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Abstract

For the �rst time, multihadronic production from single tagged 

 collisions
has been studied, where one of the scattered leptons was tagged at very low
virtual photon absolute mass squared (< Q2 >= 0:06 (GeV/c2)2). Data col-
lected during 1991 and 1992 in the DELPHI experiment at LEP are shown to
agree well with predictions which included the non-perturbative vector meson
dominance model in which the interacting photons are assumed to have con-
verted into a vector meson (�, ! or �), a quark-parton model which describes
direct photon interactions and a QCD-based model which considers the photon
to have quark and gluon structure functions. Five di�erent parametrizations
of these structure functions were used and the predictions compared with the
data. This study con�rms recent results from no-tag experiments in requiring
a QCD-based component to successfully describe the data, indicating that the
photon has a signi�cant partonic content.

(To be submitted to Phys. Letters B)
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1 Introduction

Two-photon scattering in e+e� storage rings has been studied in many experiments
at PEP [1], PETRA [2], and recently at KEK [3] and LEP [4{7]. The production of
multihadronic �nal states, X, in the reaction e+e� ! e+e�X is possible due to collisions
of the clouds of virtual photons radiated by high energy electrons and positrons. If both
the electron and positron in the �nal state go down the beam pipe and remain undetected,
(the no-tag or untagged mode), only the multihadronic system can be studied. In the
single-tagged case one of the outgoing scattered leptons is measured while double-tagged
events have both measured. The detected lepton provides additional information about
the event kinematics, allowing more detailed studies of such events to be made than is
possible with untagged events. Other features of the tagging are useful : the data sample
is free from Z0 contamination and it becomes possible to study and reject most of the LEP
machine background. Unfortunately, as the scattered leptons emerge preferentially along
the beam direction, requiring that one or both leptons be scattered at a large enough
angle to be detected results in a large suppression of the 

 cross-section compared with
the untagged case. A review of two-photon physics may be found in ref. [8] and recent
reports of work in this �eld may be found in ref. [9]. Interesting results were reported
there by the AMY Collaboration [10] for no-tag experimental conditions giving the �rst
satisfactory qualitative description of data by including QCD-based calculations of the
hard scattering of hadronic constituents of the photon.

Here, �rst evidence of hard scattering subprocesses in single tagged 

 events is re-
ported and a comparison is made between the data and �ve di�erent parton density
parametrizations used to describe those subprocesses. Data taken with the DELPHI
detector during 1991 and 1992, corresponding to an integrated luminosity of 28:4 pb�1,
were used to analyze the hadronic �nal states produced in single tagged 

 collisions at
a mean value of the tagged-photon absolute squared-mass, Q2, around 0:06 (GeV/c2)2.

The paper is organized in the following way. Section 2 gives a brief overview of
the theory of 

 interactions, with emphasis on the three models used for describing the
data. Then the implementation of the 

 theory in simulation is described. The DELPHI
detector components and the methods used for 

 event selection are described brie
y
in Section 3. The detector for luminosity measurement, the Very Small Angle Tagger
(VSAT), used here to tag the scattered leptons, is described in more detail. Section 4
deals with the rejection of background to the 

 events and the results are discussed in
Section 5.

2 Theoretical framework and simulation

The overall kinematics of a single tagged 

 reaction is represented in Figure 1a. The
four-momentum transfer Q2 = �q2

1
is de�ned as the absolute value of the squared mass of

the virtual photon radiated from the tagged electron or positron. In the high Q2 region
the e
 Deep Inelastic Scattering (DIS) formalism applies with a quasi-real photon as the
target, coupling to quarks in a point-like fashion or through a vector-meson bound-state
(see for example [4]). At moderate x (x = Q2=(Q2+W 2)) where W is the invariant mass
of the produced hadronic system) the data from previous e+e� collider experiments are in
qualitative agreement with a composite model combining the Vector-meson Dominance
Model (VDM) and the Quark-Parton Model (QPM), illustrated in Figures 1b and 1c. The
photon structure function is then extracted from the data using unfolding methods [6] .
The theoretical description of the low-x region is still not fully satisfactory. An excess of
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events over the incoherent sum of the expectations from the VDM and QPM was observed
experimentally [1{3]. It was also observed that a signi�cant fraction of those events did
not have the simple two-jet topology expected from the model. QCD-based calculations
of non-di�ractive hard-scattering of hadronic constituents of the photons have shown that
high transverse momentumhadrons could be produced in multi-jet con�gurations [11,12].
In this low-x region, jets are produced with high transverse momentum (pT ) with respect
to the 

 axis (which is usually very close to the beam axis for the single tag case) which
implies high 

 invariant masses W .

Going to low Q2, jet production with (pT=c)
2 greater than Q2 is expected to be more

frequent. In the Leading Log approximation of QCD, the hard scattering subprocesses
shown in Figures 1d and 1e start to grow, even to dominate when going to very low Q2.
In these subprocesses, called sometimes QCD Resolved Photon Contribution (hereafter
denoted QCD-RPC), some partons within the photons can interact with each other.
Therefore, a density function formalism is appropriate to express the chance of �nding
a parton in the photon with given momentum fraction. These QCD-RPC subprocesses
o�er the possibility of experimentally measuring the quark and gluon densities of the
photon [3,4] and hence testing the theoretical models. The hard scattering subprocesses
shown in Figures 1d and 1e require high four-momentum transfers (or high p2T ) of partons
to probe the structure of one or both photons and to resolve them into their partonic
constituents.

Thus the scheme used to describe the 

 process can be represented as follows. The
fully non-perturbative contribution is described through VDM as the di�ractive scattering
of vector mesons with the cross-section given by Rosner [13]

�
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where W is the invariant mass of the 

 system and Q2 and P 2 are the absolute squared
masses of the two virtual photons. The values A = 275 nb and B = 300 nb�GeV/c2 were
used [14], which are about 10% larger than those in the standard formula [13]. This type
of parametrization has already been used by previous experiments [2,3].

The quantity FVDM is the generalized VDM form factor [15]
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with m0 = 1:4 GeV/c2 and where mV denotes a vector meson mass and rV is related to
the vector meson coupling to the photon. The last term describes the contribution from
the radial excitations of vector mesons.

In the simulated events the multihadronic �nal-state was generated from a q�q pair, with
a limited-pT quark distribution d�=dp2T ' exp(�5p2T ) in the 

 centre-of-mass system
using the PLUTO tuned parameter [2].

The other contributions are treated using leading order QCD factorization: a hard
scattering subprocess gives the dominant scale p2T , taken also as the factorization scale.
The photon participates by direct coupling to quarks or to a quark or a gluon produced
through a QCD evolution starting from a bound state or to a perturbative q�q-pair state.
There are three terms: the direct term of Figure 1c (a QPM generator was used to describe
this interaction term, analogous to the QED process ee! ee�� but with quark masses),
the singly-resolved photon contribution of Figure 1d and the doubly-resolved photon
contribution of Figure 1e (both of which were described by the QCD-RPC model). Since
the hard scattering subprocesses are considered as perturbative within QCD-RPC, a cut,
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pmin
T , on the transverse momentum of the outgoing partons has to be speci�ed in order
to separate them from the non-perturbative contribution and avoid double counting (the
pmin
T cut was not implemented for QPM). Unfortunately, there is still no model which
completely removes this problem. As mentioned above, the quarks and gluons are emitted
from a photon through QCD evolution, starting from either a point-like or a bound-state
coupling. Total separation implies the use of another quark transfer cut-o� (p0T ) at the
�rst quark-pair creation level as shown in previous papers [16,17] and in a more recent
global approach [18]. Since the existing quark and gluon parametrizations do not allow
such a distinction, in the present study the outgoing partons are assumed to participate
in high-pT jet production, while the spectator partons produce \beam-pipe" jets. The
latter were generated along the direction of the incoming quasi-real photons.

In the present study the values of pT were found greater than 1.5 GeV/c, i.e. much
larger than the magnitude of the mass of the virtual photons. Within the QCD-RPC
model, the p2T of the outgoing partons of the hard scattering subprocess in multi-jet
production (which is always greater than a required minimum value (pmin

T )2) probes the
structure of one photon in singly-resolved processes, or both photons in doubly-resolved
processes [19]. In this approach the two photons need to be considered as quasi-real.

Thus the main features of the two-photon mechanism used to describe the data are the
following. Most secondary particles from the 

 events are produced at small polar angles,
and only some of the particles of the �nal system are actually detected. The resolved
photons produce beam-pipe or \remnant" jets, which may mix with decay products of
the low-pT central system. The presence of jets of (moderately) high pT at large angles
forms a signature for the isolation of the hard scattering subprocesses from the dominant
di�ractive dissociation contribution.

Many partonic density functions of the photon are available, but since they are ex-
tracted from deep inelastic e
 scattering at highQ2 they cannot always be used to describe
hard scattering processes at relatively low (pT=c)

2. Only leading order parametrizations
have been considered here. A priori each of these parametrizations is associated with
a speci�c value of pmin

T , constrained by the description of the visible total cross-section
and can be tested directly against the data. This approach, as shown below, indicates
the distinctive requirements for a successful parametrization. In particular, hard parton
distributions will produce more high-pT jets in the central region while soft distributions
lead to more energy deposition in the jets from the photon remnants.

These three models (VDM, QPM and QCD-RPC) were implemented in the TWOGAM
generator [20] used for generating 

 events, requiring one lepton to be scattered towards
the VSAT polar angle region (see Section 3). No selection was applied to the other lepton,
since it mainly goes inside the beam pipe. The generated events were then fragmented
using the JETSET 7.3 [21] model. In the simulation of the VDM model, the JETSET
parameter �q, describing the dispersion of the transverse distribution of primary hadrons
within a jet, was set to 450 MeV/c in order to take into account the bound-state origin
of the quarks [22].

To take into account the in
uence of the magnetic �eld of DELPHI and supercon-
ducting quadrupoles on the scattered leptons, specially developed programs were used
for fast selection of events with a lepton hitting a VSAT module, as well as for simulating
and reconstructing the resulting VSAT response. These programs have been extensively
used in VSAT luminosity studies. The hadronic parts of the events were simulated and
reconstructed by standard DELPHI programs.

Simulations were performed separately for the VDM, QPM and QCD-RPC processes.
Five parametrizations of the parton density function of the photon were chosen for sim-
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ulation [23]: the Gordon-Storrow (GS) [24] model, the Drees-Grassie (DG) [19] model,
the Duke-Owens (DO) [25] model and two of the Levy-Abramowicz-Charchula models
(LAC1 and LAC3) [12].

In this analysis, theQ2 values measured by the VSAT are of the order of 0:1 (GeV/c2)2,
much lower than the (pT=c)

2 of the jets (for all the QCD-RPC models, the (pmin
T =c)2 values

are greater than 2 (GeV/c2)2, so that the simulation can be made as for a no-tag case.
This would not be true for Q2 values around 1 (GeV/c2)2 since there is still no

theoretical description of 

 collisions in the region where Q2 and (pT=c)
2 are of the same

magnitude. The total cross-section could, in principle, be unfolded from the data with
the great advantage that the uncertainty in the VDM form factor extrapolation would
be small.

3 Apparatus and Event Selection

A detailed description of the DELPHI detector can be found in ref. [26]. Only the
DELPHI components relevant to the 

-event analysis (charged-particle tracking and
electromagnetic calorimetry) are brie
y described here. The VSAT sub-detector [27] is
described here somewhat more thoroughly.

A right-handed coordinate system is used in this paper. The z-axis lies along the
electron-beam direction and the y-axis is de�ned to point vertically upwards with the
origin at the nominal beam-crossing point. The polar angle � is measured with respect to
the z-axis, and the azimuthal angle � is measured with respect to the horizontal plane.
Charged-particle tracks are measured in a 1.2 T magnetic �eld parallel to the beam axis
by three cylindrical tracking chambers: the Inner Detector (ID), covering polar angle
from 30� to 150� at radii 12 to 28 cm, the Time Projection Chamber (TPC), the main
tracking device, covering polar angles from 20� to 160� and radii between 35 and 111 cm
and the Outer Detector (OD) covering polar angles from 43� to 137� at radii between 198
and 206 cm. Using the ID, TPC and OD, the momentum resolution is �(p)=p = 0:0015p
where p is expressed in GeV/c.

Tracking in the forward (11� < � < 33�) and backward (147� < � < 169�) regions is
performed by two pairs of Forward drift Chambers (FCA and FCB) in the end-caps.

Electromagnetic energy is measured in the barrel region by the High density Projection
Chamber (HPC) and in the forward and backward regions by a Forward Electro-Magnetic
Calorimeter (FEMC), consisting of 4522 lead-glass blocks in each end-cap and covering
the polar angular regions 10� < � < 36:5� and 143:5� < � < 170�. The HPC has nine
layers of lead and gas covering polar angles from 43� to 137� and radii between 208 and
260 cm.

Hadron shower energies are measured by combining the measurements from the
HAdron Calorimeter (HAC) covering polar angles from 10� to 170�, and from the elec-
tromagnetic calorimeters.

The Very Small Angle Tagger (VSAT) is the fundamental tool in this analysis, as it
is used to tag the scattered lepton from the 

 interactions. The VSAT consists of four
rectangular electromagnetic calorimeter modules, each 5 cm high, 3 cm wide and 24 ra-
diation lengths deep. The modules consist of 12 tungsten absorbers, each two radiation
lengths thick, each followed by an energy sampling silicon plane, giving an energy reso-

lution of 35%/
q
E(GeV). Three silicon-strip planes are placed around the longitudinal

maximum of the electromagnetic showers (between �ve to nine radiation lengths inside
the modules), two measuring the horizontal position and one the vertical position. Each
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strip is 1 mm wide, giving a reconstructed position resolution of 200 �m. The four mod-
ules are placed horizontally on both sides of the beam pipe at �7.7 m along the beam
axis from the DELPHI interaction point (see Figure 2a for de�nitions). At this point
the beam pipe changes from a cylinder of 16 cm diameter to an elliptical form of 16 cm
vertically by 12 cm horizontally. The modules are placed after the LEP superconducting
quadrupole magnets, resulting in scattered leptons being focused vertically and defocused
horizontally. The magnitude of this e�ect is inversely proportional to the lepton energy,
resulting in a VSAT polar angle coverage from 4 to 8 mrad for the 

 case.

The quality of the event triggering system is very important in 

 data taking due to
the low multiplicity of the �nal state, the low particle momenta and the particles mainly
being boosted into low polar angles. The VSAT takes no part in the event triggering,
which is done entirely on the hadronic part of the 

 events. The main component of
the barrel part of the trigger for this analysis is the coincidence of ID and OD signals,
while the forward trigger is based on the coincidence of signals from the FCA, FCB and
TPC sub-triggers. The component from neutral particles contributes negligibly to the


 trigger rate.

Because of the forward-boosted shape of the 

 events, the most important part of
the event triggering is performed by the forward trigger. Information on all trigger com-
ponents was recorded for the 

 events in order to test the forward trigger performance.
The single-track e�ciency was then calculated from the redundancy of the independent
triggers, leading to a trigger e�ciency of more than 95% for the �nal 

 event sample,
selected as described below.

The multiplicity and energy of charged particles formed the basic criteria for selecting


 hadronic events. Charged particles were accepted if the following criteria were met:

- momentum larger than 0:4 GeV/c;
- polar angle from 20� to 160�;
- radial projection of the impact parameter relative to the interaction point less than

4 cm;
- projection of the impact parameter along the beam direction less than 10 cm;
- relative error on momentum measurement less than 1.
All calorimetric information was included in the event selection to reject the back-

ground from Z0 decays. Taking into account the sensitivity, stability and noise per-
formance of the calorimeters, the following minimum-energy thresholds were chosen:
0:5 GeV for the FEMC and HPC neutral clusters, and 1:5 GeV of reconstructed en-
ergy for unlinked calorimetric showers in the HAC.

In order to select 

 events the following criteria were applied to the hadronic sys-
tem in each event:
(a) at least three charged particles in the event;
(b) total energy of the charged particles less than 12 GeV;
(c) total visible energy less than 20 GeV;
(d) invariant mass in the range between 3 and 11 GeV;
(e) net charge not more than 2;
(f) thrust value less than 0.999.
In addition the tagged lepton was required to have:
(g) VSAT measured energy larger than 20 GeV;
(h) VSAT (�; �)-position reconstructed.
Criterion (a) selects hadronic �nal states, while criteria (b), (c) and the upper limit of (d)
suppress Z0 decay background. The lower limit of criterion (d) suppresses the resonance
region of the 

 interaction and, together with criteria (e) and (g), the beam-gas back-
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ground. Criterion (f) rejects the bulk of � pairs from 

 collisions leaving a negligible
remaining contribution. Criteria (g) and (h) select well-measured leptons with very low
Q2.

4 Background Rejection

Two million Z0 hadronic events were generated and the events which could give an en-
ergy deposition in the VSAT greater than 10 GeV were fully simulated and reconstructed.
Since no event was left after the selection criteria were applied, the background to the
VSAT-tagged 

 events came from purely random coincidences between two indepen-
dent events: an o�-momentum beam electron hitting a VSAT module and some other
physical event producing a hadronic system in the DELPHI detector. The probability
of such coincident, but independent, events is given by the product of the individual
probabilities of accepting o�-momentum electrons in the VSAT and hadronic systems in
DELPHI. The hadronic system mainly came from untagged 

 events, i.e. events with
both the scattered electrons going undetected into the beam pipe. Also the decays of Z0,
especially those involving � particles, as well as beam-gas interactions also contributed
to the background, though to a much smaller degree.

The probability of accepting o�-momentum electrons in the VSAT was estimated by
studying a specially selected hadronic Z0 event sample with a strong signal in DELPHI
(i.e. events having many charged particles, high invariant mass and large energy deposi-
tion). According to simulation such events should have given no signals in the VSAT, but
some nonetheless were found in the data. The dominant part of this background, 86%,
occurred in the two VSAT modules on the outer side of the LEP ring. The results are
shown in Figure 2, which shows the VSAT distributions for these o�-momentum events
in a) azimuthal angle �, b) polar angle � (both reconstructed in the interaction point
by track extrapolation through the DELPHI and quadrupole magnets) and c) energy
normalized to the beam energy. The di�erent energy spectra for the VSAT inner and
outer modules correspond to di�erent o�-momentum beam components of the LEP ma-
chine. The distributions for the outer modules are narrower than for the inner modules,
especially for � (shifted by � for the outer modules). This fact was used to introduce
cuts in � for the outer modules 1 and 3 (-0.30< �1-� <0.14 and -0.38< �3-� <0.14) in
order to reject the majority of the o�-momentum electrons. No cut was applied for the
inner modules. The � selection rejects 66% of all the incident o�-momentum electrons.

The �nal probability of purely random coincidence events passing all the single tagged


 event selection criteria corresponds to a background level of 3:8% in the �nal 

-event
sample.

5 Results

Using the VDM, QPM and QCD-RPC models to generate simulated events, only
events which passed all the selection criteria described above were used in order to under-
stand the kinematics of the VSAT tagged 

 events. Figure 3a shows the absolute masses
of the tagged (Q2 = �q2

1
) and the untagged (P 2 = �q2

2
) photons (see also Figure 1a). P 2 is

strongly peaked towards very low values since the untagged leptons generally do not leave
the beam pipe. Q2 for the VSAT tagged events is very small (< Q2 >=0.06 (GeV/c2)2),
but still much larger than P 2. There is no signi�cant di�erence between the generated
and reconstructed Q2 distributions.
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The remaining part of this section deals with comparisons between data and full
simulation. The �nal data sample consisted of 491 events.

The events of the QCD-RPC models were initially generated with low values of pmin
T

which were then increased until, �nally, the total VDM+QPM+(QCD-RPC) simulation
reproduced the observed number of data events. The VDM contribution was allowed to
vary by � 10% in comparison with the \standard" one de�ned by formula (1). This was
done in order to estimate the variance of the pmin

T values due to the in
uence of the VDM
cross-section uncertainty. From Table 1 it can be seen that the variation of pmin

T with the
VDM contribution is rather smooth for all the parametrizations used and also that the
variations are not signi�cant, being of the order of 5%.

QCD-RPC Model GS DG DO LAC1 LAC3
+ 10% VDM 2.04 1.64 1.67 2.25 3.07

+ 5% VDM 1.99 1.60 1.63 2.21 3.01
\standard" VDM 1.95 1.56 1.60 2.17 2.95

- 5% VDM 1.92 1.52 1.56 2.14 2.90

- 10%VDM 1.88 1.48 1.52 2.10 2.83

Table 1. Final pmin
T values in GeV/c for the QCD-RPC models studied.

In each case there were at least 6000 �nally selected simulated events. To provide
comparable conditions for each QCD-RPC parametrization, the di�erences in the �nal
number of events were less than �1% after all the cuts applied.

Statistical comparisons between the data and simulated distributions were performed
using two independent methods: the well-known �2-test and the Kolmogorov test [28].
This algorithm, though not as well-known as the �2-test, has some advantages. It does not
require a minimum number of entries per bin, which is useful for testing the rather small
statistical data sample available. It also takes into account the signs of the di�erences
between distributions rather than just the magnitude, which makes the test sensitive
to consecutive deviations of the same sign. The measure of compatibility between two
distributions is given as a probability, P. A probability close to 100% indicates very
similar histograms, and a value near zero means that it is very unlikely that the two
arose from the same parent distribution. The disadvantage of the Kolmogorov test is
that the returned probability P for binned data could be overestimated.

The �2 for each distribution was de�ned by the formula

�2 =
NchX
i=1

2
4 Rdata(i)�RMC(i)q

�2data(i) + �2MC(i)

3
5
2

(3)

where Rdata(i) and RMC(i) are the contents of bins i, �data(i) and �MC(i) are their errors,
and Nch is the number of histogram channels with a content greater than 20, used as a
number of degrees of freedom.

The distribution of the invariant mass of the hadronic system,W , is shown for the data
and for the VDM+QPM model and VDM+QPM+(QCD-RPC) models in Figures 3b
and 3c, respectively. It is clear that the VDM+QPM model cannot provide a good
description of the observed invariant mass distribution. Even when the VDM cross-
section was allowed to vary across a wide range either to ful�ll a total cross-section or to
tune satisfactorily the description of the shape, the resulting probability P was very small
indeed for both Kolmogorov and �2-tests (indicated as 0. in Figure 3b). However, adding
the QCD-RPC component with any structure function parametrization other than LAC3
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gave a good description of the data, as illustrated by P with the best model on top and
the worst one on bottom in Figures 3c and 3d. The clear evidence for the need of the
QCD-RPC contribution is also illustrated in Figure 3d, for the tagged energy fraction.

To illustrate the compatibility of di�erent simulated models with the data, plots of
standard event variables and inclusive distributions are presented in Figure 4, while some
plots of typical variables from an analysis using jets are shown in Figure 5. Jet reconstruc-
tion was performed by using the Lund cluster algorithm [21] with a maximum distance
djoin of 1:4 GeV/c, below which two clusters are allowed to join into one.

From the P values given on plots, some parametrizations cannot provide a satisfactory
description of all these distributions, as low probabilities are obtained for some of them.
Very similar results with comparable probabilities were obtained using the �2-method. In
agreement with results from the AMY Collaboration [3], the LAC3 model can be rejected
at this stage as the worst model, giving small values of P for several distributions. The
physical reason for this is known: the LAC3 parametrization gives an extraordinarily
large gluon density in comparison with other models.

Further attempts to distinguish between the remaining parametrizations were per-
formed using an overall �2-test, when several distributions were taken into account si-
multaneously. The invariant-mass, tagged-energy and jet transverse-momentum distri-
butions were chosen as the most important (and not very closely correlated) variables.
The tests were also performed with a �10% variation of the VDM cross-section. The
results are shown in Table 2.

QCD-RPC Model GS DG DO LAC1
+ 10% VDM 1.39 0.07 0.02 4.29
+ 5% VDM 3.52 0.31 0.08 3.82

\standard" VDM 7.05 0.88 0.20 2.32
- 5% VDM 9.53 2.35 0.31 1.17

- 10%VDM 11.94 3.79 0.36 0.32

Table 2. Probabilities (%) from the overall �2-test for the QCD-RPC models studied.
The number of degrees of freedom is equal to 16.

The GS, DG and DO QCD-RPC models behave similarly, their agreement with data
becoming better when the VDM contribution is decreased, whereas the LAC1 model
follows the opposite trend. The probability of the tests for the GS parametrization,
starting from the \standard" VDM cross-section, rises above the 5% level. The LAC1
comes close to 5% when the VDM cross-section is 10% higher than the \standard", the
same being true for the DG model when the VDM cross-section is lowered by 10% from
the \standard". The DO model should be rejected because the overall probability is
always very low. These results are in agreement with the previous no-tag analysis from
DELPHI [5].

6 Conclusions

For the �rst time at LEP, very low Q2 single tagged events have been studied and
compared with VDM+QPM+(QCD-RPC) models. The data are consistent with the
predictions for quark and gluon density functions provided the QCD-RPC model is used
with the GS parametrization. The LAC1 and DG parametrizations are also capable of
providing a satisfactory description of the data after tuning of the VDM contribution.
The DO and LAC3 parametrizations do not adequately describe the data.
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Figure 1: (a) Kinematics of two-photon reaction. One of four VSAT modules is shown
as an example of a tagging detector, which measures an energy E 0 and an angle �1 of
one of the scattered leptons. (b-e) Diagrams contributing in the lowest order to the


 multihadronic system X: (b) non-perturbative contribution (VDM); (c) direct pho-
ton contribution (QPM). Examples of QCD resolved photon contribution (QCD-RPC),
(d) for singly-resolved photon and (e) for doubly-resolved photon.
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Figure 2: VSAT o�-momentum electron background distributions, found from a random
coincidence between well measured Z0 events and high energy signals in one of four
VSAT modules (denoted LUM1 to LUM4 in the inset) : (a) � and (b) �-distributions,
(c) Etag=Ebeam. The dashed lines show the background behaviors in the inner modules
2 and 4, and the dotted lines in the modules 1 and 3 (outside of the LEP ring) before
rejection. Solid lines show the remaining background after applying cuts on � to the
outer modules as indicated in (a).
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Figure 3: The black circles represent the data and the histograms the models. (a) Dis-
tribution of Q2 for data, and histograms of generated and simulated events after �nal
selection. (b) Distribution of the invariant mass W for data and VDM+QPM models.
(c) Distribution of W for data and VDM+QPM+(QCD-RPC) models. (d) Distribution
of tagged lepton energy, normalized to the beam energy. The inset numbers are the
Kolmogorov probabilities (%) discussed in the text.
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Figure 4: Comparison between data (black circles) and full VDM+QPM+(QCD-RPC)
simulation. The GS parametrization used for QCD-RPC simulation is shown by dashed
lines and the LAC1 parametrization is shown by dotted lines. The inset numbers are the
Kolmogorov probabilities (%) discussed in the text. (a) Charged-particle momentum.
(b) Charged-particle transverse momentum. (c) Multiplicity of charged and neutral par-
ticles of hadronic system per event. (d) Total energy of charged and neutral particles of
hadronic system per event.
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Figure 5: Comparison between data (black circles) and full VDM+QPM+(QCD-RPC)
simulation. The GS parametrization used for QCD-RPC simulation is shown by dashed
lines and the LAC1 parametrization is shown by dotted lines. The inset numbers are
the Kolmogorov probabilities (%) discussed in the text. (a) Thrust distribution; (b)
transverse momentum, (c) angular and (d) energy distributions for the reconstructed jet
with largest transverse momentum pT .


