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MEASUREMENT OF DEEP INELASTIC ELECTRON SCATTERING OFF VIRTUAL PHOTONS
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Deep inelastic electron scattering off virtual photons with an average invariant mass squared of —0.35 GeV? has been
measured using photon-photon “double-tag” events taken with the PLUTO detector at PETRA. The data are expressed as
a combination of the structure functions F; and Fy, and are compared with expectations from the quark parton model and

QCD.

The two-photon process ee~ = e*e™ + hadrons
has been extensively studied in the kinematic region
where only one of the scattered electrons is detected
(single tagging). The absence of a second tag means
that the other scattered electron is constrained to a
small angular region around the outgoing beam. The
process is then usually interpreted as deep inelastic
scattering from a (quasi-real) photon target and the
data are analysed in terms of structure functions of a
real photon [1]. If the second scattered electron is
also detected (double tagging), the “target” photon
is itself virtual, and the possibility arises of measuring
the off-mass-shell behaviour of the photon structure
functions. QCD predictions for these virtual photon
structure functions are free from the unphysical singu-
larities which arise in the real photon case [2,3].

The data described here were taken with the PLUTO
detector at the e*e~ colliding beam facility PETRA at
DESY. The PLUTO detector has been described in
detail elsewhere [4]. The good shower counter and
drift-chamber coverage in the forward directions has
allowed the accumulation of a sufficient number of
double-tag events to make a first measurement of the
virtual photon structure functions. Data were used
from a total integrated luminosity of 30.1 pb—1, ac-
cumulated at a beam energy of 17.3 GeV.

Double-tag events were selected in the kinematic
region where one of the virtual photons, the probe,
had a large (negative) invariant mass squared (Q2) and
the other, the target, a small (negative) invariant mass
squared (P2). Two shower signals (tags) at opposite
ends of the detector were required with energy >6
GeV, one in the small angle tagger in the angular range
31 < ¢ <55 mrad and one in the large angle tagger in
the range 100 <& <250 mrad. Each large angle tagger
is preceded by a set of five drift chambers. In the case
of the large angle tag, an associated track through
these chambers was required. Hadronic final states
were selected by requiring at least three additional
charged particles. The “visible” invariant mass of the

120

events, Wy, measured from the observed charged and
neutral particles (excluding the two tags), was required
to exceed 1.2 GeV. A total of 74 events fulfilled these
criteria. For these events, the mean invariant mass
squared of the target photon was —0.35 GeV2 and that
of the probe was —5.0 GeV?2.

Background levels were estimated by applying the
same selection criteria to Monte Carlo events generated
for various reactions. The largest sources of background
were two-photon production of 7-pairs (~3 events) and
single-tag two-photon events where an additional tag
was faked by hadron showers or photons (~2.5 events).
Other background processes considered were the reac-
tion e*e~ - hadrons (<1 event) and hadron produc-
tion from inelastic Compton scattering (negligible).
The beam—gas event background was also negligible.
The data were uniformly scaled down to correct for
these effects. A background subtraction was not prac-
ticable for statistical reasons.

For a quasi-real photon target, the cross section for
the process ey > ¢ + hadrons can be expressed in terms
of just two structure functions, F 1(Q2, x)and
F 2(Q2, x):
dofdx dy = (167a2EE, [O1[(1 - y)F, +xy2Fy], (1)

where Fy = F +2xF; and x and y are the usual scal-
ing variables *! [5]. In practice the restrictions placed
on the energy and angle of the tagged electron are
such that the parameter y is small (~0.15) and the
two-photon cross section is effectively saturated by
the single structure function F,.

Off-mass-shell extensions of the structure functions
F5 and F for a spin-averaged target photon can be
defined [6,2,3]. They can be written in terms of vir-
tual photon, v*¥*, cross sections, using the notation

e x= Q?%/2p-q. This is the usual definition of the x scal-
ing variable. At finite P2 a modified version which extends
over the whole range 0 < x < 1 is often used (see for exam-
ple ref. [3]). The difference is negligibly small for P2/Q? < 1.
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where v = 02/2x and we adopt the convention that
the first and second suffixes on the cross sections
refer to the polarizations (in the y*v* centre of mass
system) of the probe and target photons respectively.
For the quark parton model (QPM), the cross sections
can be calculated from the corresponding QED Born
diagram expressions [7] for ete™ > e*e~utu~ with
quark charges and masses substituted. The above ex-
pressions reduce to the usual ones for Fy and Fy in
the limit P2 — 0, as those cross sections involving a
longitudinally (L) polarized target photon vanish in
this limit.

However, when m2 < P2 < 02, where m is the
quark mass, the following relations hold [3]:

oTL ¥ OLT > 4)
oL ~0, (3)
so that:

Fyla~(Q2/4n2a2)(opT +301T) » (6)
Fyja~(Q?*/4n%e?)(or1) - Q)

The full v*¥* cross section is given by:

Oy = (opr t €q0p T t €207 T €1€2011), (8)
where €; and €, are the ratios of longitudinal to trans-
verse flux of the probe and target photons respective-
ly. With both e; and €, ~ 1 (the values of y for both
photons are <1), we find that the corresponding
equation to eq. (1) for double-tagged events in our
kinematic region is:

do/dx dy = (16110:2EE,Y/Q4)
X [(1 =) (Fy +3F1) + O], (92)

so that, again for small y, the combination of struc-
ture functions to which the experiment is sensitive is,
to a good approximation,

Fopp=Fy +3F . (9b)
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Fig. 1. Comparison of the quantity (Q? 077)/4172(!2 with Fp fa
(dashed) and (F + 3 F1)/o (dash—dotted). (a) For Q% = §
GeV? and P2 = 0.01 GeV? assuming the QPM (3 flavour Born
QED diagram with my,, mq = 0.3, mg = 0.5 GeV), and (b) for
the same Q2 but with P2 = 0.4 GeVZ2, To a good approxima-
tion the quantity measured is the effective structure function
(Fz +3Fp)a.

Figs. 1a and 1b illustrate this change in the relation-
ship between the structure functions and the 7y cross
section in the QPM as the target photon moves off
mass-shell. Qur method of extracting the structure
function will yield the quantity (QZUW)/4112052. In
fig. 1a, the expected value of this quantity, for the
QPM (solid line) is compared with F¢¢/a (dash—
dotted line) and F/o (dashed line) for a typical
single-tag configuration with 02 = 5 GeV? and small
target mass (0.01 GeV2). Fig. 1b shows the same quan-
tities but with the target mass now raised to 0.4 GeV2,
typical of the events under study here. In each case
the curves-are for u, d and s quarks with masses of 0.3,
0.3 and 0.5 GeV/c? respectively. We conclude that the
data can be compared with F¢r/a in the QPM with
accuracy better than 10% over most of the x range.

The structure functions were extracted from the
data using an unfolding procedure [8] which takes
into account the resolution of the detector and cor-
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rects for systematic shifts of the measured variables.
The scaling variable x was calculated from measured
quantities using the relationship x = Q2/(Q%? + P2 +
W2)*!. The distortions in x arise mainly from mis-
measurement of the hadronic invariant mass, W. The
latter can be calculated either by summing the mea-
sured hadron 4-vectors or from the measured 4-vectors
of the two tagged electrons. Monte Carlo studies indi-
cate that the former method tends to underestimate
the true value because of particle losses (Wy;o/W ~
75%) whilst the latter suffers from poor resolution
particularly at low W so that an unfolding is necessary
whichever W measurement is used to determine x.

Simulated events were produced using a Monte
Carlo program based on eq. (9) with a structure func-
tion of the form:

F)(1+a; In(Q2KQ2)[1 + oy n(P2KP2)].  (10)

The coefficients a; and a, allow for a possible 02 and
P2 dependence of the structure function. The simula-
tion used parameters for fragmentation of the final
state into pions determined from single-tag data [9].
The generated events were processed through a detec-
tor simulation and subjected to the same selection
criteria as the data. F(x), a; and a, were then ad-
justed to give the best simultaneous fit between the
data and the simulated distributions of:

(a) x calculated from the hadrons,

(b) W measured from the tags,

(c) 02,

(@) P2.

This procedure yielded the quantity (@0, )/4n2a?
~ Fopela as a function of true x at a fixed Q2 and P2
A direct comparison between the data and theoretical
expectations can therefore be made.

The extracted structure function F,¢; is shown in
fig. 2 for 0% = 5 GeV2 and P2 = 0.35 GeV2. We com-
pare the data with a QPM calculation-(dash—dotted
curve) using fractionally charged quarks and the fol-
lowing choice of constituent quark masses:

my, =mg=03GeV,
mg=0.5GeV,
me=1.6GeV . v

A contribution from the “hadronic” component of
the photon (see later) is also included.
Also in fig. 2 we compare the data with the higher
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Fig. 2. The measured value of Fege/a as a function of true x.
The data are compared with QCD (solid curve), QPM with
constituent quark masses (dash—dotted curve) and QPM with
massless quarks (dashed curve). In each case a QPM c-quark
contribution with constituent mass and a VDM contribution
(see text) was added. The VDM contribution is shown sepa-
rately as the lower diagonal line.

order QCD calculations of Rossi [3] for A = 0.2 GeV
(upper solid curve) *2, Again a hadronic contribution
has been added. To make the comparison we have as-
sumed the same relationship between the v*v* cross
section and the structure functions F, and F, as
found for the QPM [egs..(4)—(7), (9)], and have
taken the QPM result for both F} and the c-quark
contribution.

It is well known that hadron production in yy col-
lisions is a sensitive test of the charges of quarks
because any colour octet part of the photons can con-
tribute to the colour singlet final state. For finite target
masses, the sensitivity of the structure functions to the
quark masses (in QPM) or the QCD scale parameter is
reduced [2] and, in leading log, both the QPM and
QCD structure functions F, have the form:

F2 (44 2

t=u,d,s,c

Q2
e; f(x) lnl—JE . (12)
Furthermore, the gluon emission corrections in the
QCD predictions become small as the logarithmic
interval In(Q2/P2), measured in units of In(P2/A2?),

is decreased [2,3], so that the QCD prediction for the
x dependence of F, including next-to-leading terms,

#2 The calculations in ref. [3] (fig. 12) are for Q2 = 5 GeV?
and P2 = 0.5 GeV2. The predictions were extrapolated to
= 0.35 GeV? assuming the P? dependence of the QPM,
These corrections are small (~ 5%).
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also approaches that of the QPM (except at high x).
That it does so is a consequence of asymptotic free-
dom in QCD. An absolute calculation of this x depen-
dénce can be made and, unlike that in the real photon
case, it is free from singularities over the whole x range.
As in the single-tag case, Fy is a function of x only,
essentially unmodified by gluon radiation. With no
other undetermined parameters then, the scale of the
structure function is controlled solely by the sum of
the fourth powers of the quark charges [10]. Included
in fig. 2 is the QPM prediction for massless u, d and s
quarks and massive ¢ quark (upper dashed curve). The
expectation from a naive integer charge quark model
[11] would exceed this by a factor of ~3 and we can
therefore exclude such a model. Gauge integer charge
quark models cannot be excluded [12].

Although the QCD calculations include ““hadron-
like” terms *3, non-perturbative contributions, ex-
pected to be well described by vector meson dominance
(VDM) models, are not included [3]. As in the case of
the single-tag structure function [9], we find that the
fit to data is improved by naively adding in such a
VDM contribution. For the P2 dependence of this
contribution a p form factor, F p(Pz), has been as-
sumed:

FVPM o = (1 — x)[F,(P})]? . (13)

Here we have taken @ = 0.2 [13,5]. A plot of this func-
tion is also shown in fig. 2 (lower solid curve) and it
has been added to the other predictions. The data are
consistent with this sum of a “target VDM” contribu-
tion and a point-like contribution giveri by either QCD
or QPM. The possibility of “double-counting” remains
if the VDM contribution is added. Furthermore, as
pointed out by Rossi [3], since the inequalities A2
< P2 < (32 are not very strong for our values of P2
and 02, the QCD calculations should, in any case, be
treated with due caution. Data with target and probe
photon masses such that the VDM contribution be-
comes negligible should yield an unambiguous check
of the QCD prediction.

In fig. 3, the quantity (onw)/41r2a2, (RFqgela),
averaged over both x and Q2, is shown as a function
of the measured P2. The resolution in P2 is sufficiently

3 1t is precisely these terms which cancel the singularities in
the point-like piece of the structure function.
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Fig. 3. The structure function Fggs/or as a function of target
mass squared, P2. The upper solid curve is the expectation
from a sum of QPM and VDM. The lower curve is the VDM
contribution.

good that no unfolding was necessary. The point at P2
= 0 was taken from PLUTO single-tag data {9]. The ob-
served P2 dependence is again consistent with a sum
of target VDM and QPM. The sum is shown as the
upper curve and the VDM contribution is shown
separately in the lower curve. QCD predictions for the
P2 dependence in this range of P2 are not yet available.
In conclusion, we have measured a combination of
virtual photon structure functions, which is well ap-
proximated by Fpe = F, + %FL in the parton model,
as a function of x at a P2 = 0.35 GeV2 and Q2 = 5.0
GeV?2 and also as a function of P2, The x dependence
is consistent with a sum of contributions from QCD
or QPM and a VDM contribution appropriate to the
target photon. The P? dependence is consistent with
a sum of QPM and VDM. The data imply that the sum
of the fourth powers of the quark charges is consistent
with fractionally charged quarks. Naive versions of
integer charge quark models are excluded.

We are grateful to P. Zerwas for a clarifying discus-
sion. We wish to thank the DESY directorate for gen-
erous hospitality to the university groups. We are in-
debted to the PETRA machine group and the DESY
computer centre for their excellent performance dur-
ing the experiment. We gratefully acknowledge the
efforts of the many engineers and technicians who
participated in the design, construction and mainte-
nance of the apparatus.

123



Volume 142, number 1,2
References

[1] PLUTO Collab., Ch. Berger et al., Phys. Lett. 99B
(1981) 287;

PLUTO Collab., Ch. Berger et al., Phys. Lett. 1078
(1981) 168;

JADE Collab., W. Bartel et al., Phys. Lett. 121B (1983)
203;

CELLO Collab., H.J. Behrend et al., DESY 83/018.

{2] T. Uematsu and T.F. Walsh, Phys. Lett. 101B (1981)
263; Nucl. Phys. B199 (1982) 93.

[3] G. Rossi, UCSD-10P10-277, Ph. D. thesis and UCSB-
TH-83-01.

[4] L. Criegee and G. Knies, Phys. Rep. 83 (1981) 151;
S. Cartwright, Ph. D. thesis, University of Glasgow
(1983), internal report DESY-PLUTO-84-01;
see also Ch. Berger et al., to be published.

124

PHYSICS LETTERS

12 July 1984

[5] C. Peterson, T.F. Walsh and P.M. Zerwas, Nucl, Phys.
B174 (1980) 424.
[6] R.L. Kingsley, Nucl. Phys. B60 (1973) 45;
C.T. Hill and G.G. Ross, Nucl. Phys. B148 (1979) 61.
[7] V.M. Budneyv et al., Yad. Fiz. 13 (1971) 353 (Sov.J. N.
Phys. 13 (1971) 198); .
V.M. Budnev et al., Phys. Rep. 15C (1975) 181.
[8] V. Blobel, private communication, to be published.
[9] Ch. Berger et al., to be published.

[10] 1.B. Dainton, Rutherford report RL-83-103; Proc. Intern.
Europhysics Conf. on High energy physics, Brighton
(UK), eds. J. Guy and C. Costain.

[11] M.Y. Han and Y. Nambu, Phys. Rev. 139B (1965) 1006.

[12] J.C. Pati and A, Salam, Phys. Rev. D8 (1983) 1240.

{13] See for example W. Wagner, RWTH Aachen report
PITHA 83/03.



