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I. INTRODUCTION
In eonventional 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 type

photon* + photon* — final state (1)
photon* + lepton  — final state f (2)
lepton* + lepton = — final state 3)

The asterisks denote virtual particles; under specific kinematical conditions they
can be very close to the mass shell, thus constituting equivalent secondary beams. 1

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 o, multiplied by the logarithm of the
beam energy in units of the electron mass. In other words, the intensity of a
secondary beam is suppressed by a factor I ~ o log E/me relative to the primary
beam (I is of order 10"1 for presently operating machines). Therefore, experi-
ments of the type (1) - (3) are feasible only if the cross sections are reasonably
large and if the colliding beam machines have sufficiently high luminosity. It is
the purpose of this article to estimate the cross sections of certain processes of
the type (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 electrodynamics.
Then, two-photon processes of the type (1), such as

et +e  — ei+ry*+e“+y*
l | > hadrons , (12)
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illustr‘ated by the first term on the right-hand side of Fig. 1a, a1{é physically
most inderesting. They have stimulated extensive theoretical discussions on
specific properties of current-current couplings to hadrons. 2

Another subject we shall study is processes of type (2} such as inelastic
electron‘ Compton scattering,

- & -
e +te — e +y*te

L nadrons + e” , (2a)

illustrated by the second term on the right-hand side of Fig. la. This process3
is generally regarded as an annoying background to the more interesting two-
photon process because the hadrons emerge from decaying virtual photons; but
this coupling can be studied much more simply in direct e+e— annihilation.
However, there is a kinematical configuration in which the process (2a) itself
becomes interesting, namely when the electron is scattered nearly backwards,
as shown in Fig. 1b. In this configuration, process (2a) dominates over the two-
photon process, and the corresponding cross section gets a considerable size
because the electron-propagator in the u-channel of vy e-scattering can get very
close to its pole. By varying energy and angle of the final state electron, the
invariant mass M of the timelike virtual photon becomes a variable and can
reach a value far below the total energy 2E of the incident eTe” system. There-
fore, this process allows us, in principle, to explore the photon propagator,

or e'e” annihilation cfoss section, for very low values of M even with high energy
colliding beam machinés. 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 (2a) is smaller by two orders of magnitude

than direct low energy electron-positron annihilation, it might be a valuable



,}1“ ol ' v, . ’é’
. )k

-4 - |

method if the luminosity of high energy rings is orders of magnitude larger than

that of low energy machines.

The Compton process has as a competitor the bremsstrahlung processll’5
*
e +e - — Y + e+ +e
e hadrons . (3a)

This is a reaction of type (3), and it is illustrated by the first term on the right-
hand side of Fig. 1lc. By emitting a hard photon first, the subsequent ete”
annihilation can also take place at M2 values much less than 4E2. There exists
another diagram (last term on the right-hand side of Fig. 1c) where the photon
is emitted after the e'e” annihilation, leaving the final state hadrons in an even
charge conjugation state. Certain aspects of this channel have been discussed
in the literature. 4,6 Theoretically, both processes (2a) and (32) are closely
related to each other by crossing. Experimentally, the Compton process (2a)
requires the detection of an electron very close to the direction of the incident
positron (supposed to be the source of the almost real photon), while the annihila-
tion process (3a) requires the detection of an energetic photon close to the beam
direction. In both reactions, the final state hadronic systems are produced with
a sizable net momentum in the direction opposite to the detected. e or vy. In the
following, we shall discuss these cross sections in detail. They are typically

3 35 cm2. As a general rule we find that low machine

of the order of 10™°% to 10~
energy and fairly largé M2 favor the bremsstrahlung process (3a), while high
machine energy and faiﬂy low M2 favor the Compton process (2a).

In the kinematical region where both leptons are scattered into their
respective forward hemispheres (not necessarily with both scattering angles

being small), the two-photon process7 is more important than the Compton
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process; however, the latter can become an appreciable part of the? background. 8
In the physically interesting case where the total invariant mass of the hadrons
is large, this part of the background is determined by the large M behavior of

9,10

3

the photon propagator. With the recent data on high energy e+e— annihilation
this background becomes calculable, and it will be discussed in one of the
follov;ring sections.

In Section II, we formulate the cross sections for the Compton process (2a)
and the bremsstrahlung process (3a), and we discuss some of their general
properties. In Section III, we consider both processes for specific final states
in greater detail. In Section IV, we calculate the contribution of the Compton
process (2a) as a background to the two-photon process in ee — ee + hadrons;
we discuss both the cross sections and the moments of the cross sections.
Section V consists of some concluding remarks and a short discussion of related

processes, such as electron-electron collisions in electron-positron machines.
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II. GENERAL DISCUSSION

The cross section for inelastic electron Compton scattering
e +y —e +y*¥ e +f (2b)

is straightforward to calculate if we average over the initial and sum over the
final electron polarizations, and integrate over the momenta of the final state f.
To the lowest order in «, the double differential cross section can be written
as

2
af(M ) 2

2
u S 2M” Q

- - — +

2 s

szsz s u—mz s (u-mz)

dzaey —ef

4

L
27

orf(Mz) denotes the cross section for e e~ annihilation into the final state f. The

electron rest mass, m,, is neglected in the numerators. The invariants s, t,

u, Mz, and Q2 are defined as

S=(pv+1@>_)2

t=m_-»)’=0 - p)*

~ N2 o2
u—(py-p_) ®_ -P)
Q%= -t
M2 = p?

S+t+u=M2+2mi ,

where p,y, 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

=(E_,0,0,-E
P, (y y)
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p_=(E,0,0,E)
p' =(E',0,E'"sin 6, E'cos 6) ,

since the incident Y is predominately collinear with the incident e+, supposed
to be the source of the Weizs#icker-Williams pho-ton. If the écattered positron
is not détected, we have to fold the cross section (4) into the photon spectrum.
Using a simplified form for the equivalent photon spectrum in the laboratory

11
frame

20 E dEI
N(E'}/) dE'Y = T log Hl— o) , 5))

ey

the cross section for the Compton process in Fig. la is given by

ey 2 4E? 2.2

do _ (g) log E - (MZ) ds| u 5 2M7Q ©)
2 .2 T m f 3 S 2 2
dM”™ dQ e MZ S u~me‘ s(u-me)

As shown in Fig. 2, the range of the kinematical variables Qz and v= (M2+Q2) /2
is restricted to the interior of a triangle with the boundaries given by the lines
Q2=0, Q2=2V —Mz, and 6=m, where M0 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 interesting case of 4E2 >> M2 >> mi, we obtain the approximate result:

, 2

oY ‘2(a>2 M) oM E

=2|—), ——3— log =— log — , (6a)
T M2 Mg Me

sz

where the factor log E /me comes from integrating the (u—mz)_1 pole term up

to its maximum value at umaxg_mi Mz/ (s-Mz). Two features of Eq. (6a)
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remind us of the equivalent photon approximation in two-photon, p.rocesseslz
(i) The factor a2 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 processes. (ii) The
factor M—2 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 sections with high energy colliding beam machines. For
both M and E in the range of a few GeV, we obtain as a rough estimate
Ly o0

2

ey
do
2~6-1O

dM M

(6b)

The analysis for specific final states f= u+u_, 7r+7r_ and (all hadrons) and
more detailed numerical results are discussed in the next section.

The final state f in the Compton process (2a) has odd charge conjugation C.
This process competes with the two-photon process (1a) which produces final
states of even C. Thus there is no interference between these two channels in
the cross section if the phase space of the final state particles is integrated
over. Neglecting terms of higher order in @, the inclusive cross section for
et+e” —etre 4 anything is simply the sum of these two cross Hsections. The

cross section for the two-photon process can be written as7

yy* : dE 2
dczr 3~ 20° 1og ‘f‘f / E l'} (1‘ ZléjE ) Fg (MZ’Q2> +— P) FX(M2Q2>] ¥
dM”~ dQ e v v S(EE'Y)

(0
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,FX’ 2.(Mz, Qz) are the structure functions of the real photon, deﬁnéd 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; —Q2=0, the cross section for the two-photon process is peaked near the
forward direction 6 > 0, whereas the u = mg pole in the Compton amplitude
induces a backward peak.8 Of course, for small ¢, the Compton process is
nothing but a radiative correction to the two-photon process. In Section 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 (33.).4’5 The reaction e+e— — vf is simply related

to the Compton process (2b) by s -t crossing. Denoting

S= 4E2 and T = (p_l_—k)2 ,

where p . and k are the four-momenta of the incident positron and the radiated

hard photon, respectively, the cross section for this process is given by

o _a %M v 1 _am’s

— ) 8)
gram? 27 S T—mg U U(T—mg)

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

S+T+U=M2+2m§



. ‘

- 10 - i

For S>> M:2 >> mi and a photon energy of the order of E, we can easily inte-

grate qver all photon 'angles to obtain

do”? . 2a
dM

5 T T8 (8a)

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 positron. For
E of a few GeV, we obtain the estimate

2
_g T¢(M")
S

dO"Y

——— N

dM

(8b)

As easily seen from the above equation, the cross section decreases with the
incident beam energy, but its M-dependence is determined by of(Mz) alone.

With S ~10 GeV2 and <o.> ~ 50 nb for 1< M2 <10 GeVZ, we obtain

f
do'y/sz ~ 0.2 nb/GeVz. More detailed results will bé presented in the next
section.

The hard photon can also be radiated after the electron and positron have
annihilated, 4,6

e++e_—>'y*—>7+f' , )

as illustrated by the last term on the right-hand side of Fig. 1c‘. ” As a conse-
quence of charge conjugation invariance, there is again no interference between
this background and the bremsstrahlung process when we integrate over the
phase space of the final state particles, the hard photon excepted. ‘Without
detailed information on the y* — v f! vertex, it is difficult to calculate this
background for any state f' other than pure leptonic ones, like f' = u+u_.
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
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emitted in forward direction in the bremsstrahlurklg process, and since (ii) the
crosg_section for the process (9) is suppressed relative to the bremsstrahlung
‘process, such a backgrode is expected to be small if hard photons are
measured only near forward direction.

Comparing the Compton method with the bremsstrahlung method, we can
see “that they are actually complementary to each other. The former is more
suitable for studying the threshold behavior, namely, the low M region of
crf(Mz) with high energy beams, whereas the latter is more suitable for studying
the transition region between the threshold and high energy regions of af(Mz)
with moderate energy beams. A more specific comparison is carried out in

the next section,
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II. LOW ENERGY e e~ ANNIHILATION

The low energy behavior of the e+e— annihilation cross sections has not yet
been experimentally explored. For example, the threshold behavior of the
7r+7r_ 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 threshold behavior, as well as the
hadronic contributions to the g-factor of the electron. We devote this section
to the study of the Compton and bremsstrahlung 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 possible.

To calculate the differential cross sections (with respect to Mz) for the
Compton process, we numerically integrate Eq. (6) over the angle of the
scattered e in the range -0.99 < cos 6 < 0, which corresponds- to m-0.04 >
6 > -g- . For the bremsstrahlung process, we analytically integrate Eq. (8) over
the angle of the emitted v in the range 0.16 < 6 < —275 . Depending on the minimum
angle that is experimentally accessible, the cross sections can be larger by a
factor of about 2 than those obtained for the above range if 6 is extremely close

to the beam axis.

" R + - . . .
Let us first discuss the 7 7 production cross section. For this process,

we have
9 3/2
2 7T0£2 4m1r 2.2
T, 4 (M%) = 1- IF M%) 1° (10)
fam M2 M2 m

where m_ is the pion mass and FW(MZ) the pion form factor. If the pions were
pointlike, the cross section would be given by Eq. (10) with FW(MZ) = 1. In the
range 0.6 < M < 0.8 GeV, where 0f=ﬂ+ﬁ—(M2) has been measured, the Gounaris-

Sakurai formula12 of the p-dominated pion form factor gives an excellent fit to
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3

the data. ! To obtain an estimate for the cross section below 600 MeV, we thus

~ use the Gounaris-Sakurai formula as well,

2 dTr
m2(1+M_) (Hum )

0 s /
F % = L P (11)
T mzr k3
m?-M*+m?r (k% hon )+ (mz-Mz) K2h bk 420
P P p p p pp)p MK®
p
where
2, 2k 2k+M
hM) =37 108 m ’
™
1/2
_1).2 2
k(M) = le _4mW} ,

2 2
h =h(m”), k =k(m"), h' = (dh/dM ; m =0.774 GeV is the p mass;
) (p) 0 (p) p ( )Mzmp 0 p
I =0.111 GeV is the p width, s, = 9.6 m?

Substituting Eqgs. (11) and (10) into Egs. (6) and (8) and integfating over 0,

«10%, and d =0.48.

we obtain the 7r+7r— production 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. Due
to the p-enhancement, the cross section given by the Gounaris—Sékuri formula
is larger than the pointlike 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"34 cm2/GeV2. For a colliaing beam machine with a luminosity of 1031 to
103‘2 particles/sec- cmz, cross sections of such size should be measurable. The

signature for these events is very clear. After emitting a nearly on-shell photon,

the final state positron moves nearly along the incident direction with a momentum
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comparable to E. However, the scattered electron accompanies fhe 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” vy 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 < Sm7r , each pion can have an opéning angle of a few
degrees in the laboratory frame. Radiative corrections will be discussed at the
end of the section.

For M slightly higher than 2m7r it is very tempting to consider the three
pion production near threshold, since a measurement of this threshold behavior
provides a test for the theory of chiral anomalies and the partial conservation
of the axial-vector current (PCAC). The cross section has been estimated to
be14

4

(12)

M-3m
. -10 -2 T
crf=37T(M) ~ 3.7+ 10 m_ [ }

m
T

Substituting Eq. (12) into Eq. (6), the resulting cross section is of the order of
10—38 cmz/GeV:2 for 3m7r <M< 4m7r and, therefore, too small to be experi-
mentally accessible. Even in theories which predict a strong violation of
PCAC15 for y* — 3m, the cross section is still only of the order of16

10—36 cm2/GeV2. The contribution to the three—pion production near threshold

38 cm2 /G‘reV2 . Therefore,

from the tail of the p—}neson is also as large as 10~
it would be very surprising if one could see any three-pion production cross
section at all near threshold.

For M > 600 MeV, various crf(Mg) have been directly measured in e+e-

annihilation. We estimate the cross sections in the region 600 MeV < M < 1100
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MeV by the vector meson dominance model, namely,

2

- 2 %) + o ¢(M2) (13)

~ 2
It-all hadrons™ ) = Tg=, M) ¥

where szp(Mz) ~ Gf=7T+7T-(M2)' The  and ¢ cross sections are

5 2
9
2. 167° a° my 'y /ty
oo, (M) = (14)
=V o (mz _Mz)z 22
v V'V
with'® V=, ¢: M _=~0.783 GeV, T _=~0.012 GeV, fi/47ru13.4, M~ 1.019 GeV,

I,0.004 GeV, and fﬁ)/zxwlz.sa For M> 1100 MeV, including the p' region, we
use the measured cross sectiong’ 10 and a simple linear interpolation at values
of M where no data are available. The resulting cross section for the Compton
process is plotted in Fig. 4 and that for the bremsstrahlung process in Fig. 5.
Notice that due to the smallness of their widths, the  and ¢ peaks are not
resolved in these plots. -

As discussed in Section II, the cross section for the Compton process
increases whereas that for the bremsstrahlung process decreases with beam
energy. In Fig. 6, we compare the M-dependence of these two cross sections,
with the former evaluated at E=4.5 GeV and the latter at E=2.5 GeV. We have
already mentioned that the low M region favors the Compton process. On the
other hand, the sharp falloff in M makes the Compton process unsuitable for
studying the e+e— annihilation cross section in the region 1 < M2 < 10 GeVz.
Therefore, the bremsstrahlung process is a better candidate. Thié Cross
section is typically of the ordér of 10"35 sz/ GeV and should be observable for
a colliding beam machine with a luminosity of 1032 particles/sec- cmz.

We shall conclude this section by discussing some questions concerning

possible background reactions, radiative corrections, and the experimental
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normalization of the cross sections. As briefly discussed in Section II, there
is a baekground, reaction (9), to the bremsstrahlung process. Both of these
p'rocesses are of the same order in @. However, when the hard photon is
emitted near the beéam 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 log E/me. 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 Mz/ S relative to the bremsstrahlung process. A simple
quark-parton calculatlon6 gives a cross section for the process (9) of the order
of cwf(Mz) MZ/S which is indeed smaller by a factor of S/M2 -log E /1rne relative
to Eq. (8a). If the hard photon is restricted to a small solid angle along either
of the beam axis, we expect this part of the background to be negligibly small.
For the Compton process in e+e_ collisions, a similar background exists,
namely

e te” — v¥ — e te T+t (15)

which is of the same order in o as the Compton and two-~photon processes and
is itself an interesting process. By arguments similar to those fdf (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 i;mident positron beam direction.

Next we have to cor;sider radiative corrections (mainly photon insertions
on the lepton lines) in both the Compton and bremsstrahlung processes. Since

these radiative corrections are of higher order in « and the final states are

restricted to small angles, we expect the corrections to be small. Furthermore,
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radiative corrections mainly affect the absolute normalization of the cross
sectioms, which is not important for the purpose of studying Gf(Mz). As can be
seen from Eqs. (6) and (8), the ratio of crf(Mz) for two different final states is
equal to the ratio of the cross section for the Compton and/or bremsstrahlung
processes and is independent of the absolute normalization of the cross sections.
Asa i‘esult, the normalization of af(Mz) can be fixed relative to some particular
final state for which the e'e” annihilation cross section can be well determined.
Such a candidate is u+u_ pair production, which is a purely leptonic reaction.

From quantum electrodynamics, we have

. 4m2 1/2 ) 4m2\  4m?
G o (M2 = - 1+a(1-—8) K 16

where mu is the muon rest mass. Thus, for any other final state f, O'f(Mz) can

be obtained from

ey ey
o) =a o %) (9 ) /(L , (17)
e dM dM</ 4 -
t [T

A similar relationship is also valid for the bremsstrahlung process. In Figs.
3-56, we have plotted the cross sections for u+u_ production as given by Egs. (6),
(8), and (16). The background reactions of type (9) and (15) can be exactly
calculated, and they are indeed very small. The detection of the u+u_ pair is

similar to that discussded for the 7 1 pair.
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Iv. COMPTON PROCESS AS A BACKGROUND TO yy* ANNIHILATION
The reaction e +vy — e +hadrons is studied mainly to explore the hadronic
structure of the real photon in the same way as deep inelastic electron~nucleon
scattering is used to explore the structure of the nucleon. Since the differential
cross section dzcr/dv dQ2, for e v scattering is estimated to be rather small,
it is difficult to experimentally investigate the Q2 and v dependence of this
cross section in detail. However, certain important features of the photon can

still be learned by measuring the integrated cross sec’cion7

2 yy*
%
(0 F) = / / do 5 dvdQ” (18)
dv dQ
2 2
Q>Q,
V>V
9= 0"
— max
and its momen’c17
2 yy*
&W*(gmaX,E) :// Qtdo 5 dvdQ? (19)
dv dQ
<0
— max

as function of emax and E. The boundaries Qzﬁ Qg and v< v, in Eq. (18) restrict

0
the cross section to the deep inelastic region, but these boundaries should not
be essential for the "neutrino-like cross section" &, 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 (1a), whereas the Compton
process becomes the backgrodnd in this case. 8 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 FP

1.9 to be similar in shape
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to the proton structure functions:

F“{ 5 (%) ~ —é—i‘i— Ff o(X) (20)

’ /47 ’
Substituting Eqs. (7) and (20) into Eq. (18), we calculate U(emax) for three
different beam energies; the results are presented in Fig. 7. The contributions
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'f(Mz) has not yet been measured, the Compton
process contributions are approximated by crf(Mz) = af(25 GeVz) = 22 nb and,
for comparison, by crf(MZ) = crf(25 GeVz) - 25 GeVz/Mz. As seen from the
figure, the results are not sensitive to these two different assumptions, since,
over the kinematical range we have considered, the cross sections receive most
of their contributions from 1< M <5 GeV. The comparison of the moments
§W* 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 predictl7 57" EZ,

We want to point out a few significant features of our figures. As seen from
Fig. 7, the even C hadron production cross sections for yy* annihilation are
almost saturated at small scattering angle8 around 20° to 300, since an increase
of emax corresponds to an increase of Q:2 and the yy* cross section is a rapidl.y
decreasing function of?Qz. In parton models, this comes from the fact that, if
the shape of the parton;antipa,l'ton distribution in the hadronic component of the
photon is not too different from the parton distribution in the nucleon, the cross
section dcryy*/sz behaves like Q—4 exp (-const - Qz) for Q2 not too large.

When the yy* cross sections start to become saturated, the Compton process

contribution to the odd C hadron production cross section is still only a small
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fraction, about 1%, ot the yy* cross section. Even if the moments are studied
up to gﬁax: 300, we do not expect the background to exceed 20% of the signal.
Thus, from a theoretical point of view, the Compton process does not lead to

serious background problems for the measurements of the partially integrated

cross sections and moments of inelastic electron-photon scattering. While

only a very little increase for the yy* cross sections can be achieved by
increasing emax beyond 300, the background, even though very small, increases
rapidly with emax’ since the larger the scattering angle, the closer the
Compton amplitude approaches the u-channel pole. For large scattering angles,
the yy* and Compton processes contribute comparable amounts to the increase
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 dzory'y*/sz dcos 8 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 Eqs. (18) and their moments are probably

the most convenient way to study the structure of the photon.
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V. DISCUSSION AND CONCLUSIONS

We have discussed equivalent secondary beams in high energy positron
(electron)-electron colliding beam machines and have studied cross sections for
ve, e+e—, and yy* vreactiqns. There are many more other processes that can
be co‘nsi‘dered. For example, as can be seen from the second term on the right-
hand side of Fig. 1a, the Compton process in the u-channel can also be regarded
as the annihilation of a secondary e with the incident e , where the secondary
et is part of a virtual Bethe-Heitler pair (one real e and one almost on-shell
virtual e+),produced by the incident e, Obviously, the role of the e+ and e
in the Bethe-Heitler paircan 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” colliding 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 thatlthe background
process (15) is no longer present. The study 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 ((Tf(Mz) of the order
of 20 nb), the resulting cross section for

etre et re re e
L1 anything

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

To conclude, we have stu;:lied Compton and bremsstrahlung processes in
high energy lepton-lepton collisions. At high beam energies and low values of
Mz, the inelastic Compton process is most suitable for studying the behavior of

the photon propagator, while at lower beam energies and moderate values of
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Mz, 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

electron-scattering angles are concerned.
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FIGURE CAPTIONS
(a). Production of a state X(P, M2) in electron-positron collisions via
two-photon annihilation (C(X) = +1) and inelastic electron Compton scat~
tering (C(X) = -1); (b) kinematical configuration of particles if the
ComptonQprocess is dominant; (c) hard photon emission in e e” annihila-
ﬁon via external bremsstrahlung off the lepton line (C(X) = -1) and out of
“the final system X (C(X) = +1).
(v, Qz) plane of electron-photon scattering for E = 3.5 GeV and E,y =1 GeV;
the two-photon process dominates for small scattering angles of the elec-
tron (region A), the Compton process for large angles (region B); events
with fixed electron scattering angle 6 = 30° fall onto the double line
Q2= 4E2(1-—v/2EE_)/) tanZ /2.
Two-particle produétion in inelastic electron Compton scattering near
threshold (M denotes the invariant mass of the two—particlé system), the
difference between the two 1r+7r_ curves indicates the influence of the 7r+7r—
form factor.
Inclusive inelastic electron Compton scattering with M being the invariant
mass of the decaying photon. Crosses and little circles indigate the size
of the cross sections for beam energy E = 3.5 GeV.
Inclusive production of hadrons and u+u- pairs in the hard photon brems-
strahlung process.
Comparison of hadron production in inelastic electron Comptoh scattering
and hard photon bremssti'ahlung; the error bars reflect the uncertainties

+ - .
of the measured e e cross sections.



- 26 - '

inclusive hadron production in real photon-virtual photon ax}nlihilation
compared with the background from electron Compton scatterings; the
cross sections represent events with v > 1.5 GeVz, Qz > 0.17 GeVz and a
maximum electron scattering angle Gmax; the little circles denote the size
of the background if 0‘(e+e_ — hadrons) is supposed to fall off « 1/s for

s > 25 GeVZ.

Second moment in Q2 of the cross section for inelastic electron-photon
scattering for a maximum scattering angle of 300; 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 5 G
denoting the fraction of the gluon momentum within the hadronic component

of a photon in an infinite momentum frame.
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