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We present an analytical calculation of the complete o

6 correction to energies of nP levels of two-body

systems consisting of the spin-0 or -1/2 extended-size particles with arbitrary masses and magnetic moments.
The obtained results apply to a wide class of two-body systems such as hydrogen, positronium, muonium, and
pionic or aniprotonic helium ion. We found an additional a® correction for nP levels of positronium, which
was previously overlooked. Our results are also relevant for light muonic atoms, whose accurate theoretical
predictions are required for extracting the nuclear charge radii.
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I. INTRODUCTION

Two-body systems, such as hydrogen and hydrogen-like
ions [1], muonic hydrogen [2], muonic helium ion [3], positro-
nium [4], and muonium [5], play a crucial role in testing
quantum electrodynamics (QED), determining fundamental
constants, and searching for physics beyond the Standard
Model. All these tasks require accurate theoretical predic-
tions for energy levels of these systems. If the mass ratio
of the two constituent particles is small, as, e.g., in hy-
drogen, one can use the Dirac equation as a starting point
and use the QED perturbation theory to account for the re-
coil and QED corrections. For systems like positronium and
light muonic or antiprotonic atoms, however, the masses of
the particles are equal or comparable, and the Dirac equa-
tion is no longer a good approximation. Thus, one has to
rely on the QED formalism from the very beginning in their
description.

The QED theory of light atomic systems is based on an
expansion in the fine structure constant « and the derivation
of the expansion coefficients as expectation values of various
effective Hamiltonians with the nonrelativistic wave function.
Specifically, the energy of a bound system of two particles
with masses m,, m,, charges ey, e, spins sy, 5, and g-factors
g1, &2 can be expressed as an expansion

E(@=EQ+EP+E® L E® L E® L 0@"), )

where the individual terms EY) = (Z a)/ £Y) are of the order
/. Here, we assume that £@ are real and neglect the radiative
decay, which induces imaginary corrections to energies. This
effect should be taken into account separately if needed. Fur-
thermore, we will exclude from our consideration the vacuum
polarization, which is either negligible or needs to be taken
into account separately, depending on the masses of particles
1 and 2. If one of the particles is an electron, then the electron
vacuum polarization starts at order o’ for P-states and thus is
not relevant for the present study. If both particles are heavier
than the electron, then the electron vacuum polarization starts
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at order « (Z «)? for P-states and needs to be accounted for
separately, as was done for muonic atoms in Ref. [6]. The
vacuum polarization with heavier particles in the loop (muons,
hadrons) starts at order o’ for P-states and is negligible for the
present study.

Regarding expansion in «, the g-factor of a particle a de-
fined as

€i8a
as 2
T, 2)

/_'Laz

where ji is the magnetic moment, is obtained from experi-
ments. In consequence, the g, factors are not expanded in «.
As a digression we note that this definition in Eq. (2) differs
from the convention sometimes used in the literature. Specif-
ically, the electron g-factor is positive, g =2 + O(«), and
differs by the sign from the definition of Ref. [1]. Returning
to Eq. (1), the first term of the expansion in « is just

EO =m + m,. (3)
The next term, E@, is the eigenvalue of the nonrelativis-
tic two-body Hamiltonian Hy = H® in the center-of-mass

frame,

P oeael

Hy=—+—-, 4

0 21 4 r @)

where p=p) = —py, F="7 — 7, and u =mymy/(m +
my) is the reduced mass. If we set e = —e, e, = Z e, the

nonrelativistic binding energy becomes

Za)u

E(Z)EE(): S
n

4)
where n is the principal quantum number of the reference
state. The next expansion coefficient, E™, is the leading
relativistic correction. It is given by the expectation value
of the Breit Hamiltonian H® [7] with the nonrelativistic

©2024 American Physical Society


https://orcid.org/0000-0002-0599-4847
https://orcid.org/0000-0002-2328-8444
https://orcid.org/0000-0001-5972-4546
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.109.022819&domain=pdf&date_stamp=2024-02-27
https://doi.org/10.1103/PhysRevA.109.022819

PATKOS, YEROKHIN, AND PACHUCKI PHYSICAL REVIEW A 109, 022819 (2024)

wave function, E® = (H®),

=4 =4 ij i i oJ i
@ _ p p el e 1 ; 8_ r'r ; 818 518 (i r'r
H™ = — + P +— )P+ 5 (8 -3—F

8m3 _Smg 4 | 2mymy r r3 4mymy 13 r
Fxp o[ g &2 - (-1 (@—-1._

- 3 [ 51+ S» + — S2 + = S1 (> (6)
273 my ny my my m; mj

where we assume that the orbital angular-momentum quantum number [ of the reference state is positive, / > 0, and the spin

s of the constituent particles is 0 or 1/2. Let us note that Hamiltonian (6) does not account for any annihilation effects, which
are present, e.g., in positronium. It also does not include any strong-interaction effects, which are present for hadronic particles.
Such effects, if present, should be evaluated and accounted for separately. The result for the leading relativistic correction E*
for a state with the principal quantum number n and the orbital angular momentum [/ = 1 is

1 3 1 1 2 - gl—l 81
ED — B za] (2 _ R A
Wz 8nt \ u?2  mym +6n3 2 tLos m} +m1m2

o -1 3 S
+L~§2<g2 4= >— 8182 sgsg(L'Lf)@)]}, (7
m5 my my Smimy
where the symmetric traceless tensor (L'L/)? is defined as
irin@ _ Lo N
(LLH? = S+ UL - L2 ®)
The QED correction of order o’ is denoted by E® and given by (for states with [ > 0) [8]
14Za2 [ 1 1\ 2a/1 Z\° 72 (Hy — Eo)
E®O = - 2O 0 N 2O 2 B(Hy — Eo) In| 2V ), 9
3mymy, \4m r3 37 \m mp p(Ho 0) n_ w(Z a)? P ©)
The matrix element in the second term is related to the so-called Bethe logarithm In[ky (7, /)] by

3

2(Hy—Eo) | .
213 (Za)t

In[ko(n, )] = oy |P ¢>>, (10)

<¢’I3(H0 — Ep)In |:

which is tabulated for many hydrogenic states in Ref. [9]. The final result for £ ®) for states with > 0 is [10]

7 (Za)Sud 1 4 (1 Z\aZa)iud
3r o mmy I+ 1D)QRL+1)n?  3x n3

E® — _ In[ko(n, 1)]. (1)

my " my
E® is the complete o> QED correction, provided that the previous-order correction E® is calculated with the physical values
of g-factors.

II. NONRELATIVISTIC QED HAMILTONIAN FOR THE o* CORRECTION

The correction to energy of order «® can be represented as

1

4)
(Eo —Ho)/H & (12

E© = (HOY 4 (H®
where the prime in 1/(Ey — Hy) means the exclusion of the reference state from the resolvent, and H @ is the Breit-Pauli
Hamiltonian given by Eq. (6). The effective Hamiltonian H® can be derived within the framework of nonrelativistic QED
(NRQED) [11]. The starting point of the derivation is the NRQED Hamiltonian for an arbitrary-spin (s = 0, 1/2) particle, given
by [12]

vl

2 " -1 . L D)= = .o
H=eAy+ = —ze—g -B—Mﬁ-wxﬁ—ﬁxE)—§<r§+M>VE—ir4 VVE
m

2m 4m? ;) 120 "EE
_Sﬁ—r;—i-#(Z{ﬁz,}.é}—i—(g—Z){ﬁ.E,ﬁ.g})_1;m<gri4+%>§.V2§
+ 1?;5 + e(i;,;/z) sGs+ DiR?, VE} + 3;;4<1 + S(S;L 1)>[ﬁ2,ﬁE+Eﬁ]
- lzem [Vi"—gz:nZZS(S+1)}{ﬁ,8,E—§xl§}+%§{ﬁ2,ﬁ x T —7 x E}
_24em2(grf4—r§+%)§(vzﬁxﬁ—ﬁxVZE)_§<aE_S(;_n‘:21)>Ez’ 13
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where [X,Y]=XY — Y X denotes the commutator of two
operators, and {X, Y} =XY +Y X is the anticommutator,
7 = p— eA. In comparison to the original work [12] we have
redefined the following constants:

s(s+1)
QElold = 0 — W’ (14)
s(s+1)
relo = rg + — (15)
2 _8( 2 3
rM|old—§<rM‘|‘4_mz), (16)

to bring them in accordance with the standard definitions
of the electric dipole polarizability e o, the mean square
charge radius r2 = (r?), and the mean square magnetic radius
r2,. Furthermore, r, = (r*) is the mean fourth power of the
charge radius. For the point (scalar or Dirac) particle the
parameters are given by

r%:réEzrf,lzaEzg—Zzo, a7
whereas for a Dirac particle with the magnetic moment
anomaly «, they are

3k
=2(1 , TR = ——, 18
8 1+«) g 2 (18)
Kk (14+k)
ry =rggp =0, U = = (19)

For extended-size particles, the parameters rg, )y, and o can
be in general arbitrary, but we will assume that rg and ry, are
significantly smaller than the electron Compton wavelength.

III. DERIVATION OF H®

Using the NRQED Hamiltonian in Eq. (13), one can derive
the effective operator H®© for the bound system of two spin-
less particles, one spinless and one spin-1/2 particle, and two
spin-1/2 particles. The derivation follows Ref. [10], which
in turn is based on two former works [11,13] and extends
the previous calculations of H ©) to states with [ = 1, where
contact terms contribute. As we will show below, the contact
terms have previously been accounted for incorrectly for the
positronium P-states [13—15].

The typical one-photon exchange contribution between
particles a and b is given by

d4k 0 il?-?,1
(PIZ(E0)|@) = e, eb/ Qi Guk)i{p|1k k) e
1 U(_k) 7”}7;, >
X o —Ho—kotie?TRHeTT|?
w ik-7 v
+<¢Jb(k)e E()—Ho—k0+iéja( k)
X eiE ¢>}, (20)

where G, (k) is the photon propagator, which is in Feynman
gauge Gl‘jv =gu/ k?, in Coulomb gauge

21

. - p=v=0,
G = -1 (s — Kk
R ee\%i T ) HED

V=],

and in temporal gauge

Y 0 uw=v=0,
=1 _ " @
y,u() 1 (&j_%) w=i, v=j. ( )

K~k +ie
The state ¢ in Eq. (20) is an eigenstate of Hy, and ;! is the
electromagnetic current operator for particle a. The explicit
expression for j*(k) is obtained from the NRQED Hamilto-
nian in Eq. (13) as the coefficient multiplying the polarization
vector € of the electromagnetic potential

AR(7 1) ~ €t Rkt (23)

The first terms of the nonrelativistic expansion of the j° com-
ponent are
i(g—1)

Pl =14+ —"—"5 % x
2m

and those of the j component are

=L+ skt (25)
m 2m
Most of the calculation is performed in the Coulomb gauge in
the so-called nonretardation approximation, in which one sets
ko = 0 in the photon propagator G, (k) and in j(k). The re-
tardation corrections are considered separately. Applying the
nonretardation approximation and symmetrizing ky <> —ko,
the ko integral in Eq. (20) is evaluated as

I/dko 1 N 1 1
2) 27i| —AE —ko+ie —AE+ko+iel| 2’
(26)

where we have assumed that AE is positive, which is the case
when ¢ is the ground state. For excited states, the integration
contour is deformed in such a way that all poles from the
electron propagator lie on the same side. Therefore, the result
of the ky integration for excited states is the same as for the
ground state, yielding

3
GISENS) = - [ X 6@
Qm)3 "

x (B @) X O By |@).  (27)

The k integral is the Fourier transform of the photon propaga-
tor in the nonretardation approximation

. d’k S TR
G (F) = m%(k)e k
1 _% /"LZV:O9 28
Tan g0+ ®) w=iv=j @

One easily recognizes that Gy is the Coulomb interaction.
Next-order terms resulting from ;° and 7 lead to the Breit
Pauli-Hamiltonian, Eq. (6). Below we derive the higher-order
terms in the nonrelativistic expansion, namely, the effective
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Hamiltonian H® . It is expressed as a sum of various contri-
butions

H® = Z SH;. (29)
i=0,9
We will follow a similar derivation presented in

Refs. [10,11,13] for point particles, and use similar notations,
namely, 7 = 7| — 7», e; = —e, e; = Z e, and the static fields
A°, A, and € defined as

‘ Za (.. rri\p  Zag G xF)
A= — | 222220 2 (32
2% 2r( + r2>m1+ 2m r3 (32)
elg —Zoz—, 62§2=Zozr%. (33)

We now examine the individual contributions §E; = (§H;).
8Ey is a correction to the kinetic energy,

P p°
7 SEy = <— > (34)
ey AV = e, AY = _Ta’ (30) l6m]  16m;
A 7 N pl 7 oo SE; is a correction to the Coulomb interaction, where one of
et A} = 205 <6” + rz )ﬁ — 2a 82 w, (31)  the particles interacts by §H,
r my myp r
J
e ==  e(g—1/2) s(s+1) Lo
H=——rt, VIVE + = 1){#2, VE 1 AE+E
120 "EE g ST DELVEN o 4( T )i +E]
—1/2 . _ 3(g—2 _ _
%E{ﬁz,E x 7 —7 x B} — ﬁ(gr,%,, - %)E(VZE X 7 — 7 x V2E), (35)

and the other one by e A°. Here, we can use the static Coulomb approximation, obtaining

Zao 1\ - 1 1 +
SE| = ) a A L. qa 2’ ey 1
! Z< 8mg<g 2) ‘{” r3}+32m3(+ 3

a

Z
120 rEEa

47 V 53(r)—|—112 <ga Tvia —

Sa(8q

plell

M) S, P x4m 83 (r) p> (36)

r
Ea 2
4 a

where the second term in Eq. (35) vanishes for the / = 1 state. §E; is a correction to Coulomb interaction when both vertices are

e(g—1)

SH = —
4m?

B} B} D - -
E.(Exﬁ—ﬁxE)—§<E+s(s+ )>VE. 37)

m2

It can also be evaluated in the nonretardation approximation, with the result

ij

SE, = (2 1 1 o
2—<W(81 )g2 — 1) (52 x p) (——

Zo s1(s1+ 1) s2(s2+ 1)
2 B0 ()

n z—|:< Rl (51 2‘|' 1)) (82 —2 D, 5+ <r§2 L% (S22+ 1)> (&1 —2 1),
m m m

12

1 2

rird

ij

St
+ ?4718 (r))(sl x py

) 47 V? 83 (r)

} P x 483 (r) p> (38)
m; 1

8E; is the relativistic correction to the transverse photon exchange. The first particle is coupled to A by the nonrelativistic term

SH=—-Sp5.4—
m

and the second one by the relativistic correction

SH— g —2) (7 - B,# -5} +2{7#%5

2858, (39)
2m
e , 3@—-2)\. . #°
28 Ns . vep o 40
12m<ng T ) 8 m3 (“40)

It is sufficient to calculate it in the nonretardation approximation, which yields

€q ( a — 2) - = 1T = =
6E3=Z<—<{p Va x €A} +{p*, Pa- eaAa })+%{pa-vaxv4a,pa-sa}>
a my
Za 3(g1 —2
+{— glr,%“Jr(gl—z) [i51- P x 4w 8(r) P+ g25, x pan 8(r)5) x p] + (1 < 2)). (41)
12m; my 4my
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8E4 comes from the seagull-like coupling

SH = — A°. (42)
2m

Again, the nonretardation approximation yields

2
I
o= <E Aa>. 43)
8Es is a seagull-like term that comes from the coupling
&2 s(s+1)\ =
0H = — — - = )E? 44
3 <OlE 3 m2 ) ’ (44

while the second particle is coupled through e A°. It can be
obtained in the nonretardation approximation as

1 Sa(sa + D\ [ Z%?
SEs = —EXaj(aE,,— Ep =) (45)
8Ey¢ is a seagull-like term that comes from
—1 L "
s =-8" Vs Gyi_7xh (46)
4m?

Once more the nonretardation approximation can be used,
yielding

@D g, x A

47
X @7)

SEq :Z

8E7 is a retardation correction to the single transverse ex-
change

8E; =S8E; + 8E¥ + SEY, (48)
where
A Zo 27%0% iZar! p2 rirl — 38U 427
SEf = + : v
16mymy\ r3 r3 [ 2my r
; rird — 3817 y2 p2 iZar!
P r 2my |
. 2 rirl — 38U y2 2 .
- pl P s ’ P P] + (1 <~ 2)7
2my r 2my
49)
Z A\ p? liZar
5Ef . o ol (5 x r ’ P |iZar
8my my r 2my | 13

J

12m1m2 2m2

erex[, g—2 1L[p, [Ph
— _ 1 ) LS 3
6m |:rE2 2m3 s2(s2+ )]<4 {ml’ {mg’

_ Za » & —2 2243 .4 o 300
= — ”Ez_—252(52+1) 2V (r)+ig1 S - px4n s (r)p)+ (1 < 2).

P N AN
&1 2my’ YY) 2m p
. 2 7 i 2
+or| | (nx2), ||} +a o2,
2my r 2my

(50)
Zagigafl 2 [ 2 -
SES = —=~°5°° il
7 16m%m%<|:p | P12 3r
S e
bl — — — — . 51
st (TSl e

8Eg is a retardation correction in a single transverse photon
exchange, where one vertex is nonrelativistic, Eq. (39), and
the second one is

e(g—1)

SH = — 5-(Exp—pxE). (52)
4m?

The result is

2
-1 - "
8E8=Z<M ga'ga X-Aa+

2
2m;

ieq(ga— 1)
8m3

x [Aa - (Ba X 3a) + (Pa X 50) - ﬂa,p§]>. (53)
The §Ey contribution arises when one vertex is

0H = —

e y 8&—2 W am 2 o=
m g — P s(s+1)|{7, o,E —V x B},
(54)

and the second vertex is nonrelativistic, Eq. (39). The corre-
sponding current operators are

oy =2+ & isxi, (55)

m  2m
oy L2 82 ire. 2 T2Nsij 4 pigi
3j (k)_@r _WS(S+1) P [(@° — k)8 + k' k).
(56)

For this term we employ the temporal gauge, rather than the
Coulomb gauge, and obtain

SEy = Ch (L, (G 83—k, &
9= —erey W<Z {i1k), {G) 8j5(—k), e }}>
+ (1 & 2), (57)
where
Gisjt) = —— |28 2561n|p. (58
A 6m| £ 2m? ’
The result is
a3(r>H + 5L 5 x Oy {& 63(r>}>+ (1 2)
4m1 my
(59)
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This concludes our derivation of all effective operators to
order a® for P-states. Explicit formulas for matrix elements
of elementary and contact operators are presented in Ap-
pendix A. Matrix elements of other operators can be found
in Ref. [10]. We mention here that the original work of
Khriplovich [16,17] contained a computational mistake re-
lated to a matrix element in §E,, which was not corrected
in subsequent works [14,15]. This will be described in more
detail in Sec. VI.

The last part of E© to be evaluated is the second-order
iteration of the Breit Hamiltonian H® in Eq. (12). It has
already been derived for arbitrary / > 0 in Ref. [10] by the
method developed in Ref. [13], and the result is valid also
for the case [ = 1 investigated here. Since the derivation and
the final expressions are quite long, we refer the reader to
Ref. [10] for the corresponding formulas.

Adding together all contributions, we arrive at our final
result for the o® correction for nP states. It is written as

J

E© = (Za) €9,

EO = Eyg 45 5185+ L-51E0+L-52E
+ @ LY s 5] & (60)

where

Ens=Eo+ 5+ DE+5n6+DEn

+ 19—6 s1(s1 4+ 1) 52 (52 +2) Esin, (61)
5L1 = 5LN1 + %52(52 + 1)5L51a (62)
En=&En2 + %Sl (s1+ D &g, (63)

with the individual terms given by

o _ R SRS NS S
so=H 16n°  2n5 6n* 2713

2 2
Tel T Tk

3 132 e
mimy \16n% 3085  5nd m3m3 16 n®

1 1 2
+ (n—3 - $>(ﬁ TRy TEy +

g, e (L1 19N el
2T m22a\505 240 180m3) T md |24

m% 40 \n3  3nd 24 5n’

Esip =

w5 6nt ' 10813 m3

n 5 1 13 +u,4

1205 6nt 10822 | md [P\ 6
LT 4], 1/
mj [4n°  48n*  864n 9\n3
133 ), 3.1,
7207 ) T8N T 205 T80t T 72013

worre 1, 71 13\ on( 3, 9 13 s
2 PR S 8nt  720m3 1820305 T30 320003 ) ] ©®

4

wog |1 1 7 1
PP A ) D
L5z m3my 12 I:n5 PO (20115 + 8n*

mj m% 123 20 n5

4 4
Tep1 T TEE2
_|_ —
9m1 my

;1,5 1 n 137
m? m} n*  90n3

2 3
K 1 1 13 I
&m—z&(§—+ * il E5N Qe

Ess = —

w? 1 n 1 n 47 n w
mom, S 82\ 605 T 18 T 162003 ) Ty my

op +a 1 2
e (———), (64)

45 5

1 n 7 1 641
n’ 60n5  48n*  4320n3

137 7 2 work (1 1
_ L R N
+ 9On3) 60m 15n3] + my 18 \n®> n’ (63)

gg 1 /1 1
>€ﬁ+ﬁ(ﬁ_$ﬂ’ (66)

N - A 3 1
4872 " 432002 ) T\ 0w " 5

1 n 5 5 L+ 1
24n*  432n° 12n5  6nd

4 5 5 4
13 1 2 L) 13 2
_ — + r + — I - r ) 67
>|:< " 82 ) E1T 0 TE - 82 M21| (67)

2
m; 2

g1 & 1 1 5
m2+m1><18n5+18n4 324n3)

S [_@(1 137) 1 1

mm? | 480 \n* ' 90n3) " 30m5

1874 162013

191 271 1 S ) )
i|+ﬁ(;_E)mlnhglgz(er‘i'er), (69)
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w o gig [ 51 7 3697 wt g1 0 9 3 227
i = 5 4 3]+ —t+ )88 5 4 3
mym; 4 50n 12n 5400 n- mom | \m — m 200n 80n 2400 n-
19 1 1171 5 3 7 1291
(82 (- + + + g& (37 191
my  m 150n°  12n*  5400n3 mims | 200 ns  8n*  720n3
. 3, W gite (1 1), 2 1 1063
8182\ 7255 400t T 12007 10 \Bd n5) 72555 124 540013
wosig (1 1Y\,,
mm 9\ w (rvn + ana)- (70)

We remind the reader that E® is the complete «® QED
correction, provided that the lower-order correction E @ s
calculated with the physical values of g-factors.

We now turn to the comparison of the obtained formulas
for the [ = 1 states with the general / > 0 result of Ref. [10]
derived with the omission of contact terms. The contact terms
vanish in the [ > 1 case but are present for / = 1 (even for the
point particles). We will consider separately the cases of two
spinless particles, of one spinless and one spin-1/2 particle,
and of two spin-1/2 particles.

IV. SPINs; =5, =0

For a system consisting of two spinless particles, s; =
s =0, £© = Eg. This result differs from the general re-
sult 5(06) from Ref. [10] by the finite-size terms only, as it

should,

rg“El +rgE2> 1)
5 .

In the infinite-mass limit of one of the particles (and only in
this limit), £© corresponds to a solution of the Klein-Gordon
equation. For an arbitrary mass ratio there is no fundamental
equation and energy levels can be obtained only from the QED
theory.

An example of a bound system of two scalar particles is
the pionic helium atom investigated by Masaki Hori [18,19].
However, in this case the short-range interactions are domi-
nated by strong forces, and the above formula thus has limited
applicability.

2

3

LA ERATCE

0 — 586)i1:1 = E1TE2

9 \nd wd
2 2
re, +r
El E2
+

mj nip

V. SPINs; =0,s, =1/2

For a system consisting of particles with s; =0 and
sy = 1/2, the binding energy at the order «® is

EO® = Eq+Esn+ L -5 Ena. (72)

(

The difference of £© and the general result & from
Ref. [10] is

2 2
© _e® _|rEitTE [ 2 5 (2 3
&Y =& |1=1_|: p— +§"E1 rE2+_4m§
4 4 R 7_2 +r2
rEE1+rEE2+L.§2(_g2( 2+ 121)
5 ny mp
+”1252_32?1%42—(82—1)r%1
m;
5
% 1 1
2= -=), 73
79 (n3 n5> (73)
where
3(6—2)
2 2
- , 74
ng ng—l_ 4m2 ( )
3(g—2)
) 2
= 75
fp=rg a2 (75)

With the rotational angular momentum / = 1 coupled to the
spin s, = 1/2, the total angular momentum J can be either
J =1/2 or 3/2. The corresponding energies are

5(6)|J:1/2 =Eso + Es2 — Enn, (76)

EONyzsp = Eso + Esa + Ena. )

The explicit formulas for £© are quite long. However,
their expansion for a small mass ratio m, /m; is quite compact.
Specifically, assuming that particle 2 is point-like (ky = rz, =
"1%42 = réEz = 0) and neglecting the polarizabilities (ag; =
agy = 0), we obtain £© = £6:0 4 g6.D 4 ..

5 3 3 1 1/1 1 1 1 1
(6,0) — 2.2 4 4
& |J:l/2' mz |:<_W 4-_1’15_ﬁ_ﬁ)+8(E_n_5>m2rEl+E(F_$)m2rEEl:|’ (78)
2
6. mi[( 1 9 3 21 L1 1N 5,5 11 1\ 4.
£ _ml[(z_n@‘ﬁ st Ta0m) T2\d ) g n s ) e D
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5 3 3 1 1 1 1
gO0 - 4= - — - Srden |, 80
=32 = ma 6m° T80 2 ) T3 ws ) M2 TEE (80)
2r/1 23 3 133 /11
g6 M _ — (= - 44 81
s = o I\ 26 =308 T 32 Y3200 ) T5 \ia s )RR ®D

In the point-nucleus limit, these formulas are in agreement with the literature results [1]. Furthermore, the finite-size corrections
in the nonrecoil limit agree with those derived in Ref. [20]. The finite-size recoil corrections given by Eqs. (79) and (81) have
not been previously calculated. We have verified them by comparing with numerical calculations performed to all orders in Z«
in Sec. VIII.

VI. SPINs; =5, =1/2

The most complicated case considered here is when both particles have spin s = 1/2. The binding energy £©® can then be

expressed as

EO® =Eg+ Es1 +Esa + Esin +51 52 Ess + L - 51 (Ent + Ers1) + L - 52 (Enva + Ersa) + (L LHP s} S2 &L (82)
It differs from the general result £; from Ref. [10] by
£O _ g®) ZM_S 1 1N\ [F T 2 2, 3 24 3 +r;4351+r2*£2
G li=1 9 \nd u’ my my 3 4 2 E2 4m3 5
L LoF |:_81 (7 + 752) & 712141 rEl ( >]
nymp ny
- Fapy + 72 72
+L.§2|:_82(M2 El)_g2r§/12 rE2 ( >:|
ny myp ny
- 22 88 10 |2 1 g1—2 82— (gGr1—1D(g—1)
+5 -5, |:3 p— (P + i) — ppm— 22 o +g + S 2
N 3 g1—2 & —2 3(g1—1(g2—1
Lle 2) l j 8182 2 )
+( ) p—— (Fay1 + 7o) + 0mm I 2 + 81 -~ + g
(33)

The above difference does not vanish in the point-particle
limit, which indicates a disagreement not only with Ref. [10]
but also with previous calculations [13—15] since Ref. [10]
was claimed to agree with them in the limit m; = m,.

We now examine this discrepancy in detail. For the positro-
nium atom, the difference (83) becomes

_ ¢c(6) (6)
8Epes =E© = &5 1

=my

 mZa)® (1 1\(1 L-G+5)
Y nd ndS )\ 24 12
31 . 32 (LiLj)(z) s"lsé
) 84
+ T + 3 (84)

Evaluating explicitly the spin-angular dependence in the
above formula, we obtain

8Eps(s=0,j=1)=0 (85)
. m(Za)® (1 1
BEpos(s =1,j =0) = — <n_3_$>’ (86)
8Epos(s =1,j=1)=0 (87)
SEpps(s =1,j=2)=0 (88)

(

We thus find an additional «® correction for the orthopositro-
nium j = O state, given by Eq. (86).

On closer inspection, we relate this discrepancy to the
8E, = (§H,) contribution. Zatorski calculates it for point
particles [13], Eq. (94), separately for the / = 1 case [13],
Eq. (99) and for the / > 1 case [13], Eq. (103), closely follow-
ing the original calculation of Khriplovich [16,17]. Later he
writes that “...the correction § E; for [ = 1 still can be obtained
from Eq. (103),” which we find to be incorrect. The difference
between Eqs. (103) and (99) of Ref. [13] is exactly equal to
Eq. (86) in the above. Moreover, our calculation of §E, is
in agreement with Ref. [13], Eq. (99) in the point particle
limit. This means that the original approach of Khriplovich
[16,17] is valid for I > 1 but not for / = 1. The subsequent
works [14,15] followed the original Khriplovich calculations
and thus reproduced the incorrect result for the [ =1 lev-
els, although they agreed between themselves. Furthermore,
Zatorski in Ref. [13], Eq. (204) presented the result for the
positronium [ = 1 levels employing Ref. [13], Eq. (103) in-
stead of Ref. [13], Eq. (99) and claimed agreement with the
previous result of Ref. [15].

We thus conclude that the previous result for the positron-
ium P-levels repeatedly reported in the literature [13—15] was
incorrect. The corrected formula for the positronium P-levels
is presented in Appendix B. The additional correction found
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in this work shifts the previous theoretical predictions of the
Jj = 0 level of positronium, but the corresponding numerical
value is too small to affect the comparison with the (much less
accurate) experimental result [21].

Returning to Eq. (82), we present formulas for its ex-
pansion in the small mass ratio m,/m,, for the case of the
point-like second particle (ky = r2, = riy, = reg, = 0) and
negligible polarizabilities (ag; = agr = 0). The results are

£60) s 1 3 S\l 3 7
0 _ _ - _ N
2 160  2n5 16n* 9613 : 4n5  16n* 9613
1/1 1 I U 1, .,
+§ ;—n—s E—L'SZ mer1+5m2rEE1 (89)
2 1 14 3 217 N 1 3 7
gon "M L5(—-— —
N\ "5 T ien Tason ) T \GE T Ten 96
Cols 4B 03 8N 1 119
) — 51 -8 — —
S T 200 T a6nt T 2803 ) TV 455 T 180 T 162003
; ] 169 43 5441 1/1 1
L L/ 2) i _ _ | — _— 4.4
o WIDT 9 350,5 ~ Ta0m ~ Tos00m ) Fo i T3 ) | T2 e
| 4 R o o
-3 (5 —L. §2> m3re, + (5 515 —L-5 +2LLHPs sg) m3 g r}m] } (90)
[
The above expression for £©9 agrees with that for the s, =  Eq. (60),
0,s, = 1/2 case, as it should. Similarly, £©1 agrees with E—E 7.5 E 7.3 E
the s; =0, s, = 1/2 case up to the terms with §;. The 5,- - NSTF . S"A L’f t LSy B
dependent terms are responsible for the hyperfine structure at + (L' LHP Sy s{L Erp + 5y - 5y Ess. 91

the «® order and for mixing of the P, p—; and P, p—; states.

VIIL 2P FINE STRUCTURE IN LIGHT MUONIC ATOMS

Accurate theoretical predictions of the fine and hyper-
fine structure of the 2P levels in muonic atoms are required
for the determination of the nuclear charge radii from ex-
perimental 2P-2S transition energies. QED calculations of
the 2P fine structure of pHe ions have been performed in
Refs. [22,23], neglecting higher-order terms in the mass ratio,
namely, (Z a)® m,, (m,, /my)*"), where the subscripts 4 and
N refer to the muon and the nucleus, respectively. In the
present work we obtain the result for the a® contribution with
full dependence on the mass ratio m,, /my.

The binding energy of a muonic atom can be decomposed
in terms of basic angular-momentum operators, similarly to

J

Here, the spin-independent term Eyg corresponds to the en-
ergy centroid, the second term is responsible for the fine
splitting, Et; = 3/2 E;,,, whereas the remaining terms induce
the hyperfine splitting and mixing between the fine and hyper-
fine structure.

We are now interested in the fine structure of the 2P state.
The leading fine structure of order (Za)* is obtained from

Eq. (7), with the result
(5 )

w(Za)!
32 m2
For the «® correction, we set g, = 2 because the magnetic-
moment anomaly is only a part of the o’ correction. Similarly,
we neglect QED corrections to % and r3, of the muon. We
obtain for the sy = 0 nucleus

8u
mN mM

EY = (92)

© _ 3
Efs :5 LM(n:Z,gM=2,SN=0)
Za)¥T5 1w 197w\ 3/u\ 11/px) w?
=nu . - — — | — — = — + —=| — —,uzré 1——2 s (93)
64 |4 4my 18 \my 4 \my 36 \my my
whereas for sy = 1/2
E® =ZE,n=2 2,5y = 1/2)
) Lp = 8u = N =
 (Za)O[5 1 n 19 2729 , w\? 3 5 188 w\?
=P 2T m T U T 36005 ) iy ) T AT T s T s 8 Gy
15 Yo, 1
2 - — ) (1-=) | 94
+(36 728 400g§v> <mN> a (rE+4m%v>( mﬁ)] &9
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TABLE I. 2P fine structure of wHe ions, in meV. The root-mean-
square nuclear-charge radii are [3,6] 7z (h) = 1.970 fm and rg (o) =
1.679 fm. Our uncertainty is due to higher order in « terms, mainly
due to the two-loop electron vacuum polarization. From the previous
results in Refs. [22,24] we have subtracted BP(tot) = 0.1947 meV
due to a different definition of the fine structure of u*He used in
these works.

Contribution wHe't w*He'
EY 144.510 95 145.898 24
ES 0.269 81 0.275 65
E? 0.004 05 0.007 64
Ex, 144.785(3) 146.182(3)
Refs. [22,23] 144.785(5) 146.181(5)
Exp. [3,24] 144.763(114) 146.047(96)

It is worth mentioning that the spin-0 case can be obtained
from the spin-1/2 one by setting gy = 0 and redefining the
charge radius. We also note that the first two terms in powers
of w/my are universal and do not depend on the nuclear spin.

In addition to Ej * and Er(f ), one needs to account for
the one-loop electron vacuum polarization correction to the
leading fine structure, which can be calculated as described in
Ref. [25]. Our numerical results for the 2P fine structure of
uHe™ are listed in Table I. They are in agreement with the
previous calculation of Karshenboim et al. [22,23] and with
available experimental results [3,24]. The observed agreement
supports the determination of the nuclear charge radii reported

namely, the leading-order Zo expansion result given by
Egs. (79) and (81) and the all-order (in Z«) approach. The
comparison of results of the two different methods will, first,
validate the formulas derived in the present work and, second,
give us an idea about the higher-order (in Z«) effects.

The general expression for the nuclear recoil correction in
electronic and muonic atoms valid to all orders in Za was
derived in Refs. [27-29]. For a muonic atom, it reads

E..
mN 271/ Zaa—i—w—en(l—lO)

x (a|p — D(w)In)(n|p — D(w)|a),

95)

where ﬁ is the momentum operator, D/(w)=
—AnZo o D” (w,7), o' are the Dirac matrices, DC{ is the
transverse part of the photon propagator in the Coulomb
gauge, and the summation over n is performed over the
complete Dirac spectrum of a bound muon. The photon
propagator D/ i describing the interaction between a point-like
and an extended size particle was derived in Ref. [30].

To separate out the contribution of order a® and higher
from E.., we subtract the contribution of previous orders.
Specifically, we introduce the higher-order remainder function
E%1) as follows:

rec
pon _p. M@ (Za)4< 1 l)
ree  my | 2n? 2n3 \j+1/2 n

in these works. This confirmation is important in view of a (Z(x)s
significant discrepancy in the charge radii difference r2(h) — + D501| (96)
rZ(a) between the electronic- and muonic-spectroscopy de- n?
terminations [3,6,26]. .
where Ds is defined by Eq. (11),
VIII. NUCLEAR RECOIL IN LIGHT MUONIC ATOMS
—_38 1 _
In this section we examine the nuclear recoil correction for Dso2p) = Inlko(2p)] = 15 0.308844332....
muonic atoms, as obtained within two different approaches, ©7)
0.24 4 1
1 0.14 4
0.21 4 —e— pnt, all-order 1 nt. all-order
] - pnt, Zo 0124 e e
0.18 4 fns, all-order . fpnns’ al(lx-order
] fns, Zo 0104 fns’ Zo
0.154 | )
] 0.08 -
T 0124 i
9 4
o i 0.06
- 009 ]
006 eeeoafe om0 e 2" R e e
0.03 ] 0.02+
0.00 0.00 -
——— T L L R B B TT v 77 v T 777 T T T TTrr T Tr T L L R B T
0 10 20 30 40 0 10 20 30 40

FIG. 1. Nuclear-recoil point-nucleus and fns corrections Er(fj) for the 2p;/» and 2p3, states of muonic atoms, as a function of the nuclear
charge number Z. Units are mi /my (Za)®. The nonsmoothness of the fns plots is due to the irregular dependence of the nuclear charge radius

onZ.
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TABLE II. Nuclear-recoil point-nucleus and fns corrections E S for the 2p,, and 2p3 ), states of muonic atoms. Units are m, /my (Za)°.

rec

point fns
2pip 2p3p 2p1) 2p3p

V4 rg [fm] All-order Za-exp. All-order Za-exp. All-order Za-exp. All-order Za-exp.

1 0.8409 0.057 66 0.057 29 0.040 98 0.041 67 —0.010 46 —0.010 57 —0.000 94 —0.001 07
2 1.6755 0.058 01 0.057 29 0.040 60 0.041 67 —0.053 27 —0.054 60 —0.01570 —0.016 87
3 2.4440 0.058 31 0.057 29 0.040 28 0.041 67 —0.149 86 —0.156 65 —0.070 78 —0.076 37
5 2.4060 0.058 82 0.057 29 0.039 71 0.041 67 —0.139 89 —0.149 53 —0.063 72 —0.07173
7 2.5582 0.059 28 0.057 29 0.039 25 0.041 67 —0.163 72 —0.179 63 —0.078 37 —0.091 68
10 3.005 0.059 92 0.057 29 0.038 66 0.041 67 —0.255 04 —0.296 06 —0.139 81 —0.174 66
14 3.1224 0.060 75 0.057 29 0.037 99 0.041 67 —0.272 41 —0.33449 —0.150 07 —0.203 46
20 3.4776 0.062 05 0.057 29 0.037 15 0.041 67 —0.345 84 —0.475 60 —0.199 83 —0.313 07
26 3.7377 0.063 50 0.057 29 0.036 43 0.041 67 —0.390 10 —0.605 53 —0.228 68 —0.41778
32 4.0742 0.065 19 0.057 29 0.035 80 0.041 67 —0.447 58 —0.812 87 —0.268 46 —0.589 79
40 4.2694 0.067 95 0.057 29 0.035 05 0.041 67 —0.440 82 —0.956 17 —0.259 70 —0.711 21

We perform our numerical calculations of E.. by the ap-
proach described in detail in Ref. [31], for the exponential
model of the nuclear charge distribution. The total correction
is conveniently separated into the point-nucleus (point) and
the finite-nuclear-size (fns) parts. The results are presented
in Table II and Fig. 1. The numerical all-order results are
labeled as “all-order,” whereas the leading-order contributions
obtained with Eqgs. (79) and (81) are labeled as “Za-exp.” We
observe that the numerical all-order results rapidly converge
to the lowest-order analytical prediction as Z is decreased.
The higher-order in Za corrections are quite small for the
point-nucleus contribution but become prominent for the fns
correction already for medium-Z ions; e.g., for Z = 40, the
lowest-order fns formula overestimates the corresponding all-
order result by a factor of about two. It is also interesting that
the fns part of E. rapidly grows with the nuclear charge and
dominates over the point-nucleus contribution for Z > 10 for
the 2py, state and Z > 20 for the 2p3/, state.

IX. SUMMARY

We have derived the complete QED correction of order o
to the binding energies of the nP states of two-body systems
consisting of the spin-0 or 1/2 extended-size particles of
arbitrary masses and magnetic moments. The derivation has
been verified by an all-order in Zo numerical calculation of
the first-order in m/M recoil contribution. We have corrected
the literature result for the positronium / = 1 energies [13-15]
and verified previous calculations of the 2P fine splitting in
light muonic atoms [22,23].

The obtained formulas for the [ =1 states extend the
previous [ > 1 results of Ref. [10] and can be applied to a
wide class of two-body systems of immediate experimental
interest, such as hydrogen, hydrogen-like ions, muonic hydro-
gen, muonic helium ion, positronium, muonium, etc. In the
future, even more exotic two-body atomic systems may be-
come accessible for experimental studies, such as protonium
and other hydrogen-like hadronic atoms [32]. Comparisons of
theoretical predictions of these systems in highly rotational

states with accurate spectroscopic measurements would serve
as tests of the yet unexplored region of long-range interactions
between hadronic particles.

The current theoretical predictions of energies of the [ >
0 levels of two-body systems can be improved further by a
calculation of the o’ correction, which is presently known in
the nonrecoil limit only [33], and by inclusion of the electron
vacuum polarization in a nonperturbative manner as was done
for muonic atoms [25].
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APPENDIX A: MATRIX ELEMENTS OF VARIOUS
OPERATORS FOR P-STATES

Here, we list results for matrix elements of various opera-
tors needed for our evaluation of E© for nP-states,

<l>=“22°‘, (AD)
r n
1 _2(/LZ05)2
()= 25 (42
1\  (uZa)
<ﬁ>_7’ (A9
L\ o 2 -
| T 22N 55 T 15,5 ) (A9
4uzay (11
<ﬁ4na3<r>ﬁ>=%(—3——5>, (AS)
n n
5
(P x 47 83(r) p) =iw(i3 — is) L, (A6)
3 n n

5
(a5 eoph®) = = HEET (Y@,
(A7)
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APPENDIX B: POSITRONIUM P-LEVELS
AT THE «®* ORDER

The complete a® correction to the energy levels of the nP-
states of positronium is given by

69 23 |
E®Om'p) = o _ —
pos (TP =mat| = o T 0 T o
163
43201 )’ (B)
69 461 1

EQ)(n’Py) = ma6<

T 51206 T 9605 3t

1531 a+6a
_ _ , B2
8640n3  24n2nd ) B2)
69 77 25
EOWPY = maS( — _
pos (TP =ma| = o T 30 T 192
553 @ —2a
, B3
+ 17280n% = 48x%nd ) (B3)

EOwP) = mad( - 69 N 559 169
pos 512n6 © 480015  4800n*
17977 —ai + 18a,
, B4
T 3320000 T 24072 ) B

where a; and a, are the expansion coefficients of the electron
magnetic-moment anomaly a,

o o 2
a=—a1+<—) ay+---, (B5)
T T
a =3, (B6)
3 :3) Ty Ty 197 (B7)
a) = — — — In —_— —_—
2=7¢ 2 12 " 144

The presented formulas agree with Ref. [13], Eq. (204) for
all states except the n3Py one. Note that in this section we
switched to the literature definition of Eégg and included con-
tributions from the expansion of g-factors in «, originating
from E® in Eq. (7).
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