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SI road-map  (updated 2014)

Resolution 1 of the CGPM (2014): On the future revision of the International System of Units, the SI

Resolution 1 of the CGPM (2011): On the possible future revision of the International System of Units,
the SI

At its 25th meeting (November 2014) the CGPM adopted a
Resolution on the future revision of the International System of Units.
This Resolution built on the CGPM's previous Resolution (2011), which
took note of the CIPM's intention to propose a revision of the SI and
set out a detailed road-map towards the future changes.

In the "New SI" four of the SI base units – namely the
kilogram, the ampere, the kelvin and the mole – will be
redefined in terms of constants; the new definitions will be
based on fixed numerical values of the Planck constant (h),
the elementary charge (e), the Boltzmann constant (kB), and
the Avogadro constant (NA), respectively. Further, the
definitions of all seven base units of the SI will also be
uniformly expressed using the explicit-constant formulation,
and specific mises en pratique will be drawn up to explain the
realization of the definitions of each of the base units in a
practical way.

Future revision of the SI What? Why? When? Ongoing work Communication and debate; draft documents FAQs; More info.  
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Introduction 

The	
  New	
  SI	
  based	
  on	
  fixed	
  values	
  of:	
  
•  Planck	
  constant,	
  h 
•  Avogadro	
  constant,	
  NA 
•  elementary	
  charge,	
  e 
•  Boltzmann	
  constant,	
  k 
 
ResoluCon	
  1	
  of	
  the	
  24th	
  meeCng	
  of	
  the	
  CGPM:	
  
Invites:	
  
•  CODATA	
  to	
  conCnue	
  to	
  provide	
  adjusted	
  values	
  

of	
  the	
  fundamental	
  physical	
  constants	
  	
  .	
  .	
  .	
  
since	
  these	
  CODATA	
  values	
  and	
  uncertain4es	
  
will	
  be	
  those	
  used	
  for	
  the	
  revised	
  SI	
  

(hQp://www.bipm.org/en/measurement-­‐units/new-­‐si/)	
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TGFC LSA Methodology 

•  Collect all data 
–  Older data form previous LSAs 
–  Include new data since the last LSA 

•  Preliminary review of the data 
–  Check for up-to-date input and corrections, full 

uncertainty analysis, and internal consistency 
–  Select acceptable data by lowest uncertainties 

•  Assess relation with other input data 
–  Supersedes previous results? 
–  Covariance - sort by common uncertainty 

components 



•  Run mini LSA for each of the main constants 
and use “standard” statistic tools to 
investigate “goodness of fit” 
–   Chi squared (χ2), Probability of reduced χ2, Birge 

ratio RB, Maximum Normalized Residuals (MNR), 
Maximum Normalized Difference (MND), etc. 

 
•  Adjust expansion factors, include/exclude 

specific data 
–  1% self sensitivity test 

•  Run “final” multi-variant LSA, argue, re-run 
LSA, etc.  

•  Minimize total ‘disagreement’ 
 

TGFC LSA Methodology (cont.d) 



2014	
  Input	
  data	
  related	
  to	
  the	
  
Gravita5onal	
  constant	
  

G/(10−11 m3 kg−1 s−2)

6.670 6.672 6.674 6.676 6.678

6.670 6.672 6.674 6.676 6.678

10−4G

NIST-82

TR&D-96

LANL-97

UWash-00

BIPM-01

UWup-02

MSL-03

HUST-05

UZur-06

CODATA-06

HUST-09

JILA-10

CODATA-10

BIPM-14

LENS-14

UCI-14

χ2:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  318	
  
DOF:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  13	
  
Prob.	
  χ2:	
  	
  	
  6.8	
  ×	
  10-­‐13	
  %	
  
RB:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  4.95	
  
	
  
Max.	
  reduced	
  residuals:	
  
-­‐12.4,	
  9.14	
  
 



2014	
  Input	
  data	
  related	
  to	
  the	
  
Boltzmann	
  constant	
  

[k/(10−23 J/K) − 1.380] × 104

6.4 6.5 6.6 6.7

6.4 6.5 6.6 6.7

10−6 k

AGT NIST-88(Ar)

AGT LNE-09(He)

AGT NPL-10(Ar)

AGT LNE-11(Ar)

CODATA-10

AGT NIM-13(Ar)

AGT NPL-13(Ar)

DCGT PTB-15

AGT LNE-15(He)

’CODATA-14’

χ2:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  5.50	
  
DOF:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  7	
  
Prob.	
  χ2:	
  	
  	
  60.0%	
  
RB:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.89	
  
Max.	
  reduced	
  residuals:	
  
-­‐1.28,	
  1.55	
  

‘CODATA-­‐14’	
  Rel.	
  Unc.:	
  	
  4.8	
  ×	
  10-­‐7	
  



2014	
  Input	
  data	
  related	
  to	
  the	
  
Planck	
  constant	
  

[h/(10−34 J s) − 6.6260] × 105

6.8 7.0 7.2

6.8 7.0 7.2

10−7 h

K2

J
RK NIST-98

NA(28Si) IAC-11

K2

J
RK NRC-14

K2
J
RK NIST-15

NA(28Si) IAC-15

’CODATA-14’

χ2:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  8.49	
  
DOF:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  4	
  
Prob.	
  χ2:	
  	
  	
  7.52%	
  
RB:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1.45	
  
Max.	
  reduced	
  residuals:	
  
1.98,	
  1.86	
  

	
  
‘CODATA-­‐14’	
  Rel.	
  Unc.:	
  	
  1.2	
  ×	
  10-­‐8	
  



LETTER
doi:10.1038/nature13026

High-precision measurement of the atomic mass of
the electron
S. Sturm1, F. Köhler1,2, J. Zatorski1, A. Wagner1, Z. Harman1,3, G. Werth4, W. Quint2, C. H. Keitel1 & K. Blaum1

The quest for the value of the electron’s atomic mass has been the
subject of continuing efforts over the past few decades1–4. Among the
seemingly fundamental constants that parameterize the Standard
Model of physics5 and which are thus responsible for its predictive
power, the electron mass me is prominent, being responsible for the
structure and properties of atoms and molecules. It is closely linked
to other fundamental constants, such as the Rydberg constant R‘ and
the fine-structure constant a (ref. 6). However, the low mass of the
electron considerably complicates its precise determination. Here we
combine a very precise measurement of the magnetic moment of a
single electron bound to a carbon nucleus with a state-of-the-art
calculation in the framework of bound-state quantum electrody-
namics. The precision of the resulting value for the atomic mass of
the electron surpasses the current literature value of the Committee
on Data for Science and Technology (CODATA6) by a factor of 13.
This result lays the foundation for future fundamental physics
experiments7,8 and precision tests of the Standard Model9–11.

Over the past few decades, the atomic mass of the electron has been
determined using several Penning-trap experiments, because explora-
tion of the scope of validity of the Standard Model requires an exceed-
ingly precise knowledge of me. The uniform magnetic field of these
traps makes it possible to compare the cyclotron frequency of the
electron with that of another ion of known atomic mass, typically
carbon ions or protons. The first such direct determination dates back
to 1980, when Gräff et al. made use of a Penning trap to compare the
cyclotron frequencies of a cloud of electrons with that of protons,
which were alternately confined in the same magnetic field, yielding
a relative precision of about 0.2 parts per million (ref. 2). Since then, a
number of experiments have improved the precision by about three
orders of magnitude1,4,12,13. The latest version of the CODATA com-
pilation of fundamental constants of 2010 lists a relative uncertainty of
4 3 10210, resulting from the weighted average of the most precise
measurements. Given that the cyclotron frequency of the extremely
light electron is subject to troublesome relativistic mass shifts if not
held at the lowest possible energy, direct ultrahigh precision mass
measurements are particularly delicate. To circumvent this problem,
the currently most precise measurements, including this work, pursue
an indirect method that allows a previously unprecedented accuracy to
be achieved.

A single electron is bound directly to the reference ion, in this case a
bare carbon nucleus (Fig. 1). In this way, it becomes possible to cal-
ibrate the magnetic field B at the very place of the electron through a
measurement of the cyclotron frequency

ncyc~
1

2p
q

mion
B ð1Þ

of the heavy-ion system with mass mion and charge q. The cyclotron
frequency of the strongly bound electron is of no further relevance, but
the precession frequency of the electron spin, which depends on the
electron’s magnetic moment me as follows

nL~
2meB

h
~

g
4p

e
me

B ð2Þ

is well defined and reveals information about the mass of the electron
me. A measurement of the ratio of these two frequencies yields me in
units of the ion’s mass

me~
g
2

e
q

ncyc

nL
mion:

g
2

e
q

1
C

mion ð3Þ

where C denotes the experimentally determined ratio nL/ncyc. When
determining C of a hydrogen-like carbon ion, which is the defining
particle for the atomic mass (apart from the mass and binding energies
of the missing electrons, which are sufficiently well known), the
remaining unknown in equation (3) is the g-factor. Advances in
quantum electrodynamics (QED) theory in recent years allow us to
calculate this value with the highest precision14.

Here we present an ultra-precise measurement of the frequency
ratio and a state-of-the-art QED calculation for the case of hydro-
gen-like 12C51, which allows us to determine me with unprecedented
accuracy. Exposing the electron to the binding Coulomb field of an
atomic nucleus has a profound influence on the g-factor. The largest
difference from the free-electron case can be deduced from a solution
of the Dirac equation in the presence of the Coulomb potential of a
nucleus of charge Z and an external, constant and homogeneous mag-

netic field: gDirac~
2
3
z

4
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1{ Zað Þ2

q
(ref. 15). This result must be

complemented by various other effects, originating mainly from
QED (see Fig. 2). Many of those effects, like the one-loop self-energy
and vacuum polarization terms, and the nuclear recoil contribution,
are known with sufficient numerical accuracy14,16,17. The main chal-
lenge in further improving the theoretical predictions is related to the
two-loop QED effect. This contribution is known only to the first few
terms of its expansion in terms of Zað Þn ln Zað Þ{2" #k

. The calculation
of the expansion coefficients with n§5 is beyond the current state of
the art, defining the overall theoretical uncertainty. However, we have
been able to estimate the uncalculated higher-order contribution
ghigher#order

2L and thus improve on the theoretical value with the help
of our recent experimental value gSi

exp of the g-factor of hydrogen-like
silicon (Z 5 14)18,19. This contribution, which dominates the theor-
etical uncertainty, can be determined from the difference of the experi-
mentally determined g-factor and the theoretical prediction, which is
the sum of all known terms excluding ghigher#order

2L

ghigher#order
2L Z~14ð Þ~gSi

exp{gSi
theory~2

nL

ncyc

me

mion
13{gSi

theory ð4Þ

We assume an analytical form of the Z-dependence ghigher#order
2L (Z),

and thus obtain an estimate of ghigher#order
2L (Z ~ 6) for carbon, pre-

sented in Supplementary Table II. Equation (4), together with a second
formula for the Z dependence on those higher-order terms (see
Supplementary equation (15)), can be solved to yield more accurate
values for two variables, namely, the theoretical g-factor value for

1Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany. 2GSI Helmholtzzentrum für Schwerionenforschung, Planckstraße 1, 64291 Darmstadt, Germany. 3ExtreMe Matter
Institute EMMI, Planckstraße 1, 64291 Darmstadt, Germany. 4Institut für Physik, Johannes Gutenberg-Universität, Staudingerweg 7, 55128 Mainz, Germany.
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[Ar(e)– 0.000 548 579 909 4] × 1012 

-0.100 0.100 0.300 0.500 0.700 

CODATA 2010 

10-9 Ar(e) 

MPIK-14 

•  Factor 13 more accurate than 
other data 

•  Silicon and carbon frequency 
ratio measurements correlated 

 
•  Need to review ionization 

energies of carbon and silicon 



2014	
  Input	
  data	
  related	
  to	
  the	
  
Fine-­‐structure	
  constant	
  

(α−1
− 137.03) × 105

599.83 599.85 599.88 599.90 599.93 599.95

599.83 599.85 599.88 599.90 599.93 599.95

10−9α−1

ae Harvard-08/“QED-10”

h/m(Rb) LKB-11

CODATA-10

ae Harvard-08/“QED-14”

h/m(Rb) LKB-11/14

h/m(Cs) Berkeley-13

“CODATA-14”

χ2:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  5.82	
  
DOF:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2	
  
Prob.	
  χ2:	
  	
  	
  5.8%	
  
RB:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1.71	
  
Max.	
  reduced	
  residuals:	
  
1.51,	
  1.70	
  

‘CODATA-­‐14’	
  Rel.	
  Unc.:	
  	
  2.3	
  ×	
  10-­‐10	
  



Rydberg	
  constant,	
  muonic	
  hydrogen,	
  and	
  the	
  
proton	
  radius	
  

	
  



CODATA	
  TGFC	
  mee5ng	
  1	
  –	
  2	
  November,	
  2014	
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CODATA Task Group on Fundamental Constants

! More !

!
!  Members of the CODATA Task Group on Fundamental Constants 

 Group photograph (November 2014, BIPM) 
 Meeting reports
 Paper on the 2010 LSA 
 CODATA-TGFC Working Documents:  (TGFC members only)

 More information on CODATA: http://www.codata.org/

! ! !

!

BIPM - Pavillon de Breteuil F-92312 Sèvres Cedex FRANCE Disclaimer Copyright © BIPM all rights reserved

 The purpose of the CODATA Task Group on Fundamental Constants (TGFC) is "to periodically provide the scientific and technological
communities with a self-consistent set of internationally recommended values of the basic constants and conversion factors
of physics and chemistry based on all of the relevant data available at a given point in time."

The CODATA-TGFC is not constituted under the auspices of the BIPM, but because of the close linkage between the SI units and
fundamental constants, it enjoys a close relationship with the CCU and the BIPM; this portal, created as a working website for the Task
Group, is an example.

The public section of this website provides information about the activities of the Task Group on Fundamental Constants including meeting
dates, meeting minutes, and membership.

CODATA internationally recommended values of the Fundamental Physical Constants (2010 LSA)

The next meeting of the TGFC will take place on 31 August and 1st September 2015 at the BIPM.

Introduction Membership Recommended values of the fundamental constants Contact info. Minutes Members' area

Metrology area: AUV EM L M PR QM RI T TF U
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Joint CCM and CCU roadmap for the new SI 
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2013 2014 2015 2016 2017 2018 
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On	
  the	
  road	
  to	
  redefini5on	
  



Cri5cal	
  Closing	
  Dates	
  for	
  Data	
  CRITICAL DEADLINES 
1 July 2017 
Closing date for data for special CODATA constants 
adjustment to determine exact values of h, e, k, and 
NA for 2018 revised SI (International System of 
Units). 

BY this date data must be published or 
available in a preprint accepted for 
publication. 
 

1 July 2018 
Closing date for data for CODATA constants 
adjustment to determine new set of CODATA 
recommended values consistent with the revised SI 
(replaces 31 December 2018 normal closing date). 

By this date data should be published or 
available in a preprint for publication. 
 
Contacts: Peter Mohr,  mohr@nist.gov 
 David Newell,  david.newell@nist.gov 
 Barry Taylor,  barry.taylor@nist.gov 
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