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The Lamb shift

ors = 0qep + Ors(r%) + OTPE

The dominant nuclear structure corrections are given

by the two-photon exchange *C. E. Carlson et al. Phys. Rev. A 89, 022504 (2014).
J. J. Krauth, et al. Ann. of Phy. 366, 168 (2016).

=
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The physics problem
0rs = 0qep + Ors(r3) + OTpE

OQED ®  228.7766 (10) meV
OFS @ -6.1103(3) 72 meV/fm"2
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The physics problem
ors = 6qep + Ors () + OTpE

5QED @ 228.7766 (10) meV

5FS @ -6.1103(3) 5 meV/fm"2
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Experiment 1.7638 (68) meV
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The nuclear polarizability 1s a sum of many terms
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The nuclear polarizability 1s a sum of many terms
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® Corrections are ordered according to the power
of the expansion parameter n

N~ /7 <1

e Each correction is an integral over the response

0  [dw g(w)S,(w)
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Improving the uncertainty estimates

LO

NLO ,‘Xt{
~- — VNN

A
* >< N OTPE (cpu, N, TH20" k)

k‘ Q 1%
Locp = E cv | —
AX
v
Ekstrom et al., PRL (2013), JPG (2015), Carlsson et al., PRX (2016)



Improving the uncertainty estimates

LO

A
* >< N OTPE (cpu, N, TH20" k)

® Use N2LO potentials fit simulatenously to NN
and N data

NLO \, :‘Xt,:’{ 7 Statistical uncertainties: C'u
T — VNN

k‘ Q 1%
Locp = E cv | —
AX
v
Ekstrom et al., PRL (2013), JPG (2015), Carlsson et al., PRX (2016)



Improving the uncertainty estimates

LO

A
* >< N OTPE (cpu, N, TH20" k)

® Use N2LO potentials fit simulatenously to NN
and N data

NLO \, :‘Xt,:’{ 7 Statistical uncertainties: C'u
T — VNN

. e Mazx
Systematic uncertainties: A, TLab ,/C

k‘ Q 1%
Locp = E cv | —
AX
v
Ekstrom et al., PRL (2013), JPG (2015), Carlsson et al., PRX (2016)



Improving the uncertainty estimates

LO

A
* >< N OTPE (cpu, N, TH20" k)

® Use N2LO potentials fit simulatenously to NN
and N data
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Improving the uncertainty estimates

5A A TMCL{L’
— TPE (¢ A Trop”, k)
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® Use N2LO potentials fit simulatenously to NN
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Improving the uncertainty estimates

LO

A
* >< N OTPE (cu, N, THL97 k)

® Use N2LO potentials fit simulatenously to NN
and N data
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Statistical uncertainties

® Propagate uncertainty using standard

A(c,, A, TMaz [ )
(Cus Ay Trop™ s ) techniques

A

A = dépg

9ca A .
ey Cov(A, B) = J4Cov(c,)J 5

OA,stat — \/COV(Aa A)




Statistical uncertainties
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Statistical uncertainties

].. Statistical uncert. C'u

Correction % Uncert.

%; Statistical 0.06
N2LOsim ¢$-¢ A=600
—1.68275% 158 191 224 257 290

1 [MeV]



Sytematic Tlab uncertainties

= Systematic Tlab uncert.

= Correction % Uncert.
| Statistical 0.06
i = 600
—1.682 .NZLOSIm. . . i $ 4 ‘ Tlab Sys. 0.2
' 125 158 191 224 257 290

1 [MeV]



Chiral truncation uncertainties

ko 7oV R -
ﬁQCDsz:Cy (A_x) = {----1 <+ ¢\\"/‘r /,‘:«' . o
LO NLO
e Expand observable in the same Chiral EFT pattern,
k+1
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Chiral truncation uncertainties

ko o\ . .
tacn=3e0(2) = fd X w FIN [
v --
LO NLO
e Expand observable in the same Chiral EFT pattern,
N*LO S v H
AVE) = 403 A0 Q=mas{ .7}

e Truncation uncertainty can then be calculated according to Correction % Uncert.

Ugiiso (p) |A0 Qk+1’3k+1| Chiral Trunc. 0.4

Ugsgljso( ) — AOQk+2 ma’x{|ﬁ0|v Y5 |ﬁk+1|} 10



Additional uncertainties

Two body currents + relativistic corr.

—
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Correction % Uncert.
MEC 0.15
Rel. Corr. 0.05
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Additional uncertainties

Two body currents + relativistic corr.

T T —
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Seagull Pion-in-flight

Single Nucleon Physics
1 - 1
. OTpE
—— &

* C. E. Carlson et al. Phys. Rev. A 89, 022504 (2014).
J. J. Krauth, et al. Ann. of Phy. 366, 168 (2016).

Correction % Uncert.

Rel. Corr.

Nucleon*



Additional uncertainties

Two body currents + relativistic corr.

T T —
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Single Nucleon Physics
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Atomic Physics uncert.
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* C. E. Carlson et al. Phys. Rev. A 89, 022504 (2014).
J. J. Krauth, et al. Ann. of Phy. 366, 168 (2016).

Correction % Uncert.
MEC 0.15
Rel. Corr. 0.05
Nucleon* 0.6
Atomic 1.0
Phys.
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Final uncertainty budget

Nuclear Phys
(Syst.)

Nuclear Phys
(Stat.)

Eta-Exp

Single-
nucleon

Atomic
Physics

Total uncert.

0 0.005

0.01

+0.0102

0.015
meV

0.02

+0.22

0.025
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Uncertainty comparisons

drpp [MeV]
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Uncertainty 1in other muonic atoms

pu?H p*H puHe™ piHe™
61‘;101 623:11 (s'i'iPE 6;‘;101 5éem 5"?1:’13 5;;401 5éem J#PE 5;101 62@111 6’??13
Numerical 0.0 0.0 0.0 0.1 0.0 0.1 04 01 0.1 04 03 04
Nuclear model| 0.3 0.5 04 13 24 Ui 18 b 39 46 44
ISB 0.2 0.2 0.2 0.7 0.2 05b 8. D2 VIS 22 05 05
Nucleon size 0.3 08 0.0 06 09 0.2 12 13 9 2.7 20 12
Relativistic 0.0 - 0.0 0.1 - 0.1 04 - 0.1 0.1 - 0.0
Coulomb 04 - 0.3 0.5 - 0.3 30 - 0.9 04 - 0.1
7-expansion 04 - 0.3 1.3 - 0.9 ; 1 S 0.3 0.8 - 0.2
Higher Za 0.7 - 0.5 0.7 - 0.5 1.5 - 0.4 1.0 - 0.4
Total 1.0 09 08 23 22 20 4.2 22 21 55 5.1 46

[Chen et al, JPG 45, 093002, 2018.]
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Uncertainty 1in other muonic atoms

pu?H p*H pHe™ piHe™

5{?01 0gem OTPE 5;‘01 Ogem OTPE 5{;401 0gem OTPE 5}?01 0gem OTPE
Numerical 0.0 0.0 0.0 0.1 0.0 0.1 04 01 0.1 04 03 04
Nuclear model| 0.3 0.5 04 13 24 by {57 O U s T 39 46 44
ISB 0.2 0.2 0.2 07 0.2 9056 8, B2 VLS 22 05 05
Nucleon size 0.3 08 0.0 06 09 0.2 12 13 'S 21 20 212
Relativistic 0.0 - 0.0 0.1 - 0.1 0.4 - 0.1 0.1 - 0.0
Coulomb 0.4 - 0.3 0.5 - 0.3 3.0 - 0.9 0.4 - 0.1
| 7-expansion 0.4 - 0.3 1.3 - 0.9 1.1 - 0.3 0.8 - 0.2
Higher Za 0.7 - 0.5 0.7 - 0.5 1.5 - 0.4 1.5 - 0.4
Total 1.0 0.9 0.8 23 22 29 4.2 2% 21 595 5.1 4.6

§aog = 6@ + 60 453 4. ..

e m-expansion uncertainty estimates are quite large in A=3 systems.

e Can we confirm this estimate using Bayesian methods?
[Chen et al, JPG 45, 093002, 2018]
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Estimating the natural scale parameter

® (Can we i1dentify the scale parameter of our expansion
(n) and unknown coefficients ?

0o = 6O 4+ 60 + 53 4. ..
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Estimating the natural scale parameter

® (Can we i1dentify the scale parameter of our expansion
(n) and unknown coefficients ?

0o = 6O 4+ 60 + 53 4. ..
=cCcy)t+cin+ czn2+. ..
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Estimating the natural scale parameter

® (Can we i1dentify the scale parameter of our expansion
(n) and unknown coefficients ?

A _ 50 1 2
§op = 60 + 61 + 53 4 .
=cCcy)t+cin+ 62772—|—. ..
® Bayesian parameter estimation problem

P(n|D,I) « [déP(D|é,n, I)P(calcn1,--.,co,m, ). .. P(co|n, I)P(n|I).

: :

e~ X independent 15



MCMC Sampling

Y. = (0.34291°

3H

Co = —0.78*99

— +0.25
) = 0.54%025

- +0.11
Cyr = —0.19_0_24

y = 1.04312

i

_lco = —6.56+39

3He

c1 = —0.40+88¢

i




Preliminary estimates

“H

3H

SHe

iHe

-1.91 2001
0.7015.18

-0.14%55

o3l
-0.78 5 01
054702

-0.19%52,

-6.96 501
040700

07543

0:847 228
456700
0:921 %1

0.13%5 54

Physics based estimates

n

0.107

0.109

0.109

0.110
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Outlook

Results:

Experimental vs theory difference improved by
thorough analysis of nuclear TPE uncertainty.

® Uncertainty in TPE cannot solve the 5.6 ¢ discrepancy.
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Outlook

Results: _ _ _
Experimental vs theory difference improved by

thorough analysis of nuclear TPE uncertainty.

® Uncertainty in TPE cannot solve the 5.6 ¢ discrepancy.

Uncertainty Analysis:

e Use bayesian methods to combine statistical and chiral EFT
truncation uncertainty

e Complete Bayesian n-expansion uncertainty analysis

e Reduce atomic physics uncert. O(a®)
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