THEORY OF THE LAMB
SHIFT IN MUONIC
HYDROGEN

Savely Karshenboim

anck-Institut fiir Quantenoptik (Garching)

Pu‘) Observatory ( ) (St. Petersburg) 4
1 - :

MAX-P K-INSTITUTE

OF QUANTUM OPTICS
GARCHING




OUTLINE

Level structure

QED

Unperturbed energy
levels

Specific QED
Re-scaled QED

Proton-line QED

Hadronic vacuum
polarization

Proton structure

Leading term
External field
Two-photon exchange
Recoil proton-size
Proton polarizability

Comparison of theory and experiment

Proton radius



OUTLINE

Level structure

Michael I. Eides Howard Grotch Valery A. Shelyuto

Pt T

PHYSICAL REVIEW A VOLUME 53, NUMBER. 4

Theory of the Lamb shift in muonic hydrogen

Krzysztof Pachucki® . y .
Max-Planck-Institut fiir Quantenoptik, Hans-Kopfermann-Strafe 1, 85748 Garching, Germany I 1 ght Hydro g enlc

(Received 28 August 1995)

Specific QED R¢ Bound States
Re-scaled QED g | —

Annals of Physics 326 (2011) 500-515 X
Annals of Physics 331(2013) 127-145

Contents lists available at ScienceDirect . . ; . ’
COI . Contents lists available at SciVerse ScienceDirect

i Annals of Physics 327 (2012) 733-763 .
Annals of Physiq e Annals of Physics

Contents lists available at SciVerse ScienceDirect

journal homepage: www.elsevier.cqd - i o .
3 journal homepage: www.elsevier.com/locate/aop

Annals of Physics

Lamb shift in muonic hydrogen—I. Veri ol homepage: W SeMSEEOmIBSE iR 1, s of the 25-2P Lamb shift and 25 hyperfine @CMM

of theoretical predictions o 0 .

splitting in muonic hydrogen
U.D. Jentschura* . . . o o )
Department of Physics, Missouri University of Science and Technology, Rolla, Missou| Lamb Shlft ln llght mUOnlc atoms - ReVlSltec AldO Al’ltOgl‘lll‘ll a'*’ F[’al'lZ KOttl’l’lal’ll’la, Fran(;ms Blrabenb, Pau' lndellcato b'

National Institute of Standards and Technology, Gaithersburg, Maryland, MD 20899, Fran(;ois Nez h, Ral‘ldolf Poh] "
E. Borie*

# Institute for Particle Physics, ETH Zurich, 8093 Zurich, Switzerland
b I aboratoire Kastler Brossel, Fcole Normale Supérieure, CNRS and Université P. et M. Curie, 75252 Paris, CEDEX 05, France
© Max-Planck-Institut fiir Quantenoptik, 85748 Garching, Germany

Karlsruhe Institute of Technology, Institut fiir Hochleistungsimpuls and Mikrowellentechnik (IHM),
D-76344 Eggenstein-Leopoldshafen, Germany




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* (Zo)*(m/M)*m|  [31] 0.057 47
04| BP*" |(Za)*(m/M)*m|Table XI11|—0.108 35
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EFFECTIVE DIRAC EQUATION
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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) |a(Za)'m 0.020 84
1.3/eVP1 (Rel-Rec)” oz(Zoz)4mT; 25, 34] | —0.002 08

2 eVP2 (NR)* |o*(Za)*m| [21,50] | 1.65885
3 eVP3 (NR)* |o?(Za)?*m| [51,52] | 0.00752

4 LbL*1 a®m  |Table III| —0.00089(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
* 4 m2 r 7

1.3[eVP1 (Rel-Rec)™ [a(Za)™ 57| [25, 34] | —0.002 08

2 eVP2 (NR)* |a*(Za)*m| [21,50] | 1.65885

3 eVP3 (NR)* |a’(Za)*m| [51,52] |  0.00752
4 LbL*T o®m  |Table I11| —0.000 89(2)
5 eVP+SE o (Za)*m| [53] | —0.00254

6 SE[eVP] o (Za)*m| [26, 54] | —0.001 52




RE-SCALED HYDROGENIC
THEORY

# |Designation Order AFE [meV]|

7.1 |QED (Rad)” o(Za)*m  |—-0.663 45
7.2 |QED (Rad) o(Za)’m | —0.00443
7.3.|QED (Rad-Rec)|a(Za)®

8 |QED (Rec)* (Za)’m

0.000 19

/M|—0.044 97




PROTON-LINE QED
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EXTERNAL-FIELD PROTON-
SIZE CONTRIBUTIONS

o — H—T | L
o : | |
e Q : fQ 1 l
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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 72 — 0.000 04(r2)*|—0.0011
12 a(Za) ' m|Eq. (15)|—0.0282 r; —0.020
13 a(Za)*m|[6] 0.0006 7 0.0005
14.1 (Za)®m |[69] —0.0251(35) +0.06244 > | 0.019
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RESULTS

Order

# |Designation Ref. AE [meV]

Value Estimation
10 |PS (NR) (Za)'m ~5.1974 1, - 3.7
11 |PS (Rel) (Za)®m |[65-67] |[—0.0016 r; — 0.000 04(12)° |—0.0011
12 |PS (eVP) a(Za)'m|Eq. (15){—0.0282 r; —0.020
13 |PS (SE) a(Za)*m|[6] 0.0006 7 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
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THE LAMB SHIFT IN MUONIC
HYDROGEN: CONSISTENCY

PROBLEM
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STRATEGY OF THE EVALUATION
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ELASTIC 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 72 — 0.00090 |—0.0009
14 |eTPE 0.064 7> — 0.026(4) 0.019
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PROTON POLARIZABILITY: SUBTRACTION
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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 —0.667 69 Table IV
8 —0.044 97 Table TV

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

10 —-5.1974 rf, 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) — 5.1620 7




THEORY VS. EXPERIMENT:
PROTON CHARGE RADIUS

AE(2p1 /5 — 2s1/2) = [205.9067(42) — 5.1620 ] meV

AEL = AE(2py /s — 25) = 202.2622(23) meV

R, = 0.84025(55) fm
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Proton Structure from the
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THEORY VS. EXPERIMENT:
PROTON CHARGE RADIUS

AE(2p1 /5 — 2s12) = [205.9067(42) — 5.1620 ;] meV

AEL = AE(2py /s — 25) = 202.2622(23) meV

R, = 0.84025(55) fm

EW D 90, 053

Self-consistent value of the electric radius of the proton from the Lamb shift
in muonic hydrogen
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The results are obtained in cooperation with
Vladimir Ivanov (Pulkovo Obs)
Evgeny Korzinin (VNIIM)
Valery Shelyuto (VNIIM)
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