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Ground-state hyperfine structure of light muon-electron ions
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The ground-state hyperfine splitting of light muon-electron ions of lithium, beryllium, boron, and helium
is calculated on the basis of analytical perturbation theory in terms of small parameters of the fine-structure
constant and electron-muon mass ratio. The corrections of vacuum polarization, nuclear structure, and recoil
effects and electron vertex corrections are taken into account. The dependence of the corrections on the nucleus
charge Z is studied. The obtained total values of hyperfine splitting intervals can be used for comparison with

future experimental data.
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I. INTRODUCTION

The precision investigation of fine and hyperfine structures
of the simplest atoms, gyromagnetic factors of bound leptons,
as well as the particle bound states production and decay
processes makes it possible to test quantum electrodynamics
(QED) and the relativistic theory of bound states. The preci-
sion of muonic physics has become especially actualized since
2010, when the first experimental results of low-lying energy
level measurements in muonic hydrogen were obtained by the
CREMA (charge radius experiments with muonic atoms) col-
laboration. A decade of active work of this collaboration has
brought interesting and unexpected results, related primarily
to determining more accurate values of the charge radii of
light nuclei (proton, deuteron, helion, alpha particle) [1-5]:

rp = 084 087(26)exp(29)theor fma
rg = 2.12718(13)exp (89 ineor fm,

To = 1.67 824(13)exp (82)theor Tm. (1)

As a result of the first experiments of the CREMA col-
laboration in 2010, the value of proton charge radius r, =
0.84 184(67) fm was obtained. It was 10 times more accurate
than all previous values from experiments based on elec-
tronic systems. Moreover, it was essentially smaller than the
CODATA recommended value r, = 0.8768(69) fm [6]. The
difference between these values was named the “proton ra-
dius puzzle.” The measurements of energy levels with muonic
hydrogen have shown that there is significant discrepancy
in the values of proton and deuteron charge radii, emerging
from experiments with electronic and muonic atoms. New
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problems of studying the fine and hyperfine structures of
the energy spectrum are related to muonic ions of lithium,
beryllium, etc. [7].

The CREMA experiments caused a series of new ex-
perimental studies of that problem. During 2017-2019,
different experimental results were obtained, both with elec-
tron and muon systems, which made it possible to refine
the value of the proton charge radius. The transition fre-
quency (2S —4P) in electronic hydrogen was measured in
Ref. [8]: Avog_4p = 616520931 626.8(2.3) kHz, and the ex-
tracted value of the proton charge radius r, = 0.8335(95) fm
was found to be in agreement with the CREMA result. An-
other experimental investigation of the proton radius puzzle,
PRad (E12-11-1062), was planned in 2011 and successfully
carried out in 2016 at the Thomas Jefferson National Ac-
celerator Facility. The PRad experiment was based on the
study of electron beams with energy 1.1 and 2.2 GeV. In
that experiment, the cross section of the electron-photon (e-
p) elastic scattering at unprecedentedly low values of the
square of the transferred momentum was measured up to
a percentage. The obtained value of the proton charge ra-
dius was r, = 0.831 £ 0.007(stat) 4= 0.012(syst) fm [9]. It
is less than the average of r, from previous elastic e-p
scattering experiments, but agrees with the spectroscopic
results for the muonic hydrogen atom within experimental
uncertainties. A new measurement of the electronic hydro-
gen Lamb shift (n = 2) was made in Ref. [10]. The result
is AE™ =909.8717(32) MHz. The value of the proton
charge radius from this experiment, r, = 0.833(10), agrees
with the spectroscopic data for muonic atoms. It should
be noted that in another experiment [11], a new measure-
ment of the two-photon transition frequency (1S — 3S) was
measured with relative uncertainty 9 x 10713 Avjg_35 =
2922743278 671.0(4.9) kHz. The value of the proton charge
radius from this experiment, r, = 0.877(13) fm, is in good
agreement with the recommended CODATA value. To solve
the proton charge radius problem, the PSI MUSE collabo-
ration is planning an experiment to simultaneously measure
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the cross sections for electron and muon scattering by
protons [12]. This experiment will make it possible to de-
termine the charge radii of the proton independently in
the two reactions and test the lepton universality with an
accuracy of an order of magnitude better than previous
scattering experiments. At the J-PARC [Muon Science Fa-
cility (MUSE)] research center, the MuSEUM collaboration
(Japan) plans an order of magnitude more accurate mea-
surement of the hyperfine structure of the muonium ground
state [13]. Another experiment of the MU-MASS at PSI
(Switzerland) aims to measure the (1S — 2§) transition fre-
quency in muonium with an accuracy of 10 kHz (4 ppt)
[14]. New plans for precision microwave spectroscopy of
the J-PARC MUSE collaboration [15] involve measuring the
hyperfine structure (HFS) of the ground state of muonic
helium with an accuracy that is two orders of magnitude
better than the previous experiments of the 1980s. The FAMU
(Fisica degli Atomi Muonici) collaboration plans to mea-
sure the hyperfine structure of the ground state of muonic
hydrogen with an accuracy of several ppm [16], and the
CREMA [17] collaboration with an accuracy of 1 ppm,
using pulsed laser spectroscopy methods. A fundamental ex-
periment related to muon physics is the Fermilab (USA)
experiment to measure the muon anomalous magnetic mo-
ment [18], which recently confirmed that there is a difference
of 4.2 standard deviations between the experimental and the-
oretical values of the muon anomalous magnetic moment,
which can be an indication of the New Physics beyond the
Standard Model. Another project with the same goal, but
delivered according to a completely different methodology, is
planned to be carried out at J-PARC (Japan) [19]. All these
experiments, already carried out and planned for the near
future, convincingly show that muonic physics, the physics
of two-particle and three-particle muonic systems, is cur-
rently an urgent problem that requires appropriate theoretical
studies and calculations of observable quantities with high
accuracy.

In the theoretical study of the energy levels of three-particle
electron-muon-nucleus systems, two methods are usually
used. One of them is the variational method, which allows
one to find wave functions and energies with very high accu-
racy [20-28] (see other references in the review paper [27]).
Basically, theoretical studies were focused on muon-electron
helium since measurements of the hyperfine structure of the
ground state were performed for it [29,30],

AV (1e3He) = 4166.3(2) MHz,

exp

AVID (1élHe) = 4465.004(29) MHz. (2)

An analytical approach for calculating the energy levels of
such three-particle systems was formulated in Refs. [31,32]
and applied to calculate the hyperfine structure of the spec-
trum and the electronic Lamb shift in Refs. [33-38]. It is
based on the use of the perturbation theory (PT) method with
respect to two small parameters: the fine-structure constant «
and the electron-muon mass ratio. This approach has certain
advantages like any other analytical method. They consist in
the fact that the contributions to a certain energy interval are
obtained in the form of analytical expressions, which allows
better control over the accuracy of the calculations and use

of them for different bound states. In order to achieve high
calculation accuracy, it is necessary to calculate numerous
corrections in higher orders of perturbation theory.

In our previous paper [38], we calculated the electron
Lamb shift (2P — 2S) and the energy interval (25 — 1S) us-
ing the analytical method in muon-electron ions of lithium,
beryllium, and boron. We showed that the total value of the
electronic Lamb shift strongly depends on the charge of the
nucleus, so that in the transition from the lithium nucleus to
the boron nucleus the magnitude of the shift undergoes a sharp
decrease in the case of the beryllium nucleus. In this paper, we
continue to study [38] the energy levels of muon-electron ions
of lithium, beryllium, and boron in the hyperfine part of the
energy spectrum.

II. METHOD FOR CALCULATING BASIC
CONTRIBUTIONS TO HFS

The Coulomb interaction in three-particle muon-electronic
ions of lithium, beryllium, and boron leads to the formation of
bound states The main features of such three-particle systems
are as follows:

(1) The lifetime of such systems is determined by the muon
lifetime 7, = 2.19698 11(22) x 107% s. From the classical
point of view, during this time, the muon manages to make
about 10'? rotations around the nucleus.

(2) The particle masses satisfy the inequality m, < m, <
M, where m, is the electron mass, m,, is the muon mass, and
M is the nucleus mass. This leads to the fact that the muon
is about 200 times closer to the nucleus than an electron.
We can assume that the electron moves in the field of the
quasinucleus, which is formed by the muon and the nucleus.

(3) The hyperfine structure of the energy spectrum in the
ground state arises from the interaction of particle spins: s, is
the electron spin, s,, is the muon spin, and I is the nucleus spin.
We consider the following as nuclei of lithium, beryllium,
and boron isotopes with nuclear spin / = 3/2: JLi, jBe, and
;IB. Based on the obtained analytical expressions for various
corrections in the hyperfine structure, we also obtained a new
splitting estimate for (;w%He), (ue‘z‘He).

To calculate the energy levels by the analytical perturbation
theory method, we divide the Hamiltonian of the system into
several parts, separating the main contribution of the Coulomb
interaction Hy in the form

H =Hy+ AH + AHpc + AIivp + AHy + AI_Ivert’

1 1 Za (Z-1a
Hy = — ey Ve ————— 0
2M, 2M, Xy Xe
AH = —2 Y AH, lv v.. @
- |Xﬂ — Xg| Xe’ rec — M " e

where x, and X, are the radius vectors of the muon and
electron relative to the nucleus, and Ze is the nucleus charge.
The terms AH,p, AHy,, and AH, denote contributions of
vacuum polarization effects, effects of nucleus structure, and
vertex corrections. The reduced masses in the muon-nucleus
and electron-nucleus subsystems are equal to

m.M m,M

= et M Gy ®

e
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In the initial approximation, which is determined by the
Hamiltonian Hj, the wave function of the system has a simple
analytical form,

1
Wo(Xe, Xp1) = Voo (Xe)Wyu0(X,) = ;(Wewﬂ)3/2e—wwe—m*a
W, =ZaM,, W, = (Z — 1)aM,, (6)

which allows one to accurately calculate the corrections using
the perturbation theory. The Hamiltonian of the hyperfine
interaction in the case of the ground state can be presented
in the form

AH™ = a(S, - 1) — b(S, - S,) + &S, - T), (7

where the coefficient functions &, b, and ¢ are presented in the
form of the expansion by the perturbation theory. In leading
order, these functions have the form

2 ~ 2 e
Zzo = ﬂ gNgM S(Xu), b() = ﬂ gﬂg S(X;/. - Xe)’
3 mpmy, 3 mym,
2
G = % BeBN s, (®)
3 mm,

where g, = 2(1 +a,.), g, = 2(1 +a,,), and gy = 1* are gy-
romagnetic factors of the electron, muon, and nucleus, uy is a
nucleus magnetic moment, and a, , are anomalous magnetic
moments of the electron and muon.

Averaging the Hamiltonian (7) over the wave functions of
the ground state, we obtain

v=(AH™)=a{-S,) —b(S,-S)+c(S.-I, (9

where the coefficients

o0 o0 o0

a=Ya, b= b, c=) ¢ (10)

i=0 i=0 i=0
are determined by different matrix elements by the pertur-
bation theory. Using (6), in leading order, we obtain the
following contributions to a, b, ¢ (below, the values for
lithium, beryllium, and boron nuclei are given line by line,
and for helium nuclei, see Table I):

6.08 349 x 108 MHz,

e (Wi?
ap = %m—(#) vr = 1 —5.26948 x 108 MHz,
m, #
23.66 123 x 108 MHz.
3
by = SaW; ’ an
3memy,
35830.5299 MHz
. 1
bo=vpB8 _ ~ _ 1120791.0324 MHz  (12)
4ty
W 286 127.0374 MHz,
4422.8997 MHz
o= vp i 8eBN 15397 5666 MHz (13)
m, 4

29216.4109 MHz.

For the calculation of matrix elements from the product of
spin operators, we use the following transformation of basis

{

Ho

mmmmmmmmmmmmmmm e ——————
Jh
e
7
°

4
Yo Av(a)
N
A Y
N
N
A
N
A
A Y
N
\\
3
N S=2
N ] Sm=1 2
e E

FIG. 1. Hyperfine splitting of the ground state of muon-electron
ions of lithium, beryllium, and boron.

wave functions [39]:

Ws,, 55, = > (=D /08y, + D(2Sye + 1)
SNe

Se SN SNe
X {Sp, S SN;L } ‘"IISN(‘SSZ B (14)

where Sy, is the spin of the muon-nucleus subsystem, Sy, is
the spin of the electron-nucleus subsystem, and S is the total
spin of the three-particle system. The properties of 6 symbols
are discussed in [39].

The given numerical values of the main contributions to
the coefficients a, b, and ¢ show that the system has small
intervals of the hyperfine structure, which are determined
by the quantities b and c¢. An approximate scheme of
energy level splitting due to the hyperfine interaction
of the ground state is shown in Fig. 1. The coefficient
by was calculated using the g factor of the electron,
g. ~ 2. The correction connected with the anomalous
magnetic moment of an electron in this interaction is
considered in Sec. V. When calculating other coefficients, the
following values of the gyromagnetic factors are used:
8e =2(1 +k.) =2[1 +1.15965218 111(74) x 1073],

g = 2(1 +«,) =2[1+ 1.16592069(60) x 107%],
gn(Li) =2.170951, gy(3Be) = —0.784955, gn(}'B) =
1.79243 3 [40].

The average value of the Hamiltonian of hyperfine interac-

tion AH(Elfs calculated in the v, ss. basis has the form
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R. N. FAUSTOV et al.

PHYSICAL REVIEW A 105, 042816 (2022)

TABLE 1. Contributions to the coefficients b and c in the hyperfine splitting of the ground state in lithium, beryllium, and boron ions, and

helium atoms. Table rows in order correspond to (nejLi)", (ue3Be)*™, (nel'B)**, (ne3He), (neiHe).

Contribution
to the coefficients b and ¢ b (MHz) ¢ (MHz) Formula
Leading-order contribution 35830.53 4422.90 (12),(13)
of the order of o* 120791.04 —5397.57
286127.05 29216.41
4487.7131 -1083.3208
4488.6167 0
Recoil correction —155.58 22.27 (32), (35), (A7)
of the order of o* 3¢, ar* % —390.95 —20.36
0 m
—1738.06 88.11
—29.9789 —8.3125
—29.7371 0
One-loop VP correction 0.70 0.17 (42),(43)
in 1y interaction 3.99 —-0.32
13.59 2.29
0.0357 0.0272
0.0359 0
One-loop VP correction 0.69 0 49)
in uN interaction 3.15 0
in second order of PT 9.01 0
0.0485 0
0.0484 0
One-loop VP correction —0.86 —0.05 (52),(56),
in e interaction —-3.07 0.07 (59),(61)
in second order of PT —7.73 —0.39
—0.1010 0.0090
—0.1012 0
One-loop VP correction 1.14 0.27 (48),(60)
in eN interaction 5.85 —0.45
in second order of PT 19.00 3.09
0.0752 —0.0440
0.0756 0
One-loop VP correction —0.50 0.04 (65), (69), (71)
with AH potential —1.52 —0.05
in second order of PT —3.28 0.23
—0.0704 —0.0129
—0.0732 0
Nuclear structure correction 0 —0.71 (73)
in 1y interaction 0 1.33
0 —9.19
0 0.0696
0 0
Nuclear structure correction 0 —0.49 (74)
in 2y interaction 0 0.82
0 —-5.27
0 0.0638
0 0
Nuclear structure correction —0.47 —0.35 (76), (77), (78), (79)
in second order of PT —3.30 0.44
—11.77 —2.30
—0.0132 0.0690
—0.0097 0
Nuclear recoil correction 0.53 0 (87), (88), (89)
from AH,. 1.38 0
2.68 0
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TABLE I. Continued

Contribution
to the coefficients b and ¢ b (MHz) ¢ (MHz) Formula
0.1078 0
0.0809 0
Electron vertex correction 40.96 0 ©1)
of the order of o’ 136.73 0
in 1y interaction 320.59 0
5.1765 0
5.1774 0
Electron vertex correction —0.06 0 (96),(97),(94)
of the order of o’ —0.06 0
in second order of PT 0.02 0
—0.0209 0
—0.0206 0
Recoil correction 6.43 —0.09 (81),(82)
in 2y interaction 21.68 0.12
51.35 —0.67
0.8055 0.0315
0.8056 0
Relativistic correction 5.77 1.41 98)
of the order of o® 53.05 —3.88
241.24 37.30
0.0401 —0.0864
0.0401 0
Radiative correction —3.48 —0.64 99)
of the order of ® —11.74 1.04
—27.82 -7.02
—0.4345 0.1041
—0.4346 0
Summary values 35725.80 444473
120606.23 —5418.81
285995.87 29322.59
4463.3835 —1091.4024
4464.5042 0
Vil ‘I"l,g,s ‘Vz,g S, ‘pz,g,sz
Wi —3a—gb—3c 0 0 0
v=| 95 0 “Satlbylc By Y. 0 (15)
Wy 0 By dBe 3a43p-%c 0
Vs 0 0 0 2a— b+ 3c
After diagonalizing this matrix, we get four eigenvalues that define the hyperfine structure,
UI(SN[L:%’ S:l):—f—‘a—j—lb—f—lc,
w(Svy =3, S=1)=1(—a+b—c— 164>+ 4b? + 16¢? + 4ab — 28ac — 11bc), (16)
v3(Swp = 2, $=2) = ;(—a+b—c+16a% + 4b> + 16¢2 + 4ab — 28ac — 11bc),

v4(SN,L = %, S = 2) = %a— %b+ %c.

Aslong as a > band a > c, we can use expansions in b/a, c/a and represent small intervals of the hyperfine structure in the

form

hfs
Av® =v3— 1y =

5(b;3c) +0(b

)

a a

:1)2—1)1:
: 8

3(b+5
C>’ Aphfs (b + C)+

b ¢
0(—,—). a7
a a

As it follows from (12), by contains the recoil effects over W, /W, in the leading order in «o. The same recoil effects also occur
in the second-order perturbation theory in AH.
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III. RECOIL CORRECTIONS IN SECOND ORDER OF PERTURBATION THEORY

2
Recoil corrections of the order of o* W s ln —‘, and o* Vv:jfz occur in the second order of perturbation theory. The
"

contribution to the b coefficient is determined by the followmg expression:
b = 2/ U (X,, X, Yoo (X, — X,)G(Xe, X3 X o, X ()AH (X o, X ) O)W(X o, X' )dXod X, dX o dX (18)

where the reduced Coulomb Green’s function has the form

~ n(x ) n' (Xe) . (X/ ) :”/ (X/ )
G(Xe, X,; X/e, X/u.) — Z Iplt 13 We wy_n 123 w e . (19)
0 E/LO + EeO - Ep.n - Een’

It is convenient to divide the sum over muon states in (19) into two parts with n = 0 and n # 0. For the first part, we get

4 e en
bin =) = T e f V0(%)] me%w DVeo(x1)dx1dxs, (20)
/?50 e
Vi (x1) = /1//* (x )[L - g}” (Xa)d%s = — (1 + WyoxJe 2o @1)
S WO g —xg| x| T Ty i '

The reduced Coulomb Green’s function of an electron in (20) is determined by [41]

]

Iﬂen(X3)1/f* (Xl) WeMe —W, 1 .

Ge(x1,%3) = Y el = — e Wt |~ InW,x.) — In2W,x_) + EiQW,x_)
n#£0 EeO - Een V4 2Wex>

7 1 — W
+§—2C—We()€1+x3)+w ) (22)

where x_ = min(x, x3), x> = max(xj, x3), C = 0.577216. .. is the Euler constant and Ei(x) is the integral exponential function.
Then the coordinate integration in (20) can be performed analytically, and the obtained result can be represented as an expansion
inW,/W,,

2
by — 0) — (1+KM)|:11W 1 W

W,
nWe 1W (e W +641n2+7) . (23)
Z-D ( W,

Excited states of the muon (n # 0) give the second part of the contribution to the b coefficient,

bi(n #0)= dra gegﬂ /1/IM0(X3)¢€0(X3)Z Vun(X3)¥,,(%2)Ge (X3, X1, 2) X |:|Xzafx1| . Y0 (X2) VYoo (X1 )dX dX,dXs,

0 .
(24)
where we introduce the electron Green’s function,
1;/fen (X3)1ﬂ (Xl) 1pen (Xs)lﬂ* (Xl)
G.(x3,X1,2 T P 2 — e’ . 25
(3 : ) Z Z_E Z /40+Ee0_E;m_Een’ ( )

n'=0

The term (—a/x)) in (24) does not contribute due to the orthogonality of the muon wave functions. To perform further analytic
integration in (22), we replace G, approximately with the free Green’s function [31,32],

M, e Blxs—xl

Ge(X3, Xy, E[L(] + EeO - E/m) i GeO(X3 — X, E/L() + EeO - E;m) = s (26)
2 |X3 — X1|

where 8 = \/ 2M.(E,;, — Eco — E,0). In addition, we approximately replace wave functions of an electron in (22) by their values
at zero, V,.(0). The terms omitted in this approximation can give a second-order contribution with respect to ;VV— in b. The results
I

of numerical integration in [31] with the exact Green’s function of the electron in the case of muonic helium show that the terms
used in the (26) approximation are numerically small.
After these approximations, the integration over the x; coordinate gives the following result:

—Blx3—xi| dx, 4 1 1| |+1,3| |2 132| |3+ 27
—anl L e e Y — ol = B — x
Ix3 — xq| [X2 — x| g2 M TeT T Zi

where an expansion of e #*~%l in B|x, — x3| is done. This expansion is equivalent to the expansion in powers of /W, /W,.
The first expansion term S~! in (27) does not contribute to (24). The second expansion term in (27) gives the leading-order
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contribution in /W, /W,,: —vp S(ij To increase the accuracy of the result, we also consider the third term on the right side
(27), which leads to the following integral:

« " W.Z
/ Y ,0(X3) Z V2M(Epn — Epo)Yun(X3) ¥, (X2) (X2 - X3)¥,0(X2)dXod X5 = W3—Sl, (28)
n M(Z - 1) :

where we introduce the quantity

Eun — Eno 12 X 2 1 2
Sip = Z — R |<H0|a—|lm)| , Ry = EMM(ZOK) . (29)
n n

n

A contribution to (29) comes from matrix elements for discrete and continuous states, which are presented in [42]. The
numerical contributions of discrete and continuous states to (29) have the form

28 6 _12n—2
S?:ZM=1.90695..., (30)

- (n+ 1)2n+%
14 ik
1 —ik

. /‘ e 28kdk

S 1= 27
2 0o k24+1)2(1 —e %)

Adding the recoil corrections (23) and (24) in the second order of perturbation theory, we get the total recoil correction to b

of the order of a* as follows:

(1 + ) W, 23IW2  AWZ2 2W, 4W, | W.Z
by = vp —3- X4 — e ~+ 3w —— =S, (32)
Z-1) W, 32wW2 w2 3W, | Wu(Z — 1)

In the second order of perturbation theory, we have a similar contribution to the coefficient c. To calculate it, it is necessary to

choose the hyperfine part of the perturbation operator in the form AHé’fS (x.) = 2”7"‘%8(&) in a general expression like (24).

Using then the obvious simplifications connected with the § function, one can transform the recoil correction to ¢ as follows:

=1.03111.... 31)

4ra gegn
3 mem,

cl = —

/Weo(O)G 0, XV (X1)Weo (X1)dX . (33)

The reduced Coulomb Green’s function of an electron with one zero argument in this equation is equal to

Ven O, () WeMe _y [ 1 5
G.(0, )_Z — - e Swr " Im2Wexr+ 5 —C = Wex|. (34)
n#£0 e en e

As a result of the analytical calculation of matrix elements over coordinate variables, we get a contribution to the coefficient c.
It can be presented in the form of an expansion in W, /W,,,

2 3W, w2 /1 W,
€1 = cp—— 42— (- —mm—2]]. (35)
Z-Dl2w, “w2\4 W,

Numerical values of contribution (35) for various muon-electron ions are presented in Table I.

IV. EFFECTS OF VACUUM POLARIZATION

Among other corrections in the energy spectrum of muonic atoms and ions, corrections of vacuum polarization [43,44] stand
out. The one-loop vacuum polarization, which is taken into account in this paper, gives a fifth-order contribution in « to the HFS.
The corresponding interaction amplitudes in the first and second orders of the perturbation theory are shown schematically in
Figs. 2 and 3.

The correction for vacuum polarization in the first-order perturbation theory is related to the modification of the hyperfine
part of the Hamiltonian (7) [see Fig. 2(a)], which has the following form in the case of muon-electron and electron-nuclear
interactions:

s Zagegl = mg%'z —2m,Exey
Vvl;)feﬂ( e//.) == 3mom ; (S - Su) /] p(&)dE |:775(Xe/1) - He 2met 'i|, (36)
00 282
AV (%) = i“gegN (Se D5 / p(&)dk [w(xe) - j —M“} (37)
e 1 e

VE2 — 1082+ 1
p() = ;f D (38)
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(a) (b)

FIG. 2. Correction of vacuum polarization. Dashed line denotes the contribution of the Coulomb photon. The wavy line denotes the
hyperfine part of the Breit potential. G denotes the reduced Coulomb Green’s function.

The matrix element of the potential (36) with wave functions (6) gives the contribution to coefficient b,

82 We3W3 S 2£2
by = — £ / p(&)dE / dx, / dx e Wit gm2Wexe ¢ [na(xﬂ —X,) — oxl s e—z'”f"‘u—"e}. (39)
1

9memu 7T3 X — Xe|

Both integrals over coordinates of the muon and electron in (39) can be calculated analytically,

2
I = /dxe/dxﬂe_m“"“e_zwf"ena(xﬂ —-x,) = n—3’ (40)
W31+ 5)

/dx /dx oWty y—2Wex, ’”es o 2meEIX x|
e
|X _Xe|

222 [W + (14 2 ) +y(3+ 2'”"5)]
= W5 ’ P C P “4n
P (1+W—;) (1+%5) (Wj+#ﬂ)
Separately integrals over the spectral parameter £ in (40) and (41) are divergent. But their sum is finite and can be presented as
follows:

L

0 Fet2pEde 4 nE (24 2k
— aW, p(6)d E[W W, W, T W, ( W, )] 42)
W, \3 mEN2 (W, mE\2
W1+ w7 (55 (5 + 5°)

The order of contribution (42) is determined by two small parameters o and W, /W,,. The correction by, has the fifth order in
« and the first order in W, /W,,. The integration over £ in (42) is done numerically. The result is presented in Table I.

The contribution of the muon vacuum polarization is much smaller than (42) and is not taken into account when obtaining
the total numerical value of the hyperfine splitting. We also neglect the contribution of two-loop vacuum polarization, which is
suppressed by an additional factor /7.

The contribution of the correction of one-loop vacuum polarization to the coefficient ¢ has the order «®. It can be calculated
in the same way using potential (37) (o = W, /m,). After integration over all variables, including &, we obtain

agym, \ 1 — @i 6o + o3 —3m) + (6 — 302 + 6a}) arccos «;

Cyp = VF
6mrm,, 303,/1 —a}

(43)

FIG. 3. Effects of vacuum polarization in second order of perturbation theory. Dashed line denotes the potential AH (3). The wavy line
denotes the hyperfine part of the Breit potential.
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When calculating corrections in the second-order perturbation theory, it is necessary to use the following expressions for the
Coulomb potentials as one of the perturbation operators, taking into account the vacuum polarization effect [45-47]:

eN _ o OO _ZOl —2m.&x,

AV () = 1 /1 p(E)(= 7 )e v, (44)
uN _ o 00 _ —2me§xﬂ

AV () = _371/1 P(f)( _Xu> ds, (45)
epn g * o Me& Xy

AV (|xe—x,,¢|>=—_%/1 p(E) e s, (46)

where x., = [X. — X,|.
The original integral expression for the contribution to b from the electron-nuclear potential (44) in second-order perturbation
theory has the form

4 e L
b = A8 / dx, / dx / oo / P(EVAEY o (X3 )W (x3)

3mem,,

% Z 1p/m (X3) Ve (X3 )Iﬁ,’in (x2 )w:n' (x1)

Zay _, £x
et o 47
E;/.O +E,— E,un —E,, ( X ) TP;LO(XZ)W o(X1), (G

n,n'#0 1
where the subscript “sopt” is used to denote the second-order perturbation theory contribution. The summation in (47) is
performed over the entire set of electron and muon states, excluding the state with n, n’ = 0. Using the orthogonality of muon
wave functions, the correction (47) can be represented in integral form,

oo

eN ZaaZ * 2 = =y1(1+y3)x1 ,—x3(1+y1)
bvp Sopt m ,O(f)dg A X3dX3 A xldxle e T

1 7
x [ == = In(7x0) —In (rx.) + Biyir) + 3 =20 = Zon +30)
YiX> 2 2

1 — = Za *© p(&)dE
+ —] = VF 3 3 2
YiX< 3Z—-Dr(1+y) I+y)YAd+yy +y1)

X {3 + 737+ 2y3) + 11{6 + ¥3[20 + y3(13 4+ ¥3)1} + (1 + ¥3)[3 + 235 + 2p3)]yf

201+ )0+ 7+ 1+ v [1 - $” PRI S 48)
I+ ) +y1) We Wy
The integration over particle coordinates is carried out analytically. The integration over £ is done numerically. Numerical
results are presented in Table L.
A similar calculation can be performed in the case of a potential with muon-nuclear vacuum polarization (45). The electron
remains in the 1S state, and the reduced Coulomb Green’s function of the system is transformed into the muon Green’s function.
In this case, the correction to the coefficient b can be represented as an integral,

o /°° p&)dE
1

py —
"3 3+ D3 + D*Hs + 91+ 1)?

vp,sopt

|:V1{V33(V1 +4) + i@y + 13) + 14]

3+ Dy + 1):|
r+n+1

The second-order perturbation theory correction to b, which is determined by the potential (36), turns out to be the most
difficult to calculate. In this case, it is necessary to take into account intermediate excited states for both the electron and the
muon. We break this contribution into two parts. The first part, in which the muon is in the 1S intermediate state, has the form

+ 71+ DTy + 13) 4+ 31 + D} + 205 + D + D3 + 31 + 1) 1n (49)

25602WW3 oo o0 o0
by sopt(n = 0) = %m—mM/ x3dxze” Wet2Woms o / xtdxje”Men / p(§)dE AVyp 1 (x1)Ge(x1, X3), (50)
My Jo 0 1

where function V,p . (x1) is

W3 o
AVip,u(x1) = /dx e W 7 pm2meklxi—x
7 X1 — X3

3
ocW#

= 7 (e = ) g - W) 61

m
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Substituting (51) into (50) and integrating over particle coordinates, we get

e o ay © p@E)yde | 6(—1+y7) (—6+11y7)
bvp,sopt(n =0)=—vr 4 2] 3 2
3n@Z=DA+yD)* i (1-y2) A+ ) +n)
7)) (14w B4y (2247) 21+ pyE w1+ G+
a+) Q2+n)? 2+ )2 2+n) s +n)? (y3 + )2
34573 Vi sy 2n(=2+ri-n), 1+n 21 v+
r+yv) U+y+r)? 1+y+n 1+ n) 24y (AP l+py+n
2y [ 2 2 Y1 ]
—(=1+ l+yi 420 +y)+yGB+y))n ) 52
Tt T ) ( y3) (I +y5 +2y3(1 +y1) + B+ ) T (52)

The integration over the parameter & is performed numerically. The second part of the correction under consideration to b can

initially be represented as

4;“2 8e8u
9 memy,

bg;.sopt(n ?é 0) =

M, e Plxs—xi| o

[ ix: [ ax. fl P(EMEY (X )Y ()

XY Yun(X3)9, (%2)
n#0

21 X3 — Xq| [x2 — xq]

e 2P Xly o (%00 (X1, (53)

where, as before, the exact electron Coulomb Green’s function is replaced by the free one. Replacing also the electronic wave
functions with their values at zero, we thus neglect the same recoil corrections and can perform analytical integration over X,

—Blx3— —2m,& X —
S /dxle Blx3—xi| e Elx2—x| _ 47 1 [e_ﬁ|x3_x2| _ e—ZmLEIXs—XzI]
[x3 —x1| [x2 —xq] X3 — X5| B2 — 4m2&?
. (1—e2méxly g (1 —emshehp?  Bxs —xo| B __ﬁ%x3—xﬂz+.“ (54)
2myE2 X3 — x| 2m3E> 8m & xs — x| 4m2E? 8mied 12m2¢2 ’

where, after an integration, the expansion in f|X3 — Xp| is
used. For further transformations, it is convenient to use the
completeness condition,

D V)V, (%2) = 8(x3 — X2) — Yu0(x3) ¥ (%2). (55)
n#0

The second and fifth terms in this expansion do not con-
tribute due to the orthogonality of the muon wave functions.
The first term in square brackets gives the main contribution
with respect to « and W,/W,, (y = m.&/W,), which can be
split into two parts according to (55),

Le 30[2Me
bvp,sopt(n 5& O) = bvp,l + pr,Za bvp,l = - Sm VF, (56)
by @M [ p(§)dE {16 + y[Sy (y +4) +29])
R YE 7 (1 +y)* '

(57)

The total numerical value by, | + byp 5 is included in Table 1.

Other terms in (53) are calculated as well. With the fourth
term in (53), which is proportional to 82 = 2M,(E,., — E,0),
we can do a number of transformations:

S / dx; / X5 ()Y (X3 (K015 =X 100 (52)
n=0

VZ
- / dxs / dxs(x; —xZ)[— i, —X2|1/f;0(x_s)}m(xﬁ.
' (58)

(

The expression (58) is divergent due to the § function. The
same divergence take place in another term with 82 in square
brackets in (53). But their sum gives a finite result,

9o W2 5 W2
e (14220,
72 m2

32mW,
Numerically, this correction is significantly smaller than the
leading-order term in (53). Other terms in (53) can be ne-
glected.

The interaction potential (44) does not contain the muon
coordinate. The corresponding contribution to the coefficient
¢ in the second-order perturbation theory can be obtained
by setting n = 0 for the muon state in the Coulomb Green’s
function. Moreover, the presence of §(x,) in the perturbation
operator gives the electron Green’s function with one zero
argument. As a result, the contribution to ¢ can be represented
in integral form,

eN oamyge8N o
= Vp— d
Cvp, sopt F 47rmp \/] /O(E) é
y 2y +3ys+2yslnys —2
2y3 ’

by = vr (59)

(60)

The vacuum polarization potential in the Coulomb muon-
nuclear (14 — N) interaction does not contribute to ¢ in the
second-order perturbation theory due to the orthogonality of
the muon wave functions.
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Let us consider the calculation of the correction to ¢ the intermediate muon state with n =0 in the Green’s
from the potential (46) in the second-order perturbation function. Using (56), this correction can be represented
theory. The necessary contribution is determined only by as

J

o amugyWE [ pE)dE | 3y?yf y? 2y%y, 2yf
Cyp, sopt = T VF 2 22 i 2 3 3
orm,W; Ji 1=yl n+D* n+1)> m+1D)’  »+n)
2 3y 2y 3yt 2 3y 2y

T A A A T D A2 r kI

2yiln(y + 1) 2rn+2—yHInn+ D 2(r = D*nly? +2yn+ D+ v +3n + 1y
- 2 3 + 3 2 :
(¥ +71) (1 +1) i+ 1Dy +v)

(61)

There is also a second-order contribution of perturbation theory to the HFS, in which one of the perturbation potentials is
determined by (36) and (37) (see Fig. 3), and the second is equal to AH. Dividing the correction in the hyperfine structure into
two parts, we first calculate the part with n = 0 for the muon ground state. The second part with n # 0 contains excited muon
states. In turn, the term with n = 0 can also be divided into two parts, and the first part with the é function in (36) gives the
following contribution to b:

11W,
16W,,

The integral over the spectral parameter £ is divergent, so we must consider the second term in the potential (36), whose
contribution to b will be given by

bV (n=0) = vp— ” (&)dE (62)
vp, sopt \'t = = F37T 1 o

16 2.2 [od] en’ *
B = 0) = e / p()E2dE / X310 (53) AV (33) X f S Yo CWVer &0 py, s ypoxdxi,  (63)
1

9 mem,, o E.—E.»

where AV|(x3) is defined by (51) and AV,(x;) (21). Integrating into (63) over all coordinates, we get the following result in
leading order in (W, /W,,):
2

e W ® 32 4+ 63y + 44y2 4+ 11y3
b2 (= 0) = —vp e T f d . 64
vp, sop[(" ) VF W, 487TWM2 1 p(§)sds 1+ J/)4 (64)
This integral also diverges for large values of £. But the sum of the integrals (62) and (64) is finite,
W, ®© 114+ 12y 4+ 3y?
Y n=0)+ b2 (n=0) = pp—® / g VTV 65
vp. sopt (1 )F bup. som )= vr 487w, J PLENE 1+yp) (©3)
Let us proceed to the calculation of terms to b with n # 0. The § term in the potential (36) gives the following contribution:
bvp, sopt(n #0)= VF§ /; p&)d& <_ 16W, . (66)

The second term in the potential (36) can be simplified by replacing the exact Green’s function of the electron with the free one,

16a3M,m? [
b2 oz—#/ 2d /d /d
vp, sopl(n 7é ) 97tmem“ . ,0(5 )E E X3 X3

x [ axavioxo ;?:;' gwun<X4>ww(X2>|X3 — X lY0(0). (67)
As a result of analytical integration in (67), we get
b o (117 0) = — vy 3?:;/% /Iw p(é)ds[i S +1y)4 (4+ % +10y + 21156y2 + 354’/3 + 3??)]. (68)
The sum of the contributions (66) and (68) is reduced to
B 17 0) 4 b2 (0 0) = —vg 3‘7"1‘& /1 e 2T . f;;* 16y (69)

Although the absolute values of the calculated vacuum polarization corrections (42), (48), (49), (52), (56), (65), and (69) are
sufficient large, the total contribution is small since the signs of these corrections are different (see Table I).
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~7

(a)

~7

()

FIG. 4. Nuclear structure correction to the coefficient ¢ in the 1y interaction. The bold dot in the diagram represents the nucleus vertex

operator. The wavy line denotes the hyperfine part of the Breit potential.

The hyperfine interaction (36) contributes to the coefficient ¢ in the second-order perturbation theory. Since the muon
coordinate is not included in (36), we immediately set n = 0 for muon intermediate states in the Green’s function. Then the

original formula for this correction is

8053gN e 2. %
Cyp, sopt = —97Tmemp/1 ,O(E)dE/Xm /dXS/\dX4|w/L0(X3)| Yoo (Xa)Weo(X1)
262
x [; - l}Ge(m, X1)<n8(X1) - Eezmﬂ')- (70)
X3 —X4| x4 X1

After analytical integration over X3 as in (21), we split (70)
into two parts. The coordinate integration with the § function
is done using (34). In the second term (70), we again use the
electronic Green’s function in the form (26). The sum of these
two terms can be expressed in leading order W, /W, in integral
form,

o0 34 2%k
agnmuWe W,

o = v ol [ et
R2am,W, Ji (1 + W;)

V. NUCLEAR STRUCTURE AND RECOIL CORRECTION

Another class of corrections in the hyperfine structure of
muon-electron ions, which is calculated in this work to in-
crease the calculation accuracy, is determined by the effects
of the structure and recoil of the nucleus [48]. We describe
the distribution of the charge and magnetic moment of nuclei
using the form factors Gg(k?) and Gj;(k?) in the framework
of a simple dipole model,

G(0
Ge) = —— Gty = —22
+4) (1+ %)
my
G0) = 8N (72)
14

where the parameter A is related to the nuclear charge radius
rv: A= \/ﬁ/ ry. In the 1y interaction, the correction for
the nuclear structure to the coefficient ¢ is determined by
the interaction amplitude shown in Fig. 4. The point kernel
contribution in Fig. 4(b) leads to the hyperfine splitting (13).
Then the correction for the nuclear structure is determined by
the formula

3 2
_geawmy (3F) +3(3RF) 3%
Cstr, 1ly = —VF 2 W3 . (73)
My (1+ Ag)

The two-photon amplitudes of the electron-nucleus
(e — N) interaction (see Fig. 5) contribute to a hyperfine split-
ting of the order of . It can be represented in integral form
in terms of the Gg and Gy form factors, taking into account
the subtractive term [48],

3aM.my,g.8n / dp Gu(p)
27%m,, p* Gy (0)
1ZaMmg.gn

_yp LG BN 74
T oA 7%

[Ge(p) —1]

Cstr, 2y = VF

where the subtractive term contains the magnetic form fac-
tor Gy (p). Integration in (74) is performed using the dipole
parametrization (72). Other parts of the iterative term (V;, X
G’ x V1,)15 are used in the second-order perturbation theory
(see Fig. 6).

In the second-order perturbation theory, there are two more
types of nuclear structure corrections to the coefficient c,
shown in Fig. 6. The first contribution is determined by the
amplitudes shown schematically in Figs. 6(a) and 6(b), when
the hyperfine part of the perturbation operator is determined
by the form factor Gy, and the second perturbation operator
is expressed in terms of the nucleus charge radius ry [45],

2
AVE () = gnZarI%,(S(r). (75)

This correction is determined by the following integral expres-
sion and can be calculated analytically as follows:
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(a)

()

FIG. 5. Nuclear structure correction to the coefficient ¢ from 2y interactions. The bold dot in the diagram represents the nucleus vertex
operator. The wavy line denotes the hyperfine part of the Breit potential. The dotted line corresponds to the Coulomb interaction.

C1 str, sopt — F

ZriW2g, o A 5 1
N =—v M/ xzdxe_"(l’szAv)(— Iny;x + o C— —y1x>
0

12m,,

Zr]%/Wezgeglet [2 B 2}/\%

2

=TT om,

+ 4(1 + %)arccth(l + %)]

76
(11 2y 7

Numerically, this contribution Ci{\;tr, sopt 18 proportional to the square of the charge radius of the nuclei for which the following
values are used: r(JLi) = 2.4440 & 0.0420 fm, r(§Be) = 2.5190 & 0.0120 fm, r(}'B) = 2.4060 % 0.0294 fm [49].

The correction for the nuclear structure of the second type from the interaction amplitudes in Figs. 6(c) and 6(d) is calculated
using the potential AH (2) and the nucleus magnetic form factor. In the case of the amplitude in Fig. 6(c), one can perform
integration over the muon coordinate in the muon state with n = 0 and over the electron coordinate. After subtracting the point

contribution ¢y, we obtain

€2 str, sopt — €0 _5 + A 2

o 4w, {3 2W, 3(

(Z - DA

3 2
W, 9 10V, 25 (2W,
-# RAL r_ 2R . 77
>+Wu[ 2" A 6<A)“ an

There is a nucleus structure contribution to b in the second-order perturbation theory, which is shown in Fig. 7. For the

Coulomb muon-nucleus interaction, this correction has the form

UN 32m%a?
bstr sopt — 3memu
8 3w,
— S22
SENC N(zwﬂ

11 w?
2 W2

1
e W) f A3 (5 [P0 (332G (3, 0, Ey)

+- ~'>, (78)

where the integration result is represented as an expansion in W, /W,,.
A structurally similar contribution to b arises from the electron-nuclear interaction. It is defined by the following expression:

oN 32722
D, sopt = 3, 5 [ dxi [ dxsly o(X3)| Vo0 (X3)Ge (X3, X1, Ee)Weo(X1)8(X1)
mem,,

—1

2W W, rN
Wy

Tz-1

The total nucleus structure correction to b, which is equal to
the sum of (78) and (79), is included in Table I.

Since the masses of particles in this three-particle system
differ greatly from each other, various corrections for recoil
appear in the calculation of the hyperfine structure, which are
determined by the ratio of the masses of the particles. Many
of the corrections have already been discussed above in the
previous sections. The interaction operator in a three-particle
system is constructed by us as the sum of pair interactions that
were studied earlier when calculating the fine and hyperfine
structures of hydrogenlike atoms [46,50-53]. The two-photon
electron-muon exchange interaction shown in Fig. 8 gives a

2W w, VV2 W,
6ln —= — 4 . 79
nge ( - )+ ] (79)

W2 7

(

large recoil correction, which is studied in quantum electro-
dynamics in [46,54]. The electron-muon interaction operator
is defined as follows:

Ol2
hfs
AV, Xye) = —8———1n
rec, e N ;L 2 2

”w e

M
- (81Se)8(xpe).  (80)

After averaging the potential (80) over the wave functions (3),
we obtain the contribution to the coefficient b,
3aa mem,

ple = .22
rec,2y — °F 2 _ 2
T om —m?

T
me (14 )’

In (81)

042816-13



R. N. FAUSTOV et al.

PHYSICAL REVIEW A 105, 042816 (2022)

(a) (b)

() (d)

FIG. 6. Nuclear structure correction to the coefficient ¢ in the second order of perturbation theory. The bold dot in the diagram represents
the nucleus vertex operator. The wavy line denotes the hyperfine part of the Breit potential. The dotted line corresponds to the Coulomb

interaction. G is the reduced Coulomb Green’s function.

A similar electron-nucleus 2y interaction contributes to the
coefficient c. In the case of muonic lithium, beryllium, and
boron ions, it was studied in [55]. Using the results of [55] [see
Eq. (25)], we represent the contribution to ¢ by the following
formula:

4Zam,
eN e 1p 12 (82)

wmy M,

Compared to the main contribution cy, this correction contains
two small parameters « and m,/m,,, but its numerical value
slightly increases the accuracy of the result (see Table I).

J

R2ra*M M,
mem;LMLi

>

Abrec,sopt = -

There are also other three-particle two-photon interactions
between particles in muon-electron ions. So, for example, one
photon can give a hyperfine interaction between an electron
and a muon, and the second can give the Coulomb interac-
tion between an electron and a nucleus (or between a muon
and a nucleus). Assuming that such three-particle amplitudes
contribute less to the HFS, we include them in the theoretical
calculation error.

Let us consider one more correction for nuclear recoil,
which is determined by the Hamiltonian AH,.. (4). The con-
tribution of AH. in the second-order perturbation theory
to ¢ is equal to 0, and to the coefficient b it is nonzero
and is determined by the electron and muon intermediate
P-states,

dX3/dXZ/dxl\I"ZO(X3)\I’:o(X3)

Wi (X3) Wew (X3)W 3, (X)W, (X1)

n,n'#0

where n;, n, are unit vectors in coordinate space.

/,LO + EeO - Eun

£ (ny - M)W, 0(x2)Weo(X1), (83)

For the analytical calculation (82), we replace the electron Green’s function with the free one, as in Sec. II,

16a°M*M,,

Abrec,sopt =
memuMLi

x> \IJ,m(m)w,m(xZ)

n#0

dX3/dXz/dXI\IJZO(X3)\I’:0(X3)

e bxs—xil

— (g - m)W ,0(X2)Weo(x1). (84)

After that, we integrate over X; and expand the result over b (or, which is the same, over \/M,/M,,),

—blx3—x|

/dX1(111 m)— =
X3 — x|

27‘[(112 n3)|:— - =+

4xs  x3  2bx3 ] ®5)

3b 2 15

After that, we take the first term in square brackets (84), perform the integration over the angular variables, and introduce

dimensionless variables in the integrals with radial functions,
64M /
9ML] n> l

Two contributions from discrete and continuous spectra in
(85) have the form

(Sbrec,sopl =

S =

rec,sopt

2“Me Z 6(n_ 1)271——

, 87
" oMy (n+ 1)2+3 &7

n>1

/ X3R10(x3)Rnl(X3)dX3[ 3R 10(x2)Ry1 (x2)dx3. (86)
0

ab(l)c

rec,sopt

211M %arctg(k)dk
91WL1 /L / (1 - 672n/k)(k2 + 1)3/2 .

(88)
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-4

FIG. 7. Correction to the nucleus structure to b in the second-
order perturbation theory. The wavy line denotes the hyperfine
(e — ) interaction. G is the reduced Coulomb Green’s function.

The calculation of the second expansion term in (84) gives the
following result:

w.M,

sb? —vp ,
WMMLi

rec,sopt

(39)
which is two orders of magnitude smaller than (86) and (87).

VI. ELECTRON VERTEX CORRECTION

The main contribution of the order of a* to the hyperfine
structure (the coefficient b) is determined by the interaction
operator (7), as discussed in Sec. II. Among different correc-
tions to (7), there is a correction determined by the electron
vertex function, which is shown in Fig. 9(a). To calculate this

J

(a) (b)

FIG. 8. Two-photon exchange amplitudes of the electron-muon
hyperfine interaction.

contribution, it is first convenient to write it in the momentum
representation,

8a? ”
AVIE (%) = S, (G (k) — 1](S.S,), (90)
where G}(‘j) (k%) is the magnetic form factor of the electron, and
the factor o/ is separated from the factor [Gl(fl)(kz) — 1] for
convenience. The commonly used approximation, when the
magnetic form factor is approximately replaced by its value
at zero, G\ (k*) ~ G\9(0) = 1 + «,, is not applicable in this
case. Since the typical momentum of an exchange photon is
k ~ aM,, we cannot neglect it in GZ(;)(kz) as compared to the
electron mass m,. Therefore, it is necessary to use the exact
expression for the Pauli form factor g(kz) [G}(lf})(kz) — 1=
g(k*)] [47].

Using the Fourier transform of the potential (90) and av-
eraging it over the wave functions (6), one can represent the
electron vertex correction in the HES as an integral,

2 2 2 2y 1
a(1+KM)m3We/'°° b o me \° 5 W, me \° 5
b =pp——— et k*)k2dk 1+ (=) k —- — )k . 91
sty = VP g [ SRR T (g v ) +aw, o1

The contribution (91) is of the order of O(«’M,/M,,). The numerical value (91) is obtained after integration over k with a
one-loop expression for the form factor g(kz) [47] (see the results in Table I). Using g(k2 = 0), we obtain the values of the
electron vertex corrections: 41.6139 MHz (ueLi), 140.2879 MHz (ueBe), 332.3111 MHz (neB), which differ from (91) by

approximately 2.5%.

The contribution of the potential (90) to b in the second-order perturbation theory is shown in Fig. 9(b). In this case, the
second perturbation potential is determined by AH (3) (dotted line in the diagram). Let us divide the total contribution of the
amplitude in Fig. 9(b) into two parts, which correspond to the muon in the ground state (n = 0) and the muon in the excited

(a)

Sy

(b)

FIG. 9. Electron vertex correction in the first and second orders of perturbation theory. The Coulomb photon is represented by a dotted
line. The wavy line represents the hyperfine part of the Breit potential. G is the reduced Coulomb Green’s function.
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intermediate state (n # 0). The first contribution with n = 0 becomes equal to

8a? 00
byer, sopi(n = 0) = = —— / K[G () —
0

3mememy,
where V, (x;) is determined by (21), and

sin(k|x3 —

AV1(k,X3)=/dX4¢Zo(X4) T

Mf?m/ﬁmmmmwawxmﬂmxﬂﬂmWMm) 92)

After substituting the electron Green’s function (30) into (92), we reduce this expression to an integral form,

byer, sopt(n =0)=

@ (me>2(we)2/°° K[G) (k?) — 1]dk
vP— | — —
272 1% m2k? 2
Wy w 0 [1+_(2Wu>2]

X4]) sin(kx3) 1
4%&@— — 5. (93)
3 [1 + aw; )2]
© Ly, K 00 (e W, W,
X / x3e Wi sin <m—x3)dx3/ xl(l + ﬂ)e (4 )dx1 2 In —x<>
o 2W, o 2 W,x- W,
W, (x1 +x3) 1 —e"
—-2C — — . 94
W, 7 + %x< :| 94

I§ We + Ei W + =
—In | =2x. 1
Wy Wu

All integrations over the coordinates x;, x3 are performed analytically, and over k numerically. The intermediate expression
before integration over k is omitted since it has a cumbersome form.
The second part of the vertex correction [Fig. 9(b)] with n # 0 after a series of simplifications can be transformed into

bvert, sopt(n 7é O) =

></Ooksin(klx3—x4|)[G§§)(k2)— 1]
0

3(Z 1)/ WXZdXz/e_W"x3dX3/€_W“X4dX4

X3 — X3

[6(x4 —x2) —
X3 — X4

W[LO (X4 )W;L() (XZ )] . (95)

The contributions of the two terms in square brackets (95) will be presented separately after integration over the coordinates

x; and x3 (y» = m.k/2W,,):

3

(1) o m, (e) 1

byert, sopt( # 0) = [y 2( ) m/ K*[Gy (k) — ]dkﬁ
(Vl - 1)

nB+yd)

4V12(V12 - 1)

y [47/1(7/12 -1)

(1492

blon. sop(n # 0) =

(1+92)°

n+h 2

14+ 3y2
+V1} (96)

V+vd) R+

O‘me3 2(e)2
Z?C_>@—nw/mk (65 = 1]dk

1 2
X
(1+2)° { (i +v3)

Note that the theoret1cal error in the sum of contributions
leit sopt M # 0) + b Ven sopt (1 7 0) is determined by the factor

VM. /M, connected with the omitted terms in the expansion
of the form (27). It can be about 10% of the total (96) and (97)
result, which is represented by a separate line in Table 1.

The considered electron vertex corrections in hyperfine
splitting are of the order of . The total value of the re-
sulting vertex contribution (see Table I) differs from the
above values in the approximation when the form factor
g(k?) is replaced by the anomalous magnetic moment of
the electron.

L4y + 2P

i+ 1)+ )’22 (yl2 + y22)3

(
VII. CONCLUSION

In this paper, we calculate the intervals of the hyper-
fine structure of the ground state for muon-electron ions of
lithium, beryllium, boron, and helium using the perturbation
theory method formulated earlier for muonic helium ions in
Refs. [31,32]. To increase the accuracy of the calculations,
we took into account corrections in the hyperfine structure
of orders o® and «®, connected with the effects of vacuum
polarization, the nucleus structure and recoil, and electron
vertex corrections. All obtained numerical results are pre-
sented in Table . It specifies the correction values for lithium,
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beryllium, and boron ions with an accuracy of two decimal
places, and for muonic helium with an accuracy of four dec-
imal places. This is due to the increase in the total value of
contributions due to the nuclear charge Z during the transition
from muon-electron helium to boron.

Let us note the main features of the performed calculations:

(1) Muon-electron ions of lithium, beryllium, and boron
have a complex hyperfine structure in the ground state, which
arises as a result of the interaction of the magnetic moments
of the nucleus, electron, and muon. We have explored small
intervals of the hyperfine structure that can be measured.

(2) When calculating the HFS, there are small parameters
of the fine-structure constant and the particle mass ratio which
can be used in constructing expansions in perturbation theory.
In this paper, corrections of the order of a, @, and of are
considered, taking into account the recoil effects of the first
and second orders.

(3) Vacuum polarization effects are of great importance
for achieving high accuracy in the calculation of hyperfine
splitting. They lead to a modification of the two-particle inter-
action potentials, which give corrections of the order of o’ %
We take into account the contribution of one-loop vacuum
polarization in the first and second orders of perturbation
theory.

(4) The electron vertex correction to the coefficient b is
obtained taking into account the one-loop expression for the
magnetic form factor of the electron since the characteristic
momentum entering the vertex operator is of the order of the
electron mass.

(5) Corrections for the structure of the nucleus are ex-
pressed both in terms of electromagnetic form factors and in
terms of the charge radius.

(6) Relativistic corrections to the coefficients b and ¢ are
obtained using expressions from [20],

brat = [1 + E(z —1Yay - %aa)z]w

Crel = —(Z — D?a’co. (98)

(7) To estlmate the radiative corrections without recoil of
the order of O(«®) in the HFS, we use the results of analytical
calculations in two-particle atoms [50-53], which give the
following expressions for b and c:

by =« vF(1n2 - ;), Co2 = %a(Zoz)(an - %)co.
99)
An analysis of individual contributions to the hyperfine-
structure coefficients b and ¢ in Table I shows that relativistic
corrections, corrections for nucleus structure and recoil, vac-
uum polarization, and electron vertex corrections must be
taken into account to achieve good calculation accuracy. The
theoretical uncertainty can be estimated in terms of the Fermi
energy vr and the parameters W, and W,. The main source
of the theoretical error is determined by recoil corrections
of orders (W,/W,)*vp, (W,/W,)>? In(W, /W, )vp, which are
not always taken into account exactly in the calculations. So,
for muonic helium-3,4, the error is about 0.029 MHz; for
lithium, it is 0.41 MHz; for beryllium, it is 1.74 MHz; and
for boron, it is 4.68 MHz. To obtain this estimate, we add the
two above-mentioned uncertainties in quadrature.

the coef-
we obtain

Using the total numerical values for
ficients b and c¢ presented in Table I,
the following values for the hyperfine intervals for
lithium, beryllium, and boron (20): Avl(ue3L1) =
13994.76(41) MHz, Av;(nejBe) = 85539.16(1.74) MHz,
Avy(pes UB) = 123767.56(4.68) MHz, and Avy(peiLi) =
21731.04(41) MHz, Avy(nejBe) = 35067.07(1.74) MHz,
sz(,ueslB) = 162228.31(4.68) MHz.

In the case of muonic helium, the hyperfine splitting
of the ground state has the form Av(,ue%He) = %(b —c)=
4166.089(29) MHz, Av(uesHe) = 4464.504(29) MHz.

These numerical values agree with the experimental data
(2), taking into account the available theoretical and exper-
imental errors. Our results are also in good agreement with
recent calculations using the variational method in Ref. [56]:
4166.39(58) MHz (ue3He), 4464.55(60) MHz (jee3He).

Previously, the calculation of hyperfine intervals in the
muonic lithium-7 ion was performed in Refs. [23,24]
within the framework of the variational method. Our re-
sults generally agree with the results [24] on muon-electron
lithium-7: Avl(ueZLl) =13989.19 MHz, sz(ue3L1) =
21729.22 MHz. A slight difference is due to the inclusion
in our work of corrections for the vacuum polarization and
the structure of the nucleus. In the case of muon-electron
helium, the results [24] of the hyperfine splitting of the
ground state, Av(puesHe) = 4166.383 MHz, Av(ueiHe) =
4464.554 MHz, differ from our values by approximately
0.29 MHz (,ue%He) and 0.05 MHz (Me‘z‘He).

We performed an analytical calculation of recoil correc-

tions of orders ‘ In e from several sources. As already

7 W2
noted, in Ref. [31] the recoﬂ corrections (24) were calculated
numerically for muonic helium-4. The sum of (23) and (24)
contributions obtained in Ref. [31] is (—=29.65) MHz. In our
work, a similar contribution is determined by the sum of
(—29.8306) MHz and 0.0935 MHz [(A7)] (see Table I) and
is equal to (—29.7371) MHz, which differs from the result
[31] by 0.087 MHz.
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APPENDIX: THE ESTIMATION OF OTHER RECOIL
CONTRIBUTIONS TO THE COEFFICIENT (24)

As noted in Sec. II, the contribution to (24) is calculated
using the approximation of the free Green’s function for the
electron GY. The following term GVCG? in the expansion of
the Green’s function contributes to the coefficient b;(n # 0)
in (24) of the form

O‘Wezgegu
37(Z — )m.m

/ Yu0(X2)dX2 D Wyun(X3)un(%2)
n#0
e BIx—x3| p—Blx—xi|

|X| X — x| X —x3] |x — x|

bP(n#0) = — mo(on2 f Vu0(X3)dxs

(AL)
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wave functions, while the second term gives the following
correction:

After calculating the integral over x;, we use the expansion
over B|x — X3|, as in (27). The first term 1/8 of the expansion
does not contribute due to the orthogonality of the muon

J

20W?g.8
2 e 6¢
b2 (n#0) = 32 = Ty V0 OF / V0 (X3)dxs / Vo (X2)dx
|X - X2| e*ﬂ‘X*Xﬂ
X Zl/fun(xﬂlﬂun(xz)l(xz,x.%), I(x2,x3) = de E— (A2)
pori Xl Ix—xl
Let us expand the integral /(X;, X3) into a series for small values of xé,
; 1, I d*1
I(x2,x3) = 1(0) + x30;(0) + Exzleij(o), ;(0) = Ehg =0, [;0)= dxédxzi la = 0. (A3)
Using the exact form of /(x;, X3), let us calculate /;(0), 1;;(0) and obtain
T 47 3. M 3. nr—1
[(X3, X3) = o (x2x3)?[ —443C+ 3 In 1\7; + 31In(W,x3) + 3 In pe }
b (X2X3)2 9 Me
+ g{[)é In(W,x3) — X% |:11 —9C —9In(W,x3) — 5 In M, J (A4)

Separating the terms dependent and independent of n and calculating the corresponding matrix elements in the same way as
in Sec. II, we obtain the following additional correction to the coefficient b;(n # 0):

w2 g [7 3. M
b(z) 0)=— _ e oeq 21 € Sd s¢ i A5
1 (n#0) VF3(Z_1)W,3gM 4+2n4Mﬂ+ in i, (A5)
2 _ 1 7 -1 2n—5 ) 00 kdk
S;jn = 211 Z]n n _ n'(n 2) =, Slcn — 211 / 11’1(](2 +1) _ e—%arctank. (A6)
- v s DE 0 (K + 1)1 —e™7)
The numerical values of the correction (AS5) for the considered ions are

0.65 MHz, Me; Li

1.84 MHz, pe; Be
bP(n #0) = {3.71 MHz, pel' B (A7)

0.0951 MHz, pe3 He
0.0935 MHz, /J,e‘z‘ He.

They are taken into account when obtaining the total result in Table I.
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