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UNPERTURBED ENERGY LEVELS:
EFFECTIVE DIRAC EQUATION

Effective-Dirac-equation approach
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UNPERTURBED ENERGY LEVELS:
EFFECTIVE DIRAC EQUATION

# |Designation Order Ref. |AFE [meV]
0.1 Rel (Za)*™m 0
0.2| Rel-Rec” (Za)*m? /M 0
0.3| BG* (Za)*(m/M)*m|  [31] 0.057 47
04| BP*' |(Za)*(m/M)*m|Table XII|—0.108 35
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LEVELS STRUCTURE

Experiment Level structure
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UNPERTURBED ENERGY LEVELS:
BRODSKY-PARSONS TERM

HFS mixing Level structure
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UNPERTURBED ENERGY LEVELS:
BRODSKY-PARSONS TERM

HFS mixing Level structure
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SPECIFIC QED FOR MUONIC

HYDROGEN

# Designation Order Ref. |AFE [meV]
1.1 eVP1 (NR)* |a(Za)*m 205.007 36
1.2|  eVP1 (Rel) o Za)*m 0.020 84
1.3|eVP1L (Rel-Ree)* |a(Za)* 2 | [25, 34] | —0.00208

2 eVP2 (NR)* |a*(Za)*m| [21,50] | 1.658 85
3 eVP3 (NR)* |a’(Za)*m| [51,52] | 0.00752

4 LbL*1 o®m  |Table 11| —0.000 89(2)
5 eVP+SE o (Za)*m| [53] | —0.00254

6 SE[eVP] o?(Za)*m| [26, 54] | —0.001 52
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SPECIFIC QED FOR MUONIC HYDROGEN

# Designation Order Ref. |AE [meV]

1.1 eVP1 (NR)* |a(Za)*m 205.007 36
1.2| eVP1 (Rel) |a(Za)'m 0.020 84
1.3/eVP1 (Rel-Rec)" |a(Za)* 2 | [25, 34] | —0.00208
2 eVP2 (NR)* |o*(Za)*m| [21,50] | 1.65885
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RE-SCALED HYDROGENIC THEORY

# |Designation Order AFE [meV]
7.1 |QED (Rad)* |a(Za)*m |—0.663 45
7.2 |QED (Rad) o(Za)’m | —0.00443
7.3.|QED (Rad-Rec)|a(Za)® 2= | 0.00019
8 |QED (Rec)* (Za)’m?/M|—0.044 97




PROTON-LINE QED

Infrared divergence in Finite corrections to
the radius the energy levels
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EXTERNAL-FIELD PROTON-SIZE

CONTRIBUTIONS
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# |Designation |Order Ref. AFE [meV]
Value Estimation
10 |PS (NR) (Za)'m ~5.1974 r;, - 3.7
11 (Za)®m |[65-67] |—0.0016 r2 — 0.000 04(r2)*|—0.0011
12 a(Za)'m|Eq. (15)|—0.0282 r; —0.020
13 a(Za)*m|[6] 0.0006 r 0.0005
14.1 (Za)>m  |[69] —0.0251(35) + 0.06244 2 | 0.019
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EXTERNAL-FIELD PROTON-SIZE
CONTRIBUTION: PROBLEM
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EXTERNAL-FIELD PROTON-SIZE
CONTRIBUTION: METHOD
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EXTERNAL-FIELD PROTON-SIZE

CONTRIBUTION: RESULTS

Order

# |Designation Ref. AFE [meV]

Value Estimation
10 |PS (NR) (Za)'m ~5.1974 r, - 3.7
11 |PS (Rel) (Za)®m |[65-67] [—0.0016 r; — 0.000 04(r3)* |—0.0011
12 |PS (eVP) o(Za)'m|Eq. (15)|—0.0282 r; —0.020
13 |PS (SE) oa(Za)*m| 6] 0.0006 r; 0.0005
14.1|PS (Fri) term |(Za)®>m  |[69] —0.0251(35) + 0.06244 r2 | 0.019




THE LAMB SHIFT IN MUONIC HYDROGEN:
CONSISTENCY PROBLEM
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THE LAMB SHIFT IN MUONIC HYDROGEN:
CONSISTENCY PROBLEM
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STRATEGY OF THE EVALUATION

Split the integral oo % 0o
I = f dg...=1_+1. = f dq... + f dq...
0 0 q

0

Low momentum

Z

00 dq 5
High momentum I3 = f g (GE(qz))
qo

1 1R?
— 4ok
3q, 3 4qo

PHYSICAL REVIEW C 83. 015203 (2011)

Realistic transverse images of the proton charge and magnetization densities

ton,” Gerald A. Miller,”” and X

Siddharth Venkat.'* John
irginia P i

::::::::::::::::

Minimization of the uncertainty

E

1 26Ge(q?)

¥ 3 Gp(gd)

(Gdip(Q(%))z

a/A




TWO-PHOTON EXCHANGE

Elastic Inelastic

A L X

Virtual Compton
amplitude

qié é?q 4 q\? ?/q + qié éTq + q\g %/‘q

Talk by Mike Birse



I

I

20
15
10

1. + Igp + Ivt + e

oo

d
K q—g{(2+ﬁ)fﬂfl+fﬂm} ,
dq

L e |

AT T

E1.ASTIC TPE: RECOIL & FINITE SIZE

S fer(m M%) |(Ge()” —1]
(@rla®)” — ()] o

dq

F M2 [GM(qz)GE(q2) —(1+ H:)] ,(21)

[
[
/,

PHYSICAL REVIEW A

VOLUME 53, NUMBER 4
Theory of the Lamb shift in muonic hydrogen
Krzysztof Pachucki*

Max-Planck-Insiiat fiir Quantenopiik, Hans-Kopfermann-Sirage 1, 85748 Garching, Germany
(Received 28 August 1995)

Proton Polarizability and Lamb Shift
in the Muonic Hydrogen Atom
A. P. Martynenko and R. N. Faustov!)

Samara State University, ul. Akad. Pavlova I, Samara, 443011 Russia

PHYSICAL REVIEW A 84, 020102(R) (2011)

Higher-order proton structure corrections to the Lamb shift in muonic hydrogen

Eur. P} Carl E. Carlson'? and Marc Vanderhaeghen®
Dot 10 'Helmholtz Institut Mainz, Johannes Gutenberg-Universitit, D-55099 Mainz, Germany
—l *Department of Physics, College of William and Mary, Williamsburg, Virginia 23187, USA

*Institut fiir Kernphysik, Johannes Gutenberg-Universitit, D-55099 Mainz, Germany

Proton polarisability contribution to the Lamb shift in muonic
hydrogen at fourth order in chiral perturbation theory

M.C. Birse® and J.A. McGovern

T'heoretical Physics Division, School of Physics and Astronomy, The University of Manchester, Manchester, M13 9PL, UK

o1/ 1aip

@
=)
wn

LI e o o e

0.04-



ErASsTIC TPE: RECOIL & FINITE SIZE

# |Designation AFE [meV]
Value Estimation

14.1|eTPE:Fri 0.062 r2 — 0.025(4) 0.019
14.2[eTPE:x*  [—0.00305 —0.003
14.3|eTPE:EF* | 0.00107 2 + 0.00136(4)| 0.002
14.4[eTPE:M1* | 0.00188(3) 0.002
14.5|eTPE:M2* [-0.000016 7> — 0.00090 |—0.0009
14 |eTPE 0.064 7> — 0.026(4) 0.019




PROTON POLARIZABILITY: SUBTRACTION
AND DISPERSION RELATIONS
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PROTON POLARIZABILITY: OTHER

CALCULATIONS
—e— a
e— Db
o c
—e— d
—o— e
° t
—o—' g
. ' h
5I - |1|0| B |1|5| - Izlol - Izlsl - |3|0| - |3|5| o Sl '

Talk by Mike Birse and Poster by Franziska Hagelstein




HADRONIC VACUUM POLARIZATION
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THEORETICAL SUMMARY

Proton-line QED

# AFE [meV] Ref.
Unperturbed quantum mechanics

0 —0.050 88 Table I

Specific QED

1 205.026 12 Table 11

2 1.658 85 Table 11

3 0.007 52 Table 11

4 —0.000 89(2) Table 11

5 —0.002 54 Table 11

6 —0.001 52 Table 11

Re-scaled QED
7 —0.66769 Table IV
8 —0.04497 Table IV

9 —0.01041 Eq. (12)
Proton-finite-size

10 |-5.1974 1 Table V

12 |—0.0282 7] Table V

13 0.0006 r; Table V

14 0.063 54 r2 — 0.0259(35) | Table VI
Proton polarizability

15 0.0088(21) Eq. (31)

Hadronic VP
16 0.0106(10) Eq. (35)
Total| 205.9067(42) — 5.16207;




THEORY VS. EXPERIMENT: PROTON
CHARGE RADIUS

AE(2p1 /5 — 281 /2) = [205.9067(42) — 5.1620 7] meV

AEL — AE(Q}M/Q — 28) — 2022622(23) meV

R, = 0.84025(55) fm
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/alue of the 1Ic radius o
be Ry 4@40 22(56))fm.




The results are obtained in cooperation
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