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How is the proton radius measured?

Electron scattering
-Form factor FFE =

appears at first order

Electronic hydrogen spectroscopy
-r, appears at a very high order

-small effect among small effects
kable exper. precisior

Muonic hydrogen spectroscopy
T has much larger effect, ~1077 times larger



Crash course In spectroscopic
physics
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Hydrogen spectrum: the proton charge radius
two parameters

the Rydberg constant
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The superscript ® indicates a reference value not to be fit.
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muonic radius: .84169(66) fm
clectronic radius: .8775(52) fm

0.85 0.86 0.87 0.38

We make tentative claim: \
problem is with electronic -

hyd
yarogen \ Present scope:

H spectroscopic

In fact, we find (as will be seen)... data

7/ sigma = 2-3 sigma + non-robust fit procedure



(Non-)robustness, defined

® Robust statistic = resistant to errors in
the results produced by deviations from
assumptions

What’'s been
reported
for the
uncertainty

of rpis
\éxqumtel{
sensitive
to procedure




Fitting spectroscopic data
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Fitting spectroscopic data

4 A

400,000
“units of chi- ‘

- squared
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NON-ROBUST
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I'p (fm)

Taking rp = rp - .01 fm = disaster



Validating theory

Oexpt Hz fe:t:pt Hz

four calc Hz

G

10074
24014
8477
8477
6396
9090
0953
12860
20068
10338
14926
10260
11893
8992
20099
152S: THE

PROBLEM

2.46606141319 x 101°
4.797338 x 10°
6.490144 x 10°
7.70649350012 x 104
7.7064950445 x 1014
7.70649561584 x 1014
7.99191710473 x 104
7.99191727404 x 1014
2.92274327868 x 101°
4.197604 x 10°
4.699099 x 10°
4.664269 x 10°
6.035373 x 10°
9.9112 x 10?
1.057845 x 10°
1.057862 x 10°

“one-point fit”

2.46606141319 x 101°

4.79733066539 x 10°
6.49012898284 x 10°
7.70649350016 x 1014
7.70649504449 x 1014
7.70649561578 x 1014
7.99191710481 x 10
7.99191727409 x 104
2.92274327867 x 101°
4.19759919778 x 10°
4.6991043085 x 10°

4.66425337748 x 10°
6.03538320383 x 10°
9.91119855042 x 10°
1.05784298986 x 10?
1.05784298986 x 10?

Code:
transcribing
75 years of
theory;
28,000
characters In
Mathematica



Validating theory

LT fexp Hz four cate HZ
2.466061413187080 = 10% — — (——)

10000 N4.797338 = 10° 4797338 » 10°

24000 6490144 = 107 6490144 = 10°

8500  7.70649350012 x 10 7. 70649350012 x 10

8500  7.7064950445 x 1014 7. 7064950445 = 1014

6400 7. 706495615842 x 1014 7. 706495615842 x 1014

0600  7.991917104727 = 10 7.991917104727 = 101

7000  7.991917274037 = 101 7.991917274037 = 101

13000 2.922743278A78 = 1015 2922743278678 » 1015

21000 4.197604 = 10° 4.197604 = 10°

10000 4699099 x 107 4699099 » 10”

15000 4.664269 x 107 4.664269 107

10000 6.035373 = 10° 6.035373 = 10°

12000 99112 x 107 99112 x 10°

9000  1.057845 = 107 1.057862 » 107

20000

1.057862 = 107

1.057862 = 107

-
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We throw out
the 152S; our
results still
compare well
with expt



01528

TENSION 1S has the largest theory uncertainty,
< estimated at 3kHz - 30 kHz

35 Hz is by far the smallest experimental uncertainty

expt theory expt theory
X2 _ ( 1528  J1S2S ))2 | ( 1S538  J1S3S ))2 4
(35 Hz)? (13000 H z)2

. 4 3500 H 4
why is this not order “2=57= ~ 10% 7

The answer iIs known but not advertised

“However, one thing can be stated with certainty: the exact agreement of
those two ultra-precise 152S measurements with the QED calculations cannot
be considered as a confirmation of the QED theory, because it is the result of
the fitting of the fundamental constants based on these (and other)

transitions." A. Kramida,Atomic Data and Nuclear Data Tables, 96, 586 (2010)

ONE EXACT FIT HAPPENS TRIVIALLY



If an experimental
point has an
uncertainty far
smaller than its

theoretical

uncertainty...

theory

=

vz

outlier in the data space
of experimental uncertainties

Jtheory ~ 102 L 103

cexpt

fit may
constrain
parameters to
a wrong

subspace...
... sometimes the
best data point
should be thrown
out



Our independent analysis of the
spectroscopic basis for the puzzle
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to small effects



Our independent analysis of the

spectroscopic basis for the puzzle
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to small effects



. eydrogen disagrees with electror

5.?8 0§7ii (‘@avgprradius” from muonic

&4 (.005) fm data

muonic atom
08) fm
spectroscopy

MAMI, JLAB

&efinitions
; nltI;mﬁ?’cting; the form WHY

factor ? |
P muon atomic ?

hysics 7 -
Py new physics of

& muons ?
Jwhat?




An unusual case needing caref
“sensitivity analysis”

dd

In statistics a robust confidence interval
IS a robust modification of confidence
intervals, meaning that one modifies the
non-robust calculations of the confidence
interval so that they are not badly affected
by outlying or aberrant observations in a
data-set.

There are various definitions of a "robust

statistic." Strictly speaking, a robust what's been reporte
statistic is resistant to errors in the results, for the uncertaint;

produced by deviations from assumptions . Of r_p iS
o exquisitely sensisti
to procedure



We find the disagreement
iwlhouﬁ,zf)cr — 3.50
al's new . .
- =087+ 001 T €VIOUS analysis of
r. —1.007378eGtronic H is unreliable.
L3« 10-Blgsed by a novel kind of

Q. outiigr”, scientifically
' conservative
approach, the outlier
will be removed

Hramatic effect on

the error bars

electron scatterin
very competitive




What's so sensitive to
analysis?
muonic atom? Easy theory,
direct experiment. Getting muogz =
in place is real hard. Simple anjiid
electron scattering? Leading o
plus work. Long history of experimental
consistency.

Numerous checks and balances.
electronic hydrogen? The most difficult theory,

and at very high orders. A very small tiny
effect is buried under many other very small
effects. Superb experimental data.

What checks and balances?



How do /nputs
ffect outputs?

Theory: 75 years
28000
keystrokes

mathematica! In C++, estimate
260000

Breit, Dirac, Bethe...Yennie,
Sapirstein,
Ericson,Brodsky...Eides,
Grotch, Shelyuto, Borie,
Karshenboim, Mohr,
Kotochigova, Pachucki,

VAaralim AF Al 1lAancF~Ihi1i1vr~

Our contribu

(1,2.3,7.8,9,13,14,17, 18, 19,20, 21, 22, 23, 24}

Review is over.

tion

starts here

16

[ZA4E61*10%15, 4797338000, 6490144000, 7.7065*10%14, 7.7065*10%14,
T.T065%10" 14, 7991910414,

TO919°10*14, 29227432TR6TB000, 4197604000, 4699059000, 4654269000, 4,
H035373000, 9911200000, 1.0578*10°9, 10578462000}

SIS LonyEr relative yoc

sigroas = Table{ datl(]] wocl| cavals([i]] ). (1 Lengthldaseals])):

—i
50 ] Word Count

gk

BoowBox[{™|
TagBnxilnd
["14.52485
["10074.40
["24013153
["8477.142
[CE477.144
(6396391
[(9590.300
["6952. %64

Statistics:

Pages

Words
Characters {(no spaces)
Characters (with 9pa

Paragraphs

RR2Z

linec

=mACCept the “theory’
as given by typing
formulas

while correcting a few errors

(" 128600708
["20568 2596
(103380170
[C14925.6600

-

[F10260.1341°T,

(11893 439999999999°"),

[C8991.6825™),

[F20099378™)
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Oexpt Hz fempt Hz fﬂur cale HZ
35 2.46606141319 x 10'° 2.46606141319 x 101°
10074 4.797338 x 10° 4.79733066539 x 10”
24014 6.490128982
8477 7.706493500
84TIS2S — 7.706495044
6396 7.706495615
9590 7.991917104
6953 7.991917274
compared60  [2.92274327868 x 10*°  2.922743278
fwo verdpfis 4.197604 x 10° 4.197599197
of thedPp38 4.699099 x 10° 4.699104308

on two matdidés:
round offleRa&y

under canigol
8992
20099

Review is over.
Our contribution
starts here

4.664269 x 10°
6.035373 x 10°
9.9112 x 10°
1.057845 x 10°
1.057862 x 100°

4.664253377
6.035383203
9.911198550
1.057842989
1.057842989

experiment

JM+JPR

no theory errors listed here




We speak Atomic

* natural units are frequency. It's what's measured

* planck’s constant errors are unacceptably large

* ground state frequendyooc = 3 x 10'° Hz
* proton size effect 1.5 Mhz in electronic H

* To measure size to 0.1% in electronic H
needs 1 kHz theory errors

the term “Lamb shift” can mean the particular
splitting of one transition observed by Willis
Lamb in 1945, or it (more often) means
everything beyond the bound state prediction of
the Dirac equation as relativistic quantum
mechanics...not quantum field theory




a’m.c

¥rgdrogem spectrim!
two (2) parameters

<

Othe Rydberg constant

Othe proton charge radius
~

but these two are highly correlated 2-parameter theory

Far better determined by other experiments:

the fine structure constant

Q

the proton/electron mass ratio

given
given

The superscript ® indicates a reference value not to be fit.



We speak Atomic ,
mass-cubed size effec

assuming
a cubic
atom




Data Analysis
Mysteriously “Stiff”

y

Extreme sensitivity,

a puzzle . . .
inside a puzz|e dlngStlng I‘ESO|UtIOn
I'p
1525 makes super skinny
chi”™2 contour plots
Yy, defy machine accuracy

what’'s going on?




SR.. Concept of

R, Counting”
Fact:

any ONE transition gives ONE

datum (r)) R) 3 different transition
for two parameters

...the result is a particular
line of degeneracy
from a one-point fit

You'll then fit
the whole dat& set...

X . Z (ftheury( rp, m) emperzment) / 2.

..no single datum should matter that
much...




‘%Eﬁt@p@g@@@%, .. 20568, 24014) Hz

2 2
oo K CERTE R, the
Tbx pepmventaf 05 /07g,g = 148
uncertainties

ONE glgtrg-precise point
71525 = ¥orhinates

1525

O —




I'p Roo

Prediction of Concept Slide

JOthE’T‘ ~ 104 HZ

Given < o*? > /0?6, = 148, 400...

01828 — 39 Hz

insert
800 Ib
gorilla
graphic

here

\'4
X2 ~ 1/0.2
|

\4
ultra-precise

1525 => “exact” constraint
on fitted parameters

Yet the theory is not exact.
Theory errors >> 35 Hzg™

The result: extreme sensitivity to
theory errors of 152S




Theoretical uncertainties: Not well
1S unc&aemitodethated the

largest,
maybe 3kHz - 30 kHz

) part of the 2-loop self energy: Leading log expansion breaks down AE AL Z 1

a?(Za)®mec?

AFEs, (6) = Q72 (3635093((2@)_2)
+ B52l0g2((2@)_2) + Bﬁllogl((ZCE)_2) ~+ Bﬁg)}
7 2
_ o ;”) (282 — 62 + 476 — 61.6) ~ 728 kH 2.
’ﬂ'
jenschura pachucki 200& 3- dlglt accuracy
eides et al 2007, 2000 Yet different calculations
| differ by 100%
Meanwhile: (yerokin et al)

O1s28y far the smallest experimental uncertainty

(f-empt theary) (f-empt theary)
X2 — 1525 1,5’25’ )2 : 1535 15’35’ )2
(35 Hz)2 (13000 H )2



1525 one-point trivial fit predicts everything... when included
At the best fit value,

01525 = 35 Hz 6X2
Tp aRm

=2c) (RooCAf{"™ — AfiP) /a7 — 0;

AFEP Jo?2 = (2.1 x 102, 1.9 x 107, 1.8 x 107...

Estimate with first non-trivial point:

1 02Ro
A ~ — 22 2 \—1 ~ 2
Hoo \/(23 X*/0RZ,) \/fs:rptc

7
:\/ 1.07 x 10 44 x 105
1.9 x 107 x 3 x 108

0.8 * CODATA2010 ) AR 4 x 1012
using 82 (28) parameters R, '




In case you

. . 15 -
missed the point: .2 —
The ultra-precise & —
datum forces a :ESIO -
perfect fit by S _
C|rcular procedure Q. -
_ s 3 —
; _
0.82 0.84 0.86 0.88 0.90 0.92 0.94
cyclically permute 'p
sigmas. cycle 35 Hz each permutation
| yields tiny error bars
‘EEEEEEE% the set lies far outside the error

| +]~[e]=[=]=]a]s]&]=]3]G)

bars |




I'p Roo
There Is a aII he

certain  With the 1525 extrFe)cr)rI\r?tg CI)H\e/Ity

conﬁdeqce region are
reglhon n more than
the 10,000 units

plane of chi-
squared

different

from the

other

Why are people citing
raw “uncertainties”?



2><1(P_{1égardless of the rest of the data

_,, ---Or correctngss of theory... ellipses:
Lx10° try to use/what’s reliable no 1S2S
0
1x10 Sg.
o / (it o d el
2x10" [ 1 f ine
” o whenever
084 0.86 088" 0.90 1S2S included
: f .85 (.26 (.87 .58 1} .90 p re d i Cte d
rp'\"  uncertainties
Thin bars: CODATA2010 (includes 152S) (reports no confidence

region!)
Red Segment: our confidence reqgion including 1S2S (thick for



We find the disagreement .
. gugg_%gmrf)gn assessing the proton

size problem on the basis of:
rp, = 0.87 = 0.011m;

R;GC:F’{BE?%‘H&gsPJQE&”SU.’ protons
- s[[rgglleo_rpm_qst anéﬁyss
- minimal sensitivity to uncertain quantities

SR..2%10

R 1525 deleted
1 x10
0
1 %10
—11

2 %10
O
— 0.84 0.86 0.88 0.90

1S2S deleted I p(fm)
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ly bother withymuonic atom ?,,13 6 a\”
to improve measurement of/ | |

the Rydberg constant”

% finite size causes
annoying uncertainty of

J. Rydberg

a“MeC

4mh

Roo =

4 Jiy at Heaiid {;",&*}H Tf??* Al i sndted LA~
o 38 ity b Fildua af, Romprientene
Cj«f ,f”;f' I ”gf Mﬁ f'ﬁ.«f gt 4 ”MMWJ F/ﬁa%

fé.lrfl.’ if,"! fl—f:-{m Pt I-(-}fof'f‘b’-f!?t'!J ff'/:'f';"}'?"’af i’?’l-t‘!ﬂ il —
. i f.
AR .

wa £ ,*.ar;wf{f ‘fd‘{h 5’*/{% f”ff”‘?a‘é”ﬁm 'quantum
b! e+"'T, .H “.EF‘,‘ ._. rr!fl _._!'_’EL )}I}’f’f"'ﬂfﬂ" ﬂl!’,—fﬂ_{ iy
oAy defect
!'i“ﬂ ;.Fh’”"'*lﬁ ...i*.’..; / o ] '___ M |gn0red
r;. (th, H”} {f":.f"f‘.-:.}z J.f)y BOhr;
4 re-appears
W :'th; W . 4 ﬁﬂ?ﬂs: Taty wyn et , IN Dirac
it G .m,?ip ¢ Fint athalimGatlemalron spectrum



aII be correct
- ——another line

\ the 1S2S

degeneracy
-Lx1g" / : Ilne

-2.x 101

0.85 0.86 (.87 .58 (.89 0.90

Tp (fm

)
the “other” line shown is barely within 2

-sigma



roton size has previous been gquantified
relative to world’s smallest-ever sigma

REVIEWS OF MODERN PHYSICS, VOLUME 84, OCTOBER-DECEMBER 2012

CODATA recommended values of the fundamental physical
constants: 2010

Peter J. Mohr,T Barry N. Taylor,* and David B. Newell®
National Institute of Standards and Technology, Gaithersburg, Maryland 20893-8420, USA

(published 13 November 2012)

This paper gives the 2010 self-consistent set of values of the basic constants and conversion factors
of physics and chemistry recommended by the Committee on Data for Science and Technology
(CODATA) for international use. The 2010 adjustment takes into account the data considered
in the 2006 adjustment as well as the data that became available from 1 January 2007, after the
closing date of that adjustment, until 31 December 2010, the closing date of the new adjustment.
Further, it describes in detail the adjustment of the values of the constants, including the selection of
the final set of input data based on the results of least-squares analyses. The 2010 set replaces the
previously recommended 2006 CODATA set and may also be found on the World Wide Web at
physics.nist.gov/constants.

DOI: 10.1103/RevModPhys.B4.1527 PACS numbers: 06.20Jr, 12.20.—m

purpose is “to periodically provide the international scientific and
technological communities with an internationally accepted set of values of
the fundamental physical constants and closely related conversion factors
for use worldwide."



TABLI—' wrwrar Lo o SRS ¢ o QPSR | S L. [N S A L I L S,

PHYSICS, VOLUME 84, OCTOBER-DECEMBER 2012

cea REVIEWS OF MODERN

given

Efm‘l];"j CODATA recommended values of the fundamental physical
— constants: 2010’

Adjus

Rydbe Peter J. Mohr,' Barry N. Taylor,* and David B. Newell®

ggﬂﬁz National Institute of Standards and Technology, Gaithersburg, Maryland 20899-8420, USA

Additive correction to Ey(1S,,,)/h
Additive correction to Ey(2S,,)/h
Additive correction to Ey(3S, 2]}!1
Additive correction to Ey(4S,,,)/h

xolobatatio Al const%ﬂ%?

Additive correction to Ey(2P, )/
Additive correction to Ey(4P, ;b);'h
Additive correction to Ey(2P;/;)/h
Additive correction to Ey(4P3/;)/h
Additive correction to Ey(8Ds2)/h
Additive correction to Ey(12Ds5)/h

SeCTOr EETBZQS’E rele

Etﬁve correction tq Ey(8Ds )/ h i
o profor radius:ie

Additive correction to Ej,(2S, ;,)/
Additive correction to Ej(4S, ,)/h
Additive correction to Ep,(8S,,
Additive correction to Ep(8D%,)/h
Additive correction to Ep(#2Ds /2)/h
Additive correction to Epf(4Dss)/h
Additive correction to E,
Additive correction to E

28 ad

exggﬁ;mental input da

51—1(151;2)
5H(251;z)
01(38,/2) _
49 input data

rameters
81 (4P, ;2)
51—1(41:'3,-’2)
81(8D3/2)
d1(12D15)

vant

Bl Sﬂﬁ,z)

i
Sn(

8pl( 251;.,

gﬂ%@gt able constants
8p(8Ds )
8p(12Ds5)

Table XVIIl shows 5
recommended value of thé

rincipal input data for the determination

free parameters = # data+3

rg constant $R {\in M-

e 2010

However 25 of the 50 are theory parameters treated as adjustable constants
That makes one “additive correction” per energy level adjusted In fit

Actually, more than1l00 externally chosen parameters
are introduced to fit three (3) physical constants




Suppose the muonic data and theory

What si¥é 60eRGtronic theory error is
needed?

0.88

087

_— ]

{r‘p 0.86 : - |

(TM) g5 '

> 0.84 / lines=1S2S degener’a/E/yIine -

muonic _ for a given Rydberg offset ﬁ _
easurement _

/
Uag“fffffffffi ﬁfffffﬁfffﬁfffff fiﬁi:

~50000 40000 ~30000 ~20000 —umml 0
t EOTY

Algas” (Hz)



TABLE XVIIIl. Summary of principal input data for the determination of the 2010 recommended value of the Rydberg constant R...

Relative standard

Item No. Input datum Value uncertainty” Identification  Sec.

Al 5u(18, ) 0.0(2.5) kHz (7.5 x 10-13]  Theory IVA.LI
A2 5:(251 1) 0.00(31) kHz [38 X 10-3]  Theory IV.A.1I
A3l 84(38, 1) 0.000(91) kHz [2.5 X 10~13] Theory IVALL
Ad 8y(45,/,) 0.000(39) kHz [1.9 X 10713] Theory IV.AL
A5 8y (65,/2) 0.000(15) kHz [1.6 X 10713] Theory IV.AL
A6 54(85, ) 0.0000(63) kHz [1.2x 10-13]  Theory IV.A.1I
AT 81(2Py5) 0.000(28) kHz [3.5 X 10714] Theory IVA.1l
A8 8,1(4P, 1) 0.0000(38) kHz [1.9x10°14]  Theory IV.A.Ll
A9 814(2P35) 0.000(28) kHz [35x10°%¥]  Theory IVA.LI
Al0 8y (4P55) 0.0000(38) kHz [1.9 X 1074 Theory IV.ALI
All 8u(8D1/2) 0.000 00(44) kHz [8.5 X 10715] Theory IV.AL
Al2 81(12D;,) 0.00000(13) kHz [57% 10-15]  Theory IV.A.1I
Al3 841(4Ds ) 0.0000(35) kHz [1.7 X 1014] Theory IVA.11
Al4 8(6Ds ,) 0.0000(10) kHz [11x10-%]  Theory IVA.1
AlS 81(8Ds/2) 0.000 00(44) kHz [8.5 X 10~15] Theory IV.A.1l
Al6 31(12Ds 1) 0.00000(13) kHz [5.7 X 10715] Theory IV.AL
Al7 8p(18, ) 0.0(2.3) kHz [69x 10-13]  Theory IVA.LI
Al8 85(25,2) 0.00(29) kHz [35%10°3]  Theory IV.A.11
Al9 5p(4S, ) 0.000(36) kHz [17x10°13]  Theory IVA.LI
A20 8p(8S,/2) 0.0000(60) kHz [1.2 X 107 13] Theory IV.ALL
A21 8p(8D52) 0.000 00(44) kHz [8.5 X 10~15] Theory IV.A.1l
A22 dp(12D;5p,) 0.00000(13) kHz [5.6 X 10715] Theory IV.A.1
A23 8p(4Ds;;) 0.0000(35) kHz [1.7 X 107%4] Theory IVALIL
A24 5p(8Ds ) 0.000 00(44) kHz [85x 10-15]  Theory IV.A.1.I
A25 5p(12D; ) 0.00000(13) kHz [57%10-15]  Theory IVA.LI
A26 vyu(18;, — 28,5) 2466061413 187.080(34) kHz 1.4 x 10~14 MPQ-04 IV.A2
A27 vu(1Sy2 = 38,2) 2922743278 678(13) kHz 4.4 X 10712 LKB-10 IV.A2
A28 (282 — 88;52) 770649 350012.0(8.6) kHz 1.1 x 1071 LK/SY-97 IV.A.2
A29 v3(2S;/2 — 8Ds/2) 770 649 504 450.0(8.3) kHz 1.1 X 10~ LK/SY-97 IVA2
A30 v4(2S,,, — 8Ds/,) 770 649 561 584.2(6.4) kHz 8.3 X 10~12 LK/SY-97 IV.A2
A31 (28,2 = 12Dy,) 799 191 710472.7(9.4) kHz 1.2 x 10~1 LK/SY-98 IVA2
A2 (282 = 12Ds5) 799 191727 403.7(7.0) kHz 8.7 % 10714 LK/SY-98 IV.A2



One astonishing QED preaiction now

PRL 95, 163003 (2005)

explained
Jentschura, Kotochigova, LeBigot, Mohr, Taylor

week ending
PHYSICAL REVIEW LETTERS 14 OCTOBER 2005

TABLE 1. Transition frequencies in

hydrogen vy and in deuterium »p used in the 2002 CODATA least-squares adjustment of the

values of the fundamental constants and the calculated values. Hyperfine effects are not included in these values.

Experiment Frequency interval(s) Reported value v/kHz Calculated value v/kHz
Niering er al. [1] vu(l1S;, — 28:),) 2466061413 187.103(46) 2466061413 187.103(46)
Weitz et al. [2] vu(28,,, —48p) — 1 vu(1S,/, —28,)) 4797 338(10) 4797331.8(2.0)
vu(281/2 — 4Ds;;) — zva(1812 — 2512) 6490 144(24) 6490 129.9(1.7)
vp(2812 — 4812) — L1815 —281/2) 4 801 693(20) 4801710.2(2.0)
-« Mo — AN \_di-. f1¢ —ac ! s ANA QA17A 1Y £ ANA 021 &71 T

Otheory << 0

"~ the values of the constants... are correlated, particularly those for $R_{\infty}$
and $r {p}%... The uncertainty of the calculated value for the $1s-2s% frequency

In hydrogen Is increase

8D S exact agreement experiment v calculat

d by a factor of alrotsthG0O Kftstighadebreds tohs Tayeer

Okay. 500 x 46 Hz = 23000 Hz theory uncertainty

“However, one thing can be stated with certainty: the exact agreement of

those two ultra-precise 152S measurements with the QED calculations cannot

be considered as a confirmation of the QED theory, because it is the result of

the fitting of the fundamental constants based.am fieseriaad idnaidata Tables, 96, 586 (2010)




TABLE XXX. The 28 adjusted constants (variables) used in the
least-squares multivariate analysis of the Rydberg-constant data
given in Table XVIII. These adjusted constants appear as arguments
of the functions on the right-hand side of the observational equa-

tions of Table XXXL

Adjusted constant

Symbol

Rydberg constant
Bound-state proton rms charge radius

Bound-state deuteron rms charge radius

Additive correction to Ey(15,,)/h
Additive correction to Ey(28,,)/h
Additive correction to Ey(38,,)/h
Additive correction to Ey(4S,,,)/h
Additive correction to Ey(6S,,,)/h
Additive correction to Ey(8S, ,)/h
Additive correction to Ey(2P, ;,)/h
Additive correction to Ey(4P,,)/h
Additive correction to Ey(2P3/,)/h
Additive correction to Ey(4P3.,)/h
Additive correction to EH[BDyl)ffi
Additive correction to Ey(12D;5)/h
Additive correction to Ey(4Ds;)/h
Additive correction to Ey(6Ds/,)/h
Additive correction to Ey(8Ds;)/h
Additive correction to Ey(12Ds,,)/h
Additive correction to E(18S, ﬂs,f}:
Additive correction to Ep(25,,)/h
Additive correction to Ep(48,,)/h
Additive correction to Ep,(8S,,)/h
Additive correction to Ep(8D;)/h
Additive correction to Ep(12Ds/,)/h
Additive correction to Ep(4Dss;)/h
Additive correction to Ep(8Ds/2)/h
Additive correction to Ep(12Ds;2)/h

Re
p

rd
6y(1S,,)
61(28,,,)
6y(38, ;)
0y1(4S,/2)
01(6S,/2)
811(8S, 2)
811(2P)2)
8u(4P,/2)
6u(2P3/2)
6y(4Ps;s)
613(8D3/2)
6y(12D;5)
Oy(4Ds/2)
Sy (6D /2)
811(8Ds )
EH( 1 mﬁ EJ
pl( 151;33
6p(28) 1)
6(458,2)
6p(8S,,)
6p(8D;5)
op(12Ds/;)
Op(4Ds/2)
Op(8Ds;2)
6p(12Ds;,)
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