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Leading finite nuclear size

Atomic energy levels are shifted due to the finite nuclear size
@ E(Z ) is a function of the nuclear charge Z
@ expansion in a: Eg = Ef(f') + Ef(f) + Ef(se) +...

° Ef(s) = 27 ¢2(0) Zar2, where r2 = [ d®r r2 pg(r), itincludes complete
dependence on the nuclear mass through $¢2(0) = (1 Z a)3 /=

@ definition of the charge radius rg depend on the nuclear spin
2 o o
6H:—Ze(%c+%>V-E,where§o:0,61/2:1/8,61 —0...
@ overlap of rg with the so-called nuclear self-energy (important for muonic atoms)

@ what is the mass dependence of the higher order terms ?
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Elastic two-photon exchange

° Eg’) important for muon ic atoms

0 E&) = —242(0)(Za)2mrE, where r2 = [ dry [ dPrs p(ri) p(r) |7y — ol

@ This result is valid in the nonrecoil limit, thus what are the nuclear recoil
corrections?

o E®

Ok =~ ¢7(0)(Za)? [Z —27v—2In(mn)| 12, where
Jd®ri [ &Brap(Fy) p(Fa) [Ty — T2f? In(m|Fy — Fa]) = 2rg In(mry)
e itis significantly enhanced r2 versus r3

@ inclusion of the (electron-nucleus) Breit interaction leads to spurious terms that
are linearin rg
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Elastic three-photon exchange

In the infinite nuclear mass limit

Ef(rz)(nS) = 7(Za)6m3r(2:—[—737%+277|ng+\|l(n)+|n(mr(;22a)}

22 4,4
6 6 m rC m rCC 1 1
Eore) = @arm (TS TR ) S (1o ).
(6) — 6 .54 | 1
End(MPgj2) = (Za)’ m’rée 72— (1 _ ?>7

E®(nL)) = OforL>1,

fns
where réc = (r*) and the effective nuclear charge radii rg1 and rg, encode the
high-momentum contributions and are expectedto be of the order of r¢.

Recoil corrections ?
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Nonperturbative nuclear recoil correction

Exact nonperturbative formula (a’la Shabaev):

Erco = —— / dw (al[p) — D/(w)] G(w + Ea) [P/ — D/(w)]|a)
where
@ G(E) = [E — Hp(1 —ie)]~" is the Dirac-Coulomb Green function
o Di(w) = —4nZaa’ GL(w, ), and o are the Dirac matrices.
@ Photon propagator in the modified Coulomb gauge

, ._ ivi
Gl(w, F) = 61 D(w, ) +

[D(w.r) - D(0,r)]

2
8k = p(K2 — o2

D(w,r) = Ik gz K" =)
(2m)® w? — k2

@ The nuclear charge density is a function of an invariant p(l_(‘2 —w?)
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Numerical results for the finite size recoil
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where 5P = Ereery/[(m?/M)(Z )8 /x] and E®), ~ — 1 4(8) (Z ) 1,

recfs
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Nuclear structure effects in hyperfine splitting

° 5Enuc1 = 5(1)Enucl + 5(2) Enucl + ... where
8 E,q is the two-photon exchange correction of order (Z «) Ef,
5@ E, .. is the three-photon exchange correction of order (Z «)? EF,

Er = —5v2(0) /i fle
e s(NE, Enue = —2myZa rz EF where
rz is the Zemach radius defined by rz = [ d®ry [ d®r2 pm(r1) pe(r2) |Fi — 72

@ nuclear recoil correction

Za m3 7
5(1)Efns,reC EF?Mg{g |:771+|n(me2):|

[ + In(m rEM)} — g [7 — % + In(mrEz)}}
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O(a?) corrections to hfs

2
0 §®Eqng = §EF(MpZa)?| — 1 +2y —1In § +W(n) + In(mippZa) + 8
P
@ O(a?) recoil corrections are unknown

@ nonperturbative formula for the recoil correction to hfs has not yet been derived
(ongoing project)

@ the use elastic formfactors in description of hfs is very much approximate
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More accurate picture

5(1)Ehf> = ELow + E1nuc + Epol

Eipue = —

81 » 2(0) 2
3 mp+ms~<;gasaraz>

a . es6 L S, -
Erow = — ¥%(0)& Z a=b <4 Tab Tab X Pp + b [Fap (Tap - Gp) — 35p r2,)]
16 pors m, rab

Let us consider the special case of a spherically symmetric nucleus and neglect the
proton-neutron mass difference.

8 2(0 o\ =
EL()w:_iazL() ST (rap g8y s

3 Mn a—protons b

Much better description for hfs in uD
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Discrepancies in D hfs

@ the “experimental value” of the nuclear-structure correction in uD(2S) hfs
8 Enuet,exp = Enss(exp) — Engs(point) = 0.0966(73) meV

@ the numerical value of the Zemach correction with r; = 2.593(16) fm is
0Ezem = —0.1177(33) meV, opposite sign !

@ including the nuclear vector polarizability and
the inelastic three-photon exchange (10% effect)

8 Enucl theo = 0.028 3(86) meV
@ the difference
6Enucl,lheo - 5Enucl,exp =0.058 3(1 13)

@ Nuclear structure effects in hfs are not yet well known
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