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A number of electromagnetic effects involving strongly interacting particles are discussed.
The calculations are carried out within the framework of quantum electrodynamics by intro-
ducing form factors. It is shown that by studying the considered effects it is possible to ob-
tain information on the structure and the characteristics of strongly interacting particles.

IT is well known that the absence of a theory describing strong interactions make it impossible

to interpret experiments involving m-mesons and nucleons in a unique way. In particular, it seems not to
be possible on the basis of such experiments to substantiate the current ideas of the electromagnetic
structure of strongly interacting particles. Therefore it is of interest to investigate such electromagnetic
effects involving strongly interacting particles which can be interpreted within the framework of quantum
electrodynamics.

The experimental investigation of effects of this nature could give direct information on the structure
and the electromagnetic characteristics of nucleons and m-mesons. However, at present it is unfortu-
nately rather difficult to perform such experiments.

The present paper will treat the creation and annihilation of T-mesons and nucleon-antinucleon pairs
in “pure” electromagnetic processes, i.e., in the case where atomic nuclei or similar strongly interacting
particles are absent in the initial state. In addition, electromagnetic m-7 scattering will be treated.

1. CREATION OF n-MESON AND NUCLEON-ANTINUCLEON PAIRS IN
THE ANNIHILATION OF HIGH ENERGY POSITRONS

We now consider the creation of T-meson and nucleon-antinucleon pairs in positron annihilation. We
shall assume that quantum electrodynamics is valid up to an energy in the center of mass system E .,
<M where M is the nucleon mass! (the units are such that fi=c = 1). This assumption strictly speak-
ing does not allow to discuss antinucleon creation, while the treatment of r-meson pair creation particu-
larly at not too high energies seems to be fully justified. Therefore the possible deviations from the re-
sults obtained within the framework of quantum electrodynamics can be ascribed to the “anomalous” elec-
tromagnetic properties of the strongly interacting particles. Thus, the interaction of T-mesons with vir-
tual nucleons will lead to a finite electromagnetic size of the particle,2 i.e., to the form factor of the
mesons. For nucleons the interaction with the real vacuum will lead in addition to the “smearing out” of
the particle also to the anomalous magnetic moment. Another reason for such deviations would be a
strong interaction between the particles of the created pair; this would also show up as a form factor.?
However, as will be shown below there exists an energy region where the nature of the form factor can be
uniquely established.

The smallest energy of a positron (electron) necessary for the creation of a meson pair equals p in
in the c.m.s. where p is the mass of the 7-meson. In the laboratory system this corresponds to a posi-
tron energy E, = 2u?/m = 76 Bev. This large difference of the energy in the two systems evidently shows
that the only feasible way of performing experiments of this nature is by means of colliding beams of fast
particles. The differential cross section for creation of a 7% pair in the c.m.s. is given by

ds = (x/16) rg (1] E)? (1 — p2/ E?)"sin? 0| F 2d (cos 6)» (1)
where E is the energy of the particle in the c.m.s. and 6 is the angle between the momentum of the pos-
itron and the 7t -meson. The form factor F which is a relativistically invariant function of the energy

331



332 L. M. AFRIKIAN and G. M. GARIBIAN

and the momenta does not depend on the angles in the c.m.s.> Therefore, after integration over the an-
gles we obtain

o = (=/12) rg i/ E)* (1 — u | E®)"| F (2E* | M}) 1. (2)

The quantity M, in the argument of the form factor corresponds to a certain reciprocal length, charac-
teristic for a m-meson (evidently p = My = M). For x=0 we have F(x)~ 1. Therefore it is essen-
tial to calculate the form factor for E 2 M,.

At the threshold of the reaction, for E close to u, we have

o = (z/12) r5 (1 —p2 | E?)"| F 2. (3)

We note that the annihilation of an electron-positron pair in singlet states into a 7% pair is forbidden for
reasons of conservation of parity and angular momentum. (See also Ref. 4.) On the other hand, the cre-
ation of the meson pair in an S-state is excluded since the transition matrix element is proportional to
the meson momentum.’ Therefore the smallest possible angular momentum of the meson pair is £=1
(P-wave ). This circumstance renders the interaction of the mesons in the pair unimportant at small en-
ergies in view of the short range of the interaction. It therefore follows that for small energies the form
factor is uniquely given by the electromagnetic dimensions of the m-mesons.
In the relativistic case E > u we have

s = (=/12)ri (u/ EY? | F 2. (4)

Neglecting the form factor the cross section (2) has its maximum at E = 1.58u. There it has a value
0 =0.,5%10"% ¢m?, The form factor which decreases with increasing energy will shift this maximum to
a smaller energy.

Equations (1) — (4) are also valid for the creation of K-meson pairs if one substitutes for p and F
respectively the mass and form factor of the K-meson.

The minimum energy of the positron (electron) in the c.m.s. for creation of a nucleon-antinucleon
pair equals the nucleon mass M. In the laboratory system this corresponds to a minimum positron en-
ergy Mp =3.4 X 103 Bev. Here one has to take into account also the “anomalous” magnetic moment of
the nucleon which can have a magnitude different from the static case. In an analogous way the cross
section for creation of nucleon-antinucleon pairs can be obtained. In the c.m.s. it is given by

(N (TP AR T ®

where E is the positron (electron) energy, and the full magnetic moment equals (e/2M) + 4.
In the nonrelativistic approximation E 2 M Eq. (5) becomes

o = (2ne* | M) (1 — M? | E?)'* {e*/4AM — pie + pM} | F 2. (6)

Putting e = 0 in the curly brackets of (5) and (6 ) we obtain the cross section for creation of a neutron-
antineutron pair. As seen from these equations the anomalous magnetic moment contributes the main
part to the cross section for py > 1. Then the form factor is determined mainly by the basic strong in-
teraction between the particle and the antiparticle of the pair and evidently depends much less on the
electromagnetic size of the particles in contrast to the above treated case of - and K-mesons.

2. ON THE ELECTROMAGNETIC INTERACTIONS OF w-MESONS

At present there exists considerable interest on the problem of a specific meson-meson interaction.
Definite data on this interaction obviously can be obtained only in an experiment involving two colliding
meson beams. It is therefore of interest to split off the purely electromagnetic part of the meson-meson
interaction. To this end we shall investigate the scattering of mesons by mesons and the annihilation of
a 7t and a 7~ with emission of two y-quanta or a pair of light fermions.

The differential cross section for scattering of m-mesons of the same sign of the charge in the c.m.s.

is given by

do =t 2 [1+v2cos2<e/2) 1+U”Sin’(9/2)]2\1=(2” sin? )[ a0

(po)? sin? (8/2) cos? (0/2) M2 ()
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where p and v are the momentum and the velocity of the mesons respectively and 6 is the scattering
angle, The form factor F describes the electromagnetic size of the m-mesons. Since the electromag-
netic interactions are important only for small angle scattering, i.e., for large impact parameters, we
shall not take into account the influence of the short range specific meson-meson interaction on the form
factor.

In the limiting cases of small and large energies we have

dononrel = €*(pv)2sin™ | F 2dQ, do q= —[1 + Sm4 - cos - ] | FP? sm40 ’
In the nonrelativistic case (7) is identical with the first Born approximation to Mott’s formula® derived
for the scattering of slow a-particles in helium.

For mesons of opposite charge the scattering cross section is given in the c.m.s. by

et [1-4v2cos? (0 /2)

(pv)? [ sin?(6/2)
The first term in (8) corresponds to scattering of spin-zero particles while the second term is due to the
possibility of meson annihilation.

In analogy to above we have

dc:%’ ——040056]2]F12d§2. (8)

et 1

1 0
dcnonre] 16 WSII'[‘ 0/2 !F \ dQ dcrel = -E' 5 [1 + sin4 -5 -+ cos? — ] lF [2 Sm4 /2>

Comparing (7) and (8) one sees that the differential cross sections for small angles are the same for
both processes.

The differential cross sections for annihilation of two n*-mesons into two y-quanta is given in the
c.m.s. by

2 1 y.\‘2 u? e
do =r} ('E_/ {1/2 Pp— cos26+ (ET—p cosTO): }|F\2dQ

where E is the energy of the m-mesons, vy, the relative velocity of the annihilating particles, and p

the m-meson mass. The form factor F is here essential because in annihilation small distances are im-
portant where the influence of the short range forces may be great. The total cross section in the c.m.s.
neglecting the form factor is given by

_2m o f w2 p2 pe w2 E+VET——M}
=i (F) {1+ﬁ_25vm<2—‘57)1“ VE—w (9)

In the nonrelativistic approximation E ® p and
o = 2mry [ vys. (10)
At large energies we have

o= =rd (u] E).

The total cross section for annihilation of mesons with creation of a pair of charged fermions of mass
m and anomalous magnetic moment py =po —e/2m is

L KON L (B R R O F (0 (LS

\

Here the form factor F as shown above at not too large energies is given essentially by the electromag-
netic size of the T-mesons and does not depend on the angles. Putting py = 0 we have for the annihilation
of n*-mesons into an electron-positron pair

o = (et [3E?) (1 — p* | E?)™ (12)
In the nonrelativistic approximation this becomes
o = nrgvy,/6. (13)

For relativistic energies of the annihilating particles we have
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5 = (xr¥/3) (n/ E).

We note that Brown and Peshkin' have given formulae for the electromagnetic annihilation of antinu-
cleons.

Finally we shall discuss the properties of an atomic system comprising 7t and mr~-mesons (m-me-
sonium ). Such a system might appear in nuclear reactions producing a pair of T-mesons. Near the
threshold the ratio of the number of created m-mesonium atoms to the number of free m-meson pairs is
given by

Sbound /Gfree =~ ol (}L/A),IZ,

where o =1/137, and A (A < ) is the excess energy above the reaction threshold.
From (10) one can estimate the lifetime of m-mesonium in the 1S state with respect to decay to two
Y-quanta:

Toy = {(9012)vsn 0 | ¥ (0) P} = a—éy.- ~0.9 X 10712 gec (14)

We note that in the annihilation of T-mesonium in the 1S state the polarization of the produced photons is
parallel, in contradistinction to the annihilation of parapositronium where the polarization of the photons
is perpendicular.

The mean life of T-mesonium against decay into an electron-positron pair can not be obtained from
(14) since in the approximation used no S-waves participate in the process (see Sec. 1). In the next ap-
proximation the mean life to 7-mesonium in the 1S state against decay into an electron-positron pair is
of the order

(€' + &) ~ (137)2 tyy.
We also note that
t(et + &)~ (2(e" + e)),

where the right hand side is the mean life of 7-mesonium in the 1S state against decay into two electron-
positron pairs.
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