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High-energy electron—positron storage rings offer
the opportunity to measure the inclusive reaction

ete”™ —>ete” + hadrons. )]

This reaction is usually interpreted as hadron produc-
tion by two virtual photorns which are radiated from
the incoming leptons (e*e™ = ete y*y* »ete™ +
hadrons).

Experimentally, reaction (1) can be separated from
the annihilation process (e*e™ = y* - hadrons) by
detecting one of the outgoing leptons at moderately
small scattering angles (“single tagging™). If the scat-
tering angle of the other lepton is kept very small by
excluding events with a scattering angle greater than
25 mrad (“‘antitagging”), the photon radiated from
this lepton is practically on the mass shell ({Q2)~ 0.07
GeV?) and purely transversely polarized. This set of
conditions constrains the kinematics to that of elec-
tron scattering off a real photon beam. For a more
detailed discussion of the kinematics and an explana-
tion of the symbols used see ref. [1].

In a previous paper [2] we presented measurements
of this reaction for invariant masses of the hadronic sys-
tem in the range 1 < W <10 GeV and four-momemtum
transfers squared of the scattered lepton 02 < 0.7
GeV2, The results were interpreted in terms of a total
photoabsorption cross section a,(Q2, W) + €6,(02, W),
where the indices t and £ refer to the transverse and
longitudinal polarization cf the virtual photon and e
determines the degree of polarization. It was found
that the Q2 dependence of the cross section has a
typical “hadronic” behaviour

a(Q%, W)=0(0, W)F}, (2)

with the p-pole form factor given by F,=1/(1+ Qz/mg).

In this paper we present data covering an extended Q2
range, up to 15 GeV2. This allows to investigate the
hadronic structure of the photon down to distances
of 1014 ¢m and in particular look for a hard quark
component as expected from the quark parton model
(QPM).

The large 02 were obtained by selecting events with
a single tag in one of the large-angle taggers (LAT) of
the PLUTO detector, which cover the polar angle re-
gion between 70 and 260 mrad with respect to the
beams.

The energies of electrons and photons are deter-
mined with lead scintillator shower counters of 14.5
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radiation length thickness. The positions of charged
particles are determined by two planes (one horizon-
tal, one vertical coordinate) of proportional tube
chambers in front of the shower counter and by two
planesinside the counter. The wire spacing of the tube
chambers is 1 cm. The detection properties of this sys-
tem have been extensively studied by using a high
statistics data sample of small-angle Bhabha events.
The reconstructed angular distribution agrees well
with QED predictions and the luminosity determined
in the LAT agrees to better than 10% with the lumi-
nosity monitor (SAT).

The single tag—antitag condition is given by re-
quiring an energy deposition > 8 GeV in the LAT on
one side and <4 GeV in the SAT and LAT on the
opposite side. Multihadron events (np,,4 = 3) in the
central detector are defined by using the same criteria
asin ref. [2].

In order to ensure uniform detection efficiency of
the LAT we have applied a cut on the positron (elec-
tron) scattering angle of 100 < 6; < 250 mrad. The
deep inelastic region in ey scattering is expected to
begin at rather small values of Q2 and W [3]. For the
analysis we have chosen Q2 > 1 GeV2 and W, > 0.75
GeV, W, being the measured invariant mass of the
hadrons. This corresponds to an effective cut in W at
1 GeV. A total of 117 events survive these cuts, cor-
responding to an integrated luminosity of 2500 nb—1
at an average beam energy of 15.5 GeV.

We correct our data sample for three sources of
background.

(a) The background from beam—gas scattering is
measured from the vertex distribution of the tracks in
the central detector to be 5 events.

(b) Annihilation processes can contribute in two
ways. A forward jet or part of a forward jet can simu-
late a tag in the LAT. In addition a radiative annihila-
tion event can simulate a deep inelastic ey event, with
the hadrons detected in the central detector and the
high-energy radiated photon being detected in the LAT.
Both contributions have been calculated by applying
the two-photon analysis chain to Monte Carlo gener-
ated annihilation events. As a result only 1 event has
to be subtracted from our data sample.

(c) Inelastic Compton scattering ey = eX(Cy = —1,
see fig. 1b) can give events which are kinematically
very similar to genuine two-photon events. This back-
ground has also been calculated in a Monte Carlo pro-
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gram using the cross section given in ref. [4]. Our cuts
reduce this background to <0.3 events for our data
sample.

Radiative corrections to the two-photon process
have not been calculated explicitly. They are ex-
pected to be small [5] mainly because the hadronic
mass W is measured in the central detector (quite in
contrast to deep inelastic electron—nucleon scattering,
where W is determined by the energy loss of the scat-
tered electron).

From the subtracted sample of 111 events we have
calculated o(Q2, W) using the same analysis proce-
dure as described in ref, [2]. In fig. 2 we plot the re-
sult for the range 3.5 < W;, <10 GeV, where we found
previously {2], that for small 0?2 values the cross sec-
tion is practically constant w.r.t. W, Fig. 2 also in-
cludes our earlier results [2] which are seen to follow
the vector mesen dominance (VMD) prediction [eq.
(2)] very well, Above Q% = 1 GeV2, however, the
cross section deviates dramatically frcm this predic-
tion. This deviation demonstrates that the photon has
a structure which is much harder than expected from
VMD.

In order to investigate this ‘“‘pointlike” behaviour
of the ey scattering cross section more closely we dis-
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Fig. 1.(a) Feynman diagram for deep inelastic electron—photon
scattering. (b) Feynman diagram for electron—photon Compton
scattering.
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Fig. 2. Total yy-cross section as a function of Q2. The data
below 1 GeV? are pubhshed data (2), the solid line shows
the VDM prediction =~ Fp

cuss the data in terms of structure functions asin deep
inelastic lepton—nucleon scattering. Defining

F, = (Q?/8n2ax)0,, = (Q%/4na)o,, (3)
the cross section for inelastic ey scattering can be
written as
do/dxdy ley—ex = (l67ra2EE,Y/Q4)

X [(1—»)Fy(x, 02) +xy2F  (x, 0N, 4)

blesx, y deﬁned as

x = Q2/(Q*+ W?), ®)

Within our experimental acceptance xy?2 is small and
eq. (4) is well approximated by

do/dxdy lgy—ex = (16702EE, |Q4)(1 - y)F,(x, 0?).

(6)
In the quark model x is the relative momentum frac-
tion of the quark and F, is a measure of the momen-
tum-weighted quark content of the photon target
(fig. 1a) Fpy ~ Ee x+q(x, Q2).

We have evaluated Fy(x, 0?) in two steps *!. First we

compared the measured number of events in 5 bins of
x; ¥? with the expected number from a Monte Carlo

=2xF; + F;, and the scaling varia-

y=1—(E{/E)cos230,.

1A very preliminary account of this work has been given
before [6].
*2 Xvyis is determined by the measured values of 02 and W.



Volume 107B, number 1,2

simulation averaging over the whole Q2 range. The
events were generated according to fig. 1a using for-
mula (6) with a constant structure function F,. For
the decay of the hadronic system we used a limited
pt phase space model, where the transverse momenta
of the hadrons were generated with a distribution
exp(~5p%), and p., refers to the direction of flight
of the qq pair in the yy CMS. We have found that this
ansatz reproduces the experimental distributions (Q2,
Weis» Xyis) Well enough to be used in a second step in
which we unfold the data by converting the x4 into
a true x distribution. In fig. 3a the structure function
F, (in units of @) is plotted versus x (Q2 > 1 GeV?2,
W > 1 GeV). Within errors F, is constant over the
whole x range, with a mean {F,/a) ~ 0.35. From a
number of checks we conclude that the results are
insensitive to details of the procedure. For example
we determined the total yy cross section with the
method described in ref. [2], where we used a dif-

Photon Structure Function
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Fig. 3.(a) Photon structure function F,(x)/a. The data are
averaged over 1 < 0% < 15 GeV2. ... Hadronic structure func-
tloanp(eq 7)— F2 CD+F2 (ALO O2GeVuds
quarks) in the leading order [eq. (93) F2 ocp *

F2 (AMS- 0.2 GeV, u,d, s quarks) including hlgher order
correctlons (from ref. [14]). ——— Fz,box for ¢ quarks only
(mq = 1.5 GeV). (b) (Q?) — x correlation for the kinematic
range of this experiment.
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ferent event generator (75% exp(—Sp.zf) +25% exp(—p%),
pt referring to the direction of flight of the incoming
photons). We then converted this cross section into
structure functions using formula (3) and obtained
consistent results.

In order to facilitate the comparison of data with
theoretical models we have included in fig. 3b the
correlation between Q2 and x for this experiment,
as calculated from the Monte Carlo model. For most
of the x-range the average Q2 does not vary very much,
so that fig. 3a essentially gives the x dependence of
F, at a constant {Q2)~ 5 GeV.

The photon structure function is expected to have
a “hadronic piece” accounting for the “vector-meson
like** nature of the photon. This contribution has been
estimated from the measured [7] structure function
of the pion as [4]

Fy, = ]3— —( —X) ™

and is shown in fig. 3a as the dotted line. It is clear,
that the data are not described by £, , alone.

In addition to the hadronic piece there is a point-
like contribution arising from the fact, that the photon
can create “free” gq pairs. This part can already be
calculated in the quark model (quark box diagram, see
for example ref. [4]).

F2box—_‘ze

X {x[x2+ (1 —x)?] ln(Wz/mé) +4x2(1—x)}. (8)

F, (G%) /e
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Fig. 4. Photon structure function F, (Q?)/a. The data are
averaged over 0.2 < x < 0.8. The curve shows the QCD pre-
diction in the leading order with Ap g = 0.2 GeV.
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Gluon corrections to the quark box, summed in the
leading log approximation of QCD, modify F, to

Fygep =h(x) In Q%/Afg ©)

with Aj o being the QCD scale parameter. Several
authors [4,8,9] have calculated A(x) following the
pioneering work of Witten [10]. For a comparison
with our data we used F ocp with Apg = 0.2 GeV
(u,d,s quarks) from ref. [6] and calculated F ocp +
F , (solid line in fig. 3a). This model describes the
data very nicely for x > 0.2. Note, however, that the
predictions of the standard quark model [eq. (8)]
(with mg =300 MeV, g=u,d, s) and also of the mas-
sive quark model [11] lead, within our acceptance, to
a similarly good description.

A better agreement at small x between data and
model can be achieved if one includes the charmed
quark contribution. This contribution has been cal-
culated in the quark model [formula (8)] using my =
1.5 GeV (dashed line in fig. 3a). A coherent super-
position of the p and w contribution also helps by in-
creasing the hadronic structure function by roughly a
factor of 1.5 [12]. QCD corrections to the photon
structure function have been calculated recently [13]
beyond the leading order of asymptotic freedom. The
main effect of higher order corrections is a suppres-
sion of the structure function at the highest x values.
The dashed—dotted line in fig. 3a represents the result
of a higher order calculation in the MS scheme using
Agg = 0.2 GeV [14].

Finally, QCD predicts a Q2 dependence of F, at
fixed x, meaning a strong scale breaking [eq. (9)]. We
have investigated this effect by plotting in fig. 4 F,
versus 02, averaged over 0.2 <x; < 0.8. This re-
striction on x necessary in order to avoid 02—x cor-
relations (see fig. 3b), which could also simulate a scale
breaking. The data are clearly consistent with the QCD
prediction in the leading order (solid line) but more
data is needed for a detailed investigation.

In conclusion we have shown, that in deep in-
elastic ey scattering the pointlike component of the
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photon is dominant and that the results are consistent
with QCD calculations using a Ayg value of 0.2 GeV.
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