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Fig. 1. Two-photon exchange diagrams in lepton-nucleus systems. The diagrams from left to right are respectively the box, cross

and seagull diagrams. Wiggled, thin-straight, thick-straight lines and ellipse represent respectively the photon, lepton, nuclear

ground state and nuclear excited states.
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Table 1.  Theoretical prediction and uncertainty of dtpg in various muonic atoms (in unit of meV). The results are decom-

posed into elastic, polarizability, and single-nucleon parts. Data collected from Ref. [51].

oy 5511 54 56?,1 OTPE
u2H -0.030(02) -0.020(10) -0.423(04) ~1.245(13) ~1.718(17)
W3H 0.033(02) 0.031(17) -0.227(06) -0.480(11) ~0.771(22)
WPHet ~0.52(03) -0.25(13) -10.49(23) ~4.23(18) ~15.49(33)
wiHet 0.54(03) 0.34(20) 6.14(31) ~2.35(13) -9.37(44)
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BRIEIE S5 19 TPE B0 45 5 5 % N Bree moa(2H) =
64kHz, 5 Vexp — VQED FH 2= 43%. Kalinowski 4 [70]
W T ARG ALEIEY R T Low-term A, I
T8 28 &9 TPE 03, 1581/ HE 45
R Erpe(p?H) = 0.0383(86) meV , {15 vexp(W2H)—
voep (W2H) = 0.0966(73) meV A 40%08. H T X —

HEGIA T FEF UL RER R RTT, TR 7354
P T WA B R R RE TTER, JF 325 Low-
term TTRRAY AR, 1S SR A R 22 5.

FIRT o /v FH 8358 #% 11, TPE #4544
RN eH 5 w2H  HFS BB IE, 40 R 1 45 4
SR ST SRR AL TTR. BT TPE R0 A9 BTk
Al LK 5 PR TPE #0077 28
e eR Y LB OC BRI AL MR 2 H 5 w?H A STR.
2 D45 T H FpH o s A A T
TPE 00 Je HEE R 22, -5 I i (A H AR 38
BT T . BB TR E FEORIE T X n A
R0 BRAS A U U AUk B BB B9 i B 18 IE 1522 )
BT R AR 5 S 80R 2 T ORI
FRBUARF TPE OV A LS R 22 | DLy =k
TR B IE IR 2E (Ag,) 10 X T e B0 55 o
THEAY2H 1S HFS HiY TPE Ti#ikh 41.7(4.4) kHz.
XA HEFS (525650 {5 QED BHg Wil {5 22 [|]
255 Vexp — voep TE Lo NAFE. TRINEYu2H 2S HFS
Hif) TPE 58k~ 0.117(13) meV, # H 5256-QED
25 17%, (578 1.30 JGEINFS .

5 #

ARG RALRD) T TPE 208043 5
HH TR LB T WS HES IR RS
MELR R A ik Ji. ¥R T F A% 4% [ AH BAE
A, Jf 454 LS J7 2 . EIHH & 1 2K 05 Al
Lanczos >R FIFHLIN B, X TPE % £ — FR 5 5

F£ 2 BRI TPE 0% 5 2H S5u2H H HES MBI, Bk 5T S0k [29]

Table 2.  The single-proton, single-neutron, nuclear elastic, and nuclear-polarizability TPE contributions to HFS in ?H and pH.

Data from Ref. [29].

°H (18)/kHz

u?H (1S)/meV w?H (2S)/meV

Eq -42.1(2.1) ~0.984(46) -0.123(6)
Epol 109.8(4.5) 2.86(12) 0.358(14)
Euuet = Eel + Epol 67.7(4.2) 1.878(88) 0.235(11)
Byl ~35.54(8) ~1.018(2) -0.1272(2)
Ep, ™ 9.6(1.0) 0.079(32) 0.010(4)
Asy +0.49 +0.052 +0.0065
Erpp 41.7(4.4) 0.94(11) 0.117(13)
Ref. [64,65] 43
Ref. [26,69] mod 64.5
Ref. [70] 0.304(68) 0.0383(86)
Vexp — VQED 09 45.2 0.0966(73)

e “mod” X JFSCHRE IE A% F R M S AR 0NT ; TPEAN FEpn?HIY 1S A28 A AH 22845
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SPECIAL TOPIC—Precision spectroscopy of few-electron atoms and molecules

Nuclear structure effects to atomic Lamb
shift and hyperfine splitting”
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Abstract

The development of precision atomic spectroscopy experiments and theoretical advancements plays a
crucial role in measuring fundamental physical constants and testing quantum electrodynamics (QED) theories.
It also provides a significant platform for studying the internal structure of atomic nuclei and developing high-
precision nuclear structure theories. Nuclear structure effects such as charge distribution, magnetic moment
distribution, and nuclear polarizability have been accurately determined in many atomic spectroscopy
experiments, significantly enhancing the precision of nuclear structure detection.

This paper systematically reviews the theoretical research and developments on the corrections of two-
photon exchange (TPE) effects on the Lamb shift and hyperfine structure (HFS) in light ordinary and muonic
atoms. Advanced nuclear force models and ab initio methods are employed to analyze the TPE nuclear
structure corrections to the Lamb shift in a series of light muonic atoms. The paper compares the calculation of
TPE effects from various nuclear models and evaluates the model dependencies and theoretical uncertainties of
TPE effect predictions.

Furthermore, the paper discusses the significant impact of TPE theory on explaining the discrepancies
between experimental measurements and QED theoretical predictions in atomic hyperfine structures, resolving
the accuracy difficulties in traditional theories. Detailed analyses of TPE effects on HFS in electronic and
muonic deuterium using pionless effective field theory show good agreement with experimental measurements,
validating the accuracy of theoretical predictions.

The theoretical studies of TPE effects in light atoms are instrumental for determining nuclear charge radii
and Zemach radii from spectroscopy measurements. These results not only enhance the understanding of
nuclear structure and nuclear interactions but also offer crucial theoretical guidance for future experiments,
thereby advancing the understanding of the proton radius puzzle and related studies.

Keywords: two-photon exchange, nuclear ab initio method, Lamb shift, hyperfine splitting
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