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We show that the extended vector-dominance model (EVDM) provides a reasonable fit to the
presently available data, both for the photon-photon cross section o ~ and for the photon structure
function F$ for values of Q &25 Gev . The EVDM approach allows us to circumvent the problem
of double counting concerning the hadronic and pointlike pieces of the photon, and yields a value of
b2 ——0.04, for the undetermined coefficient of the second moment of F$

I. INTRODUCTION rized in Sec. V.

It has been recognized for some time now' that a
study of the photon structure function provides a unique
source of information for the gluonic corrections to the
pointlike coupling of a photon to a quark-antiquark pair
(see Fig. 1). Accordingly, the measurement of the photon
structure function in yy reactions provides a unique test of
QCD. Indeed, recent measurements of F$ include a
comprehensive comparison between data and QCD predic-
tions. There is, however, a certain ambiguity in yy reac-
tions analysis which stems from the fact that the photon
serves simultaneously both as a target and as a probe. We
can therefore analyze the yy interaction either by means of
the target variables x and Q and the photon structure
function F$(x,Q ), or by means of the probe variables Q,
and W and the cross section cr~(Q, W). These two
descriptions are connected through the relations

2

F$(x,Q')=, o~(Q', W), (1)
4m. cx

T

1 —x
X

In other words, a complete description of yy data in terms
of o (Q, W) leaves no degrees of freedom for the study
of F (x,Q ) and vice versa.

In this paper we have examined in detail the extended
vector-dominance model ' (EVDM) predictions for yy re-
actions. Our aim was to investigate the uniqueness of
QCD fits presented in the experimental data analysis, 4

as well as an attempt to study the obvious dual role played
by target and probe photons. In Sec. II we present the
model and its results for cr~(Q, W). In Sec. III we study
the photon structure function F( and some kinematical
constraints. The interplay between target and probe is fur-
ther discussed in Sec. IV and our conclusions are summa-

II. THE MODEL

m„=mp ()+An) (3)

with direct photon-vector couplings which satisfy the rela-
tion

(4)

The standard value of A, =2 is determined ' from Q =0
photoproduction analysis. The predictions of the model
are in good agreement with photoproduction, pion-form-
factor, and deep-inelastic ep data. '

In the context of yy reactions we first apply the EVDM
to the virtual (probe) photon and obtain

2

O.„y( W)
m„+Q

22

cror( W) g
o m„'+Q' tror(W)

'

where a.„r(W) denotes the Q =0 cross section of the nth
vector meson with the real (target) photon. tror(W) can
also be expressed in terms of the EVDM, however, this
will not change our analysis as (e/fo) tror(W)=a~(W).
This also avoids the need to specify fo, which has been
determined in other investigations. '

In evaluating Eq. (5) we need to specify a„r, for which
we use a Regge relation

The basic assumption of the EVDM is that a photon
couples to the hadronic current through its direct
(coherent) coupling, to an infinite number of vector
mesons for which one assumes a Veneziano-type linear
mass spectrum,

O„y(8 )

ocr( W)

2
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FIG. 1. yy reactions as extracted from ee~eex. (a) General
notation and kinematics. (b) The pointlike sector in a yy reac-
tion.

We proceed and carry out a dual analysis with both a dif-
fractive (Pomeron) term, taking a= 1, and a Regge term
with a = —,. This is consistent with our assumed form for
the r'eal yy cross section which is pararnetrized:

2149 1983 The American Physical Society



2150 U. MAOR AND E. GOTSMAN

o~( W) =a~+ cr~ 24——0+g 270
8'

(a in nb, W in GeV) so as to satisfy factorization and
Regge behavior. This leads to

o~(g, W) =cr~( W) Q 2Z, (1+kn+Q'/m, ')'

500 ~ —.—

IOP-

QP

PLUTO
3,M Wyls~ IOGeV

(1+An )'
cr~{Q2, W) =cr~( W) g.=o (1+Xn+g'/mo')' (9)

IP-

These two equations form the basis of our analysis.
The sums given in (8) and (9) can be expressed in terms

of the generalized Reimann g functions. For the purpose
of this study we have evaluated these sums numerically.
However, some insight can be gained by observing their
asytnptotic values for Q = ao, with A, =2 we get

FD(g2)
o (1+An +Q /mo )

I I I I

O. I I IO

FIG. 2. PLUTO (Ref. 4) total yy cross section as a function
of Q2. Solid curve indicates the EVDM prediction for W &10
GeV. Dashed curve denotes the high-energy limit of the EVDM
prediction. (See text).
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Q2~ 2

FR(Q2)
n=0

2mo
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(1+k,n+Q /mo )'
1/2

mo

mo +Q

(10) pieces of the photon, as our summation over an infinity of
vector mesons means that we sum over both photon sec-
tors. The relations between the pointlike and hadronic
photon pieces will be discussed in Sec. IV.

III. THE PHOTON STRUCTURE FUNCTION

For completeness we have evaluated (8) and (9) with the co

and P families added to the p assuming the standard
3:1:—~2 SU(3) coupling-constant ratios.

The first result emanating from this EVDM study is a
suggested modification of the real yy cross-section
parametrization (7). A straightforward calculation at
Q =0 yields a 23% increase of a~(W) and 69% increase
of cr~( W); i.e., we suggest the parametrization

cr~( W) =295+ 460
8' (7')

(a in nb, W in GeV}. This implies a stronger threshold
enhancement of o~( W) than suggested by (7) and is
indeed compatible with the data and the constraints im-
posed by factorization. '

Our main goal is to study the Q dependence of
o~(Q, W). Our resuts are shown in Fig. 2 compared to
the PLUTO experimental data with 3.5 & 8'„;,& 10 GeV.
The calculated Q2 dependence (solid curve) was averaged
accordingly using Eq. (7'}. The PLUTO data shows sharp
departure from standard vector-dominance-model VDM
predictions at Q ) 1 GeV . This has been attributed to
the pointlike nature of the photon. Our calculation con-
tains two terms. One is the Regge term (9) which de-
creases with increasing Wand has a wider Q distribution
than the Pomeron contribution [see (10} and (11)]. Our
analysis thus suggests that the observed flattening of the
Q dependence, observed experimentally, is stronger at low
energies, where the o.~ term is more important. The pre-
diction at high energy where o.~——o.~ is displayed in Fig.
2 by the dashed curve.

We can conclude from the above that the EVDM pro-
vides a satisfactory description of the Q dependence of
o~(Q, W). This result does not relate at all to the ques-
tion of the role played by the pointlike versus the hadronic
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FICx. 3. PLUTO (Ref. 4) photon structure function with

(Q )=5 GeV . Solid curve is our calculation averaging over
1 &Q &10 GeV'.

The model presented in Sec. II is essentially a descrip-
tion for the virtual probing photon. However, as we have
already noted, the kinematics of yy reactions as expressed
in Eqs. (1) and (2) does not leave any degree of freedom,
once cr~(Q, W) has been specified. We now proceed to
investigate the consequence of our model when expressed
in terms of the target variable x.

We have compared our calculations with the published
results on F((x,g ) coming from the PLUTO (Ref. 4),
CELLO (Ref. 5), and JADE (Ref. 6) experiments. There
is an important kinematical observation which we wish to
stress. Experimental studies of a ~{W) as well as
a~( W, g ) show a strong cross-section enhancement at W
values as low as 1.0—1.5 GeV which we shall denote as
8' . For low energies, when 8'& 8', the cross section
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FIG. 4. CELLO (Ref. 5) photon structure function with

(Q ) = 8.4 GeV . Our calculations are given at values of
Q =3, 8.4, and 25 CxeVI.

drops rapidly to zero at threshold. " Since W, Q, and x
are connected through Eq. (2), when we evaluate F((x,Q )
its shape should reflect the shape of or~(g, W) rescaled
according to Eq. (2). In a model of this type, where a
direct relation exists between F$(x,g ) and o~(W), F(
must decrease very rapidly for x &Q /(Q +W ) and
vanish as x~1, as expected from general arguments.
This kinematical observation is very important for the ac-
tual analysis of the three experiments which have aver-
aged their results over a wide Q range.

Figure 3 shows our averaged results compared with the
PLUTO data. Figure 4 shows the CELLO data and our
calculations at different Q values. The changing shape of
F)2 as a function of Q is clearly seen. Figure 5 shows the
data of JADE (Ref. 6) and our results. There is some am-

(Q )(GeV)
FIG. 6. x dependence of photon structure function. Data

(Ref. 12) compared with our calculations.

biguity concerning the normalization of our graph in Fig.
5. The data has been presented in arbitrary units and we
have normalized our calculations according to the pub-
lished information on (F$) which is given in normalized
units. Our normalization may therefore be off by as much
as 25%.

The published F$(x,g2) data have been compared with
QCD, with and without VDM contributions. It is evident
from our study that such fits are not conclusive. Further-
more, it has been claimed ' that the Q dependence of
(F$} shows a logg behavior as expected from QCD.
Indeed, a strong Q dependence is observed at low
Q2 & 5 GeV . We believe that this Q behavior reflects the
kinematics rather than the dynamics of yy reactions. At
low Q2 a sizable sector of the x scale corresponds to
x & Q2/(Q2+ W '. This sector, for which F)2 decreases,
is longer for smaller Q . All in all we get a strong Q
dependence of (F$), which reflects this kinematical phe-
nomena. This is demonstrated in Fig. 6 where the F)2data
has been divided into several x intervals. The kinematics
of yy reactions implies strong Q variations at high x as
observed; not surprisingly our calculations reproduced this
feature.

We have noted the strong variations of F)2as a function
of Q . This phenomenon occurs mainly at low and medi-
um values of Q . At high Q our F)2 calculations scale
(modulo logg }. Assuming that o~(W)=a+fI/W, we
expect

50.0
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I I

2 bF(( Q2) Q FD(Q2)+ FII(Q2)
4m a 8' (12}
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( Q2) = 23 Gey2

JADE Substituting the asymptotic values of F (Q ), and F"(Q ),
Eqs. (10) and (11),we obtain

1/2

F((x,g }=A +8
1 —x

where A and 8 are directly related to a and b. Equation
(13) is valid for x &Q /(Q + W ). In general Eq. (13)
holds modulo some unknown threshold function which
ensures that F$ vanishes as x~1. Assuming that this
threshold function is linear in 1 —x leads to

0,0 I I I I I I

F$(x,g )=A(1 —x)+Bv'x(1 —x) . (14)

0.0 I.O

Xvis
FIG. 5. JADE (Ref. 6) photon structure function with

( Q2) =23 CxeV . Fitted line was normalized to data. (See text. )

It should be noted that we still have the freedom to intro-
duce additional logg2 dependences. An important in-
gredient of the EVDM is the Regge assumption which can
be modified so that
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FIG. 7. Photon structure function calculated at g = I GeV .
Dashed line is VDM prediction of Ref. 13.

bo.~—— a + ln (15)
A

this would introduce a logW dependence into Fj(x,Q ).
This point will be amplified in Sec. IV.

IV. DISCUSSION

The distinction between the hadronic and pointlike
pieces of the photon has been frequently discussed in the
literature. ' 3'3 It is known that a low-Q probe should
"observe" the photon as a hadronic object; on the other
hand, as Q —+ ac the photon structure function should be
dominated by the pointlike gluon-corrected piece. Howev-
er, the transition from hadronic to pointlike descriptions is
not obvious. We do not know if the hadronic-photon sec-
tor vanishes as Q2~0c, or whether it scales as a back-
ground to F$. From this point of view there is some ad-
vantage to EVDM studies where the distinction between
the hadronic and pointlike sectors is not made and we are
able to calculate parameters which are undetermined in
the standard QCD calculations. ' '

We start with a consistency check. Peterson, Walsh,
and Zerwas' estimate the hadronic contribution to F$
from the analysis of m p ~p+p x. According to this
VDM &~oint of view for the target photon, one obtains a
scaled background contribution to F$;

2

F$'"'"(x,Q )= F2(x)= (1 —x) . (16)f f 2

We have calculated F(' ' using the probe variable Q .
We note that experimentally the data are consistent with
VDM for Q & 1 GeV, namely, the probe itself behaves as
a hadron. Once we assume that the probe is described by
VDM, we can calculate F)2 derived from such an input.
This is shown in Fig. 7 where our F is calculated at
Q = 1 GeV and compared with F2 suggested in Ref.
13. The two functions are very similar except at very
small values of x. The main difference between the two
approaches is that F2™calculated by assuming VDM for
the probe vanishes as Q ~ ae. The hadronic-target-
photon piece, if it exists as Q ~ ee, is hidden in such a
model in the EVDM output.

Technically, we may formulate the problem as follows.
The quark and gluon distributions in a target photon are
given by the Altarelli-Parisi moments equations, '" the
solution of which is a combination of a homogeneous
solution and a particular solution of the inhomogeneous
equation. Peterson, Walsh and Zerwas' associate the
homogeneous solution with VDM and estimate it
phenomenologically. The same problem is discussed in
Refs. 2 and 3. Given the F)2mornents parametrization

1

Mr(Q )= f dxx" F((x,Q )

Q2
=an 1n +b„,

A

one can calculate all coefficients from QCD except b2,
which remains a free parameter.

The advantage of our model is that the second moment
of F)2 can be readily calculated. We start with Eqs. (12)
and (15):

2

F$(x,Q')=, aF (Q')+ F (Q')
4m o.

8'
~ln (18)

A

and using the asymptotic Q limits for F (Q ) and
F (Q ), Eqs. (10) and (11), we obtain, on substituting in
Eq. (17)

~m pb
M$(Q ) = f dx —,arne +4' n

x
1/2

2

ln +ln
A x

(19)

Equation (19) holds for x &Q /(Q + W ) and can be
evaluated analytically.

We take mp= 12 mp+ 12 m + 12 m~ and obtain
a2 ——0.403; this is quite compatible with QCD calcula-
tions. ' Furthermore, we note that F (Q ) and F (Q )

converge to their asymptotic values only at exceedingly
high Q . Using numerical values of F (Q ) and F (Q )

calculated for Q =20 GeV, we obtain a2 —0.6. Similar-
ly, we realize a value of b2 ———0.031 for Q ~oc and
b2= —0.04 at Q =20 GeV . This last result indicates a
small, but nonvanishirig, hadronic-photon piece which
persists even in the limit of Q ~ eo. The actual value of

b2 obtained is compatible with the free parameter used in
Ref. 3.

V. CONCLUSIONS

The main conclusion of this investigation is that ey
deep-inelastic scattering may be described by either probe
or target variables. Our study shows that presently avail-
able data ' on cr(Q2, W), Ff(x, Q2), and its first moment
are described rather well by the EVDM. We conclude,
thus, that QCD fits to FI'2which have been used in the
data analysis are not unique. This observation calls for
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some clarification especially concerning the compatibility
of the EVDM with QCD.

(l) If one assutnes that the (real) yy total cross section
grows logarithmically with energy, then a model such as
utilized above automatically yields a structure function
with a logQ behavior. There is, however, an intrinsic
difference between this result, which is obtained in the
EVDM only after appending the assumed log8' depen-
dence of o~ and the logQ dependence of QCD where it
is a fundamental ingredient of the theory.

(2) QCD, as well as our calculation, predict a maximum
of F((x,Q ) at high x, which is supported by the data. "
In QCD this maximum reflects the contribution of the
quark box diagram, while in our calculation the connec-
tion is made between the high-x maxima of F$ and the
threshold enhancement of a~. Once again we note that
the model used in this paper serves as a tool which corre-
lates the real yy and deep-inelastic ey phenomena.

(3) As has already been noted, one expects the hadronic
contribution to F((x,Q ) to rise at small x and drop off at
large x. What is not a priori clear is the Q dependence of
the hadronic contribution to F(, which is fixed by the b2
term in the first moment of F(. Our calculation yields a
value for b2, a quantity which is undetermined in QCD

studies. Since b2 does not vanish as Q ~oo we conclude
that the hadronic sector of the photon target is not zero in
the high-Q2 limit.

(4) We wish to stress once tnore that the interest in the
EVDM originates from its ability to successfully simulate
the pointlike properties of the target photon by assuming
that the probe photon can be approximated by an infinite
series of increasingly heavier vector mesons. Attention
should be drawn to the dual role in the description of ey
deep-inelastic scattering played by the target and the
probe.

(5) Finally we add that a great deal of the data available
on F$ has been collected at low and medium Q where it is
difficult to distinguish between kinematics and dynamics.
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