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Charge asymmetry in the differential cross section of high-energy e*e~ photoproduction
in the field of a heavy atom
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Quasiclassical correction to the differential cross section of high-energy electron-positron photoproduction in
the electric field of a heavy atom is obtained with the exact account of the field. This correction is responsible
for the charge asymmetry A in this process. When the transverse momentum of at least one of the produced
particles is much larger than the electron mass m, the charge asymmetry can be as large as tens percent. We also
estimate the contribution A to the charge asymmetry coming from the Compton-type diagram. For heavy nuclei,
this contribution is negligible. For light nuclei, A is noticeable only when the angle between the momenta of the
electron and positron is of order of m /w (w is the photon energy) while the transverse momenta of both particles

are much larger than m.
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I. INTRODUCTION

The production of an electron-positron pair by a photon
in an atomic field is one of the most important processes
of QED. Because of its importance for various applications
[1,2], this process has been investigated in numerous theoreti-
cal and experimental papers. The cross section of the process
in the Born approximation is known for arbitrary energy w of
the incoming photon [3,4] (we set i = ¢ = 1 throughout the
paper). For heavy atoms, it is necessary to take into account
the higher-order terms of the perturbation theory with respect
to the parameter Za (Coulomb corrections), where Z is the
atomic charge number, o = et~ 1 /137 is the fine-structure
constant, and e is the electron charge. The formal expression
for the Coulomb corrections, exact in Z« and w, was derived
in Ref. [5]. However, the numerical computations based on
this expression become more and more difficult when o is
increasing, and the numerical results have been obtained so
far only for w < 12.5 MeV [6].

Fortunately, in the high-energy region w >> m (m is the
electron mass), a completely different approach, which greatly
simplifies the calculations, can be used. As a result of this
approach, a simple expression for the Coulomb corrections
was obtained in Refs. [7,8] in the leading approximation with
respect to m/w. However, this result has good accuracy only
at energies @ 2 100 MeV. For a long time, the description
of the Coulomb corrections for the total cross section at
intermediate photon energies (5-100 MeV) was based on the
expression obtained in Ref. [9]. This expression is actually an
extrapolation of the results obtained at ® < 5 MeV. Recently,
corrections of the order of m /w to the spectrum, as well as to
the total cross section, of eTe™ photoproduction in a strong
atomic field were derived in Ref. [10]. The correction to the
spectrum was obtained in the region where both produced
particles are relativistic. It turns out that this correction is
antisymmetric with respect to replacement &, <> ¢_, where
&4 and e_ are the energies of the positron and the electron,
respectively, so that the correction to the total cross section
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comes from the region close to the end of spectrum where
e ~m or e_ ~ m. In Ref. [10], the correction to the total
cross section was obtained by means of the dispersion relation
for the forward Delbriick scattering amplitude. The account
for this correction leads to agreement between the theoretical
prediction and available experimental data at intermediate
photon energies [11]. The electron (positron) spectrum in the
process of eTe™ photoproduction in a strong Coulomb field
in the case e, ~ m or e_ ~ m and w > m was investigated
in Ref. [12]. It was shown that the Coulomb corrections
drastically differ from those obtained in the region where
&4+ > m and e_ > m. Integration of the spectrum in Ref. [12]
has confirmed the result for the correction to the total cross
section obtained in Ref. [11] by means of the dispersion
relation.

For many purposes it is very important to know the differen-
tial cross section of e™e™ photoproduction cross section with
high accuracy for w < 100 MeV, where the accuracy of the
results obtained in the leading quasiclassical approximation
is not sufficient. In particular, this is very important for
the detectors of elementary particles, for correct estimation
of efficiency of positron sources. In addition, the ete”
photoproduction cross section calculated with high accuracy
reveals the charge asymmetry, which is a strong background
in the experimental investigation of the charge asymmetry at
the decays of elementary particles. The latter is considered
as a possible test of the standard model [13]. In the present
paper, we calculate, exactly in n = Z«, the quasiclassical
correction to the differential cross section do(p, q,n) of
electron-positron pair production by a high-energy photon
in a strong atomic field; p and ¢ are the electron and
positron momenta, respectively. This correction to the cross
section significantly increases the accuracy of the theoretical
predictions at w < 100 MeV in comparison with that given by
the leading term.

The cross section do (p, g, n) can be represented as

do(p,q,n) =dos(p,q,n) +do.(p,q,n),

do(p,q,n) +do(q, p,n)
> ,

do(p,q,n) —do(q, p,n)
2

doy(p.q.n) = (1)

do,(p,q,n) =
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Thus, dos(p, q, n) is the symmetric quantity with respect to
replacement p <> ¢ and do,(p, q, n) is the antisymmetric one
with respect to this replacement. Using charge conjugation, we
have do(p, q,n) =do(q, p, — 1), so that do,(p, ¢, ) is an
even function of n and do,(p, ¢, n) is an odd function of 7.
The leading quasiclassical term of the cross section obtained
in Refs. [7,8] is the even function of 1 and contributes only to
the symmetric part dog(p, ¢, n). The quasiclassical correction
obtained in the present paper appears to be the odd function of
n and, therefore, contributes only to do,(p, ¢, n), i.e., to the
charge asymmetry in the process. Our result is the exact-in-Zo
prediction for the charge asymmetry in the differential cross
section of eTe™ photoproduction.

It is known that the atomic screening essentially modifies
only the lowest Born contribution (proportional to 1?) to the
cross section, while the Coulomb corrections (the higher-
order-in-n terms) are not sensitive to it (see, e.g., Ref. [8]).
The expansion of do,(p, q,n) over n starts from the term
proportional to n* and, therefore, the symmetric part of the
cross section is sensitive to screening. The expansion of
do,(p, q,n) over n starts from the term proportional to n?
and do,(p, q, n) is not sensitive to screening. So, our result
for do,(p, g, n) obtained for the case of a pure Coulomb field
is also valid for the atomic field.

For the photon energy below the threshold of 7-meson
photoproduction, we also estimate the contribution of the
Compton-type amplitude to the e*e™ photoproduction cross
section. The corresponding term contributes to the charge
asymmetry as well.

II. GENERAL DISCUSSION

The cross section of e*e™ pair production by a photon in
an external field reads (see, e.g., Ref. [14])
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FIG. 1. Diagram for pair production by a photon in a strong
Coulomb field. Thick lines correspond to the positive- and
negative-energy solutions of the Dirac equation in the Coulomb
field.

where ¢, =/p?+ m?. The matrix element M;,;,, cor-
responding to the diagram shown in Fig. 1, has the
form

M, = / dra)(r)y -evi(ryexp(ik -r).  (3)

Here u(om)(r) is a positive-energy solution and v(m)(r) isa
negative-energy solution of the Dirac equation in the external
field, .; = £1 and A, = £1 enumerate the independent solu-
tions of the Dirac equation, e is the photon polarization vector,
k is the photon momentum, and y* are the Dirac matrices. We
remind that the asymptotic forms of u((’;t)(r) and v(out)(r) at
large r contain the plane waves and the spherical convergent
waves, while the asymptotic forms of u(m)(r) and v(m)(r) at
large r contain the plane waves and the spherlcal dwergent
waves. In order to obtain the wave functions in the leading
quasiclassical approximation and the first quasiclassical cor-
rection to it, we exploit the convenient integral representation
for the exact wave functions in the Coulomb field suggested in
Ref. [15]. The derivation of this representation is based on the

do(p,q,n) = o )4 dpdqé(w—¢, — sq)|MM2 , 2 relations
|
. explipry +in, In(2pry)] in)
1 G(ro,r = — 2¢e r , = — ,
Jim G(ra.rile,) ye A;z Epllsy (R, P = —pm
explipri —in, In(2pry)]
Jlim Grary| =) = =P > 2,00y, p=p, )
1 Tr 1.2
e, +m [ P sp—i—m( >L Xx) &p
u = . s v = _— EpTm s = ZO[—’
P 2‘9[’ ( £:+1:n ¢}‘ ) P 2‘9[’ Xa ks p
and also
. eXp[iP”z + inp ln(ZPrz)] —(out)
lim G(ry,rile,) = — 2¢e r = pny,
Jim (ra,rile,) s ,\;2 Eplapllyy, (),  p=pny
explipry —in, In(2pry)] (out) ©)
lim G(rp,ry| — 8,7) = Z 2€pv)\pv)hp (ry), p=-—pn,

r,—>00 47'”‘2

A=1,2

where G(r;,r;|e) is the Green function of the Dirac equation in the Coulomb field, n; = r{/ry, and n, = r,/r,. A convenient
integral representation for G(r,,r;|e) was obtained in Ref. [16]. Using Eqgs. (19)—(22) of that paper, we arrive at the following
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result for the wave functions u ,\n) (r) and v(m)(r)
exp(ipr . m
ug)( r) = —p( P )f dr 172 exp(it?) [SB(—x,,, pr) (r2 — Za—y0> (1 = R +iSa(=xp, pry(l + R1)1| Uips

vi(r) = eXp(’pr)/ dt 21 exp(it )[SB(x,,,pr) <z —za™ v )(1 — Ry +iSaCxp, pr)(1 + Rz):| Vips

(6)
. d , d
Sax, p) = Ze—'””hv(zr\/zmld—[Pl(x) +Pa(0], Sp(x, p) = Ze—'””12v<2r\/2p)—[Pz<x> — Pl
I=1 * I=1 dx
r- r
Xp = p’ R1,2=(m:l:y0£p)y—.
rp pr
Here P;(x) is the Legendre polynomial, J,, is the Bessel function, and v = /I? — (Z«)?. For the wave functions u(;’pu )(r) and
ﬁf\(;,ut)(r) we obtain
a5(r) = eXp(”’ 2 [ dt 1727 exp(irY)isy [sgup, pri(l + Ry) <t ~Za"y ) +iSaCxp, pri(l - Rz)}
(7

o (r) = exP(lpr)/ dt 12"~ exp(it*) vy |:SB( Xp, pr)(1 + Ry) <t — Za- P ) +iSa(=xp, pr)(l — Rl)]

The integrals over the variable ¢ in Eqs. (6) and (7) can be expressed via the conﬂuent hypergeometric functions. However, the
forms (6) and (7) of the wave functions are more convenient for applications than the conventional ones. The results (6) and (7)
are in agreement with the well-known solutions of the Dirac equation in the Coulomb field.

III. CALCULATION OF THE MATRIX ELEMENT

Let us introduce the functions

. o0 . o0
Fa(r, p. ) = i S0ULD) f dt 1727 exp(i12)SaCrps pr). Fy(r, p. ) = SPUPD) f dt 1721 exp(ir?) Sy (x . pr),
pr 0 pr 0

. o (3
Futr.pom = S0 [ a2 expli) ).
pr 0
In terms of the functions (8), the wave functions vx;‘) (r) and uf\‘;)m)(r) have the form
—(ou mn R(_)XA'
uip t)(r) — (¢+R(l+) , _¢;\LR(2+))’ ( )( ) (27) ,
R] X
R(lJr): 8p2+m (F(+) F(+))(1+0'i76n)+Fli+)(] —0"2)0"”)},
€p L
RSP = 2_ n (F; F(+)) (0-p+o-m+F o p—o- n)] , 9)
€p L
_ [ (- Z _
R(l ) — 8q2+m (Fé )4 amF( ))(l—i-a-naw})—i—F/g )(l—a~na~Q)],
€q L
_ gg—m [ [ ~ R - N
RS = or <g> F >)(a.q+a-n)+F§)(a~q—0-n)]
q L
wheren =r/r, p= p/p,q4 = q/q, and
F{P = Fa(r, p.ny). Fy” = Fy(r. p.ny),  Fg = Fp(r, p.ny). 10
F{ = Fa(r.q,—n,), Fy' =Fp(r.q,—n,), Fy =Fy(r,q,—n,).
Then the matrix element M, ,,, Eq. (3), is
My, = / dr exp(ik - )¢ [R\V o - eR” + R o - e RS 1xs,. (11)
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For any vector X we introduce the notation X | = X — (v - X)v, v = k/k, and we write the matrix element M,,,, in the
form

M3, = &5 [(a0 + a1) + 0 - (bo + b))y, 12)

where ag and by are linear in 0, = p,, 0, =§q,, m/e,, and m/g,, while a; and b, are quadratic in these variables. We
have

ag=2i[vxel-g7, by=2e-gPv+2ge, a=ilvxel-(0,—0,¢,

(13)
bi=e-gP@O,+0,)+e 0,—0,)87—©0,-0,) g e—e-0,+0,) gv.
Here
g = f dr exp(ik - r)F\"[(n, +0,)FS) —n, F71+ / dr exp(ik - r)F\[(ny +0,)FS” —n F{],
(14)
g= e dr exp(ik - r)F:’)FIg_).
€péyq

In Ref. [10], the following expressions for the sum S4 and Sg, which take into account the leading terms and first quasiclassical
corrections, have been obtained:

. _y_2 14+ x in(Zo)? 1+ x in(Za)?
i = () 1+ FTE] s =) [+ 5] 09

where y = 2¢t./2p. These formulas are obtained for y > 1 and 1 + x < 1. Substituting Eq. (15) into Eq. (8) and taking the
integrals over the variable ¢ we find

1
Fa(r,p,n) = 5 &Xp (% —ip- r> [F(l —in)F(in,1,i(pr+p-r))

JTT] ex P( )F(I/Z—ln)F(1/2+l’71 i(pr+p- r))]
2 9 9
Fp(r, p,n) = —zexp <? —ip-r) |:F(1 —inF(+in,2,i(pr+p-r))
(16)
JTTI 528 p( %)F(I/Z—in)FG/Z"'in 2 i(pF+P'r))]
2 N 3 9
1
Fp(r,p.n) = —exp(%—ip-r>|:F(2—in)F(i77’2»i(pr+p'r))
+LP()F(3/2 iMF(1/2+in.2 i(pr+P~r))]-
2/2pr o

Here I'(x) is the Euler gamma function, and F(«,B,x) is the confluent hypergeometric function. Then we use the approach of
Ref. [17] based on the integral taken in Ref. [18],

dr . . mw . . . .
— exp —zQ~r—12 ar| F(—iay, 1,i(gr +q -r)) F(iay, 1,i(pr+ p-r))
r

gpgq
4 1+ &2 2o(1+£,0)\ ¢
on (M) (M) Floiaria.1.) (17)
-0 epép 0? €454 Q
Q2%€,E,(1 + 1) 1 1 £,0p g0,
— 1 — s = —, = —F, 6 = y 8 = s = — k
‘ W0+ EN(0 160 P ey T Tye 0T 0 =T, @t
Here we assume that |A| ~ 1. We write g = go + g and g™® = g(i) + 8g™®), where the leading terms are
. , (8 &q) ,
g0 = NI — &) inF +(1—& — ) (1~ F 1, g =N L0058, +£,8)inF + (6,8, — £,8,) (1 — F],
, (18)
C2m (g8 )" o . , OF Q2
N = _lsz (%) |F(1 - ln)l ) ~7: = F(_lns L, 17 M)v -7: = a_ua u= Ep%_q

Here n = Z«a and F(a,b,c,x) is the hypergeometric function.
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The first quasiclassical corrections, g and g™, are given by the integrals

5—”"6Xp j L ra—imra i
g = / CXP(—lQ"’){\/—g_‘] A —=in'/2+in)
xF(in,l,i(pr+p~r))F(1/2—in,l,i(qr+q-r))+(p<»q,n—>—n)},
2
5 = T exp (1)) F &) {Lr 1 —imI(1/2 |
g SM J—XP( iQ- r)ﬁ( iml(1/2+in) (19)

xF(in, L,i(pr+p-r)ln, +60,)A/2+inF(1/2—in,2,i(qgr +q - 1))
—n  F(1/2—in, Li(gr +q-r)]—(p<q,n—> —n)}-

In order to take the integral over r, we use the parametrization
1 exp(im/4) /"o dx .
— — exp(—iAr). (20)
NG vrooJo VA

Then, we obtain

3202 [ e,&, ® da 1+g,,x>"" {\/gr(l —in)F(1/2+in)[( _ £, & )
dg = — 1/2 —
$= omo (epsp) /0 ﬁ<1+sqx /T E 2=y T e )9

L g g\, _
+<1+A TFen  T+Ex )(1 z)g}+(p<—>q,n—> n)},
(Sg(:t)z 7_[3/2,72(81):':8(]) <8q$q> /-ood_)h<1+§-p)\>iﬂ{\/gr(l—in)F(1/2+in) 21

2mQw ep€p o VA \1+&A g /1 +Ep0

_ . £pd)p . &84 ) <‘5p8p _ £494 ) _ /i|_ _ }

x[( (12 ln)1+€pk+lnl+§_qk g+ Tre,n  T+E7 1=2G |—(p<q.n—> —n)y,

%
az

G=F1/2—in,in, 1,2), G =

Here z is defined in Eq. (17).

IV. CALCULATION OF THE PHOTOPRODUCTION CROSS SECTION

Using the matrix element obtained it is easy to write the cross section with all polarizations taken into account. For the cross
section summed over the polarization of the electron and positron, it is necessary to calculate

> (M, |* = 2llao + a1 + 1Bo + b1 P = 2[laol* + 1bo[* + 2 Re(aoa + by - b)), (22)

A2
where we neglect the terms |a;|?> and | b, |?. It follows from Eq. (13) that
Re(aoa]" + by - bT) =0

for any photon polarization. Thus, the terms with a; and b; do not contribute to the next-to-leading correction to the cross section
summed over the electron and positron polarizations. For simplicity, we restrict ourselves to the case of unpolarized photon.
From Egs. (13), (22), (18), and (21), we have

am? de, ds,dd

do = i Ll(es +£7) 1871 + o8], (23)
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where we used the relation g™ = (ep — sq)g(’)/a) [see Eqgs. (18) and (21)]. We write do = do + do,, where the leading term

1S

do. — 20m?|T(1 — in)|* de, dé8,dd,
§ n2w3Q4

(= w)(e] + £2) + 22,24 (E, — &) > F*

+ [u(e2 + €2) + 2epe,(1 — &, — £°](1 — u)* ). (24)

Here u and F are defined in Eq. (18). The leading term is symmetric with respect to replacement p <> ¢q. The correction do,

has the form
am*n* |1 — in)|2d8p dé,dé, I

0 m ra—-—imr(1/2+i
dog = 273203 Q3 m{ /0 %(iiigi) \/E: (gq\/l% +“7)M+(P<—>‘Iﬂ7—>—77)},
M= —&)inF +(1 =& —E) (1 —w)F [4epeqp f1 + & o+ )+ (€5 + &) (i + fo+2/3)] 05)
+ (&7 +£0)A = wI(fi — fLHINF —u(fi + [)F],
foW2-ing-0-9¢ _inG-(-ag . (1-G
I+&,A L+&,A 1+A

Here z and G are defined in Eq. (17). As it should be, the correction doy, is invariant under the replacement p <> ¢, n — —n.
Since i enters this expression only in the combination in, it is evident that the correction do, is antisymmetric with respect to
replacement n — —n, as well as with respect to replacement p < ¢.

V. SPECIAL CASES

If n « 1, the leading term do; has the form
2am>n? de, ds,dd,

The correction Eq. (25) at n <« 1 reads

am?n’de,d§, ds,
2w Q3

do, = —

In the limit §, 3> 1 and §, >> 1 this formula reduces to
an’(e; +¢5)de, dé, dé,

282,303
2mepeqd,8;0°Q

do, =

Q2

dos, = -
203 04 m2

{(ép - %-q)|:4(8p€p + 8q§q) +

[m?(8; — 82)w + (¢, — £) Q%] = —

Epty(er +e7) + 2e,84(8, — sq)z] . (26)

2, .2
a)(sp +¢;
p

2 2 2
):| +(8p _Sq)(gl;+8q) Q

Wfpéq}‘ 27

&q r€q

an’(e; +¢7)de, dé, dé,

7828203 03

(aq - op) : Q (28)

The correction do, at n <« 1,8, > 1, and §, > 1 was also investigated in Ref. [19] in scalar electrodynamics. Our result (28),
obtained for fermions, differs from the result of Ref. [19] for scalar particles by the factor (8[2) + 82) /(ep€4). This factor is equal
to 2 for |¢, — &;] < w in accordance with the statement of Ref. [19].

From the experimental point of view, it may be interesting
to consider the case §, > 8, > lord, > 68, > latn S 1L
Then the leading symmetric term is

 20m’6,8, (¢ + &) de, d8, 5,

23 Q2

s , (29)
where Q ~ mlé, + 8,],§, ~ 1/82%, and &, ~ 1/83. This term
is proportional to 52 for any 1. The leading antisymmetric term
is

amznz(spé,, —8484) (si + eg)de,, dd,dé,
wepeqw? Q3

rad—inl'(1/2+in)

TTa+ipra2—in

do, = —

Re g(n),

gn) = (30)

Itis also important to consider the asymptotics of the charge
asymmetry in the region |8, 4 §,] < |8, — d,|. In this case,
the arguments u and z of the hypergeometric functions F and
G, as well as the factor [(1 + &,4)/(1 + £,1)]"", in Eq. (25)
can be replaced by unity. As a result, we find that do, o n?
and do, o« n? for any 7, and one can use Eqgs. (26) and (27)
for this region.

Integration of Eq. (24) over 8, gives, for do; [17],

doan’€2ds§, de
- —"nfnzw;’ 2{(e2 + €2)(L +3/2)
+ep84[1 +4€,(1 — &)L 1}, (€29

L=1In (kﬂ) — 2 —Re[y(l +in) + C],
maw

doy
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FIG. 2. The dependence of % in units —%5 on §, for a

few values of x = ¢,/w: x = 0.25 (solid curves), x = 0.5 (dashed
curves), and x = (.75 (dotted curves); n = 0.54 (tungsten).

where C = 0.577... is the Euler constant. The integration
over &, gives the well-known result [8]

dan? 2 3
—m2z)3 (ef, +e; + 38”8‘1> (L + 5) dep. (32)

We have performed numerical integration of Eq. (25) over §,.
Figure 2 shows the result of this integration, d:,i;&,,
— as a function of §, for a few values of x = ¢, /w.

The cross section do, integrated over both §, and §, was

obtained in our previous paper [10] and has the form

dos, =

in units

wan’(e, — £,)20* — 3¢,

do, = 048 pegtn.  (33)

3
dmw’e e,

The result of numerical integration of Eq. (25) over 8, and §,
is in agreement with the above result.

VI. COMPTON-TYPE CONTRIBUTION

In this section we estimate the contribution of the Compton-
type amplitude to the photoproduction cross section. Since this
amplitude is small in comparison with the leading amplitude
found above, it is necessary to take into account only the
interference between the Compton-type amplitude and the
leading amplitude. The leading amplitude is enhanced at small
angles 6, and 6, of the final particles. Therefore, it is sufficient
to calculate the Compton-type amplitude also at 6, 6, < 1.
For real initial and final photons with w < m (my is the
nuclear mass), the nuclear Compton scattering amplitude,
corresponding to the left-hand diagram in Fig. 3, in the forward
direction reads

Mc=T(w)e, - €, (34)

T

FIG. 3. Real Compton scattering diagram (left) and Compton-
type diagram for pair production by a photon in a strong Coulomb field
(right). Thick lines correspond to the positive- and negative-energy
solutions of the Dirac equation in the Coulomb field. Double line
denotes nucleus.
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where T (w) is the function measured for many nuclei (see
Ref. [20]), and e; and e; are the photon polarization vectors of
the initial and final photons, respectively. The function T'(w)
satisfies the relations

282 w
T0)=— , ImT(0) = —o,n(w),
ma 4
w? * o, n(w) ,
Re [T (w) — T(0)] = ) P fo h do', (35)

where o, v (w) is the nuclear photoabsorption cross section and
P denotes the integration in the principal value sense. Below
the pion photoproduction threshold, the cross section oy, y (@)
is conventionally written as a superposition of Lorentzian lines

B (Cl)l-‘n)2
(TVN(G)) = Xn:U" (E,% _ (1)2)2 + (an)z ’

where the parameters o,, E,, and I',, are extracted from the
experiment. The corresponding function 7' (w) has the form

() Z%e? n w? Z o,y 37)
w) = — —_— _—
my 4 & E? —w? —iol,

(36)

Below the pion threshold, but above the resonance region (@ >
E,), the function T (w) has the form

722 1
T(00) = — —— Y oul. (38)
4 -

my

The last term in this asymptotics is equal to (1 + )N Ze?/m 4,
where sz is the so-called enhancement factor (see Ref. [20]),
and N is the number of neutrons, and we obtain

Ze? N
T(c0) = ——— (1 + —%> , (39)
m, A

where m, is the proton mass, and A = Z + N. For heavy
nuclei > ~ 0.3-0.4 [21], so that

T(00)/T(0) ~ 3.

Using the function 7 (w), we write the additional contribu-
tion to the photoproduction amplitude, corresponding to the
right-hand diagram in Fig. 3, as follows:

v T( )/ dk 4 . (lc~e)K
] w _— —_———
Hita Q¥ @ —k2+i0 w?

. /dr ﬁ(;jl;:)(r) Y viif;(r) exp (ik - r). (40)

We assume that 6, < 1 and 6, < 1. Taking the integral over
Kk we obtain

M, = T(w)/ci—rﬁ(ﬁlﬁ)(r) [e — (n - e)n]

-y v (r) exp (ior), (41)

where n = r/r. The main contribution to the integral over r
is given by the region p - r ~ pr ~ w?/m*and q - r ~ gr ~
w?/m?>. In this case
exp(—ip-r)
2pr+p-r)in’
exp(—ip-r)
2pr+ p -yt

FA(rﬂpan)ZFB(rvpﬂn)z

Fy(r, p.n) = (42)

042104-7
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Using these asymptotics and taking the integral over r we
arrive at the Compton-type correction to the photoproduction
amplitude,

Mxlxz = ¢,-\F1(C7 +o- i’)XAZ,

a=iN[vxel-?, E:NM(e~1?)v,
4 @ (43)
q— 27 T(w) (s_q>”7 1 ’
mow \&p) 1+02
£,€ £,6, —€,6
9 =909 —_9)y=29P "P74q
ma)(p q) w

The corresponding correction to the cross section has the
form

. 4am4d8p dé,ds
dé =
Q2n)*w
_ 8am4(8f’ + 83) de,dé,dd,

Q2m)*w?

I Re(apd* + by - b")

Re[(gl” - 9)N*].  (44)

This correction contains both symmetric and antisymmetric
parts with respect to replacement n — —n. The symmetric
part is proportional to Im 7'(w) and the antisymmetric part is

PHYSICAL REVIEW A 85, 042104 (2012)

proportional to Re T'(w):

2am*[T(1 —in)(e3 + &7) de, d§ , d§,
- 7'[2&)4(1 + 192)Q2

x (& - [cos u(§pd, +&,84) nF

+ sinu (€§,8, —&,8,) (1 —u)F']), 45)

Sq)
=nln(22).
I nn<§p

VII. DISCUSSION

Re T(w)

a

In quantum electrodynamics, an electron differs from a
positron only by its charge. Therefore, the cross section of
ete™ pair photoproduction satisfies the relation

do(p.q.n) =do(q, p,—n).
We define the charge asymmetry A as

__do(p,q,n)—do(p,q,—n)
~ do(p.q.n)+do(p.q.—n)
_do(p.q.n)—do(q, p,n)

~ do(p.q.n) +do(q, p.n)’

(40)

20

FIG. 4. The dependence of A on §, in units m /w for a few values of §,, ¢, and x = ¢,/w: x = 0.25 (solid curves), x = 0.5 (dashed curves),

and x = 0.75 (dotted curves), n = 0.54 (tungsten).
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FIG. 5. The dependence of A on n = Za in units m /e for §, = 2, §, = 4, and a few values of x and ¢. The solid curve represents the
exact-in-n result, and the dashed curve is obtained in the leading-in-7 approximation (linear in ).

Let us first neglect d&, and calculate R as a ratio of do,
in Eq. (25) and dog in Eq. (24). Outside the very narrow
region Q| S |Qyl=1v- Q| ~ m?/w, we can replace Q> —

2 =m*@, +8,)*. Then, at fixed §,,, §,, and x = ¢, /w, the
asymmetry A scales as m/w, as can be seen from Egs. (25)
and (24). Figure 4 shows the dependence of .4 on §, in units
m/w for tungsten (n = 0.54) for a few values of 8, and ¢,
where ¢ is the angle between vectors é,, and §,,. It is seen that
the charge asymmetry may be rather large (A ~ 20-30% for
w/m = 50). The asymmetry is large when 8, and/or §, are
much larger than unity. Note that this statement is also valid
in the region |8, + &, < 8, — J,| (but §, > 1 and §; > 1).

For ¢ = 7, one can see a jump in A at §, = §, where
|Q.1| =0. At this point A changes its sign. The origin of
the jump is the following. As it was shown in Sec. V, at
Q./m < |8, — 8,| one can use Eqs. (26) and (27) for any n;
see discussion following Eq. (30). In this region, for O, >
m?/w, we have doy o 1/Q% and do,  1/Q? so that do, /do;
is finite. However, for ¢ = 0 the ratio do,/do, has opposite
signford, > 8, and 8, < §,. Therefore, the dependence A on
8, at ¢ = 7 looks like a jump though it is a rapidly varying
continuous function in the very narrow region Q, ~ m?/w,
which is not considered in this paper.

Note that screening should be taken into account only in
the very narrow region |Q | < rg! ~ maZ'? « m, where

~r © SCr

Tser 18 the atomic screening radius. Outside of this region, at
6, + )l —m| > aZ'3or 18, — 841 > aZ'3, screening is
unimportant.

It is interesting to understand the importance of high-
order-in-n terms in the charge asymmetry. Figure 5 shows the
dependence of A on n = Z« inunits m/w for 8, = 2,8, = 4,
and a few values of x = ¢, /w and ¢. The dashed curve in this
figure is obtained in the leading-in-n approximation (linear

0.10 +

0.05

Al

0.00 -

FIG. 6. The dependence of 4, on §, for x = 0.25 (solid curves),
x = 0.5 (dashed curves), and x = 0.75 (dotted curves); n = 0.54
(tungsten), w/m = 50.
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FIG. 7. Contribution A as a function of § pforo/m =200,Z =1
(proton), x = ¢,/ = 0.6, §, = 30, ¢ = 0.

in n). It is seen that n dependence is very strong even for
intermediate values of 5. Let us also introduce the charge
asymmetry A; for the cross section integrated over the angles
of one of the particles,

_do(p,n) — do(p,—n)
" do(p.n) +do(p.—n)

We calculate the nominator in A4 integrating do,, in Eq. (25)
over §, and the denominator using Eq. (31). Figure 6 shows the
dependence of A, on §, for n = 0.54 (tungsten), w/m = 50,
and a few values of x. Note that A, in contrast to A, does
not scale as m /w due to logarithmic dependence of do,(p,n)
on w; see Eq. (31). It is seen that A, is noticeable though it is
smaller than A. The charge asymmetry corresponding to the
cross section integrated over the angles of both particles (over
8, and §,) is very small (see Ref. [10]).

Let us discuss now the contribution A to the charge
asymmetry,

(47)

T_ dé.(p.q.n)
doy(p,q.n)’

where dé,(p, q,n) is given by Eq. (45) and dos(p, q, n) is
given by Eq. (24).

In the region §, ~ &, ~ 1, we have dé,/do, ~ m/(nm,)
anddo,/dos; ~ nm/w. In this region, d6, may be comparable
with do, only for light nuclei (n < 1), where the asymmetry
is very small.

In the region &, ~1, &, > 1, we have dé,/do, ~
m/(nmp)anddo,/dog ~ nb,. Again, dG, may be comparable
with do, only for light nuclei where the asymmetry is very
small.

The only region where d&, > do, and A is not too small
isn<«€ 1,8, > 1,6, > 1,butv = %Wp —6,] ~ 1. In this
region the ratio dé6,/do, is

dé, 2(1 + S 50)e2e63 49
do,  m(1+9)nwm?m,’ “9)

(48)

PHYSICAL REVIEW A 85, 042104 (2012)

and may be larger than unity. Here we took into account that
0, ~ 0, > m/wbut|d, — 0, ~ m/w.For the contribution A
to the charge asymmetry we have

dé, B (1 + %%)sl,sq@]z) @, 7

- , (50)

A= =
do, (1 +9>)mm,,

where # = (0, — 0,)e,¢,/(mw), so that A may reach about
10% at large transverse momenta compared to the electron
mass (see Fig. 7). In this figure, A =0 in the point cor-
responding to the condition ¢ = 0, which is equivalent to
8y =84x/(1 — x).

VIII. CONCLUSION

We have derived exactly in the parameter n = Zo the
charge asymmetry A, Eq. (46), in the process of ete”
photoproduction in a Coulomb field at photon energy w > m,
&, > m, and &; > m. This asymmetry is related to the first
quasiclassical correction to the differential cross section of
the process, Eq. (25). When p, and/or ¢, are much larger
than the electron mass m, the charge asymmetry can be as
large as tens percent. The charge asymmetry A;, Eq. (47),
in the cross section integrated over the transverse momenta
of one of the particles is several times smaller than the
asymmetry A in the cross-section differential with respect
to the transverse momenta of both particles. We have also
estimated the contribution 4, Egs. (45) and (48), to the
charge asymmetry of the Compton-type diagram. For n ~ 1,
this contribution is negligible. The only region where A can
be important is n < 1 (light nucleus); 6, ~ 6, > m/w but
|60, — 8,] ~ m/w. Though we have performed our calculation
for the pure Coulomb field, our results are also applicable
for photoproduction in the electric field of atoms except the
very narrow region Q <r ! ~maZ!'? < m. Note that the
effect of the finite nuclear size, coming from the difference
between the electric field inside the nucleus and the Coulomb
field, is not important for the process under consideration
because the characteristic distances for our process are of the
order of the Compton wavelength, which is much larger than
the nuclear radius for all Z. Our results clearly demonstrate
that experimental observation of the charge asymmetry in
the process of eTe™ photoproduction in a Coulomb field is
a realistic task.
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