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The two-photon-annihilation contribution to the positronium hyperfine interval is obtained in analytic
form at order ma® using the Fried-Yennie gauge. The contribution to the hyperfine interval is
—0.0325ma’®= —0.606 MHz. This differs from the result of an earlier Feynman gauge evaluation. The
errors in the earlier calculation are identified. The corrected Feynman gauge result agrees with the

Fried-Yennie gauge result.

PACS number(s): 36.10.Dr, 12.20.Ds
I. INTRODUCTION

The ground-state hyperfine interval of positronium has
been measured to be [1,2]

AE, ;=203 389.10+0.74 MHz . (1)

The theoretical result for this interval is [3,4]

AE=ma* %—%(é‘ln2+§)

+Za’in(a™H+Ka?+ -+ | . )

The theoretical value, including all contributions through
order ma®ln(a™1), is [5]

AE,; =203400.287(18) MHz . 3)

The ma® term, with a coefficient of 1, would contribute
18.658 MHz. Known contributions to the coefficient K
and to AE,; are shown in Table I. The theoretical value
for the hyperfine interval, including all known contribu-
tions to K, is

AE,; =203 402.7(6) MHz . @)

The error is dominated by the numerical uncertainty in
the calculation of the recoil correction [16]. Other
contributions to K, involving one-photon-annihilation
graphs, remain uncalculated.

In this paper, we show that the largest contribution to

K, coming from two-photon-annihilation graphs, is in
fact not correct. The correct contribution from these
graphs is —0.0325ma®=—0.606 MHz. The corrected
theoretical value for the hyperfine interval is

AE,;=203389.0(6) MHz , (5)

in agreement with the experimental result. We perform
our calculation in the Fried-Yennie gauge [17] in order to
eliminate spurious infrared divergences. The calculation
of Cung, Devoto, Fulton, and Repko [9-11] (CDFR) for
this term was performed in the Feynman gauge. We deal
with the binding singularity in the ladder graph in the
natural way, by letting the binding energy and nonzero
relative momentum regulate the divergence. CDFR used
a nonphysical photon mass to regulate the singularity.
However, the method of CDFR is correct and should
have led to the correct answer. We identify several mis-
takes in the calculation of CDFR. After correcting these
mistakes, we find their (corrected) answer to be the same
as ours.

The outline of this paper is as follows. In Sec. II, the
two-photon-annihilation contribution at order ma?® is cal-
culated. We do this in order to establish notation and in-
troduce some techniques that will be useful in the ma®
calculation. In Sec. III, we show the details of the order-
ma® calculation in the Fried-Yennie gauge. In Sec. IV,
we discuss the ma® calculation in the Feynman gauge. In
Sec. V, we present our conclusions. In the Appendix, we
discuss the evaluation of some integrals that come up in
the calculations.

TABLE I. Known order-ma® contributions to the positronium hyperfine interval.

Contribution to AEg

Origin of contribution Contribution to K (in Mhz)
Three-photon annihilation [6—8] —0.0519 —0.969
Two-photon-annihilation [9-11] 0.7038 13.131
One-photon-annihilation with fourth- and

higher-order vacuum polarization [12,13] —0.1492 —2.783
Radiative-recoil [14,15] —0.5394(13) —10.064(25)
Recoil [16] 0.17(3) 3.1(6)
Total 0.13(3) 2.4(6)
Corrected two-photon-annihilation —0.0325 —0.606

[this work]
Corrected total —0.60(3) —11.3(6)
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II. CALCULATION AT ORDER ma’®

The contribution of the two-photon-annihilation graph
(Fig. 1) to the positronium hyperfine interval at order
ma’® was first calculated by Karplus and Klein [18] as
part of their complete calculation of the hyperfine inter-
val to that order. We will obtain their result using a
bound-state formalism that can be easily used to obtain
the order-m a® contribution as well.

The energy shift due to an interaction kernel 8K has
the form [19]

AE=iV(8K)¥° . (6)

The reference wave functions ¥° and ¥° in Eq. (6) are
dependent on the exact bound-state formalism used.
However, for calculations of order-a corrections to a
lowest-order effect, it is sufficient to approximate the
wave functions by

01
Vip)=Cmsp*) s |o o |¢p) (7a)
T
9 oo 1 |00
Pp)=emsp*) s || o| 4 (70)
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where the 8 functions represent the sharp peak of the
wave functions near zero relative energy, the matrix fac-
tors (where each entry represents a 2 X2 matrix) describe
the combination of a spin-1 particle with its antiparticle
to form a spin singlet, and ¢(p) is the nonrelativistic
Schrodinger-Coulomb wave function

é( P)_d’o( 2+ 2y (8)
with
2 |12
do= l;_—J > 7’:%(1- ©)

The quantity 8K in Eq. (6) is the irreducible interaction
kernel K minus the reference kernel K,. For the case at
hand, K is given by the central part of the diagram of Fig.
1, which also (implicitly) includes a similar contribution
with crossed photons. The dependence of 6K on two rel-
ative momenta and two sets of two Dirac indices is impli-
cit. (A detailed description of these conventions can be
found in Ref. [19]).
The contribution to AE due to the graph in Fig. 1 is

AE o=i(—1) [ (dk)(dp)(dp'Vtr | BT (p)( —iey™ i —iey"?) | — — -
ro=i(—=1) [ (dk)(dp)(dp'ytr |F°T(p)(—iey Btk =m ) | 57 Yun O T Vi (P RO
X t ina,o(2) i a0
UEZSZ r|(—iey )y(P/2+p—-k(,m)-m( iey )W (p) (10)

where the i comes from Eq. (6), the (—1) is due to Fermi
statistics, the integration measure is (dk) =d*k /(2m)*,
the sum is over the two permutations of the photons,

P=(2m,0) is the (rest-frame) positronium energy-
momentum vector, k, =k, k,=P—k, and
. k.k, )
Y, (k)=g,,t2—— (11
J
ma’ 1 d*k 1

AE o=

16 i k*k— 2N)2(k2——2kN)

XY, , (KY, , QN—k) 3 tr

gES,
where a factor of m has been scaled out of k, N=(1,0),
and now k, =k, k,=2N —k. The trace
V4V V. v 1
T k)=tr |y [y(N—k)+1]y ! 0 0
=—2ie""Pk, (14)
where €%k = — ¢k [4], satisfies
Tk)=T"22N —k) , (15)

00
10

v v 01
¥ 0(2)[7(N—ka(1))+1]7 a(1) [0 0] ] ,

f

is part of the Fried-Yennie gauge photon propagator. To
order ma’, the relative momenta p’ and p in the electron
propagators can be neglected. Then the p’ and p in-
tegrals can be performed using the § functions and

fdp 8wy

(12)
@m)® (p*+7v?)?

The expression for the energy shift becomes

Yy (N —K)+1]9"

(13)

1P +p -k FP+p
+P+p -k A Y $P+p-k
-1P+yp -~ P-k -3P+p

FIG. 1. Lowest-order two-photon-annihilation graph with
momentum assignments.
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so the two terms in the permutation sum are equal. Evi-
dently the longitudinal terms in the Y factors do not con-
tribute. One has that

ma’ 1 d*k 1

AE; =
Lo 16 Y im® k*k—2N)Xk*—2kN)?
X (2i eoM#Zaka )
. Ov,v,B
X8u v 8uy, (2N —2i€ *kp)
5
ma
=2y
- Tuo > (16)
where
d4k _ 12
Io= [ k ) (17)

im* k*k —2N)*(k*—2kN)

An infinitesimal imaginary part is implicit in each
denominator factor (k*—k?+ie, etc.) in order to define
the positions of the poles. The i€ terms are necessary be-
cause the integral I;, has an imaginary part [coming
from the region in k space where both k2=0 and
(k—2N)*=0]. The integral I; is most easily evaluated
by use of the identity

—Kk2=1[k%(k—2N)*—(k*—2kN)] . (18)
The individual terms produced by Eq. (18) each have ul-
traviolet divergences, but these are easily regularized
(e.g., by dimensional regularization). The result for I
is

1L0:%1n2—%—’—}, (19)

so the energy shift is

1 1 i
212 2 4

ma5

AE o =" (20)

This is the shift of the parapositronium energy. The con-
tribution to the hyperfine interval (orthopositronium
minus parapositronium) is

5
M in2+1). 1)

2 2

AE,=

The imaginary part gives the lowest-order parapositroni-
um decay rate as

ADKINS, AKSU, AND BUI 47

III. CALCULATION AT ORDER ma’
IN THE FRIED-YENNIE GAUGE

The two-photon-annihilation graphs that contribute to
the parapositronium energy level at order ma® are shown
in Fig. 2. The most interesting graph is the ladder graph,
Fig. 2(d). It is a difference graph, with the ladder photon
shown representing the difference between a Fried-
Yennie gauge ladder photon and the reference kernel.

A. The vacuum polarization graph

The vacuum polarization graph, Fig. 2(a), is the sim-
plest to evaluate. The effect of the vacuum polarization
insertion is to alter the photon propagator by

1 1

k2 K
where Mg (k?)
factor [20]

Mg(k?), (23)

is the renormalized vacuum polarization

(k)= —2% [ dx x(1—x)n[1—-x(1=x)k?/m?]

k2
=—“g——'—2 fol dx

37Tm

x%(3—8x +4x2)
[1—x(1—x)k2/m?]
The second form in Eq. (24) is the result of an integration

by parts. The vacuum polarization (VP) contribution to
the energy shift is

(24)

—kX(— DIz (m?k?)
i k (k—2N)Xk2—2kN)?

AEyp= m: (2) f

6
=2 Iy . 25)
m

The factor of 2 comes because the vacuum polarization
bubble can occur on either photon line. The vacuum po-
larization factor II; (k?2) is gauge invariant, so the energy
shift due to this graph is also independent of gauge.
Since Il (k?2) vanishes when k*=0, the vacuum polariza-
tion contribution is purely real. From the first form
given in Eq. (24), it is clear that —IIz(k?) is a positive
factor (since k2<0 after the Wick rotation done in the
course of evaluating the integral). Consequently, Iyp has
the same sign as the real part of I} 5 in Egs. (17) and (19).
That is, Iyp is negative.

For the actual calculation of Iyp, we let k —>2N —k in
Eq. (25) (or equivalently, we let the bubble be on the pho-
ton carrying momentum 2N —k), and use the second

[o=—2Im(AEp)=}ma’. (22)1 form of I, in Eq. (24). We find that [21]
d*k —k? 1 p1 x%(3—8x +4x?)
Too= =
w=2 [ i kXk*—2kN)? 3 fo T—x(1—x)2N—k )]
4 2
=*fd 38x+4x)fc?12c k
(1—x i 1
k*(k?—2kN )? k2—4kN+4—;-(~1_—x)

==fdxdzdsx2(3——8x+4x2) z(1—s)

=—1£(2)

s(1—2x)2+zx(1—x)1+s5)?
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D

(a) (b)

() (d)

FIG. 2. Two-photon-annihilation graphs with one-loop
corrections: (a) is the vacuum polarization graph, (b) is the
self-energy graph, (c) is the vertex graph, and (d) is the ladder
graph. The wave-function factors are implicit here.

where £(n) is the Riemann zeta function [£(2)=m2/6,
£(3)=1.20205690. . ., etc.]. Our result is negative, as
expected. It differs from the corresponding result of
CDFR by a minus sign.

B. The self-energy graph

The self-energy graph, Fig. 2(b), is also easy to evalu-
ate. The renormalized Fried-Yennie gauge self-energy
function is [22]

Sr(p)=(yp—m)ypC(p?), 27
where [23]
3a x(1—x)
Cp>)=—=—= [ dxdz .
P gl | [m2x +(m?—p2)(1—x)z]
(28)
The electron propagator has the expansion
1 _ 1
yp—m—Zg(p) yp—m
1 1
+———Sg(p)——+ -
vp—m RV p—m
1
=———+ypCp>)+ -+, (29
yp—m YpCip

so to compute the self-energy (SE) contribution, one sim-
ply makes the replacement

L__yp¥m i) (30)
yp—m

in one trace of AE;, and multiplies by 2. This replace-
ment is equivalent to

1

p2__m2

p’—m

—C(p?), (31

since only the yp term in yp +m contributes in the trace.
After extracting all factors of the electron mass, we can
use p =N —k and write
6
ma
AESE = —TISE Py (32)
T

with
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d*k —k?
Igg=2
=2 [ im? k% k—2N)Xk2—2kN)
x% [ dx dz= 1
? k2—2kN——%—
(1—x)z
=[—32£(2)+3In*2—3In2+ 2]
+i7T(—%ln2+%) . (33)
In this case, we found it convenient to use
-—k2=%[(2~—k°)k2+ko(k2—2kN)] (34)

to split Igg into two terms, each simpler than I g itself.

C. The vertex graph

The vertex graph is shown in Fig. 2(c). The vertex con-
tribution is obtained from the lowest-order graph by the
replacement

Y —Ax (35)

and multiplication by 4, where A% is the renormalized
Fried-Yennie gauge vertex correction factor. By analogy
with Egs. (13) and (16), one has

AE,=me’ 1 d'% 1
' w16 Y in? k2(k—2N)2(k?—2kN)?
X (2ie*1"2% )

gl‘l"lgf"zvz

X (2)(4)tr

Y2 y(N —k)+1]

’

v 0
XARI(N"'k,N) O O

(36)

where the factor of 4 reflects the fact that the vertex
correction can act on any of the four vertices. Again, all
factors of the electron mass have been extracted from
Ax. Now any factor of N¥ or k¥ in A} gives zero be-
cause of the other trace, any factor of y N —1 on the right
in Ay gives zero because of the spin-matrix part of the
wave function, and any factor of [y(N—k)—1]yYin A}
gives zero because the corresponding trace vanishes.
With these simplifications, the effective vertex correction
is [21,22]

®(N—k,N)

—4x(1—x)S" 4 2R"

H? H

a
_)—27—7'— f dx du dt

v,.2 _
+21x(H x)

H2
V. P
y oYX H =x) | (37)
"
where
SR % Y% fLam. 2 N O 2 | (38a)
r ur
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H—x=—xu(l—u)k?—(1—x)u(k?—2kN), (38b) with » =1—xu [24]. Because of the trace relation
1—x V2 i V1B 01
H=—urt | k2—2kN X , (38¢) tr |y [y(N—k)+1lio kﬁ 00
r urt
=4k,
Ve, VL2 0
SV=y "k [u(l—u)2+k")—1]
v. v 01
+yM(k?—=2kN)[ —u(1+k°)+1], (38d) =—2tr |y [y (N=RK)+1ly ' |, o” , (39
RY=y"k} —2+3x —x2u(1—u)] one has that effectively
+y"(k2—2kN)[2—3x —x(1—x)u] AR—AY"", (40)
+ioPkgx(1—x) , (38¢)  where
J
— TAxA=x) o 0y_ 2_ _ 0
A yym fdxdudt 7D {k u(1—u)2+k°)—1]+(k*—2kN)[ —u(1+k°)+1]}
+—12;[k2[—2+3x—xzu(l—u)]+(k2—2kN)[2—3x—x(l——x)u}—2x(1—x)}
25— —
L2 (1_12 x)+6x(111 x) 41)
H H
The vertex contribution to the energy shift is
5 4 2 6
ma d’k —k“A ma
AE, = (4) = I, . (42)
Yoo J im kXk —2N)Xk*—2kN)* > "
The result of a lengthy calculation is that
I, =[2£(3)—34(2)In2+15(2)—21In*2+21In2+ $ | +in[ — 3£(2)+21In2—1] . (43)

D. The ladder graph

The ladder graph is shown in Fig. 2(d), and with momentum labeling in Fig. 3. The ladder graph requires more care
than the others because of the infrared sensitivity in the / integral due to the “binding singularity.” We will not be able
to set |p| —0 and P°—2m in the part of the ladder graph containing the / integral.

The ladder contribution to the energy shift, by analogy with Egs. (13) and (16), is

— ma5 L d4k 1 . Opypya
AL 16 ) e ek 2 KB i, (2)(2)
1 a d* 1
x [(@py— |-& [ &L
f( P bo | 4 f im™ [(I—WN?*—1][(I+WN)*—1]
Y}\,K(l _p) A}»vzvlk(l)

X (2m)8(p°)(p)
U—p? [U+WN—kp—1] m0w)ép

TN e BN 2w | (@)

where one factor of 2 comes from the two permutations
of the annihilation photons, and the other from the two
places for the ladder photon to appear. Equation (44)
represents the difference between a graph with a Fried-
Yennie gauge ladder photon and one with the reference
kernel K. In the first term, we made use of the approxi-
mation Eq. (7a) for the wave function. In the second
term, the reference bound-state equation

SK ¥,=Y, , (45)
where S equals (or approximately equals) the propagation
factor for a free electron and a positron was used to elimi-
nate the integral over /. The quantity W that appears in
Eq. (44) is half of the positronium energy

2
1— % +0(a*)

W=m , (46)
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1P+p’ -k 1P+t +P+p
\ vir+e-ko te-p
-4+P+p’ - P-k -4P+¢ —-3P+p

FIG. 3. Ladder graph with momentum assignments.

and P=(2W,0). The trace term is

Avyvik

A (O=tr |y [yl —WN)+1]y "

X[y(I+WN—k)+1]y"

0
X[y(I+WN)+1]y*

00 47)
The binding singularity occurs in the / integral
_rd — Y —p)
B, (p)= f 5 2 2 7 -
im [(I—WN)*—1][(I+WN)*—1](I —p)
(48)

In the limit p—0 and W —1, this integral is singular in

_

d*k 1
im k*k—2N)*k?—2kN)

ma’® 1

AEEindingz - _l_g

(26 2% )
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the infrared. If the /° integral is done by poles, closing
the {° contour, say, in the lower half-plane, the infrared
singularities are associated with poles at positions /°=]1]
from the photon propagator and /°=(1+1)!"2—1 from a
fermion propagator. The first singularity is cured by the
Fried-Yennie gauge factor Y,,. The second (binding)
singularity remains.

The first term in Eq. (44) has a naive order of ma®.
However, because of the binding singularity this is re-
duced to order ma®. The ma® part of the first term can
be separated out by writing

Akvzvlk(l)
[I+WN—k)P—1]
_ A)wzvlk(o) A )wzvll((l)
[(WN—k)*—1] [(I+WN —k)P—1]
kv2v1K
——A4___0) |
[(WN—k)?—1]

The order-ma® contribution is contained in the first term
of Eq. (49), since the binding singularity is associated
with small /. We designate the difference between the
contributions of the first term of Eq. (49) and the second
term of Eq. (44) the binding part of AE;. We designate
the contribution of the second term of Eq. (49) the free
part of AE;. Both the binding and free parts of AE;
have order ma®.
We consider first the binding part of AE;. Itis

81 v 8 uyv,(2)(2)

1

1 | a d*l
Xf(dp)(b—ozr‘f“

YAK(I_P) A

im [(I—WN)?*—1][(I+WN)*—1]

Avyvik

(0)

(I—p

1

27)8(p°
[(WN—k)z—-l]( 7)8(p°)d(p)

In the first term, since we are only calculating order-a
corrections to the lowest-order energy shift, we can set
W—1 in the trace factor 4"2"1(0) and in the denomi-
nator [(WN —k)>—1]. In the second term, we can ig-
nore the p dependence in the electron propagator, set
W —1, and use the approximation Eq. (7a) for the wave
function. These approximations for the second term are
safe for nonrelativistic |p|. However, for relativistic |p|,
we are leaving out contributions of order ma® For-
tunately, these contributions are identical, but opposite in

t
[(p+WN—KkP—1]

(r2ly(p+WN—Kk)+ 1]y "V2¥%p)} | .

(50)

sign, to the order-ma® contributions that were neglected
in going from Eq. (10) to Eq. (13) for AE, [25]. We did
not calculate these (bound-state, formalism-dependent)
contributions, but in order to keep things straight we will
give them a name. With the approximations mentioned,
we have

6
AEEinding — ma IEinding , (51)
77_2

with
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1 d*k 1 0 a
Ibmdmg : DMy
16 i k2(k—2N)2(k2~2kN)2(216 Ko 8y B, (2)(2)
x [ 48Ty ' 1
27r)3 p>+y?)? im [(I—WN?—1][(I+WN)*—1]
Y K(l —p) VoViK VoV
x)‘—f A21(0)__77- Zl(k) __Irel’ (52)
(I—p) a
[
where I™ is the uncalculated relativistic contribution B(p)=B oo(P)
mentioned above. We can make the replacements f —1
(yN +1)y*—2N*, (53a) in? [(I—WN)Z—I][(H-WN —1] —p)?
lolo
YM—yN +1)——2N*, (53b) M2y 58

. A . .
in 4"721(0) because of the spin-matrix part of the wave
function. One has

Now B(p) was evaluated in the Appendix to [26], with
the result

AM0) > —aNPNE T (k) | (54) B(p)~ -iﬁarctan -3. (57)
so that The p integral in Eq. (55) can be done using Eq. (12) and
T Ipl [_ =
—-arctan = (58)
Ibmdmg_ZI E B( )_E ___Irel , f (2 )3 2+ 2)2 | l Y a
LO f ( 2__}_,}/ )2 p a T Y
One finds that
(55) Izinding: —61L0 __Irel . (59)
where The free part of AE;, from Egs. (44) and (49), is
J
Agfe=ma 1 ¢ d% L (2ie® "% ) (2)(2)
L ™77 16 4 im® Kk —2NP(k2—2kN) aBum8uyy
Avyvik Avov.
d‘l 1 A7) A721(0)
X — Y, (D) — (60)
4r f im (I2—2IN)(1*+2IN)2 * [U+N—Kk)?—1] (k*—2kN)

where we have set W—1 and p—0 (outside of the wave function), and have done the p integral using Eq. (12). The

term containing the traces can be written as

szvl 0 }‘VZV\K(O) 1

[U+N—k?P—1] (k>—2kN) | [(U+N—k)—1]

. LA
Now the traces (with W—1in 4" 2" are

YAK(I) szle(l) }\.‘VZV1K(O))
=—4ie""P 1
and
Avyvik _ . TV B 21% k
Y, (A (0)=—4die (—2) 1+—12— N kg .

~l—2(12—21N)(12+21N)N71ﬁ +(I?—=2IN)(N kg+ 11 kg)+(I*+2IN )N, kg—N _l,— 11 k)

szle AVZVIK

I2+21(N —k)
(k2—2kN)

kvzvlk

(H— (0)]— (0)

>

(62a)

(62b)
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So with
6
ree — ma ree
AE] —‘ﬂTfi , (63)
one has
free d*k (N"kB—NPKT™) d‘l 1
IL—f-zz_zz_ f_-_z—zz_ 2 2 _ 2ok
im k“(k—2N)(k*“—2kN) im? 1212 —2IN)(I?+2IN)[I*+21(N —k)+k“—2kN]
(I?—2IN)(I*+2IN) 21(N —k)
X —N_/lg—————N,k
12 P (kr—2kN) TP
+(I2=2IN) [Nyt Lk y—— 5N kg
T 2T (k2—2kN)
2+1(2N —k)
+(12+2IN) |N_kg—N_ lg— il kg+—=—"—"—"N,
( )‘ ™™B B 2t (kZ_ZkN) B
__ Mk N,kg |, (64)
(k2—2kN)
r
where we have used -After performing the / integral, the contribution of the
S first term in the large square brackets of Eq. (64) is
%E(Zieoulyzaka)gll'lV]gl"zvz(z)(z)%(-4i€ ? IB) d4k __k2
Ifr;’.e —
=(N"kP—NPK™) (65 £ im* k*k—2N)Xk*—2kN)
2_
N k“—2kN—(1—u)/u
205 (I>—2IN)
(—2) 1+—12— =2IN—————(2+2IN) =15(2)—2 . (68)
12—2IN)(I242IN The second and third terms in the large square brackets
=4 l)(z ) —1(I>=2IN)  of Eq. (64) can be combined by use of the change of vari-
ables
—L(I?+2IN)—2 . 66
F7H2IN) =2 (66) k—2N—k , I—-—1I (69)
L, B_ ANBL T :
: NO“., tht;(l\l’ k=N );aCtEr tklll? EEI 1\7(761;7)3 aél d k;‘tkﬁ in the third term. For this change of variables, one finds
t}elm;s. ‘;’ el.afjge Sq“age Nrakc ‘: § of £q. 16%). ‘;” alter  that k2(k—2N)?, (k?—2kN), and [I?>4+21(N —k)
¢ tintegralls done, only [V, g LCIMS SUIVIVE, an +k2—2kN] are unchanged, while (N7kP—NPLT)

(N"kP—NPKTIN kg=—k? . (67)

d*  (N'kP—NPk™) d*l

gets a minus sign. The contribution of the second and
third terms is

1

free —
Ti3 im® k2(k —2N)Xk*—2kN) J

X

d*k —Kk? —1
dx du——
i K2k —2N)*k?—2kN) J dxdu

=/

=[—A£(3)+ (22— 1£(2)+1In*2+ L] +in[2£(2)—In2] .

2N kp+1kg+

2__

im? 12124 2IN)(12+21 (N —k)+k*—2kN)

2—2Ik )
(k2—2kN) " P

2—2x(k%u—kN)
(k?—2kN)

(70)

Note that the denominator factor H that results from the / integral also occurred in the vertex correction function [see

Eq. (38a)]. The contribution of the fourth term in Eq. (64) is

—4lk

d*k —k2 d*l
Ifree= el
te=[ im? kXk—2N)2(k*—2kN)? J

im? 1X(12—2IN)(1*+2IN)[1?+21(N —k)+k>—2kN ]
=[2¢(3)—3£(2)n2—15(2)—tn2+ L] +in[ —$£(2)+1In2] .

(71)
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This is the most difficult integral in this calculation. The

evaluation of I° is discussed in the Appendix.

The total result for I Iffee is obtained from Egs. (68), (70),
and (71). Itis

Ifee=[—3£(2)+ 12— L1]+im(—1n2) . (72)

And finally, combining the results of Egs. (59) and (72),
we obtain the total contribution of the ladder graph:

I =[—3£(2)+1n*2—31n2+ 3]
+im(—in2+3)—1" . (73)

E. Results

It is now a simple matter to tabulate the results. The
total energy shift to order ma® is

6
AE = m(; Iy s (74)
a
where
Io,=Iyp+Igg+I,+I, +I . (75)

The I™ term is the relativistic contribution of the
lowest-order graph. Performing the sum, we find

Lo =[2£(3)—2£(2)In2— BE2)— 32+ 2]
+im[—2£(2)+3]. (76)

The contribution to the hyperfine interval is
—0.0325ma’®=—0.606 MHz. This result differs by
—13.74 MHz from the result of CDFR [9-11].

As a partial check of our result, we can use it to obtain
the order-a correction to the parapositronium decay rate:

I'=—2Im(AE)

6
=1ma® =2 [ —3£(2)+ 3]
5 2
ma a T
= 1—=|5—= 77
2 T 4 a7

This agrees with the result of Harris and Brown [27]. As
a more detailed check, we have verified that the partial
decay rates due to each of the contributing diagrams
agree with the Fried-Yennie gauge results for the partial
decay rates previously obtained by Adkins [28].

IV. CALCULATION AT ORDER ma*®
IN THE FEYNMAN GAUGE

Because of the discrepancy between our Fried-Yennie
gauge result and the old Feynman gauge result of CDFR,
we recalculated the correction using the Feynman gauge.
In the process, we uncovered several mistakes in the
work of CDFR. After correcting these mistakes, the two
calculations agreed.

The vacuum polarization contribution is gauge in-
dependent. We found the CDFR result for this graph to
be missing an overall minus sign. The correct result is
given in Eq. (26).

We agree with the CDFR result for the self-energy
contribution. It is

Isg(Feynman)=[ —1£(2)+1In*2+1In2— 1]
+im(—In2—1)+2I olnk , (78)

where m A is a fictitious photon mass added to the theory
in order to allow the usual mass-shell renormalization
scheme to be implemented.

CDFR combined the vertex and ladder contributions
together. However, in their analysis of the vertex correc-
tion, they wrote down a vertex “integrand” [their Eq. (17)
in Ref. [10]]. This formula has a sign error before the in-
tegral on the second line. The sign should be plus. This
sign error also appears in Devoto’s dissertation [11], Eq.
(3.77), but not in his previous Eq. (3.71). This error is evi-
dently simply a misprint, since the combined expression
for the vertex and ladder contributions [Eq. (22) in Ref.
[10]] is correct. Another misprint appears in Eq. (21) of
Ref. [10]; the (p —k), in the numerator of the first term
of the integral I, should be (p —kx),. This factor is
correct in the dissertation [Eq. (3.87)]. There are two
mistakes in the table of integrals “Table I’ of Ref. [10].
The first integral there should have the value

2 2
1,(cDFR)= | 2L e(3)—6 T m2— T —21n2+2
4 6 6
3 72
+ir |- 4+2m2 | .
iT > 6 n (79)

free

This integral is just four times our I;4° of Eq. (71). The
sixth integral in “Table I’ is also incorrect. It should be

2
IG(CDFR)=——9%+% : (80)

The evaluation of these two integrals is discussed in the
Appendix. Using the corrected values of I,(CDFR) and
I14(CDFR), we obtain

Iy, (Feynman)=[2£(3)—3£(2)In2—2£(2)
—In?2—31n2+6]
+in[—26(2)+1In2+ 2] =21 olnA .
(81)

The sum of the correct vacuum polarization contribution,
the Feynman gauge self-energy contribution of Eq. (78),
and the correct Feynman gauge vertex and ladder contri-
bution of Eq. (81) is the same as the Fried-Yennie gauge
result of Eq. (76).

For the record, the Feynman gauge vertex and ladder
contributions individually are

I,(Feynman)=[3£(3)—24(2)In2—1£(2)
—In*22—2In2+%]
Fim[—26(2)+In2+1]—4Iolnd  (82)

and
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I, (Feynman)=[—2&(2)—In2+ 3 ]+im(L)+2[ olnA .
(83)

V. CONCLUSION

We have obtained the analytic result for the two-
photon annihilation contribution to the positronium
hyperfine interval at order ma®. Our result, given in Egs.
(74) and (76), is a contribution —0.0325ma®= —0.606
MHz to the hyperfine interval. A previous calculation of
this quantity contained several errors. Once these errors
are corrected, the two calculations agree. This result is
now quite secure, since it has been obtained in two
different gauges.

Our experience with these corrections confirms the
general principle that QED calculations, and other calcu-
lations of importance, should be done by at least two in-
dependent groups. The work of CDFR has great value in
providing the basis for one calculation of these correc-
tions.

The corrected theoretical result for the hyperfine inter-
val, given in Eq. (5), is in agreement with the experimen-
tal value. This leads us to expect that the remaining
order-ma® corrections will be small. What remains to be
done at this order is to evaluate the one-photon-
annihilation contributions and to check results that have
not yet been confirmed. Also, the numerical error on the
recoil corrections [16] should be reduced.
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APPENDIX: EVALUATION OF SELECTED
INTEGRALS

In this appendix, we describe the evaluation of some
momentum space integrals. We choose the integrals
I,(CDFR) and I;(CDFR), since they are representative
of the integrals that occur in the calculation, and they are
the ones that were evaluated incorrectly by CDFR. We
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read these integrals off of Eq. (22) of CDFR [10], and
make the alterations necessary to convert to our notation.
Their parameters x and y we call ¥ and x. Their p is our
mN. They use a dimensional k vector while ours is di-
mensionless (a factor of the electron mass has been ex-
tracted). They use a spacelike metric while ours is time-
like. Consequently, their factor

A=(k*—2kp)x —(kx —p)?% (A1)
translates to our
H=—ur |k2—2kN | 172 |- ﬁ =—uwrR  (A2)
[see Eq. (38a)], where r =1—xu, as before.
The first integral we look at is
d*k 4k
I (CDFR)=
6 J im® k2(k—2N)Xk2—2kN )
i d —(k—2N)(2—2x)
X f x au urR
= [dxdu(3—2x)=
ur
d*k —4k?
. (A3)
f im k¥ k?—2kN)*R

This integral is real because the numerator [of the first
form of Eq. (A3)] vanishes when (k —2N)>=0. We use
the identity

—4k?=kXk2—2kN)—(k2—2kN)*+2(2—k%)k? (A4)

to break this integral into simpler parts. The breakup
generates ultraviolet divergences in the first two terms.
We use dimensional regularization, with n =4—2¢ di-
mensions of space-time, to deal with these. We find

I((CDFR)= [ dx du(3—2x) -

d"k 1 1
X J—
f im"/? ((kz—ZkN)R k?R

2(2—k9)

—s AS
(k2—2kN)?R (A3

The k integral is done using a Feynman parameter s, al-
ways associating s with R and (1—s) with the other
denominator factor. One obtains

I4(CDFR)= [ dx du(%—Zx)ﬁlfds r(e)—In |~ | |~ [ ds|r(e)~n o
— [ds(1—s2 [2—= wr?
r| T
_ 1 sT' (1—sNw—2r)
= fdx du(%—Zx)fds{;;ln T +2 T ], (A6)
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where adaptive Monte Carlo multidimensional integration rou-
tine VEGAS [29]. It is essential to get a numerical evalua-

o=r—sx(1=u), (ATa) tion of an integral as soon as possible in order to mini-
mize the chance of making mistakes. We obtain
— 2
T=uo txsr, (ATb) I,(CDFR)~—4.304411(11) , (A8)
T =xr+su(l—x) . (A7c) using approximately 100 million function evaluations.

Continuing with the analytic evaluation, we perform the s
The ultraviolet divergences cancel, as they must. At this integral, saving the x and u integrals until the end. Keep-
stage, we evaluate the integral numerically using the ing the two terms in the curly brackets separate, we find

= E T S B2 1 e 1
I4(CDFR)= [ dx du(3 zx)[ S | £ |- €
e 1 1
s rrrampee N ol Inr +
xz(l—-u)3n ur x2y? M i (1—u) ]
- = A9
=[82)—41+[—1062)+ 2 ]=—90(D)+ 3, (A9)
where
e=x+u—2xu . (A10)

The second integral that we will consider here is
d*k 4k? f 4lk
im k%k—2N)2k*—2kN)* Y in? l 2(J2—2IN)(I*>+2IN)[I*+2I(N —k)+k2—2kN]

This integral is four times I of Eq. (71). It has an imaginary part, so the implicit i€ factors in the denominators have
to be maintained. We use the identity [Eq. (D.3) in Devoto [11]]

1 =1 1 + L J (A12)

I,(CDFR)= [ (A11)

(I>—2IN)I*+2IN) 21> | I>+2IN ' I>—2IN
to reduce the number of denominator factors. One has

d*k 4k? d*l 1

f 1 1
in? kAk—2N) k?—2kN? ¢ im? I*

21k
+
124+2IN I>=2IN

[I?4+21(N—k)+k>—2kN]

I,(CDFR)= [

(A13)

2 _ _
_ f 4k . fdxdu (1—x) (ku :)_N)k+ [ku—{—N(l2 2u)lk
i k (k—2N)(k*—2kN )? H H'

where the / integral has been done using the Feynman parameters x and u [associating factors of 1 —x, x(1—u), and xu
with the three denominators], H is given in Eq. (A2), and

2

H'=—ur |k2—2kN | & —";—r , (A14)
with

a=1—2u , (A15a)

g=1++xa . (A15b)

In this form, it is clear that I,(CDFR) is in fact the first integral of Table I of CDFR [10].
In order to evaluate I,(CDFR), we take kK —2N —k in the second term of Eq. (A13). Under this transformation,
H'—H, so

4k?

(ku —N)(k —N)
I,(CDFR)=4 dx du(1—
f i kz(k IN ) ki— 2kN)2f x du(l=x) H?
(1—x) d*k —1 1 (ku —N)k —N)
= + (A16)
4 [ dxdu J K:—2kN)? = k2(k—2N)? R?
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The integral corresponding to the first term (term ““ 4”’) in the curly brackets is real, and is evaluated using the same pa-

rameters as for I((CDFR). Writing (ku —N

)k —N) as (k?—2kN)u+[1—(1—u)k
r[(1—u)o—rls(1—s)

01, one has

1, ,(CDFR)=4 [ dx du(1—x) [ ds ‘iT+

(1—x)

x3

=4 f dx du

=2.

[Actually, a simpler way to evaluate I, ,(CDFR) is to do
the k integral before the / integral. This alternate evalua-
tion serves as a check.] The integral corresponding to the
second term (term B) in the curly brackets of Eq. (A16) is
complex. Itis

I,3(CDFR)

(1—x) f d*k k2u+[1—(1+u)k°]
)2 im™  k*k—2N)’R?
(A18)

“4f dx du

(ur

The integral corresponding to the first term (term “B1”)
in the numerator here is relatively simple to evaluate. It
is

I,5,(CDFR)= —4fdxduds
1—x e
=—4 | dxdu In
f x ug? xra?
=—2£(3)+24£(2)In2—2445(2) , (A19)
where
Y =xra’+usg? (A20)

The integral corresponding to the second term (term
J

Ile(CDFR) —+(1+u)

=4fdxdu ds(1—x)r YD

Both 1/D and the logarithm give rise to complex contributions.

—;Z—Inr+-1—21 —Z— —;%J
(A17)
I
“B2”) in the numerator of Eq. (A18) is
I,5,(CDFR)=4 [ dx dul—%) ((ur;)
><f k [1—(1+u)k°] (A21)

im* k*k—2N)*R? "’
We do the k integral using Feynman parameters z and s

[associating factors of 1 —z, z(1—s), and zs with the three
denominators], and obtain

I,5,(CDFR)

=4fdx du dzds(l~x)rs[r—q(1+u)z]# ,

(A22)

where
qg=2r—sg, (A23a)
W=uq*2+D , (A23b)
D=xrs —4ur*(1—s)—ie . (A23c)

We cannot perform a numerical evaluation at this point,
since the integral is complex. We do the z integral, and
obtain

(A24)

The real and imaginary parts of Eq. (A24) can be

separated, but the resulting integrals are numerically ill-behaved. Consequently, we were not able to obtain a numerical
value for this integral before reducing it to two-dimensional form. Continuing with the analytical evaluation, we per-

form the s integral, and obtain

1+u n
u?(1—x)>?

1,5,(CDFR)= [ dx du(l—x)‘— €

=[2£(3)—30£(2

Xr

NAn2+23£(2)—21n%2]+in[ —

where 2 =2u +xa. On summing Egs. (A17), (A19), and (A25), we obtain the final result

I,(CDFR)=[2L£(3)—6(2)In2—¢(2)—2In?242]+in|

l+uln e +4_ul due | 7r4_u

ulg? xra? B2 2,2 B
34(2)+21n2], (A25)
—34(2)+21In2] . (A26)
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