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Structure of the input data
and output values
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Structure of the input data

Auxiliary input data:
c, & R,, R, m/m,

h & related
data: h, e, N,
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i Auxiliary data

= the most accurate

Value Uy
speed of light in vacuum c 200792458 ms ! exact
magnetic constant {40 4 x 1077 N A2 exact
electric constant €0 = 1/(c*up) 8.854187817... x 102 Fm! exact

omic mass of 12C m(12C) 12 u exact

Rydber® R 10973 731.568 539(! 5.0 x 10~12]
proton-electron

mass ratio My /e 1836.152 672 45(75) [4.1 x 10719]
electron mass M 5.4857990946(22) x 107* u 4.0 x 10~ 19]

proton rms
charge radius R, 0.8775(51) x 1071 m 5.9 x 1077]




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

= eqguations: " uncertainty:
= R, ~ 1011
h = oo ~ 109 - 10-10
o’ =R, —— " o2 ~ 104 x 10-9
MeC

c1R~c+ CQOKQROOC =V



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

= eqguations: " uncertainty:

= R, ~ 1011

h " o~ 109 -10-10
" o2~ 104 x 109

MeC
2 _

“almost

exact




i Auxiliary data

= exact " the most

acclrate:
Quantity Symbol Value Uy
speed of light in vacuum c 200792458 ms ! exact
magnetic constant {40 4 x 1077 N A2 exact
electric constant AT T S S TR T 1) * Fm ! exact

atomic mag m(12C) 12 u

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

proton-electron
mass ratio My /e 1836.152 672 45(75)
electron mass M, 5.4857990946(22) x 107* u

proton rms

R, 0.8775(51) x 10~ m




* Auxiliary data

" exact

" the most

acclrate:
Quantity Symbol Value Uy
speed of light in vacuum c 200792458 ms ! exact
magnetic constant {40 4 x 1077 N A2 exact
electric constant €0 = 1/(c*up) 8.854187817... x 102 Fm! exact
atomic mass of 2C m(12C) 12 u
Rydberg constant R 10973 731.568 539(55) m~!
proton-electron
mass ratio My /e 1836.152 672 45(75)
electron mass M, 5.4857990946(22) x 107* u

proton rms
charge radius

0.877

]

=

(!

5.9 x 1077]




& Auxiliary data

" exact

" the most

acclrate:
Quantity Symbol Value Uy
speed of light in vacuum c 200792458 ms ! exact
magnetic constant {40 4 x 1077 N A2 exact
electric constant €0 = 1/(c*up) 8.854187817... x 102 Fm! exact
atomic mass of 2C m(12C) 12 u
Rydberg constant R 10973 731.568 539(55) m~!
proton-electron
mass ratio My /e 1836.152 672 45(75)
electron mass M, 5.4857990946(22) x 107* u

proton rms
charge radius

0.8775("




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) 27.97692653496(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, 1.007276 466 812(90) u  [8.9 x 10~ 11
deuteron mass mg  2.013553212712(77) u  [3.8 x 10~ 1]
triton mass my 3.015500 7134(25) u 8.2 x 1010
helion mass mp  3.0149322468(25) u 8.3 x 1071]
alpha particle mass ~ ma  4.001506179125(62) u  [1.5 x 10~




i Rydberg constant

" hydrogen &
deuterium
spectroscopy

= electron-proton
elastic scattering

= Lamb shift in
muonic hydrogen




& Rydberg constant

" hydrogen & = LKP (Paris), MPQ
deuterium (Garching),...
spectroscopy

" electron-proton
elastic scattering

= Lamb shift in
muonic hydrogen




& Rydberg constant

= hydrogen & = MAMI = Mainzer
deuterium Mikrotron
spectroscopy = old world data

= electron-proton
elastic scattering

= Lamb shift in
muonic hydrogen



& Rydberg constant

= hydrogen & = CREMA
deuterium collaboration @
spectroscopy PSI

= electron-proton
elastic scattering

= Lamb shift in
muonic hydrogen



Spectroscopy of hydrogen
(and deuterium)

Two-photon spectroscopy The idea is based on

Involves a number of theoretical study of
levels strongly affected

A(Z) = L5 - 23X Ly
I?y QED. ) which we understand
In “old good time” we had much better since any
to deal only with 2s short distance effect
Lamb shift. | vanishes for A(2).
Theory for p states is Theory of p and d states is
simple singo st e -

The Lamb shift in the hydrogen atom
S. G. Karshenboim

functions \
D.I. Mendeleyev Russian Metrology Research Institure, 198005 St. Petersburg, Russia
Now we havc¢

(Submitted 6 April 1994)
Zh. Eksp. Teor. Fiz. 106, 414-424 (August 1994)
109-113 (1997)

A theoretical expression is derived for the difference AE;(15,42)—8AE(25,,) in Lamb shifts
———  TURFMISRU

(©) Springer-Verlag 1997 R
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The Lamb shift of excited S-levels in hydrogen and deuterium atoms

Savely G. Karshenboim*




The Lamb shift in muonic
‘ hydrogen: experiment
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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 185 ground
state during the muonic cascade, emitting ‘prompt’ K-series X-rays (blue).
1% remain in the metastable 2S state (red). b, The pp(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 up. 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 textand Fig. 1). Inset, plots showing complete
data; total number of events are shown.



The Lamb shift in muonic
hydrogen: experiment
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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).



& Proton radius puzzle

—e— CODATA-2006 -

—e 1 H&D .

°  Sick, scat -

e PSI, uH -

—e— MAMI, scat -

|
o
O
1

0.82



e) Proton Radius from e - p
ring

f\al-hﬁiume Bick TM L.\eﬂ;\gﬁgr@ﬁﬁtg‘%tler

= World w/o Mainz: = Mainz spline: 0.8750(67)
0.887(8) = Mainz poly: 0.8830(77)
= Jlab: 0.875(10) = World w/o Mainz: 0.887(8)
= Simple average: 0.881(11), Jlab: 0.875(10)
= Weighted mean: 0.880(11)
0.879(11)

Average value and uncertainty: 0.879(11)



electron-to-proton mass

i ratio

—e— CODATA-2006

° - UWash-95
—e— GSI-02 (C)

——e—— GSI-02 (O)

.  CERN-06/10

m /m_ - 1836.152672

cyclotron frequencies
of e & p (UWash)

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

antiprotonic He
spectroscopy
(ASACUSA @ CERN)



Electron mass: TGFC meeting

10° A.(e)

Uwash-95
*

GSI-02 (C)
[ - |

GSI-04 (O) -3.9 parts in 10%° image charges
¢ ' interaction correction not applied

CERN-06/10
. 2010 Anti-protonic Helium

CODATA 2010
——

MPIK-14
*
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doi:10.1038/nature13388

Direct high-precision measurement of the magnetic
moment of the proton

A.Mooser"*t, S. Ulmer~, K. Blaum”, K. Franke>*, H. Kracke"?, C. Leiteritz', W. Quint>°, C. C. Rodegheri"*, C. Smorra® & J. Walz'-?

10-8 up/uN

CODATA 2010
L g

Factor 2.5 more accurate

Mainz 2014
| *

0330 0,340 0,350 0,360 0,370 0,380 0,390
[1,/pdy - 2.792 847] x 10



i o block

= eqguations: = Input data
a* M. C " a

Roo — o0 N h/me




i o block

= eqguations: = Input data
a* M. C " a
Roo — o0 N h/me

O me/mp - h/mp



& o block

= equations:

a’mec

foo = =55

" m./m;
" m,inu
" m, N u

= Input data

i 0/

N/Me
n/m;

q/mat



& o block

= eqguations: = Input data
2o o "
m(*?C)/12- Ny =1 gmol " " h/m,
M me/mp : :;ED
"= m,inu )
, " output
" Mg in U . heN
A
2
me _ ! X L x & x (m('?C)/12- Na)
h (h-Na)  m(12C)/12




i o block

= equations:

/\/2/)4/1 £3

m(*?C)/12- Ny =1 gmol "

" m./m;
" m,inu
" m, N u

= Input data
"o
"= h/m.




o block

Quantity Symbol Value U,
inverse fine

structure constant ol 137.035999074(44) 3.2 x 10719
molar Planck constant h-Ny 3.9903127176(28) x 10710 Jsmol=™'  [7.0 x 10~1Y]
quantum of circulation h/(2m.) 3.636 947 5520(24) x 107! m?s~! (6.5 x 10710]
Compton wavelength Ao = h/(mec)  2.4263102389(16) x 10712 m (6.5 x 10719
von Klitzing constant Ry = h/e?  25812.8074434(84) Q 3.2 x 10719
muon-electron mass ratio M/ me 206.768 2843(52) [2.5 x 107%]




o block

I T
m CODATA-06

——e— R (NPL-88)

—e— r'p_go(lo)(N IST-89)
o

| T (I0)(NIM-95)

° | R (NIM-95)

—eo— R (NIST-97)
——e—— R (NMI-97)
—e— r'p_go(lo)(KR/VN-QB)
H———e— R (LNE-01)
t®#1 h/m (Cs)
——e— Av,,
@ h/m (Rb)
® a_(UWash-87)
® a_(HarvU-08)
—o— He, fs

137.03597

T T T
137.03600

T T T
137.03603

= QED vs. Penning
trap: a.

" recoll
spectroscopy
" h/Mgp
" h/Mcs

= quatum Hall
standard vs
calculable
capacitor: Rg




; o block

-=+ CODATA-06
i h/m (Cs)
o+ h/m (Rb)
——e——1 a(UWash-87)
e a (HarvU-08)
1 37.0|35998 1 37.0236000 137.036002

-1
a

= QED vs Penning
trap: a.

" recoll
spectroscopy
" h/Mgp
" h/mMc,



i o block

-=+ CODATA-06

o+ h/m (Rb)

——e——1 a(UWash-87)

e a (HarvU-08)

i h/m (Cs)

I
137.035998

I
137.036000

-1
a

137.036002

= 20060:

——=— CODATA-02

i h/m (Cs)

. h/m (Rb)

+——e——— a (UWash-87/Th06)

+e a_(HarvU-06/Th06)

1 N ) M
137.035998 137.036000 137.036002

-1
o



i o block

-=+ CODATA-06

o+ h/m (Rb)
——e——1 a(UWash-87)

e a (HarvU-08)

i h/m (Cs)

I M I
137.035998 137.036000

-1
a

137.036002

- VUIU CULUAIMY — VIU Ue

= 20060:

——=— CODATA-02

. h/m (Rb)

+——e——— a (UWash-87/Th06)

i h/m (Cs)

@arvU-OS/ThOD

1
137.035998

)
137.036000

-1
o

137.036002



i o block

-=+ CODATA-06

o+ h/m (Rb)

——e——1 a(UWash-87)

e a (HarvU-08

i h/m (Cs)

I M I
137.035998 137.036000

-1
a

137.036002

" 3. theory jump

= 20060:

——=— CODATA-02

. h/m (Rb)

+——e——— a (UWash-87/Th06)

i h/m (Cs)

@arvU-OS/ThOD

1
137.035998

)
137.036000

-1
o

137.036002



i o block

| | ' | = 2006:

-=+ CODATA-06

. i h/m (Cs)

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

——e——1 a(UWash-87) : . i h/m (Cs)

i» ae(HarvU-08 < * | h/m (RD

+——e——— a (UWash-87/Th06)

I v I '
137.035998 137.036000 137.036002 @arvu_omhoD
-1

a

1 N ) M
137.035998 137.036000 137.036002

" not sensitive



i o block

-=+ CODATA-06

——e——1 a(UWash-87)

e a (HarvU-08

i h/m (Cs)

I M I
137.035998 137.036000

-1
a

® sensitive

137.036002

= 20060:

——=— CODATA-02

. h/m (Rb)

+——e——— a (UWash-87/Th06)

i h/m (Cs)

@arvu-omhoD

1
137.035998

)
137.036000

-1
o

137.036002



i o block

' | | = QED vs Penning
=+ CODATA-06
trap: a.
° i h/m (Cs) .
" recoill
re-+ h/m (Rb
) spectroscopy
——e— a (UWash-87) - h/m
e a (HarvU-08) n h/mRb
Cs
137.035998 ' 137.036000 ' 137.036002 M 5_|Oop CorreCtiOnS

-1

” ta (0-2).
Tenth-Order QED Contribution to the Electron g—2
and an Improved Value of the Fine Structure Constant

Tatsumi Aoyama,>? Masashi Hayakawa,*? Toichiro Kinoshita,*? and Makiko Nio?




/m_ VS o accuracy Is

—e—1 CODATA-2006

.  UWash-95

—e— GSI-02 (C)
——e— GSI-02 (O)

° 1 CERN-06/10

1.0x10° -5.0x10°® 0.0 5.0x10°

mp/m - 1836. 152}3@\

2
My [Rlﬁz my (1] 0 156,150 6713(27), [u, = 1.5 x 107"

mgp(u] h / MR %




o block

T T
m CODATA-06

——e— R (NPL-88)

—e—i ' (Io)(NIST-89)
L 2

| T'_(10)(NIM-95)

° | R(NIM-95)

—eo— R (NIST-97)
——e—— R (NMI-97)
—e—— r'p_go(lo)(KRNN-98)
——e—— R (LNE-01)
t®#1 h/m (Cs)
—— AVMu
@ h/m (Rb)
® a_ (UWash-87)
® a_(HarvU-08)
—o— He, fs

137.03597

T T T
137.03600

T T T
137.03603

= QED vs. Penning
trap: a.

" recoll
spectroscopy
" h/Mgp
" h/Mcs

= quatum Hall
standard vs
calculable
capacitor: Rg




2014 Input data related to the

Fine-structure constant: TGFC meeting

599.83 599.85 599.88 599.90 599.93 599.95
. | | | | | |
X2 5.82 10%~ 1
DOF. 2 a. Harvard-08/“QED-10” —eo—
Prob. »: 5.8%
RB: 1.71 h/m(Rb) LKB-11 | o |
Max. reduced residuals: CODATA-10 o
1.51, 1.70
a. Harvard-08/“QED-14” o
h/m(Rb) LKB-11/14 }—e—|
} o : h/m(Cs) Berkeley-13
‘CODATA-14’ Rel. Unc.: 2.3 x 1010 CCODATA14" Lo
| | | |
599.83 599.85 599.88 599.90 599.93 599.95

(a~! — 137.03) x 10°



Quantum Hall effect and a

standard of resistance

(1879)

Dy

Classical Hall effect
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Poirier, Les Houches, 2007




Needs for a theory” for

&QHE

Ry (2)

12000 {r =101 0%m

LPH-3322 | LPN-3E0S
pm2s T ymias T
e 20 e

=T 3K, =10 iA |

1600
1400
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a00
&00
400
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R o (£2)

" steps R,
= rational?, = R1/n
" universalR| = Ry

" relation to o

Ry = Rx = h/e?



Needs for a theory” for

iQHE

e =0 ml .l |'1E[I:]

h
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(

) v

= steps R,
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Needs for a theory’ for

iQHE

" steps R,
16000 7 I | B —=5al 1 T 160
14000 h N N2 3 ;
sa00n [ VH = (1+€K)€_2 = |:C1 (E) + s (;) + C3 (;) +} ) 1/?’1
__ 1000 N
£ gogp [T | ~ | [ g
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5000 - Cl (RK) — 0j CZ(RK) — Og CB(RK) = Q(Q)EH
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& h block

known from o block ® input:

2 "h
e .
N o e
dreghc = N,
= h-N, ) O.u:;pUt
= h/m, ;

I“B



* h block

Quantity Symbol Value Uy
Planck constant h 6.626 069 57(29) x 1073+ Js (4.4 x 1078]
elementary charge & 1.602176 565(35) x 10719 C 2.2 x 1078]
Avogadro constant N4 6.022 141 29( 7) % 10%* mol ! (4.4 x 107%]
Faraday constant F=e-Ny 96485.3365(21) Cmol ! 2.2 x 107¥]
electron charge to
mass quotient e/ 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 9.10938291(40) x 103! kg (4.4 x 1078]
0.510 998 928(11) MeV /2 2.2 % 107%)
proton mass my 1.672621 777(74) x 10727 kg (4.4 x 107°]
0938.272046(21) MeV /c? 2.2 x 107¥]
Bohr magneton g = eh/2me Q‘)T 400968(20) x 10726 g1t 2.2 x 107%]
nuclear magneton  un = eh/2m, 5.05078353(11) x 10727 JT~* 2.2 x 107%]
Josephson constant Ky =2e/h 483 597.870(11) x 10°Hz V! 2.2 x 107¥]




* h block

) ' I ' ) v L]
m CODATA-06
: o { ' (hi)(NPL-79)

P-90

: ° 1 F

90

——e——— K (NMI-89)
—e—f K "R (NPL-90)
———e——— K (PTB-91)

: . i T'__ (hi)(NIM-95)

P-90

o1 K 'R (NIST-98)
® K "R (NIST-07)
+—e—I KR (METAS-11)
® N, (*Si)
—e— K /R (NPL-12)

) ' ) ' 1 v Ll
6.62606:10™ 6.62607-10° 6.62608-10™* 6.62609:10
h [J's]



h block: the most

Important data

) ' I ' 1 M |
m CODATA-06
o i T'__ (hi)(NPL-79)

P-90

. 1 F

90

——e——— K (NMI-89)
—e—f K "R (NPL-90)
———e——— K (PTB-91)

. i T'__ (hi)(NIM-95)

P-90

o1 K 'R (NIST-98)
® K "R (NIST-07)
—e—I K /R (METAS-11)
® N, (*Si)
—e— K /R (NPL-12)

) ' ) ' 1 v L
6.62606:10™ 6.62607-10° 6.62608-10™* 6.62609:10
h [J's]

= CODATA-06
2
e KJ RK(NPL-QO)
2
e KJ RK(N|ST-98)

e+ K'R (NIST-07)

28
e N, (*Si)
. " KR (NPL-12)
6.626066-10 6.626070-10° 6.626074-10*
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h block: the most
& important data

= watt ballance

= { CODATA-06 = Avo ga dro
e KIRNPLOD) constant from
—e— KR (NIST-98) ehrhiched Si

~s+ | K’R (NIST-07)
28
e N,(*Si)
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———e————  K’R(NPL-12)

6.626066-10™ 6.626070-10° 6.626074-10°*
h [J-s]



*watt-ballance

WE Principle (1): static phase / weighing mode

WE Principle (2): dynamic phase / velocity mode

i ]
I-jd!xB = mg i
B
I L Upg = v-[dixB
U, =
= (QHE & JVS) E——
R
WE Principle (3): combination of modes
Onlyif G, =G
| v
G(B.() = % = — = |Ul=mgv

LN
a's

static dynamic

A

i

A

/ \

electrical mechanical

power power

B. Jeanneret, Les Houches, 200




Josephson effect and

Voltage Unit: Representation
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ﬂ watt-ballance

WE Principle (1): static phase / weighing mode

- 28 h bhase / velocity mode
WE Pri h nation of &
Only if G, = G, wi =V [dlxB
l v o
cen oo NS - =|(| UlFmgv
1 hi \
— T imic
RK K% 4 electrical mechanical
power power

B. Jeanneret, Les Houches, 200




h block: the most
& important data

= watt ballance

= { CODATA-06 = Avo ga dro
e KIRNPLOD) constant from
—e— KR (NIST-98) ehrhiched Si

~s+ | K’R (NIST-07)
28
e N,(*Si)

2
———e————  K’R(NPL-12)

6.626066-10™ 6.626070-10° 6.626074-10°*
h [J-s]



i Monocrystale of 28S;

monocrystale ~ 1 Isotopic
kg composition
= 285i: 92%
= 295i: 5%

= 3051 3%



i Monocrystale of 28S;

monocrystale ~ 1 Isotopic
kg composition
= 285); 92%
99.985%
= 295]: 5%

= 30Si: 3%
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Monocrystale of 28Sj

Isotopic
composition

= 285): 92%
99.985%

= 295): 5%

= 30Sj: 3%



‘Monocrystale of 28S;

monocrystale ~ 1 Isotopic




h block: the most
& important data

= watt ballance

= CODATA-06 = Avo ga dro
KR (NPL-90) constant from
—e— KR (NIST-98) ehrhiched Si
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@ N, (*Si)

e K/R(NPL-12) - prOblem I‘emains

6.626066-10™ 6.626070-10° 6.626074-10°*
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h block: the most
* important data

= CODATA-06
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2014 Input data related to the
Planck constant: TGFC meeting

6.8 7.0

107" h

° |  K2Rg NIST-98

I
e Kimc NisT

—e— NA(%®Si) IAC-11

e K37Rkxk NRC-14

<K§RK NIST-14 | o)

e— NaA(?®Si) IAC-15

o+ "CODATA-14’

6.8 7.0
[h/(1073*Js) — 6.6260] x 10°



h=6.626 070 038(81) x 10-34 J sec

6.8 [1'2 X 10'8] 7.2
| I
A 8.49 : | 10" h
D 4
Prob. »: 7.52% o | KjRx  NIST-98
R,: 1.45
Max. reduced residuals:
1.96, 1.84 —e— NA(®8Si) IAC-11
e+ KRk NRC-14
| ® | K?Rg NIST-15
e— NA(?®Si) IAC-15
o 'CODATA-14
|
6.8 7.0 7.2

[h/(10734J s) — 6.6260] x 105



Sphere repolishing

> The AVO28-S5 and AVO28-5S8 spheres have been repolished at
PTB.

urface metallic layers (Ni and Cu) were near-completely
moved.

AV0O28-5S5c¢, (p- AV0O28-58¢, (P-V)giameter = 38 NM
V)diameter = 69 nm



— e Sphere surface

1.0 X ~ 1750m

05 O N The spheres were repolished: the
Bool ¥ A - metal contamination was removed, but
. L s the surface layer has been changed.

e ,
A0t - :
1.5 9

¢/ rad

Topography of the SiO, thickness

x-ray fluorescence
gravimetry

x-ray reflectometry, x-ray fluorescence
spectral ellipsometry

Model of the surface layers

and measurement Spectral ellipsometer at the NMIJ
techniques



2014

Extraordinary calibration and sphere mass

Mass in vacuum m/g

Mass in vacuum m/g

1000.08784
1000.08782
1000.08780
1000.08778
1000.08776
1000.08774
1000.08772
1000.08770

999.69854
099.69852
999.69850
999.69848
999.69846
099.69844
999.69842
999.69840

S5

e AV028-55 (2010) before EC
e AVO28-55 (2010) after EC

BIPM NMIJ PTB

S5c

e AV028-55¢ (2014) before EC
e AV028-55¢ (2014) after EC

BIPM NMIJ PTB

Mass in vacuum m/g

Mass in vacuum m/g

1000.06480
1000.06478
1000.06476
1000.06474
1000.06472
1000.06470
1000.06468
1000.06466

999.40142
999.40140
999.40138
999.40136
999.40134
999.40132
999.40130
999.40128

S8

e AVO28-38 (2010) before EC
e AVO28-36 (2010) after EC

t f
) l 3
BIPM NMIJ PTB
S8c

e AV028-58¢ (2014) before EC
® AVO28-58¢ (2014) after EC

BIPM NMIJ PTB




Planck constant (2015)

NML (AU)-1989 ; .
PTB (DE)-1991 | a
NIST (US)-1998 o

NIST (US)-2007 i Relative combingd
NIST (US)-2014 = standard uncertainty

NIST (US)-2015 combined and corrected for EC = . 56 x10-8
CODATA-2006 o

METAS (SW)-2011 . -
IAC-2011

IAC-2011 corrected for EC o

IAC-2015 corrected for EC g 2.0x108
NPL (UK)-2012 L
NRC (CA)-2014 .

NRC (CA)-2015 corrected for EC I 1.8 x108
CODATA-2010

6.626055 6.626060 6.626065 6.626070 6.626075

Planck constant /(1034 J s)



Mass of a proton In
* different units

Symbol  Value Uy
m,  1.007276466812(90) u 8.9 x 10711
m,  1836.15267245(75) m. 4.1 % 10710
mpc?/h 2.268 7318139(16) x 10%° Hz [7.1 x 10—10j
myc®  938.272046(21) MeV 2.2 x 107%]

m,  1.672621777(74) x 10727 kg [4.4 x 1077]




Mass of a proton In
* different units

Pat
s

1.007 276 466 812(90) u
1836.152 672 45(75) m.

myc?/h 2208 TSS9 —=t0=H7 7.1 x 1071

mpc?  938.272046(21) MeV [2.2><10—?]
m, 1.672621777(74) x 107*" kg [4.4 x 1077]

Symbol

=" auxiliary data



Mass of a proton In
* different units

Symbol  Value Uy
m,  1.007276466812(90) u 8.9 x 10711]
m—1836. 152 672 45(75) 1, A1 07 10]
Q 2.268 7318139(16) x 10 Hz [7.1 x 10)
Mmpc?  U98T272-046{2HMeV ZZx 1077

m,  1.672621777(74) x 10727 kg [4.4 x 1077]

" o block



Mass of a proton In
* different units

Symbol  Value tr
m,  1.007276466812(90) u 8.9 x 1071V
m,  1836.15267245(75) m, 4.1 x 10719

77768 731 8139(16) x 107 Hz = 1071V

038.272046(21) MeV 2.2 x 107°]
1.672621 777(74) x 1072" kg [4.4 x 1075

" h block



i Independent constants

Quantity Symbol Value Uy
Newtonian constant

of gravitation G 6.67384(80) x 107" m?*s2kg ! [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 10 2 JK 1 9.1 x 1077
molar gas constant R=FkNyu 8.3144621(75) JK ' mol~! 9.1 x 1077]
Stefan-Boltzmann

constant o= (72/60)(k*/h3c?)  5.670373(21) x 10°* Wm 2K~ [3.6 x 1079
anomalous magnetic

moment of muon 1.16592091(63) x 1073 5.4 x 1077]




* Independent constants: G

GMo = 1.3271244210(1) x 102 m*s2  ® 0G/G ~ 10+

A 14 3 —2

5.97258(72) x 10** kg

IESR, 2010 Mg

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 | . — LANL-97
8
—e—— NIST-82
2002
I ® | LANL-97
@1 UWash-00
B A TR&D-QS —e— BIPM-01
- UWash-00 * UWup02
—e—i BIPM-01 | %
MSL-03
' 1 i UWup-02
—e— MSL-03 6.675I-10'11
; ® i HUST-05
&+ UZur-06
| ® i CODATA-06
—e— HUST-09
o~ JILA-10
I ' T T T
6.671:10™" 6.673-10" 6.675-10"

G [m°/kg's’]



Indepen

T T
@1 CODATA-86
® PTB-95
o LANL-97

& TR&D-98

———e—— JILA-98

1998

o HUST-99

o MSL-99

1 BIPM-99

e UZur-99

—e—1 UWup-99

T T T
6.67-10™" 6.69-10™" 6.71-10™"

T T T T T
——&— LANL-97

——e—— TR&D-96

2006

¢ UWash-00

—e— BIPM-01
———@&———1 UWup-02
————@® 1 CODATA-02
—e— MSL-03
——e— HUST-05

@1 UZur-06

1 1
6.67310™" 6.67510"

G [m¥kg-s7

)
6.671-10""

dent constants: G

——e&— LANL-97

——e——1 TR&D-98

———~e@— HUST-99

2002

¢4 UWash-00

—e—i BIPM-01

—e&————— UWup-02

—e— UZur-02

—e— MSL-03

T T T
6.671-10™ 6.67310™" 6.67510™"

1 v T
——e—— NIST-82
——e& 1 LANL-97

——e— TR&D-96

¢ UWash-00
—e— BIPM-01

2010

————®———1 UWup-02

—e— MSL-03

————e—— HUST-05

-+ UZur-06
e 1 CODATA-06
—e— HUST-09
o+ JILA-10
] 1 ]
6.671-10™" 6.67310™" 6.675-10™"

G [m%kg-s?]



Independent constants: G

! v | . — LANL-97
8
—e—— NIST-82
2002
I ® | LANL-97
@1 UWash-00
B A TR&D-QS —e— BIPM-01
- UWash-00 * UWup02
—e—i BIPM-01 | %
MSL-03
' 1 i UWup-02
—e— MSL-03 6.675I-10'11
; ® i HUST-05
&+ UZur-06
| ® i CODATA-06
—e— HUST-09
o~ JILA-10
I ' T T T
6.671:10™" 6.673-10" 6.675-10"

G [m°/kg's’]



G =6.67408(31)x10"! m’kgls
[4.7x10°]: TGFC meeting

6.670 6.672 6.674 6.676 6.678
! | I |
— 104G
With expansion factor of 6.3 —e—1 NIST-82
5. ) —e— TR&D-96
yar 8.05 LANL-97
DO F- 1 3 GiWash-OO 5
] BIPM-01 e
PrOb }(2' 84% i |  UWup-02
. |—0—| MSL-03
RB' 079 o | HUSTI-
Max. reduced residuals: o O; CODATA-06
-1.98, 1.44 o Ao
: o |  CODATA-10
BIPM-14 e
: @ : NS A
| | |—|O—| CODATA-lTL
| |
6.670 6.672 6.674 6.676 6.678

G/(1071 m? kg=1 s72)



& Independent constants: k

Tomp = 2.72548(57) K

Fixsen, 2009: COBE




i Independent constants: k

—m— CODATA-06

® i NPL-79

e NIST-88

[ ® i NIST-07
—e— LNE-09

—e——— INRIM-10

+——e— NPL-10

[ @ { NIST-11

+e+4 LNE-11

2010

2006 | S
=+ CODATA-02
————e—— NPL
—e— NIST-88
* i PTB
F————®———— NIST-07
I 1 T ~ 1 v I
1.38061 1.38063 1.38065 1.38067 1.38069

k [10%°0-K"]

T T
1.38065 1.38067

k [10%J-K"]

T T
1.38061 1.38063

T
1.38069



4b) 2014 Input data related to the
Boltzmann constant: TGFC meeting

¢ ‘ — 10~ % k

X 5.50 —e—| AGT NIST-88(Ar)
DOF: / . . | AGT LNE-09(He)
;I‘(.)b. Xz : 68.8(2)/0 ° | AGT NPL-10(Ar)
Max. reduced residuals; <" NELADD
11.28, 1.55 —o0— CODATA-10
. | AGT NIM-13(Ar)
@ AGT NPL-13@

i ® | DCGT PTB-15

—e— AGT LNE-15(He)

FoH4 °’'CODATA-14’

I I
6.4 6.5 6.6 6.7

[k/(10-23 J/K) — 1.380] x 10%




“Improving acoustic determinations of the Boltzmann
constant with mass spectrometer measurements of the
molar mass of argon,”

l. Yang, L. Pitre, M. R. Moldover, J. Zhang, X. Feng, and J. S.
Kim1l, Metrologia, available online November 2015

\

\% $

10°(kg / kg,copata - 1)
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T
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k =1.380 648 52(79) x 10-3 J K-
5.7 x 10-7]

| 6.4 | 6.|6 6.7
)(2: 1.98 - 10-%k
DOF: 8 | ° | AGT NIST-88(Ar)
Prob. ;(2: 98.0% ° | AGT LNE-09(He)
Rg: 0.50 o | AGT NPL-10(Ar)
Max. reduced residuals: +— AGr LNE-11(Ar)
-0.72, 0.66 —o— CODATA-10
: ° | AGT NIM-13(Ar)
—e— AGT NPL-13(Ar)
: ° | DCGT PTB-15
—e— AGT LNE-15(He)
: ° |  JNT NIM-NIST-15
o4 CODATA-14
6.4 6.|5 6.|6 6.7

[k/(1022 J/K) — 1.380] x 10*



* Independent constants: a

"= QED is not a " hadronic effects
problem




i Independent constants: a

" data

S

a,(LO —hVP) = 695.5(4.1) x 10~ "

" models

<>
N

a,(hLbL) = 10.5(2.6) x 10~ '°

expt. uncertainty0.3 X 10~




* Independent constants: a,

" e+e- = 7 decay

S

o



i Independent constants: a

" e+e- = 7 decay




Independent constants: a,

HMNT 07 (e'e")

—285+51 —e—

JN 09 (e'e) T,
—299+65 I ® 1

Davier et al. 09 (1)

—157+52 F—A—

Davier et al. 09 (e'e")

—312+51 ——

This work (e'e” w/ BABAR)
—-255+49 —e—

[

BNL-E821 (WA) |
0+63 i
|

0

100
%107
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— g®Xp
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Progress

Fractional uncertainty
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& Progress

Quantity  u,(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/my 4.3 x 10719 0.1 x 10710 0.03 4.1 x 10710 0.95
a 6.8 x 10710 442 x 10~1Y 6.50 3.2 x 10710 0.47
h 50x 1078 9.2x10°° 1.84 4.4 %x 1078 0.88
k 1.7x 1076 —1.2x 1076 —0.68 9.1 x 10~7 0.53
G 1.0x 107%*  —0.7x 10~* —0.66 1.2 x 10~ 1.2




* Progress

Quantity  u,(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/my 4.3 x 10719 0.1 x 10710 4.1 x 10710 0.95

a 6.8 x 10710 442 x 10~1Y 3.2 x 10710 0.47

h 50x 1078 9.2x10°° 4.4 %x 1078 0.88

k 1.7x 1076 —1.2x 1076 9.1 x 10~7 L

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

e






+ better accuracy
In scattering

| + new method for
0881 2
_oss- | - discrepancy in
;C% U - s, sont | data
0.76- MAMI, scat
oBs | oB6 088 | o0 | 082

R_ [fm]



* Problems

= R, &R, + slow progress In
mMe/M, two methods

+ no discrepancies

"o

overlap with o data

E BN
O X O T



+ better accuracy
+ two methods

+ sensitivity to 5
loops

- 6-sigma jump



+ natural-silicon
discrepacy resolved

+ better accuracy for
Avodagro

- new discrepancy

NPL — NRC



Problems

+ natural-silicon
discrepacy resolved

+ better accuracy for
Avodagro

o 1989-1992

- new discrepancy
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i Problems

" R, &R,
m</m;

"o

E BN
O X O T

4+ Mmore accurate
results

- bigger scatter



4+ Mmore accurate
results

" + more methods

+ efforts for
atomic/molecular
spectroscopy




- still a discrepancy
between e+e- & 7t

- still a
disagreement of
theory and
experiment



CODATA Recommended Values of the Fundamental Physical Constants:
2010¢

Peter J. Mohr, Barry N. Taylori, and David B. Newell8,
‘ National Institute of Standards and Technology, Gaithersburg, Maryland 20899-8420, USA

= *T'his report was prepared by the authors under the auspices of the
CODATA Task Group on Fundamental Constants. The members
of the task group are:
F. Cabiati, Istituto Nazionale di Ricerca Metrologica, Italy
J. Fischer, Physikalisch-Technische Bundesanstalt, Germany
J. Flowers, National Physical Laboratory, United Kingdom
K. Fujii, National Metrology Institute of Japan, Japan
S. G. Karshenboim, Pulkovo Observatory, Russian Federation
P. J. Mohr, National Institute of Standards and Technology, United
States of America
D. B. Newell, National Institute of Standards and Technology,
United States of America
F. Nez, Laboratoire Kastler-Brossel, France
K. Pachucki, University of Warsaw, Poland
T. J. Quinn, Bureau international des poids et mesures
B. N. Taylor, National Institute of Standards and Technology,
United States of America
B. M. Wood, National Research Council, Canada
Z. Zhang, National Institute of Metrology, China (People’s Repub-
lic of)



Towards a guantum SI

* system

= the ampere to be = to be reproduced
defined via a fixed from ohm
value of e (quantum Hall

= the kilogram to be  effect) and volt
defined via a fixed  (Josephson effect)
value of h = to be reproduced

" the kelvin it to be with watt

defined via a fixed  balances and
value of k Avogadro spheres




Timeline - on the road to redefinition: TGFC meeting
B Joint CCM and CCU roadmap for the new Sl

Now Redefinition
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