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The polarization contribution to the exact differential photon emission cross section in two-
particle annihilation of an arbitrarily polarized electron-positron pair is calculated by the
method of invariant tensor integration“]. The polarization contributions to the integral cross
sections are calculated for a longitudinally and transversely polarized electron-positron pair.
The effect of polarization on the cross section for photon emission by initial particles annihi-
lating into a pair of any other particles is considered by taking into account the form factors
of the latter particlesm . A simple method is suggested for calculating the tensor contractions
used in the Baler Khoze calculations of the cross sections for some processes carried out by

techmque
usefulness of this method.

1. INTRODUCTION

BATER and Khoze!"?] calculated the integral pho-
ton emission cross sections in two-particle anni-
hilation of unpolarized e and €', by using a method
of invariant integration of the tensors!!). In this
paper we calculate by the same method the polar-
ization contribution to the exact differential photon
emission cross section in two-particle annihilation
of an arbitrarily polarized electron-positron pair.
We calculate the polarization contributions to the
integral cross sections for longitudinally and trans-
versely polarized electron-positron pairs. We show
that the probabilities of processes accompanied by
annihilation or creation of relativistic pairs e, e
(u", 1') whose particles have identical helicities is
of the order of m?/E? (u?/E? compared with the
probabilities of the corresponding processes in
which the pair particles have different helici-

ties 319, Account is taken of the effect of the
polarization on the cross section for the emission
of photons from initial particles that annihilate into
a pair of arbitrary particles, with allowance for the
form factors of the latter ). In determining the
cross sections of certain processes by method of
Baier and Khoze ], we propose to calculate, by
means of a simple procedure, the necessary con-
tractions of the tensors without calculating the lat-
ter; this improves the usefulness of the method.

In Sec. 2 we consider annihilation into a pair of
fermions, and in Sec. 3 annihilation into a pair of
scalar particles; in Sec. 4 we analyze the formulas
for the integral cross section; in the Appendix we

, obviating the need for calculating the tensors themselves and thus enhancing the

indicate a method of obtaining the contractions of
the tensors. We use the notation of{!:2].

2. ANNIHILATION INTO A FERMION PAIR

We consider the case when the final particles
are fermions, say muons'!!. We consider only the
contributions made to the cross sections (differen-
tial and integral) by the polarization of the initial
particles; the total cross sections can be readily
obtained by using the results of 1],

For the contribution made by the arbitrary
polarization of the initial particles to the differen-
tial cross sections for photon emission from these
particles we obtain the expression

o (1, &) _ mPalefo 2p* 4 A
dQude 6:rrE2[3 Ak
1 A, Az 244
R (> )2/( mids = A+t
1
- %‘[2 (p1pst) (— mPAs + Az) + As(m? + %)
+A4(m2—%)]}. (2.1)

We have introduced here the notation
Ay =2(1—+?) (&m) (&) — (E:&),

A2 = o*{(&m) (E2nt) — [B?y* — (v — 1)%cos? O]
X (&mn) (§n) —[By — (y—1) cos O] (En) (Eong)
4+ [By - (v — 1) cos 0] (Emy) (E:n)},

Az = 2mpy*o (§n) {[(v — 1) cos B — py](Em) + (Em4)},
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Au= 2mBy*o (§m) {[(1 — y) cos O — Byl (8n) — (Bemy) };
y=E £=n1, —lli—rzn (och 2);
m (0] |p1| ’
(sr)o= (—1)™"py(§m), s =&+ (yv—1)(En)n,
(2.2)

where s; and s, are the 4-vectors of polarization of
the electron and positron respectively, ¢,. is a unit
vector in the polarization direction in the rest sys-
tem of the particle, and r =1 or 2 (B8, k, L, A, and
A are defined inm).

We consider the case of annihilation of longi-
tudinally-polarized particles. In this case, the con-
tribution made to the photon emission differential
cross section, with respect to the angle $) between
the initial electron and the photon, is

d?0. (s, 5+) mZa%Bo 2p? 4 A2 5_s4)
d cos mdm aEzs A =S
{ ){mzu—zv )+ @ (B — cos? O

2
— 2mByie] — 7 mpyiw cos O — ——§(2y2 —1)

+) (m? (1 — 2v2)

2.3)
+ @02y (B2 — cos2 Or) ) 4+ 4mpPyio (m?f — %" cos Or)] },
where s- (s+) is the helicity quantum number of

e (e). Integrating with respect to the photon emis-
sion angle we get

203dofo 2p? + A2

A "I
x {om [ @y — 1)~y (0 — 2my)
wy? 2myle L\
+ = L) = TR (v g )

B2 o)

m2\
X (mz——2E2+zﬁ)2('Y2—1))+2(ﬂ<E——E/:|

2
+%(L—2) 2y — 1) } (2.4)

the integral cross section for the emission of a
photon (w < m) by arbitrarily polarized initial par-
ticles is

doe (s=, s4) = [1 — (s=s4) (1 — m?/ E?)]do., (2.5)

where dog, is the cross section for the emission of
a photon by initially unpolarized particles and is
given by (2.55) of (11,

Thus, the allowed process is the annihilation of
a particle with its own antiparticle (the signs of the
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helicities of €™ and €™ are different); the probability
of annihilation of a particle with a foreign antipar-
ticle (identical signs of helicities of € and e') is
smaller by a factor E?/m? than the probability of
the allowed annihilation.

Zel’dovich3) indicates a connection between the
polarizations in the created relativistic electron-
positron pairs, namely, a left (right) € must be
created with a right (left) e'. The probability of the
processes in which left (right) e are created with
left (right) e is smaller by a factor E2/m? than the
probability of the allowed processes.

Starting from the fact that relativistic e with
positive and negative helicities are described inde-
pendently by two-component spinors[“’u], we can
conclude that the allowed processes should include
also those in which relativistic left (right) e anni-
hilate with right (left) e'. Processes in which rela-
tivistic left (right) e  annihilate with left (right) e’
have a probability smaller by E?/m?.

Such a ratio of the cross sections for two-pion
(two-fermion, two-vecton) annihilation of longi-
tudinal polarized e and e’ can be obtained from
expressions (4) ofl4] (7 of[”) for the cross sec-
tions of two-particle annihilation of arbitrarily
polarized e and e+, from expressions (6) and (10)
of®®] for the cross sections of two-pion and two-
fermion annihilation of longitudinally polarized e
and e+, or from expressions (7) and (9) ofl8] for the
cross section for the production of pseudoscalar
mesons in the annihilation of longitudinally polar-
ized e and e+, and also from (12) of(8 for the cross
sections of the inverse processes. It is possible to
show with the aid of the same formulas that for the
allowed processes the direction of motion of the
pseudoscalar meson does not coincide with the di-
rection of motion of the relativistic electron(?].

It follows also from the paper of Shakhnazar-
yan[5] that the helicity of the relativistic Dirac e
and e’ does not change upon scattering. In scatter-
ing of € by e (e"), the matrix element of the tran-
sition from the initial state, in which the particle
helicities are different, to a final state in which the
particle helicities are reversed, is different from
zero, but a contribution to it is made by the ex-
change (annihilation) diagram, that is, the particle
helicity is conserved in the scattering. Thus, in
scattering of e” by e~ (e*) the contribution of the di-
rect (annihilation) diagrams differs from zero only
when the helicity of the particle does not change
(the helicity of the particle is different both before
and after the collision). This again confirms that
relativistic € and e’ can be created and annihilated
only when they have different helicities. A similar
relation between the cross sections in the relativis-
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tic case follows from expression (10) of ("] for the
cross section of two-photon annihilation of arbi-
trarily polarized e and e’.

Sokolov et al.[8] have found that only € and e’
with opposite helicities can annihilate in the reac-
tion of e + e — v + T, owing to the direct weak
interaction in the ultrarelativistic case (the same
holds for p~ and u having opposite helicities, with
creation of a muonic neutrinos). In the inverse
process, only e and e with opposite helicities are
producted. From the results of Sadykhov et al.[9],
and also from™5] it follows that proton-antiproton
pairs are produced in € and e annihilation only
with opposite helicities of the latter (the initial par-
ticles are assumed to be Dirac particles). Using
formula (4) of(1%], we can show that in the annihila-
tion of proton-antiproton pairs the cross section
for the production of pairs of particles e, ¢ (4, u')
with oppos1te helicities is larger by a factor
E?/m? (u?) than the cross section for the production
of a palr of particles with identical helicities, re-
gardless of the helicities of the annihilating nuc-
leons or of their structures.

Analyzing the results of Sokolov et al.[13) we
find that in the relativistic case (u < E) in the re-
action e + e — v + 7, regardless of the polariza-
tion of the initial particles, the probability of the
creation of muons with identical helicities is
smaller by a factor E?/u? than the probability of
creation of particles with different helicities.
Therefore the cross section of the processes in
which relativistic e and e” (4~ and u') having differ-
ent helicities are annihilated or created is approxi-
mately the double the cross section of these proc-
esses for unpolarized particles.

Let us consider the cross section for photon
emission by muons. The contribution made by the
arbitrary polarization of the initial particles to the
differential cross section is

@Pou (&1, &) . ado [
o 128wEpl 2T
(ai-}-A 1) (2.6)

(ZEZAZ Am%' —_ Ag% —I— Aax,) ] .

In the case of annihilation of longitudinal polar-
ized particles, the contribution to the photon-
emission differential cross section with respect to
the angle between the initial electron and the photon
is

2oy (s, $+) 0o 2
e 64nE66 (5-54) {Zm a1(1 — 2y?)
2(a1 -+ A
+ (Lwaz—)tzm WHB* = cos? Bu) — (2" — 1) 0/

— 4By20E2 — 2mPyio cos By (x - u')]}. (2.7)
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The integral cross section for the emission of a
photon (w < m) by muons is

doy/ (s, 54) = [1 — (s—s3) (1 — m?/E?)ldoy, (2.8)

where do, is the integral cross section for photon
emission by muons in annihilation of unpolarized
particles and is given by (2.36) of!’. 1t is seen
from the expression for the cross section that the
muons emit only when the initial particles have
different helicities.

Thus, the summary integral cross section for
the emission of a photon (w < m) in the annihilation
of longitudinal polarized particles is

do’ (s—, s4) = [1 — (s-54) (1 — m*/E*)}do, (2.9)

where do is the summary integral cross section in
the annihilation of unpolarized particles and is
given by (2.41) of (11,
Let us consider the case of annihilation of trans-
versely polarized particles. The contribution to
the differential cross section of photon emission by
initial particles is of the form (the azimuthal angle
¢ is reckoned from the plane of the vectors p; and
£1 11e)
o’ (§1,8)
kod(D

oL

+(5:k2) [2m4 (—%;+

alwfo 2u2 4+ A2
1231E2f5 A

4(2E% — m?)
iy
hm? (2B% — m?)

AW
®'2 wx

+4]},

(2.10)

= 2 sin® ¥ cos @ cos [¢ — arccos (E1E2)] (2.11)

After integrating over the azimuthal photon
emission angle ¢, we obtain the contribution made
to the differential cross section with respect to the
angle between the electron and the photon:

d?o.’ (&1, §z) alwPo 2pu? + A2
dcos Ordo  GE2

(&182)

1 1
X [(2m4 ~+ m2w@? sin® Oy) \/7 + P

A"

+ —27- (2E2 — m?) (w?sin? 9y, + 2m?) + 4] ) (2.12)
U¥ 3

Integrating with respect to the photon emission an-
gle ¢ we get

20%dwfo 2 A2
oy (81, ) = o 2obo 20+

Epo A o)
2 + ‘(02
fos="55) ] o)
m \ 1 oF> 1 4w .
Let us examine the contribution made by the
polarization to photon emission by muons. The
contribution to the differential cross section is

(2.13)
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written in the form

dsou,(gi, gZ) . a’o
dQde  32m2Esp

ay —l— Azaz [

2

mzai
2E2

(8182)

}} (2.14)

Integrating over the azimuthal angle, we obtain the
contribution to the differential cross section with
respect to the angle between the electron and the
photon

h4+ 2 (i)

+ 2E2

dzcul (gh §2) _ o’
dcosudo  16nEp (8:%2)
m2a 1 . wn’
[2E2 s+ 5‘(‘11 + A?a,) <51112 Or + OB /:!- (2.19)

Integrating with respect to the photon emission an-
gle, we get

2 2 \ -1
doy’ (B, &) = 2—7';;( 14 —;%) (E1&2) doy, (2.16)

where do, is the cross section for the emission of
the photon in the annihilation of unpolarized parti-
cles and is given by (2.36) ofl!]. The interference
term in this case (annihilation into a pair of fer-
mions) is equal to!!I 1.

3. ANNIHILATION INTO A PAIR OF SCALAR
PARTICLES

Just as in the creation of a fermion pair, we
shall consider only the contributions made to the
cross section by the polarization. The contribution
to the differential photon emission cross section
from initially arbitrarily polarized particles, in the
case of creation of a pair of scalar particles, can
be expressed in terms of the corresponding contri-
bution for the case of creation of a fermion pair:

d?oe® (1, §2) A%y d®0¢ (&1, &2)
dQrdo  4(A2+2p2)  dQudo

This relation is satisfied for contributions to the
differential cross sections of photon emission with
respect to the angle between the electron and photon
and for contributions to integral cross sections,
since A and 8, do not depend on the angles.

Inasmuch as relation (3.1) is not violated when
the polarization contribution is replaced by the
corresponding cross section for photon emission by
initially unpolarized particles, the integral cross
section for the emission of a photon (w < m) by
initially longitudinally-polarized particles has a
form similar to (2.5):

(3.1)

DExpression (2.6) of [*] should contain the tensor K, -

in lieu of K,
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Ao (5 54) = [ — (s-54) (1 — m?/E%)}doe, (3.2)

where dog is the cross section for the emission of
a photon by initially unpolarized particles in the
creation of a pair of scalar particles, and is given
by expression (2.12) ofl2].

The contribution to the differential cross sec-
tion of photon emission by the final scalar particles
can be expressed in terms of the corresponding
contribution for the cross section of emission by
final fermions

Pos (5, 82) _}E_ dPop (1, §2) 3.9)
dQudo i\ dqde S &
where R denotes the substitution operation
ar— ha, as — ha. (3.3

Relations of the type (3.3) are satisfied also for
polarization contributions to differential (with res-
pect to the angle between the electron and the pho-
ton) and integral cross sections, since the quanti-
ties ay, a5, hy, and hy do not depend on the angles.
Inasmuch as in annihilation of unpolarized particles
the cross sections for the photon emission by scalar
particles are fermions are connected by a relation
similar to (3.3), the contribution to the integral
cross section of photon emission by scalar particles
in the annihilation of longitudinal polarized parti-
cles is similar to (2.8):

dos(s—, s4) = [1 — (s—s4) (1 — m?/E?)]dos, (3.4)

where dog is the integral cross section of photon
emission by scalar particles in the annihilation of
unpolarized particles and is given by (2.22) off?],
We see that the final scalar particles, like the ini-
tial ones, emit only when the latter have different
helicities. The interference term is equal to zero

Thus, in the annihilation of the longitudinally-
polarized particles with creation of a pair of scalar
particles, the integral photon emission cross sec-
tion is

2]

do’ (s—, 54) = [ — (s_s4) (1 — m2/E?)lda,
f[Z] .

(3.5)

where do is given by (2.26) o
In order to take into account the effect of the
longitudinal (transverse) polarization of the initial
particles on their emission in the case of particle-
antiparticle pair production, with allowance of the
form factors of the final pair, it is necessary to
replace Z in (3.6) ofl2] by the quantity Z” (Z’) and
Y in (3.7) of 2] by Y” (Y’). We use here the notation

27 =7 4 2m2(s_s4) 20" = [1 — (s_s4) (1 — m*/E?)1Z,
2= Z+ (%%) Z,
Y/ =¥ 4 (s-51) Yo' = [1 + (s_s4) (1 — m¥/E2)]Y,

Y=Y+ (8182) Yy; (3.6)
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Z is given by expression (2.11) off2], Zo is the ex-
pression in the curly brackets in (2.3), Z, the ex-
pression in the square brackets of (2.12), Y the ex-
pression (2.13) inm, Y, the expression in the curly
brackets of (2.13), and Y, the expression in the
curly brackets of (2.4).

4. ANALYSIS OF INTEGRAL CROSS SECTIONS

Let us consider the case of annihilation into a
pair of fermions. As already noted, in the annihila-
tion of particles having different helicities the cross
section for the emission of a photon (w < m) is ap-
proximately double the emission cross section in
annihilation of unpolarized particles. The cross
section for the emission of a photon in annihilation
of particles with identical helicities is of the order
of 1112/E2 relative to the emission cross section in
the annihilation of unpolarized particles (w < m).
The cross sections for photon emission near the
threshold of muon production and far from it can
be readily obtained from expressions (2.5), (2.8),
and (2.9) of the present paper and from the formulas
of Sec. 3 ofl!]. It must only be noted that formula
(3.1) ofl!] is incorrect. This formula was derived
in!] (with accuracy to terms of first order in w/E)
using the relation u?/E? ~ 1 (near threshold),
whereas it is actually necessary to use the relation
4u?/A? ~ 1 (near threshold). Consequently, the
cross section for the emission of a photon by ini-
tially unpolarized particles near threshold is given

not by (3.1) of“] but by
2a3dwfo 2F 1
th — 2 T S I 1
doe E2 ( m > (-1

A factor 1 + m?/2E? was left out from expression
(3.2) of[i]. When this factor is taken into account,
the cross section for photon emission by muons
near threshold becomes
4 oldw m2

It is seen from (2.13) and (2.16) that the contri-
bution to the cross section from allowance for the
transverse polarization of the initial particles is of
the order of m?/E? relative to the cross section for
the emission of the photon by the corresponding
particles in annihilation of unpolarized particles!].

In the case of annihilation of transversely polar-
ized particles, the cross sections near threshold
are given by

(4.2)

doiih (&, &) = [

where dO‘th is given by (4.1) (or (4.2)). The cross

sections far from threshold are obtained by re-

+ o (§1§2)] o, (4.3)
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placing dot? in (4.3) by expression (3.3) from

e(u)
(or (3.4) ofl1]).

In the case of production of scalar particles, the
formulas for the cross sections are similar in
limiting cases to the corresponding formulas for
the case of production of fermions (except that now,
of course, it is necessary to use in the formulas

the expressions obtained for the cross sections
inf?? 2y,

APPENDIX

In calculating of the cross sections of certain
processes 121415 by method of invariant integra-
tion of tensors, it is advantageous to calculate im-
mediately the required contractions of different
types of tensors (Compton, current, etc.) with
second-rank tensors (metric tensors and tensors
made up of products of vector components), without
explicitly calculating the tensors themselves. This
reduces greatly the volume of the calculation.

(! they calculated in explicit form the Comp-
ton tensor of the initial particles MZV ((2.11)—
(2.14) fm), which was then contracted with the
tensors g, and k k,+, and these contractions are
used to obtain the cross sections. At the same
time, to find the contractions it is sufficient to
have the structural form (2.7) (1] of the tensor Mg V,

, to contract the tensor MW (with the tensors
gw, and k k,, and then calculate the contractions
(scalars). Indeed, it is easy to find the scalar di-
rectly than to calculate a second rank tensor, for
example Sp yVabea'yV', and then contract it with the
tensors g,,,» and k k,, and moreover sum fifteen
terms for each case. The scalars can be obtained
directly:

(Sp y“?zl?gfly"') g,, = 4Sp abcd;
(Spy*abed y*') kyk, = k*Sp abe d; (A.1)
(Spy'abeyvd)g,, — — 2 Spdab e,

(Sp y'ab ey d) kyky = 2 (kd)Spabck —k*Spabed; (A.2)

(Spy'aby»cd) g,,. = 16 (ab) (cd),
(Sp y'aby” cd) kyk, = 2 (ak) Sp bk cd

A

— 2 (bk)Sp aked + k*Spabe (A.3)

In the paper of Baler and Gahtskn[“] besides
contracting the tensor Ny,;, with the tensor g, it
is in fact necessary to find its contraction only

2Formulas (2.27) and (2.28) of [?] ate obtained by using
near threshold the relation 4p?/A* ~ 1 and not y?/E* ~ 1 as
in [?].
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with a tensor of the type pyuny + pyny. In this case
the use of this procedure is no less effective.
We present an example:

(Spyrabedy) (p,ny + p,ny) =2 (pn) Spabed, (A.4)

(Sp y**?z?)zy"?i) (puny + pony) = 2 (dn) Sp pabe
+ 2(dp)Spnabc—2 (pn)Sp abed, (A.5)
(Sp y*a by edyp,n, + py)=2(ap)Spbnecd + 2 (an) Spbped
—2(bp)Spancd—2 (bn)Spaped + 2 (pn) Sp abed.
(A.6)

Thus, the employed method makes it possible to
avoid summation of thirty terms, of which twenty-
four vanish in the case of (A.4), and the remaining
six yield only three different terms. With the aid of
our device this result is obtained automatically.
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