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Hard three-loop corrections to hyperfine splitting in
positronium and muonium

Michael 1. Eides’
Department of Physics and Astronomy, University of Kentucky, Lexington, Kentucky 40506, USA

Valery A. Shelyuto’

D. I. Mendeleyev Institute for Metrology, St. Petersburg 190005, Russia
(Received 1 June 2015; published 17 July 2015)

We consider hard three-loop corrections to hyperfine splitting in muonium and positronium generated by
the diagrams with closed electron loops. There are six gauge-invariant sets of such diagrams that generate
corrections of order ma’. The contributions of these diagrams are calculated for an arbitrary electron-muon
mass ratio without expansion in the small mass ratio. We obtain the formulas for contributions to hyperfine
splitting that in the case of a small mass ratio describe corrections for muonium and in the case of equal
masses describe corrections for positronium. The first few terms of the expansion of hard corrections in the
small mass ratio were earlier calculated for muonium analytically. We check numerically that the new
results coincide with the sum of the known terms of the expansion in the case of a small mass ratio. In the
case of equal masses we obtain hard nonlogarithmic corrections of order ma’ to hyperfine splitting in

positronium.

DOI: 10.1103/PhysRevD.92.013010

I. INTRODUCTION

For many years hyperfine splitting (HFS) in muonium
and positronium has remained an active field of exper-
imental and theoretical research. Results of highly accurate
HEFS measurements can be compared with the theoretical
predictions of quantum electrodynamics obtained from the
first principles without any adjustable parameters. Both
experiment and theory have achieved very high accuracy.
The experimental errors for HES in muonium are now in
the interval 16-51 Hz [1,2], and a new measurement with
the goal to reduce the error to about 10 Hz or to a few parts
in 10° is now planned at J-PARC [3,4]. The current
theoretical uncertainty of HFS in muonium is about
70-100 Hz; see, e.g., reviews in Refs. [5-7]. Recent
theoretical work on HFS in muonium concentrated on
the calculation of radiative-recoil corrections of order
a*(m/M)E that arise from the three-loop diagrams with
closed electron and muon loops [8—12]. The goal of this
work is to reduce the theoretical error below 10 Hz.

The hyperfine splitting in positronium is measured with
the error bars at the level of 1-2 MHz [13—-16]. There is a
discrepancy of about three standard deviations between the
results of old and new experiments. A new measurement of
the positronium HFS splitting is now planned at J-PARC
[17]. All theoretical contributions to HFS in positronium of

order ma® and logarithmic corrections of order ma’ are
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already known; see, e.g., reviews in Refs. [18-20]. A new
stage in the theory of positronium HFS was opened in
Ref. [19] where the one-photon annihilation contribution of
order ma’ was calculated. This paper was soon followed by
the works of Adkins and collaborators [20,21], who
calculated contributions of the light-by-light scattering
insertion in the scattering and annihilation channels.
Hard nonlogarithmic contributions to HFS in positro-
nium of order ma’ are similar to the radiative and radiative-
recoil corrections to HFS in muonium of orders o?(Za)Ey
and o?(Za)(m/M)E, tespectively. We calculated these
corrections in muonium some time ago [8—12]. The
corrections in muonium are power series in the electron-
muon mass ratio with the coefficients enhanced by large
logarithms of this mass ratio. The goal of the old work on
muonium was to calculate the coefficients in this expan-
sion, at least the factors before the logarithms, analytically.
In the case of positronium the masses are equal and the hard
corrections of order ma’ are pure numbers. We apply the
approach developed for muonium to positronium. We
consider an electromagnetically bound system of two
particles with arbitrary masses M and m, and obtain general
expressions for the hard corrections to HFS of order ma’
without expansion in the mass ratio of the constituents. We
check numerically that in the case of a small mass ratio
these formulas reproduce with high accuracy the sum of all
already known terms in the expansion in the small mass
ratio for muonium. We use the general expressions for the
case of equal masses and calculate all hard three-loop
contributions to HFS in positronium of order ma’ that are
due to the diagrams with closed electron loops. The results

© 2015 American Physical Society
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of these calculations were reported in the rapid communi-
cation [22]. Below we present the details of the calculations
in the general case of arbitrary mass ratio and in the special
case of equal masses, for positronium.

II. CALCULATIONS

We start with the infrared-divergent contribution to HFS
in muonium generated by the two-photon exchange dia-
grams in Fig. 1 calculated in the scattering approximation

Za ImM d4q aff
AE= _7EF 16 in*q* Le,/skel<q)L”~5kel'“ﬂ(_q)
Za d'q o0 (e ()
= _7EF(2mM> iﬂ2q4 (261 +qo>Lskel(q)Lskel(_q)’

(1)
where

L7 (@) = ———L = 2 ()
eskel\d) = e —4m2q2y qr sket?" 47
0

z
AE=22

T 0

Za  4mM (= %
_ g / dsin20 / dg? (
0 0

T T

_ZaE mM
T TM2—m? ),

" dg’f.(q).

where in the last step we rescaled the integration momen-
tum g — gm. The dimensionless weight function f,(q) in
terms of an auxiliary function

L V@ +4 2/ +4

PHYSICAL REVIEW D 92, 013010 (2015)

_|_

FIG. 1. Diagrams with two-photon exchanges.

is the forward electron Compton scattering amplitude in the
tree approximation (the skeleton electron-line factor), and

LZikel(q) is a similar amplitude for the muon. The Fermi

energy is defined as Ep = (8/3)(Za)*m}/(mM), where
m, =mM/(m+ M) is the reduced mass. In the case of
equal masses, M = m, the Fermi energy Ey turns into the
leading nonannihilation contribution to HES in positronium
EPS = ma*/3. The external electron and muon lines in the
diagrams in Fig. 1 are on the mass shell and carry zero
spatial momenta. In the second line in Eq. (1) we calculated
the projection of the matrix elements on HFS.

After the Wick rotation and transition to four-
dimensional spherical coordinates (gy = gcosf, |q| =
g sin @) we obtain

AmM [ N
Ep ":[ A dfsin®0 / dg?(2 + cos?0) L, LY,

2 + cos?6

e,skel

q* + 4m?cos?0)(g* + 4M*cos*0)

(3)

In the case of positronium M — m and the weight
function is simplified

mM £.(a) 16 +2¢> +q* - ¢*Vq* +4
R q —
M? —m? " Mom a¢’\/q*> +4

= 1,(a). (6)

Respectively, the skeleton integral in Eq. (3) in the case
of positronium turns into

(2 + cos?0)

2 + cos26

S 4
has the form
fula) = f(q) = 4 f (2uq). (5)
where u = m/(2M).
4m? [ 0
AE =2EBT 7 apsin’e / dg’L
T T Jo 0
4m? = ©
=2 7 dpsin’e / dg?
T T 0 0

The integrals in Eq. (3) and Eq. (7) are sums of an
infrared linearly divergent integral and a finite one. In a
more accurate approximation (with the off-mass-shell
external fermion lines) the linear divergence is cut off at

=g /0 * ddf(q). 7)

(¢ +4m?cos?0)? =«

|
the characteristic atomic scale 4~ ma and generates an
extra factor m/A ~ 1/a. As a result the infrared-divergent
term turns into a contribution of order E that is of lower
order in a. Therefore the uncertainty connected with the

013010-2
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lack of knowledge of the precise value of the infrared cutoff
is hidden in the contribution to HFS that is of lower order in
a and that anyway cannot be calculated in the scattering
approximation. The remaining finite part of the integral
originates at hard integration momenta ~m (or in the interval
from m to M in the case of unequal masses) and generates a
contribution of order aE . In the case of unequal masses, for
muonium, the linearly infrared-divergent contribution turns
into the leading nonrecoil Fermi contribution E, to HES,
while the finite part generates the leading recoil correction of
order a(m/M)Er; see, e.g., Refs. [5,6]. Let us emphasize
that due to the linear (as opposed to logarithmic) nature of
the apparent divergence it leaves no finite remnant of order
aEr and should be simply thrown away. No need in
matching of high and low integration momenta arises.
This feature should be contrasted with the case of a
logarithmic infrared divergence when the cutoff at the atomic
scale A produces a logarithm In(m /1) ~ In(1/a) and uncer-
tainty in the precise value of the infrared cutoff generates
uncontrolled nonlogarithmic contributions to HES of the
same order in « as the logarithmic term. This effect clearly
indicates that an accurate matching of hard and soft momenta
contributions is mandatory in the case of logarithmic infrared
divergences. A rigorous formal proof of these features of
linear and logarithmic infrared divergences can be found,
e.g, in Refs. [23,24].

Six gauge-invariant sets of diagrams in Figs. 2—4 and in
Figs. 6-8 generate hard radiative corrections of order ma’
that are due to the graphs with closed electron loops.'
All these diagrams can be interpreted as the results of radiative
insertions in the skeleton diagrams with two-photon
exchanges in Fig. 1. It is well known that the insertion of
radiative  corrections suppresses the low-integration-
momentum region; see, e.g., Refs. [5,6,23]. Hence, all
diagrams in Figs. 24 and in Figs. 6-8 are infrared con-
velrgent.2 Moreover, the characteristic integration momenta in
these diagrams are hard (of order ~m or in the interval from m
to M in the case of unequal masses) and are much larger
than the atomic momenta of order ~ma, which justifies the
validity of the scattering approximation for their calculation.
This is exactly the approximation we used above in the
calculation of the contribution of the skeleton diagrams in
Fig. 1, and all corrections calculated below are obtained by
some modifications of the basic integrals in Eq. (3) and Eq. (7).

A. Analytic results for one- and two-loop polarization
insertions in the exchanged photons

Consider first the diagrams in Fig. 2 with two one-loop
polarization loops. The insertion of a polarization operator

'All gauge-invariant sets of diagrams include the graphs with
the crossed exchanged photons that we do not show explicitly.

Linearly infrared-divergent contributions due to the anoma-
lous magnetic moment should be subtracted from radiative
corrections in Figs. 6 and 8; see more on this below.

PHYSICAL REVIEW D 92, 013010 (2015)
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FIG. 2. Diagrams with two one-loop polarization insertions.

FIG. 3. Diagrams with two-loop polarization insertions.

in a photon line with momentum ¢ (all momenta below are
measured in units of the electron mass) reduces to the
replacement in the photon propagator

— = —1i(q). (8)

where (a/z)l;(q) is the well-known representation of the
one-loop vacuum polarization [25].

v (1-1)

1 — 9?2

: ©)

1
qz + 1—41;2

We see that a photon line that carries a polarization loop
has a natural interpretation as a propagator of a massive
photon with mass squared 4> = 4/(1 — v?). According to
Eq. (9) this propagator should be integrated over » with the
weight (a/z)v*(1 —v?/3)/(1 = v?).

The contribution of the diagrams in Fig. 2 is obtained by
the insertion of the one-loop photon polarization squared
(a/7)?q*I3(q) in the integrands in Eq. (3) and Eq. (7). Due
to the nonsingular behavior of the polarization operator at
g*> — 0 we obtain convergent integrals where the effective
integration momenta are hard, of order ~m (or in the
interval from ~m to M in the case of unequal masses). Then
in the general case of unequal masses the contribution to
HES has the form

a*(Za) E

mM o
R Ly L / de*f,()g* I} (q). (10)

where the factor 3 before the integral has a combinatorial
origin. We checked numerically that in the small-mass-ratio
limit this integral reproduces the sum of all analytically
known terms [26,27] of the expansion of this contribution
in the small mass ratio.

In the case of positronium the integral in Eq. (10) reduces
to [compare Eq. (7)]

013010-3
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e T Ay

FIG. 4. Diagrams with one-loop polarization and radiative photon insertions.

a3 Ed
aE, =35 / A f,(9)g*Bg). (1)

and after computation we obtain the contribution to HFS
of the diagrams with two one-loop polarization insertions

67 8

AE = (—=-2
35 9

The contribution of the two-loop vacuum polarization in
Fig. 3 can be obtained by the insertion of the two-loop
photon polarization (a?/7?)g*1,(q) [25,28] in the inte-

o3
—3EES =0.803043294

(13
TEB. (12)
VA T

in Fig. 2. grands in Eq. (3) and Eq. (7)
a\? 2 (a\2 [1 v l-w
-1 === dv—————5-3 (3 =22)(1 +0?) |Liy | —
G TC
1-v 3. 140, 1+ 1+
2Lip [ —— -1 | -1 |
* 12<1+v> M T Mo, I”’]
11 5 5 v 1+
+ [EB—U (14w )+Z] lnl_y
3 1 - 3
+ [50(3—vz)ln v —2@(3—v2)lnv} +§v(5—3v2)}, (13)
|
where the dilogarithm is defined as Liy(z) = 217 2872 403
~ [ dnin(1 = z1)/1. AE, = [‘%“3) s 1““%*%] LT
In the case of unequal masses the integral for the 5
contribution to HFS of the diagrams with the two-loop = 5209219 614a_3E1;S, (16)
/4

polarization in Fig. 3 has the form

a*(Za)

AE =2
3

M S
Ep M;n — A dq’f,(9)a*12(q).
(14)

where the factor 2 before the integral is due to combina-
torics. Again, due to the nonsingular behavior of the
two-loop polarization at small g*> — O the integral in
Eq. (14) is convergent, and typical integration momenta
are hard, in the interval from m to M. We checked
numerically that in the small-mass-ratio case the integral
in Eq. (14) coincides with the sum of the known terms
[26,27] of the expansion of this contribution to HFS in
the small mass ratio.

In the case of equal masses, for positronium, the
contribution to HES of the diagrams in Fig. 3 reduces to
the integral

a o0
AE, = 271_3E§)-"S[) dg’f,(9)*1x(q).  (15)
This integral admits an analytic calculation, and we
obtain

01

B. One-loop electron factor and one-loop
polarization insertion in the
exchanged photon

The diagrams in Fig. 4 are obtained from the skeleton
diagrams in Fig. 1 by one-loop radiative insertions in one
of the exchanged photons and one of the fermion lines.”
To describe these radiative insertions it is convenient to
introduce the one-loop electron factor that is defined as a
gauge-invariant sum of the diagrams in Fig. 5 where the
external electron lines are on shell and carry zero spatial
momenta (plus the diagrams with the exchanged external
photon vertices). Physically the electron factor is a sum of
one-loop corrections to the spin-dependent amplitude of
the virtual forward Compton scattering.

The gauge-invariant electron factor L v €an be written as

a sum of two gauge-invariant terms Z;w =L, —I—L,(f,f),

where the term L,(,'Z) is the contribution of the anomalous

3Multiplicity factors in these diagrams correspond to the case
of positronium, not muonium.

3010-4
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FIG. 5.

magnetic moment (for more details see, e.g., Refs. [29,30]).
The multiloop electron factors also can be written as sums
of two gauge-invariant terms. The representation of the
electron factor in the form of a sum of two gauge-invariant
terms is convenient for calculations because these terms
have different behavior at low virtual photon momenta.
According to the generalized low-energy theorem (see, e.g.,
Refs. [5,6]) all terms linear in the small photon momentum

q are due to the term Lﬁf;,), while the term L, decreases

at least as ¢” at small ¢°. This different low-energy behavior
|

L

where ZHH) are scalar form factors. The scalar form factors
Ly have the form

Zq = L] + LA,
Ly =Ly — Ly, (18)

where the scalar form factors Ly and L, correspond to

L,, and L,(f;), respectively. The factor 2 before the brackets
arises because we normalize the scalar form factors like the
|

Li(q?, cos?8

One-loop fermion factor.

determines the structure of the integrals for the contribu-
tions to hyperfine splitting. In the case of the diagrams in
Fig. 6 and in Fig. 8 the contributions to HFS generated by

the term L,(ff,) are of lower order in a than the apparent order
of a diagram. Technically the presence of the previous order
contribution reveals itself as a linear infrared divergence of
an integral calculated in the scattering approximation.

In the diagrams in Fig. 4 the skeleton fermion line in
Fig. 1 is effectively replaced by the one-loop fermion factor

I:,w in Fig. 5, which can be described by the substitution

~ a L L ' +r"aq"| -
el (@) = L (q) = ZE{Y”Q}’DLI(‘IZ"](Z)) +qo |7 ——————|Lu(d*.4}) ;. (17)

q

|
skeleton one in Eq. (2), and the factor a/ (4x) is due to the
one-loop integration in the fermion factor.

The one-loop electron factor L,, with the subtracted
contribution of the anomalous magnetic moment enters
calculations of the two-loop radiative-recoil corrections to
HFES in muonium, and we derived explicit integral repre-
sentations for the respective scalar form factors Ly a long
time ago [31-33]. After the Wick rotation, a rescaling of the
integration momentum g — gm, and the transition to the
four-dimensional spherical coordinates the form factors can
be written as

1262 ¢%cos?6 i
9 ] (c1g*sin?0 + c,q%)

q+a)

2, 2\
/dx/dy q+a>[(q+a) 12
q* + a*)? + 4b*g*cos*6)
4b2q2cos29

c 2+
(@ + &) + 40 gPcos?0P > T (g2

(¢* + a*)4bg*cos?0
C )
+ a?)? + 4b*q*cos?0)?

(q* + a*)4b )
Ly ( 9 d d
(4’ cos / x/ y{ (¢ + a*)? + 4b*g*cos*0)? 54

(¢ 4 a?)?

— 4b*q*cos’0

[(q + a?)? + 4b*q*cos?0)?

where a> =x?/y(1-y), b= (1-x)/(1-y), and the
coefficient functions c¢; are collected in Table 1.

The scalar form factor L, is proportional to the respec-
tive skeleton form factor Ly in Eq. (2). After the Wick
rotation and in terms of the dimensionless integration
momentum ¢ it has the form

2

Iy =— =
AT 4% + 4cos?0

2Lskel- (20)

2b — 2}, (19)

2
Cd"+ (q* + a®)* + 4b%q*cos0 74

FIG. 6. Diagrams with one-loop polarization insertions in
radiative photons.
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TABLE 1. Coefficients in the electron-line factor.

€1 y(ll_éy)B [(1 - x)(x - 3y) -2y lnx]

Cy ﬁ[—(l x)(x—y——)+2(x 4y+ )lnx]

C3 ﬁ [1—6x—2x*— —(26 —37x —2x> + 12xy
+161nx)]

Cy O (2x — 4x% = 5y + Txy)

Cs ly)g (6x — 3x> — 8y + 2xy)

Ce —bzxx;z}

Cy 2])(;"’

In the case of unequal masses an analytic expression for
the contribution to HFS of the diagrams in Fig. 4 is
obtained by a modification of the skeleton integral in
Eq. (3). First, we replace the skeleton factor in the integrand

=z (2 + cos0)L; —

e 3cos20Ly).

(21)

The factor a/(47) comes from the substitution in Eq. (17),
and the term with ZH arises because the one-loop electron
factor in Eq. (17) contains an additional spinor structure in
comparison with the skeleton one in Eq. (2).

2+ coszﬁ)Lif()el —

PHYSICAL REVIEW D 92, 013010 (2015)

Second, we need to account for the polarization loops in
Fig. 4 and insert the term 2¢*/,(q) into the integrand in
Eq. (7). The factor 2 is due to the two ways of inserting the
polarization operator into one of the exchanged photons.
The polarization operator g1, (q) decreases like ¢* at small
g, and we obtain an infrared convergent integral with hard
characteristic integration momenta of order m (or in the
interval from m to M in the case of unequal masses). Due to
the suppression of the small integration momenta the
anomalous magnetic moment in the diagrams in Fig. 4
gives a contribution on par with the other terms in the one-
loop electron factor L*(g).

Then the contribution to HES of the diagrams in Fig. 4 in
the case of unequal masses has the form

a*(Za) . M2 [o
T Ep—= / dg*q*1,(q)
/ mim Jo

X / d0sin? L"), [(2 + cos?0) Ly — 3cos20Ly].
0

AE =

(22)

The leading terms of the expansion of the contribution to
HFS in Eq. (22) in the small mass ratio have been known
for some time [26,33,34].

o*(Za) 1+\f 20 +V5 64 7> 3 1043
AE = Er|n? In B P, ST T i
P F[”( 7 g VS 2ty +675>
m(5 M 10 M
— (2 =+ "In—+11.41788 | |. 23
+M<2nm+3nm+ ﬂ (23)

We have checked numerically that the integral in Eq. (22)
coincides with this analytical result in the case of a small
mass ratio.

In the case of equal masses there is an extra factor 2
before the diagrams in Fig. 4. This factor arises because
now there are two ways to insert the fermion factor into
one of the lepton lines. Hence, the respective contribu-
tion to HFS is described by the double integral in
Eq. (22) at M = m. Then we obtain the contribution
of the diagrams in Fig. 4 to HFS in positronium in the
form

sl =St [ apg
3= 3LF q°q°1,(q)
T T Jo

X / dOsin20L g (2 + cos20)L; — 3cos*0Ly]
0
3

— —1.28709 (1) = EPs. (24)
T

[

C. One-loop polarization insertion in the electron factor

Consider now the diagrams in Fig. 6 with the one-loop
polarization insertions in the radiative photon.4 Effectively
these diagrams contain a massive radiative photon; see
Eq. (8) and Eq. (9). In principle, the respective electron
factor can be obtained from the one-loop electron factor in
Eq. (17) by restoring the radiative photon mass squared
2? =4m?/(1 —v?), followed by integration over v with
the weight (a/z)v*(1 —2%/3)/(1 —v*). However, the
relatively compact expression in Eq. (17) is a result of
numerous cancellations in the integrand between the
contributions from different diagrams in Fig. 5, and
technically it is much easier to start the calculation
of the two-loop electron factor in Fig. 6 from scratch.
We consider this electron factor as a sum of the

4Multiplicity factors in these diagrams correspond to the case
of positronium, not muonium.
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contributions corresponding to the separate diagrams in
Fig. 6 with the self-energy, vertex and spanning photon
insertions in the electron line. Each of these terms is
calculated as a one-loop diagram with a massive photon
and then integrated over the auxiliary parameter v as we
just explained.

The only subtlety in further calculations is connected
with the diagrams with the vertex correction in Fig. 6. All
entries in the two-loop fermion factor except the two-loop
anomalous magnetic moment carry at least one extra power
of ¢* at ¢*> — 0 in comparison with the skeleton electron
factor. One can separate the contribution to the two-loop
anomalous magnetic moment from the two-loop vertex in
the second diagram in Fig. 6 in a gauge-invariant way, like
we separated the one-loop anomalous magnetic moment
from the one-loop electron factor L, above. The two-loop
anomalous magnetic moment term in the second diagram in
Fig. 6 generates a linearly infrared-divergent contribution
to HFS. This linear infrared divergence that is cut off at the
characteristic atomic scale ~ma indicates that the anoma-
lous magnetic moment generates a contribution to HFS of
the previous order in a. This correction of order ma® was
already accounted for in earlier calculations and we should
simply delete the apparently divergent term that generates
it. To get rid of the spurious divergence we subtract the
gauge-invariant term with the two-loop anomalous mag-
netic moment from the two-loop electron vertex in Fig. 6.
The subtracted two-loop electron factor in Fig. 6 can be
written in terms of scalar two-loop form factors Lﬁ%

(2.2) (2.A) (2.8)

2 , ,
I% = LI,II + 2LI,II + LLII (25)

Ly

similar to the one-loop form factors L in Eq. (18). Unlike

the one-loop form factors Z‘I,II in Eq. (17) these two-loop
form factors do not include contributions of the anomalous
magnetic moment.

In terms of the scalar form factors in Eq. (25) the
contribution to HES of the diagrams in Fig. 6 in the general
case has the form

2(Z M1 [
AE:a(3(Z)EF/ qu
T mim Jo

X / " dosin’oL"), [(2 +cos?0)L(” - 3cos?0L; )} :
0

(26)

We have derived and used explicit expressions for the
two-loop form factor in Eq. (25) in Refs. [10,35], where we
calculated the nonrecoil and radiative-recoil corrections to
HES in muonium due to the diagrams in Fig. 6. Explicit
expressions for the contributions to the energy shifts in
Egs. (2), (26) and (31) from Ref. [10] correspond to the
integral in Eq. (26) with the three terms on the rhs in
Eq. (25) and were obtained without expansion in the small
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mass ratio. They are rather cumbersome and we will not
reproduce them here. Using these expressions we obtain a
few leading terms of the expansion in the small mass ratio
of the contribution of the diagrams in Fig. 6 to HFS that
were calculated earlier

2(Z
AE =2 (3“) EF{—0.310742712
T
mi|3. M 53 M
PlPmE s (2 -2 ) mZ +7.08072| L.
+M[4nm+<ﬂ 6)nm+ }}

(27)

We have checked numerically that the expression in
Eq. (26) derived for arbitrary masses reproduces the
expansion above in the case of a small mass ratio.

In the case of equal masses the contribution of the
diagrams in Fig. 6 to HFS reduces to

N R E
AE4 = _3EF — dq dfsin GLske]
T T Jo 0
2 2 _ 207 (2)
X [(2 + cos*0)L;” — 3cos“OLy;"]. (28)

where an extra factor 2 before the integral [in comparison
with Eq. (26)] arises because we can insert the two-loop
electron factor into either of the fermion lines.

After calculations we obtain

3
AE, = -3.15441(1) % EPS. (29)
T

D. Light-by-light scattering contribution

Due to gauge invariance the light-by-light scattering
block decreases fast with the momenta of the external
(virtual) photons. Therefore, effectively all integration
momenta in the diagrams in Fig. 7 are hard, of order of
the electron mass (or in the interval from m to M in the
case of unequal masses).

The contribution of the light-by-light scattering block to
HES in the general case of unequal masses has the form
[12,30].

a*(Za) . 3M? [ dg?
—— Erp— | %
z 2r Jo ¢
P T 2 29
x / dosin?g— S0
0 m-q~ + 4M-cos~60

FIG. 7. Diagrams with light-by-light scattering insertions.

AE =
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The explicit integral representation for the function
T(g? cos* ) and its definition in terms of the light-by-
light scattering tensor can be found in Refs. [11,12]. We use
in Eq. (30) four-dimensional spherical coordinates intro-
duced above Eq. (3), so g, from Ref. [12] becomes ¢ cos 6.

The first terms of the expansion of this contribution to

HFS in the small mass ratio were calculated during many
years [11,12,36,37].

2
AE=12 (f“) EF{—0.472514(1)7:2
T
m[o, M, 27 91
—l—M[Zln - ( 3(3) -5+ 8)111;
+ 5.9949(1)} } (31)

We have checked numerically that the general expression in
Eq. (30) coincides with the sum in Eq. (31) in the case of a
small mass ratio.

In the case of equal masses the integral in Eq. (30)
reduces to’
|

2 ~ ~
Lgli‘)sll‘gll:il(z + cos?6) — <41> [(2+ cosZH)LI(“)Lg”)
skel s .

where the terms on the right-hand side arise after the
calculation of the projection of the product of two electron
factors [see Eq. (17)] on the HFS structure.

The scalar form factors LEH) include terms with the

scalar form factors Lg #) arising due to anomalous

magnetic moments; see Eq. (18). Therefore, each product
of the scalar functions in the square brackets on the right-

hand side of Eq. (34) contains the term L''LY). As we

already mentioned the form factors LS’I")

as g* at g> — 0O relative to the skeleton form factors, while

the form factors L'

decrease at least

behave exactly like the skeleton

form factors; see Eq. (20). Hence, each integral of Lﬁf)Lg‘)

is a sum of a linearly infrared-divergent and finite
contributions, compare with the skeleton integral in
Eq. (3). In a more accurate calculation the linearly
infrared-divergent contribution would be cut off at the
atomic scale ~ma and would generate a correction of
lower order in «. It should be simply subtracted, while we
need to preserve the finite part of the integral that
generates a correction of order ma’. In the general case
of different masses (for example, for muonium) the finite
part is a recoil contribution and it was calculated in

>There is a misprint in the respective expression in Eq. (14) in
Ref. [22].

—3cos?O(LVILW + LWL
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d"/de 29

The calculation of this contribution to HFS in positronium
proceeds exactly like the calculation of the respective
nonlogarithmic radiative-recoil correction to HFS in muo-
nium in Ref. [12] and we obtain

@ 3
AE5 = E}? 395

q cos6)
2 4+ 4cos?6
(32)

3
AEs = —0.70627(5)  EZ, (33)
T

which coincides with the result first obtained in

Ref. [20].

E. Two one-loop electron factors

The diagrams in Fig. 8 contain the one-loop fermion
factors from Eq. (17) in both fermion lines. Naively, the
contribution of these diagrams to HES can be obtained from
the skeleton integral in Eq. (3) by the replacement

P) + cos?0(1 +2cos?0) L L], (34)

|
Ref. [29]. It is equal to (9/16)(mM)/(M? -
m?)In(M?/m?) up to a normalization factor. Hence, the
subtraction of the linearly infrared-divergent contribution

due to terms with LLY in Eq. (34) reduces to the
addition of (9/16)(mM)/(M?* — m?)In(M?/m?) to the
respective contribution to HFS instead of all of the terms
on the right-hand side in Eq. (34) that are proportional to

LY'L™ After this replacement of the infrared-divergent
part we obtain a convergent integral with hard character-
istic integration momenta in the interval from m to M. The
contribution to HEFS of the diagrams in Fig. 8 in the case of
unequal masses has the form

m

FIG. 8. Diagrams with one-loop radiative photon insertions in
both fermion lines.
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AE — a(Z*a)(Za)
—3cos?(L\ LW 4 LI LW

+ c0s20(1 + 2cos0) (LY L¥ — L LW

The first terms of the expansion of the contribution to HFS
of the diagrams in Fig. 8 in the small mass ratio have been
known for some time [29,38].

AE:a(ZZZz(Za) [::2 (1 ”_ 13>

2 4
m 9 M 1522 3722 147
(2= 2+
+M( 8 C<)+ 4 24 32)
9 Mm M2
1632 = m—} ' (36)

We have checked numerically that in the case of a small
mass ratio the expression in Eq. (35) coincides with the sum
above.

In the case of equal masses the integral in Eq. (35) is
simplified

3 1 %) V4
AEg = %E}’;{A‘—/ dq? / dfsin’0do|(2 + cos*0)
T 7 Jo 0

X (LIZ —+ 2LALI) — 6C0829(L]LH + LALH - LAL])

9
+ c0s20(1 + 2c0s?0) (L} — 2L, Ly)] + 1_6} (37)

After numerical calculations we obtain the contribution of
the diagrams in Fig. 8 to HFS in positronium

AEg = —4.73955 (40) EP‘ (38)

III. SUMMARY OF RESULTS

We have derived explicit expressions for hard three-loop
contributions to hyperfine splitting generated by the six
gauge-invariant sets of diagrams with closed electron loops
in Figs. 2—4 and in Figs. 6-8. In the case of unequal lepton
masses we confirmed numerically the already known

P M?
—LPLY ))HEMZ 1n—2}.

PHYSICAL REVIEW D 92, 013010 (2015)

. E { A / dq? / d0sin20d0](2 + cos?0) (LI LW + LI(f)LE”) + LX”L@)
P m4n

L L L+ L)

9 mM (35)
m

|
results for muonium obtained earlier in the form of an
expansion in the small mass ratio. We have calculated the
contributions of these diagrams to HFS in the case of equal
masses, for positronium. Collecting the results in Egs. (12),
(16), (24), (29), (33), and (38), we obtain the total hard
contribution to HFS in positronium of order ma’ generated
by all diagrams with closed electron loops in Figs. 2—4
and in Figs. 6-8.

ma’

E:—3.8750(4)( > EP = —-12917(1)—
T T

= —5.672 kHz. (39)

Taking into account all other recent theoretical results
[19-21] we obtain the theoretical prediction for HFS in
positronium

AE .o = 203391.89 (25) MHz. (40)
The latest experimental result is [16].
AE ., =203394.2 (1.6), (1.3)Sys MHz. (41)

There are no contradictions between theory and experiment
at the present level of accuracy, but further reduction of
both the experimental and theoretical uncertainties is
warranted. The calculation of the remaining ultrasoft and
hard nonlogarithmic contributions of order ma’ is the next
task for the theory. We hope to report the results for the
remaining hard corrections in the near future.
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