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The process treated is that of production of longitudinally polarized proton-antiproton pairs
in the collision of polarized electron and positron beams; effects of the form factors of all
the particles involved are taken into account. Expressions are derived for the angular and
energy distributions of the resulting pairs. The formulas are used for an analysis of the in-
fluences of form factors and spin states of the particles on the angular and energy distribu-
tions in the process. Expressions are found which give the angular and energy dependences of
the degree of longitudinal polarization of the proton-antiproton pairs produced.

EXPERIMENTS on the production of elementary
particles in the collision of beams of high-energy
electrons and positrons are a unique way of study-
ing the behavior of the electromagnetic interaction
at small distances. The study of such processes
may enable us to determine the limits of applica-
bility of quantum electrodynamics at very large
energies.

Unlike the experiments of Hofstadter (2] and
Wilson, t3) from which one could get direct evidence
about electromagnetic form factors only in the
region of spacelike values of the momentum trans-
fer, these processes offer a possibility of studying
the form factors in the region of timelike values.
As has been pointed out in a paper by Bai’er,u]
this is of extremely great interest.

Calculations have been made in 43 on a num-
ber of processes of production of strongly inter-
acting particles in the collision of point electrons
and positrons. Int45J, however, these processes
were investigated without regard to the polariza-
tion properties of the particles involved.

In the present paper we study the process of
production of proton-antiproton pairs in collisions
of electrons and positrons,

e+ et =p+ (1)

and include effects of the form factors and the
longitudinal polarizations of the spins of all the
particles involved (although at present there is no
experimental indication that there exists a finite
size of electrons). The formulas we obtain enable
us to examine the effects of the form-factors of
the particles on their angular and energy distribu-
tions, and also on the longitudinal spin correlation

in this process.

We point out that, just as in the papers we have
cited, [43) our treatment here is in lowest order
of perturbation theory; that is, we confine ourselves
to consideration of one-photon exchange between
the electron-positron and proton-antiproton ver-
tices.

In the center-of-mass system of the colliding
ultrarelativistic electron and positron the differ-
ential cross section for process (1) is given by the
formula D

ds  wa?

m = 39 12 {1 12 (1— Se-Se+) [ Dy + SpS;JCD1

+ 25e- (sp— ;) ay cos 6] + 10212 [ 2 12 (1 4 Se-5e+)
X (D2+4-5p8,D3) — 11, (ffe" + [1772) [2a1 (1 — sps3)
X (14 $,-5p c0s 0) (1— sersy, cos 0)

+ ay (1 + sp55) (1— Se=Set++ 28¢-8,+ cos? 0)]}; (2)

a1 (E) =|Fy|? 4 %a?| F2 |2 + %o (Fil'et + FitFy),
az(E) = y2|F1|? + %a®y? | F2|? 4 #a (FiLst + FitF),

@o,1 (E, 0) = az(E)sin?0 = ay (E) (1 + cos*0),

@23 (E, 0) = a2(E) cos?0 =+ a4 (E)sin2 0, (3)

B=Vv—1/y, y=E/M, yo=E|m, a=e/4n,

c0S 0 = (PpPe-)/ PpPe--

Here the upper sign is for the functions & y(E, 6)
and &,(E, 0), and the lower sign is for &,(E, 6) and

Din this paper we use a system of units with c =t = 1.
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&5(E, 0); £,(q%, f,(q® and F,(q%, Fy(q? are the form

factors, puy and k5 the anomalous magnetic moments,

Pe- and Pp the momenta, and m and M the masses
of the electron and proton; E is the total energy of
the electron in the c.m.s.; the quantities si = + 1
are the eigenvalues of the projection operator
(opi)/|pi| which characterizes the longitudinal
polarization of the spin of particle i(i =p, p, e, €*);
for sj = + 1 we have a right-handed polarized par-
ticle, and for sj = —1 a left-handed polarized par-
ticle (see the monograph‘6J).

In (2) the terms ~ SiSj determine the longitud-
inal spin correlation between particles i and
j (i=j=e, e p,p), and the term ~ sg-sc*SpSp
gives the correlation between all of the particles.

Averaging over the initial and summing over the
final spin states of the particles, and also assum-
ing that f; = 1, f, = 0 (point electron without anom-
alous magnetic moment) we get as a special case
of (2) the result of Cabibbo and Gatto. 5]

Integrating (2) over the angle of emergence of
the proton, we get the following expression for the
total cross section:

L
18 B

— pa(fifet ++ fitfe) [1 4 se-se+ 4 2(1 — Se-5.+) ]}

{21£1]2(1 — se-se+) + yo®1a? | fo |2 (1 + se-s0+)

X (9o + $pSp@1), (4)

P01 (E) = ax(E) £ 2a:(E). (5)

We see from (4) that the total cross section for
process (1) does not depend on the lepton-baryon
spin correlations, whereas the expression for the
differential cross section contains such terms
~sysg(L=e,e; B=p,p).

It can be seen from (2) and (4) that a proton-
antiproton pair can be produced by the collision of
an electron and positron with longitudinal polariza-
tions of opposite signs (se- = —se* =1 or —1) or of
the same sign (se- = sg+ = 1 or — 1). Since the part
of the effective cross section caused by the anoma-
lous magnetic moment of the electron [terms
~f2(q2)] must be much smaller than the other part
[terms ~ f,(q?)], proton-antiproton pairs will be
produced mainly in collisions of electrons and posi-
trons with opposite signs of the longitudinal polar-
ization.

Averaging over the initial spin states, we find
from (2) and (4)

— naz
G5 d(e0s 0) = o 2,11 1 (@ -+ s5;0)
+ To2u2] fo [P (D1 + sp5-D5)

— B, (f1fe" + fi*fe) (9o + $pSpP1)1 (6)

- 7 2
= % FE (21121 -+ 1o?w2| o " — 3pa (/ufs* + f1'])]

X (@0 + Sps}—otpl), (7)

In the production of longitudinally polarized protons
and antiprotons there are the following possible
correlations hetween them: they can be either
right-handed polarized (spsﬁ =1,sp=sp=1)or
left-handed polarized (spsp =1, Sp = Sp = —1), or
else be of opposite signs of longitudinal polariza-
tion (sps§ =—1, Sp = ~8p = 1 or —1).

The degree of longitudinal polarization of the
pairs produced, corresponding to these two types
of spin correlation, can be defined by the formula

{ds}spsp =1 {dj}s],35:—1

{dﬁ} spsb»;l T {as}spsiz_l

P(E, 0) = (8)

From (6) and (8) we get for the angular dependence
of the degree of longitudinal polarization of the
pairs

[£1]2 ®1 + voPua?| fo]2 @5 — pa (fifet + frtfe) g1
[£1]2 @0 + yo2ua? | f2]2 @2 — pa(fifet + fitfa) @o
9)

As can be seen from (4), (7), and (8), however,
the energy dependence of the degree of longitudinal
polarization of the proton-antiproton pairs depends
neither on the form factors nor on the polarization
states of the electrons and positrons. In fact, for
all three cases [ sg-Sg+ = 1, se~se* =1, and Eq.
(7)] we have

I(E, 8) =

P (E) = @1(E) | go(E). (10)

For a quantitative analysis of the formulas
(2)—(10) we examine the case of collisions of point
electrons and positrons which have no anomalous
magnetic moment (f; =1, f, = 0). Furthermore we
use the following approximate expressions for the
form factors of the proton, as determined from
resonance properties in the region of timelike
values of the momentum transfer-":

1.18¢2
g2+ 30m.2’

1.59¢2

Fy=1-— —
q*+ 30my?

y = (11)
Here my is the mass of the 7* meson, and
q? = —4E2.

Figure 1 shows the dependence of the differen-
tial cross section for process (1) on the angle of
emergence 0 of the proton for v = 1.3, as calcula-
ted from (2) and (6). Curves 1—6 correspond to
the production of proton-antiproton pairs in the
collision of electrons and positrons which have
opposite signs of the longitudinal polarization,

Se~ =~ Sg* =1 (Or sg= =—8g* = —1): a) curves 1, 2
are for the cases Sp = Sp = 1 or —1; b) 3, 4 are for



986

a6/a(cess)

0 J0 60 90 120 160 180
8, deg

FIG. 1,

23 ¢ 56 789 wy
FIG. 2.

FIG. 1. Dependence of the differential cross section (in
units 7a’/6M?) on the angle of emergence of the proton; curves
1, 3, 5, 7, and 9 are for point protons, and curves 2, 4, 6, 8,
and 10 for extended protons.

FIG. 2. Dependence of the total cross section (in units
na’/6M?) on the energy of the electron; curves 1, 3, and 5 are
for point protons, and curves 2, 4, and 6 are for extended
protons.

Sp =~ Sp =-1 (sp ==sp = 1); c) 5, 6 are for

Sp =~ Sp = 1 (sp ==sp =—1); d) 7, 8 are for the
cases sy =—Sp =1lor —1; e) 9, 10 are for the pro-
duction of unpolarized protons and antiprotons.
Curves 7—10 correspond to the production of pro-
ton-antiproton pairs in the collision of unpolarized
electron and positron beams.

Figure 2 shows the dependence of the total
cross section for the production of proton-anti-
proton pairs on the energy of the electron in the
c.m.s.: curves 1, 2 are for case a); 3 and 4 are
for cases b), ¢), d); and 5 and 6 are for case e).

As can be seen from Figs. 1 and 2, the angular
and total cross sections for the processes of pro-
duction of either polarized or unpolarized proton-
antiproton pairs are extremely sensitive to the
form-factors of the proton, and in all of the cases
considered above the form-factors (11) for the
proton decidedly decrease the values of the differ-
ential and total cross sections (curves with even
numbers) as compared with the corresponding val-
ues for the point proton (curves with odd numbers).

The angular dependence of the degree of longi-
tudinal polarization of the proton-antiproton pairs,
as calculated from (9) for v = 1.3, shows that at
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angles 0° = 6 = 15° almost all of the proton-anti-
proton pairs produced have the spin correlation
SpSp = —l(sp=—sp=1lor —1). As the angle in-
creases there is an increase of the fraction of pairs
with the spin correlation spsp =1 (sp =sp = 1or
—1); at a certain value of the angle (in the case of
the point proton at 71°, and in that of the extended
proton at 65° there is a reversal of the spin of the
proton or antiproton in each pair. As the angle in-
creases farther (up to 90°) the number of proton-
antiproton pairs with the spin correlation spsp =1
predominates over the number of pairs with the
spin correlation spsp = —1. Since the function

P(E, 0) is symmetrical relative to the angle 90°,
all that has been said applies also to the second half
of the range (90° = 6 = 180°).

The energy dependence of the degree of longi-
tudinal polarization % (E) shows that as the energy
of the electrons increases there is an increase of
the fraction of the proton-antiproton pairs with the
longitudinal spin correlation spsp = 1. This depen-
dence is extremely sensitive to the form-factor of
the proton, so that the value of P (E) for the case of
the extended proton is everywhere larger than the
value for the point proton.

In conclusion we express our gratitude to B. K.
Kerimov, A. I. Mukhtarov, and N. A. Guliev for a
discussion of the results of this work.
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