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Rydberg constant 

 hydrogen & 
deuterium 
spectroscopy

 electron-proton 
elastic scattering

 Lamb shift in 
muonic hydrogen
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Spectroscopy of hydrogen 
(and deuterium)
Two-photon spectroscopy 

involves a number of 
levels strongly affected 
by QED.

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

Theory for p states is 
simple since their wave 
functions vanish at r=0. 

Now we have more data 
and more unknown 
variables.

The idea is based on 
theoretical study of

(2) = L1s – 23× L2s 
   which we understand 

much better since any 
short distance effect 
vanishes for (2).

Theory of p and d states is 
also simple. 

That leaves only two 
variables to determine: 
the 1s Lamb shift L1s & 
R∞.



The Lamb shift in muonic 
hydrogen: experiment
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Proton radius puzzle



4e) Proton Radius from e – p 
scattering
(all numbers in fm): TGFC meetingArrington and Sick

 World w/o Mainz:  
0.887(8)

 Jlab:  0.875(10)
 Simple average:  0.881(11)

 Mod. Mainz:  0.875(15)
 Weighted mean:  

0.879(11)

Bernauer and Distler

 Mainz spline:  0.8750(67)
 Mainz poly:  0.8830(77)
 World w/o Mainz:  0.887(8)
 Jlab:  0.875(10)

 Weighted mean:  
0.880(11)

Average value and uncertainty:  0.879(11)



electron-to-proton mass 
ratio

 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) 



[Ar(e)– 0.000 548 579 909 4] × 1012

Electron mass: TGFC meeting

10-9 Ar(e)

CODATA 2010

GSI-02 (C)

Uwash-95

GSI-04 (O)

CERN-06/10

MPIK-14

-3.9 parts in 1010 image charges 
interaction correction not applied

2010 Anti-protonic Helium



[µp/µN – 2.792 847] × 106

Mainz 2014

CODATA 2010

10-8 µp/µN

Factor 2.5 more accurate
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2014 Input data related to the
Fine-structure constant: TGFC meeting 

2:            5.82

DOF:           2
Prob. 2:   5.8%
RB:             1.71

Max. reduced residuals:
1.51, 1.70

‘CODATA-14’ Rel. Unc.:  2.3 × 10-10



Quantum Hall effect and a 
standard of resistance 

W. Poirier, Les Houches, 2007
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h block: the most 
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watt-ballance

B. Jeanneret, Les Houches, 2007



Josephson effect and 
quantum volt stardard 

B. Jeanneret, Les Houches, 2007



watt-ballance

B. Jeanneret, Les Houches, 2007
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ehrhiched Si
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2014 Input data related to the
Planck constant: TGFC meeting



h = 6.626 070 038(81) × 10-34 J sec
[1.2 × 10-8]  

2:            8.49

DOF:           4
Prob. 2:   7.52%
RB:             1.45
Max. reduced residuals:
1.96, 1.84



Sphere repolishingSphere repolishing

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

 Surface metallic layers (Ni and Cu) were near-completely 
removed.

 The roughness is unprecedentedly small (0.1 nm)

AVO28-S5c, (p-
v)diameter = 69 nm

 AVO28-S8c, (p-v)diameter = 38 nm



Sphere surfaceSphere surface

The spheres were repolished: the 
metal contamination was removed, but 
the surface layer has been changed.

Si

SiO2

H O2

Carb . Cont. CL
CW L 

O L

XRF
Grav im etric

XRR / XRF / S E

x-ray fluorescence
gravimetry
x-ray reflectometry, x-ray fluorescence
spectral ellipsometry

Model of the surface layers 
and measurement 
techniques

Spectral ellipsometer at the NMIJ

Topography of the SiO2 thickness



Extraordinary calibration and sphere massExtraordinary calibration and sphere mass

2010

S5 S8

2014

S5c S8c



Planck constant (2015)Planck constant (2015)

5.6  10–8

1.8  10–8

Relative combined 
standard uncertainty

2.0  10–8
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Mass of a proton in 
different units

 h block



Independent constants



Independent constants: G

 G/G ~ 10-4

Kramer et al., 2006

IESR, 2010

BIPM 1889
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G = 6.67408(31)×10-11 m3kg-1s-2 

[4.7×10-5]: TGFC meeting  

With expansion factor of 6.3

2:            8.05

DOF:           13
Prob. 2:   84%
RB:             0.79

Max. reduced residuals:
-1.98, 1.44



Independent constants: k

Fixsen, 2009: COBE



Independent constants: k







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

2:            5.50

DOF:           7
Prob. 2:   60.0%
RB:             0.89

Max. reduced residuals:
-1.28, 1.55



“Improving acoustic determinations of the Boltzmann 
constant with mass spectrometer measurements of the 
molar mass of argon,”
 I. Yang, L. Pitre, M. R. Moldover, J. Zhang, X. Feng, and J. S. 
Kim1, Metrologia, available online November 2015
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1. Introduction 

Today, the unit of the thermodynamic 
temperature, the kelvin, is based on a defined 
value of the temperature of the triple point of 
water: TTPW = 273.16 K, exactly.  In 
November 2014, the CGPM adopted a 
resolution planning to replace the present 
definition of the kelvin in the year 2018 with a 
new definition based on a defined value of the 
Boltzmann constant kB [1].  To prepare for 
this new definition, an international effort 
using diverse technologies is measuring kB as 
accurately as possible using the current 
definition. [See this issue of Metrologia.]  
This  effort  will  result  in  a  “best”  value of kB 
that will be incorporated into the new 
definition.  This careful preparation will 
ensure that any future measurement of TTPW 
made using the new definition of the kelvin 
(and possibly new technology) will differ from 
273.16 K by no more than a few ppm.  (1 ppm = one part in 106.)   

Since 1979, acoustic gas thermometry (AGT) has been the most accurate method for measuring kB [2]. 
Absolute AGT determines the thermodynamic temperature T by measuring the zero-pressure limit of 
the speed of sound c0 in a gas with an accurately-known molar mass M [3]. When an AGT is operated 
at the temperature TTPW, it can be used to determine kB using the equation 

 � =  (1) 

where 0 is ratio of specific heats, which is exactly 5/3 for an ideal monoatomic gas, and NA is the 
Avogadro constant, which has an uncertainty only 1/20th of the uncertainty of kB [2]. 

In 1988, the National Institute of Standards and Technology (NIST) published a low-uncertainty 
measurement of the Boltzmann constant based on AGT using argon as the test gas [4].  Until 2006, 
CODATA’s  evaluation  of  kB gave NIST’s 1988 result a dominant weight [2]. Since 2006, several new 
argon-based AGT determinations of kB have been published. Figure 1 compares these newer 
determinations of kB with the NIST-88 result and with the CODATA-2010 evaluation and its 
uncertainty1, as indicted by the shaded band.  Each value of kB is identified by the first  author’s  
laboratory and by the year of publication. The references for these kB determinations are: NPL-10 [5]; 
LNE-11 [6]; NPL-13 [7]; NIM-NIST-13: [8].  (Here  and  below,  “NPL”  refers  to  the  National  
Physical  Laboratory  of   Great  Britain  and  “NIM”  refers  to  the  National Institute of Metrology, China.)    

                                                      
1All uncertainties are one standard uncertainty with coverage factor k = 1 corresponding to 68 % confidence 
limit. 

Figure 1.  Filled circles ●:  Five argon-based acoustic 
measurements of kB are compared with the 
CODATA-2010 value and its uncertainty (shaded 
band).  Open squares : If the values of MAr 
recommended by this work are adopted, the values of 
kB from LNE-11 and NPL-13 will be adjusted as 
indicted by the arrows, removing their inconsistency 
and slightly increasing their uncertainty.   
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k = 1.380 648 52(79) × 10-23 J K-1

[5.7 × 10-7]  

2:            1.98

DOF:           8
Prob. 2:   98.0%
RB:             0.50

Max. reduced residuals:
-0.72, 0.66



Independent constants: a

 QED is not a 
problem

 hadronic effects



Independent constants: a

 data  models

expt. uncertainty



Independent constants: a

 e+e-   decay



Independent constants: a

 e+e-   decay



Independent constants: a

 e+e-   decay

Davier et al., 2010



Progress



Progress



Progress



Progress



Progress



Problems

 R∞  & Rp

 me/mp

 
 h
 G
 k
 a



Problems

 R∞  & Rp

 me/mp

 
 h
 G
 k
 a

+ better accuracy 
in scattering

+ new method for 
Rp

- discrepancy in 
data



Problems

 R∞  & Rp

 me/mp

 
 h
 G
 k
 a

+ slow progress in 
two methods

+ no discrepancies

overlap with  data



Problems

 R∞  & Rp

 me/mp

 
 h
 G
 k
 a

+ better accuracy
+ two methods
+ sensitivity to 5 

loops

– 6-sigma jump



Problems

 R∞  & Rp

 me/mp

 
 h
 G
 k
 a

+ natural-silicon 
discrepacy resolved

+ better accuracy for 
Avodagro

- new discrepancy

NPL  NRC



Problems

 R∞  & Rp

 me/mp

 
 h
 G
 k
 a

+ natural-silicon 
discrepacy resolved

+ better accuracy for 
Avodagro

- new discrepancy

NPL  NRC



Problems

 R∞  & Rp

 me/mp

 
 h
 G
 k
 a
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results
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+ more accurate 
results

+ more methods
+ efforts for 

atomic/molecular 
spectroscopy



Problems
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– still a discrepancy 
between e+e- & 

– still a 
disagreement of 
theory and 
experiment





Towards a quantum SI 
system

 the ampere to be 
defined via a fixed 
value of e

 the kilogram to be 
defined via a fixed 
value of h

 the kelvin it to be 
defined via a fixed 
value of k

 to be reproduced 
from ohm 
(quantum Hall 
effect) and volt 
(Josephson effect)

 to be reproduced 
with watt 
balances and 
Avogadro spheres



Timeline - on the road to redefinition: TGFC meeting
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