PHYSICAL REVIEW A, 66, 034501 (2002
Nuclear polarization in muonic 2°%Pb
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We calculate nuclear-polarization energy shifts in mucfif®b. We employ a relativistic field-theoretical
calculation and evaluate the ladder, cross, and seagull terms of the two-photon exchange diagrams in both the
Feynman and Coulomb gauges. Gauge independence is very well satisfied with the calculated nuclear-
polarization energies. Using these results, we analyze fine-structure splitting energies of fAtRinlrecause
of the presence of the persisting discrepancies between experiment and calculation. The present nuclear-
polarization energies explain about half of the anomaly inAfp fine-structure splitting energy, and only
one-fourth of the anomaly in th&3p fine-structure splitting energy.
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There is a long-standing problem of the muonic-atomrise to NP energies with different muon-spin dependence
A2p fine-structure splitting energies. This has arisen fromfrom those of the longitudinal interaction and one third of the
experimental nuclear polarizatiofNP) extracted from the ~A2p fine-structure splitting anomaly of muonf¢®b could
analysis of muonic®®®b [1]. The analysis is based on a be explained by the interference effect. _
model-independent nuclear charge distribution from an elas- The calculation of Ref.8] was based on the noncovariant
tic electron-scattering experiment. Muonic-atom binding en-Second-order perturbation theory in the Coulomb gauge. The
ergies are then calculated, including various kinds of QEDSUM OVer intermediate nuclear states was carried out explic-
correctiond 2]. After adjustment of all corrections other than Itly- The sum over intermediate muon states was carried out
NP, the difference between calculated and experimental bind™P/iCitly using knowledge of the exact muon Hamiltonian,

: Ce e : . which was equivalent to knowledge of the complete muon
ing energies is interpreted as an experimental NP correctiol. . : )
for each muonic level. The experimental NP energies for th spectrum(9]. With this method, however, the photon propa

muonic 2 levels of 2%5b were in disagreement with the %ator in the Coulomb gauge could not be properly taken into

ccount. There the retarded effect was estimated by assuming

theoretical calculation; the calculation predicted a larger NPf[ihat the energy of the photon propagator was always equal to

energy for 2y, than for 2p3,, while the experiment gave @ he excitation energy of the nuclear intermediate state. The
smaller NP energy for @, than for 2p5/,. The discrepancy transverse parts were neither projected out from the muon
in the A2p energies amounted to 350 eV. In order to clarify nor nuclear currentsl0]. Besides, nuclear-polarization cor-
this situation, x-ray measurements were carried out at Logections of only the ladder diagram of Fig. 1 were evaluated.
Alamos [3] and Paul Scherrer Instituet]. The measure-  The aim of the present paper is to calculate NP energies in
ments did not dissolve the discrepancy. On the contrary, ththe muonic?°®Pb by eliminating all deficiencies of the pre-
PSI group has further found the same kind of discrepanciegious calculation. We employ a relativistic field-theoretical
also in the muonic B levels of 2°®b[4], in the muonic »  treatment of NP calculation presented by Pluré¢ml., [11]
levels of °%zr [5], and in the muonic @ levels of Sn isotopes Plunien and Soff[12] Nefiodovet al, [13] and Hagaet al.
[6]. [14] utilizing the concept of effective photon propagators
Theoretical NP energies employed in the analysis werdvith nuclear-polar_ization insertions. The fqrmalism allows_ us
calculated with only the longitudinal paithe Coulomb pajt ~ to correctly take into account both positive- and negative-
of the electromagnetic interactidsee, e.g., Ref.7]). With ~ €nergy intermediate states of the muon. The random phase
this interaction, however, a larger NP energy is always preapproxmatmn(RPA) is used to _desc'rlbe nuclear transition
dicted for 20,,, than for 24, because the,,, wave func- currents. We evaluat(_e NP energies given by the ladder, cross,
tion is closer to the nucleus tharpz, and thereby has a and seagull graphs in Fig. 1Here, we regard the seagull

larger overlap with the transition Coulomb potential. Hence,graph as one of the nuclear-polarization diagramibe cal-

N ; Igulation is carried out in both the Feynman and Coulomb
it is impossible to reproduce the observed tendency of N o
energies gauges to see how much of the gauge dependence is in-

Realizing the fact that the transverse interaction was noYOIVed in the results.
negligible in the NP calculation because of the presence of
an interference term between the longitudinal and transverse
components of the electromagnetic interaction, we calculated
NP energies by taking into account the retarded transverse
part as well as the longitudinal part of the electromagnetic
interaction[8]. We found that the transverse interaction gave

Muon Nucleus Muon Nucleus Muon Nucleus
(@) () ©)
*Electronic address: haga@npl.kyy.nitech.ac.jp FIG. 1. Diagrams contributing to nuclear polarization in lowest
TElectronic address: horikawa@sakura.juntendo.ac.jp order;(a) ladder,(b) cross, andc) seagull diagrams.
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and cross diagrams is given by0,14 AESS=—

The nuclear-polarization energy shift due to the ladder
i(dma) J’ j

(2m)®
AENP:i(477a’)2J d4X1' : ‘d4X4E(X1)

dg’
X | — =D, w,9)D;(w,q")
X yFSP(X1,X2) ¥ (%) f (2m)® Puel PPl

XD, e(X1 Xa) I (X3,X4) D (Xg Xa). (D) S IR Didn( @i =

Here, ¢ is the muon wave functionS!' the external-field i wton—IiE; € mp
muon propagatorD . the photon propagator in either the
Coulomb or Feynman gauge, arﬂ“ is the nuclear-

polarization tensor which contains all mformatlon of nuclear
dynamics. In terms of transition charge-current densities og
j“ andJ§,, the muon and nuclear parts of Ed) are written

6

Here, m, is the proton masss*‘ the Kronecker delta ex-
tended to four dimensions with°°=0, andpy(x), is the
round-state charge distribution of the nucleus. The total NP
nergy shift is given by the suMEke+AE{+AERS. In
Egs.(4), (5), and(6), w integrations can be carried out ana-

as lytically as well as angular parts @f andq’. The formulas
Z(Xl) YFSP(Xq,X2) Y Ph(X5) for the Feynman and Coulomb gauges are given in Rdi.
Dirac muon wave functions are solved in a potential due
dE JEOXiid m(X2)iri to a finite charge distribution of®Pb, which is assumed to
= e BT Y - - @ be the two-parameter Fermi distribution withR
27  E—w +iE € P o
' m : =6.6477 fm anda=0.5234 fm. The nuclear excitations are
do . £(%a) 1 I&(Xa) 111 described by the RPA calculation. The RPA calculation we
Hﬁf(xg,x“):fﬁe olta=ta) ) pp—— employed is the same as those performed earlier in Refs.
N [8,14], i.e., the same harmonic-oscillator single-particle ba-
JE(Xa) 1 1 I&(Xa) i1 sis, the same particle-hole configu_ration of approximately a
- pPp— ) (3 full 32w space, and the same Migdal force parameters to

describe nuclear two-body interaction. Nuclear transition
where w,,=E;,—E; and oy=E, —E, are excitation ener- form factors are calculated by assuming the impulse charge-
gies of the muon and the nucleus, respectively. The suffixescurrent operators. In the present calculation, we take into
and i’ stand for the initial and intermediate states of theaccount the nuclear intermediate states with multipolarities
muon, whilel andl’ are those of the nucleus. 0",17,2", 37, 4%, 57, and I'. For muon intermediate
Performing the integral over the time variable and transstates, we consider the positive-energy states up to 250 MeV
ferring to the momentum representation, we obtain NP enincluding the bound states up tw<9 and the negative-

ergy shifts for the ladder and cross diagrams, energy states down te 250 MeV.
Our nuclear-polarization energies of muonté®b are
AEK= _|(47m)2J' f summarized in Table |. The first column denotes muonic
(2m)3 states. The entries in the second column indicate contribu-

tions to the NP energy from the ladder, cross, and seagull

f ' D..(.0)D,(0.q) diagrams. The third column shows NP energies in the Feyp—
(2m)3 pel @, PP pl@.q man gauge, while the fourth column shows NP energies in
the Coulomb gauge. The transverse contributions are in-
JEC= @i (g Jﬁ(q)”,\]a(—q’)l,l cluded in both columns. The fifth column shows Coulomb

E , 4 NP energies without the transverse contributibrereafter

o1 —iFE. ’ - + .
i oton—iEje @ onTle referred to as CNP The sixth and seventh columns show

results of the previous calculatig8], while the eighth col-
_|(47m)2f f e umn shows CNP energies calculated in R&{.
a

Comparison between the results with the Coulomb gauge
and those of the Feynman gauge shows that the gauge invari-

Xf (0,9)D,(0.q") ance of NE energy is very well satisfied and the gauge de-
(27 ) e v pendence is less than 0.5%. Table | also shows that trans-
verse contributions to NP energies are about 5% for the 1
JE(= Qi ()i ( q )n'JN(Q)|'| and &, states, 10% for the 2, and 34, states, and 1%
x> (5 for the 2ps, and P, States, respectively.

7 —iE., 7 w+oy—ie : 7T
: wton~iBie N Comparison of the present NP energies in the fourth col-

In the present calculation, the nucleus is treated as a nonimn with those in the sixth column shows that the approxi-
relativistic particle. In such a case, the sea¢8IB) diagram  mation of Ref[8] for the retarded interaction is good as far
has to be taken into account to obtain gauge-invarianas the magnitudes of the NP energy shifts of the levels are
nuclear-polarization energies. The energy correction due tooncerned, except for thesil, where it overestimates the
the seagull diagram is given g4—16, transverse effect by a factor of 2.
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TABLE I. Nuclear-polarization correctior@V) in muonic?%Pb. Energy shiftd E-, AEX, andAESCare
contributions of the ladder, cross, and seagull diagrams, respectively. The abbreviation CNP denotes the
unretarded results in the Coulomb gauge.

Preserft Preserft Preserit Ref.[8]Y Ref.[8]° Ref.[7]
States Contribution  FeynmdaiP) Coulomb(NP) CNP NP CNP CNP
1Sy, AE- —3783 — 4584 —4299 —4806 —4068 —3904
AEX —554 +174 +67
AES® —137 —-56
Total — 4474 — 4466 —4231
251 AE- —769 -904 -840 -918 -793 —728
AEX —-103 +26 +9
AES® -10 0
Total —882 —878 -831
2P0 AE- —1463 —1727 —-1876 —1731 —1855 —1642
AEX —226 +34 +17
AESC +4 +8
Total —1685 —1685 —1859
231 AE" —1427 —1674 -1697 -—1666 —1679 —1518
AEX —206 +30 +14
AESC -23 -12
Total —1656 —1656 —1683
3pi AE- —452 —524 —569 —515 —556
AEX -70 +9 +5
AES® -20 +13
Total —501 —502 —564
3p32 AE- —493 —563 —568 —550 —559 —534
AEX -61 +6 +7
AES® +1 +1
Total —554 —555 -561
304, AE- —201 —227 —255 -231 —253 -232
AEX -37 -5 +0
AESC +7 +2
Total —230 —230 —255
305 AE" —-13 -33 —47 -38 —49 -21
AEX -22 -1 +0
AESC +2 +1
Total -34 -33 —47

Nuclear-polarization energies in the Feynman gauge.

®Nuclear-polarization energies in the Coulomb gauge.

“The unretarded NP energies in the Coulomb gauge.

dNuclear-polarization energies in the Coulomb gauge. Retarded effects were estimated by assuming that the
energy of the photon propagator was equal to the excitation energy of the nuclear intermediate state. Nuclear-
polarization correction of only the ladder diagram in Fig. 1 was evaluated. The single-particle nuclear wave
functions were solved in a harmonic-oscillator shell model potential.

®Same as footnote d except for the unretarded NP energies.

The unretarded NP energies. Same as footnote e except for the single-particle nuclear wave functions in a
Woods-Saxon shell model potential.

Our results of CNP are different from those of our previ- We are now in a position to analyze td2p and A3p

ous calculation. The difference comes from the differentfine-structure splitting energies of muonf€®b using the
truncation of nuclear intermediate states, i.e., the intermediNP energies given above. Figure@?2and Zb) show how

ate states up to 40 MeV in the present, while those up to 3@nuch of the discrepancies are resolved by the present NP
MeV in Ref.[8]. Our results of CNP are also different from calculation. Shaded areas in these figures show the experi-
those of Ref.[7] by about 10%, though the particle-hole mentally allowable region of the NP corrections. White
space and the particle-hole energies in the RPA calculationircles display results of the CNP, while black circles show
are the same in both calculations. The difference may comeesults of the NP energies calculated with the full electro-
from different single-particle wave functions, i.e., the formermagnetic interaction. The transverse interaction gives 147
assumes harmonic-oscillator wave functions, while the latteand 56 eV shifts forA2p and A3p, which are compared
uses Woods-Saxon wave functions. Besides, renormalizedith 111 and 32 eV, respectively, of the previous calculation.
electromagnetic transition operators were used in the latterAs seen from Table I, the cross and seagull diagrams, which
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200 T 5 T T TABLE Il. Combined vacuum-polarization and nuclear-
o @) polarization correctiongeV) in muonic 2°%Pb.

: 5 me‘ State  Si»  2Syp 2P1z 2Pz 3Pz 3Pz 3dgp 3dsp
m W" AEypnp +1547 +298 +219 +153 +71 +53 +4 +2

-100

-200

NP2p,;s - NP2pg;, (€V)

5 5 energy for the %, and Z,,, states, and about 10% for the
o other states. The VP-NP effect on the fine-structure splitting
i "1 é i i energies is also shown in Figs(a2 and Zb) by black tri-
NP1s5 (keV) angles. Combined VP-NP has an effect of moving black
200 , , , circles to black triangles along the line parallel to the shaded
(b) : : area. The effect of VP-NP may be interpreted as to increase
the charge radius of a nucleus. The effect is unable to explain
0 o the A2p and A3p anomalies.
: : : The A2p anomaly might be attributed to a possible de-
generacy between the muonip 2evels and a 5.9 MeV 1
nuclear excitation, which is not yet observed. Precision line-
300 [T width and intensity measurements of the x rays may be help-
s S ful to see if the anomaly has its origin in a resonance process
1L ; : involving the nuclear levels. A part of the discrepancies may
0 2 4 6 8 10 12 come from the self-energy correction. In Rp4), they uti-
NP1s15 (keV) lized the rather uncertain values for the Bethe logarithm and
FIG. 2. Nuclear-polarization energy shifts of the muotac2p a a(Za)? term[2]. There, the former is given by the mean
and(b) 3p levels of *°Pb. The shaded area displays experimentally, 4| e of the upper and lower bounds of the Bethe-Negele
allowable NP energies from Rdi4]. Calculated Coulomb NP en- limits which are applicable only to thesmuon[18], while

ergies are given by white circles, while calculated NP energies ar?he latter is given by the formula of RefL8] which is di-

3|;?£Pbgngrlgiz|; circles. Black triangles are calculated NP plusvided by a factor of 2.

In summary, we have calculated NP energy shifts in
have not been taken into account previously, contribute famuonic 208pp ytilizing the concept of effective photon propa-
vorably to resolve the anomaly. The present calculation congators with nuclear-polarization insertions. The ladder, cross,
firms the previous conclusion that the transverse interactioand seagull terms of the two-photon exchange diagrams are
is important and should not be neglected in the NP calculagvaluated in both the Feynman and Coulomb gauges. Gauge
tion. However, there still remain large discrepancies betweeinvariance was very well satisfied with the calculated NP
calculation and experiment. energies.

In this regard, there are other kinds of QED corrections Using these results we have analyzed fine-structure split-
within the two-photon exchange processes, e.g., combineing energies of muonié®Pb because of the presence of the
vacuum-polarization and nuclear-polarization correctionpersisting discrepancies between experiment and calculation.
(VP-NP) [17]. We have calculated the energy shift of muonThe present nuclear-polarization energies could explain
bound states due to the combined VP-NP contribution along@bout half of the anomaly in th&2p fine-structure splitting
the lines with the method displayed in REL7]. In the cal-  energy, while only one-fourth of the anomaly in tRe3p
culation, we have employed RPA wave functions instead ofine-structure splitting energy. The VP-NP contribution could
the collective model. They are summarized in Table Il. Theneither solve the discrepancy, though the contribution was
energy shift is quite large and it is about 33% of the NPfound to be comparable with nuclear-polarization energy.
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