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i Auxiliary data

s exact: s the most accurate

Value Uy
speed of light in vacuum c 200792458 ms ! exact
magnetic constant [40 '—1[ x 107" NA? exact
electric constant €0 = 1/(c*up) 8.854187817... x 10 2 Fm! exact

tomic mass of 2C m(12C) 12 u exact

Rydber}® 10973 731.568 539(55 (5.0 x 10712]
proton-electron

mass ratio my/me 1836.152 672 45(75) (4.1 % 10719]
electron mass M 5.485 799 0946(22) x 10~% u 4.0 x 10~ 10]

proton rms

charge radius R, 0.8775

]

(51) x 1071 m 5.9 x 1077]




Example: multiplicative vs.
i additive: R_ vs. a

= equations: = Uncertainties:
O Roo ~ 10-11
= a~ 10° - 1010
5 h
12 0 = R
MeC = a2 —> 10% x 109

iR+ o0’ Rosc = 1V



Example: multiplicative vs.
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i Auxiliary data

s exact = the most accurate:

Quantity Symbol Value Uy

speed of light in vacuum c 200792458 ms ! exact
magnetic constant [40 4 x 107" N A2 exact
electric Conq’rant TS T S S TR T F—— 10 2 Fm ! exact

atomic mas m(12C) 12 u exact

erg constant R 10973 731.568 539(55) m~! 5.

proton-electron
mass ratio my/me 1836.152 672 45(75)

-
75

electron mass M, 5.485 799 0946(22) x 10~% u

proton rms

R, 0.8775(51) x 107 m
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i Auxiliary data

s exact = the most accurate:

Quantity Symbol Value Uy
speed of light in vacuum c 200792458 ms ! exact
magnetic constant [40 4 x 107" N A2 exact
electric constant €0 = 1/(c*up) 8.854187817... x 10 2 Fm! exact
atomic mass of 2C m(12C) 12 u

Rydberg constant R 10973 731.568 539(55) m~!
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electron mass M, 5.485 799 0946(22) x 10~% u

proton rms

charge radius R, 0.8775

]

(51) x 1071 m




i Atomic & nuclear masses

Quantity Symbol  Value Uy

atomic mass of 10  m('0) 15.99491461957(18) u [1.1 x 10~ ]
atomic mass of 2°Si  m(?®Si)  27.976 926 534 96(62) u  [2.2 x 10~
atomic mass of 'Rb  m(®"Rb)  86.909 180535(10) u (1.2 x 1071Y]
Quantity Symbol Value Uy

proton mass m,  1.007276466812(90) u [8.9 x 10~
deuteron mass mg  2.013553212712(77) u  [3.8 x 10711
triton mass me  3.0155007134(25) u 8.2 x 1071V
helion mass my,  3.0149322468(25) u 8.3 x 1071Y]
alpha particle mass  m,  4.001506179125(62) u [1.5 x 1071




i Rydberg constant

= hydrogen &
deuterium
spectroscopy

= electron-proton
elastic scattering

= Lamb shift in muonic
hydrogen
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i Rydberg constant

= hydrogen & = MAMI = Mainzer
deuterium Mikrotron
Spectroscopy = 0ld world data

= electron-proton
elastic scattering

= Lamb shift in muonic
hydrogen



i Rydberg constant

= hydrogen & = CREMA collaboration
deuterium @ PSI
spectroscopy

= electron-proton
elastic scattering

s Lamb shift in muonic
hydrogen



Spectroscopy of hydrogen
(and deuterium)

Two-photon spectroscopy  7he idea is based on

involves a number of theoretical study of
:oe)Y%IISE Ig’c.rongly affected AQ2) = L, — 23x L,,

which we understand
much better since any
short distance effect

vanishes for A(2).

In “old good time” we had
to deal only with 2s
Lamb shift.

Theory for o E——

The Lamb shift in the hydrogen atom

Simple Sin S. G. Karshenboim

D.I. Mendeleyev Russian Metrology Research Institute, 198005 St. Petersburg, Russia

fU N Ctl ons | (Submitted 6 April 1994)

Zh. Eksp. Teor. Fiz. 106, 414-424 (August 1994)
A theoretical expression is derived for the difference AE;(15,2)—8AE(25,,) in Lamb shifts

= 7 variables to determine:
the 1s Lamb shift L. &

The Lamb shift of excited S-levels in hydrogen and deuterium atoms R
0/0)

Savely G. Karshenboim™*




The Lamb shift in muonic

{ hydrogen: exp
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Figure 1| Energy levels, cascade and experimental principle in muonic
hydrogen. a, About 99% of the muons proceed directly to the 18 ground
state during the muonic cascade, emitting ‘prompt’ K-series X-rays (blue).
1% remain in the metastable 2§ state (red}. b, The up(2S) atoms are
illuminated by a laser pulse (green) at ‘delayed’ times. If the laser is on
resonance, delayed K, X-rays are observed (red). ¢, Vacuum polarization
dominates the Lamb shiftin gp. The proton’s finite size effect on the 28 state
is large. The green arrow indicates the observed laser transition at 2 = 6 pm.
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Figure 4 | Summed X-ray time spectra. Spectra were recorded on resonance
(a) and off resonance (b). The laser light illuminates the muonicatoms in the
laser time window t € [0.887, 0.962] us indicated in red. The *prompt’
X-rays are marked in blue (see text and Fig. 1). Inset, plots showing complete
data; total number of events are shown.

The size of the proton
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The Lamb shift in muonic
hydrogen: experlment

" Our value

-
II|I
n e

H.O calibration

Delayed / prompt events (1074

1 1 | 1 1
49.75 49.8 489.85 49.9 49.95
Laser frequency (THz)

Figure 5 | Resonance. Filled blue circles, number of events in the laser time
window normalized to the number of ‘prompt’ events as a function of the
laser frequency. The fit (red} is a Lorentzian on top of a flat background, and
gives a ;{zhl.f'. of 28.1/28. The predictions for the line position using the
proton radius from CODATA? or electron scattering? are indicated (yellow
data points, top left). Our result is also shown (‘our value’). All error bars are
the =1 s.d. regions. One of the calibration measurements using water
absorption is also shown (black filled circles, green line).



i Proton radius puzzle

—e— CODATA-2006 -

——e— H&D .

°  Sick, scat 4

e PSI, uH .

—e— MAMI, scat -

|
B
O
|

0.82



i electron-to-proton mass ratio

—e— CODATA-2006

o - UWash-95
—e— GSI-02 (C)

——e—— GSI-02 (O)

.  CERN-06/10

m /m_ - 1836.152672

= cyclotron frequencies of
e & p (UWash)

= @ factor of a bound e in
H-like ion (magnetic
moment precession vs.
ion cyclotron frequency)
@ Mainz

= antiprotonic He
spectroscopy (ASACUSA
@ CERN)



i o block

= equations: = input data

OmeeC m O

ROO — 2% M h/me




i o block

= equations: = input data
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0 me/mp



i o block

= equations: = input data
OmeeC m O
Roo = 2% O ']/me
= h/m
E M /m P
© i P - 1/mat
O mp INn U

= M, INnu



i o block

= equations: = input data
Alon o " O
m('?C)/12- N4 =1 gmol = h/mg
N T/mp
0 me/.mp ] 1/mat
=M, = output
= M, INU . h'N,
2
me ik x @ x (m('*C)/12- Ny)

h (h-Na) : m(12C) /12




i o block

= equations: = input data
Al o m O
m('?C)/12- N4 =1 gmol = h/mg
N T/mp
L me/.mp . h/m.,
" Mp MU = output
= M, INU . h'N,

mc Kh/ NA)) G\ 9@(12 )/ 129




o, block

Quantity Symbol Value U,
inverse fine

structure constant o~ 137.035999074(44) [3.2 x 10710]
molar Planck constant h- Ny 3.9903127176(28) x 10710 Jsmol*  [7.0 x 10~19]
quantum of circulation h/(2m.) 3.636 947 5520(24) x 1074 m?s~! 6.5 x 1071Y]
Compton wavelength Ao = h/(mee)  2.4263102389(16) x 1072 m 6.5 x 10717]
von Klitzing constant Ry = h/e?  25812.8074434(84) Q [3.2 x 10710]
muon-electron mass ratio My Me 206.768 2843(52) 2.5 x 1077]




o, block

T T
m CODATA-06

——e—— R (NPL-88)

—e—i I"_ (Io)(NIST-89)

1 T'_go(10)(NIM-95)

° i R (NIM-95)

—e— R (NIST-97)
——e——i R (NMI-97)
—— r‘ﬁgo(lo)(KRNN-Qa)

——e—— R (LNE-01)

@ h/m (Cs)
——e— Av,

® h/m (Rb)

® a_(UWash-87)

® a (HarvU-08)

—— He, fs

137.03597

L] l T
137.03600

'I T
137.03603

0 QED VS.
trap: a,

Penning

= recoil spectroscopy

= h/mg,
= h/mg,
= quatum
standarc

Hall
VS

calculab
RK

e capacitor:



‘L o block

= QED vs Penning
= CODATA-06 trap: ae
i h/m (Cs) .
= recoil spectroscopy
e h/m (Rb) h/m
——e———1 a(UWash-87) h/mRb
" C
e a (HarvU-08) ’
1 37.0|35998 ' 1 37.0536000 ' 137.036002

-1
a



‘L o block

I v I '
= 2006:
-=+ CODATA-06
. i h/m (Cs)
g h/m (Rb) ——=—— CODATA-02
——e———1 a(UWash-87) . i h/m (Cs)
e a (HarvU-08) * ! Vm (Rb)
e a (UWash-87/Th06)
I v T T
137.035998 137.036000 137.036002 ‘e a (HarvU-06/Th06)
-1
o
137.0;35998 13?.0;36000 137.036002

-1
a



{ o block

| | ' | s 2006:

-=+ CODATA-06

. i h/m (Cs)

e+ h/m (Rb) = CODATA-02

i h/m (Cs)

——e———1 a(UWash-87)

e a (HarvU-08) * ! Wm (Rb)

——e—— a (UWash-87/Th06)

I v T T
137.035998 137.036000 137.036002 @aNU-OGHh[D
-1

a

137.035998 ' 137.036000 ' 137.036002

= old CODATA = old a,



{ o block

| | ' | s 2006:

-=+ CODATA-06

. i h/m (Cs)

e+ h/m (Rb) = CODATA-02

i h/m (Cs)

——e———1 a(UWash-87)

e a (HarvU-08 * ! Wm (Rb)

——e—— a (UWash-87/Th06)

I v T T
137.035998 137.036000 137.036002 @Hawu_%nmb
-1

a

137.035998 ' 137.036000 ' 137.036002

= 3, theory jump



‘L o block

| | ' | s 2006:

-=+ CODATA-06

. i h/m (Cs)

" h/m (Rb) = CODATA-02

——e———1 a(UWash-87) = . i h/m (Cs)

» aE(HarvU-OS ( ¢ m (RD

——e—— a (UWash-87/Th06)

I v T T
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-1

a
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s Not sensitive



{ o block

| | ' | s 2006:

-=+ CODATA-06

. i h/m (Cs)

= CODATA-02

——e———1 a(UWash-87)

e a (HarvU-08 * ! Wm (Rb)

——e—— a (UWash-87/Th06)

I v T T
137.035998 137.036000 137.036002 @Hawu_%nmb
-1

a

i h/m (Cs)

137.035998 ' 137.036000 ' 137.036002

s sensitive



{ o block

| | | = QED vs Penning
=+ CODATA-06 trap: ae
° i h/m (Cs) .
“ = recoil spectroscopy
e h/m (Rb) , h/m
——e———1 a(UWash-87) h/mRb
" Cs
| = 5-loop corrections to
137.OI35998 ' 1 37.0:36000 ' 137.036002 (g - 2 )e

-1
a

Tenth-Order QED Contribution to the Electron g—2
and an Improved Value of the Fine Structure Constant

Tatsumi Aoyvama,!*? Masashi Hayakawa,*? Toichiro Kinoshita,*? and Makiko Nio?
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T T
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Quantum Hall effect and a
standard of resistance

Classical Hall effect o rmuf X |:_:.
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i Needs for a “theory” for QHE

Ry (£2)

LPH-3322 | LPN-5E0E

pm2E T gmilS T
=, 131 0¥ |t 20 e

=T3F, (=10 1A |

1600
1400
1200
1000
|00
a00
400
200

R o (£2)

= steps R,
= rational B,, = R1/n
« universal R = Ry

s relation to o

RH — R}{ — h/ﬁjz



i h block

known from a block = input:
= h
e? . e
B (y =
dmeghc = N,
_ hNA = output
= Mg
0 h/me

" Hg



‘L h block

Quantity Symbol Value Uy
Planck constant h 6.626 069 57(29) x 1073+ Js (4.4 x 1078]
elementary charge e 1.602176 50’(3'3) x 10719 C 2.2 x 1077]
Avogadro constant N4 6.022 141 29(27’ 10%2 mol 1 (4.4 x 107%]
Faraday constant F=e-Ny 96485.3365(21) Cmol ! 2.2 x 1079]
electron charge to
mass quotient €/me 1.758 820 088(39) x 10 Ckg ! [2.2 x 1079
electron
gyromagnetic ratio Yo = 2pe /R 1.760859708(39) x 101 s~ 1T~ [2.2 x 1079]
electron mass M 9.109 38291(40) x 103! kg (4.4 x 1078]
0.510 998 928(11) MeV /2 2.2 % 107%)
proton mass myp 1.672621 777(74) x 10727 kg (4.4 x 107°]
038.272046(21) MeV /2 2.2 % 107%]
Bohr magneton pnp = eh/2me Q‘?? 400 968( 20) x 10726yt 2.2 x 1079]
nuclear magneton  uy = eh/2m, 5.05078353(11) x 10727 JT 1 2.2 x 107%]
Josephson constant K j = 2e/h 483 597.870(1 ) x 10°Hz V1 2.2 x 1079]




i h block

= CODATA-06

: . i 1, oo (hi)(NPL-79)

' . ‘.F90

———e——— K, (NMI-89)

+—e— KR (NPL-90)

———e——— K(PTB-91)
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1o K 'R (NIST-98)
» KR (NIST-07)
—e— KR (METAS-11)
® N, (“Si)
—e—i KR (NPL-12)

1 )
6.62607-10™ 6.62608:10*

h [J's]

L) L)
6.62606:10°% 6.62609-10°%



h block: the most important
data

= CODATA-06

1 F

90
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+—e— KR (NPL-90)

———e——— K(PTB-91)

i 1, oo (hi)(NPL-79)

1o K 'R (NIST-98)
» KR (NIST-07)

—e— KR (METAS-11)

® N, (“Si)

—e—i KR (NPL-12)

| T, o (Ni)(NIM-95)

L)
6.62606-10°

T T T T T
6.62607-10° 6.62608:10°" 6.62609-10°

h [J's]

=  CODATA-06
2
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28
e+ N, (*Si)
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h[J-s]




h block: the most important

i data

= CODATA-06

i K,'R (NPL-90)
—e— KR (NIST-98)
~e+ | K’R (NIST-07)

e+ N, (*’Si)

2
———e———  K’R(NPL-12)

6.626066-10™

6.626070-10°* 6.626074-10°*
h [J-s]

= Wwatt ballance

= Avogadro constant
from ehrhiched Si



i watt-ballance

WE Principle (1): static phase / weighing mode

= (QHE & JVS) ——
R
WB Principle (3): combination of modes
Onlyif G, = G,
m l U
G(B.() = - = = | Ul=mgv
Vv

L%

WB Principle (2): dynamic phase / velocity mode

E Upg = v+ [dixB

- m

o TN

static dynamic
electrical mechanical
power power

B. Jeanneret, Les Houches, 2007




Josephson effect and qu
Ll volt stardard

Voltage Unit: Representation
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$ watt-ballance

WE Principle (1): static phase / weighing mode
- 28 h bhase / velocity mode
o Ric = )
WBE Pri A ination of | €
Only if G, = G, i = v-[dixB
m J, U
— T Imic
RK K?j 4 electrical mechanical
power power

B. Jeanneret, Les Houches, 2007




h block: the most important

i data

= CODATA-06

i K,'R (NPL-90)
—e— KR (NIST-98)
~e+ | K’R (NIST-07)

e+ N, (*’Si)

2
———e———  K’R(NPL-12)

6.626066-10™

6.626070-10°* 6.626074-10°*
h [J-s]

= Wwatt ballance

= Avogadro constant
from ehrhiched Si



i Monocrystale of 28S;

monocrystale ~ 1 kg isotopic composition
s 28Si: 92%
n 29Si: 5%
a 30Si: 3%




i Monocrystale of 28S;

monocrystale ~ 1 kg isotopic composition
= 285j: 92% 99.985%
n 29Sj: 5%
n 30Si: 3%




i Monocrystale of 28S;

monocrystale ~ 1 kg isotopic composition
= 285j: 92% 99.985%
n 29Sj: 5%
n 30Si: 3%




& Monocrystale of 28Sj

monocrystale ~ 1 kg isotopic composition
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h block: the most important

i data

= CODATA-06

. 2
. KR (NPL-90)

—e— KR (NIST-98)

@ KR (NIST-07)
@ N, (*Si)

2
———e———  K’R(NPL-12)

6.626066-10™

6.626070-10°* 6.626074-10°*
h [J-s]

= Wwatt ballance

= Avogadro constant
from ehrhiched Si

= problem remains



h block: the most important

i data

= CODATA-06

. 2
. KR (NPL-90)

—e— KR (NIST-98)

@ KR (NIST-07)
@ N, (*Si)

2
———e———  K’R(NPL-12)

6.626066-10™

6.626070-10°* 6.626074-10°*
h [J-s]

= Wwatt ballance

= Avogadro constant
from ehrhiched Si
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Mass of a proton in different

:L units

Symbol  Value Uy
m, 1.007 276 466 812(90) u 8.9 x 107 1]
My, 1836.15267245(75) m. _4 1 x 10719]
myc? /b 2.268 7318139(16) x 10%° Hz [7.1 x 10—10_
myc®  938.272046(21) MeV 2.2 x 1078

m, 1672621 777(74) x 1027 kg [4.4 x 1073]




Mass of a proton in different

‘L units

Symbol __Valwe

1.007 276 466 812(90) u
1836.152 672 45(75) m.
m,c? [h 2.268 T3H8139(H6 =017

myc®  938.272046(21) MeV .2 _
m, 1.672621777(74) x 107*" kg [4.4 x 1077]

= auxiliary data



Mass of a proton in different

:L units

Symbol  Value tr
m,  1.007276466812(90) u 8.9 x 10711
jaans 1830.152 A5(75) me [%'1 ! _10:
mpc? /b 2.2687318139(16) x 10 Hz  [7.1 x 10~
M7 US8FR046{ 2 MeV. Z2% 1077
m,  1.672621777(74) x 10727 kg [4.4 x 1075]

s o block



Mass of a proton in different

:L units

Symbol  Value Uy

My 1.007276 466 812(90) u
My, 1836.15267245(75) m.

7768 751 8139(16) x 10 Hz

938.272046(21) MeV
1.672621777(74) x 10727 kg

s h block



‘L Independent constants

Quantity Symbol Value Uy
Newtonian constant

of gravitation G 6.67384(80) x 107" m?*s2kg™t [1.2 x 1074
Planck mass mp = +/he/G 2.17651(13) x 107% kg 6.0 x 1077]
Boltzmann constant k 1.3806488(13) x 10723 JK 1 9.1 x 1077]
molar gas constant R=FkNy4 8.3144621(75) JK~ ' mol~! 9.1 x 1077]
Stefan-Boltzmann

constant o= (72/60)(k*/h3c?)  5.670373(21) x 107* Wm—2K~*  [3.6 x 1079

anomalous magnetic
moment of muon a, 1.16592091(63) x 1073 5.4 x 1077]




‘L Independent constants: G

t ( 4
GM. = 1.3271244210(1) x 102 m?s—2 = 0G/G ~ 10

Y 14 3 _—2
IESR. 2010 Mg = 5.97258(72) x 10** kg

BIPM 1889

PSR J0737-3039/A /B

M,, = 1.3381(7) My =2.6609(14) x 10" kg
M, = 1.2489(7) M. = 2.4835(14) x 10*" kg

Kramer et al., 2006




Independent constants: G

] v |
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I ® i LANL-97
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¢4 UWash-00
—e— BIPM-01

: ® 1 UWup-02
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: ° i HUST-05
@4 UZur-06
| ° i CODATA-06

e— HUST-09
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] v | v ]
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G [m°/kg-s’]
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2002
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Independent constants: G

98

T T T .
i® CODATA-86
® PTB-95
i® LANL-97
@ TR&D-98
e L3 i JILA-98
' HUST-99 1 9
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v — T — T — .
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T T T T T
— i LANL-97
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1 1
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1
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T T T
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. | TR&D-96

20 1 0 ~—e—i BIPM-01

e UWash-00
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i Independent constants: k

Toms = 2.72548(57) K

Fixsen, 2009: COBE




‘L Independent constants: k

—m~ CODATA-02
- I NPL
=@ NIST-88
- 1 PTB
———e—— NIST-07
I I I v I M I
1.38061 1.38063 1.38065 1.38067 1.38069

k [10%J-K"]

T T T T T T 7
-m- CODATA-06 20 1 0
— e I NPL-79
o NIST-88
— e I NIST-07
+-e— LNE-09
° —1 INRIM-10
@ —i NPL-10
— e i NIST-11
@4 LNE-11
T T T T T T
1.38061 1.38063 1.38065 1.38067 1.38069

k [10%JK]



Progress

Fractional uncertainty
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Year



2010
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Year



i Progress

Quantity -(2006) A A/u,(2006)  u-(2010)  u,-(2010)/u,(2006)
R 6.6 x 10712 1.1 x 10712 0.17 5.0 x 10712 0.76
me/m, 4.3 x 10719 0.1 x 107 0.03 4.1 x 10710 0.95
@ 6.8 x 10710 449 x 10~1Y 6.50 3.2 x 10710 0.47
h 50x 1078 9.2 x107° 1.84 4.4 %x 1078 0.88
k 1.7x 1076 —12x 10 —0.68 9.1 x 1077 0.53
G 1.0x 107%*  —0.7x 10~ —0.66 1.2 x 10~ 1.2




i Progress

Quantity -(2006) A A/u,(2006)  u-(2010)  u,-(2010)/u,(2006)
R 6.6 x 10712 1.1 x 10712 5.0 x 10712 0.76
me/m, 4.3 x 10719 0.1 x 107 4.1 x 10710 0.95

@ 6.8 x 10710 449 x 10~1Y 3.2 x 10710 0.47

h 50x 1078 9.2 x107° 4.4 %x 1078 0.88

k 1.7x 1076 —12x 10 9.1 x 1077 L

G 1.0x 107%*  —0.7x 10~ 1.2 x 10~ ( 1.2 )

N — g






R, [fm]

0.88
0.84 -
0.80 -+

0.76 4

PSI, uH

H&D

MAMI, scat

I
0.84

I
0.86

Sick, scat |

0.88 . 0.;30 '
R [fm]

0.92

+ better accuracy in
scattering

+ new method for R,
- discrepancy in data



i Problems

» R, &R, + slow progress in two
- me/mp methods
. + no discrepancies

h
e overlap with o data
k



+ better accuracy
+ two methods
+ sensitivity to 5 loops

— 6-sigma jump



+ natural-silicon
discrepacy resolved

+ better accuracy for
Avodagro

- new discrepancy

NPL — NRC
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+ natural-silicon
discrepacy resolved

+ better accuracy for
Avodagro

- new discrepancy

NPL — NRC



i Problems

n R, &R, + more accurate
- me/mp results
m O

h — bigger scatter
s G
K



4+ more accurate
results

+ more methods

+ efforts for
atomic/molecular
spectroscopy
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