ~2 MHz at 1 mbar

e Spectroscopy of (ppu)*-molecules, or (up2s)e™-ions, instead of up ?
(@) wp(2S)+ Hs — {[(ppp) T pee}* — up(1S)+... (muon-cat.-fusion)
(b) wp*+Hy — (upag)e+--- 272 [Jentschura, Ann. Phys. 326, 516 (2011)]

(a+b) More detailed theoretical investigation:
Karr and Hilico [PRL 109, 103401 (2012)] exclude
both p.— e~ ions and (ppr~ )" molecular ions
as explanation of the proton radius puzzle.

ETH F. Kottmann, LTP Zuoz, 18.08.2014 — p.39




rp, puzzle(1): Is the up experiment wrong ?

AE-discrepancy = 75 GHz < u, = 1.5% < 4I' and Tt =Te®P

e Pressure shift?
- pressure shift of H(1S-2S) in H; gas: ~10 MHz/mbar

- up is m./m,, smaller (stronger E-fields): - less disturbed by external fields
- smaller mixing of states

Detailed calculations give a pressure shift of ~2 MHz at 1 mbar

e Spectroscopy of (ppu)*-molecules, or (up2s)e™-ions, instead of up ?
(@) wp(2S)+ Hs — {[(ppp) T pee}* — up(1S)+... (muon-cat.-fusion)
(b) wp*+Hy — (upag)e+--- 272 [Jentschura, Ann. Phys. 326, 516 (2011)]

(a+b) Experimental argument:
no broadening or double line has been measured
— “All” up2s have to be in such a molecular or ionic state
during the laser excitation: impossible !

ETH F. Kottmann, LTP Zuoz, 18.08.2014 — p.39




r, puzzle(1): Is the up experiment wrong ?

AE-discrepancy = 75 GHz « u, = 1.5% < 4" and TI'th =T

e Pressure shift? — NO
e Spectroscopy of (ppu)*-molecules, or (up)e™-ions, instead of up? — NO

e Laser frequency calibration
() at 6 um with H>O lines (20 measurements of 5 different lines)
(i) at 708 nm with A-meter, wavemeter, and FP (calibrated to I2, Rb, C's lines)
Raman cell: v(6pum) = v(708nm) — 3 Awy;p. Fluctuations — 0 =0.3 GHz

e Systematic uncertainties:

- laser frequency calibration 0.300 GHz
- Zeeman effect (B = 5 Tesla) 0.060 GHz
- AC-Stark, DC-Stark shift < 0.001 GHz
- Doppler shift < 0.001 GHz
- collisional shift (1 mbar) 0.002 GHz

- black body radiation shift < 0.001 GHz

ETH F. Kottmann, LTP Zuoz, 18.08.2014 — p.39




S
r, puzzle(1): Is the up experiment wrong ?

AE-discrepancy = 75 GHz « u, = 1.5% < 4" and TI'th =TeP

e Pressure shift? — NO
e Spectroscopy of (ppu)*-molecules, or (up)e—-ions, instead of up? — NO
e Laser frequency calibration — ok

e Systematic uncertainties — ok

e 0.5% airin1lmbarH, — pn, = 0.005mbar
— < 1%ofall up(2S) see any Ny — ok

e Second measured pp(2S-2P) resonance (ostat = 1.0 GHz, o4y = 0.3 GHZz):
in agreement with first resonance — ok

(calculated 2S-HFS uncertainty: ~2 GHz, assuming a conservative value
for the Zemach radius of »; = 1.05 & 0.05 fm)

@ F KottmannI LTP ZuozI 18.08.2014 — ﬁ.39






r, puzzle(2): Is up(2S-2P)theory wrong ?

# | Contribution Value unc.
3 | Relativistic one loop VP VaC pol . 205.0282 e
4 | NR two-loop electron VP 1.5081
5 | Polarization insertion in two Coulomb lines 0.1509
6 | NR three-loop electron VP 0.00529
7 | Polarisation insertion in two and three Coulomb lines (corrected) 0.00223 | Status of
8 | Three-loop VP (total, uncorrected) 2010
9 | Wichmann-Kroll —0.00103
10 | Light by light electron loop ((Virtual Delbrtick) 0.00135 0.00135
11 | Radiative photon and electron polarization in the Coulomb line o2 (Za)4 —0.00500 0.0010
12 | Electron loop in the radiative photon of order a? (Za)* —0.00150
13 | Mixed electron and muon loops 0.00007 Hadrons
14 | Hadronic polarization cv(Za)*m.,. Had ron 0.01077 0.00038
15 | Hadronic polarization o(Z )% m,,. 0.000047
16 | Hadronic polarization in the radiative photon o2 (Za)4mr —0.000015 _S_
17 | Recoll contribution . 0.05750
18 | Recall finite size ReCOII 0.01300 0.001
19 | Recoil correction to VP —0.00410
20 | Radiative corrections of order o™ (Zoz)kmr —0.66770
21 | Muon Lamb shift 4th order —0.00169
22 | Recoil corrections of order a.(Z c)® M —0.04497
23 | Recoil of order «® 0.00030
24 | Radiative recoil corrections of order a(Z o)™ 77 m —0.00960
25 | Nuclear structure correction of order (Za)® (Proton polarizability) 0.015 0.004
26 | Polarization operator induced correction to nuclear polarizability a(Zoz)sm,,» 0.00019
27 | Radiative photon induced correction to nuclear polarizability o.(Za)® m.,. —0.00001
Sum 206.0573 0.0045

ﬂ F. Kottmann, LTP Zuoz, 18.08.2014 — p.40



rp, puzzle(2): Is up(2S-2P)theory wrong ?

# | Contribution Value unc.
3 | Relativistic one loop VP VaC pol . 205.0282 e
4 | NR two-loop electron VP DiGiacomo 69 1.5081
5 | Polarization insertion in two Coulomb lines . 0.1509
Borie 78
6 | NR three-loop electron VP 0.00529
7 | Polarisation insertion in two and three Coulomb lines (cd Pachucki 96/99/04 0.00223
8 | Three-loop VP (total, uncorrected) Kinoshita 99
9 | Wichmann-Kroll Eides 01 —0.00103
10 | Light by light electron loop ((Virtual Delbrtick) . 0.00135 0.00135
11 | Radiative photon and electron polarization in the Coulon Borie 05/11 —0.00500 0.0010
12 | Electron loop in the radiative photon of order .2 (Za)* | Martynenko ... —0.00150
13 | Mixed electron and muon loops Karshenboim... 0.00007 Vedles
14 | Hadronic polarization a(Zoz)‘;mr H ad ron Carlson ... 0.01077 0.00038
15 | Hadronic polarization ac(Z o )° m - . 0.000047
16 | Hadronic polarization in(the r?adiative photon a2 (Za)47 Pineda 05/08 —0.000015 J_
17 | Recoil contribution : Jentschura10/11 0.05750
18 | Recaoil finite size RGCOI' Indelicato 13 0.01300 0.001
19 | Recoil correction to VP —0.00410
20 | Radiative corrections of order o™ (Zoz)kmr —0.66770
21 | Muon Lamb shift 4th order —0.00169
22 | Recaoil corr —
23 | Recoil of of RECENT COMplilation:
24 | Radiative 4 A, Antognini et al., Ann. Phys. 331, 127 (2013) [arXiv:1208.2637]
25 | Nuclear str
26 | Polarization operator induced correction to nuclear polarizability o(Z o )®m,- 0.00019
27 | Radiative photon induced correction to nuclear polarizability o.(Za)® m.,. —0.00001
Sum 206.0573 0.0045

ETH
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r, puzzle(2): Is up(2S-2P)theory wrong ?

# | Contribution Value uUnc.
3 | Relativistic one loop VP Vacpol 205.0282 e
4 | NR two-loop electron VP 1.5081
5 | Polarizatianinsertion in two Caonlomb lineg N 1509
6 | NR th . . . o
- lroail  Main contributions to the pp Lamb shift:
8 | Three
9 | wichr discrepancy | 0.31 meV
10 | Light . -
1 | e polarizability | ??  0.015(4)meV [2010]
12 | Electr SAd : 2
15 | Mived finite size - T o
14 | Hadrd recoil |
15 | Hadrd
16 | Haard Muon self-energy + muon VP [ (
17 | Recoi _
18 | Reco two-loop VP |
19 | Recoi one-loop VP
20 | Radial
21 | Muon
il hivge If there is a problem in up theory, it is probably related to
24 | Radia e proton shape — higher moments in {(r"
p
25 | Nucle . .y
o5 | Bt e proton polarizability
27
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e Finite size contributions [Friar, Ann.Phys. 1979]
3 R — = —
Brs = -2 (222 ) | 2 - 250 iy + | |00 2 T T e

! !

3.7 meV 0.02 meV (our discrepancy=0.31 meV)

Third Zemach moment:

3 n




S
rp puzzle(2): Is up(2S-2P)theory wrong ?
e Finite size contributions [Friar, Ann.Phys. 1979] Third Zemach moment

Eps — _ 2Za (Zamr>3 |:’I"2 _ Zamy (132 + ... ] < )(2) = [ d3r [ d3r' p(7)p(r N AE

3 n ¢p 2¢p

3.7 meV 0.02 meV (our discrepancy=0.31 meV)

e Can we find a proton shape so that the discrepancy is solved ?

In principle yes < (1)) (2) = 37(7) fm? [De Rujula, PL B 693, 555 (2010)]
"QED is not endangered by the proton’s size”

But measured is (1) (2) = 2.71(13) fm? [Friar and Sick 2005, Cloét and Miller 2011]

and (17)(2) = 2.85(8) fm? [New Mainz data: Distler et al., PL B 696,343 (2011)]




o
r, puzzle(2): Is up(2S-2P)theory wrong ?

e Finite size contributions [Friar, Ann.Phys. 1979]

Third Zemach moment:

2Za [ Zam,\®> Zam, 3 3, 3
Brs =~ 222 (22 ) yp - 20y oy | [0 Z TP T el
SR N
3.7 meV 0.02 meV (our discrepancy=0.31 meV)

e Can we find a proton shape so that the discrepancy is solved ?

In principle yes < (1) (2) = 37(7) fm? [De Rujula, PL B 693, 555 (2010)]
"QED is not endangered by the proton’s size”

But measured is (1) (2) = 2.71(13) fm? [Friar and Sick 2005, Cloét and Miller 2011]

and (17)(2) = 2.85(8) fm? [New Mainz data: Distler et al., PL B 696,343 (2011)]

Cloet and Miller give even “a rigorous upper bound”:
(ré) 2y < 4.5 fm? [PR C 83, 012201 (2011)]

Solving the puzzle with a large Third Zemach moment
IS In contradiction with e-p scattering data!
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r, puzzle(2): Is up(2S-2P)theory wrong ?

e Finite size contributions [Friar, Ann.Phys. 1979]

Third Zemach moment;

2Za [ Zamy\°> Zomy d3r [ d3+' 713
Brs = — 22 ( - ) [Tg_ : <rg>(2)+,.,} 30y = [ dPr [ & p(F)p(7)|F—r]

! !

3.7 meV 0.02 meV

(our discrepancy=0.31 meV)

e Can we find a proton shape so that the digcrepancy is solved ?

In principle yes < (1) (2) = 37(7) fm? jbe Rujula, PL B 693, 555 (2010)]

"QED is not endangered by the proton’s size”
But measured is (1) (2) = 2.71(13) §M? [Friar and Sick 2005, Cloét and Miller 2011]

and (12)(2) = 2.85(8) fm® [New Mainz data: Distler et al., PL B 696, 343 (2011)]

. Voo e
What about higher order (Za/)° finite-size terms ?

e M. Distler (Mainz): these terms are not negligible, but small compared to
our “discrepancy” (for “non-crazy” form-factors).

e The higher momenta (r}) are approx. measured by e-scattering.

E’H F. Kottmann, LTP Zuoz, 18.08.2014 — p.41




e
r, puzzle(2): Is up(2S-2P)theory wrong ?

e Most contributions to AE(2S-2P) recalculated 2010-2012 by several groups
=- only minor corrections found!

[Karshenboim, Indelicato+Mohr, Jentschura+Pachucki, Eides, Borie, Martynenko, Pineda, ... ]

e The rms proton radius r, is defined consistently for all three experiments
(up, H-spectroscopy, e-p scattering)!

e.g. Darwin-Foldy term, radiative corrections, hfs-structure effects, ...
[Jentschura, EPJD 61, 7 (2011)]; CODATA-2010: P. Mohr et al., Rev. Mov. Phys. 84,1527 (2012).

Preliminary conclusion:

If up-experiment (1) and pp-theory (2) are both correct, then r, ~ 0.84 fm

= H experiment (3) or theory (4), and e-p scattering (5)
are both wrong (r, ~ 0.87...0.88fm) 1?

ﬂ F KottmannI LTP ZuozI 18.08.2014 — E.42



......... 2011, new players come into the (theory) game:

e Hill & Paz [PRL 107, 160402 (2011)]:  “Proton structure effects ... are
analyzed using NR QED effective field theory”

— uncertainty of proton polarizability term “underestimated by at least

an order of magnitude”
AFE,q = 0.015 £ 0.004 meV;, discrepancy=0.310meV — “not enough” ?

Background: Third-Zemach contribution ~ modification of the wave
function caused by finite-size. In a quantum field framework, it is part
of the two-photon exchange (TPE) diagrams which include also an
inelastic part (AEo1).

— unified treatment of TPE (elastic + inelastic), using
— doubly virtual Compton amplitude, (+ dispersion relations)

— measured form-factors and structure functions
— unknown “subtraction term” calculated with heavy baryon yPT
by Birse + McGovern [2012] ... , but Hill+Paz and Miller et al. still have doubts:

Gerry Miller at Mainz: “xPT is for low 2, but integral goes over all Q2"

E’H F. Kottmann, LTP Zuoz, 18.08.2014 — p.42




e
r, puzzle(2): Is up(2S-2P)theory wrong ?

TPE (two-photon exchange), continued:

e Pascalutsa et al. [EPJC 74, 2852 (2014)] summarize 7 different calculations
of the proton polarizability term, from ~0.005 to ~0.021 meV
— large values unlikely!

e Correct treatment of TPE-subterms “elastic”, “non-pole”, “inelastic”,
“subtraction” still under discussion ...  [Birse+McGovern, Hill+Paz, ..

— Conclusions:

- It is unlikely that “up theory” can explain our discrepancy

- The new u* - p /e®-p scattering experiment (“MUSE” at PSI, ~2016)
will restrict TPE effects!

[Pohl, Gilman, Miller: Pachucki, Annu.Rev.Nucl.Part.Sci. 63, 175 (2013)]
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o
r, puzzle(2): Is up(2S-2P)theory wrong ?

TPE (two-photon exchange), continued:
In our NATURE-2010 paper, we treated the Third-Zemach moment “classically”,
in the SCIENCE-2013 paper, we preferred to quote the more modern TPE approach.

Savely K. analyzed this at the Mainz-workshop, and in his Summary he said:

”... this result is from SCIENCE, not from NATURE ..”

and was irritated that the audience started to laugh, because people understood

"This result i1s from science, not from nature.”
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r, puzzle(3): Is H-spectroscopy wrong ?

e 1S Lamb shift and R., can be deduced from two measurements in H
vis—2s  (up =1071) )
vas—ss/p (ur =10710) L [P _ 8179 840(19)MHz

3 /
\ E Roo LlS

ns &~ — + —
n? n3

e 1S Lamb shift, theoretical prediction in H

QED
ro = Lt%(rp) = 8171.636(4) + 1.5645 2 MHz

a, Me, My, ...

e Proton radius from H and D spectroscopy

L (ry) = LT = r, = 0.876(8) fm, with v, = 1%




H (= 7, and Rs)

N
but:

/

H (independenton R..)

Iiton 1N
0.8779 +- 0.0094 fm(without D-data)

84184 +- 0.00067 fn{ 201 0]

0
440,

0.95

ionsn —n
Havg

Hp
IS

The maximal deviation from our result is ~ 30

up — H’

e B B B B e S e e S e o]
B B B S B e s e
B B B B ot It s sl
B B e B e e Rl e
s S et S e S BT o oSSt booss]
I IRl ISR R N STl S s T RS Bt
s RIS SR S RSt S A S AT MU TS 19
SIS & S EI I S S U WS % BT N b
SIS 3 B . T o PRSI s
T I B B S o NS B =
B e T S e St e -
T B o B STt I
L S T P T T T S S S
S VIRINONI0I00, SISO SN SISO SRSV OSSN SO GO S SOOI SISO SOV SO0
"=

e 25-2P trans
e tWO trans

-spectroscopy wrong *

0.85

CODATA says

0.8

281/2' 2|:’1/2

285~ 2Ry,

2S5, 2P,
1S-2S +2S-45,
1S-2S +2S-4D,
1S-2S + 25-4P, ,
1S-2S + 2S-4F, ,
1S-2S + 2S5-6S ),
1S-2S + 256D,
1S-2S +2S-8S5,
1S-2S +2S-8D,,
1S-2S +2S-8D,
1S-2S + 282D, ,
1S-2S + 28k2D,,
1S5-2S +1S - 3§,

r, from H spectroscopy

rp PUZZIE




O
r, puzzle(3): Is H-spectroscopy wrong ?
Is Rydberg R.., the best measured physical constant (u,. ~ 10~*!), wrong ?
e H(1S-2S) measured ultra-precisely (~ 10~1%) at MPQ
= strong corr. Ry, < L{Y, because vig_ss ~ 3Re + LLTY
= strong corr. R, < rp, using QED calculation Lt (r,) = 8171.636(4) + 1.5645 2 MHz

= our r,(up) shifts R, by -115kHz, or 6.60 away from the CODATA value

e New measurements of R, (or r,) are thus needed:

- H(1S-3S) Paris, in progress; MPQ, in progress
- H(2S-4P) MPQ, in progress
- H(2S-2P) — g York Uni, Toronto, in progress

- H-like atoms at medium-Z NIST, planned
- Het combined with ; He™ MPQ, Mainz (proposed), PSI (compl.)

- Myonium p e~ (1S-2S) PSI, planned
— new R, together with QED(H-atom) — independent r,
puzzle (4)
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S
r, puzzle(4): Is H-theory wrong ?

e Free QED
[Hanneke et al., PRL 100, 120801 (2008)]

electron anomaly: a. = 3(g. —2) — determination of a (~ 27a.)

2 3 4 5%
ae=C1(2)+C (2) +C5 () +Cu(S) +C5(5) +Afbad,,...)
i 7 i i 7
u[a®P] = 2.4x1071%  wlath] = 2.8x1071°, u[QED test] = 7.7 x 10719
[new h/M— o measurement: PRL 106, 080801 (2011)]

e Bound-state QED in Hydrogen now: uftest] ~ 7 x 1076 !

¢ Binding effects (Z«) bad convergence, all-order approach/expansion
e Radiative corrections (o and Z«)

e Recolil corrections (m/M and Z«) relativity < two-body system

e Radiative—recoil corrections (o, m/M and Za)

e Proton structure corrections (rp, 7zemach aNd Za)

ﬂ F KottmannI LTP ZuozI 18.08.2014 — E.45



r, puzzle(4): Is H-theory wrong ?

Bound state QED:
e All corrections are mixed up: o® - (Za)¥ - (m/M)? — “book-keeping”?

e Cannot develop the calculation in a systematic way, like in g — 2

e Relativistic QED is not suitable for precision calculation of bound-states

= NRQED: “A field theory describing the interactions of photons and non-
relativistic matter. The Lagrangian is constructed to yield predictions valid to
any fixed order in small parameters « ... etc.” [Hill& Paz, PRL 107, 160402 (2011)]

Pineda: “Potential Non-Relativistic QED” describes the (muonic) hydrogen
dynamics and profits from the hierarchy m,, > m,a > m,a?

e HBEFT — (QED) — NRQED — pNRQED: compute QED and hadronic effects
heavy baryon effective field theory [Pineda, PR C 77, 035202 (2008), and previous]

— xPT can predict the leading order of third-Zemach and polarizability terms:

(r3) OPT) ~ (r]

e — scattering), but in disagreement with (r3)(DeRujula
p p
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S
r, puzzle(4): Is H-theory wrong ?

LA N e N e W S WL
204 (Za) expansion
\/@ a0/
m -60'+ T
O @ O 807
1 All-order
g " O 1007 {
X -

(S.(JWALL .120-"-;'i'l'l'l'l'l'l'l‘I
O @ O O 0 10 20 30 40 50 60 70 80 90 100
X X X X Nuclear charge number Z
AE% _ m(%)2 (Zno§)4 Gn(Za) Beo = —86(15), GE:°- = —101(15) Yerokin (2009)

n = Bao + (Za)Bso + (Za)? [Bes In® (Za) ™2 + Bz In? (Za) ™2 + Bg1 In (Za) ™2 + Beo] + - - -

n = 1.409 — 0.177 4+ [-0.015 — 0.003 + 0.026 — 0.003 + - - -]

‘ Bad convergence of the (Z«) expansion I




rp puzzle(4): Is H-theory wrong ?
% % ST STy By, 0]

204 (Za) expansion

X ol

ST -80"* I

e Calculation of all two-loop terms in H has been performed

In the last decade. The present uncertainty of the By, term

(and other higher-order terms) gives §( L") =4 kHz

e But to bring r,(H) in agreement with r,(up),
L has to be shifted by ~ 100 kHz! kin (2009)

e Future: combining He™ (MPQ, Mainz) and p He™ spectroscopy

— determine Bgo term and Rydberg constant much better
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e
r, puzzle(5): Is e-p scattering wrong ?

e Rosenbluth cross section — Sachs form factor —

2 2
(%) = () e 20 o2 dGE(Q)
A0/ Ros. ~ \dQ/Mott  e(1 + 7) rp) = =6 =202 |ge o
~ 106 . .
Q*[ (GeV/c)?] = { > 10-3(10-47) E'pr) scatt.) extrapolation to Q2 — 0 required

Example: part of new Mainz data, Gg/Gaipole VS. Q*

1.01

Systematic studies about extrapolation
have been performed

1

0.99 - iy

| ’r'p pr— (0879 :': 0.005stat :I: 0.004syst :': 0005model) fm

0.98 -

Ge,/Gp

0.97

— old r, values from e-p scatt. confirmed !

[Bernauer et al., PRL 105, 242001 (2010);
PRC 90, 015206 (2014)]

0.96 -

0.95

0 005 01 015 02 025 03 035 04
Q? [(GeVic))]

—— Spline fit ——+— Rosenbluth Separation
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o
r, puzzle(5): Is e-p scattering wrong ?

e Rosenbluth cross section — Sachs form factor —

2 2
(%) = () e 20 o2 dGE(Q)
A0/ Ros. ~ \dQ/Mott  e(1 + 7) rp) = =6 =202 |ge o
~ 106 . .
Q*[ (GeV/c)?] = { > 10-3(1047) E'pr) —_— extrapolation to Q2 — 0 required

e Open questions regarding the extrapolation
- We can not totally exclude the presence of unexpected “bump/dip” at lower Q2.
- Model assumption of the functional behavior of the form factor?

- Normalization problems. Fitting with G z(Q? = 0) = 1 — underestimation of uncertainty.

rp from new scattering data with 1% accuracy. Is that realistic?




r, puzzle(5): Is e-p scattering wrong ?

e Rosenbluth cross section — Sachs form factor —

2
(8) 0 = (22, Bt 00 o2 dGE(Q)
A0/ Ros. ~ \dQ/Mott  e(1 + 7) rp) = =6 =202 |ge o
~ 1076 . .
Q?*[ (GeV/c)?] = { > 10-3(10—47) Egpp) scatt.) extrapolation to Q2 — 0 required

e Open guestions regarding the extrapolation
- We can not totally exclude the presence of unexpected “bump/dip” at lower Q2.
- Model assumption of the functional behavior of the form factor?

- Normalization problems. Fitting with G z(Q? = 0) = 1 — underestimation of uncertainty.

rp from new scattering data with 1% accuracy. Is that realistic?

e Old data, mainly from Mainz ~1985, reanalyzed by Rosenfelder, Sick, ... [2000-2011]

e New data: more statistics

- Mainz “MAMI Al” [Bernauer et al., PRL 105, 242001 (2010); PRC 90, 015206 (2014)]
[Vanderhaegen & Walcher, Nucl. Physics News 21, 14 (2011)]
[Distler et al., Phys Lett B 696, 343 (2011)]

- Jefferson Lab “Hall A” [zhan et al., arXiv:1102.0318; Ron et al., 1103.5784]
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e
r, puzzle(5): Is e-p scattering wrong ?

Charge and magnetic rms-radii of the proton:

reI up H rmag

JLabHallA |

&%
2011 e ssoes At eees
MAMIAL | il
2010 e ouats Soenaretont
Borisyuk SRR S
2010 SSIILLRERAILLKS
Belushkin et al.
SERLPRILRIKS
2007 RIS
Sick RIS
IC AL
KRR
2011 SRLRAILRPLRRLK
BERRILERKR
. OSasesesesese etetetetesesel
Blunden, Sick = f o :
2005 S RRIEEES
IIRRES
Rosenfelder | oo

2000 RSSRRRRRAIXRKARS

| \ | \ | % | \ L \ | \ | \
0.75 0.8 0.85 0.9m 0.75 0.8 0.85 0.9m
Rosenfelder , Phys Lett B 479, 381 (2000)Borisyuk , Nucl Phys A 843, 59 (2010)
Blunden, Sick , PRC 72, 057601 (2005) MAMI Al Bernauer et al., PRL 105, 242001 (2010

Sick , Few Body Syst. (2011) JLab Hall A Zhan et al., 1102.0318 (nucl-ex) (201
Belushkin et al. , PRC 75, 035202 (2007)
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e
r, puzzle(5): Is e-p scattering wrong ?

Charge and magnetic rms-radii of the proton:

reI up H rmag

O
JLab HallA |
2011 St S
MAMI Al o e
2010 ey SeTerorate
Borisyuk SRS
2010 SSIILLRERAILLKS
Belushkin et a
2007
Sick
2011

-~ Blunden, Sick
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Belushkin et al. , PRC 75, 035202 (2007)
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S
r, puzzle(5): Is e-p scattering wrong ?

Charge and magnetic rms-radii of the proton:

el up H H mag
A K
o2y JLab Hall A | = 53 S5
k< < 0 09999
[ O <
2011 BRI
KRS
MAMI Al BRI
SRS
2010 SSRLRRRELILLLRRS

Discrepancies between fits of e-p data, using:
e “sum of Gaussians” (e.g. Sicketal.) — 7, ~0.88fm

e functions based on “dispersion relations” with “analyticity and unitarity” ...
(e.g. Meissneretal.) — r,~0.84fm

— more DATA needed!

New experiments at - JLab (Q? ~ 10~* GeV?, in progress)

- Mainz (e-d, analysis in progress), and more...
- MUSE at PSI: T, e*
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o
Puzzle (1) - (5): Present status

e (1) up experiment:
- no doubt about statistics, position, width
- molecular or “ionic” effects: excluded

e (2) up theory:
- pure QED checked, using different methods: ok (only minor effects found)
- proton shape (e.qg. third-zemach) ? excluded (all momenta of pg () measured at Mainz)
- proton polarizability ? in discussion (but unlikely to explain discrepancy)
- modern “effective theories” have been introduced to treat nuclear effects

e (3)+(4) H spectroscopy:
- R <> rp Individually <30 — new experiments in progress
- theory: now at 4 kHz uncertainty — discrepancy of ~ 100 kHz: unlikely

e (5) e-p scattering:

- new data from Mainz and JLab confirm old values! Analysis, systematics ?
(There are inconsistencies!)

e New physics ?? . dark photons, new couplings, mini-charged ...
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New physics ?




L
New physics? Some ideas:

e Jentschura [arxiv:1011.5453; Annals of Physics 326, 516 (2011)] :

Modification of vacuum polarization due to a millicharged particle or an
unstable intermediate vector boson: excluded by g,,-2, g.-2, H-spectroscopy

e Barger et al. [arxiv:1011.3519; PRL 106, 153001 (2011)]:

. new scalar, pseudoscalar, vector, and tensor flavor-conserving non-universal interactions
may be responsible for the discrepancy. We consider exotic particles that among leptons,
couple preferentially to muons, and mediate an attractive nucleon-muon interaction. We find
that many constraints from low energy data disfavor new spin-0, spin-1 and spin-2 particles as
an explanation.
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New physics? Some ideas:

e Jentschura [arxiv:1011.5453; Annals of Physics 326, 516 (2011)] :

Modification of vacuum polarization due to a millicharged particle or an
unstable intermediate vector boson: excluded by g,,-2, g.-2, H-spectroscopy

e Barger et al. [arxiv:1011.3519; PRL 106, 153001 (2011)]:
... _hew scalar, pseudoscalar, vector, and tensor flavor-conserving non-universal interactions
may be responsible for the discrepancy. We consider exotic particles that among leptons,
couple preferentially to muons, and mediate an attractive nucleon-muon interaction. We find
that many constraints from low energy data disfavor new spin-0, spin-1 and spin-2 particles as

an explanation.
In response to Rabi's gibe about the existence of the muon,
“Who ordered that?” we declare, "The proton!”
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O
New physics? Some ideas:

e Jentschura [arxiv:1011.5453; Annals of Physics 326, 516 (2011)] :

Modification of vacuum polarization due to a millicharged particle or an
unstable intermediate vector boson: excluded by g,-2, g.-2, H-spectroscopy

e Barger et al. [arxivi1011.3519; PRL 106, 153001 (2011)] :

. new scalar, pseudoscalar, vector, and tensor flavor-conserving non-universal interactions
may be responsible for the discrepancy. We consider exotic particles that among leptons,
couple preferentially to muons, and mediate an attractive nucleon-muon interaction. We find
that many constraints from low energy data disfavor new spin-0, spin-1 and spin-2 particles as
an explanation.

e Batell, McKeen, Pospelov [PRL 107, 011803 (2011), “New parity-violating muonic forces”] :

We identify a class of models with gauged right-handed muon number, which contains new
vector and scalar force carriers at the 100 MeV scale or lighter, that is consistent with obser-
vations. Such forces would lead to an enhancement by several orders-of-magnitude of the
parity-violating asymmetries in the scattering of low-energy muons on nuclei.

This model predicts a shift of the effective charge radius from p He™ (2S-2P)
by Arye/rae = —1.0% (to be compared with o, /7o = 0.25% from e-scattering [Sick]).

For “photon” masses < 4 MeV, Arge/rge < —0.5%.
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O
New physics? Some ideas:

e Jaeckel & Roy [arxiv:1008.3536 and 1011.0692; PR D 82, 125020 (2010)]:

High precision spectroscopy can provide a sensitive tool to test Coulomb’s law on atomic
length scales. This can then be used to constrain particles such as extra “hidden” photons
or minicharged particles that are predicted in many extensions of the standard model, and
which cause small deviations from Coulomb’s law.

H-spectroscopy rules out hidden photons and restricts deviations from
Coulomb’s law.

A A
V(r)= _za (1+a’e"™") or Vi(r)= _za (14’ (s1-s2)e”™")
T T

From simple atoms, there are constraints on light bosons with ultra-weak coupling:
m € [1leV,MeV] and o/ < 10713, o/’ < 10717 [Karshenboim, PRL 104,220406 (2010)]

e Tucker-Smith & Yavin [PRD 83, 101702 (1011), “Muonic hydrogen and MeV forces”] :

- new interaction between muons and protons
- new force carrier with ~MeV mass, can account for discr. in up and g,,-2

- predicts effects on ud, © He™ (comparable to Pospelov’s).

e Brax & Burrage [PR D 83, 035020 (2011)]:
— negligible contribution of a scalar field which couples to matter and photons
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s
New physics? Some ideas:

e Jentschura [PR A 88, 062514 (2013)] :

“...Speculative presence of light sea fermions as a nonperturbative physical property of the
hadron. ... Due to the highly nonlinear nonperturbatie nature of QCD, this reshaping can be
much larger than the electromagnetic perturbation itself, and therefore there is room for ...
electron-positron pairs inside the proton, which cannot be accounted for by perturbative QED
considerations alone. ... not excluded by any known experiments.

A fraction of ~10~7 sea fermion pairs (positrons!) per valence quark would be
enough to explain the proton radius puzzle.

For 1 He™, the radius is expected to shrink by Arge/THe ~ —2 %

e Pachucki & Meissner [arXiv:1405.6582, “Proton charge radius and the perturbative QED”] :

“... perturbative picture of quantum electrodynamics within the proton may fail ... The proton
charge radius difference can be attributed to the existence of additional forms of the lepton-
proton interaction ... If there are nonperturbative terms beyond the proton formfactors, the
proton charge radius as seen by positron can be different from that seen by the electron.”

@ F. Kottmann, LTP Zuoz, 18.08.2014 — p.52



... this is all fine ...

... but, as Roland Rosenfelder said:

Over many years | have witnessed how all alleged "anomalies”
in the low-energy sector of the Standard Model have disappeared
after careful examination of all effects.




Muonic deuterium




(in scale)

25




Muonic deuterium Lamb shitt

2P F=5/2
2P°,/2 F=1/2

1/2 F=3/2

FS: 8.8 meV
F=3/2
F=1/2
(in scale)
LS: 203 meV
2S-HFS: 6 meV




——

2.5 resonances in muonic deuterium

o ud [ 2S; /5(F=3/2) — 2P3 /5(F=5/2) ]
20 ppm (stat., online)

o ,ud [ 251/2(F21/2) — 2P3/2(F:3/2) ]

/ 45 ppm (stat., online)
o ud [ 2S5 /2(F=1/2) — 2P3/5(F=1/2) ]
70 ppm (stat., online)

- 5040 THz (GH2z)

F=5/2
F=1/2
F=3/2

only 50 significant

f y /

delayed / prompt events [P
(6]

identifies F=3/2 line

F=3/2

F=1/2

25y

K<)
AITTT

40 60 80 100 120 140 160
- 52.0 THz (GHz)
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C.G. Parthey, RP etal., PRL 104, 233001 (2010)

euteron charge radius

rq = 2.1424(21) fm

H/D isotope shift: r; — r2 = 3.82007(65) fm?
CODATA 2010
rq = 2.1277( 2) fm

rp,= 0.84087(39) fm from puH gives

CODATA-2010

uH + iso H/D(1S-2S)

CODATA D + e-d

@
1 I 1 1 1 1 I 1 1
2.14 2.145

e-d scatt.
n-p scatt. . - -
1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
2.11 2.115 2.12 2.125 2.13 2.135
Deuteron charge radius [fi




Deuteron charge radius

H/D isotope shift: r; — r2 = 3.82007(65) fm? C.G. Parthey, RP etal., PRL 104, 233001 (2010)

CODATA 2010 rg =2.1424(21) fm
rp= 0.84087(39) fm from puH gives ry =2.1277( 2) fm
Lamb shift in muonic deuterium r; =2.1282(12) fm PRELIMINARY!

ua borie+Pachucki+Ji+kFriar —e—
ud Borie+Ji —e—
ud Borie+Pachucki —e—
ud Martynenko —e—

uH + iso H/D(1S-2S) 2

CODATA-2010

CODATAD +e-d ®
e-d scatt. .
n-p scatt. . o .
'2.I11' — '2.|11'5' | '2|.1'2' | '2|.1'25' — Iz.'13' — |2.'13'5' | I2'.121' | I2'.1215

Deuteron charge radius [fi
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o
Deuteron charge radius

e | uH and D are cONsistent!

e a new “dark-photon” interaction would probably have no coupling to neutrons

e deuteron polarizability: theory complete? double-counting?

ua borie+Pachucki+Ji+kFriar —e—
ud Borie+Ji —e—
ud Borie+Pachucki —e—
ud Martynenko —e—

uH + iso H/D(1S-2S) =
CO_DAIA-ZOlO

CODATAD +e-d ®
e-d scatt. .
n-p scatt. . o .
'2.I11' — '2.|11'5' | '2I.1'2' | '2|.1'25' — Iz.'13' — |2.'13'5' | I2'.121' | I2'.1215

Deuteron charge radius [fi
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Muonic helium  p*He", p?He"




viuonic nelium transitions

146 meV 145 meV
=2 F=1
E;% 2P3/2 F=2
F=0 — 2P, Ei‘l’
fin. size: 25, 25
2531'8 oY) e 2 fin. size effect fin. size effect
* 23 meV 290 meV 397 meV
F=0 R P odloo
pp pHe™ p3He™
A=D55—6um A = 813 and 899 nm A =850 — 1100 nm
finite size: 2% finite size: 20% finite size: 25%




s
Aim and motivation of pHe Lamb shift

Measure the 2S-2P Lamb shift in ¢ 3He™ and p*He™ with 50 ppm

\

e aNd rap, With u, = 3 x 10~* <= 0.0005 fm

e May help to solve the discrepancy observed in H - up! Sensitive to new physics

e Nuclear physics:
- Significant test of few-nucleon theories
- Absolute radii for 3He, *He, °He, ®He when combined with isotopic shifts

- Comparison between isotopic shift (*He-*He) in muonic and electronic sector

e Enhanced bound-state QED test when combined with He™(1S-2S) [MPQ, Mainz]

- Check interesting/problematic QED terms in He™

ﬂ F. Kottmann, LTP Zuoz, 18.08.2014 — p.59
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Fitted position uncert. =20 GHz & u, = 5 x 107°
Laser frequency uncert. < 100 MHz
Systematics < 10 MHz




Nuc‘ear po‘arlza%lon con%n%u%lon in u He¥

T lepton
h m; 47,2 m 5/..3
ABpg = AEqep — 75 (Za)™(r%) + Z7(Za)” (") (2) + dpol
Nucleus

e From nuclear response function Sy(w) — nuclear polarization contribution

So(@) = X 1(6/10140) *8(E;~ Ey—w)
f

FE: P
(Eo, Py) By

[J1]

e Two ways to get the response function:

- From photo-absorption  [Bernabeau & Jarlskog, Rinker, Friar]
Opol = 3.1 meV +20%

- From state-of-the-art potentials (chiral EFT, AV18/UIX)
dpol = 2.47meV £6%  [Jietal, PRL 111, 143402 (2013)]
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e
He radius from e-scattering

1.10 T T T T T T T T T T T T I T T T T
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+ Erich et al.
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¢ von Gunten
0.90 1 1 1 1 I i 1 1 1 I 1 | 1 1 I 1 1 1 1
0.0 0.5 1.0 1.5 2.0

q [fm™']

100

107°

- world data of e-scattering.
- constraints of density at large r:
- shape: from p-wavefunction ~ Whittaker.
- absolute density: from p-He scattering + FDR.

- iInclude Coulomb distortions.

- point density from potential + GFMC (small r) + FDR (large r).
- fold point density with charge density distribution of p and n.
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| C \
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q(fm™)
=

Fit with sum-of-Gaussians
— R = 1.681(4) fm
(best known radius from e-scattering)

[Sick, PRC 77, 941392(R) (2008)]
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Irst resonance Iny *He
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New physics model of Pospelov excluded

The transition has been found at the expected position
l.e., whithin the uncert. given by ry. from e—He scattering.

Zavattini value from old p He™ experiment excluded
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 Zavattini “resonance”

‘ — Zavattini wrong I

Our measurement
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[Carldoni et al., Nucl. Phys. A 278, 381 (1977)] 08—
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L] 366 367 368 369 370 371 372 373
Frequency [THz]
4 »H
: OFFSET
o ¢
Zavattini experiment was performed at 50 bar pressure:
= 2S-population is collisionally quenched.

=- No population left for a laser experiment.

(for comparison: we are measuring  He™ at 3 mbar)

[Hauser et al., PRA 46, 2363 (1992)]
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ore resonances measured im *He™, 1 °He

In 2014, we succesfully measured

[ /JJ4H€+(231/2 — 2P1/2) at A ~ 899 nm:

o u3Het (28151 — 2PF52) at A ~ 863 nm:

1/2 3/2

o u3Het (28150 — 2PF 1) at A ~ 958 nm:

1/2 3/2

o p?He" (2513 —2P[)7") at X ~ 965 nm:

— In agreement with expectations'!

2nd transition in p 4He™
15t transition in x3He™
2nd transition in p3He™

34 transition in p3He™




O
Conclusions & Outlook

e Original motivation: test theory of H energy levels (limited by uncertainty of r,)

e Conclusion from pp(2S-2P):  r,-discrepancy

- up experiment correct
= up theory wrong? H-spectroscopy wrong? + e-scatt. wrong ?

e When puzzle solved: - best test of bound-state QED (combine pp and H)
- fundamental constants (/7..)
- test of lattice QCD for p, few-nucleon theory for d

e 2009: 3 resonances measured in ¢d(25-2P) —  rq4, d-polarizabilities

e 2013/14: uHe™*(2S-2P)
- sensitive to (some) “new physics”
- more sensitivity to “QED”-effects than up-H
- less sensitive to R, (in He™)
- test of few-nucleon theory for 3He, *He

ﬂ F. Kottmann, LTP Zuoz, 18.08.2014 — p.66



S
Conclusions & Outlook

e Future (when r, puzzle solved!):
- up(2S-2P) more precisely — r, and Ryzemach: better understanding of p
- up(1S-HES) precise Rzemach — Magnetic radius, polarizabilities
- up(3D-3P) ? “pure QED?”, but large linewidth (0.6 %)
- up Rydberg-states — muon mass

- uLi(2S-2P) etc.: ab initio nuclear structure calc., few-electron QED-calc.

e More generally,
there is a revival of precision spectroscopy of simple atomic systems like

- antihydrogen I at CERN

- Muonium pte~ at PSI!

- Positronium ete™  atETHZ, ...

- H-like med-Z ions at GSl, Paris, ...

ﬂ F KottmannI LTP ZuozI 18.08.2014 — E.66



Personal conclusion:

There are surprises in physics.




Back up slides
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e-p scatt. (Mainz, 2010)

scatt. (dispersion), .

lattice QCD
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(Hill, 2010)
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- Pohl et al., Nature 466, 213 (2010)

- Mohr at al., Rev. Mod. Phys. 80, 633 (2008)

- Bernauer et al., PRL 105, 242001 (2010)

- Hill and Paz, PRD 82, 113005 (2010)

- Belushkin et al., Phys. Rev. C 75, 035202 (2007)
- Sick, Phys. Lett. B 576, 62 (2003)

- Wang et al., Phys. Rev. D 79, 094001 (2009)
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s
r, puzzle(2): Is up(2S-2P)theory wrong ?

Radius (structure) dependent contributions:

Contribution Value [meV] 7, = 0.84 fm

Leading nuclear size contribution —5.19745 < frg >

Radiative corrections to nuclear finite size effect —0.0275 < frg >

Nuclear size correction of order (Z«a)® < r2 > —0.001243 < 72 >

Total < r2 > contribution —5.22619 < rZ >

Nuclear size correction of order (Za)® 0.0347 < frg > («>Third Zemach moment)
Nuclear size correction of order (Z«a)% < rg > —0.000043 < rg >2

Proton polarizability 0.015(4)

448 1 HA

E(28]5" — 2P5;3?) = 209.9779(49) — 5.2262 7, + 0.0347 r,) meV (HFS+FS included)

‘ Uncertainty?? I

F. Kottmann, LTP Zuoz, 18.08.2014 — p.70




s
The role of nuclear physics in atomic physics

Atomic physics means high-precison measurements.
However their interpertations are usually limited by nuclear-physics effects

Interpertation of H, D, 3*He™, up, pd, p>iHe™:
- Lamb shifts limited by: r?, shape, nucl. pol., hadronic VP pol.
- HFS limited by: Zemach radius, shape, nucl. pol., hadronic VP pol.

) _T

muonic atoms nucl. physics
z }{ }{) Hadrons
ﬁi gy ¢

M(=Q%)
1+ Fip

Zemach radius ~

. 2.8 1
Nucl. Pol. ~ T;f‘,/ = mLpevuaB [(G1(v,q?) + Ga(v,4?))SP — Ga(v, q2)szp] ImG; = ;gl(y, q%)...

ab-inition calcultion for d and He very promising
F. Kottmann, LTP Zuoz, 18.08.2014 — p.71
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