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We give here the total cross sections for the following three high-energy processes: (i) y+y —& e++e+
+e +e, (ii) y+y ~~++m++~ +~, and (iii) p+y ~ ~++a. +e++e . Up to the eighth order, all of
them approach constants in the high-energy limit. These constants are 6.5, 0.23 X10 ', and 0.26)&10 ' pb,
respectively, for (i), (ii), and (iii). The corresponding photon-photon elastic scattering amplitudes in the
forward direction are also given. The creation of p pairs is also briefly discussed.

I. INTRODUCTION

~ 'OTAL cross sections for two-particle scattering are
experimentally found to be approximately con-

stant at high energies. It is therefore interesting to ask
whether this behavior has a theoretical basis and, if so,
whether glaetitutive predictions can be made for some
of the cross sections.

For this purpose, it is best to examine the scattering
processes in quantum electrodynamics and scalar
electrodynamics. This is because both quantum elec-
trodynamics and scalar electrodynamics are on a 6rm
theoretical ground. Furthermore, perturbation calcula-
tions give good predictions because the coupling con-
stant is small.

In this paper, we shall concern ourselves with the
following three total cross sections: (i) y+y ~ e++e+
+e +e, (ii) y+y ~ u++sr +sr++sr —,and (iii) y+y —+

e++c +7r++sr . Ilp to the eighth order in e, all of these
cross sections approach constants at in6nite energy, and
are related to the eighth-order photon-photon scattering
amplitudes in the forward direction.

II. RESULTS

A. y+y~ e++e++e +e

e++e . The cross section for this process at high
energies is'

2n'srs —'[ln (s/rtt ') —2] (2.2)

which vanishes as shoo. Thus, although (2.2) is of
lower order in n, (2.1) is larger than (2.2) as the energy
becomes suKciently high. In particular& (2.1) surpasses
(2.2) as co) 0.24 BeU, where co is the c.m. energy of the
photon.

o.(1—x)tt„g„+8,, (x——,') 'q'

x(1—x)q'+ nt. '

where i and j denote the polarization of the incoming
and the outgoing photons, respectively. In obtaining
(2.3), we have set X=0 and replaced nt by nt in (3.9)
of Ref. 3, where m is the mass of the pion.

The scattering amplitude of y+y —+ y+y via two
pion loops is given, in the forward direction, by

B. y+y —& or++et++os +or

The photon impact factor via a m loop is, ' in the
forward direction,

The cross section for y+y~ e++e++e +e was is(2~)—s dr&, (q,s)—sg. .o(0q,)g., . P(0q|)
calculated in a recent paper. ' lt is given by

lim o(s) (n4/36srm, ')[1'I5i (3)—38] 6.5 ttb, (2.1)
8~GO

where |(3) 1.2020569 is the value of the Riernann i
function at 3 and m, is the mass of the electron. Equa-
tion (2.1) is obtained from the eighth-order amplitude
for photon-photon scattering via two electron loops. Up
to the eighth order, the right side of (2.1) is the largest
term in the total cross section for photon-photon scat-
tering at in6nite energy. For instance, the lowest-order
process possible in a photon-photon collision is y+y -+

=AS;;8,,; +—,'A, (5;t 8;,t+8...8,t, —b;t8, .,'), (2.4)

iS n'
A=

36am '
(1+&')(1+&")

dy dy'— - ln

is n

,[7i (3)+103
3.44m. m ' (2.5)

where i and s' (j and j') are the polarization of the two
incoming (outgoing) photons, respectively, and where
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The coe~cients 8 and 8, are give
zs n'

A,x ——
36& m. ' o

— —
t 7t (3)-6]

$447r m

(1 yo) (1 y'&) 1—y'

y 2

(2.6)

zsn
8——

9x

1 — m

x')m. 'From2 5) and (2 6)
(2.5), we g« and

x(1—x)x'(1 —x')
dg dx—

0 (1 g)m 2 g (1—x )m6.

„(1—x)m. '
gin

„(1—x )m.

el small. However, the pions canwhich is extremely sma .
h than pho-interact through exc g' gchan in hadrons ot er

tons, an e prd th oduction cross section is per aps
times that of (2.7).

7.45&10', we shall calculate 8 and 8,
Th lit d B,„in the approximation m '/m, o ~6C.

is easy. We have
C. y+y —+ oo++~ +e++e-

—+ p+y via oneThe scattering amphtude of y, y
pion loop and one electron loop is g'o is iven, in the forwar
direction, by

1 x(1—x)mP
dx dx' x(1—x) ln

x'(1 —x' m '
0

2isn

9vrm, 2
o

2zsn4

[7p(3)+10] 0.23X10 &h ~ ( ' ~
9m' oy44~m '

js(2ir)— d'q, (q, ') '8,,6'(O—,q6) a,'; "(O,q6)

' —b b', 2.8)=Bo;;o;. +'oB,„(b,, o, ,+b,; b,,' —b„,',

loop) )

u;;&( Oq,)=-',n' dx

q6.ob; [3—(1—2x)']—4x(1—x)q„'g„X—
q6,ox(1 —x)+m, '

where 0& is e pth photon impact factor ue to an electron
i.e.

(2.12)

2 m 2 and make a MelvinTo obtain 8, we call ~=m
transform of (2.10) with respect to r. Since

7r2OQ

&(ar b) ' In—(ar/b—) dr—=a b= -'+& —
&—,(2.13)

we have

B(&)= m, 'B(r)r &dr—
zsn

9ir sin'm. $ o

[1—2x(1—x)][1+x'(1 —x')]d'—
o [x'(1-x')]"-&[x(1-x)]&

I"(~)I"(I—~)—

9ir sin'irP I'(2])I'(2 —2$)

(1—~)~

2(1+2$) 2(1+2$)(3—2()

isn' m' cosir$ 4+8)—5$ isn4 1 32

9m sin'ir$ (1—4P)(3—2$) 27ir to

163
(2.14)

Thus

27K m+ -"' mQ 3 ma

163
(2.15

18

1s

2n' 1 — m' ' 16 m„ 163
ln - + ln

277I m6 m6 3 m6

r + -+ ir++ir=+e++e-and the total cross section for y 0.26X10 o pb, (2.16)
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which is more than one hundred times larger than the
right side of (2.7).

III. MUON PAIRS

It is not difficult to extend the above treatments to
the processes with creation of muon pairs. Such pro-
cesses will be discussed as follows.

(i) y+y~tt++tt++tt +tt: The cross section for

this process is equal to (2.1) with nt,. replaced by the
mass of the m.uon m„. Thus

a(s) 1.5&&10
—'ttb.

(ii) y+y~ tt++tt +sr++sr: The relevant quanti-
ties can be obtained from (2.8), (2.10), and (2.11) with
the replacement of m, by m„everywhere. Since m and
m„are comparable, no further approximation can be
made.
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We argue that the p-meson mass shift, the mass dependence of the forward peak, and the structure of the
spin-density matrix observed in photoproduction experiments are correlated and can be well parametrized
utilizing crossing symmetry and t-channel kinematics.

'HE purpose of this note is to provide an inter-
pretation of the experimentally observed shift

to lower masses of the p-meson peak produced in the
reaction yp —+ p'p. ' We show that this phenomenon is

correlated to the smooth Qattening of the diGraction
photoproduction peak. when the p mass is increased. '
Our interpretation provides a simple expression for the
spin-density matrix which can be tested experimentally.
The present work is closely connected to a recently
proposed Regge-pole model for photoproduction of
vector mesons. ' Independently, such an approach is
compatible with any model utilizing crossing and the
t-channel kinematics.

We follow Jackson's parametrization' and write

topF (to)
=da,((o')-, (1)

(~ s ~v)&+to &p&(to)
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where da, (to') is the corresponding production cross
section for a "stable" particle having the mass co. Q)p

is de6ned as the resonance mass and F(co) is an energy-
dependent width given by

~v 4nt s)s/s p(to)
1'(~)=, , I

-1'(~v) ~~

top —4nt~ f p(tov)
(2)

It contains explicitly the threshold behavior for
p —+ 2sr and an additional empirical form factor p(co)
which is approximated by

p(co) = (co'+cop' —8nt ') '.

This parametrization has been quite successful when
applied to a variety of strong-interaction processes.
The assumption employed is that do, (co') =dtr, (too') and
the relatively small mass shifts observed are well
understood in terms of the energy-dependent width,
Eq. (2).

The expression given above for I'(co) does not provide
an adequate parametrization for the p mass distribu-
tion seen in the photoreaction pp ~ sr+m. p. The
measured shift of the peak in do/dtov is much larger than
that predicted by 1'(co) alone. ' This experimental obser-
vation calls for a more careful consideration of the
mass dependence of der, (cos). To this end, let us examine

the parametrization of the t-channel parity-conserving


