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1. Introduction

Positronium stands out as a particularly simple nonrelativistic two-body bound system. The
electron and positron in positronium have no known substructure, and the interaction between
them is due purely to QED to an excellent approximation. Positronium is subject to large “recoil”
effects—its mass ratio takes the maximum possible value of m,- /m,+ = 1. Because positronium
is a particle-antiparticle bound system it is subject to annihilation—real and virtual-and its states
can be taken to be eigenstates of both parity and charge conjugation. Positronium is accessible to
high-precision measurements of energy levels and decay rates, so calculation of these quantities
to similar or greater precision allows for a stringent test of the methods of calculation and the
assumptions upon which those calculations are based.

Positronium has been the subject of much work, both experimental and theoretical, since and
even before its discovery by Deutsch in 1951 [1]. Measurements of steadily increasing precision
were preformed for the decay rates of the n = 1 triplet and singlet states and for transition energies
involving the various n = 1 and n = 2 states. Reviews of this work appear as [2—7]. Positronium
energy levels can be expressed as the electron mass m times a series in the fine structure constant
« and logarithms of «:

E = m{Azo(Xz —|—A40064 +Asy o’ 111(1/06) +A50(X5 + A1 ab 111(1/0() —|—A60(X6
FAna In2(1/a) +A71a7ln(l/a)+A7ooc7+---}, (1.1)

where we are using natural units with 7 = ¢ = 1. The contributions at O(ma?) are just the Bohr
energies with reduced mass. The terms at O(ma*) represent the fine and hyperfine structure cor-
rections (which have the same order for positronium because the masses are equal), and the mo®
effects are further corrections including the Lamb shift and Salpeter term. These contributions
are discussed in the reviews listed above. Many authors contributed to the calculation at order
ma®, which was completed by the year 2000 [8, 9] for S and P states, and by 2008 for states with
¢ > 1110, 11]. The leading log corrections at order ma’ were done by 2000 as well [12-14], and
the O(ma’In(1/a)) corrections to the hyperfine splitting (1°S; — 1!So) appeared shortly there-
after [15-17]. Only a relative few of the pure O(ma’) corrections have been completed as yet.
The ones that have been done involve “ultrasoft” corrections [18], “hard” (i.e. high-energy) cor-
rections in the two-photon-exchange channel [19-23], corrections in the three-photon-annihilation
channel [24], corrections in the two-photon-annihilation channel [25-28], and corrections in the
one-photon-annihilation channel [29].

Our overall project is to complete the calculation of all contributions at O(ma’). We are
starting with the “pure recoil” corrections—that is, corrections without radiative photons (radiative
photons are those connected to just the electron or just the positron) or annihilation photons, and
that involve equal powers of the electron charge and positron charge. The pure recoil corrections
provide the deepest probe of the binding process. We have developed a method of calculation
involving dimensionally regularized NRQED and the NRQED Bethe-Salpeter equation, described
in more detail in [30] and in Sect. 2. We are using this approach to complete a unified calculation
of all corrections to positronium energy levels up to order ma’. So far, we have been able to
reproduce all contributions at O(ma*), O(ma®), and O(ma®), finding the traditional results as
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given, for instance, in [31] at O(ma*) and [32] at O(ma?). Our results at O(ma®) are given and
discussed in Sect. 3.

2. Method of calculation

In this section we give a brief description of our method of calculation. More details were
given in [30]. We will give a complete account in a future publication.

Our calculation is based on the effective low-energy quantum field theory Nonrelativistic QED
(NRQED) [33] in Coulomb gauge. NRQED is applicable to low energy processes (involving en-
ergies and momenta small compared to the electron rest energy m), such as binding in atoms like
positronium. In its domain of applicability it is equal in rigor to QED, but it is optimized for the
calculation of effects involving nonrelativistic energies. Relativistic corrections are encoded in a
number of additional interactions making it relatively easy to keep track of the order in & of vari-
ous corrections. Detailed forms for the NRQED effective Lagrangian and Feynman rules have been
given in a number of places [34, 35]. All divergences—ultraviolet and infrared—are regulated using
dimensional regularization.

We use the NRQED Bethe-Salpeter equation to find a description of the positronium sys-
tem. A perturbative scheme for finding energy levels is built upon an exactly soluble lowest order
description in which the interaction kernel is simply the nonrelativistic Coulomb interaction (in
D = 3 —2¢ spatial dimensions). The lowest order Bethe-Salpeter equation is just the usual non-
relativistic Schrodinger equation with known solutions [36, 37]. Feynman diagrams for the per-
turbations, such as those shown in Fig. 1, are treated as follows. First, we performed all energy
integrals by use of the residue theorem. The integrals that remained were over the spatial momenta
of both external wave functions and internal loops. We identified two regions for the various spatial
momenta occurring in these integrals [38]: soft (of order ma) and ultrasoft (of order mo®). With
assumptions about the order in @ of each momentum, we expanded in powers of o to obtain a num-
ber of terms having well defined orders. We were able to find analytic results for all contributions
at O(ma®) as detailed in the following section.

3. Results at order ma?®

The graphs that contribute ma® corrections are shown in Fig. 1. These were evaluated one
by one using the approach outlined in Sec. 2. They were evaluated in a unified way for both spin
states, all orbital angular momenta, and all n by identifying contributions at the order of interest,
reducing them to ordinary Coulomb expectation values (albeit in D = 3 — 2& dimensions), and
evaluating the expectation values as outlined in [37]. We give our results separately for £ = 0 and
¢ > 0 since only for ¢ = 0 were there cancelling divergences from different scales that appeared
at intermediate stages of the calculation along with the associated logarithms. For the hyperfine
splitting AEﬁf:SO = AE=05=1 _ AE=05=0 we find

6
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Figure 1: NRQED kernels that contribute recoil corrections to the bound state energy levels through order
mo®. Additional diagrams reflected vertically or horizontally also contribute. Term (a) represents the sixth-
order relativistic kinetic energy correction. There are two such diagrams, with the correction on the electron
line (top) or positron line (bottom). Term (b) represents all corrections involving the exchange of a single
Coulomb photon with Darwin or spin-orbit corrections on each end, or with a Coulomb vertex on one end
and a higher-order vertex on the other. Term (c) shows a “A” graph involving Coulomb photons having a
Coulomb-Coulomb seagull on the top and two Coulomb vertices on the bottom. The vertically reflected
graph is also included. Term (d) represents a transverse photon with a convection, Fermi, or higher-order
vertex on each end. Term (e) shows crossed transverse and Coulomb photons with various vertices for
the transverse photon. Term (f) has a transverse photons with convection or Fermi vertices crossing two
Coulomb photons. Term (g) is a Coulomb-transverse “A” graph. Term (h) is a transverse-transverse “A”
graph. Term (i) is a four-fermion “contact” term. This graph contains the effects of the six hard three-
photon-exchange graphs. Term (j) represents the contribution from second-order perturbation theory. The
“photons” shown here really represent the fourth-order interaction coming from first corrections to Coulomb
photon exchange and the lowest order contributions to transverse photon exchange, while the object in the
center represents the Coulomb Green function with the pole for the state in question subtracted out.

where H, =Y~ % is the n'™ harmonic number, in agreement with the results of [9, 39, 40]. For
the spin average AELC = 1 (3AE'=0+=! 4 AE*=9+=0) we obtain

avg

AE!=0 —

avg

maé{ 69 1 1 83 11 3§(3)} 3.2)

2\ 5128 32 dn 576 16m2  8n2

in agreement with the results of [9, 41]. We performed an independent calculation of the hard three-
photon-exchange graphs that give rise to the contact term matching coefficient of Fig. 1i using the
integration by parts routine FIRE [42]. For the second order perturbation theory contribution of
Fig. 1j we made extensive use of formulas for the reduced Coulomb Green function contained in
[43]. New angular momentum structures appeared in the calculation of corrections with £ > 0.
For a given n and ¢ there are four states, having {s, j} = {0,¢}, {1,£—1}, {1,£}, and {1,¢+ 1}.
We found it convenient to express our results in terms of four independent angular momentum

g 7 3 72 a : 20282 -3L-S(2L-S+1
structures: 1, S* =s(s+1), (L-S) =1 {JZ—LZ—SZ}, and §(j,0,s) = 3(4Z2£3) 1) The
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total result for energy levels with £ > 0 is

3(—33+68(+68(%) 9(—3—130+150>+5603 +28¢*)
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This expression agrees with previous results for £ = 1 [9, 10], and is consistent with the coefficients
of £(j,£,5), S2, and 1 that can be obtained from the results of [10]. Our value for the coefficient of
<Z§> differs from that of [10] when £ > 1 [44].

There results include only recoil corrections. Also appearing at O(ma®) are corrections com-
ing from higher order terms in the matching coefficients, which represent high-energy contributions
in various sub-diagrams. Some of the matching coefficients can be derived from knowledge of the
usual QED Dirac and Pauli form factors, as in [34, 35], while others require special calculation,
such as the “radiative-recoil” corrections [8] and the three-photon-exchange contributions to the
contact term (Fig. 1i) [9, 39-41]. Other corrections that contribute to S states come from one-,
two-, and three-photon annihilation as tabulated in [8].

4. Prospects for future work

We believe that we have the tools in place to complete the calculation of all O(ma’) correc-
tions to positronium energy levels. Dimensionally regularized NRQED along with the NRQED
Bethe-Salpeter equation and the method of regions provides a powerful scheme for identifying all
contributions at the desired order and bringing them into a convenient form for evaluation. These
methods have been tested by using them to complete successful re-evaluations of all contributions at
orders mor* and ma® and the recoil corrections at O(ma®). Completion of the O(ma’) calculation
will require a number of new NRQED calculations, the evaluation of additional hard contributions
such as those coming from four-photon-exchange and four-photon-annihilation graphs, and a sig-
nificant amount of organization to pull together terms already known (such as those discussed in
[45D.

3.3)
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