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Secondary reactions in electron-positron (electron) collisions*

Min-Shih Chen~ and Peter Zerwas~
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305

(Received 3 October 1974)

Secondary photon, electron, and positron beams are produced in colliding lepton-lepton rings. They
induce inelastic electron Compton scattering and electron-photon scattering processes via photon-photon
annihilation; likewise hard-photon bremsstrahlung belongs to this class of reactions. %e study in detail
the cross sections of these processes for high-energy lepton beams and discuss their physical
significance.

INTRODUCTION

photon*+photon*-tinal state f,
photon*+ lepton - t'inal state f,
lepton*+lepton-final state f .

(1)

(2)

(3)

The asterisks denote virtual particles; under
specific kinematical conditions they can be very
close to the mass shell, thus constituting equiva-
lent secondary beams. '

However, there is a drawback in utilizing such
secondary beams: The probability of emitting a
secondary particle from the incident lepton is at
most of the order of the fine-structure constant
n, multiplied by the logarithm of the beam en-
ergy in units of the electron mass. In other words,
the intensity of a secondary beam is suppressed
by a factor I-n ln(E/I, ) relative to the primary
beam (I is of order 10 ' for presently operating
machines). Therefore, experiments of the type
(1)-(3) a.re feasible only if the cross sections a.re
reasonably large and if the colliding-beam ma-
chines have sufficiently high luminosity. It is the
purpose of this article to estimate the cross sec-
tions ot' certain processes of the types (1)-(3) and
to study their physical significance.

For the moment, we put aside the question of
whether there exist lepton-hadron interactions
other than those expected from quantum electro-
dynamics. Then, two-photon processes of the
type (1), such a.s

y*+y* —hadrons,

In conventional quantum electrodynamics, one
lepton can interact with another lepton via exchange
of virtual photons and/or leptons, as illustrated
in Fig. 1. Hence, positron (electron) —electron
colliding-beam machines might be viewed as a
source of virtual photons, leptons, and antileptons
which induce processes of the following types:

illustrated by the first term on the right-hand side
ot' Fig. 1(a), are physically most interesting.
They have stimulated extensive theoretical dis-
cussions on specific properties of current-current
couplings to hadrons. '

Another subject we shall study is processes of
type (2), such as inela. stic electron Compton scat-
tering,

e +e -e +y*+e

y*+ e -hadrons+ e
(2')

illustrated by the second term on the right-hand
side of Fig. 1(a). This process' is generally re-
garded as an annoying background to the more in-
teresting two-photon process because the hadrons
emerge from decaying virtual photons, but this
coupling can be studied much more simply in di-
rect e e annihilation. However, there is a kine-
matical configuration in which the process (2') it-
self becomes interesting, namely, when the elec-
tron is scattered nearly backwards, as shown in
Fig. 1(b). In this configuration, process (2') domi-
nates over the two-photon process, and the. cor-
responding cross section attains a considerable
size because the electron-propagator in the u
channel of ye scattering can get very close to its
pole. By varying the energy and angle of the final-
state electron, the invariant mass M of the time-
like virtual photon becomes a variable and can
reach a value far below the total energy 2E of the
incident e' e system. Therefore, thi. s process
allows us, in principle, to explore the photon
propagator, or e e annihilation cross section,
for very low values of M even with high-energy
colliding-beam machines. Thus e e annihilation
can be studied from the two-pion threshold up to
the lowest energy directly available from e e
beams. Even though the cross section for process
(2') is smaller by two orders of magnitude than
direct low-energy electron-positron annihilation,
it might be a valuable method if the luminosity of
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high-energy rings is orders of magnitude larger
than that of low-energy machines.

The Compton process has as a competitor the
bremsstrahlung process"

e +8 ~y+8 +e

+ of(

e + e ~ hRdI'ons
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This is a, reaction of type (3), and it is illustrated
by the first term on the right-hand side of Fig.
l(c). By emitting a hard photon first, the sub-
sequent e'e annihilation can also take place at
M' values much less than 4E'. There exists an-
other diagram [the last term on the right-hand
side of Fig. 1(c)]where the photon is emitted after
the e e annihilation, leaving the final-state had-
rons in a state of even charge conjugation. Cer-
tain aspects of this channel have been discussed
in the literature. " Theoretically, both processes
(2') and (&') are closely related to each othe~ by
eros "ing. Experimentally, the Compton process
(2') requires the detection of an electron very
close to the direction of the incident positron (sup-
posed to be the source of the almost real photon),
while the annihilation process (3') requires the de-
tection of an energetic photon close to the beam
direction. In both reactions, the final-state had-
ronic systems are produced with a sizable net
momentum in the direction opposite to the de-
tected e or y. In the following, we shall discuss
these cross sections in detail. They are typically
of the order of 10 ' to 10 ' cm'. As R general
rule we find that low machine energy and fairLy
large M' favor the bremsstrahlung process (3'),
while high machine energy and fairly l.ow 3f' favor
the Compton process (2').

In the kinematical region where both leptons are
scattered into their respective forward hemi-
spheres (not necessarily with both scattering
angles being small), the two-photon process' is
more important than the Compton process; how-

ever, the latter can become an appreciable part
of the background. ' In the physically interesting
case where the total invariant mass of the hadrons
is large, this part of the background is deter-
mined by the large-M behavior of the photon prop-
agator. With the recent data on high-energy e'e
annihilation, '" this background becomes calcu-
Labl. e, and it will be discussed in one of the follow-
ing sections.

In Sec. II we formulate the cross sections for
the Compton process (2') and the bremsstrahlung
process (8'), and we discuss some of their general
properties. In Sec. III we consider both processes
for specific final states in greater detail. In Sec.
IV we calculate the contribution of the Compton
process (2') as a, background to the two-photon

Crossed

(c)

FIG. 1. (a) Production of a state X(P, 31") in electron-
positron collisions via bvo-photon annihilation [C(X)
=+1J and inelastic electron Compton scattering [C(&)
= —l.J; (b) kinematical configuration of particles if the
Cornpton process is dominant; (c) hard-photon emission
in e & annihilation via external bremsstrahlung off the
lepto~ line [C(&) =- 1J and out of the final system
X [C(X) =+1J.

process in ee - ee+ hadrons; we discuss both the
cross sections and the moments of the cross sec-
tions. Section V consists of some concluding re-
marks and a short discussion of related pro-
cesses, such as electron-electron collisions in
electron-positron machines.

The cross section for inelastic electron Compton
scattering,

e +y-e +y*-e +f, (2 II)

o'z(M') denotes the cross section for e'e annihila-
tion into the final state f. The electron rest mass

is straightforward to calculate if we average over
the lnltlRl Rnd sum oveI' the flnRl electI'on polRI'lzR-
tions, and integrate over the momenta of the final
state f. To the lowest order in o., the double dif-
ferential cross section can be written as

d'o' ~"'f o, o (M')
dM'dQ' 2 v s'

2M'Q'
x ————,+ — —, . (4)s u —m, ' s(u —m, ')
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~, is neglected in the numerators. The invariants
s, t, u, M', and Q' are defined as

s =(p, +p )',
t = (p p' ) -= (p, -p),
u=(p1 —p') =(p p)- l2

M =P

s + l+ u =M'+ 2m, ',
whereP&, P, P', and P are the four-momenta of
the incident y, the incident e, the scattered e
and the total final-state system f, respectively.
In the center-of-mass (laboratory) system of the
colliding beams we can write

p, =- (E„O, 0, -- E,),
p =(E, O, O, E),
p, =- (E', 0, E'sin8, E'cos8),

since the incident » i.s predominantly collinear
with the incident e, supposed to be the source of
the Wei.zsacker-Williams photon. If the scattered
positron is not detected, we have to fold the cross
section (4) into the photon spectrum. Using a
simp] if ied form for the equivalent photon spectrum
in the laboratory frame"

2e E dE
X(E )dE =- —ln-

m, , E&

the cross section for the Compton process in Fig.
l(R) is given by

2M Q
s(u —m, ')

(6)

do'1 „a ' o (M') M=2 —,ln —ln—dM' n M' m, m,
(6')

where the factor in(E/m, ) comes from integrating
the (u —m, ') ' pole term up to its maximum value
at u, , = -m, M'/(s -M'). Two features of Eq.

As shown in Fig. 2, the range of the kinematical
variables Q' and v =-,'(M'+Q') is restricted to the
interior of a. triangle with the bounda. ries given by
the lines Q'=0, Q'=2u -M, ', and 8= v, where M,
is the threshold energy for the final state f .

Leaving the details of the computation to the
next section, we first estimate the cross section
by integrating over the entire range of 6). In the
most 1nterestlng case of 4E»M»m, , we obtain
the approximate result

OJ)
8

OJ
C3

0
0

u (Gevz)

j

2EEy 8

FIG. 2. (v, Q~) plane of electron-photon scattering for
F =-3.5 GeV and E&

—-1 GeV; the two-photon process
dominates for small scattering angles of the electron
(region A), the Compton process for large angles (region
P); events with fixed electron scattering angle 0 =30' fall
onto the double line Q =4& (1 —v/2EE&)tan {20).

do'1, az(M')
dM' M' (6")

Tile R11Rlysis fol' speclflc fll1R1 stR'tes f = JJ,

f = e'll, and f=(all hadrons) and more detailed
numericaI results are discussed in the next sec-
tion.

The final state f in the Compton process (2') has
odd charge conjugation C. This process competes
with the two-photon process (1'), which produces
final states of even C. Thus there is no inter-

(6') remind us of the equivalent photon approxima, -
tion in two-photon processes'. (i) The factor n'
is partially balanced by the logarithms of M and E
in units of the extremely small electron mass;
hence it is possible to obtain sizable cross sections
even for such high-order electromagnetic pro-
cesses. (ii) The fa.ctor M ' strongly emphasizes
the low-mass region of the final state f. Hence
this process would be most suitable for studying
threshold effects and low-M behavior of cross sec-
tions with high-energy colliding-beam machines.
For both M and Z in the range of a few QeV, we
obtain as a rough estimate



SE CONDARY REACTIONS IN E LE CTRON-POSITRON. . .

ference between these two channels in the cross
section if the phase space of the final-state par-
ticles is integrated over. Neglecting terms of
higher order in n, the inclusive cross section for
e'+ e —e'+ e +anything is simply the sum of
these two cross sections. The cross section for
the two-photon process can be written as~

do'~, E dEq 1
d 2d

——2n ln E
— 1 —

2EE E (,Q )
M m,

2
y+ (, )2Ei(M, Q)

F, ,~(M', Q') are the structure functions of the real
photon, defined in a way similar to the nucleon
structure function in inelastic electron scattering.
The cross sections (6) and (7) are dominant in two

different phase-space regions, which can easily be
seen from their pole structure. As a result of the
pole at t =-Q'=0, the cross section for the two-
photon process is peaked near the forward direction
6I ~ 0, whereas the u =m, ' pole in the Compton am-
plitude induces a backward peak. ' Of course, for
small 0, the Compton process is nothing but a
radiative correction to the two-photon process. In
Sec. IV we shall show that this correction is indeed
small in two-photon experiments with the presently
available machines.

In utilizing high-energy colliding-beam machines
to explore the photon propagator (or equivalently
the e e annihilation cross section) well below the
machine energies, the Compton method competes
with the well-known bremsstrahlung process
(3')."The reaction e e -yf is simply related
to the Compton process (2") by s-t crossing. If

S =4E' a,nd T= (P,—k)',

where P+ and k are the four-momenta of the in-
cident positron and the radiated hard photon, re-
spectively, the cross section for this process is
given by

do'~ n 0' (M ) U T 2MS
dTdM 2v S T —I 2 U U(T —ypg 2)

(8)

where m, is neglected in the numerators and U is
given by

S+ T+ U=~ +2~

For S»M'»m, ' and a photon energy of the order
of E, we can easily integrate over all photon angles
to obtain

d&x& 2o. o~(M') E
dm' n S

keeping in mind that most of the contributions

come from the small-T region where the photon
is emitted along the direction of the incident posi-
tron. For E of a few GeV, we obtain the estimate

As easily seen from the above equation, the cross
section decreases with the incident beam energy,
but its M dependence is determined by oz(M') alone.
With S- 10 GeV' and (o&) - 50 nb for 1S M' a 10
GeV', we obtain do~/dM'-0. 2 nb/GeV'. More de-
tailed results will be presented in the next section.

The hard photon can also be radiated after the
electron and positron have annihilated, '

e +e -y*-y+f',
as illustrated by the last term on the right-hand
side of Fig. 1(c). As a, consequence of charge-
conjugation invariance, there is again no inter-
ference between this background and the brems-
strahlung process when we integrate over the
phase space of the final-state particles, the hard
photon excepted. Without detailed information on
the y*-yf' vertex, it is difficult to calculate this
background for any state f' other than pure leptonic
ones, like f'= p, 'p, . However, we can argue on
general grounds that (i) since there is no preferred
direction for the hard-photon emission in process
(9) while the photon is emitted in forward direction
in the bremsstrahlung process, and (ii) since the
cross section for the process (9) is suppressed
relative to the bremsstrahlung process, such a
background is expected to be small if hard photons
are measured only near the forward direction.

Comparing the Compton method with the brems-
strahlung method, we can see that they are actual-
ly complementary to each other. The former is
more suitable for studying the threshold behavior,
namely, the low-M region of ot(M') with high-en-
ergy beams, whereas the latter is more suitable
for studying the transition region between the
threshold and high-energy regions of az(M') with
moderate-energy beams. A more specific com-
parison is carried out in the next section.

III. LOW-ENERGY e+ e ANNIHILATION

The low-energy behavior of the e e annihilation
cross sections has not yet been experimentally ex-
plored. For example, the threshold behavior of
the m'n production cross section, which is related
to the pion form factor in the timelike region, has
yet to be determined. A precise determination of
the mean radius of the pion relies on this thresh-
old behavior, as well. as the hadronic contribu-
tions to the g factor of the electron. We devote
this section to the study of the Cornpton and brems-
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strahlung methods for such measurements, and
we numerically estimate their cross sections. Of
course, the cleanest experiment would be the
direct measurement of e e annihilation, if pos-
sible.

To calculate the differential cross sections (with
respect to M') for the Compton process, we nu-
merically integrate Eq. (8) over the angle of the
scattered e in the range -0.99 & cos0 & 0, which
corresponds to v —0.04 & 0 & —,'n. For the brems-
stranlung process, we analytically integrate Eq.
(8) over the angle of the emitted y in the ra, nge
0.16 & 6 & —,'z. Depending on the minimum angle
that is experimentally accessible, the cross sec-
tions can be larger by a factor of about 2 than those
obtained for the above range if 8 is extremely
close to the beam axis.

Let us first discuss the v'm production cross
section. For this process, we have

(10)

where m, is the pion mass and E, (M') is the pion
form factor. If thepions were pointlike, the cross
section would be given by Eq. (10), with F,(M')
—=1. In the range 0.6&34 &0.8 GeV, where
oz „+,-(M') has been measured, the Gounaris-
Sakurai formula" of the p-dominated pion form
factor gives an excellent fit to the data. " To ob-
tain an estimate for the cross section below 600
MeV, we thus use the Gounaris-Sakurai formula
as well,

mp (1+M /s )(1+d I' /m p)I '-M'+m 'r [k'(k —k)+(m ' M')k 'k—')k '+sm 'r k'/Mk '

where

h(M2)=
2

1
2k+M

nM 2m,

k(M) —-'(M' —4m ')'~'

kp= k(m p'), kp = k(m p'), kq = (dk/dM)„

yn~=0. 774 GeV is the p mass,

I'~= 0.111 GeV is the p width,

s, =9.6m x10, and d =0.48 .
Substituting Eqs. (11) and (10) into Eqs. (8) and

(8) and integrating over 8, we obtain the v m pro-
duction cross sections for 0.35 &M & 0.65 GeV.
The results for the Compton process are shown
in Figs. 3 and 4 and those for the bremsstrahlung
process in Fig. 5. As a reference, we have also
plotted the pointlike pion production cross sections
for the Compton process in Fig. 3. Owing to the
p enhancement, the cross section given by the
Gounaris-Sakurai formula is larger than the point-
like cross section in this range.

As seen from Figs. 3 and 5, the Compton method
is best for studying the pion form factor near
threshold. The cross section is typically of the
order of 10 "cm'/GeV'. For a colliding-beam
machine with a, luminosity of 10" to 10" particles/
seccm', cross sections of such size should be
measurable. The signature for these events is
very clear. After emitting a nearly on-shell pho-
ton, the final-state positron moves nearly along
the incident direction with a momentum comparable
to E. However, the scattered electron accompanies

the positron since the dominant contribution to the
cross section stems from the u-channel diagram,
which is related to the backward e scattering in
the e y system. The pion pair is produced in the
direction opposite to the final-state e e system.
However, even though the total momentum of the
pion pair is very close to the beam direction for
M~ 3'„each pion can have an opening angle of
a few degrees in the laboratory frame. Badiative
corrections will be discussed at the end of the

O

N
b

—x—x x-—
Mel

0.55 0.45
M (GeV)

0.55 0.65

FIG. 3. Two-particle production in inelastic electron
Compton scattering near threshold (M denotes the invari-
ant mass of the two-particle system). The difference be-
tween the two 7l+~ curves indicates the influence of the

form factor.
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e'+e -y*-e'+e +f, (15)

liding-beam machine with a luminosity of 10"
particles/sec cm'.

We shall conclude this section by discussing
some questions concerning possible background
reactions, radiative corrections, and the experi-
mental normalization of the cross sections. As
briefly discussed in Sec. II, there is a background,
reaction (9), to the bremsstrahlung process. Both
of these processes are of the same order in n.
However, when the hard photon is emitted near
the beam direction, the lepton propagator for the
bremsstrahlung process is very close to the pole
and the integrated cross section is enhanced by a
factor of ln(E/m, ). On the other hand, the hard-
photon emission in process (9) is not enhanced
in any direction and, due to the difference in the
masses of the timelike virtual photons, the cross
section for the process (9) is suppressed by a.

factor M'/S relative to the bremsstrahlung pro-
cess. A simple quark-parton calculation' gives a
cross section for the process (9) of the order of
o.o~(M')M'/S' which is indeed smaller by a factor
of (S/M')ln(E/m, ) relative to Eq. (8'). lf the hard
photon is restricted to a small solid angle along
either of the beam axes, we expect this part of
the background to be negligibly small. For the
Compton process in e e collisions, a similar
background exists, namely

IO O—

I I

l

I

I

I

I ~ I & I

e+e = e+e + Hadrons
at E=45 GeV

e+e = y+ Hadrons
at E=2 5 GeV

cu IO
—

I)
CU

E

I

O

IO

IO

0.2 0.6
I

I.O
M (GeVj

I I I

l.8

FIG. 6. Comparison of hadron production in inelastic
electron Compton scattering and hard-photon brems-
strahlung; the error bars reflect the uncertainties of the
measured e+e cross sections.

which is of the same order in n as the Compton
and two-photon processes and is itself an inter-
esting process. By arguments similar to those
for (9), the contribution to the cross section from
process (15) is also expected to be negligible if
both of the final-state leptons are restricted to be
inside a small solid angle along the incident posi-
tron beam direction.

Next we have to consider radiative corrections
(mainly photon insertions on the lepton lines) in
both the Compton and bremsstrahlung processes.
Since these radiative corrections are of higher or-
der in n and the final states are restricted to
small angles, we expect the corrections to be
small. Furthermore, radiative corrections main-
ly affect the absolute normalization of the cross
sections, which is not important for the purpose
of studying oz(M'). As can be seen from Eqs. (6)
and (8), the ratio of oz(M') for two different final
states is equal to the ratio of the cross section
for the Compton and jor bremsstrahlung processes
and is independent of the absolute normalization
of the cross sections. As a result, the normaliza-
tion of o&(M') can be fixed relative to some partic-
ular final state for which the e e annihilation
cross section can be well determined. Such a
candidate is p, JL(. pair production, which is a pure-

ly leptonic reaction. From quantum electrody-
namics, we have

1 4 4 2

where m„ is the muon rest mass. Thus, for any
other final state f, oz(M') can be obtained from

A similar relationship is also valid for the brems-
strahlung process. In Figs. 3-5, we have plotted
the cross sections for p.'p. production as given
by Eqs. (6), (8), and (16). The background reac-
tions of types (9) and (15) can be exactly calcu-
lated, and they are indeed very small. The de-
tection of the p, p, pair is similar to that dis-
cussed for the n'7T pair.

IV. COMPTON PROCESS AS A BACKGROUND
TO yy"' ANNIHILATION

The reaction e +y - e +hadrons is studied main-
ly to explore the hadronic structure of the real
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o', volvo, e~emax

and its moment"

Q 2gXY

, dvdQ'
dv dQ'

(18)

o &7*(g „@)— (19)

as functions of Omgx and E. The boundaries Q' ~ Q,
'

and v & v, in Eq. (18) restrict the cross section to
the deep-inelastic region, but these boundaries
should not be essential for the "neutrinolike cross
section" o, in the spirit of Bloom-Gilman duality.
The contribution to the ee cross section relevant
to the photon structure is obviously the two-photon
process (1'), whereas the Compton process be-
comes the background in this case. ' To get an
estimate of the relative size between signal and

background, we use a simple p-dominance model
for the photon structure functions and assume
Ey 2 to be similar in shape to the proton structure
functions:

photon in the same way as deep-inelastic electron-
nucleon scattering is used to explore the structure
of the nucleon. Since the differential cross sec-
tion d'o/dv dQ', for e y scattering is estimated
to be rather small, it is difficult to experimentally
investigate the Q' and v dependence of this cross
section in detail. However, certain important
features of the photon can still be learned by mea-
suring the integrated cross section'

hadron production cross sections for yy* annihila-
tion are almost saturated at small scattering
angle' around 20' to 30, since an increase of
8,„corresponds to an increase of Q' and the yy*
cross section is a rapidly decreasing function of
Q'. In parton models, this comes from the fact
that, if the shape of the parton-antiparton distribu-
tion in the hadronic component of the photon is
not too different from the parton distribution in
the nucleon, the cross section do~" /dQ' behaves
like Q

~ exp(-const &&Q') for Q' not too large.
When the yy* cross sections start to become sat-
urated, the Compton-process contribution to the
odd-C hadron production cross section is still
only a small fraction, about 1%%uo, of the zz* cross
section. Even if the moments are studied up to
8 ., =30', we do not expect the background to ex-
ceed 20%%up of the signal. Thus, from a theoretical
point of view, the Compton process does not lead
to serious background problems for the measure-
ments of the partially integrated cross sections
and moments of inelastic electron-photon scatter-
ing. While only a very little increase for the yy*
cross sections can be achieved by increasing
8 „beyond 30', the background, even though very

I
'

I
' I '

I---- o- *(10 ~~cm~)zv
o-, y

(10-» cm~)

geV

(20)

Substituting Eqs. (7) and (20) into Eq. (18), we
calculate o(8 „)for three different beam energies;
the results are presented in Fig. t. The contribu-
tions from the Compton process at these energies
are plotted in the same figure for comparison.
Since, at high beam energies, we have to integrate
Eq. (6) over a region of M ~ 5 GeV where o&(M')
has not yet been measured, the Compton process
contributions are approximated by oz(M')
=of(25 GeV') =22 nb and, for comparison, by
o&(M') =o&(25 GeV') &&25 GeV'/M', As seen from
the figure, the results are not sensitive to these
two different assumptions since, over the kine-
matical range we have considered, the cross sec-
tions receive most of their contributions from 1
~M & 5 GeV. The comparison of the moments
o~& as a function of the colliding-beam energy
for these two processes is presented in Fig. 8
with a maximum electron scattering angle of 30'.
Scaling models predict" o ~~ ~ E'.

We want to point out a few significant features
of our figures. As seen from Fig. 7, the even-C

0.1

0.01

I I I I I I I I I

O. IO 0.20 0.50 OAO 0.50 0.60
gmax 't f'~d ~

FIG. 7. Inclusive hadron production in real photon-
virtual photon annihilation compared with the background
from electron Compton scatterings; the cross sections
represent events with v ~1.5 GeV, Q Q. 17 GeV, and

a maximum electron scattering angle 0 „;the little
circles denote the size of the background if o(e+e

hadrons) is supposed to fall off o- 1/s for s & 25 GeV .
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small, increases rapidly with 0~», since the
larger the scattering angle, the closer the Comp-
ton amplitude approaches the u-channel pole. For
large scattering angles, the yy* and Compton pro-
cesses contribute comparable amounts to the in-
crease in the integrated cross section, and hardly
any additional information on yy* scattering can
be obtained. This is related to the difficulty of
studying the double-differential cross section
d'o~~ /dM'dcos8 at wide angles, as pointed out in
Ref. 8. Thus, we conclude that measurements of
the partially integrated cross sections of the type
given by Eq. (18) and their moments are probably
the most convenient way to study the structure of
the photon.

V. DISCUSSION AND CONCLUSIONS

Io-'

o-»*(So )

8-(~o ) = —,8-(iso )
I

dxF~(x) = -', o (~-7)G)

lQ 2

We have discussed equivalent secondary beams
in high-energy positron (electron)-electron collid-
ing beam machines and have studied cross sec-
tions for ye, e ' e, and yy* reactions. There are
many other processes that can be considered.
For example, as can be seen from the second
term on the right-hand side of Fig. 1(a), the
Compton process in the u channel can also be re-
garded as the annihilation of a secondary e with
the incident e, where the secondary e' is part of
a virtual Bethe-Heitler pair (one real e and one
almost on-shell virtual e'), produced by the in-
cident e'. Obviously, the roles of the e' and e
in the Bethe-Heitler pair can be interchanged.
This interchange leads to the interesting situation
that, at the cost of the size of the cross sections,
e'e processes can be explored with an e e col-
liding-beam machine and e e processes with an
e'e machine. The study of the former process
is identical to our previous discussion of the
Compton process, except that the background pro-
cess (15) is no longer present The stud. y of the
latter is something new, in particular in the high-
energy region. However, even if the e e cross
section is as large as the e e cross section for
M being a few GeV [a&(M') of the order of 20 nbj,
the resulting cross section for

e'+ e e'+ e'+ e *+e

e *+e —anything

might be too small for a feasible high-energy e e
experiment performed with presently operating
e' e colliding-beam machines.

I I I I I

2.5 5.0 5.5 4.0 4.5 5.0
E (GeV)

FIG. 8. Second moment in Q~ of the cross section for
inelastic electron-photon scattering for a maximum
scattering angle of 30'; the solid line represents the two-
photon mechanism while the broken line indicates the
size of the Compton background. The estimates are
based on a quark model with q& denoting the fraction of
the gluon momentum within the hadronic component of a
photon in an infinite-momentum frame.

To conclude, we have studied Compton and
bremsstrahlung processes in high-energy lepton-
lepton collisions. At high beam energies and low
values of M', the inelastic Compton process is
most suitable for studying the behavior of the
photon propagator, while at lower beam energies
and moderate values of M', the bremsstrahlung
process is favored. We also have discussed the
role of the Compton process as a background to
deep-inelastic electron-photon scattering. For
the study of the photon structure, the Compton
process is not a serious background as far as
cross sections and moments for moderate elec-
tron-scattering angles are concerned.
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