
DOUBLE CHARQE-EXCHANGE REACTIONS AND REQQE-REGGE. . .

is, however, quite clear that one cannot calculate
the RR cuts in this dual-SU(8) scheme by including
all possible terms arising by convoluting the sin-
gle exchange amplitude Eq. (4) with itself, in the
fashion of the old absorptim model. " In such a
case, one finds a = cross section much smaller
than either Z cross section, in clear contradic-
tion to the data.

%e conclude that the model presented is useful
both phenomenologically and as a means for study-
ing the duality and SU($) properties of RR cuts
%e have sheam how to calculate RR cuts in terms
of previously determined amplitudes in a manner
that satisfies both theoretical and experimental
constraints.
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e study moments of the cross section for inelastic electron-photon scattering. Simple scaling laws

would result if the real photon were a particle which behaves predom~tly hke a hght vector meson.
e discuss possible Inodi5cations of these seLling laws originating in anorrtfhlies of. the structure
functions of the photon„ they occur in qeark models as well as in generalized vector-meson~ammxce
models.

INTRODUCAON

Deep inelastic electroproduction experiments
have shown a local scaling law to hoM for the elec-
tromagnetic structure functions of the nucleon. '
For sun'iciently large xnass squared of the virtual
photon, Q*, and sufficiently high c.m. energy W of
the photon-nucleon system, the structure functions
depend only on the dimensionless ratio, * Rv/Q' =1
+(Il -si„~*)/Q'. The same types of inclusive ex-
periments with (anti-) neutrino beams have proved
the existence of a global scaling law: The total
(anti-) neutrino-nucleon cross sections rise linear-
ly vrith neutrino energy, ' even for very low beam
energies. The early onset of this type of scaling

can be explained by Bloom-Cfilman duality': The
8"-dependent bumps in the structure functions are
smoothed out by integrating them over a set of res-
onances. This may, a smoothly behaved total cross
section results which exhibits its asymptotic p. op-
erties already in the resonance region.

One might ask if similar simple scaling laws
show up in the hadron production channels of in-
elastic electron-photon scattering, which will soon
be accessible in electron-positron (electron-elec-
tron) colliding-beam machines. These experi-
ments, proposed some time ago by Brodsky, Kino-
shita and Teramawa, %alsh, and Car1,son and Tung, '
reveal the internal structure of the photon itself.
Considering the real photon merely as a light vec-



P ET ER Z EH%AS 10

tor meson, one would expect the structure func-
tions of the photon to scale at least as rapidly as
those of the nucleon. However, parton models' '
predict the existence of anomalous contributions to
the photon structure functions which are no longer
scale invariant. Furthermore, some of the dia-
grams which describe photon-photon annihilation
in this model closely resemble the diagrams oc-
curring in electron-positron annihilation into had-
rons. This could cause additional problems for
scaling. ' On the other hand, we expect a break-
down of scaling to occur in generalized vector-
meson-dominance models as well. Because of the
quantum mechanical time-energy uncertainty the
real photon can (for short times) transform into
vector-meson states V~"~ of very high mass. If
my(n) ++ v& Q &

we certainly can no longer apply
the impulse approximation to the scattering of the
electron on the constituents of the real photon be-
cause the interaction time is too long compared
with the lifetime of this state. Only if the transi-
tions of the photon into high-mass vector-meson
states are very rare, an approximate scaling law
should hold. It does not hold in generalized vector-
meson-dominance models, which predict an s '
scaling law (or slower falloff) for the cross section
o(e'e - all hadrons). ""

The number of experimental ey events available
in the near future is not large enough to allow a
local analysis of the photon structure functions.
Hence, it is expedient, as in neutrino-nucleon
scattering, to investigate global quantities which
can be predicted using theoretically transparent
assumptions. In order to achieve as smooth a be-
havior of these quantities as possible, they should
be defined in terms of the neutrinolike "cross sec-
tion"

2O d 2O

dpdQ2 dud@2 '

obtained from the actually measured cross section
by dividing out the photon propagator. Besides the
"total cross section" ~,

v =Os',
these (relativistically invariant) global quantities
include the average energy and scattering angle of
the outgoing electron, ""defined as

(E' cos'(-,'8')[ sin'( —,'8')] )

JJE' cos'(-,'8')[ sin'( —,'8')] d'o

g

in the laboratory system.
Summing up all WeizsKcker-Williams photons in

an electron-positron collision, a simple-minded
dimensional analysis for these functions yields the

following dependence on the beam energy E in the
laboratory system:

g(E) ~E

(E'cos'(-,'8')[sin'(-,'8')]) ~ E.
This behavior would obviously result if the (real)
photon was a particle with predominantly hadron-
like properties. Adopting the simple vector-me-
son-dominance (VMD) model for this case, we are
able to predict the coefficients in these relations
or at least to calculate their upper bounds. This
is possible because o can be interpreted in terms
of the mean square charge per constituent of the
vector meson. Thus, this model is a useful means
for defining a standard measure for sealing quan-
tities in electron-photon scattering. In electron-
positron annihilation, this measure is set by the
ratio of the cross sections e(e'e —hadrons)/
&(ee-Ip)

However, parton models and generalized VMD
models as well predict logarithmic deviations
from these scaling rules. In order to estimate
their possible size, we apply a simplified version
of the covariant parton model'~ to ey scattering.
In this version, partons are treated as quarks
with minimal electromagnetic coupling and small
effective mass. ' Even though the model generates
only logarithmic scale-breaking terms, it never-
theless strongly affects the coefficients in the
standard scaling relations. The most popular
class of generalized VMD models"" suggests the
same results. This leads to the interesting possi-
bility that dual relationships between resonance
models and quark-parton models exist in photon-
photon annihilation, too.

The outline of this article is as follows: In See.
II we shall define the notation and discuss the kine-
matics of electron-photon scattering in colliding-
beam machines. Section III is devoted to the deri-
vation of the scaling rules for the various moments
of the ey cross section. To get a firm basis, we
first investigate those moments in the naive vec-
tor-meson-dominance model. (In an appendix we
examine as well the consequences due to experi-
mental restrictions of the electron scattering an-
gle. ) Then we estimate the size of anomalous con-
tributions and show how' they affect the sealing be-
havior of the moments. Some final remarks and a
critical summary are the contents of the last sec-
tion.

II. KINEMATICS OF ELECTRON - PHOTON

SCATTERING

The large number of almost real photons which
accompany electrons and positrons in colliding-
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beam machines, such as SPEAR and M}HIS, al-
lows us to study the inelastic scattering of elec-
trons off photons. ' To lowest order in QED, this
corresponds to the annihilation of a real (y) and a
virtual (y*) photon into hadrons.

As shown in Fig. 1, we denote the electron mo-
menta before and after collision by k and k', re-
spectively; the momentum of the real photon, sup-
posed to be radiated off the positron, should be p;
denoting the momentum of the virtual photon by q
=k —A", we further introduce the invariant vari-
ables Q'=-q'&0 and v=p q. Since the almost
real photons are radiated off the positron with very
small angles, we get the following expressions for
all these variables in the laboratory frame.

ingoing electron: k =E(1,0, 0, 1)

outgoing electron: k' =E'(1, sin8', 0, cos8')

real photon: P =Ez(I, 0, 0, -1)
invariant variables: Q' =4EE' sin*(-', 8'},

v = 2E„[E-E' cos'(-,'8')]

It should be noticed that the quantities Q' and v/
2E„E can be determined without measuring the
positron momenta.

The expressions for the cross section become
most transparent if one introduces the foQowing
(Lorentz invariant) scaling variables:

x=@'/2v with 0 ~x «1 (Bjorken variable),

y = v/(kp) with 0 ~ y c 1,

e = (kp)/2E ' with 0 ~ e c 1 .

qjlqV ~ Pp ~q ~P

Figure 2 displays the triangle in the (v, Q') plane
where the structure functions are defined for the
scattering process. For the sake of simplicity we
have neglected the pion mass on the hadronic mass
scale, and we are doing so, as well, in the follow-
ing calculations. In terms of the structure func-
tions, the cross section for the process e+y- e'
+hadrons reads

d 0' d O'

dxdy dxdy

= 16vn'E'e[(1 —y)E,(x, y(kP))

+yxxF, (x, y(k p))] . (2)

Actually, one measures electron-positron colli-
sions in which the photons have a continuous ener-
gy distribution. If we allow the positron to be
scattered into a cone with aperture 8 & 6) & (9

«1, the leading term of the WeizsKcker-Williams
spectrum of the photons is given" by

If the electron scattering angle has an experimen-
tal upper limit 8„ the variable y is bounded from
above by y ~1/[I+excot'(-', 8,)].

As in inelastic electron-nucleon scattering, one
describes the (real) photon (spin averaged} by two
structure functions depending on the invariant vari-
ables v and Q' or x and y(kp):

N(E }dE„=— [1+(1—e} ]ln -(1-xe} ln
at 8 max z e + (1 e}8max

- y y F 8 ' e*+(1-e)8

The spectrum is independent of the energy of the
ingoing positron; it depends explicitly only on the
fraction e =E„/E. It will be sufficient for our con-
siderations to approximate the spectrum by the
simplified expression

TRON

Ot 8 d&ff (e) ———ln
8 IIiin

leaving us at most with an error of the order of
2 for absolute predictions; some of our results
will even be independent of the detailed form of
the spectrum.

Let us now define the neutrinolike "cross sec-
tion'" o as

POSITRON

FIG. 1. Inelastic scattering of electrons off almost
real photons in electron-positron collisions.
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d ~0'—H(e) I ii dxdyQ'
-dg dp f, =Exye. (5b')

f, =E'sin'(-,'8').

They should be defined as

(ff~„.d*.),

(5b)

Investigating those quantities is particularly rea-
sonable because they are simple, relativistieally
invariant functions of the scaling variables:

f i =&(1-y) (5a')

y
f MESON/

where the integration is supposed to be taken over
an arbitrary region in the cube 0 ~ x, y, e & 1 (yet
not varying with beam energy). Considering the
moment 0 instead of the cross section 0 itself has
the advantage of deemphasiring the low-x, y, e re-
gion by dividing out the virtual photon propagator
1/Q o:1jx'y'e . Hence, we expect o to reach its
asymptotic value faster than e itself. (%her global
quantities which are easily accessible are the av-
erage values of

f, =E'cos*(-,'e')

From the results of inelastic neutrino scattering
experiments we can conclude that measuring the
moments o, (f, ), and (j,) provides us with a use-
ful tool for studying scaling phenomena in eleetron-
photon scattering, even at low energies.

III. SCALING AND ANOMALOUS CONTRIBUTIONS

TO ELECTRON-PHOTON SCATTERING

In most photon-hadron reactions the real photon
appears predominantly as a hadronic particle, be-
ing a superposition of a few virtual vector mesons.
The only exceptions to this rule are processes in
which two photons are involved, as in Compton
scattering. ' The deviation of the Compton cross
section from the simple VMD prediction can be at-
tributed, in parton models, to contributions from
diagrams where one parton directly connects both
photons without interacting with the remaining had-
ronic flux. Similar phenomena are expected to oc-
cur in photon-photon annihilation. "The quark-
parton diagrams which contribute to this process
are shown in Fig. 3. Dual relationships" could
exist between various sets of diagrams. %e shall
comment on this possibility later. Figure S(a) is
the only diagram which has a parallel in inelastic
electron-nucleon scattering. In the naive VMD
model it can be approximated by replacing the
quark-antiquark pair attached to the real photon
by the lowest-lying U-singlet vector meson. Ob-
viously, if this diagram represented the only con-
tribution to electron-photon scattering, the abso-
lute value of the moment (f, ) could be predicted,
while (f, ) and &r could be bounded from above. A

comparison with the nucleon case reveals that

bJ

(3

v (GeV2)

pIG. 2. (v, Q~) plane for E = 4 GeV and && = 1 GeV.
Events arith scattering angle 8'- eo fall into the hatched
triangle formed by the lines Q = O, 8' = eo, and Qt = av

(the pion mass is neglected on the had, ronic scale).

+ ~ ~ ~

{c)
FIG. 3. TTyt~~inary part of the y*y forward scattering

amplitude in the covariant quark-parton model.
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these bounds would not be far from the actual va1.-
ues. Therefore, deviations from those predictions
would indicate how much the photon deviates from
being a light vector meson. The remaining part of
the diagrams of Fig. 8 [(b), (e), . . .] represents
those disconnected pieces of the photon-photon
scattering amplitude in which a. parton coming
from the real photon is directly connected to a
parton in the virtual photon. These diagrams can-
not be evaluated without knowing the quark propa-
gators and the off-shell quark scattering ampli-
tudes. Simplifying assumptions, however, should
enable us to get an idea of the possible size of
these contributions. Before turning to this specu-
lative part of our considerations, we first derive
the standard scaling rules in the simple VMD mod-
el, thereby ignoring nonscaling contributions for
the moment.

A. Scdinl contributioas

%e begin by imposing the hypothesis of rapid
scaling on the structure functions of the photon in
the spirit of Bloom-Gilman duality4:

J dy y(l —y+2y')
(y& =

Jdy(i -y+-'y'}

The coefficient in Eq. (Qa) would be + if the cross
section was known over the entire y interval. No-
tice that this relation is an absolute prediction de-
rived only from the assumptions of scaling and the
Callan-Gross relation. The slope does not depend
on the %eizsKcker-%illiams spectrum.

(ii) Under the same assumptions, we can derive
a model-independent upper bound for the coeffi-
cient in Eg. (Sc), if, in addition, the x and e inte-
grals factorize. Defining

f dE 6H(E)

J dc H(e}

J dx» Z, (x)

jd»S, (x)

we get the inequality

(E' sin'(-,'e')) =( e& (y) (x&E

E, ,(x, y(hp))-Z, ,(x, )= E, ,(x). - ~&~&(y&ED (Qb)

As an immediate consequence we get the following
global scaling rules:

o(E)~E*,
(E' cos'(-', e') )~ E,
(E'sin'(-', 8')) ~E.

(8b)

(8c)

For different beam energies it is understood that
the range of integration [Eqs. (4), (6)] within the
cube 0 «x, y, e «1 is chosen independent of the
beam energy if experimental conditions do not al-
low one to exhaust the entire cube. The results
agree with what one obtains from naive poorer
counting if no mass parameters are involved.
From neutrino-nucleon scattering, one has learned
that global quantities display their asymptotic
scaling properties even at very low beam energies.
No lower bound for the variables v and Q' has to
be introduced so as to be definitely in the scaling
region. Therefore, in the simple VMD model one
could safely expect the same early onset of sealing
in electron-photon scattering.

The proportionality coefficients in Eg. (8) can be
calculated under weak additional assumptions.

(i}In the present model, we ean take for granted
the CaUan-Gross relation @I',=-,'EI for the photon
and carry out the i11tegrations 1n Eels. (4) (6) ill
such a way that the y integration can be factorized
out. " Then, the slope in Eg. (8b) can be calcu-
lated

&E'cos'(-.'8')& =(l -&y))E,

If we were able to cover experimentally the entire
stluare 0 ~ y, e & I, we would obtain (for H = const)

(E' sin'(-', 8')) = ~ (x&E

(Qb )

Comparing the results of Eqs. (Qa) and (Qb') we

easily recognize that small electron-scattering
angles are dominant even after dividing out the
photon propagator.

(iii) In order to determine& (E) itself, we apply
the VMD model to the real photon, as explained
above. Since all functions in the expression

o(E) =16m@' dEH c
~

dy 1-y + —,
'

l
dxI' x

(Qc)

are positive-definite, we obtain an upper bound
(which includes all experimental conditions) by ex-
tending the integration over the entire cube 0
«x, y, c «1. The integral over the structure func-
tion I ~ can be well estimated. Combining the VMD
model with the quark model, we can write the state
vector of the real photon (in the SU, symmetry
limit) as

Iy& =
fq 6

em '/f denotes the usual yp coupling constant.
Since the integral over I', measures the mean
square charge per constituent, the result for the



1490 PETER ZEBRAS 10

integral in this approximation is

l
1 4 a 2dxF, (x)=-,

~4
—- -a .

However, this must be considered as an upper
bound for the actual value of the integral. In par-
allel to the nucleon case, we do not expect a large
quark-antiquark sea to be present in the hadronic
part of the photon, yet there might be a substantial
fraction of gluons present. They do not interact
electromagnetically, but nevertheless reduce the
average square charge per constituent. Thus,
from simple VMD we derive the following upper
bound for the "cross section" o'.

(Qc ")

For an actual experiment ~here the scattering
angle of the electron has a maximum value 6I„but
where no other restrictions are imposed upon the
variables, this estimate can be sharpened. %e
shall discuss this problem in the Appendix.

Hence, assuming the real photon to be a light
vector particle with predominantly hadronic prop-
erties, one can well estimate the dependence of
global quantities on the energy of the ingoing elec-
tron. They can serve as standard values with
which experimental results can be confronted in
order to extract the strength of the conventional
hadronic component within the photon.

8. Anomalous contributions

To study, first, the possible effect of high-mass
vector rnesons, we adopt the following assumptions
which are commonly used in generalized VMD
models"'"'" [even though the model does not cor-
rectly describe e'e —(all hadrons) for energies
s ~ 12 GeV', it might be applicable at smaller en-
ergies]:

(i) There is a Veneziano-type spectrum of the
vector mesons, m«, ~' = m ~'(I +2s).

(ii) The V~"' y coupling constant falls off like the
inverse mass, f«„~ 'o: m«, ~

(iii) For v, Q'z m«, ~', the scattering on the con-
stituents is incoherent.

Then Eq. (11) is to be replaced by
4E /2m'

dx E, -—,,4 g 1
+coherent part

n=0

&e 1 4Z'
ln , +coherent part.

Numerically, the coefficient in front of the loga-
rithmic terms is =~o~. The interesting feature

F,' = g e,. ' x -([x'+(I —x)'][In(W'/m, ')- I]

+v9«(1-«)f, (12a)

F, -2«r', = e, ' —«'(1-x). (12b)

The e, denote the quark charge quantum numbers
and W is the invariant energy of the yy* pair. In-
tegrating E, over x, one recognizes a surprising
numerical agreement between the leading Ldgarith-
mic term in the generalized VMD model Eq. (11')
(which overestimates the integral because gluons
are not taken into account} and the present quark
model (Qe, '=a, for colored quarks):

of this representation is the hint to a possible oc-
currence of scale-breaking terms by including
higher vector mesons in the virtual energy fluctu-
ations of the real photon. The (new) dimensional
constant which governs the scaLe-breaking terms
is the hadronic Level spacing 2m~'. However, it
is not possible to estimate the coherent contribu-
tion in this model, and we turn to the quark-parton
model, where more definite predictions can be ob-
tained. This step might be justified by invoking a
dual relationship between generalized VMD mod-
els and quark-parton models.

Parton contributions to yy* annihilation are ex-
pected to be of the same size as the simple vector-
meson contributions. ' ' This can easily be shown
in a model where fractionally charged quarks with
light effective mass are minimally coupled to pho-
tons. This model can certainly not be applied to
e'e annihilation for energies s~12 GeV'. How-
ever, below this value it might have a chance to
be, at least approximately, correct. Because we
are interested in quantities which are not sensitive
to energies S'~ 10 QeV' either, it is not unreason-
able to apply this model to yy* annihilation. The
corresponding diagrams are shown in Fig. 3. (In-
terferenee terms do not disturb the following dis-
cussion. ') Approximating the propagators of ex-
changed quarks by free fermion propagators with
effective mass m, (W.3 GeV) one finds three fea-
tures which distinguish the set of diagrams (b), . . .
from the simple vector-meson-dominated diagram
(a):

(i) In the transverse amplitudes, logarithmic
scale-breaking terms are present;

(ii) the contributions from virtual scalar photons
do not vanish anymore,

(iii) the piece Ff of the structure function van-
ishes linearly in xfor x- 0.

The detailed calculation gives the following result
for the'box diagram'":
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l dxE, =a
8

(pe;')ln(4E')+ ~ ~ ~

0

= ~n ln(4E 2) + ~ ~ ~ .
Even though this agreement could be accidental, it
offers the interesting possibility of giving a dual
relationship to generalized VMD models and quark
models. Notice that the low-lying vector-meson
contribution alone cannot be expected to be dual to
the box diagram because the shapes of the corre-
sponding pieces of the photon structure functions
are different. In the present example, a dual re-
lationship can exist only between the quark model
and asymptotic vector-meson states.

The logarithmic scale breaking term in I', is
biggest for x~ —,

' and S' large. Unfortunately, this
region is not easily accessible experimentally.
Furthermore the limited statistics in coming ex-
periments will not permit detection of such weak
deviations from scaling. Yet there might be some
hope to investigate the presence of scalar contri-
butions in the y distribution

(14)

p is the ratio of the longitudinal to the transverse
cross section. lt becomes as large as 80%%uo ln this
model. By contrast, for a simple hadronlike pho-
ton with spin--,' constituents, the second term would
be absent. This might no longer be true if high-
mass vector mesons give considerable contribu-
tions in the generalized VMD model.

Calculating the contribution of the box diagram
to the moment 8, one cannot expect to see a large
deviation from the general scaling law 8(E)~E '.
On the other hand, in the colored quark model, the
proportionality coefficient changes by a factor of
about 2 relative to the hadronic contribution;

where the term ~~in(4E'/m, ') -1 inside the square
bracket represents the transverse piece and the
term $ represents the longitudinal piece. How-
ever, this happens only if one integrates over the
entire x, y, ~ cube. The influence of this diagram
depends crucially on the maximum electron scat-
tering angle, as one can see from Eq. (A2a) in the
Appendix. If most of the "cross section" comes
from the small-x region, the box diagram is neg-
ligible since I', vanishes linearly in x. The same
applies to the other expectation values
(E ' cos'(-,' 8')[ sin'(-,' 6')] ).

The last diagram [Fig. 8(c)] we have to consider
is likely the most troublesome one. It could even
destroy the general scaling law cr(E) ~ E ' (up to

logarithmic terms), as it might do for o(e'e
—hadrons). Attempts have been made to estimate
its contribution to e'e annihilation by putting the
quarks on their effective mass shell. " Applying
the same approximation to diagram (c), one ob-
tains a 25%%uo correction to the box diagram if one
describes the quark-antiquark interaction in a
conventional Regge picture. In the spirit of the
original covariantly formulated quark-parton mod-
el, '4 one could indeed assume the quarks to be kept
near their effective mass shell. However, the ex-
tension of this assumption to large timelike parton
momenta is not straightforward, but leaves us with
a major uncertainty in the quark-parton analysis
of photon-photon processes. This problem is in-
timately related to coherence effects in general-
ized VMD models.

Apart from the latter problem, anomalies in the
photon-photon scattering amplitude result in a
weak violation of the basic scaling rules (8) within
the quark model. Yet collecting all anomalous
contributions to o changes the proportionality co-
efficient in 8(E)~E' considerably when compared
with the simple VMD prediction. The change
amounts to a factor of about 3 and would clearly
exceed the upper bound (9c"). However, if experi-
ments are sensitive only to small x values, this
effect is much smaller and harder to detect exper-
imentally. In particular, the cross section a itself
cannot be expected to be influenced significantly by
anomalous contributions in the present context,
and its estimate by Brodsky et al. and %alsh' is
not to be changed.

lV. CONCLUSION

Studying inelastic electron-photon scattering is
primarily motivated by the desire to investigate
the structure of the real (as well as the virtual)
photon. The first stages of experimental analysis
can include such global quantities as moments of
the cross section, properly defined average ener-
gy losses, and average angles of the scattered
leptons. Considering the real photon merely as a
light vector particle with predominantly hadronic
properties, as suggested by the success of the
simple vector-meson-dominance model, we have
obtained simple scaling rules for all those quan-
tities: They grow with beam energy with the same
power as their dimension; the slope of the growth
can be calculated or at least estimated. These
rules should be valid even if v and Q' are not re-
stricted to the scaling region. Therefore, they
can serve as a useful standard measure for scal-
ing effects in inelastic ey scattering.

However, the simple VlND piece of the photon-
photon annihilation cross section might be super-
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seded by anomalies attributable to a possible
quark-antiquark substructure of both the real and
virtual photon or, in a dual picture, to the ex-
citation of high vector-meson states in the photon.
Those anomalies are not accounted for by the
simple vector -meson-dominance model. From the
conventional assumption of the covariantly formu-
lated parton model that only quark lines with finite
mass couple to hadrons, we have derived two
consequences: (i) The general scaling behavior
of the moments is still valid (up to logarithmic
corrections), yet the coefficients in these relations
are changed. (ii) Experiments which are sensitive
only to the small-x region should essentially re-
produce the simple vector-meson-dominance pre-
dictions; this applies in particular to the cross
section itself. However, we are not able to pre-
dict the rescattering correction from far off-shell
quarks [diagram (c) in Fig. 2] and coherent scat-
tering contributions of virtual, high-mass excita-
tions of the real photon. At high energies they
might introduce scale-breaking pieces of the same
size as the scaling VM3 contributions. Thus,
measurements of the energy dependence of such
global quantities as average energy loss and
average angle of the scattered electron are as
interesting as the magnitude of the cross section
itself (which is hard to predict more accurately
than a factor of 2). The knowledge of their be-
havior is a useful correlate to the information
obtained from electron-positron annihilation into
hadrons.
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(E' cos'(-,' 8')) =~[1+~ (x) cot'( —,
' 8,)]E,

(E' sin'(-,' 8')}= ~s, (x) 1- — cot'(s 8,) E .3 &x')

(Ala}

(A lb)

(A1c)

In the quark-parton model, the average longitu-
dinal parton momentum (x) is approximately —,

' and
deviations of all quantities from their values at
6)p=m are to be small. In Fig. 4, the moments are
shown for (x) = 2.

(ii) On the other hand, for small (but still finite)
&p we obtain quite a diff erent behavior of the co-

& A A
o (eo) o (co=77)r

2

allowed region with 8' «8, (hatched triangle in

Fig. 2); we are not forced to introduce cuts which
eliminate low-Q' and low-v events. In this case,
the scaling laws (6) do not change, but the coef-
ficients do if one varies 8,. In Eqs. (4}and (6)
the y integration alone is restricted, in a scale-
invariant fashion, to the interval 0 «y «[1
+ sx cot'(-,' 8,)] ' while x and e vary independently
between 0 and 1. These are the results:

(i) In the (unrealistic} case —,'s «8, «s the coef-
ficients in Eq. (6) read

o(E) 8= s~aa'ln [1-as(x) cot'(-,'8,] dx&, (x),
tItin 0

APPENDIX' LIMITED ELECTRON SCATTERING ANGLE

Two reasons require the limitation of the elec-
tron scattering angle in an ey experimegt to a
value below 20 in the present energy range: (i)
The differential cross section do/d Q' is expected
to fall off rapidly with Q', and high-Q' regions
are sparsely populated compared with low-Q'
regions. (ii) The 2y process in es-seX is for
large Q' superseded by radiative correction of the
type ss-se+ ye (-hadrons with C =-)." There-
fore, it is necessary to discuss briefly the con-
sequences of a limited scattering angle for the
moments of the cross section.

In the framework of the naive VMD model, we
can completely exhaust the entire kinematically

pl gl
COS

E 2
9 ~ ~ ~ ~ ~ e ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ e ~ ~ ~ ~ ~ ~ e ~ ~ ~ ~ e ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ s r e eve
l6 E' . 2e'
7

max —sin 2
E 2

l =e,

FIG. 4. Predictions for the moments of the inelastic
electron-photon scattering cross section as functions of
the m~ximum electron scattering angle 80. They are
derived from the simple vector-meson-dominance model
of the real photon, with spin $constitue-nts carrying half
of its momentum, (x& = $ and (x'& =f.
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efficxents".

g2 g 2
~ 32a3ln E,(0)[2801n(&8o)j', (A2a)

(E cos (@8))~ I—
i

g
i

E,ln(-,' 8,

(z's'n*(-'e'))= — ~) z.1 8

2 2
(A2c)

E,(0) can be estimated from the proton structure

function' as

E,(())~ (o~/o~)Ef(0) = 0.3/300.

(iii) In the tra.nsition region, one cannot calcu-
late the precise value of the moments. However,
it can easily be shown that all moments are mono-
tonic in 8,. Thus, from the curves in Fig. 4 (the
dashed part is interpolated by hand) we can read
off the approximate size of the moments for inter-
mediate scattering angles with a sufficient degree
of accuracy.
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