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Abstract. A measurement of the yy total cross sec-
tion, ¢,,(Q? W), is presented for the Q° range 0.1 to
100 GeV?, and for the mass W of the hadronic final
state between 1.5 and 10 GeV. The dependence of o,
on both Q% and W is measured. The results are
compared with theoretical predictions. It is found
that the data are well described by a sum of quark-
parton model and vector dominance contributions.

Hadron production in two-photon (yy) collisions
may take place through the interaction of the ha-
dronic components of one or both photons, or
through the point-like coupling of the interacting
photons to quark-antiquark (¢g) pairs (Fig.1). Ac-
cording to VDM the hadronic photon component is
expected to be large at low Q% and to be suppressed
by vector meson propagators at high Q% The point-
like component, as calculated in QPM or QCD, has
a weak Q7 dependence and is thus expected to be-
come relatively more important at large Q% In ad-
dition, the interaction cross sections of the two com-
ponents are expected to have different dependences
on W, the hadronic invariant mass.

It is therefore interesting to investigate both the
0? and W dependence of the yy total hadronic cross
section, o,,, over a large range. This paper presents
a study of the process ¢" e~ —e™ e~ +hadrons, using
the detector PLUTO at PETRA, for the Q? range
0.1 to 100 GeV? and W between 1.5 and 10 GeV.
Our results are corrected for experimental accep-
tance and measurement errors and can thus be com-
pared directly with theory.

If one of the scattered electrons is detected (tag-
ged) by suitably placed electromagnetic shower
counters, the Q2 (absolute value of the invariant
mass squared) of the associated virtual photon can
be determined from its scattering angle, 9, and en-
ergy, E,. If, additionally, a veto is applied to ensure
that the other scattered electron remains at small
angles (3,<9,..,), it is possible to express the cross
section for the observed process as:

do(eTe”»ete +X)
«E (1+(1—y»)?)
Z_%T{O-TT+80-TL}N(Z792max)dZdE1dQ
1)
where o, and oy, are the yy cross sections for
transversely and longitudinally polarised probe pho-
tons respectively and ¢ represents the ratio of their
fluxes. N(z,9,,,) describes the flux of quasi-real
target photons [1,2] of fractional energy z; y is
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Fig. 1a-c. Schematic representation of yy coupling to hadrons via
a hadronic behaviour of both photons; b hadronic behaviour of
the target photon only; and ¢ point-like g coupling

determined from the tagged electron:

y=1—(E /Epeor) c05* (9,/2). (2)

beam

Hereafter we refer to the quantity (o,,.+0p.) as o,,.

From the above expression it may be noticed
that the data measure the quantity o, +£6,,. How-
ever, within the tag energy and angle constraints
imposed on the data, y is small so that e~1 and we
measure ¢,.,. A correction for the deviation of & from
unity is, in principle, necessary for our high Q* data
(0?>20GeV?), where {e)=091. The size of this
correction depends on the relative importance of
orr and o5, . If these two cross sections are calculat-
ed [2] from yy-q{g, o,p+e0y, is 2% lower than
a,, for Q?>20GeV2 At lower Q° the correction is
even smaller. Since this correction is model depen-
dent (but small within the context of the QPM mod-
el) we present the data uncorrected.

The data were taken with the PLUTO detector
at the e™ e~ storage ring PETRA at a beam energy
of 17.3 GeV. Since the publication of the first results
on the total yy cross section [3], the PLUTO de-
tector has been upgraded to improve the angular
coverage in the forward direction. This allows a
more complete reconstruction of the events and con-
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Table 1. Parameters of the PLUTO tagging devices

Angular ox/VE Q% Range 0g/Q*
Range (Ein GeV) (GeV?)
SAT 30- 55mrad 16.5%, 01- 1 10%
LAT 90-260 mrad 25% 1 - 20 10%
EC 330-680 mrad 28% 15 -130 10%

sequently, less dependence of the results on Monte-
Carlo simulation of the experiment.

Details of the PLUTO detector have been given
in previous publications [4]. Here we outline the
detection of the tagged electrons, which are iden-
tified as single isolated showers in either the Small
Angle Tagger (SAT), Large Angle Tagger (LAT) or
the Endcap (EC). Each of these detectors consists of
lead scintillator shower counters located behind
track chambers which give good spatial resolution
and distinguish between photons and electrons. The
polar angular ranges, Q* ranges and resolutions and
energy resolutions of these devices are given in Ta-
ble 1.

The data presented here were taken using three
separate triggers:

1. A SAT tag (E,>6GeV)+one short track in the
central detector.

2. A LAT tag (E, >4 GeV).
3. A EC tag (E, >3 GeV).

No track was required for the LAT and EC triggers
to be satisfied.

The following event selection criteria were de-
fined to optimize the acceptance and minimize the
background contamination:

a) Tagging requirement: irrespective of the tag-
ging device in which it was found, the tagged elec-
tron was required to have energy E,>8 GeV. This
condition removed those events for which y was
large, keeping the value of ¢ close to unity.

b) Anti-tag criterion: to keep the invariant mass
squared, —P? of the target photon close to zero, all
events were rejected in which a shower with energy
>4 GeV was found in the LAT or SAT opposite to
the tag.

¢) Multiplicity requirement: to be accepted as a
multihadronic final state, events had to have either
23 charged tracks or two charged tracks plus neu-
tral showers. To suppress the background from
QED processes, 2 and 3 track events with a clearly
identified electron in the final state were removed.

d) Range of final state invariant mass: the in-
variant mass, W, . of the observed final state hadrons

vis?

was limited to 12<W,. <10GeV to reduce con-

V1§

tamination from radiative annihilation events and to
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avoid the low W region for which the acceptance is
small and is difficult to estimate.

¢) Beam gas rejection: to reduce the contami-
nation from beam-gas events the z-coordinate of the
vertex was required to be within +40mm from the
nominal interaction point, where z is the direction
along the beam line.

fy For EC tagged events, the missing electron,
reconstructed using momentum conservation, was
required to have a momentum of at least 6 GeV
along the beam axis opposite to the tag. This con-
dition was necessary to suppress the background
from annihilation processes in the EC data.

The above selection criteria resulted in 2929,
1587 and 105 events tagged in the SAT, LAT and
EC angular ranges respectively. The residual back-
ground from beam-gas events was determined from
the side-bands of the event vertex distribution. All
remaining contributions from e* e~ annihilation, yy
QED processes and inelastic Compton scattering
have been estimated using Monte-Carlo techniques
and subtracted from the data. For the SAT the most
important background was due to beam-gas pro-
cesses (47%). At larger angles the most important
background was yy—t*tt~, with a contribution
ranging from 1.59 in the SAT data, to 5% in the
LAT and 10% in the EC region.

Due to particle losses and finite resolution the
observed final state invariant mass, W,,_, is in gener-
al different from the true value, W. To extract the
cross section, JW(QZ, W), from the selected data,
Monte-Carlo events were generated according to (1)
with the quantity o, set equal to a constant. This
procedure simulates the photon fluxes and detector
acceptance. After all selection criteria were applied,
these events, together with the data, were passed
through an unfolding procedure [5]. The relation

between the observed event distribution N(W,,) and
the cross section, ¢, (W), can be written:
N(I/Vx'ls):f A(I/sz’ W)Gvy(W)dW (3)

The function A(W,,, W), determined from the Mon-
te-Carlo events, is proportional to the probability of
observing an event at a given W, for a given true
W and thus describes the effects of limited detector
acceptance and resolution. The unfolding procedure
iteratively adjusts o,,(W) to produce the best de-
scription of the observed distribution. There are two
important complications to this procedure. Firstly,
the relation between true and visible quantities de-
pends on the fragmentation model assumed for the
hadronisation of the W system. Secondly, the data
are not all at the same Q2.

We have tried different models for the fragmenta-
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tion of the yy system. Most models can be exclud-
ed by comparing the visible distributions of the data
(e.g. multiplicity, p;.) with the corresponding simu-
lated distributions, after weighting the Monte Carlo
events by the unfolded cross section. The fragmen-
tation models found to fit the data best for each of
the Q? ranges are described in detail in the publi-
cations dealing with the SAT, LAT and EC samples
separately [6-8]. It was found that W dependent
mixtures of isotropic and limited p, (to the yy axis)
phase space models, together with KNO [9] multi-
plicity distributions, were appropriate at low and
intermediate Q2 For high Q? (EC data) at high W,
the W system is first transformed into a ¢g pair with
angular distribution to the yy axis given by QED.
Subsequently the quarks were fragmented according
to the standard Feynman-Field prescription [10].

To overcome the problem that each of the data
samples actually consists of a range of Q2 values, the
data were interpolated to fixed Q2 values at the
average Q* of the sample under consideration. The
omission of this interpolation procedure changes the
results by less than 10%.

The dependence of the cross section on Q* and
W, extracted using the methods described above, is
presented in Table 2, together with the statistical and
systematic error of each point. We have investigated
the systematic errors inherent in the cross section
determinations due to fragmentation uncertainties
and due to the criteria used to select the data. To
this end we have varied the fragmentation models
used in the Monte-Carlo simulation within the con-
straint that the observed data distributions must be
adequately reproduced. The systematic error of
0,,(Q%), averaged over the W interval 3 to 10 GeV,
due to the uncertainty in the fragmentation, is 5 to
10%, which is comparable to the statistical errors.
However, within individual W intervals the system-
atic error is greater, the lowest and highest W points
being most sensitive to variation of fragmentation
parameters. We estimate the systematic error on
these points to be 25% and to be 159 for the
remainder of the W bins.

We have also studied the dependence of our re-
sults on the event selection criteria. The most notice-
able effect came from inclusion of events with fewer
than four charged tracks. Removing those events
with three or less charged tracks caused the un-
folded cross sections to change by less than the
effects of varying the hadronisation models, thus giv-
ing confidence that the background from QED pro-
cesses was small and correctly subtracted.

The Q? dependence of the cross section, averaged
over the W range 3< W <10 GeV, is shown in Fig. 2
and given in Table2. Also shown, in Fig.2a, is the
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Table 2. The measured photon-photon cross sections o.,(0% W)
together with the statistical and systematic errors

7,,(Q% W) (nb)

Q%(GeV?) W Range (GeV)

1.5-2 2-3 3-4 4-6 6-8 8-10

0.44 309 241 182 144 107 125
+21 +11 +14 +17 +24 +39
+77 +24 +27 +22 +21 +31

5.4 52.5 579 573 50.3 40.1 42.6
+9.5 +3.7 +35 +3.5 +49 182
+13 +9 +9 +7 +6 +11

W Range (GeV)

1.7-3 3-6 6-10

45 13.6+63+34 166+29+25 13.54+29+34

10 10
o,,@ = | 0,,(Q° W)dW / { daw
3 3

0" (Gev?) €0,,(@%) (nb)

030 163 +16 *16
0.57 116 +12 +12
24 705+ 62+ 3.5
43 578+ 3.7+ 3.0
92 3.6+ 26+ 16
30.0 190+ 33+ 1.0
65.0 11+ 24+ 06

prediction of the point-like contribution. It is calcu-
lated using the QED Born amplitude given by [2]
but assuming quark charges, masses and colour fac-
tors for the production of u,d,s and ¢ quark pairs
(QPM). For u and d quarks masses of 300 MeV were
used, whilst for s and ¢ quarks the values 500 MeV
and 1.6 GeV were taken respectively. As can be seen,
at high Q? the QPM prediction approaches the data,
while at low Q2 it is significantly below. This excess
data may be accounted for by the hadronic com-
ponent of the photon. We find that by adding a
contribution of the form A-Fgypu(Q?), where Fgypy
is the Q2 dependence of the Generalised Vector Do-
minance Model (GVDM) [11], the data are well
described over the full Q% range with A=(232
+15)nb. It is obvious that a GVDM term alone
cannot describe the Q2 dependence of the data. We
note in passing that such an addition of QPM and
VDM may result in double counting [12]. Neverthe-
less, this procedure describes the data over its entire
Q7 range.

The data are compared with three other models
for the Q% development of the total yy cross section
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Fig.2a and b. The yy hadronic total cross section averaged over
the W range 3<W <10 GeV, plotted as a function of Q% In a the
data are compared with a VDM estimate consisting of a GVDM
form factor normalised to 232 nb at zero Q2 the QPM estimate
discussed in the text, and the sum of these two estimates. Only
statistical errors are shown. In b the same data are compared
with the models proposed in [13-15]

in Fig. 2b. Two of these models [13, 14] assume that
photon-hadron coupling occurs via an infinite series
of vector mesons, whilst the other model [15] is
based upon a factorisation approach for o,,, using
results from yp, ep and pp data. Like the GVDM,
these models predict a steeper Q2 dependence than
seen in the data, the nearest approach is that of
[14].

The W dependence of ¢, is presented in Fig. 3a—c
for three values of Q% For Fig. 3a, the SAT data
(Q* range 0.1 to 1GeV?) are interpolated to Q>
=0.44 GeV2 In Fig. 3b, the LAT data (Q? range 1.5
to 16 GeV?) are used to determine o, (W) at Q2
=54 GeV2 The EC data (Q? range 16 to 100 GeV?)
are presented in Fig. 3¢ at Q?=45GeV2 Figure 3
shows that the measured cross section does not fac-
torise in W and Q2. Each plot is compared with the
QPM prediction plus a W independent term, the
value of which has been obtained from the fit to
Fig. 2a. This parameterisation is seen to describe the
W dependence of the cross section at all Q2. With
this parameterisation no requirement for a 1/W ha-
dronic component is apparent in our data.

Next we take a QCD prediction for the point-
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Fig.3a-c. The yy hadronic total cross section as a function of W
for three values of Q% a Q?=0.44 GeV?; dashed line QPM, solid
fine QPM plus a VDM term of the form 232 nb-Fyypu(02). b Q2
=54 GeV?; dashed and solid lines are QPM and QPM+VDM
respectively; also shown are the LOQCD and the sum of LO-
QCD and hadronic contribution (see text). ¢ 9?=45 GeV2; curves
as in b evaluated at Q®=45 GeV2. The errors shown correspond
to the statistical and systematic errors added in quadrature

like contribution. The leading order QCD prediction
[16] for the photon structure function, F,(x, Q?), has
been converted to the cross section a”(QZ, W)
=F,(x,0% 4r*¢/Q% where x=02/(Q>+W?. We
show in Fig. 3, for the LAT and EC samples, this
leading order QCD prediction added to a charm
contribution calculated using QPM as described
above. We refer to this sum as LOQCD. The ha-
dronic component is parameterised [17] as F,(x)
=0.24(1 —x). This structure function treatment is
inappropriate at low Q2 and we therefore omit this
analysis for the SAT data. It is clear that, with
A~200MeV, LOQCD is closely equal to the QPM.
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Fig. 4. The cross section o”(W,QZ=5.4 GeV?) is compared with
the factorisation model of [15] and with the model of [13]. The
errors shown correspond to the statistical and systematic errors
added in quadrature

The sum of LOQCD and the hadronic component
describes the general trend of the data as a function
of W. :

We also show, in Fig. 4, ¢, (W) for the LAT data
at 0?=5.4 GeV? compared to the factorisation mod-
el of reference 15 and with the model of [13]. These
models fail to describe the data.

In conclusion, we have measured the yy hadronic
cross section as a function of W at Q?=0.44, 54,
and 45 GeV2. In addition, we have measured the Q?
dependence of o,, averaged over the W interval
3<W<10GeV. We find that a sum of two terms,
namely a QPM term representing the point-like yy
interaction and a VDM term of the form (232
+15) nb- Fgypy(Q?) representing the hadronic yy in-
teraction, describes well the W and Q2 dependence
of o,. It is interesting to note that this parameteri-
sation also fits the observed jet production properties
of our data [18]. Models based solely upon vector
meson dominance or factorisation [13, 15] do not
by themselves reproduce the data over the whole W
and Q2 region. However, a fair agreement with the

Ch. Berger et al.: Measurement of the Q? and W Dependence

data can be obtained by adding a QPM term to
these models.
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