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Abstract

This thesis is mainly an analysis of data taken by the VSAT detector in the DELPHI ex�
periment at the LEP II collider at CERN� The analysis spans from �

� to ����� with a center
of mass energy ranging from ��
 to ��� GeV� The VSAT calorimeter was constructed to be a
luminosity and background monitor for the DELPHI experiment� and a full description of the
luminosity and background analysis for the LEP II conditions is presented�

The VSAT detector is located in the very forward direction and covers angles between three
and eight milliradians since �

�� This also makes the detector to an excellent tool for studying
two photon physics� as the outgoing electrons from a two�photon collision mainly are located at
small angles� A full study of the VSAT double tag data between �

� and ���� is presented�
Gamma�gamma collisions with an invariant mass reaching up to ��� GeV could be explored in
a Q� range of ������� GeV� With help of data from the STIC detector�which is located at larger
polar angles� two photon collisions could also be probed with a Q� between �� and ��� GeV�
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Chapter �

Introduction

The world around us is perceived by the human by our �ve senses� and our reality is built
up from how our brain is interpreting the signals from our sensor organs� Presumably our
vision� formed by the light detected in our eyes� is the most fundamental way to describe
the world we live in� Light is however not only con�ned to the light we can see� light �or
more general electromagnetic radiation� is also the origin of a numerous phenomena in
every day life� Among these are for instance� the earth magnetic �eld� heat radiation and
all types of radio communication� and it is clear that life would quickly perish without
any source of light�

The interest for light has always been in focus of the curiosity of mankind� Already in
the most ancient religions man was worshipping the sun god� but it was not until the ��th
century that we started to grasp what light really is� For a long time light was thought
to be a wave propagating in the so called ether� which was thought to be a medium that
�lled all space �including vacuum�� The ether theory poses the problem that it results in
a �xed reference system� in which the ether is at rest� The Michelson�Morley experiment
in 	

� more or less put an end to the ether theory as it showed that there is no preferred
system of motion for the light�

Light was showing properties of being quantized in particles �from Planck�s explanation
of the blackbody radiation in 	
���� which however seemed to be in total disagreement
with light di�raction experiments �Fig� 	�	�� The solution to this was presented by
Einstein in his work about the photo electric e�ect� when he showed that light can be
described both as a wave or as a particle� In 	
�� Louis de Broglie suggested that particles
can be described as waves� to make the wave�particle duality complete� In an experiment
similar to the one in Fig� 	�	� electron di�raction was observed independently by Davisson
and Germer in 	
�� and by G� P� Thomson in 	
�
�

Quantum mechanics tells us that we cannot determine an object�s position exactly�
we can only measure a probability to see an object at a certain place� For large �bigger
than atoms� and slow �non relativistic� moving objects there is no wave function to speak
about and things are actually where we see them� The photon �which is point�like and
relativistic� is however much more elusive and cannot be �xed in position and momentum
at the same time� It therefore behaves like a wave� with an amplitude determined by the
probability to be in that location� It has been shown that if the position of the photon is
determined� the wave�function property of the photon instantly breaks down�

�
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Figure ���� Di�raction of light through a two slit wall� In the classical approach light
behaves like a soundwave in air or as a wave on a water surface� and interference of
the waves from the two slits makes an amplitude pattern on the rear screen� If the
intensity of light is brought down so that only one photon passes through the slit and
there is no interference to speak about� the amplitude pattern is however still seen
on the screen� This is explained by quantum mechanics telling us that the photon
only has a certain probability to either go through the upper or lower slit� Any
attempt to determine which path the photon took� will automatically destroy the
wave pattern� The experiment 
on a di�erent scale though� has the same outcome
if electrons instead of photons are used�

The photon is the mediator of the electromagnetic force and as charged particles �like
the electron and the proton� couples to this they exchange photons when they interact
with each other� The photon itself has no charge and photons do not interact among
themselves �nothing will thus happen when you cross two laser beams�� The photon does
not have any restmass� but as shown by Einstein energy and mass are distinctly connected
with his famous formula E � mc��

As shown to the world for the �rst time at large scale over Hiroshima and Nagasaki in
August 	
��� mass can be converted into energy� The opposite is however also possible
and if the energy of a photon is high enough it can �uctuate into a particle and anti�
particle pair� All particles have their corresponding anti�particles with same mass� but
opposite quantum numbers �like the charge�� In order for any particle transition to be
possible all the quantum numbers must be conserved�

By the help of quantummechanics� the photon can thus be described as a superposition
of a number of possible particle pairs� A photon is thus not only a bare photon� it can
�uctuate into di�erent virtual states� These states are described by something that is
called the photon structure functions� which will be described later �section ����� This
mechanism makes collisions between photons possible� as they sometimes are something
else than photons�



�

Electrons are surrounded by a cloud of virtual photons� they are called virtual because
they only live on the existence of energy borrowed from the electron� Quantum mechanics
allows energy to be created out of nothing during a very short period of time as long as it
is payed back at the next instant� A cloud of photons is therefore constantly created and
eliminated around any charged particle� The higher energy the electron has� the more
energy is available to be borrowed and the virtual cloud grows�

If two electrons are close to each other and the energy is large enough� there is thus
a distinct probability that two of these virtual photons will collide �if the virtual photon
has �uctuated into a charged particle pair�� As a photon normally is symbolized by the
Greek letter gamma ���� this is referred to as a two photon� or a ���collision �Fig� 	����
By studying such collisions it is possible to probe the structure function of the photon
and thereby give us a better understanding of both Quantum Electro Dynamics �QED�
and Quantum Chromo Dynamics �QCD��

Figure ���� The collision of two virtual photons radiated from the electron and
positron in the LEP beam� The invariant mass of the ���system 
W��� can be
extracted from measurments on the outgoing leptons�

The LEP accelerator at CERN has accelerated electrons to the highest energy achieved
yet� and this paper is based on �� collisions detected with help of the VSAT detector in
the DELPHI experiment� The VSAT �Very Small Angle Tagger� detector is� as the name
suggest� located at very low angles and can measure both of the leptons coming out
from a ���collision� A measurement of the full kinematics of the ���system can then
be obtained� VSAT will� due to the small angles� provide data with a very low Q� �the
momentum transfer to the photons�� which is a very interesting region to study �	��
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Chapter �

VSAT in DELPHI at LEP

��� The LEP collider at CERN

In the proximity of Geneva in Switzerland there is an international laboratory called
CERN� which is probably the most well known research complex for particle physics in
the world� CERN houses a large variety of experiments and is a collaboration between ��
European member states� It has a yearly funding of a middle size European University
and explores most �elds of both experimental and theoretical particle physics�

The largest part of the CERN research community is focused on high energy physics�
This is the science that is trying to probe the inner most structures of matter and to
analyze the most fundamental forces in the universe we live in� In order to do this�
particles are accelerated to high energies in huge accelerator complexes �Fig� ��	� and
then smashed together in what one could call a small BIG BANG ��the theory of the
creation of the universe�� The research in accelerator technology at CERN has resulted in
numerous applications for the medical community� which has for instance improved the
treatment of cancer�

Figure ���� The LEP accelerator with the pre�accelerator complex�

�
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Once the raw data from a experiment has been stored� the most essential tool for
data analysis are computers� As a result of this� CERN has built up a large computer
network to facilitate data analysis and communication� The most famous o�spring of this
is probably the World Wide Web� which was created at CERN to allow better communi�
cations between home institutes and CERN� But maybe the most important advantages
for a complex like CERN is how it connects di�erent people and cultures together to push
through new ideas and let young people come forward to explore the newest aspects and
theories of modern science�

The �agship of CERN during the last 	� years has been the Large Electron Positron
collider �LEP�� It is a �� kilometer long accelerator ring �see Fig� ��	� located on average
	�� meters under ground on the border between Switzerland and France� Electrons and
positrons �the antiparticle of the electron� are circulated in opposite direction of the ring�
being held in orbit by hundreds of magnets� Recently the particles have been accelerated
to over 	�� GeV ���� ��� times the normal electron mass of ��� MeV�� making a center
of mass energy of the collision up to ��
 GeV�

��� DELPHI at LEP

There are four regions on the LEP ring where the beams are brought together to collide
with each other� Around these interaction points experiments are built to detect and
measure the properties of the particles coming out from the e�e� collision� The DELPHI
�DEtector with Lepton� Photon and Hadron Identi�cation� experiment ��g ���� was built
to put special emphasis on powerful particle identi�cation� To accomplish this� it is
equipped with the largest super conducting magnet in the world� with a diameter of ���
meters and a length of ��� meters� DELPHI itself is about ten meters long and has a
weight of about ���� tons� The experiment is built up of �� sub�detectors that can be
subdivided into four categories�

DELPHI
Vertex Detector

Inner Detector

Time Projection Chamber

Small Angle Tile Calorimeter

Very Small Angle Tagger

Beam Pipe

Quadrupole

Barrel RICH

Outer Detector

High Density Projection Chamber

Superconducting Coil

Scintillators

Barrel Hadron Calorimeter

Barrel Muon ChambersForward Chamber A

Forward RICH

Forward Chamber B

Forward EM Calorimeter

Forward Hadron Calorimeter

Forward Hodoscope

Forward Muon Chambers

Surround Muon Chambers

Figure ���� The DELPHI experiment with its subdetectors�
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����� Tracking and particle identi�cation detectors

Closest to the interaction point are the transparent tracking detectors� that make non�
destructive measurements of the particle trajectories through the detector� At the very
center of DELPHI is the vertex detector �VD� ���� which measure the vertex of the inter�
action point very precisely �a R� resolution of 
 �m and a z resolution of 	
 �m�� The
vertex detector is surrounded by the Inner Detector �ID� ���� which covers tracks between
	�o and 	��o in �� The detector is a drift chamber giving �� R� points per track with a
resolution of ���m in R and 	�� mrad in ��

The main tracking detector of DELPHI is called TPC �Time Projection Chamber� ����
It consists of two 	�� meters long cylindrical chambers covering a radius between ��
and 	�� cm on each side of the interaction point� The TPC makes a three dimensional
track reconstruction with 	� spacial points with a resolution of ��� �m in R� and ��

mm in z� Charged particle identi�cation is achieved with dE�dx in the TPC and the
radiation of light emitted by particles faster than light in the Ring Imaging Counter� The
Outer Detector �OD� ���� Forward Chamber A and B �FCA and FCB� ��� are the outer
most tracking devices and improve the momentum determination and give fast trigger
information�

����� Electromagnetic calorimeters

In order to measure the energy of the outgoing electrons and photons� a number of
calorimeters are positioned around the tracking detectors� The particles collide with
the massive detectors to generate particle showers that are contained in the detector and
the energy sum is measured� In the barrel region the High density Projection Chamber
�HPC� ��� is positioned between ��
 and ��� cm� The detector has a resolution of about
	o in � and about � mm in z� and the energy can be determined to a precision of about
����

p
E���� To close the barrel region of the HPC� two diskshaped calorimeters are

placed in the forward region� This is the FEMC �Forward Electromagnetic Calorime�
ter� �
� that is � meters in diameter and has and angular precision about 	o and a energy
resolution of about �� at �� GeV�

����� Hadronic calorimeters and Muon Chambers

The HAC �Hadronic Calorimeter� �
� is positioned both in the barrel region and on the end
caps and is enclosing the electromagnetic calorimeters� It provides energy measurement
of charged and neutral hadrons and covers the full theta angle between 		o and 	�
o�
Muons are the only charged particles that can transverse iron and lead without any
strong interaction� Because of this they mainly leave the calorimeters almost una�ected�
allowing for ��� separation� Muons are instead detected as tracks in the muon chambers�
which are the outer most layer of detectors in the DELPHI experiment�
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����� Small Angle Detectors

In order to measure particles leaving the collision point at very small angles� DELPHI
has two small angle detectors� The main purpose of these are to record Bhabha events
and thereby accurately determine the luminosity recorded by the experiment� The main
detector for luminosity measurements is called STIC �Small angle TIle Calorimeter� �	��
and covers an angular region between �
 and 	
� mrad in �� The resolution varies from
�����	�� mm in di�erent parts of the detector and the energy precision is in the order of
���� at �� GeV� Primarily built as a luminosity monitor the Very Small Angle Tagger
�VSAT� �		� was constructed to register electrons between � and 
 mrad� This is the main
detector used for this analysis and its performance will be described in detail below�

��� VSAT in DELPHI

The VSAT detector consists of four identical modules placed symmetrically in two pairs
on each side of the beam pipe � ��� meters from the interaction point �Fig� ����� This
placement is optimal for studying Bhabha events� as the two outgoing electrons from
Bhabhas head o� back to back and should give a signal in both modules in any of the
two diagonals in the detector� In 	


 the LEP beampipe radius at VSAT was decreased
from �� to about �� mm in size and the VSAT modules are since then placed around
��
 cm from the beamline� To squeeze down the transverse beamsize at the DELPHI
interaction point� there are two focusing quadrupoles in front of the VSAT modules�
Outgoing particles will defocuse in x making the VSAT angular coverage to be ��
 mrad
instead of ����	��� mrad �without the quadrupole the beampipe would in fact shadow the
particle trajectory��

Figure ���� The position of the VSAT mod�
ules�

Figure ���� The FAD and strip plane layout of
a VSAT module
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Each of the modules consists of eleven �x� cm� Full Area Silicon Detectors �FADs��
interspaced with tungsten layers �Fig� ����� When an electron hits the detector it cascades
into a particle shower that travels along the detector and is absorbed by the tungsten
plates� The FADs are used for energy measurements and VSAT has an energy resolution
of about �� at �� GeV� Since the detector was optimized for �� GeV� the gain of the
electronics was adjusted �	�� so it could continue to make high precision measurements
����� resolution� of the energies above 	�� GeV �Fig� �����

Three strip plane layers with 	 mm pitch have been interspaced between the tungsten
layers at shower maximum for x� and y�position measurements �precision is about 	�� �m
at �� GeV�� The primary purpose of this is to make detector leakage corrections� When
the particle shower travels through the detector some part of it will leak out through
the sides� and the closer to the edge the shower is� the more energy will be lost� Energy
leakage correction is made by correcting the data with exponential curves both in y and
x �Fig� �����

Figure ���� The energy distribution of Bhabha
events before and after the cuts in energy and
in x� and y�position� Some background still
remains in the Bhabha sample� which has to
be subtracted afterwards�

Figure ���� The leakage correction curve 
solid
line� as a function of x�position 
shown as a
histogram�� The drop of the raw energy 
dots�
at the far edge is due to interaction with a
�ange in front of the VSAT modules�

The x� and y�position measurements are necessary in order to isolate the Bhabha peak
�Fig� ���� from the o��energy electron background and to remove both of them from the
���collision signal� The VSAT detector is also used as a fast luminosity and background
monitor for the DELPHI experiment and the LEP central operation� It therefore has a
local trigger system in order to monitor more events� The VSAT can since 	


 store ��
events in a local bu�er before it is read out by a DELPHI trigger �	��� In the unlikely
event that the bu�er becomes full� VSAT will trigger the whole DELPHI experiment�
For LEP II running� there are three di�erent types of events that can trigger the VSAT
detector�
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� Every time there is a DELPHI trigger� VSAT will be read out as well� no matter what
is recorded in the VSAT modules� In the raw data this represents around ������
of all the readout triggers� In the primary stage of o�ine processing� events with
no signal in any of the VSAT modules are removed� reducing the DELPHI�VSAT
events to about �� of the total VSAT data�

� If there are simultaneous signals in two of the diagonal VSAT modules the Bhabha
trigger is activated and the event is read out� This is the main VSAT trigger and
represents about 
�� of the data�

� Every time there is a signal in any of the VSAT modules the T	 trigger is activated�
This is however heavily downscaled� due to the high rate of o��energy background
that hits the detector� so only a small fraction of this is read out� The single
electron signal is important for background studies and occupies around 	�� of the
data sample�

Both the beampipe upgrade in 	


 and the increase of LEP energy from �� GeV to
above 	�� GeV put new requirements of the VSAT electronics and trigger system �	���
The problems encountered were however solved �	�� and VSAT continued to give high
quality data till the end of LEP data taking and dismantling in November year �����
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O��Energy Background

The LEP ring has one of the best vacuum pressures in the world� and can achieve a
pressure of about 	���� Pa� This is about 	� million times lower pressure than in open
space in the universe or 	��� times lower than the atmospheric pressure at sea level� The
LEP beampipe has a total volume of ��� ��� liters and to achieve the vacuum pressure
needed� a number of di�erent pumping methods has to be applied�

First the LEP ring is heated up to about 	������o C� this is called the bake�out and
removes all the water vapor� An initial vacuum of about 	��� Pa is then created by ��
mobile pumping stations� About ���� stationary ion pumps then take the pressure down
to 	���� and �nally �� km of getter ribbon and titanium sublimation pumps push the
pressure down to 	���� Pa�

When the electrons and positrons are injected to the LEP ring� the vacuum pressure
can unfortunately not be contained at the initial level� When the beam is started a
radiation pressure is created as synchrotron radiation from the beam hit the beampipe
walls� which will then heat up and emit particles� This so called dynamic pressure increases
with the radiated power from the beam �Fig� ��	�� Other sources such as small leaks
and astray beam particles will contribute to the static pressure build up from beam�gas
particles that reside in the vacuum tube�

Figure ���� The dynamic pressure as a func�
tion of energy�

Figure ���� The vacuum pressure in the inter�
action point region�

��
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During operation with a four mA beam LEP II therefore has an average pressure of
about 	��� Pa� In the proximity of the interaction point the LEP ring is straight and the
beampipe is pumped harder� reducing the pressure with about a factor ten �Fig� �����
Beam particles that interact with the rest gas in the beampipe vacuum will loose part of
their energy� Particles that are o� the beam energy will experience directional changes in
the bending magnets and will create a beam halo and some beam loss� This is called the
o��energy background�

��� Trigger Rate

As the VSAT is positioned directly on the beampipe it is �ooded by o��energy electrons
that were bent o� from the beamline� There are mainly two types of background electrons
that hit the detector� If the interaction between a beam� and residual gas� particle results
in a small energy loss� the de�ection from the beam will also be small� This background
thus comes from far away� has high energy and is focused in the vertical plane of the beam
�Fig� �����

Figure ���� The Y�position of the low and
high energy background�

Figure ���� The energy of the low and high
energy background�

If the energy loss with the beam�gas interference is large� the resulting background
will be more de�ected and have lower energy� This background comes from a region close
to DELPHI as it can not travel very far before it hits the beampipe walls� The low
energy background is spread over all of the four VSAT modules� whereas the high energy
background is concentrated in the outer modules �Fig� �����

The vacuum is better in the region close to the interaction point �Fig� ����� resulting
in a much lower background rate from the low�energy background� The VSAT detector
therefore has about a factor �ve lower background in the inner modules than in the outer
�Fig� ����� It is also clear that the background at Z� running is much lower� only reaching
a total trigger rate of about ������� hz �compared to about 	����	��� for high energy
running�� This amount of data would require a lot of storage space and dead time if it
was recorded� The background trigger is therefore downscaled� and only a small fraction
of the events are read out�
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Figure ���� The online trigger rates for the in�
ner and outer modules� These are downscaled
individually to get a balanced rate below �
Hz in the recorded data 
blocked in terms of
�lls�one �lling of the LEP ring��

Figure ���� The Bhabha trigger rate� The
online total Bhabha trigger rate is the sum of
the true and false Bhabhas� Some events are
removed in the o�ine processing reducing the
o�ine trigger rate somewhat�

��� Background coincidences

The o��energy electron background disturbs the VSAT data in many ways� as will be
discussed in section ��	 the coincidence of two o��energy electrons can trigger a Bhabha
event� This �false Bhabha� rate normally stays below ��� of the number of Bhabha
triggers� but can at times go above ��� �Fig� ����� Most of the false Bhabhas can be
removed with narrow cuts due to the well con�ned properties of a true Bhabha event�
The remaining background can be quantized by a linear combination of four di�erent
measurements �	���

Ecut��
S� � S�
SE�SE�

� 	� SE� � SE�

�T
Bsoft �Bhard FBscal

Here Ecut is the number of events cut away by the Bhabha energy cut� S and SE the
number of downscaled o��energy electron triggers with and without the energy cut� The
duration of the measured data is given by �T and Bsoft�Bhard is the di�erence between
the normal Bhabha sample and one with especially hard background cuts� Finally the
FBscal is the online delayed Bhabha scaler �taken as the coincidence of two opposite hits
separated by four bunch crossings�� which only is usable in cases of bad statistics�

A ���event is triggered by cuts on the hadronic system in the DELPHI detector �section
��	�� If an o��energy electron coincides with the hadronic trigger� it can result in any of
the following VSAT ���event�

� If the o��energy electron is just in coincidence with a no�tag ���event� it will be
visible as a single tag�

� If the o��energy electron is in coincidence with a single tag ���event� it can result
in a double tag trigger�
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� The coincidence of two o��energy electrons can also be triggered as a double tag
���event�

The most troublesome background for this analysis is the second � as the con�nement
of the o��energy background is mixed up with the spread of true ���events� The other two
background triggers could in principle be completely removed by strong cuts� without too
much loss of the signal� This is not possible for second type and the size of the background
has to be estimated in order to make an e�ciency calculation�

��� Probabilities

The most straight forward way to calculate the expected size of the o��energy background
is to measure the probability to have an o��energy electron in any of the modules� The
expected number of background events is then the probability multiplied with the number
of hadronic triggers� The easiest way to measure the o��energy electron probability is to
measure the coincidence rate with a Bhabha event�

For this purpose both the coincidence of a STIC or a VSAT Bhabha with an o��energy
electron was measured �	��� The STIC Bhabha trigger will only use DELPHI events�
whereas the VSAT Bhabha trigger covers separate VSAT events� The two individual
measurements will provide a double crosscheck and assure a good result� Unfortunately
the background conditions vary strongly and rapidly over the year� When the �nal data is
selected the average probability obtained by the STIC and VSAT Bhabha measurement
therefore might not be totally accurate�

The o��energy electron probability is therefore also estimated with a number of other
methods �section ����� Table ��	 shows o��energy electron probabilities that were found
to best �t all measurements for the energy intervals used for LEP II� The probability to
have two o��energy electrons in the VSAT is simply constructed as the joint probability
of the two modules� The coincidence with a single tag ���event is also calculated in a
similar fashion�

Module � Module � Module � Module �

Energy Prob� Events Prob� Events Prob� Events Prob� Events

��
 ��
�� ��
� ����� ��� ����� ���
 ����� ���
�
� ����� ��� ����� ��� ����� ��� ����� ���
�
� ���
� ���� ����� ��� ����� ���� ����� ���
��� ����� ���
 ����� ��� ����� ���� ����� ���
��� ���
� ��� ����� �� ����� ��� ����� ��
��� ����� ���� ����� ��
 ��
�� �
�� ����� ���

Table ���� The probability 
in �� and the expected number of events of the o��energy back�
ground�



���� �� CUT�MAPS ��

��� �� Cut�maps

In order to achieve as good purity as possible in the �nal �� sample� it is necessary to
impose hard cuts on the data� As mentioned before all background cannot be removed�
but any physical analysis of the �nal sample needs a signal purity of at least ���� This
requires background rejection in the order of 
��� and at the same time it is desirable
not to loose more than ��� of the signal�

The o��energy background spreads out over the whole horizontal plane of the detector
and can not be con�ned in x� The high energy background �mainly in the outer modules�
is however very well con�ned in the y�plane of the beam �Fig� ����� Unfortunately the
y�position experiences rapid changes during LEP�running �Fig� �����

Figure ���� The y�position changes 
equal for
modules on the same side of the detector� of
the o��energy background�

Figure ���� The energy and y�position of the
o��energy background tagged in VSAT� The
boxed area represent the cut�map used�

The low energy background is less con�ned in y� but as seen from Fig� ��� it follows
the same changes in the beam position as the high energy background� Both the energy
and y�position of the background are used for con�nement� From Fig� ��
 it is clear that
no trivial mathematical expression can be used to de�ne the rejection region for the o��
energy background� Instead the imposed cut was de�ned with a grid map� as a function
of the VSAT energy and y�position measurement �	
��

Ymap � �ypos � yoff � 	��� � �� � 	� Xmap � Ebeam � E � 		

To improve and narrow down the distribution� the y�position changes of the back�
ground �yoff� shown in Fig� ��� was implemented on a run by run basis �blocks of about
�� minutes data taking in DELPHI�� The grid size of the maps were set to 
�� which is
the origin of the constant numbers in the expressions� A map is created by �lling it with
o��energy electron events from the single electron trigger �Fig� ��
�� A map was de�ned
for each module and energy interval of LEP� resulting in total of �� di�erent maps�
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Figure ��
� The distribution of events in a cut
map� a cut is imposed by specifying a level on
the Z�axis�

ID

Entries
Mean

RMS

              1

           8211
  6.575

 0.5521

Full background sample

Cutlimit=3‰, 43% remainng

Cutlimit=1‰, 21% remainng

Cutlimit=0.2‰, 8% remainng

Figure ����� The amount of remaining back�
ground after imposing cuts at di�erent cut lim�
its�

The height of each bin in the maps is de�ned as the relative probability �in permill�
for an o��energy electron to hit that bin� The total sum of all the bins is thus equal to
one �or 	��� permill�� The cut is then easily imposed by specifying a horizontal cut limit
in the map� removing all events that are in bins that have a height above that limit�

As the outer modules have a more con�ned background than the inner modules� the
cut limits has to be set separately� The impact of adjusting the cut limit is shown in
Fig� ��	�� where cut limit of about ��� permill is needed for a background rejection over

�� in the outer modules� The background rate in the inner modules is smaller and less
background need to be cut away �a cut limit at around ������� is normally enough for the
inner modules��
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Luminosity

All processes in elementary particle physics are based on probabilities� as it is impossible
to tell in advance what is going to happen in a speci�c e�e� collision� The probability
for a speci�c process to happen is called its cross section� as it has the unit of m� �for
practical reasons 	 barn�	����m� is used instead�� This can be schematically viewed as
the electron and positron cover certain areas in space� and the total cross section for a
collision is then the sum of these areas�

The probability for a collision is then the cross section area of the two particles �	�
divided by the total area of the beams ��� � 	x � 	y�� Normally there is more than one
particle in the beam� so this should be multiplied with the number of electrons�N�� and
positrons�N�� in the beam� The probability P for an event to happen and the collision
rate per unit time N in a e�e� collider is then�

P �
N�N�	

�� � 	x � 	y N �
fN�N�	

�Nb � ��	x	y � L � 	

In the second expression� f is the revolution frequency and Nb is the number of bunches
in the beam� The de�nition of the luminosity �L� appears at the end� and is thus de�ned
as the interaction rate per unit cross section� An accelerator is mainly de�ned by two
parameters� the energy of the beams and its ability to achieve high luminosity� As seen
from the expression above� it is clear that it is important to keep the beam�width as small
as possible and at the same time to pack as many electrons and positrons in each bunch
as possible� Normally the luminosity is integrated over time and the natural unit for the
integrated luminosity then becomes barn���

In order to compare di�erent experiments with each other it is essential to have a good
luminosity measurement� so that the cross section for di�erent processes is comparable�
The beam parameters mentioned above are hard to measure with high enough accuracy�
so instead the number of events in a process with a well de�ned cross section are counted�
For this purpose elastic electron�positron scattering �Bhabhas� normally is used� This
process has a well determined cross section �eq� ��	� as well as a distinctly de�ned energy
and momentum distribution�

d	�
d 

�
a�

	�s

�� � cos����

sin����
���	�

��
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��� VSAT Bhabha Selection

From Eq� ��	 it is clear that the cross section for Bhabha events increases rapidly at small
angles� which makes the VSAT position at ��
 mrad ideal for Bhabha measurements�
Unfortunately the o��energy background also increases at small angles� and the VSAT is
�ooded by background hits� There is a certain probability that two o��energy electrons
will hit two of the VSAT diagonal modules at the same time� and this will thus be triggered
as a Bhabha event�

This so�called false Bhabha rate can be quite high �Fig� ���� and disturbs the VSAT
Bhabha measurement� As the Bhabha process is elastic� both of the scattered outgoing
electrons have the same energy and an opposite momentum� A Bhabha event can therefore
be quite well contained in a circular area �due to the detector resolution� around beam
energy �Fig� ��	�� The positions of the electron and positron in both x and y are strongly
related as they are back to back� To isolate the Bhabha sample further an elliptical cut
in �x�� xe� � xe�� and �y�� ye� � ye�� is made� shown in Fig� ����

Figure ���� The joint energy distribution of
the Bhabha electron and positron�

Figure ���� The joint �X and �Y distribution
of the Bhabha sample�

The quadrupole that is placed in front of the VSAT focus the scattered electrons in
the vertical plane and have a defocusing e�ect in the horizontal� This is the reason for
that the distribution in Fig� ��� is more narrow in �y� The two cuts removes about 
��
of the false Bhabha background� resulting in a Bhabha purity above 
���

��� STIC Normalization

The geometry of the VSAT detector and the quadrupole can not be determined to a
high precision� as there is no line of sight through DELPHI� The precise shape of the
�ange in front of the VSAT is not known as well as one would like� The exact amount
of remaining background in the Bhabha sample also su�ers from some uncertainty� The
accepted Bhabha cross section for the VSAT also depends on some beam�parameters that
varies during data taking�
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All this makes accurate absolute luminosity measurements by the VSAT di�cult�
which means that the VSAT absolute luminosity has to be calibrated to an accurate and
well known luminosity measurement �	
�� The relative luminosity measured by the VSAT
is on the other hand quite accurate� Fortunately DELPHI has a second detector closer to
the interaction point and at larger polar angle to measure the integrated luminosity� This
is the STIC detector and it has much lower systematical error than VSAT and provides
a �xed absolute luminosity measurement� The STIC has however much higher statistical
error than VSAT as it collects much less data� about a factor of 	� for LEP II�

The average VSAT Bhabha cross section cannot simply be extracted by dividing the
number of recorded Bhabhas with the STIC luminosity� As mentioned in the previous
section� there is still some background left in the VSAT Bhabha sample� which needs to
be subtracted before the average cross section can be obtained�

As shown in section ��� four di�erent methods are used to extract the expected false
Bhabha background rate in the Bhabha peak� These are linearly combined and are �tted
simultaneously with the VSAT Bhabha cross section against the VSAT�STIC luminosity
di�erence �Fig� ����� As there are two free parameters �the Bhabha cross section and the
background rate� this cannot be done in one �t� so a number of �ts are done converging
to a minimal VSAT�STIC luminosity di�erence�

Figure ���� Fitting the remaining o��energy
background rate to the STIC�VSAT di�erence�

Figure ���� Fitting the �x parameter to the
corrected STIC�VSAT di�erence�

To improve the VSAT luminosity measurement further the variations of the accepted
Bhabha cross section �	acc� have to be taken into account ����� It has been found that the
cross section varies with the beam acollinearity ��angle between the beams� in both x and
y� The average tilt and the width of the beams in x also changes the VSAT Bhabha cross
section� Fortunately all these parameters can be estimated and parameterized by quan�
tities measured by the VSAT detector ��	�� The Bhabha diagonals are treated separately
and the corrected VSAT cross section can be expressed as�

	acc � 	��	�A��x��x���B��x��x��C�	�x�	�x��D��y��y��E�AS�AS��
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The �x and �y are the same as before� 	�x is the width of the �x distribution and
AS is the counting asymmetry between the Bhabha diagonals� The constants A�B�C�D
and E have to be determined by a �t to STIC data� This is a quite wide parameter space�
so each parameter is �rst �tted individually �Fig� ���� and then a number of Monte
Carlo �random selection of numbers� normally within some allowed ranges� generations
are performed from that� They converge to a set of numbers that gives the smallest
VSAT�STIC luminosity di�erence�

In all of the �ts used for luminosity normalization it is important to only use half of
the available data� The second half is needed to verify that the normalizations indeed
improved the VSAT luminosity and not only some statistical di�erence between VSAT
and STIC� The amount of data in each of the data�points cannot be too small� as the
STIC statistical error then would be too big� To get a good and reliable result� a number
of di�erent set of data points were tried in blocks ranging from ��� to 	��� STIC Bhabhas�
The �tted parameters should not depend on the block size of the data� which is a second
veri�cation that they have been correctly extracted�

��� LEP II Data selection

When the decision was made to upgrade the LEP I accelerator to LEP II� there were
mainly two goals to achieve� The energy should be upgraded from �� GeV to reach an
energy above 	�� GeV and the luminosity should be increased by introduction of so�
called minibunches� This means that each bunch in the accelerator was to be split up to
� minibunches in order to pack more electrons into the ring�

The minibunch scheme was tried out with some success for �� GeV data in 	

�� but
when the energy was increased in 	

� big problems occurred� This can be seen in Fig�
���� where the long �at line for 	

� corresponds to about �� days without any stable
beams� Finally the minibunch scheme was abandoned for high energy data� but kept for
the calibration runs with Z� data� Clearly the luminosity improved in 	

�� and was
outstanding for the years 	


 to �����

Figure ���� The integrated luminosity over
year �

�������

Figure ���� The integrated luminosity per en�
ergy interval�
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The minibunch scheme was quite di�cult for the VSAT� as the minibunch spacing
was shorter than the rise time of the calorimeter signal� Some new electronics were
developed ����� but this never really worked as intended and su�ered from big problems�
So for the VSAT point of view it was good luck that the minibunch scheme was abandoned�

In 	

� the VSAT detector was experiencing some saturations in its fad and strip
planes �	��� which was �x in the shutdown 	

��	

�� In the beginning of 	


 year
data taking� it was clear that there should be no more minibunch running at high energy�
The rise time problem could then be cured by delaying the VSAT trigger� and since then
the energy reconstruction works without any problems� Although a method has been
developed to reconstruct the energy for 	

� and 	

� �	��� these years are kept out of
this analysis� There are three reasons for this�

� In order to recover the correct energy the data needs to be reprocessed in the central
DELPHI processing farm� which has not been done�

� The luminosity for 	

� is totally negligible and the 	

� running would add less
than 	�� to the data� which is not worthwhile with the extra work needed�

� VSAT was moved closer to the beampipe in 	


� and a coherent analysis can not
be made with data before that�

The data from 	


 to ���� can be grouped into six di�erent energy intervals� The
whole of 	


 was taken on 
��� GeV and in 	


 the energy was �xed on four energy
levels �
�� 

� 	�� and 	�	 GeV�� In year ���� the LEP accelerator was pushed to extreme
limits and there was no �xed ��	��GeV � energy within the LEP �lls� and an average of
	�� GeV was obtained over the whole year� The integrated luminosity delivered to the
experiments can be seen in Fig� ���� From the VSAT point of view� the luminosity from
	


 should be multiplied with about a factor of 	�
� This is the cross section increase
the VSAT gets for �� physics due to the movement of the VSAT modules� and it is clear
that data before 	


 �or a beam energy less than 
��� GeV� is almost of no signi�cance�
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���Collision Data

Before any two photon physics analysis can be performed on the VSAT data� it is necessary
to both purify the data from background as well as calculating the size of the total ��
sample� Good purity is needed to extract physical properties of the two�photons events�
The determination of the expected number of �� events seen in the VSAT is needed to
compare data with Monte Carlo and to estimate the remaining background�

��� ���Trigger

The primary ���trigger is made on the DELPHI particle system� which is referred to as
a no�tag event if there are no signals in the VSAT detector� In this analysis leptonic
���events are of no interest� so the following cuts were imposed on the DELPHI particle
system�

� At least three charged tracks should be recorded in the DELPHI detector in order
to have a hadronic event� A charged track is required to have a PT of at least ���
GeV and to be in a theta range between 	��
� degrees�

� The invariant mass of the hadronic system should be larger than � GeV�

� The total energy and transverse momentum of all particles in the hadronic system
should be less than ���� and ��� GeV respectively� The maximum number of allowed
tracks �charged and neutral� should be less than 	�� Similar cuts are also made on
charged and neutral particles separately� in order to contain the hadronic system as
much as possible�

� No other particle with an energy greater than �� GeV should be seen in the DELPHI
detector unless it is in STIC �which is then a STIC�VSAT double tag�� This is
normally called an anti�tag� and assures that the second electron ends up in the
beampipe with a Q� around zero�

Decays from tau pairs created in �� collisions can produce more than two charged
tracks and give some background� This is however very small in the VSAT Q� region
and can be neglected� If there is a single or double hit in the VSAT in coincidence with
the DELPHI hadronic system� we get a so called single or double tagged �� event� The
tagged electron must be well reconstructed in the VSAT so there are some restrictions on
the recorded hits�

��
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� An electron is not allowed to hit any of the edges of the detector� as an accurate
energy reconstruction then is impossible�

� If an electron is further out than 
 cm� it is likely to interact with the �ange of the
beampipe in front of VSAT and loose energy� All such triggers are thus removed
due to uncertainty in the energy measurement�

� The energy of the measured electron should be greater than �� GeV� due to the high
background rates and low energy resolution at lower energies�

� The joint energy of the hadronic and VSAT system should not be larger than the
double beam�energy plus the VSAT energy resolution�

If both of the electrons is tagged the full kinematics of the ���system can be obtained�
The interesting quantities to measure is the momentum transfer in the lepton�photon
vertex �Q�

i � and the invariant mass of the ���system �W���� In the VSAT region� where
the ��angles of the scattered leptons are small� the expression for these quantities can be
simpli�ed �����

Q�

i � �EbeamEisin
�
�i
�

W �

�� � �E�
�E

�
�

Here E�
i � Ebeam �Ei is the energy of the radiated photon� With the VSAT detector

it is possible to achieve and accuracy of � GeV in W�� and ���� GeV ��c� in Q� �	
��

��� Expected number of ���Events

The expected ���signal is extracted as the total number of events seen minus the expected
background� There are two di�erent ways to classify the total number of single and double
tags� Either a trigger is accepted if there is nothing else in the other modules� or an event
is tagged regardless of what is seen in the other VSAT modules�

The �rst method should be used if the physics in single tag events should be studied� as
the second electron then is assumed to go in the beampipe with Q� ��� In this analysis the
single tag events are mainly used to extract the expected size of the ���signal� therefore
the second method is to prefer�

The expected background can easily be extracted as the o��energy background proba�
bility times the number of notag events� as explained in section ���� This gives the correct
value within ��	��� due to systematical errors and o��energy background �uctuations over
the data taking period� Therefore other methods of measuring the o��energy background
also had to be adopted in order to get the best possible background estimation� In this
analysis the background also was adjusted to the following measurements�

� The ratio of the number of �� events between the modules �uctuates with the
beamspot position� but should be quite stable for a whole data taking period�

� The relative number of recorded events should correspond to the relative luminosity�
� By adjusting the size of the cut maps and compare the impact on data� background
and ���Monte Carlo� it is possible to extract the expected background �	
��



���� EXPECTED NUMBER OF ���EVENTS ��

� The energy distribution of the data should be comparable to that of the Monte
Carlo� or at least the same for all modules� The o��energy background and ��
energy distribution look quite di�erent� so a change in the size of the subtracted
background will directly re�ect in the �nal energy distribution�

Taking these measurements into account� the o��energy background probability ob�
tained from STIC and VSAT Bhabha measurements could be �ne tuned� Once the ex�
pected number of background events �Table ��	� have been obtained� the ���signal is
extracted as the remaining part of the data� This is presented in table ��	 along with the
probability to have a single tag event� when the hadronic system is triggered�

Module � Module � Module � Module �

Energy Events Prob� Events Prob� Events Prob� Events Prob�

��
 ���� ���� ���� ���� ���� ���
 ��
� ����
�
� ��� ���� ��� ���� ��� ���� ��
 ����
�
� ���� ���� ���� ���� ���
 ���� ���� ����
��� ���� ���� ���� ���� ��

 ���� ���� ���

��� ��� ���� ��� ���� ��
 ���� �

 ����
��� ���� ���� ���� ���� ���� ���� ���� ����

TOT 
��� ���� �
�� ���� ���
 ���� ���� ����

Table ���� The expected number and probability
in �� of single tag ���events�

If the two photons in a �� collision were totally independent� the probability for a
double tag would just be the joint combination of two single tags� The cuts on the
particle system do however relate the two electrons and thereby increases the double tag
probability� The expected number of double tags is therefore extracted by partly looking
on the double tag data when the expected background has been subtracted and partly on
the probability of a single tag �	
�� This is presented in table ��� along with the Monte
Carlo expectations�

Energy ��� ��� ��� ��� Tot MC

��
 �� �� �� �� 
� 
�
�
� � � � � �� ��
�
� �� �� �� �� �� ��
��� �� �� �� �� �� ��
��� � � � � �� ��
��� �� �� �� �� �
 
�

Tot 
� �� �� �� ��� ���

Table ���� The expected number of double tag ���events for di�erent module combinations and
the total sum compared with Monte Carlo
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��� Cut�map E�ciency

The cut�maps described in section ��� works very well on single tag data� and a purity over

�� in the data can be achieved after the cuts� The double tag case is harder to deal with
as the main background is a single tag �� plus an o��energy electron� This background
is not as con�ned as the pure o��energy electron background� and the cut�maps will be
less e�ective� Applying the cut�maps on both of the electrons in a double tag event is
however the best approach to reject the most of this background�

A purity over ��� in the �nal sample is desirable in order to get good quality of the
data� The cut limit for the outer and inner modules were set to ��	� and ��� respectively
�removing all events that hit the cutmap in bins with more than ��	����� permill of the
background signal�� An average purity of ��� was then obtained� with only a ��� loss
of the �� signal �Table �����

Energy Events Exp� Gam Purity ���loss Full Prob�

��
 �� �� ���� ���� ��� 
�
�
� �� � ���� ���� �� ��
�
� �� �� ���� ���� �
 ��
��� �� �� ���� ���� �� ��
��� 
 � ���� ���� 
 ��
��� �� �� ���
 ���� 
� �


Tot ��� �
� ���� ���� ��� ���

Table ���� The remaining ���signal� its purity� data loss� expected full signal and signal expected
from probability calculations

The cuts used on data also have to be used on the Monte Carlo in order to get
comparable results� As mention in section ���� the cut�maps are run�dependent as the
y�position of the o��energy background changes� Monte Carlo has a �xed beam position
over the whole year� and therefore an average �xed Y�value had to be used�

��� VSAT	STIC Double Tags

From the VSAT data it is also possible to study the coincidence of a single tag electron in
VSAT and a high energy electron in the STIC detector� If the VSAT background is cut
away e�ciently enough� this will result in a new set of double tag data in the Q� region of
���	�� GeV� As a result of this� the cuts on the maximum number of tracks and energies
in the hadronic system must be removed� so that no important events are cut away�

To achieve good purity in the data sample� only STIC events with an angle greater
than three degrees and an energy above �� GeV were accepted� The normal cut�maps were
applied to the VSAT data� resulting in a purity above 
��� In total ��� STIC�VSAT
double tag events were found after the imposed cuts� with an expected background of
about �� events� This shall be compared with the �	
 events seen in Monte Carlo� which
is slightly higher but within the expected errors�
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Two Photon Physics

As already mentioned in the introduction� the photon can be described as a superposition
of a number of virtual states� Each state represents the probability to �uctuate into a
quark�antiquark or lepton�antilepton pair and can be represented by a wave�function� Due
to theoretical di�culties the quark�antiquark pair is subdivided into high and low virtu�
ality �uctuations� with a cuto��limit �pT � in the transverse momenta of the quarks� The
high virtuality part can be calculated by perturbative QCD� whereas the low�virtuality
part is described in a non�perturbative phenomenological model involving the summation
over vector meson states� In mathematical form the photon therefore is described as the
bare photon plus three summation terms �����

j� 
� cbarej�bare 
 �
X

V	�������J��

vV jV 
 �
X

q	u�d�s�c�b�t

cqjqq 
 �
X

l	e���	

cljl�l� 
 ���	�

The last term describes the �uctuation into a lepton�antilepton pair and is calculable
to high precision by QED and is in this scenario of less interest and will be discarded from
the analysis� The two other terms describe the hadronic part of the photon wave�function
and photon�photon collision studies will help to improve our understanding of QCD�


�� �� Interactions

A hadronic �� collision can be described by any of the hadronic terms in equation ��	�
which gives rise to a wide range of possible interactions� Previously these processes could
be reduced into two main classi�cations� a vector dominance process for soft hadronic
interaction �Fig ��	� and a direct coupling to pointlike quarks �Fig ���� �����

In the late 
��s experiments started to produce results that could not be explained by
these two processes ����� As the photon can �uctuate into a qq state� which can �uctuate
into more complex partonic states� it is convenient to de�ne Parton Density Functions
�PDF�s� for the photon in a similar way that is done for the hadron� This means that the
photon is described as an object with smaller partonic constituencies of quarks� antiquarks
and gluons� One of the photons may react directly with one of the partons of the other
photon �Fig� ����� or partons from both of the photons can react with each other �Fig�
���� �����

��
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Figure ���� The VDM process Figure ���� The QPM process

Figure ���� The single resolved process Figure ���� The double resolved process


�� Monte Carlo models

The di�erent processes above have to be simulated using theoretical assumptions� where
the physical properties of the reaction is translated into a mathematical form in a Monte
Carlo model �see chapter ��� The process in Fig� ��	 is simulated by a non�perturbative
phemenological model called the Vector Dominance Model �VDM�� This was developed
about �� years ago in order to relate ���collisions with hadron�hadron physics�

The VDM model assumes that the virtual �uctuation of a photon into a quark�
antiquark pair has a lifetime long enough to form a bound vector meson state� This
is possible when the transverse momenta �pT � of the branching �� � q!q� is small� and the
model is thus describing the low pT part of a ���collision�

At higher pT the photons can give a q!q�pair� which is described by the QPMmodel� The
direct and pointlike coupling of photons to quarks is described by perturbative calculations
and is treated in similar way as the QED reaction e�e� � e�e������ The QPM model
is only applicable at large Q�� high pT or large quark masses� The contribution to the
total cross section of the relatively low Q� of most two�photon events is therefore quite
small� but grows to become more important with increasing Q��



���� PHOTON STRUCTURE FUNCTIONS �


The q!q pair from a photon can �uctuate further into more complicated states� as shown
in Fig� ��� and ���� The photon can therefore be described by a set of Parton Density
Functions �PDF�s�� These functions give� for each parton� the parton density for a given
x and Q� value� Here x is the fraction of the total longitudinal momentum of the photon
carried by the parton�

The PDF�s are used in the QCD Resolved Photon Contribution model �QCD�RPC��
which is needed in order to describe data at low Q�� The QCD�RPC model considers
hadronic scattering subprocesses to be perturbative and has therefore a pmin

T cut on all
PDF�s� setting the lower transverse momentum limit on the outgoing partons� This
cut separates the model from contributions from the non�perturbative region at low pT �
There are several di�erent parameterizations available to describe the parton density of
the photon� The di�erence in their behavior is mainly seen at low values of x �����


�� Photon Structure Functions

A hadron can be described by its parton contents� and as photons �uctuate into partonic
states a similar description can also be adopted for the photon� The partonic content
of a photon is described by the photon structure functions� which is closely related to
the PDF�s described previously� If one of the photons in a ���collision is almost on�shell
with a Q� ��� the whole process can be viewed as deep inelastic scattering of the tagged
electron o� the quasi�real target photon� The cross section can then be expressed as�

d�e��eX

dxdQ�
�
����

xQ�
��	 � �	 � y��F �

� �x�Q
��� y�F �

L�x�Q
���

� where

x �
Q�

�q� � q� �
Q�

Q� �W �
� y �

q� � q�
kq�

� 	� Etag

Ebeam
cos��

�tag
�
��

y is normally very small in the region studied� so it is only possible to measure F �
� �

In the simple parton model F �
� is taken as a sum over the quark and antiquark density

functions� The Q� evolution of these PDF�s are described by the Altarelli�Parisi equations�
In case of the photon� there is an extra term corresponding to a gamma going into a q!q
pair� This renders the equations inhomogeneous and a linear rise of F �

� with ln�Q�� is
expected� This was seen by the LEP experiments� and is presented in Fig� ����

One of the more important results from HERA was the observed rise of the proton
structure function �F p

� � at low x�values� A similar rise is also expected for the F
�
� structure

function at very low x� Evidence for this is piling up from the latest results �Fig� ���� of
the LEP experiments �����
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Figure ���� F �
� as a function of log Q��
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Figure ���� The low�x behavior of F �
� �


�� Total Cross section

The ���collision processes have for LEP II energies typically cross sections that are two
to three orders of magnitude larger than e�e� annihilation processes ��
�� The cross
section for the process �� � hadrons is extracted from the measurement of e�e� �
e�e� � hadrons ��
��

d	ee
dW �

���s
�

Z
dQ�

�

Q�
�

dQ�
�

Q�
�

X
a�b	T�S

Lab	
��
ab �W

�

��� Q
�

�� Q
�

��

Here d	ee is the measured cross section for the e�e� � e�e� � hadrons reaction
for a certain dW interval� The center of mass energy is given by

p
s and Lab is the

two photon luminosity function� which describes the photon �ux� Q�
i are the virtualities

�momentum transfer in the e� vertice� of the radiated photons� The hadronic cross
sections 	ab correspond to speci�c helicity states �T�transverse and S�Scalar� of the
interacting photons� If W � 

 Q�

i it is possible� to a very good approximation� assume
factorization of the Q and W dependencies of 	ab �����

	ab�W
�

��� Q
�

�� Q
�

�� � ha�Q
�

��hb�Q
�

��	���W
�

���

The functions ha�b are model dependent and describe the Q� behavior of the hadronic
cross section� If this is known it is possible to extrapolate the 	ab�W �

�� � Q
�
�� Q

�
�� to Q

�
i � �

without any loss of the W dependence� It is clear that the extrapolation to Q� � � is
better for small values of Qi� which favor notag data� At low Q� most of the hadronic
system is however lost in the beampipe and the W measurement of notag data needs to
be unfolded with di�erent MC simulations�

Double tag data do on the other hand provide an excellent W measurement from
the tagged electrons� and no model dependent unfolding is needed� The extrapolated
to Q� � � is however strongly model dependent for large Q� values and this can result
in large uncertainties in the 	���W �� measurement� The VSAT detector therefore has a
unique advantage� as is it can measure double tag events at low Q� values�
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Monte Carlo

Physics today consists of models trying to describe properties of the reality in the most
simple and logical way� In order to test the validity of any theoretical model of a physical
process� it must be compared with real measurements by a experiment� The theoretical
assumptions and model descriptions are implemented into a Monte Carlo �MC� computer
program that randomly generate events according to some preset rules� The generated
events are then run through a simulation program that should describe the detector
response� which then can be compared with real data�

��� MC Generators

There are a number of di�erent MC models on the market to describe two�gamma physics�
Some earlier models could recently be rejected� as the quality of the data now is good
enough to discard them� There are mainly four di�erent MC generators used in the
���physics analysis today ��
��

� HERWIG ��� ��	� is a general�purpose QCD generator to simulate Hadron Emis�
sion Reactions With Interfering Gluons� The old version of HERWIG ��
 has been
replaced with HERWIG ��
�kt �dyn� for �� studies� In the new version the quarks
inside the photon have a modi�ed transverse momentum distributions �kt��

� PHOJET ��	� ���� is a minimum bias event generator for pp� �p and �� inter�
actions� described with the Dual Parton Model �DPM� in terms of Reggeon and
Pomeron exchanges combined with the QCD�improved parton model� PHOJET has
in particular a detailed modelling for di�ractive and soft interactions�

� TWOGAM ���� is a pure �� event generator where all ���interactions are stripped
down to three di�erent processes� The Quark Parton Model �QPM�� the Vector
Dominance Model �VDM� and also the Resolved Photon Contribution �RPC��

� PYTHIA ���� is a general�purpose event generator for high energy physics� which
recently also is used to simulate �� physics� The model uses� similar to TWOGAM�
three components to describe the photon� In �� interactions there should then be
�x� event classes� but the �o��diagonal� combinations appear pairwise� The program
therefore uses six event classes to describe two�photon collisions�

��
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��� Twogam

TWOGAM is the MC generator that is most commonly used in DELPHI and was therefore
used in this analysis� The TWOGAM generator has the advantage of generate the di�erent
model constituencies separately� which allows to easily qualify the importance of a model
in a certain Q� region� For this analysis �ve data sets were generated by the TWOGAM
generator� presented in Table ��	�

Name Luminosity Center of mass energy Radiative Corrections


� ��� ��
 No

� R ��� ��
 Yes


 ��� ��� No
�� ��� ��� No
�� R ��� ��� Yes

Table ���� The generated MC samples�

The generated MC events are then processed through two simulators� DELSIM ����
and FASTSIM ����� in order to generate the detector response for the DELPHI and VSAT
detectors respectively� It is vital that the coordinate systems of DELPHI and VSAT are
the same as the one of the generated MC� The DELPHI coordinate system is �xed with
help of the vertex detector� that can measure the location of the interaction point very
accurate� The VSAT position is �xed by using the symmetries of Bhabha events �����

As mentioned in section ��� the QPM model describes data at high Q�� and is of less
importance in the VSAT region �which has a Q� between ���� and ����� The size of the
QCD�RPC model depends on the value chosen for the pmin

T cut�o� limit for the Parton
Density Functions� As seen from Fig ��	 even a small change in the pmin

T value will make
a clear change in the size of the QCD�RPC contribution� The weights of each of the
contributions for a pmin

T of ���� are shown in Fig� ����

Figure ���� The pmin
T distribution for the

QCD�RPC model�
Figure ���� The size of the di�erent MC mod�
els in the VSAT Q� region�



	��� THE PT CUT�OFF ��

��� The pT cut�o�

If the exact normalization of the MC was known it would be easy to �nd pmin
T � as the

number of events in data and total MC would be equal� There is however a rather large
�	������ uncertainty in the total cross section of the MC� so it would not be correct just to
normalize the size of the data and MC with help of the pmin

T factor� Instead distributions
of physical quantities sensitive to the QCD�RPC model have to be compared with data
for the best �t of pmin

T � From Fig� ��� it is clear that the total energy distribution of
the tagged electron will change with the pmin

T cut�o� limit� This has been compared with
data in Fig� ��� for three di�erent values of pmin

T �There is in principle no QCD�RCP
contribution for pmin

T greater than �ve��

Figure ���� The total energy distribution of
MC with di�erent values of pmin

T �
Figure ���� The normalized energy distribu�
tion for di�erent values of pmin

T

It is clear that MC with pmin
T equal to 	�
 gives too many events and MC with no

QCD�RCP contribution results in too few events� This could however be due to a bad
normalization of the MC� so instead the normalized di�erence between data and MC was
calculated in Fig� ���� Clearly the QCD�RCP contribution is needed in the MC� but the
exact limit of pmin

T is hard to extract from this quantity�

The invariant mass reconstructed from the hadronic system also di�ers for the three
MC models �Fig� ����� The invariant mass can thus also be used to �nd the pmin

T cuto�
limit� The ratio between the invariant mass distribution for data and MC is plotted in
Fig� ��� for the same values of pmin

T as before�

The main bulk of events in Fig� ��� and ��� is between � and 	� GeV� so it is clear
that pmin

T equal to 	�
 results in an excess of events and with no QCD�RPC contribution
there are again too few events� The slope of the ratio is however more interesting to look
at� as it should be more or less �at when a good agreement with data is found� A pmin

T

cut at ���� seems to agree quite well with the data� and it is clear that the other two pmin
T

limits can be excluded�
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Figure ���� The invariant mass distribution for
the di�erent MC contributions� The distribu�
tion for data is also shown as a comparison�

Figure ���� The ratio of the invariant mass dis�
tribution for data and MC samples with dif�
ferent values of pmin

T 
���� ���� and �����

It is quite hard to distinguish the MC with or without radiative corrections� but it is
clear that a pmin

T around ���� should be used� These results came from single tag data�
which has small statistical error� The double tag data su�ers from much larger statistical
errors� but should also be checked for cross�reference� The number of accepted double tag
events for di�erent pmin

T limits can be found in table ����

Energy Data MC
pT����� MC
pT����� MC
pT������ MC
����� NORAD�

��
 
� ��� �� 
� �

��� ��� ��� �� ��� ���
��� �
 ��� �
 
� ��

TOT ��� ��� ��� ��� �
�

Table ���� The number of double tag events seen in data and in MC for di�erent values of pmin
T �

The MC with pmin
T equal to 	�
 and ��� is as before too big and too small respectively�

The MC with radiative corrections still agree very well with the data with a pmin
T equal

to ����� The MC without radiative corrections is now however too small� with about 		�
loss of events� As shown in section ��� there is no ��� GeV MC with radiative correction
generated� so this was constructed by just up�scaling the ��� GeV MC without radiative
correction with 		��
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��� Comparison with data

All observables should be measured for both data and MC� to make sure that MC can
describe the data in a satisfactory way at all instances� Data and MC were compared for
the whole LEP II period to increase the statistics� the individual data set did however
also show excellent agreement� Comparisons were made for pmin

T equal to 	�
� ���� and ���
for normal MC ���� GeV MC extracted as before� and for pmin

T at ���� for MC without
radiative corrections� In the following plots the data and MC has been cut with the cut�
maps and the expected remaining background distributions have been subtracted� The
remaining number of events is shown on the y�axis and the following data was examined�

� Observables from the hadronic system for single tag VSAT data is shown in Fig� ����
Excellent agreement is seen with pmin

T ������ except for very low values of invariant
mass and total energy of the hadronic system� There is no visible di�erence between
MC with and without radiative corrections�

� Fig� ��
 show quantities reconstructed from the tagged electrons in the VSAT double
tag data� There is good �within statistical errors� agreement between data and MC
with radiative corrections and pmin

T ����� is found in all plots�

� Quantities reconstructed the DELPHI hadronic system is shown both from VSAT�VSAT
and VSAT�STIC double tag data� This is shown in Fig� ��
 and ��	�� Once again
MC with radiative corrections and pmin

T ����� give the best agreement with data�

� Finally the tagged electrons from the STIC�VSAT double tag data were used to
extract the invariant mass� This is shown in Fig� ��		 together with Q� for the
tagged electrons and the total energy of the hadronic and electron system�
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Figure ���� VSAT single tag data�
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Figure ���� VSAT double tag data� observables taken from the e�e� system�
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Figure ��
� Quantities from the hadronic system in VSAT double tag data� notation as Fig� ����
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Figure ����� STIC�VSAT double tag data� quantities from the hadronic system�
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Figure ����� STIC�VSAT double tag data� measurements from the the e�e� system�



Chapter �

Results


�� Luminosity

At the end of each year VSAT has provided a luminosity �le to the STIC group to be
used as a stability check on the STIC luminosity� The VSAT �les were also used to
cross�check the STIC data for any bad luminosity entries� Comparing the STIC and
VSAT data has shown that a joint systematical error of the STIC and VSAT luminosity
could be achieved below 	� �Fig� 
�	�� The o��energy background heavily disturbs the
VSAT Bhabha sample� but with optimized cuts and a good estimation of the remaining
background this is fully under control� A good luminosity measurement could therefore
still be obtained �Fig� 
���� even during the worst background conditions in the beginning
of 	


 �around �ll �
�� in Fig� �����

Figure ���� The relative di�erence between
STIC and VSAT luminosity� The statistical
error is here about �������
��� so the joint
systematical error is about ��������

Figure ���� The STIC and VSAT luminosity
for �


� the severe background storms in the
beginning of �


 does not seem to disturb
the luminosity measurement�

��
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�� Data and MC

It has been shown that the QCD�RPC component of the Monte Carlo is needed to describe
the data� Further more the pmin

T cut�o� limit for the parton density functions in this model
was adjusted to ����� From double tag data it is also clear that the radiative corrections
are needed to better describe data� Excellent agreement of all important observables in
data and Monte Carlo could then be obtained for both VSAT single tag and double tag
data�

The VSAT�STIC double tag data has also been probed for the �rst time with very
promising results� In all about ��� VSAT�STIC events were found� which shall be com�
pared with the ��� VSAT double tag events that could be obtained after background
cuts� The remaining background is slightly higher in the VSAT double tag sample� so the
expected ���signal is nearly the same for both samples �around �����

As data and Monte Carlo agree very well� the TWOGAM generator could be used to
study physics within the statistical limits of the data� The TWOGAM generator has the
advantage of producing separate MC samples for each model� The Q� and invariant mass
dependence of the QPM� VDM and QCD�RPC contributions can be seen in Fig� 
�� and

���

Figure ���� The Q� dependence of the three
model contributions in the TWOGAM gener�
ator� taken in the W interval ����� GeV�

Figure ���� The W dependence of the
VDM�QPM and QCD�RPC models� taken in
the Q� interval ����� GeV�

The curves has been obtained by running the TWOGAM generator for di�erent Q�

and W intervals� The value of pmin
T will change the size of the QCD�RPC distribution�

and as seen from Fig� 
�� this is especially important at large invariant masses� From the
analysis is it clear that the value of pmin

T should be between ��� and ��	�� resulting in an
uncertainty of the QCD�RPC cross section in Fig� 
�� and 
�� of about �	�� to �
��




��� TOTAL CROSS SECTION ��


�� Total Cross section

As mentioned in section ��� the total cross section for �� � hadrons can be extrapolated
to Q� � � if W � 

 Q�

i � This is very useful when results from di�erent experiments shall
be compared� There are a number of di�erent models to choose from� in this analysis the
generalized vector meson dominance model �GVMD� was used� As seen from Fig� 
��
this describe VSAT data well� but in the STIC Q� region it seems to be a bit low�

Figure ���� The Q� dependence of the total
�� cross section� The graph has been split in
order to visualize the STIC data points�

Figure ���� ���
W
�� for L�� OPAL and DEL�

PHI VSAT experiments along with two values
of the Regge parameterization�

The data points in Fig� 
�� were obtained in the W interval from 	� to �� GeV and
clearly there is a logarithmic fall of 	�����W �

��� Q
�
�� Q

�
��� The �rst VSAT datapoint at a

Q� of ���
 is somewhat low� this can probably be explained by some e�ciency loss in the
inner edge of the detector� From the VSAT region �Q� � 	 GeV� it is possible to factorize
	���� and obtain 	���W

�� at Q� � �� This was done for four di�erent W intervals with
equal statistics and is presented in Fig� 
���

Q�
max �

��
tot Q�

max �
��
tot W�� �

��
tot
Q

� � ��

���
 ������ ���� �������� ���� ��
���
���� ������ ���� 
�����
 ���� ����
�
���� ������ ���� ������� ���� ��
�
�
���� ������ 

�� ��
���� 
��� �������

Table ���� The total �� cross section�

In each bin about �� events were collected� limiting the statistical errors to about 	���
There are some systematic errors coming from the luminosity function calculation and
the extrapolation of the data to Q� � �� The uncertainty in the remaining background
and some errors in Q� and W also add up to the systematical error� These are all less
than �� and are small in comparison to the statistical error� All this result in an total
�systematical and statistical� error of about ����



�� CHAPTER 
� RESULTS

The data points from OPAL ��
� and L� ��
� in Fig� 
�� were obtained by unfolding
notag data with either PYTHIA or PHOJET� It is clear that VSAT data clearly favor the
results obtained by PYTHIA� The two curves in Fig� 
�� are two Regge parameterizations
with di�erent value of 
� In the Regge theory ���� the total cross section of any hadronic
process can be parameterized as�

	tot � As
 �Bs��

The coe�cients A and B are process and Q� dependent� whereas the values of 
 and �
are assumed to be universal ����
� and ����
 respectively� ��	�� If photons predominantly
behave like hadrons the Regge parameterization also may be valid for the total hadronic
�� cross section� In Fig� 
�� � was �xed to ����
 for both curves� whereas 
 was both �tted
to PYTHIA data and �xed to ���
�� In an analysis performed by the L� collaboration a
value of 
����	 gives the best �t to data �for both unfolding with PHOJET and PYTHIA�
and the universal value of 
����
� do not describe the W dependence correctly�


�� Conclusion and Outlook

It has been shown that the VSAT data can� after a serious analysis of the o��energy
background� be used to explore QCD physics in the low Q� region� The �nal VSAT data
and Monte Carlo from LEP II just got ready and this thesis only scraped on the surface
of the potential measurements� Clearly the VSAT single tag data would be interesting to
use both for measurements of the F �

� structure function at low x as well as the total ��
cross section�

It is clear that the STIC�VSAT double tag data is a very interesting data sample� with
statistics comparable to that of the VSAT double tag data �after background rejection��
This analysis show that TWOGAM reproduce the STIC�VSAT data very well� and
further measurements should be performed�



Acknowledgements

In chronological order I �rst would like to thank my professor and supervisor G"oran
Jarlskog for recruiting me as a PhD student� I�m also greatly in debt for the �nancial
support that I have received from both Lund university and NFR� My �rst contact in
CERN was Per Jonsson that teached me all worth knowing of the VSAT detector and the
o�ine reprocessing� I�m also very grateful for the help I got from the other VSAT personell
during my �rst years � Ivan Kronkvist� Guiseppia Rinaudo and Christina Jarlskog�

The help from Olof Barring during my time as system manager in CERN� saved me
and many others from many hours of crashed computers� From my �CERN era� I �nally
would like to thank Kristina Gunne for all kinds of translations and tedious bureaucratic
work� Last but not the least I also would like to thank Andre�� Dave� Schibu and all my
other friends in Geneva� that made life outside working hours to a pure pleasure�

After two year of detector development and o�ine managing in CERN� Pavel Tiapkine
took over this task� Grateful for this I could move back to Sweden to start with data
analysis� Here I de�nitely need to thank Ulf Mj"ornmark for solving ALL computer related
problems for me and the department� Also Bj"orn Lundberg deserve credit for putting my
computer together in the �rst place� ANY kind of problems with PAW can easily be
solved by asking Oxana Smirnova� which I also did numerous of times �THANKS ##�� I
also am very grateful for all the help I got from my two�photon physics mentor� Nikolai
Zimin� in my analysis of VSAT ���data�

Nikolai and Sverker Almehed deserve all the credit for generating the VSAT TWOGAM
Monte Carlo� I�m also in dept to Vincent Hedberg for providing me with the STIC data I
needed� Naturally I would like to send all my gratitude to all my friends in Sweden that
have gold plated my spare time during my PhD studies� Special thanks should perhaps go
out to $Asa� Lisa� Anders%�� Cecilia� Marie and Andre� for supporting me last the month
with joy and sunshine during my stressful hours of composing this thesis� Finally I would
like to send my fullest gratitude to my parents Kaj Nilsson and Ylva Nygren� for always
being there for me and the many nice Sunday dinners�

��





Bibliography

�	� S� Almehed et al�� DELPHI 

�	�� PHYS 
	� �	


��

��� N�Bingefors et al�� Nucl�Inst� and Meth� A��
�	

�� ����
V� Chabaud et al�� Nucl�Inst� and Meth� A��
�	

�� �	��

��� F� Hartjes et al�� Nucl�Inst� and Meth� A����	

�� ���

��� C�Brand et al�� Nucl�Inst� and Meth� A�
��	


� ����
C�Brand et al�� Nucl�Inst� and Meth� A����	

�� �	��
G�Darbo and B�W�Heck� Nucl�Inst� and Meth� A����	

�� ����

��� A�Amery et al�� Nucl�Inst� and Meth� A�
��	


� ����

��� W�Bartl� Nucl�Inst� and Meth� A����	

�� �
��

��� M�Berggren et al�� Nucl�Inst� and Meth� A����	

�� ����
H�G� Fischer et al��Nucl�Inst� and Meth� A����	


� �	
�

�
� P�Checcia et al��Nucl�Inst� and Meth� A��
�	

���
G�Barichello et al��Nucl�Inst� and Meth� A����	

���
P�Checcia et al��Nucl�Inst� and Meth� A����	


��

�
� I�Ajinenko et al��IEEE Trans� on Nucl� Science NS���	

� No��

�	�� T�Camporesi et al� CERN�PPE�
���	� �	

���
T�Camporesi et al�� DELPHI 
��
 PHYS ��� �	

���
E�Falk et al� DELPHI 
���� CAL 	�� �	

���

�		� S�Almehed et al�� Nucl�Inst� and Meth� A�	��	

	� ����

�	�� G� Jarlskog et al� DELPHI 

��
 LEDI 		 �	


��

�	�� U� Mj"ornmark and A�Nygren� DELPHI 

�	�� CAL 	�� �	


��

�	�� S� Almehed et al�� DELPHI 

�	� CAL 	�
 �	


��

�	�� A� Nygren� Mental and Digital Treatment of VSAT High Energy Data�
Lic� Thesis� Lund Univ�� ISBN 
	�����
�	
���

�	�� A� Nygren� DELPHI �������� PHYS 
�� �������

�	�� S� Ask et al�� DELPHI 

�	�� LEDI 	� �	


��

�	
� S�Almehed� A� Nygren and N� Zimin� DELPHI �����	�� PHYS 

� �������

��



�� BIBLIOGRAPHY

�	
� P� Jonsson� Thesis� Lund Univ�� LUNFD���MFFL��	���	


�

���� A� H$akansson� DELPHI 
���
 PHYS ��
 �	

���

��	� S� Almehed et al�� DELPHI 
��	�� LEDI � �	

���

���� H� Carling et al� The VSAT bunch train scheme 	

� unpublished�

���� I� Kronkvist� Thesis� Lund Univ�� LUNFD���NFFL��	�
�	

��

���� G�A� Schuler and T�Sj"ostrand� CERN�TH�
��		
�

���� A�Finch� Mod� Phys� Lett� A���	

���������	��

���� TASSO Collaboration� M�Altho� et al�� Z�Phys� C���	

�� ���
CELLO Collaboration� H�J�Behrend et al��Z�Phys�C���	

	� ����
DELPHI Collaboration �P�Abreu et al�Phys�Lett�B����	

�� ���

���� A� Nygren� DELPHI ���	���� Talk ��	 ����	��

��
� T� Alderwereld et al� Event Generators for �� physics� CERN OPEN������	�	�

��
� V�M� Budnev et al�� Phys Rep �� �	
��� 	
	�

���� G�A� Schuler� CERN�TH�
���
� �	

���

��	� I�G� Knowles et al� QCD Event Generators� hep�ph�
��	�	�
G�Cooorcella et al��hep�ph�

	��
��

���� R� Engel Hadronic interactions of photons at high energies�
PhD thesis Universit"at Siegen 	

��

���� T� Sj"ostrand� Computer Phys� Commun 
� �	

�� ���

���� S� Nova et al�� DELPHI 
�����	

���

���� DELPHI collaboration� DELPHI 

��� PROG 	���	


��

���� J�Cuevas et al� DELPHI 
���� PROG �	 �	

���
I� Kronkvist� LUNFD���NFFL����	�	

��
P� Jonsson�LUNFD���NFFL������	

��

���� G� Jarlskog et al�� DELPHI ���	���� CAL 	�� ����	��

��
� OPAL Coll�� K� Ackersta� et al� Eur Phys J� C�� ������ 	

�

��
� L� Coll�� M� Acciarri et al�� CERN�EP����	��	� ����	��

���� P�D�B� Collins� �Introduction to Regge theory�� Cambridge University Press�	
���

��	� Review of Particle Physics�Eur� Phys� J C� �	


� ����



Appendix A

Exact position of VSAT modules and

LEP beam parameters measurments

in ����������





DELPHI Collaboration DELPHI �������� CAL ���
�� February� ����

Exact position of VSAT modules and LEP beam

parameters measurements in ����������

A� Nygren� P� Tyapkin� N� Zimin� G� Jarlskog
Elementary Particle Physics Department

Lund University

Abstract

This report presents detailed information of how the beam�pipe upgrade in ����

has a�ected the geometry of the VSAT detector� The shift between DELPHI and

VSAT coordinate systems has been determined and presented here along with a

beam�parameter analysis with help of the VSAT detector� Finally methods are

presented to correct for some errors occurring in the VSAT data base as well as a

general shifts of the VSAT modules between ���� and �����



� Introduction

The VSAT 	Very Small Angle Tagger
 detector is one of three DELPHI sub�detectors
which are able to provide beam related information� The position of VSAT is quite far
away 	��� meters
 from the interaction point and its main purpose is to count Bhabhas
events with a � angle around ��� mrad� The detector is placed very close to the beam
and therefore measurements are a
ected by the background and beams distortions� which
makes the beam related information quite inaccurate� Good results can however be ac�
complished by using statistically signi�cant amount of data 	several thousands of events
at least
�

The VSAT detector consists of four identical modules� each with a �x� cm� active
detector area� The distance from the LEP beam line to the VSAT modules is since the
beam pipe upgrade at the end of ���� to about ������� cm� The idea was to bring de�
tector modules as close to the beamline as possible� in order to increase electron�positron
acceptance for gamma�gamma physics�
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Figure �� Transverse view of VSAT modules positions in horizontal 	up
 and vertical
	down
 planes� The distances given� L���� m� LSCQ���� 	from IP to the quadrupole
center
� l����� m � length of quadrupole� l����� m� l����� m�

Moving the module closer to the beam in X directly increases the VSAT acceptance�
as the outer edge of the detector is shadowed by a �ange� Events that hit any of the
edge strips of the VSAT detector can not be reconstructed and are cut away� reducing
the acceptance with about ��� mm from the edges�

�



� VSAT parameter �x in X

The VSAT has been positioned with precise mechanical measurements in relation to the
LEP equipment 	section �
� which is however not �xed with respect to DELPHI� The
VSAT and DELPHI coordinate systems are thus not the same and have to be �xed in
position before any beam parameter analysis can be performed� In order to get the most
correct position of the VSAT modules it is necessary to use the symmetries of the Bhabha
events recorded by VSAT� In the X�Z plane there are � beam�spot properties that in�uence
the signals measured by VSAT� shown in Fig� � and ��
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Figure �� Event with zero tilt� nonzero
beam spot displacement in both X and Z
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Figure �� Event with non�zero tilt
	acollinearity
� zero beamspot displacement
in both axes�

As the electrons from an elastic Bhabha event are back to back symmetric� there
is a distinct relation between the position measurements in the diagonal modules� The
paths of the outgoing leptons are a
ected by a pair of quadrupoles� which however can
be described by a simple focusing�defocusing factor and an e
ective magnetic length of
the VSAT ���� The relation between the beam�spot position� the relative position of the
Bhabha electrons and the beam acollinearity can be expressed as ����

�X� � x� � x� � �fx	xb � zb	�
x
�
� �x

 � �xlx � 	�


�X� � x� � x� � �fx	xb � zb	�
x
�
� �x

 � �xlx � 	�


Here xb is the beam spot position 	from the beamline
 and �x is the acollinearity
between the beams� The quadrupole focusing factor is described by fx and its magnetic
length by lx� Finally �x� and �x 	�x� in Fig� �
 are the angles of the outgoing lepton and
of the undisturbed LEP beam� The sum of the x�position of the leptons 	�X� and �X�

are the two VSAT observables for diagonal � and �� If the VSAT coordinate system was
�xed totally symmetrically around the beam�spot these would both be equal and have an
average around ��

�



Figure �� The �X 	cm
 distributions for
diagonal � and �� The ��� mm shift were
found to be due to a database error�

Figure �� The uncorrected 	left
 and survey
aligned X�shifts 	right
 between the DEL�
PHI and VSAT coordinate system 	in mm
�

From Fig�� it is clear that �X� is nicely centered around �� whereas �X� has an
average shift around ���� mm� There are two possible sources for this discrepancy� a
general shift in the z beam�spot position 	zb
 or an asymmetry in the position measurement
of any of the modules� It is quite hard to separate the two e
ects� but they both have the
same impact on the calculation of the DELPHI�VSAT X�coordinate system shift 	Fig�
�
� The fx and lx parameters were �xed by consistant �tting the VSAT data to the LEP
acollinearity and the DELPHI beam�spot variations 	Fig� � and �
�

Figure �� Fitting the lx parameter to the
LEP acollinearity 	in �rad
 using the VD
beamspot data�

Figure �� Fitting the fx parameter to
the DELPHI beam�spot 	in mm
 using the
LEP x�acollinearity 	�x
�

From equations 	�
 and 	�
 it is clear that the �ts of fx and lx are not independent
and a number of iterations were done to converge to the correct values� The �nal values
of fx and lx for the LEP II data 	���������
 were found to be ���� and ���� respectively�
The fx parameter slightly depends on the beam divergence and the width of the �X
distribution ���� so fx���� should be considered as an average� The DELPHI beam�spot
shift with respect to the VSAT is then easily extracted from equation 	�
� This was done
in the left hand �t in Fig� �� resulting in a shift of ���� mm�

�



	 VSAT parameter �x in Y

The transport equation in Y looks very similar to the one in X 	equation 	�
 and 	�

�
There are however two important di
erences� �rst the quadrupoles are focusing in Y and
secondly the angles in Y are centered around � 	makes the zb term neglectable
� As the
quadrupoles are focusing in Y 	fy is in the order of ���
 VSAT is not very sensitive to
Y�position changes of the beam�

�Y� � y� � y� � � � fy � yb � �yly � 	�


�Y� � y� � y� � � � fy � yb � �yly � 	�


The VSAT data were �tted 	Figs� � and �
 to the LEP y�acollinearity data and
DELPHI beamspot data� according to the equations above� This �t was done in a similar
fashion as for x and the resulting ly and fy value was ���� and ���� respectively� It should
be mentioned that this �t could only be made for ���� and ����� as the acollinearity �les
for �y data were unavailable for �����

Figure �� Fitting the ly parameter to the
LEP Y�acollinearity 	�rad
�

Figure �� Fitting the fy parameter to the
DELPHI Y�beamspot 	mm
�

The two di
erences �Y� � �y � ly and �Y� � �y � ly should both be centered around
zero� but from Fig� �� it is clear that there is a large shift in both diagonals in opposite
direction from the zero�point� This means that� not only the beamline is not in the center
of the VSAT detector� but there is also a relative shift between the position measurement
of the modules� Taking the di
erence between dy� and dy� over the LEP � period it is
clear that this shift also changes from year to year 	Fig� ��
�

Figure ��� The �Y �shift 	in mm
 of the
two VSAT diagonals 	����
�

Figure ��� The di
erence of the �Y �shift
	mm
 over LEP ��

�



The relative shift from the �Y measurement is quite accurate� but do not �x the
system on its own� The o
�energy electron background can however provide a second �x�
as hits on the same side of DELPHI 	backward or forward
 should hit the outer and inner
module on the same y�position 	if magnetic de�ection is neglected
� This measurement is
less accurate� as the inner modules su
er from a mix of low and high energy background�
From Fig� �� it is however clear that a distinct general shift of the modules can be
extracted� These values together with the Bhabha �Y measurement �x the relative
position of the VSAT modules and are presented in the left hand part of Table ��

�Module 	mm
 Measured Shift Module O
 e� Bhabha Estimated
�Y�	���
 ������ ���� � ���� ���� ����
�Y�	���
 ����� ����� � ����� ����� �����

Forward 	���
 ���� ���� � ����� ����� �����
Backward 	���
 ��� ����� � ����� ����� �����

Table �� The measured relative 	Col �
 and absolute 	Col ���
 Y�shift 	in mm
 of the
VSAT modules� From these measurements the module shift were estimated 	Col ���
�

The absolute Y�shift of the modules with respect to the beam�line is quite hard to
extract� The general direction and size of any shift of the module position can however
be estimated by looking on the peak�position of the Bhabha and o
�energy electron dis�
tribution for a �ll with zero acollinearity� For this purpose �ll ���� was chosen� and the
resulting measurements can be found in right hand part of Table ��

The numbers in Table � converge quite nicely 	measured value in column � with the
applied shift in column � is approximately �
 and it can be assumed that the absolute
measurement of the module positions are more or less correct� If the VSAT coordinate
system is corrected with the shifts above it will be centered around the beamline and the
shift to the DELPHI beamspot can then be extracted according to equation 	�
 and 	�
�
As will be shown in section � the position of module � was ���� mm wrong� which will
correct most of the discrepancy between �Y� and �Y�� The shift between VSAT and
DELPHI coordinate system was then found to be ���� mm� shown in the left part of Fig�
��� If then the VSAT coordinate system is centered around the beamline and moved up
���� mm we �nally �nd the shift to be ���� mm 	right hand �t in Fig� ��
�

Figure ��� The Y�position 	cm
 in module
� and � for o
�energy electrons�

Figure ��� The Y�shift 	mm
 between the
DELPHI and the VSAT coordinate system�

�




 VSAT survey measurements

Every time VSAT is put in place or removed� mechanical survey measurements are made�
The position of each of the VSAT modules are measured with respect to a bottom plate�
which is assumed to be �xed with respect to the beamline� The VSAT was not removed
between ���� and ����� so the survey measurements at the time of insertion in ����
should be the same as the measured at the point of VSAT dismantling in year ����� As
clear from the table here below this is however not the case�

Module � 	B�
 � 	B�
 � 	F�
 � 	F�

���� X ������ ����� ������ �����
����c X ������ ����� ������ �����
���� X ������ ����� ������ �����
X�Shift ������ ������ ������ ������
���� Y ������ ������ ������ ������
����c Y ������ ������ ������ ������
���� Y ������ ������ ������ ������
Y�Shift ������ ������ ������ ������

Geometrical surveys for ���� and �����
module � was miss�edited in database�

Figure ��� VSAT geometry X�shift 	mm
�

As seen from the table above the x and y measurement in ���� for module � is wrong�
By mistake the values for module � were inserted for module � as well� This error is
the main reason for both the �X���X� and �Y���Y� di
erences discussed in section �
and �� All asymmetries are not solved by the correction of this error� but the situation
de�nitely improves� The second thing to notice is that there is a general shift of about
���� mm in x between ���� and ����� If the di
erence between the DELPHI and VSAT
beamspot is compared over the years it is clear that there is a small drift 	Fig� ��
�
By linearly compensating for the survey shift� this drift almost fully disappears and the
correspondence between VSAT and DELPHI data gets better� The VSAT � DELPHI shift
then becomes ���� mm instead� as show in Fig� ��

� Beam Parameter measurement

The VSAT beam parameters measurements are based on the exactly opposite and equal
momentum of the leptons from a Bhabha event in the interaction point� Only true Bhabha
events 	obtained after various cuts applied during o
�line re�processing for the luminosity
calculation
 was used� One DELPHI cassette number 	or �le
 was used as an elementary
sample of data� This assures the number of Bhabha events is high enough to be signi�cant
and in the same time the beam parameters can be assumed to be more or less stable� The
following quantities from the VSAT Bhabha measurement were used�

�



� Diagonal asymmetry of Bhabha events� AD � 	N��N�
�	N��N�
 � where N� and
N� are the a number of Bhabha events per diagonal � and ��

� The di
erence �X between modules in the two Bhabha diagonals �X� � x� � x�
and �X� � x� � x� 	Module � and � are the outside modules 	w�r�t the LEP ring

and have negative X
�

� The di
erence between the Bhabha Y coordinates 	similar to that in X case
 �Y� �
y� � y� and �Y� � y� � y��

� Width of �X� and �X� distributions � the corresponding value for Y is not useful
as the quadrupole �eld is focusing charged particles in the Y�plane 	defocusing in
X
 resulting in a very narrow delta Y distribution�

Adding equations 	�
 and 	�
 as well as equations 	�
 and 	�
� results in that the �X
and �Y measurements easily can be combined and reduced into two important quantities�

�X �
�x� ��x�

�
� � � fxxb � �xlx � �Y �

�y� ��y�
�

� � � fyyb � �yly

The zb term lost in �X disappears as 	�x� � �x� � ��x
 is very close to zero� If the
VSAT data is combined with the beamspot measurement of the vertex detector 	xb
� the
beam acollinearity 	�x
 can be extracted� Naturally the vice versa is also true and both
the beamspot position and beam acollinearity is calculated and shown in Figs� �� and ���

Figure ��� The beamspot position in X in
the DELPHI reference system 	in mm
�

Figure ��� The X�acollinearity 	�rad
 of
the two LEP beams�

The Y�beamspot measurements are quite insensitive due to the focusing e
ect of the
quadrupoles� As shown in section �� a dependence is however visible and the same pro�
cedure used for x can be performed on Y� This is shown in Figs� �� and ��� and clearly
VSAT parameters follow those extracted from DELPHI and LEP�

�



Figure ��� The beamspot position in Y in
the beamline reference system 	in mm
�

Figure ��� The Y�acollinearity 	�rad
 of
the two LEP beams�

The Y�acollinearity �les were not available for ����� which is the reason for the zero
acollinearity in Fig� �� and the lack of data in Fig� ��� The average tilt of the LEP
beams were also not available for Y� but can however be reconstructed with the help of
VSAT data� The average tilts of the LEP beams in x and y can be expressed as�

�x �
�x� � �x

�

�
� ����AD � �y �

�y� � �y
�

�
�

Y� � Y� � Y� � Y�
�ly

Here AD is the diagonal asymmetry for Bhabhas in diagonal � and �� and Y� � Y� is
the Bhabha y�position in module � to �� Both �x and �y were calculated from the VSAT
data over the years ��������� and are shown in Fig� �� and ��� The horizontal tilt of
the beams were available from LEP over that period and the correlation with the VSAT
data can be seen in Fig� ���

Figure ��� The average tilt 	�rad
 of the
LEP�beams in the horizontal plane�

Figure ��� The average tilt 	�rad
 of the
LEP�beams in the vertical plane�

The VSAT data can also be used to spot variations in the Z�beamspot position� but
as there were no variations of signi�cance 	as seen by DELPHI
 during ���������� no
information could be extracted� The beam divergence in x and y can be monitored by
looking on the width of the �X and �Y distributions� Once again there is however no
other data to compare with� so a �x of the parameters is impossible�

�



� Conclusion

The geometry of VSAT was changed in ���� and the increased acceptance gives a bigger
���� Bhabha� and o
�energy� electrons �ux than before� The data analysis shows good
agreement between VD and LEP parameters and those calculated by VSAT� This is a
veri�cation that VSAT takes high quality data with high precision in both x and y�

The VSAT geometrical database has had a mistake since the beampipe upgrade in
����� The VSAT module �	F�
 accidently got the same geometrical value as module
�� which has a
ected the whole DELANA processing� To correct for this� any analysis
should include a subtraction of ���� mm from the VSAT X� value and ���� mm from
the Y� value� Comparing the geometrical measurements from the surveys ���� and year
����� there seem to be a general horizontal shift of about ����� mm of all the VSAT
modules� This corresponds quite nicely with DELPHI�VSAT X�shift change and for a
high precision analysis a linear shift over the years should be applied to the data�

The geometrical changes presented here do absolutely not have any impact on the
luminosity measurements performed by the VSAT� The online monitoring only depends
on the MIG�scalers and do not use the position measurements at all� The o�ine analysis
is always calibrated to the position of the Bhabha peak both in x and y� so any change in
geometry will automatically be corrected for�

The general shift between the VSAT and DELPHI beamspot is however important
for Monte Carlo generation of �� events� The horizontal shift of the DELPHI beamspot
varies from ���� to ��� mm from ���� to year ����� An average of ���� mm can be used
without any visible impact on the data� The VSAT detector coordinate is slightly o
 the
beamline in Y and needs to be moved up ���� mm 	when the ���� mm shift has been
applied in module �
� The DELPHI coordinate system in Y is then ���� mm above the
VSAT coordinate system 	���� mm for the uncorrected VSAT
�
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Abstract

The structure of the photon is studied in virtual photon�photon collisions by the
four experiments at LEP� The hadronic component of the photon structure function

F
�
� becomes increasingly important at low values of the Bjorken variable� Recent

results from LEP II have probed F
�
� to the lowest values yet and are presented

here� A lot of e�orts have also been devoted to develop new methods to extract the
true invariant mass from the visible mass seen in the detectors� The procedure of

unfolding was su�ering of severe model dependence� but is now getting better under
control�

Proceedings from review talk presented at the the XV International Workshop of High
Energy Physics and Quantum Field Theory� Tver� September ������ �����



� Introduction

The electron is surrounded by a cloud of virtual photons� in a two beam electron collider
there is a 	nite probability that two of these virtual photons will collide into what is
called a �� event 
Fig� � ���
� This is an excellent system to study the virtual content
of the photon� e�g� the hadronic part of the photon� which can help to improve our
understanding of both perturbative and non�pertubative QCD�

γ*(q1)

γ*(q2)
Wγγ

e

e

etag

e′

θtag

Figure �� Deep inelastic electron photon scattering� For single tag data the second electron

from the q� photon
 is anti�tagged and q� is approximately equal to ��

�� events are normally characterized by the invariant mass of the 	nal state 
W��

and the squared four momentum of the photons 
Q� � �q�� and P � � �q��
� The Bjorken
scaling variable is used to describe the observables and is de	ned as x � Q��
Q��W �

�� �
P �
� The hadronic properties of the photon become increasingly important at low x�
values� which can be revealed by precise measurements in this region�

In order to get acceptable precision of the invariant mass it is necessary to detect at
least one of scattered electrons� This is possible if one 
or both
 of the photons has a
large enough virtuality Q�
P �
� and is referred to as a single or double tag event� LEP
II has recently accelerated electrons to an energy over ��� GeV and the four experiments
have now enough single tag statistics to produce the most accurate measurements yet at
the lowest x�value obtained sofar�

� The Photon Structure Functions

The photon can �uctuate into charged lepton�antilepton or quark�anti quark pairs� were
the later for the purpose of calculations can be sub�dived into high and low virtuality
�uctuations� The high virtuality part can be calculated by perturbative QCD� whereas the
low�virtuality part is described in a non�perturbative phenomenological model involving
the summation over vector meson states� The photon wave�function has thus a very
complex structure and can be describe by�

j� �� cbarej�bare � �
X

V��������J��

vV jV � �
X

q�u�d�s�c�b�t

cqjqq � �
X

l�e���	

cljl
�l� �

�were the last three terms refers to virtual states�
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The leptonic part of the wave�function 
cl
 is described by QED and will not be
discussed here� The partonic content of the photon can be described by two structure
functions� F �

� and F �
L� When one of the photons in the collision is quasi�real with a P �

around zero the di�erential cross�section is described as�

d�e��eX

dxdQ�
�

����

xQ�
�
� � 
� � y
�F �

� 
x�Q
�
� y�F �

L
x�Q
�
��

x �
Q�

�q� � q�
�

Q�

Q� �W �
� y �

q� � q�
kq�

� ��
Etag

Ebeam
cos�


�tag

�

�

y is very small in the region studied� so that the function F �
� can be isolated and

extracted� As mentioned before special emphasis is put on the low�x behavior of F �
� � as it

is suspected that the hadronic properties of the photon will result in a rise of F �
� in this

region� The precision of x mainly depends of the reconstruction from the invariant mass
W��� as the Q� is determined by the scattered electron� The hadronic system is however
not always fully detected and a procedure is needed to reconstruct the true W�� from the
visible tracks�

� Event Tagging and Background

The single tag �� events are tagged with a number of criteria on both the hadronic
system and the scattered electrons� The limits of the cuts vary slightly between the four
experiments at LEP� but there are four principal tagging criteria that are used�

� The tagged lepton should have an energy greater than Emin� which is ranging from
������ of the beam energy for the di�erent experiments�

� To assure that the opposite lepton goes in the beam�pipe an anti�tag condition is
applied� A lepton with an energy greater than Emax 
in the order of �� GeV
 is
thus not allowed to be seen in the opposite direction of the tagged lepton�

� The visible hadronic mass should be in the range of ��� to ����� GeV� The limits
for the OPAL experiment are shown as two lines in Fig� � ����

� In order to reject leptonic �� events at least � charged tracks are required to be
registered 
marked with a line in Fig� ����
�

These trigger conditions isolate the �� signal quite well� however there is still a number
of background sources that has to be accounted for� The main background channel is a
two�photon process going to a pair of tau�s� followed by the Z� background� The di�erent
background types are presented in Fig� � and � along with cut criteria for the data�

�



Figure �� The background processes for ��
data� The cut on the visible mass is marked
with the two vertical lines�

Figure �� The number of charged tracks for
data� background and Monte Carlo� A min�
imum of � tracks are required for hadronic
�� events�

� Unfolding

The energies of the two photons in a ���collision are normally quite di�erent� resulting
in a boosted particle system� Therefor a large part of the hadronic system created in a
���collision goes undetected in the beam�pipe and an unfolding procedure is needed to
reconstruct the true W�� from the visible� Unfolding is basically a statistical procedure
to map one distribution into another� From Monte�Carlo a map is constructed with the
generated invariant mass on one axis and the visible on the other 
Fig� ����
�
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Figure �� Monte Carlo mapping from xvis
onto xtrue� the data is then unfolded with
use of this map�

Figure �� Result of unfolding with di�erent
models� the two extreme cases are from two
older obsolete models 
HERWIG ��� and
F�GEN
�

In mathematical form x is described by x
i
�
P

j Aijxvis
j
� bj� where Aij is extracted
from Monte Carlo and bj is the expected background distribution� This procedure has the
drawback of being quite dependent on which model used in the Monte Carlo generation
of Aij 
Fig� ����
� At lot of e�ort has recently been made in an attempt to decrease this
model dependence�
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One approach was to use ��dimensional unfolding� taking advantage from the fact
that Wvis becomes more similar to Wtrue when the hadronic shower has high transverse
momentum� The energy deposition in the forward direction was used as the second
variable for the two dimensional unfolding� In Fig� ���� and ���� xvis versus xtrue has been
plotted for two di�erent values of E�� 
the energy deposition below �� degrees� used by
ALEPH
� and clearly the value of E�� has a large impact on the unfolding matrix�

Figure �� Xvis versus Xtrue with the
hadronic shower far away from the beam
line�

Figure �� Hadronic shower is closer to the
beam�line� and Xvis di�ers more from Xtrue

The visible invariant mass can be improved by including the kinematics of the tagged

electron� If we for the hadronic system de	ne pi� � Ei � pi�z and pi�t �
q
p�i�x � p�i�y� Wvis

can be expressed as�

W �

vis � 

X
i

pi�


X
i

pi�
� 

X
i

pi�t

��

�where i runs over all tracks in the hadronic 	nal state� Assuming that the untagged
electron has zero transverse momenta� and using energy and momentum conservations� the
sums over pi� and pi�t can be replaced by measurements of the tagged electron 

pbeam��
ptag�
 and ptag�t
�

Wrec � 
pbeam� � ptag�


X
i

pi�
� 
ptag�t

�

In Wrec the hadronic energy only enters in the pi� term� which is a clear improve�
ment as the determination of the electron energy is much better than summing over the
hadronic system 
Fig� ����
� xrec is then extracted fromWrec and inserted in the unfolding
procedure� The result of the joint combination of ��dimensional unfolding and replacing
Wvis with Wrec is shown in Fig� ����� From the comparison with the result of simple one�
dimensional unfolding presented in Fig� �� it is clearly seen that the model dependence
has been heavily reduced�

The L� collaboration has also adopted the method of kinematic 	tting for high Q�

data with quite promising result� DELPHI has developed the TWOGAM Monte Carlo
generator with the additional resolved photon contribution model� which is less sensitive
to the unfolding procedure�
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Figure �� The true� visible and recon�
structed invariant mass distribution�

Figure �� The result of ��dimensional un�
folding with reconstructed invariant mass�

� Monte Carlo Models

A number of di�erent Monte Carlo models have been tried in order to describe the ��
physics� More recently general purpose generators such as HERWIG and PYTHIA have
also been made available for �� studies� With the new data a number of old models�
such as F�GEN� can be rejected� as they do not describe the data satisfactory� There are
mainly four models presently used by the LEP experiments�

� HERWIG ��� is a general�purpose QCD Monte Carlo generator to simulate hadron
emission reactions with interfering gluons� The old version of HERWIG ��� has been
replaced with HERWIG ����kt 
dyn
 for �� studies� In the new version the quarks
inside the photon have a modi	ed transverse momentum distributions 
kt
�

� PHOJET ���� is an event generator for pp��p and �� interactions� described
within the Dual Parton Model 
DPM
� This generator simulates hard interaction
by perturbative QCD and uses Regge phenomenology for soft interaction�

� TWOGAM is a pure �� event generator that is based on three di�erent processes�
the Quark Parton Model 
QPM
� the Vector Dominance Model 
VDM
 and the
Resolved Photon Contribution 
RPC
� Each process is generated separately and
the RPC model is unique for the TWOGAM generator�

� PYTHIA Very recently the general purpose PYTHIA event generator has been
made available for �� simulation� Newly obtain results look very promising� but so
far no major study has been performed for single tag �� events�

Each of the models have their own advantages and it is hard to favor any before the
other� The general purpose generators are dependent on the parameterization of the F �

�

function� The GRV LO and SaS�D are the most commonly used parameterizations� shown
together with two others in Fig� ������
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� Results

The LEP data have been studied by all LEP experiments in a wide range of Q� intervals�
summarized in table here below� From theory the structure function is expected to rise
linearly with log Q�� which is clearly supported by the data of Fig� ������ The additional
points from DELPHI��� and especially L����� seem to show a somewhat steeper rise than
the other experiments and model predictions 
still within error limits though
�

Experiment Q�
� Q�

� Q�
� Q�

� Q�
	 Q�




ALEPH ��� ���� ���� ���� ���
DELPHI ��� ���� ���� �� ��� ���
OPAL ��� ��� ��� ���� ���� ���
L� ��� ��� ���� ���� ���� ��

L��OPAL �� ��� ��� �� ��

The di�erent average Q� regions for the F �
� studies

probed by the four LEP experiments� Figure ��� F �
� as a function of log Q��

The main interest is however focused on the behavior of the structure function at very
low x�values� From the theory it is suspected that the hadronic content of the photon
should have a rise of F �

� in very low x region� To get better accuracy� the x values were
unfolded on a logarithmic scale rather than a linear�

The last results from these measurements are presented in Fig� ������ where the F �
�

measurements have been grouped in � di�erent Q� regions� The lowest obtained x�value
comes from the OPAL experiment� which supports the predicted rise from gluons of F �

�

in all Q� regions�
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Figure ��� The F �
� measurements at low X� for four di�erent Q� regions� The double

values for each X in the L� experiment is the result of using di�erent Monte�Carlo models
for the unfolding 
the upper point is unfolded with TWOGAM the lower with PHOJET
�
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� Conclusion

Existing �� Monte Carlo generators have been developed further to 	t the data better� At
the same time some older models can now be excluded and new general purpose generators�
such as PYHTIA� have become available for �� simulations� The unfolding procedure has
been improved� and the earlier problems of model dependent results have been reduced�
This allows for better accuracy in the F �

� measurements and has resulted in the best low�x
measurements yet� LEP I data can be considered to be more or less exhausted� whereas
most of the LEP II results are still to come� With the latest measurements on the LEP
II data evidence is already mounting for expected F �

� rise at very low�x�
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Abstract

The VSAT detector at the DELPHI experiment is an important tool to study ��

events at very low Q�� These events are normally boosted along the beam line

and detectors at low angles are necessary to achieve good statistics� Since ����

the VSAT detector has an acceptance region between ��� mrad� resulting in a high

crossection� Unfortunately the o��energy background is also concentrated at very

small angles� which severely disturbs the �� sample� This report will describe the

di�erent background processes for �� physics at VSAT� estimate their size and

present methods how to reject them most e	ciently�



� Introduction

The Very Small Angle Tagger 	VSAT
 consists of two pairs of modules placed on each
side of the LEP beam pipe � ��� meters from the DELPHI interaction point 	Fig��
�
Each of the modules consists of �� full area silicon detectors	interspaced with tungsten
layers
 for energy measurement 	Fig��
� In order to measure the incident coordinates of
the electrons� each module is also equipped with three strip layers for X and Y positioning
at shower maximum 	see more details in 
��
�

Figure �� The position of the VSAT mod�
ules in DELPHI�

Figure �� The FAD and strip plane layout
of a VSAT module

The beam pipe radius at the detector region was decreased with about � mm during
the winter shutdown ����� in order to allow higher acceptance for �� physics� The
detector modules are now located about ��� cm from the beam� resulting in an inner
detection angle of � mrad� The small angle measurements is possible due to a defocusing
quadropole in front of the VSAT detector� This is important for �� studies� as the parent
electrons normally stay very close to the beam line� A �ange in front of the VSAT modules
shadows the active detector area and restrict the outer angle to � mrad�

One or both 	so�called single and double tag
 of the scattered electrons associated
with a �� collision can be tagged by the VSAT detector� For double tag the kinematics of
the event can be obtained with the best knowledge� Unfortunately the VSAT is also over�
�ooded by o��energy electron background that will dominate over the �� signal� This
report will describe how to make the best background rejection and signal extraction for
the ���� and ���� data taking�

� Background Types

When �� events are studied in single tag mode� only one electron is measured� The only
background source to that process is the coincidence between an o��energy electron from
the LEP beam and a no�tag �� event� For the double tag case the scattered electrons from
a �� collision hit the VSAT modules on the opposite side of the interaction point	resulting
in � possible modules combinations
� Depending on the source of the scattered electrons�
di�erent background processes hit di�erent modules of the VSAT in coincidence with
other particles measured by the DELPHI detector�

�



� A Bhabha event and a no�tag �� event�

� Bhabhas that hits the �ange and a no�tag �� event�

� Two o��energy electrons hit the VSAT and a no�tag �� event�

� One o��energy electron and a single tag �� event�

Bhabhas and �ange bhabhas can only appear in diagonal hits� whereas the o��energy
background is mainly concentrated in the outer modules� The �ange bhabhas can be
removed by requiring that the electron hit the VSAT below �cm� The bulk of o��energy
electrons at low energy can be removed by rejecting events below �� GeV� A VSAT tag
will thus be de�ned as an energy above �� GeV and a x�position less than �cm�

On top of this all events that are close to any of the edges of the VSAT detector will
be removed� as a good energy reconstruction is impossible for such events� Unfortunately
the main part of the o��energy background will still remain and it is therefor necessary to
measure the estimated background level in order to make any assumption on the e�ciency
of any imposed cuts�

� O��energy electrons

The background from o��energy electrons can not be completely eliminated and the re�
maining background has to be subtracted afterwards� To get this subtraction correct� it
is necessary to know how much background we expected to begin with and how much
of the background and the signal that were cut away 	the later will be discussed in sec�
tion �
� A number of di�erent methods were used to estimate the total expected o��energy
background�

The most natural and simplest way is to measure the probability to have an o��energy
electron in any of the VSATmodules 
��� To achieve good statistics the chance coincidence
of an o��energy electron and a Bhabha event were used for this purpose� Bhabha events
are mainly measured by STIC and VSAT in the DELPHI experiment� both detectors
were used to obtain two individual measurements of the o��energy electron probability
	Table �
�

Module � Module � Module � Module �
Energy O� Gam O� Gam O� Gam O� Gam
��� ����� ����� ����� ����� ����� ����� ����� �����
��� ����� ����� ����� ����� ����� ����� ����� �����
��� ����� ����� ����� ����� ����� ����� ����� �����
��� ����� ����� ����� ����� ����� ����� ����� �����
��� ����� ����� ����� ����� ����� ����� ����� �����

Table �� The probability 	in �
 of an O��energy electron 	o�
 or a Single tag �� event�

�



� Single Tag �� events

The number of expected o��energy electron hits is obtained by multiplying the probability
	from Table �
 with the number of no�tag events measured� The number of single tag ��
events is then extracted as the remaining part of the data� There is a small probability
that an o��energy and a single tag �� electron hit a module at the same time� Less events
are therefor seen in the real data� than to be expected from the estimated probability�
This is also taken into account when estimating the number of single tag events�

To cross�check these results� the number of expected single tag �� events were also
extracted by a second method� This was done by introducing cuts 	see section �
 of various
sizes on the real data� the Monte Carlo �� sample and the pure o��energy electron data�
The number of estimated single tag �� events can then easily be extracted by comparing
the number of events in the di�erent distributions before and after the cuts�

Gam �
Datafull �Offrat �Datacut

Offrat �Gamrat

� Offrat �
Offcut
Offfull

� Gamrat �
Gamcut

Gamfull

Here �full� is the sample before any cuts� and �cut� is the number of events after the
cuts and �rat� is the ratio between them� Cuts of di�erent sizes all resulted in the same
number of expected single tag �� events� with a standard deviation less than �� from
the statistical average 	will be shown in section �
� The number of single tag �� events
obtained by this method agrees with the probability calculations within ��� as seen from
the ratio column in Table ��

Outer Modules Inner Modules Gam�Prop� Calc�
Energy O� Gam O� Gam Outer Inner Ratio
��� ����� ���� ���� ���� ���� ���� �����
��� ���� ���� ��� ���� ���� ���� �����
��� ���� ���� ���� ���� ���� ���� �����
��� ���� ���� ���� ���� ���� ���� �����
��� ���� ���� ��� ���� ���� ���� �����

Table �� The number of O��energy electrons and single tag �� events from cut� and
probability calculations�

The �nal numbers of o��energy electrons and �� electrons in the single tagged data
sample for ���� and ���� are shown in Table �� The number of measured single tag ���s
was also compared with the integrated luminosity for each energy to get an additional
cross�check� Variations less than �� between the relative numbers of events and the
relative luminosities were found�
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Module � Module � Module � Module �
Energy O� Gam O� Gam O� Gam O� Gam
��� ���� ���� ���� ���� ���� ���� ���� ����
��� ���� ��� ��� ��� ���� ��� ��� ���
��� ���� ���� ��� ���� ���� ���� ��� ����
��� ���� ���� ��� ���� ���� ���� ��� ����
��� ���� ��� ��� ��� ���� ��� ��� ���

Table �� The number of o��energy electrons	O�
 and single tag �� events�

� Bhabhas

For the double tag analysis the Bhabha events also contribute to the background sample
in the diagonal hits� The Bhabha process is very well known and a huge statistics is
collected by the VSAT detector� The Bhabha background is very well con�ned in energy
and position and can easily be isolated by the following quantities 
���

�X �
jx�j � jx�j ��x

��x
� �Y �

y� � y� ��y

��y
� �E �

q
	e� � eb
� � 	e� � eb
�

Here x�� y� and x�� y� are the x� and y�positions in the two diagonal modules� The
average mean values and widths of the distributions 	�x� ��x��y and ��y
 were de�ned
previously for each DELPHI run� e� and e� are the reconstructed energies and eb is the
beam energy� A spherical cut in the ��dimensional space of these quantities is then used to
reject the Bhabha events� As it can be completely 	� ���
 removed by this cut without
any noticeable loss of the �� signal� the Bhabha background do not present any problem
in the analysis�

In front of the VSAT there is a �ange� which shadows on the outer edge of the detector�
When particles interact with the �ange they loose energy and Bhabha events disturbed
by this fact can not be contained as well� The cut on � cm in x�direction of the detector
will remove the most of such ��ange Bhabhas�� The remaining sample is removed by the
following criteria� which have almost no impact on the �� signal�

	 jx�j� jx�j � ���� �AND� jy� � y� ��yj���y � ��� 


� Cuts�Maps

O��energy electrons can only be con�ned in Y�position and in energy resulting in a two�
dimensional cut� in comparison with the three dimensional cut for Bhabhas� A typical
o��energy electron distribution in the Y and E plane is shown in �gure �� and clearly any
trivial mathematical expression cannot be used to de�ne the region of rejection�

�



Figure �� The o��energy background distri�
bution in Y and E� The intensi�ed box area
represents the imposed cut�

Figure �� The cut map for o��energy elec�
trons� The height of the bins represent the
probability to get a signal�

To deal with this situation a set of two�dimensional cut�maps were de�ned by using the
o��energy electron background recorded by the local VSAT triggers 	to get high statistics
�
As the background changes both in size and shape during the LEP run� cut�maps were
constructed for each module and LEP energy data set� The cut�maps used were de�ned
by the following quantities for X and Y�

Ymap � 	Ypos � Yoff � ���
 � �� � �� Xmap � Ebeam � E � ��

Here Yoff is the average Y�position for the o��energy background for each DELPHI
run number� Ypos and E is the Y�position and energy of the event and Ebeam is the beam
energy� The cut�maps are constructed with a grid of ��x�� bins� which is the origin of
the other numbers in the expressions� If Xmap or Ymap 	x and y in Fig��
 comes outside
the map 	�� or ���
 the event is accepted�

The height of each bin in the map is de�ned as the probability	in permill
 to get a
signal in that bin 	Z�value in Fig��
� An event is accepted if its position in the cut�map has
a lower z�value than some preset cut�limit� The level of remaining background can then
easily be changed by lowering or raising the cut�limit� Di�erent cut�limits were tested
	see Table �
 to get the best �� purity in the signal� without loosing to much of it�

Cut� Events Remaining signal in � Remaining Purity
limit after cut O � O O � G G � G Background 	in �

���� �� ���� ���� ����� ��� �����
���� �� ���� ���� ���� ���� �����
���� �� ���� ���� ����� ���� �����
���� �� ���� ����� ����� ���� �����
���� ��� ���� ���� ����� ���� �����
���� ��� ���� ����� ����� ���� �����

Table �� Impact of adjusting the topological cut�limit on double tag data 	in conjunction
with the Bhabha cuts
� Here O stands for an O� energy electron and G for a single tag
��� so O�G is one of each etc�
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The values in the two last lines 	in Table �
 have been applied for all energies� the
others only for the ��� GeV data� For double tag analysis a cut�limit on ��� per�mill of
total signal was used� This keeps almost ��� of the signal and results in a �� purity of
��� in the �nal sample� Applying such cut�limit on each energy� and summing over all
module combinations� result in the values presented in Table ��

Remaining signal in � Remaining Signal Total Expected
Energy O � O O � G G � G �� Purity �� ��

��� ���� ���� ���� �� ����� ��� ���
��� ���� ���� ���� �� ����� �� ��
��� ���� ���� ���� �� ����� �� ��
��� ���� ���� ���� �� ����� �� ��
��� ���� ���� ���� �� ����� �� ��

Table �� The number of �Remaining� double tag �� events after the imposed cuts and
background subtraction� The �Total� number of events before the cuts� extracted by
dividing with the estimated signal rejection 	�G � G�
� should be compared with the
number �Expected� from the probability calculations�

The most troublesome background is the coincidence of a single tag �� event and an
o��energy electron	�O � G�
� Only ������ of this background can be rejected� keeping
the �� purity in the cutted data below ���� The remaining background is subtracted
from this sample to get the �nal number of double tag �� events� From this the total
signal before any cuts can be extracted� which should be compared with the number of
�� events expected from probability calculations 	will be discussed in section �
�

As the derived cut�map only is imposed one electron� the same type of cut can also
be used on the single tag sample to separate o��energy background from single tag ��
events� The cut�limit was set to � di�erent values presented in Table ��

Cut�lim O�Out O�In Gam Signal Purity Tot Gam Ratio
���� ��� ���� ���� ����� ���� ����� �����
���� ���� ���� ���� ����� ���� ����� �����
���� ���� ���� ���� ����� ���� ����� �����
���� ���� ���� ���� ����� ���� ����� �����
���� ���� ���� ���� ����� ���� ����� �����
���� ���� ���� ���� ����� ���� ����� �����

Table �� Impact of ��dimensional topological cuts� The average number of the total single
tag �� events 	�Tot gam�
 for all cut�sizes is equal to ����� and shall be compared with
the ����� expected from probability calculations 	the sum of Table �
�

In the �Tot Gam� column the estimated number of single tag �� events is shown�
calculated from the formula in section �� This varies less than �� from the statistical
average of all the cut�limits 	the ratio column
� The number of events shown in table � is
summed over all modules and energies� the individual numbers have slightly larger errors
due to larger statistical uncertainties 	still below ��
�
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The estimated number of single tag �� events were also averaged over all cut�limits
for each energy and module� This was then compared with the expected number of ��
events from probability calculations in table �� and as seen di�erences less than �� were
obtained�

	 Data and MC

The single tag case is quite straight forward as only two processes are involved� o��energy
electrons and single tag �� events� In this report a single tag is de�ned as a hit an a
module regardless of what is seen in the other 	Bhabha events is however rejected
� Once
the expected background has been calculated the number of single tag �� events can then
be extracted as the remaining part of the data sample� Figures � and � show the total
signal� expected MC and derived single tag sample for the inner and outer modules�

Figure �� Energy distribution for outer
VSAT modules

Figure �� Energy distribution for inner
VSAT modules

The last version 	����
 of the TWOGAM generator was used to produce the Monte
Carlo sample� It has the normal QPM and VDM part plus an additional RPC 	Resolved
Photon Contribution
 part� The RPC part can be varied in size the so called Pmin

t cut�o�
parameter� This was �tted to the data in the inner modules� as they su�er less from o��
energy electron background� The events generated were then passed through the DELPHI
simulation program and the same reconstruction program as for data� An excess of events
in Monte Carlo is observed in the outer modules� The origin of this is a shift between the
VSAT and DELPHI coordinate system and some acollinearity between the beams� which
were both set to zero in the Monte Carlo�

Both the acollinearity of the beams and the beam�spot position was quite stable during
the LEP �� As the VSAT modules have been �xed in position since the start of �����
we would expect more or less the same event ratio between the modules for all energies�
To check the stability of the data each of the modules were compared with the others
for all energies� As seen from Table �� the ratio of single tag �� events between di�erent
modules is quite stable� Monte Carlo shows the same result when the modules are on the
same side of the beam�spot	��� or ���
� but a fairly large discrepancy in inner�outer
modules combinations�
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Energy � � � � � � � � � � � � � � � � � �
��� ����� ����� ����� ����� ����� �����
��� ����� ����� ����� ����� ����� �����
��� ����� ����� ����� ����� ����� �����
��� ����� ����� ����� ����� ����� �����
��� ����� ����� ����� ����� ����� �����
MC ����� ����� ����� ����� ����� �����

Table �� The ratio of single tag �� events between di�erent modules

The double tag case is harder to deal with� due to low statistics and multiple back�
ground processes� The number of double tag �� events is extracted by subtracting the
estimated background from the total recorded data� The Bhabha sample is assumed to be
eliminated totally by the cuts imposed� so no event reduction due to Bhabhas is needed�
The background of two o��energy electrons or one o��energy and one single tag �� is esti�
mated by their probabilities found in Table �� The double tag statistics after background
reduction is very low and a method was developed to decrease the statistical uncertainties
somewhat� In this approach the cross�section for a double tag event is expressed in terms
a probability for a single tag�

Pdouble � Psingle � Psingle��double � Psingle �
Ndouble

Nsingle

Here Psingle��double 	let us call it Psd
 is the probability of seeing the second electron�
in a double tag �� event� when the �rst was already seen� This is slightly bigger than the
probability of just seeing a single tag �� event� as part of the kinematic system has been
�xed� The reason for this is that the cuts on the hadronic system in the analysis restricts
the kinematics of the two electrons somewhat�

The largest error here comes from Ndouble as very few double tag events remain after
the background subtraction� which in itself adds an additional uncertainty� To improve
this situation the sum of all Ndouble for all energies were taken� The average values of Psd

were then scaled back to an individual value for each energy with the use of the single
tag sample 	Psingle
�

It might not be totally correct to assume exactly the same scaling factor for the Psingle

and Psd� but the systematic error by this operations is much smaller than the statistical
error from the double tag sample� To get the �nal number of expected double tag ��
events� the number of single tags in the forward module is multiplied with the Psd factor
for the backward module and vice versa�

Nexp�double �
Nsingle�forward � Psd�backward �Nsingle�backward � Psd�forward

�

The result of extracting the expected double tag �� sample by this procedure is pre�
sented in Table �� Also shown are the amounts of estimated background from double
o��energy electron events 	O � O
� o��energy � single tag �� events 	O � G
 and
Bhabha 	BAB
 events� The signal to background ratios is ��� for the worst cases� and
clearly strong cuts have to be applied to get a pure data sample�
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Energy � � � � � � � � � � � � Total O � O O � G BAB
��� �� �� �� �� ��� �� ��� ���
��� � � � � �� �� �� ��
��� �� �� �� �� �� �� ��� ��
��� �� �� �� �� �� �� �� ��
��� � � � � �� �� �� ��
Tot �� �� �� �� ��� ��� ��� ���

Table �� The ratios of double tag �� events between di�erent modules

As already shown in Table � the correlation between the number of double tag ��
events estimated by this procedure corresponds very nicely with the number of double
tags expected after the imposed cuts are applied�


 Conclusion

The background situation for �� physics is quite severe and requires a rather involved
analysis in order to get a good understanding of it� The quantitative composition of signal
and background in the ���� and ���� year data is now fully understood� A number of
di�erent and independent methods has been used to extract the expected background and
�� event sample in the data� They all produce similar and stable results and this part of
the analysis is now fully under control�

The produced Monte Carlo seems to agree well with data� except from an imbalance
between inner and outer modules and an overall excess� The origin of the imbalance have
now been identi�ed as a shift of the DELPHI and VSAT coordinate system� and this will
be �xed in future Monte Carlo samples� The excess of events can be corrected for with
adjustment of the Pmin

t cut�o� parameter in the RPC model�
The concept of cut�maps have been introduced to reject the background e�ciently�

It is now possible to reach a purity of ������ in the �nal �� sample without loosing
more than ��� of the signal� In total for ���� and ���� about ���� double tagged
events were recorded� Of these around ��� are expected to be genuine �� events� With
hard topological cuts a sample of around ��� double tag events has been extracted� with
a purity of more than ���� So even if the background situation at �rst looked a bit
hopeless� the future for the analysis looks quite promising�
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Abstract

The LEP machine background and noise in the DELPHI calorimeters have been

studied in four independent analyses� The main purpose of this work is to estimate

the probability of a shower from these sources in coincidence with a genuine physics

event and to see how best to reject this type of background� Both the ���� and the

���� high energy data have been used in this study�



� Introduction

LEP machine background and noise in the electromagnetic calorimeters can a	ect many
DELPHI analyses
 Particularly sensitive are the analyses of two photon interactions ���
and events with a single photon in the 
nal state ��� since these analyses select or trigger
on energy in the calorimeters
 However� analyses which veto on energy in the calorimeters
e
g
 STIC also need to take this background into account


In this note several di	erent studies of calorimeter background have been compiled

At low angles� i
e
 in VSAT and STIC� the most troublesome background comes from
o	�energy electrons caused by bremsstrahlung from beam particles on rest�gas molecules

This background has been simulated in DELPHI ���
 The simulation has given a better
understanding of the production and origin of the background but cannot be used for
quantitative estimates� since it needs as input the vacuum pressure in LEP� which is not
known in detail


The only way of estimating the o	�energy background is to use real data
 Any sample
of events which is not expected to give electrons in VSAT can be used to estimate the
probability of an o	�energy electron in VSAT
 A few basic questions need to be answered�
What is the rate of the background �normalized to luminosity� and how does it vary with
time � What is the probability that an o	�energy electron is recorded together with a
genuine physics event � How can the background best be rejected �

The o	�energy background in VSAT has been estimated with three di	erent data
samples� VSAT Bhabha events� STIC Bhabha events and muon events
 All the analyses
were done with ���� high energy data


Three di	erent event samples were also used for the study of o	�energy electrons in
STIC� the STIC single arm events� the STIC Bhabha events and random triggered events

Data from both ���� and ���� have been studied


In the other DELPHI calorimeters such as FEMC� HPC and HAC� there is no o	�
energy electron background but noise can cause spurious showers
 This problem was
studied with the ���� random triggered events


� Background in VSAT

At LEP�� VSAT is used mainly to measure the energy and position of the scattered
electrons in �� collisions
 The main background in this type of analysis comes from the
enormous o	�energy electron background
 The probability of having an o	�energy electron
faking the scattered electron from a �� event can be calculated with any sample of events
which does not give electrons in VSAT
 The largest sample available is the VSAT Bhabha
sample and it can be used to calculate the probability with a minute statistical error
 To
estimate the systematic error� other event samples such as muon events and STIC Bhabha
events have also been studied


In the following discussion� the standard DELPHI coordinate system is used with the
x axis pointing towards the centre of LEP� the y axis pointing upwards and the z axis
pointing in the direction of the electron beam
 � is the polar angle in relation to the z axis
and � is the azimuthal angle around the z axis
 In this coordinate system� the numbering
of the four VSAT modules is as follows�

�



Module � Module � Module � Module �
x � ��cm� z � ����cm x � �cm� z � ����cm x � ��cm� z � ���cm x � �cm� z � ���cm

which means that module � and � are on the outer circumference of the LEP ring and
module � and � are on the DELPHI A�side while � and � are on the C�side


��� VSAT scalers and Bhabha events

The most direct way to investigate the probability of having an o	�energy electron in a
VSAT module is to count them and compare the number to the number of bunch crossings
during the same period
 The VSAT detector is hit by an enormous quantity of o	�energy
background electrons� so� in order to save disk�space for more interesting processes� only
a small fraction of these events are read out


Figure �� The probability of an o	�
momentum electron in module � for each
cassette of ���� data


Figure �� The distribution of the number
of cassettes as against the probability of a
single electron in module �� calculated from
the scalers �full line� and from the Bhabha
events �dotted line�


The VSAT is also equipped with scalers that count the number of hits in each module
and the number of Bhabha triggers
 The scaler values can be used o�ine to estimate the
probability of background in an individual modules
 Since the scalers count all events�
the Bhabha scaler value was subtracted to get the true number of single electrons


The beam and vacuum conditions vary during the year� which alters the VSAT back�
ground rate
 This is shown in Figure �� where the probability of a single electron in
module � have been calculated for each cassette and plotted against the 
ll number
 The
increase between 
ll ���� and ���� is due to a LEP vacuum leak


The full line in Figure � shows the probability distribution of single electrons in module
�� as calculated from the scalers on each cassette of ���� data and Table � gives the
probability of an o	�energy electron in VSAT averaged over all the ���� data


O	�energy electrons coinciding with Bhabha events can be used to measure both the
probability and the energy and position distributions of this background
 The dotted line
in Figure � shows the probability of each cassette having an electron in module � at the
same time as a pair of Bhabha electrons in module � and �
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Table �� The probability of an o	�energy electron in the four di	erent VSAT modules

The VSAT scalers were used in this study and the minimum energy required in the trigger
was ��� GeV


Figure �� O	�momentum background en�
ergy distribution for module � �shaded� and
module �


Figure �� O	�momentum background en�
ergy distribution for module � �shaded� and
module �


In this study an energy cut of �� GeV on the electron in module � was made� since
this corresponds to the cut in the trigger used by the scalers
 The cassettes were required
to contain at least ���� Bhabha events� which reduced the number of cassettes from ����
to ����
 The distribution in Figure � from Bhabha events has therefore been rescaled so
that it can be compared to the distribution from the scalers
 The two methods seems
to be in perfect agreement� with the probability of an o	�energy electron in Module �
varying between �
���
�� 
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Table �� The probability of an o	�energy electron with energy larger than Emin in the
four di	erent VSAT modules
 The measurement was done with VSAT Bhabha events


From the energy distributions of the o	�energy electrons �Figure � and Figure ��
the probability of an o	�energy electron in VSAT as a function of an energy�cut can be
calculated
 The energy is not properly calibrated in the XSDST data and the data used
here are taken from the VSAT o�ine processing with all the corrections applied
 The
background in the outer modules �� and �� has a higher energy as it is produced in a
region further away from DELPHI ���
 The probabilities of an o	�energy electron in the
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four VSAT modules are given in Table � and are calculated from a sample consisting of
��
����� Bhabha events� of which ������ events had an additional o	�energy electron in
VSAT with energies higher than �� GeV


Figure �� The X distribution of VSAT sin�
gle electrons in module � �shaded� and �

Comparison is made with a full readout sin�
gle electron sample in module � �dots�


Figure �� The Y distribution of VSAT sin�
gle electrons in module � �shaded� and �

Comparison is made with a full readout sin�
gle electron sample in module � �dots�


The best way of removing the background is by a cut on the position of the showers�
since the background is concentrated in the horizontal plane
 The x and y distributions
of the single electrons are shown for both inner and outer modules in Figure � and �

In the outer modules the y�distribution has a sharp peak since it is produced closer to
DELPHI
 A comparison was made of the position distributions with the single electrons
NOT in coincidence with a Bhabha event
 This sample contains more events although it
has been downscaled
 These distributions are shown as dots in Figure � and � and are in
a good agreement with those obtained from the Bhabha events
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Table �� The probability of an o	�energy electron with energy higher than Emin in the four
di	erent VSAT modules
 The measurement was done with dimuon events
 NV SAT is the
number of events with energy in the VSAT greater than corresponding Emin
 Pi means
the probability for module i � �� �� �� �
 There was no events with a signal in module �


�



��� Dimuon events

A sample of e�e��Z��n��� Z������ events was also selected to study the probability
of having o	�energy electrons in VSAT
 In this study the ���� data� was used and the
selection criteria was optimised with the help of a KORALZ�
� ��� Monte Carlo sample�


To suppress the background� which was mainly due to cosmic muons� it was required
that�

�
 Two muons were found� one positive and one negative� with no other particles in
the event
 The muons should be identi
ed as �very loose� or better


�
 The energy of each muon should be �� � E�� � ��� GeV


�
 The azimuthal angles were required to ful
l jj��� � ���j � ����j � ��


�
 Both muons should come from the primary vertex � Q�LPV����� �


�
 The transverse momentum of the muons should have pTgt � �� GeV�c � where pTgt �
max�pT�� � p

T
���


Figure �� Distributions of Etot� ��� and ��� 
 Points represent data and the hatched
histograms represent MC
 The top row of plots shows events which ful
l conditions �� �
and � and the bottom row those ful
lling conditions � as well


The upper three plots in Figure � show the distributions of Etot� ��� and ��� after
conditions �� � and � were satis
ed
 At this stage ���� events remained� with ��� expected


�XSDST�� D�	C
��� was used with a luminosity of L � 

��� pb��and a beam energy Eb��
����
�
���� GeV�

�The sample called XS MUMU E
�� R�� 
L A
	C���
 with a cross section �MC � ���� � ���� pb
was used� It contained 


�
 events simulated at

p
s � 
�� GeV�

�



The angular distributions had broad peaks at � � ��� and around � � ���� which were
not predicted by Monte Carlo
 The reason is of course the large contamination of cosmic
muons
 Many of the cosmic events can be rejected by the requirement on the primary
vertex �condition ��
 The bottom three plots in Figure � depict the distributions of
Etot� E�� and pTgt after the vertex cut
 ��� events remained in the data with an unchanged
number of expected events


The last cut on pTgt removes softer muons coming from e�e�� ���n��� �� � �����
�� collisions or Z� � 	�	� events
 After this cut ��� � �� events remained in the data�
with ��� � � � � expected from the Monte Carlo study �the second error is due to the
uncertainty in the cross section�
 Good agreement between data and predictions was
obtained� as can be seen in Figure �� which shows di	erent angular distributions such
as the polar angle of each muon ���� �� the sum of polar angles ���� � ��� � and the
di	erence in azimuthal angles �j��� � ���j �
 The total energy �Etot � E�� � E�� � and

invariant mass of the muons �W �
q
Etot

� � �
p�� � 
p����� are also presented in Figure �

The overall impression from the data�Monte Carlo comparison is that the e�ciency is
somewhat too high in the simulation and that the energies are slightly high


Figure �� Distributions of polar angle ���� and ��� �� the sum of polar angles �������� ��
the di	erence of azimuthal angles �j�������j �� and the total energy of the muons �Etot �
and their invariant mass �W �


Out of the ��� selected events� only �� had an electron in the VSAT
 In all of these
events� only one module scored a hit
 The energy measured by VSAT was corrected
using the o�ine VSAT programs
 The total probability and probabilities for each module
derived from this sample are shown in Table �


�



Figure �� Distributions of Etot� �� and �� for events ful
lling conditions ���
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Table �� The probability of an o	�energy electron with energy greater than Emin in the
four di	erent VSAT modules
 The measurement was done with cosmic muon events


��� Cosmic muon events

The cosmic muon events� rejected in the previous analysis� can also be used to look for
o	�energy electrons in VSAT
 The following cuts were made to select the events�

�
 Two muons had to be found� with no other particles in the event
 The muons should
be identi
ed as �very loose� or better


�
 The energy of each muon had to ful
l E� � �� GeV


�
 Neither of the two muons should come from the primary vertex � Q�LPV��� ��� �


�
 It was required that j�n � �m � ����j � �� and jj�n � �mj � ����j � �� where n and
m can be a positive �� or a negative �� 


After this selection� ���� events were found� ��� ���� pairs� ��� ���� and ����
���� events
 Distributions of the total energy of the muon pair �Etot� and of the
azimuthal angle ���� and polar angle ��� � of the individual muons are shown in Figure �


Of the ���� events� there was one VSAT o	�energy electron in ��� events and two
o	�energy electrons in � events
 The probability of an electron in VSAT computed from
these events is presented in Table �


��� VSAT background in STIC Bhabha events

A sample of back�to�back Bhabha events in STIC was selected by requiring a single shower
in each calorimeter with ���� � � � �� and ���� � Ee�Ebeam � ����
 The angle between

�
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Figure ��� Left� Energy distribution of the showers in the four VSAT modules
 The
dotted line shows the uncorrected and the full line the corrected spectrum
 Right� The
probability that an o	�energy electron shower will be found in VSAT� as a function of an
energy cut


the two showers was required to be larger than �������
 In all� ������ events from the
���� data satis
ed these requirements� ����� of them having at least one shower in VSAT
with an energy larger than �� GeV
 Most of the events ������� had a shower in only one
module� while a small fraction had a hit in two ����� or three ��� modules
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Table �� The probability of an o	�energy electron with energy greater than Emin in the
four di	erent VSAT modules
 The measurement was done with STIC Bhabha events


Figure �� shows the energy distribution of the showers seen in the four VSAT modules

The energy spectrum is shown both directly from the XSDST and after o�ine corrections

The VSAT modules at the outer circumference of the LEP ring �module � and �� shows
� times as much background as those on the inner circumference and the energy of the
o	�energy electron peaks close to the beam energy
 In the inner modules the energy
distribution is also peaked but broader
 Since the energy of the background peaks at high
energy� this background cannot be rejected with an energy cut
 That is shown in Figure ��
and Table � which give the probability of having an o	�energy electron in the di	erent

�
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Figure ��� The average y�position in VSAT of the o	�energy electron background during
di	erent time periods


VSAT modules as a function of a cut on energy
 Both for the inner and outer modules�
the cut has to be made at very high energies in order to achieve a sizable reduction in
background
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Table �� The average y�position of the o	�energy electrons during �� time periods


Since the o	�energy background is concentrated in the horizontal plane� the best way
to reject it is by a cut on y �i
e
 the vertical coordinate�
 However� di	erences in the
magnetic 
elds in LEP during di	erent time periods mean that the background peak in y
moves during a LEP run
 To study this� the ���� data was divided up into �� time periods
as indicated by Table � and the average y�position was plotted �Figure ���
 Variations
of up to � mm of the average y�position were observed during the year� considering that
each VSAT module has an active area which is only �x� cm� this is a signi
cant e	ect
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Figure ��� Left� The number of o	�energy electrons in STIC per pb��
 Only the 
rst
������� high energy 
lls during each year are shown
 Right� The energy and theta�phi
distributions of events recorded by the STIC single arm trigger
 Data from 
ll ���� were
used


� Background in STIC

��� STIC single arm triggers

The STIC single arm triggered events can be used to measure the rate of o	�energy
electrons in STIC ���
 This trigger requires a shower with an energy greater than �
���� � Ebeam in one of the two calorimeters
 The trigger is dynamically downscaled to a
constant trigger rate� and this has to be taken into account in the estimation of the rate

Figure �� shows the rate of o	�energy electrons in STIC normalized to luminosity
 In
���� the typical rate of o	�energy electrons in STIC was � � ��� per pb ��
 The rate has
decreased each year and it is now � � � ��� per pb ��


The energy and angular distributions of the o	�energy electrons in STIC are shown
in Figure �� for ����B data from 
ll ����
 Most of the background has a large energy
and is in the horizontal plane� which results in peaks in the theta�phi distribution
 This
horizontal background component can� however� be removed by a cut on the polar angle
since it does not extend much above ��


��� STIC Bhabha events

To calculate the probability that an o	�energy electron is recorded together with a physics
event� the same basic selection of events as in the VSAT study was used� i
e
� the events had

��
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Figure ��� Left� Energy distribution of the third shower in the selected STIC events

The unshaded histogram is ���� data and the shaded histogram ���� data
 Right� The
probability that an o	�energy electron shower will be found in STIC as a function of an
energy cut


to have one shower in each calorimeter with ���� � � � �� and ���� � Ee�Ebeam � ����

The angle between the two showers had to be larger than �������
 A third shower was
required in the event and this shower has to be separated by at least ��� in azimuth
from the closest shower
 The angular requirements meant that radiative Bhabha events
with a photon energy of at most �� GeV could survive the selection� the 
nal sample of
Bhahbas � an o	�energy electron was selected by requiring the third shower to have an
energy larger than �� GeV


The energy distribution of the third shower in the selected events are shown in Fig�
ure �� for both ���� and ���� high energy data
 The probability of an o	�energy electron
in STIC as a function of an energy�cut is also shown in Figure ��
 The probabilities in
���� and ���� are very similar


The most e	ective way of removing showers from o	�energy electrons is not by an
energy�cut but by a cut on the polar angle
 By requiring � � ��� most of the background
in the horizontal plane is rejected
 The probability of having an electron after this ��cut
is given in Table � and Figure �� and it can be seen that the cut reduces the background
by at least one order of magnitude


One surprising observation is that more than a third of the events ���� in ����D
and ��� in ����B� are accompanied by charged tracks
 This is in contrast to Bhabha
events without o	�energy electrons� where less than �� of the events are accompanied by
charged tracks
 Most of the tracks in the o	�energy electron sample survive the standard
cuts on impact parameters and momentum error and are not concentrated in the forward
region
 They are� however� short �average length � �� cm� and have a low momentum
�average p � �
� GeV�
 A study of the detectors used in the reconstruction of the tracks
�Figure ��� showed that most of the tracks are seen in the VD only


��
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Table �� The probability of an o	�energy electron with energy higher than Emin in STIC

The measurement was done with STIC Bhabha events
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Figure ��� The di	erent detectors used in track reconstruction for all tracks �left� and
tracks with only one detector used in the reconstruction �right�
 ����B data was used in
this study


��� Random triggers

The random trigger in DELPHI is caused by a signal from a scintillator placed close
to a radioactive source
 It is used to select an unbiased sample of events when no real
interaction has occurred
 The events taken with the random trigger during the 
rst part
of the ���� LEP run ����pb��� has been studied
 Both the A� and the B�processing has
been used


The advantage of using random triggers compared to Bhabha events is that it makes
it possible to go down to lower energies
 The disadvantage is a smaller event sample

There is also the possibility that the o	�energy electrons background is correlated in
time to interactions and that the random sample therefore underestimates the o	�energy
background


The probability of a STIC shower in a random triggered event as a function of a cut
on the STIC energy is depicted in Figure ��
 The probability has been calculated for all
events with a shower in STIC and for the subsamples when the veto scintillator counters
identify the incoming particle as an electron ��� and when the shower has a polar angle of
more than � degrees


��



The most e	ective way of removing the o	�energy background is� as stated previously�
by a cut on the polar angle
 This is illustrated in the right plot in Figure �� which shows
the theta�phi distribution of the o	�energy electrons in the random triggered sample
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Figure ��� The probability of a STIC shower in a random triggered event as a function
of a cut on the STIC energy
 The probability has been calculated for all events with a
shower in STIC and for the sub�samples when the veto scintillator counters identify the
incoming particle as an electron and when the shower has a polar angle larger than �
degrees


By requiring a con
rmation of the electron from a signal in the veto�counters a sizeable
part of the background may be rejected
 The reason is that many of the o	�energy
electrons enter STIC from behind or below the tungsten shield
 In principle� the reason
could also be that the STIC showers are caused by noise and not by o	�energy electrons

That this is not the case can be seen in the left plot of Figure ��� which shows the energy
of the showers versus the number of towers used in the shower reconstruction
 A shower
caused by noise has only one tower in the reconstruction and no showers like this were
found with an energy larger than �
� GeV


Table � gives the probability for an o	�energy electron in STIC for di	erent cuts on
energy
 An analysis which veto events with more than �
� GeV in STIC will lose �� of
the signal
 In a search analysis which ends with �� candidate events the probability of
at least one o	�energy electron in the events with more than �
� GeV is ��� while the
probability of such a shower higher than � � �� in the �� events is only �
��


The probability of charged tracks in the events is ������� when the energy in STIC
is larger than �� GeV
 The tracks are similar to the ones found in the Bhabha sample


��
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Figure ��� Energy versus the number of towers in the shower �left� and the theta versus
phi distribution �right�
 Showers with an energy greater than �
� GeV were used in these
plots


Emin �GeV� P��� P�������

�
� �
����
�� �
����
��
�
� �
����
�� �
����
��
�
� �
����
�� �
����
��
� �
����
�� �
����
��
�� �
����
�� �
����
��
�� �
����
�� �
�� �
����
�� �
�� �
����
�� �
�� �
����
�� �
�� �
����
�� �
�� �
����
�� �
�� �
����
�� �

Table �� The probability of a shower with energy larger than Emin in STIC
 The mea�
surement was done using random triggered events recorded in ����


A comparison of the probability obtained at Emin��� GeV with the Bhabha sample
�P � ���� � ����� and the random triggered sample �P � ���� � ����� shows a barely
signi
cantly higher value for the random sample �contrary to naive expectations�
 This
could be due to the fact the time period studied in the two analyses was not exactly the
same
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� Noise in the other calorimeters�

The other DELPHI calorimeters have also been studied by using the random triggered
sample
 At angles above STIC the calorimeters do not see any of the o	�energy electron
background
 Instead they su	er from noise showers and occasional showers created by
cosmic rays
 In the ����A data� a noisy area in HCAL which created high energy showers
was observed� but was removed in the ����B processing �Figure ���
 The left plot in
Figure �� and Table � gives the probability of a noise�shower in di	erent calorimeters as
a function of a cut on the shower energy
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Figure ��� The theta�phi distribution of noise showers in HAC in the ����A data �left�
and the ����B data �right�
 The middle plot shows the energy distribution of the peak
in the theta�phi distribution
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Table �� The probability of a shower with energy higher than Emin in HAC� FEMC and
the HPC


The probability plots in Figure �� are of course only useful for analyses which does not
select events based on energy in the calorimeters
 If one takes the FEMC as an example�
the probability of a noise�shower with energy larger than �
� GeV on top of a physics
events is completely negligible
 If on the other hand single photon events are selected by
triggering on energy in FEMC and by not requiring any signals in any other DELPHI
detectors �which would con
rm the event to be a genuine physics event�� events caused by
noise in FEMC are selected
 In this way one can 
nd hundreds of single photon events in
FEMC caused by fake showers
 This is illustrated in the left plot of Figure �� which shows
noisy areas in the ����B FEMC data
 In this plot� only noisy areas producing showers
larger than �
� GeV which survive the Margoni o�ine noise algorithm are included
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Figure ��� Left� The probability of a shower in di	erent calorimeters as a function of acut
on the shower energy
 The data used were triggered by the random trigger and come from
the ���� B�processing
 Right� Noisy areas in the FEMC calorimeter during the ���� data
taking


� Summary and conclusions�

VSAT�

The VSAT Bhabha sample has been used to estimate the probability of an o	�energy
electron in VSAT on top of a genuine physics events such as an untagged �� event
 The
statistical precision of this measurement is unbeatable
 In an independent analysis a
muon sample was selected and the probability to have an o	 energy electron in VSAT
calculated
 The result agreed with the VSAT Bhabha measurement within large statistical
errors
 Finally� a STIC Bhabha sample was used
 All features of the background were
the same in the STIC and VSAT Bhabha samples
 Comparing the probabilities in the
four modules by taking the ratio PV SAT � PSTIC�PV SAT for Emin��� GeV ��
����
���
��
����
��� ��
����
�� and ��
����
�� are obtained� i
e
 a signi
cant di	erence in the
measurement of probability in the outer modules


The best way of removing the background is by a cut on the measured y�coordinate
since the o	�energy electrons are concentrated in the horizontal plane


STIC�

For STIC� a Bhabha sample has been used to measure the background of o	�energy
electrons
 It is limited to electrons with an energy larger than �� GeV and has therefore
been supplemented by an analysis of random triggered events with which the low�energy
o	�energy electrons can be studied
 At �� GeV the di	erence PBhabha�PRandom�PBhabha

is ��
����
�� 

The most e	ective way of removing the background is to discard any STIC showers

with a polar angle less than � ��

FEMC�

The probability of a FEMC shower with energy above �
� GeV is sizeable ��
���
but it drops o	 quickly with energy and for Emin � ��� GeV there is no need to take

��



the detector noise into consideration �except in problematical analyses like single photon
analyses which select noise events�


HPC�

The energy spectrum due to noise is very steep and with an energy cut of Emin �
��� GeV the probability to have a noise shower in an event is at the level of �
���


HAC�

The hadron calorimeter is noisier than the electromagnetic calorimeters and certain
noisy areas can produce showers with energies of up to ����� GeV
 However� by a cut of
Emin � ��� GeV the probability of a noise shower is reduced from �� �without the cut�
to �
�� �with the energy cut�
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Abstract

This paper presents an overview of general VSAT data quality during ����� VSAT

had no hardware failure during the data taking and shows very good data quality�

Some small percentage of the data are however alwaysmissing� this will be presented

here together with the VSAT corruption level and energy response� Finally the

VSAT luminosity and background conditions for ���� have been analyzed and a

luminosity �le for ���� has been produced�



� Introduction

Before the VSAT o�ine luminosity can be calculated a number of corrections and normal�
isations needs to be applied to the data	 In LEP II it has also become very important to
have good understanding of the background conditions of the o
 momentum background	
The VSAT false bhabha trigger was removed in ���
 in order to lower our T� rate� as a
result the bhabha background has to be estimated with other methods	 A VSAT lumi�
nosity �le has been produced for ���� and a comparison with STIC data is presented in
this paper	

� Data quality

No major incidents occurred on the VSAT detector during ���� and the overall data
quality is thus very good	 Instabilities and corruption are however always present� which
should be dealt with before any luminosity analysis	 The whole VSAT detector area
can not be used and a number of acceptance cuts are made� which reduce the VSAT
crossection somewhat	

��� Missing Data

Data in the �nal output can be missing for a number of reasons� most obvious is that
the VSAT was o
 during data taking	 This fortunately happens very rarely and more
common is that a data �le is missing due to that the corruption level of the VSAT data
was too high in DELANA	 A data �le can also be discarded in our local compression
program�COMPACT� if it �nds the data �le to be unacceptable	 There are some data
�les that passes both these checks but still contain no data of interest� this is normally
due to very short runs in DELPHI	 In the list below the bad and missing data �les for
���� is listed with �ll and run number� and amounts to about �	�� of the total high
energy data	

Bad Files�all are Z� data� Missing Files Missing Files
����� ��������� �
��� ��������� 
�
�� ���������
����� ��������� ����� ��������� 
�
�� ���������
����� ��������� ����� �����
��
 
�
�� ��������

����� ��������� 
���� ���������
����� �����
��� 
���� ���������
����� ����

��� 
���� ��������� 
���� All
����� ��������� 
���� ��
������ 
�
�� All

��� Data corruption

VSAT stores the collected events in a local bu
er� which is emptied every DELPHI event	
Sometimes an event or even the whole bu
er gets corrupted due to intermittent readout
errors in the hardware	 This is kept track of to be able to correct any potential problems
in the data stream	 In �g � the corruption rate and one of its components are shown
during the ���� data taking	 The average number of corrupted bu
ers per cassette is
visible in �gure �	

�



Figure �� Corruption rate ���� Figure �� Corrupted bu
ers

��� Accepted data

The whole detector area of the VSAT can not be used and some acceptance cuts have
to be introduced in order to get good quality data	 If the detector is hit on the edge
there is no telling of how much energy that was absorbed by the detector and an energy
reconstruction is impossible� all such events is thus cut away	 In front of the VSAT there
is a �ange that shadows the outer part of the detector	 As this �ange disturbs both energy
and momenta of incoming particles a cut is made on the outer edge in order to remove
most of these events	

If the energy of the particle is very low� it will be quite di�cult to reconstruct the
position properly	 If DELANA isn�t able to get an accurate position of the particle shower
this is marked and these events will also be cut away from the analysis	 These types of
events only contribute with a small fraction under normal circumstances and are not
plotted in �gure �� which only shows the removal rate for the �ange and edge cut	 The
energy distribution of the removed hits are shown if �gure �	

Figure �� Rejection ratio for ���� data Figure �� Energy of rejected events

An event is removed if any module register a hit outside the acceptance cuts	 This
means that the combined acceptance cuts for all � modules will remove more events than
the individual cuts��gure � and ��	 It would be possible to check for bhabha triggers and
discard any out of acceptance in other modules� this would however only contribute with
a few per�mill of statistics to the bhabha sample	

�



��� Data stability

The energy response of the VSAT detector varies somewhat over the year� the bhabha�
peak energy is however calibrated to beam energy every �ll��g	��	 Detector response
normally changes during LEP access or during �lling time� so this does not have a mayor
impact on the data quality within a �ll��g 
�	 The energy resolution of the detector is
more vital to check� as an energy cut is made in order to isolate the bhabha sample	 The
resolution tends to get worse with time in the outer modules ���� this is natural as the
outer modules take most radiation from the o
�momentum background	

Figure �� Energy Calibration constant Figure 
� Corrected energy uncertainty

If the VSAT bu
er becomes full before there is an DELPHI event� VSAT will trigger
the whole Delphi detector	 The VSAT bu
er length was increased to �� at the beginning
of ����� as a result we have a T� trigger rate well below �	� Hz at an average T� rate of
�� Hz	 The T� trigger is activated either by a bhabha or a down scaled single electron
trigger	 The down scaling system is presently set to balance the inner and outer modules
to around �� of the total trigger sample��g	��	

� Background

The vacuum condition in LEP is determined by the static pressure in form of beam gas par�
ticles and dynamic pressure from synchrotron radiation	 Beam particles can interact with
this gas and loose part of their energy� and as the beam travels through quadropoles and
bending magnets these particles will leave the beam path	 This is called o
�momentum
background and cause hits in the vsat detector at a rate of about 
�� Hz in the outer
modules and ��� Hz in the inner	

Naturally there is the possibility that two o
�momentum particles hit two diagonal
detector modules at the same time	 This will then be triggered as a bhabha event� and
will contribute to the bhabha sample	 The rate of such false bhabhas is proportional
to the product of the o
�momentum background rates in the diagonal modules	 This
depends on the vacuum condition in LEP� which is normally worse in the beginning of
the year��gure ��	
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Figure �� The single electron rate in the
inner�dots� and outer�crosses� modules	

Figure �� False bhabha rate from online
triggers and after bhabha acceptance cuts	

��� Bhabha cuts

To clean up the bhabha sample from background heavy cuts are imposed ���	 A bhabha
event is an elastic scattering of e� and e� from the LEP beam� and the particles should
thus have beam energy and opposite momentum	 An energy cut is therefore imposed
around the energy peak of the two particles��g ��	 As the momentum is directly opposite
the di
erence in x and y position��x and �y� of the two particles should always be
constant	 A second cut is therefore made around the joint �x and �y region��g ���	

Figure �� Bhabha Energy Cut Figure ��� Bhabha Delta xy cut

The e�ciency of these cuts heavily depends on the structure of the background parti�
cles	 The o
 momentum background is strongly concentrated around the beam position
in the y�plane� which varies with the beam conditions	 The energy of the background
depends on how far away from the Delphi experiment the background was produced� the
farther away the higher energy and the stronger the concentration in the y�plane	 The
cut ratios for the energy and �xy cut is shown in �g ��	 In �gure �� the y�position of
the o
�momentum background and the bhabha �y position is shown	

�



Figure ��� The ratio of the bhabha accep�
tance cuts	

Figure ��� The y�position of the o
 momen�
tum background and bhabha �y position

��� Remaining background

The background that can not be cut away directly has to be subtracted from the bhabha
sample afterwards	 Four di
erent methods are used to estimate the remaining false bhabha
rate	 All these needs to be normalized to the real di
erence between STIC and VSAT
luminosity	 The methods are listed below� of which the two last ones seem to provide the
best picture of the true background	

� VSAT has an online MIG�scaler that counts the number of delayed bhabhas that
hits the detector	 A delayed bhabha is a single hit in one module and another hit
in the diagonal module � bunches later	 This counter counts all events with all
energies and delta xy values� the false bhabhas removed by the bhabha cuts will
thus not be accounted for in this counter	 For cases of low statistics it is however a
good complement to the other methods	

� The energy cut in conjunction with the single electron rates below and above the
energy cut can also be used to get a more absolute measurement of the false bhabha
background	 The energy cut is unfortunately also contaminated with true bhabhas
that have hit a �ange in front of the VSAT and lost part of their energy	 This
disturbs the sample and adds an extra uncertainty to the result	

� About ��� of the VSAT readout data sample consists of single electrons	 These
can be used to estimate the amount of false bhabhas above the energy cut	 The
accidental background rate in the bhabha peak can easily be estimated as the prod�
uct of the single electron samples divided with the run time	 The single electron
trigger is down scaled so these numbers have to be normalized to the STIC and
VSAT luminosity di
erence	

� The o
 momentum background is mainly concentrated in the y�position of the beam	
This property can be used in order to narrow down the bhabha cuts in this sensitive
region	 A purer bhabha sample will be obtained with the drawback of the loss
of some small sample of bhabhas	 The di
erence between this tighter bhabha cut
and the normal bhabha acceptance cut can also be used as a measurement of the
background in the bhabha peak	
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These � di
erent measurements on the VSAT remaining false bhabha background
are linearly combined to imitate the VSAT and STIC luminosity di
erence as good as
possible	 A breaking point is introduced above a certain statistics limit where the MIG�
scaler bhabhas are excluded from the calculations	 The normal size of this estimated false
bhabha background is about ��� of the bhabha rate after the acceptance cuts in energy
and �xy cut��gure ��	

� Luminosity measurement

The VSAT detector provides fast online luminosity with small statistical error	 The
luminosity is produced directly from the bhabha and false bhabha MIG�scalers and adds
no extra corrections	 The o�ine luminosity needs much better systematical error� and a
lot of corrections and normalisations need to be applied on the data sample	

��� STIC Normalization

The exact VSAT geometry in relation to the DELPHI coordinate system is not known
to a good precision	 In front of the VSAT a �ange of the beam pipe also shadows the
detector on the outer edge� which also adds uncertainty to the crossection as the exact
shape of the �ange is di�cult to simulate	 To achieve a luminosity measurement as good
as possible the VSAT detector is therefore normalized to the STIC luminosity� as this
has a very small systematical error	 Normally the whole VSAT data sample for a year is
divided into � or � groups that are individually �tted to the STIC luminosity	

The VSAT cross section and the �nal false bhabha rate have to be determined simul�
taneously as they are directly connected to each other���	 This is done by scanning the
phase space for the smallest total deviation between STIC and VSAT luminosity	 The
VSAT statistical error is much smaller than STIC�s and a comparison needs to be done
over as much STIC data as possible	 The data is therefore merged together in blocks
of 
������� STIC bhabhas in order to improve the statistical errors and avoid �tting to
statistical �uctuations	 A typical �t of the �nal VSAT false bhabha rate to the VSAT
and STIC di
erence is presented in �gure ��	

Figure ��� VSAT false bhabha rate correc�
tion to STIC and VSAT di
erence

Figure ��� VSAT and STIC luminosity dif�
ference as function of delta x parameter	






��� Beam�parameter Fitting

The VSAT crossection is not constant as it depends on a number of beam parameters ���	
Fortunately VSAT is equipped to handle this as it can measure both x and y position	 By
checking the di
erences in x and y of the two incoming bhabha particles it is possible to
extract information about the beam conditions that are used to correct the VSAT cross
section��g	 ���	 The bhabha counting asymmetry between the two bhabha diagonals also
provide useful information about the beam that are needed for the correction	

� Results

When all the corrections have been applied and the VSAT luminosity �le has been created�
it should be compared to the STIC luminosity	 There are mainly two things of interest
that should be checked� the VSAT systematical error and big deviations of single cassettes	
The systematical error can only be measured if the STIC statistical error is small enough	
It is desirable to get the STIC statistical error down to ����� and the data is thus merged
in blocks of ���������� STIC bhabhas	

Figure ��� Relative di
erence between
STIC and VSAT Luminosity

Figure �
� Relative statistical error for
VSAT and STIC Luminosity

The standard deviation of di
erence of the VSAT and STIC luminosity is then com�
pared to their statistical errors��g	 �� and �
�� and the excess of spread is the joint STIC
and VSAT systematical error	 The pure VSAT systematical error can only be extracted
after that the STIC systematical error has been found	 The joint systematical error was
found to be about �	���	�� for ���� year data	

The VSAT luminosity �le is primary used to check the stability in the STIC data
and search for corrupted DELANA �les	 The STIC and VSAT luminosities are therefore
compared for each common cassette in search for any possible discrepancy	 As it can be
seen from �gure �� only one cassette showed a big deviation between STIC and VSAT
data for ����	 This clearly shows that the STIC and VSAT luminosity for ������g ���
is fully compatible and that the VSAT can produce a good quality luminosity with small
statistical error	

�



Figure ��� STIC vs	 VSAT Luminosity Figure ��� STIC and VSAT Luminosity
����
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Abstract

The combination of higher beam energy� more o��momentum background and more

luminosity have had a big impact on the trigger rates and radiation exposure in the

small angle region� This report describes this impact on the VSAT detector and

what has been done to deal with the situation�



� Introduction

The Very Small Angle Detector
VSAT� consists of two pairs of modules placed on the
beam pipe � �
� meters from the interaction point
�g ��
 The beam pipe radius at the
detector region was decreased with about � mm during the winter shutdown ����� in
order to allow higher acceptance for gamma�gamma physics
 The detector modules are
now located about �
� cm from the beam� with an increased trigger rate as a result


Each of the modules consists of �� Full Area Silicon detectors
FADS�� interspaced
with tungsten layers� for energy measurement
�g ��
 In order to make leakage correction�
Bhabha alignment and beam parameter monitoring� each module is also equipped with
three strip layers for X and Y positioning at shower maximum


Figure �� The posotion of the VSAT mod�
ules


Figure �� The FAD and strip plane layout
of a VSAT module

VSAT has three types of local triggers � Bhabha� single electron and delayed Bhabha

A Bhabha is a coincidence between two diagonal modules� a single electron is a hit in any
module and a delayed Bhabha is an electron in any module and another in the diagonal
module � bunches later
 VSAT has much higher trigger rate than DELPHI and therefore
stores its events in a local bu�er that is read out every time DELPHI triggers


If the VSAT bu�er becomes full before there is a DELPHI event� VSAT sends a T�
trigger that triggers the whole DELPHI detector
 The VSAT T� trigger nowadays only
consists of a downscaled single electrons sample
��� of the triggers� and the Bhabha
triggers
the delayed Bhabha trigger was removed in ���� as it caused the T� rate to be
equal to the single electron rate in the inner modules�


� Trigger response

The VSAT was built and optimized for precision luminosity measurement at LEP �

When LEP raised the energy for LEP � in ���� this immediately led to problems with
the VSAT FAD plane signal response
 The VSAT preampli�ers were manufactured from
two batches of which one had a non linear response at high energies


�



The signal was chopped o� on the upper half of the peak
�g �� as the preampli�ers
couldn�t drive the signal increase fast enough
 In addition some of the electronics became
saturated and the signal piled up in the last bin
�g ��
 The preampli�ers cannot be ex�
changed or adjusted during VSAT operation as they are located inside the VSAT modules
in the LEP tunnel� so nothing could be done about the situation during ���� year data
taking


During the winter shutdown ����� the slowest preamps were exchanged and calibrated
to handle the new signal response
 The general ampli�cation was also lowered to avoid
the signal piling up in bin ���
 This worked �ne and a produced nice test results� but
when the energy was increased once again for ���� all the preampli�ers started showing
the same problem in the channels with maximum pulse height


Figure �� FAD signal shape with old
whole�
and new
dashed� timing

Figure �� FAD signal shape for saturated

whole� and normal
dashed� FAD plane

When it was clear that there will be no minibunch data at high energy the timing of
the signal readout were delayed
 This makes minibunch separation impossible with the
current electronics
 A change in the timing from �
�� to �
� �s was needed to allow the
high energy signals to fully propagate
�g ��
 The very low energy signals will not be at
the signal peak and we get a non linear energy calibration curve
 This is however to prefer
over a saturated signal as the linearity is important mainly in the high energy region
 For
�� and �� year data a method was developed to partly reconstruct the energy signals with
help from the strip planes


� Trigger Rates

The movement of the VSAT closer to the beam pipe in combination with higher beam
current in LEP led to an increase on the trigger rate on the VSATmodules
 The main part
of the hits on the detector comes from the o��momentum background
 The background
is asymmetrical and is highly concentrated in the outer modules
�g ��


Only a small fraction of the o��momentum electrons are read out as they contain no
physics data of interest
 The down scaling system can be set individually for inner and
outer modules� and is now set up to give about ��� of the total triggers spread equally
over the modules
 This sample is necessary to obtain in order to estimate the accidental
Bhabha rate


�



During the high energy running ���� the VSAT T� rate started to become too high for
DELPHI
 To solve this the VSAT delayed Bhabha trigger was removed� which decreased
the T� rate with a factor �����
 This comes from the fact that the single electron trigger
was generating a T� whenever there was a hit in the inner modules


Figure �� VSAT MIG scaler rate
 Figure �� VSAT Bhabha trigger rate


The movement of the VSAT modules increased the accepted VSAT Bhabha cross sec�
tion
 In connection with the strong improvement of LEP luminosity the VSAT Bhabha
rate almost tripled
 On top of this the Bhabhas from accidental coincidenses from o��
momentum background started to make an important contribution to the Bhabha trig�
ger
�g ��� with an average VSAT T� rate about �� Hz as a result
�g ��


The local VSAT bu�er started �lling up and by the end of ���� the T� rate started
to become troublesome for Delphi
 The VSAT T� trigger were counting at the rate of
�
���
� Hz in the beginning of the �lls� which was almost ��� of the DELPHI triggers

To solve this problem the VSAT bu�er length was increased to �� in ���� then again to
�� in ����� giving a reduction of the T� rate with about a factor �
�g ��


Figure �� VSAT bu�er length increase
 Figure �� VSAT T� down scaling


At present the VSAT T� rate and readout time is also starting to become worrying for
DELPHI
 The VSAT reads the whole detector at each VSAT T�� while in other detectors
just some trigger info is read out
 This means that VSAT has a longer readout time than
most other detectors and thus produces more dead time for a given T� rate
 The VSAT
T� rate was about �� Hz in the beginning of the �lls during ���� and if it increases further
something might have to be done
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Two things could be considered� either to decrease the T� rate� or to cut the event info
and thereby reducing the readout time
 The later is not possible as the whole software
chain would have to be changed and there is no manpower to do this
 At the end of ����
the T� trigger was however downscaled by a factor two
�ll ���� in �g
 �� in an attempt
to decrease the T� rate


A part of the VSAT electronics cannot handle the down scaling and the raw data seen
by DELANA from the end of ���� is corrupted
 A method was developed to reconstruct
��� of the corrupted data with the help of other parts of the raw data structure
 It is
therefore possible to downscale
with some loss of events� the VSAT T� trigger if a need
should arise


� Radiation Exposure

There are two ways to investigate if there has been some radiation a�ecting the VSAT
modules
 The most direct way is to measure the energy response from the module
 If
there is a sudden drop in this� it is possible that the VSAT was hit by a large amount of
radiation that has degraded the FAD plane energy signal response
 The readout signal
could however also change for a number of other accidental reasons�

� Change of timing of the hold signal


� Voltage changes on the drift voltage to the preampli�ers


� Signal from one or many FAD planes breaks down somewhere in the electronics


� Pedestal changes of the FAD planes


A more precise way to see if the FAD planes have been exposed to radiation is to
look at the bias current supplied to them
 If the planes have taken some damage the bias
current will increase
 To get an overall picture of the detector behavior both these thing
should be correlated to background storms in DELPHI


��� bias currents

With the rates of high energy particles to which the VSAT has been exposed during LEP
�� the FADs have unfortunately taken some radiation damage
 As mentioned the damage
of a silicon plane can be checked by measuring the bias current
 The Delphi Database
keeps track of this and it is easy to follow the bias current as long as the database updating
program is running


Figs �� and � show the bias currents for two modules in the VSAT detector� in the
backward and forward direction during LEP I and LEP II
 The relative behavior is more
or less the same for the two other modules in each direction
 It is clear the our FAD plane
su�er from radiation damage as the bias currents have increased from about � to �� micro
amps
 The rise in the bias current is a combination of a steady increase of radiation in
physics mode and of step functions with heavy radiation
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Two major incidents are visible in the middle of �� and at the end of ��
 After a major
radiation incident the modules normally recover somewhat� but the bias does not go down
to the same value as before
 The modules should however continue to work without any
noticeable lack in performance as long as the bias current stay below ��� micro amps


Figure �� Bias current for module �
 Figure ��� Bias current for module �


��� Energy response

The energy measurement of the VSAT bhabha peak is normalized with calibration con�
stants to beam energy for every �ll� to make sure that the energy readout is correct
 If
there is a change in the energy response this is directly re�ected in these calibration con�
stants
 The variations of these constants are shown in �g �� and distinct step variations
are seen
 The raw energy signal is pre�calibrated in DELANA and should have a value
around one


When the timing was changed the energy response was lowered and this pre�calibration
sunk to about �
�
 The energy scale is also somewhat non�linear in the lower energy
regions� which is re�ected in that the calibration constants goes up for z� data
 For high
energy data the nonlinearity is small and is not visible in any of the calibration constants


Figure ��� Energy calibration constants
 Figure ��� FAD raw energy sum


�



As the constants are calculated at the latest stage in the software chain the singal
changes were compared and veri�ed with the raw data signal
�g ���
 All the step changes
seen in �g �� were cross referenced with the raw data signal changes with a good agree�
ments� certifying that the calibration constants can be used to monitor the FAD�plane
response


All the variation seen above can be related to a stop of the LEP machine for a couple
of hours
 Small changes in bias currents do not e�ect the detector performance as almost
no correlation could be found between bias current increase and signal response


��� Incidents

The bias current and energy calibration graphs should be correlated to the LEP back�
ground conditions and LEP status
 VSAT does not take data when we are out of physics�
but the VSAT generated background � signal is active all the time and is logged in the
DELPHI database
 The radiation monitors number � and � for the VD are also sensitive
to the VSAT background
 Below follows a table listing the major bias and FAD signal
changes the VSAT have experienced during the last two years


Date Time Fill Module BIAS change��A� LEP Events
������ ��
�� ���� � ���� BKG spike
������ ����� ���� ��� ����������� BKG spikes
������ ����� ���� ��� ����������� BKG spikes at �����
������ ����� ���� ��� ����������� BKG spikes at �����
Date Time Fill Module SIGNAL change LEP Events
������ ����� ���� ��� ��� Big long bkg spike
������ ����� ���� ��� ������ LEP stop
������ ���� ���� ��� ����
�������� LEP stops � Z�
������ ����� ���� ��� �����������
�� � LEP stops
������ ����� ���� ��� ������ LEP stop
������ ���� ���� ��� ������������ LEP stops � Z�

Table �� Signal and bias changes from VSAT FAD�Planes

The upper part of the table shows the jumps of the bias current� on top of this there
is a small steady increase with time over the years
 The jumps are always correlated to
a radiation spike in the VSAT detector
 We can however also experience heavy radiation
without having a bias current increase


The lower part of the table shows the FAD signal changes over the last two years

All except the �rst of these are related to stops in LEP and probably to accesses in the
LEP tunnel
 As we also have positive changes to the signals� these can not come from
radiation damage
 An explanation can be that the voltage to the preampli�ers have
changed during the stop� which are known to be sensitive to supply voltage changes
 This
is however di�cult to measure directly� as the voltage supplies are located inside the LEP
tunnel
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The �rst incident is related to a long duration radiation peak
see �g ���� which pulled
down the FAD plane response
 Normal background two rate is around ��� during physics�
and background storms normally do not last more than ����� seconds
 In this case VSAT
was exposed over �� minutes with high radiation
 The bias currents were not logged at
this time
unknown reason�� but a big jump from �� to the end of �� can be seen
�g ��

Looking at �g �� this drop of signal response is clearly visible at �ll ����� the signal do
however recover after some time


� Energy resolution

The changes in the energy response of the detector prevents the VSAT to put the correct
energy in the common DELPHI data
 On a local level the energy is corrected each �ll�
so any small changes in the signal response is not a problem
 What is more vital for our
data is that the resolution of our detector does not deteriorate
 The resolution for �� and
�� can be seen in �g �� for outer module � and inner module �


Figure ��� Background radiation storm
 Figure ��� VSAT energy resolution


The o� momentum background is much higher in the outer modules and as seen from
the �gure this leads to a deteriorating resolution during the year
 The modules do however
seem to re�cooperate during the shutdown and longer stops of LEP
 The inner modules
are more or less stable on the same level


From this it is easy to suspect that the resolution of the modules gets worse when they
are �hot� from radiation exposure
 Beam currents are always higher in the beginning of a
�ll� so the resolution should improve with the duration of a �ll
 This is clearly re�ected in
�g ��� where the resolution for all four modules have been plotted versus cassette number


In �g �� the resolution have a been plotted against the trigger rate in the inner and
the outer modules
 The increase on the resolution with the hit rate in the modules
is clearly visible
 The resolution is calculated as the width of the Bhabha peak when
the o��momentum background has been subtracted
 The background energy is shifted
about ��� from the Bhabha peak energy and will broaden the peak if present
 The
resolution has therefore also been plotted against the ratio of false Bhabhas in the same
plot
 No dependence on the false Bhabha background is visible� so the background has
been successfully removed
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Figure ��� Resolution during �ll for all four
modules


Figure ��� Resolution as a function of trig�
ger rate and background


� Conclusion

The higher energy of LEP II have been a challenge to the VSAT detector
 The electronics
have been successfully modi�ed and adjusted to cope with the new situation and VSAT
is taking good data
 For �� and �� a software scheme have been developed to reconstruct
the energy in the saturated FAD planes
 The increase of o� momentum background can
be handled with good accuracy even though the VSAT false Bhabha trigger has been
removed


The increase of trigger rates facing the VSAT could be kept under control by changing
the trigger structure and increasing our bu�er length
 VSAT does not present any problem
to the DELPHI T� rate and if the T� rate should rise to unacceptable limits it is now
possible to downscale our trigger


It is clear that VSAT is taking radiation damage from background storms with an
increase of bias current as a result
 The performance of the detector will however not be
a�ected as long as bias currents stay below ��� micro amps� which should not be reached
until the end of ����
 The signal response from the detector changes from time to time
in connection with LEP access� but do not a�ect the resolution of the detector
 It is
clear that outer modules loose resolution during the LEP running� but recover during the
shutdown
 Overall there are no worries for the general performance during year �����
when VSAT will ful�ll its lifelong mission
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Abstract

Experimental results that may soon be obtained in two-photon collisions at very low
momentum transfer Q2 at LEP2 are reviewed. A kinematical range is presented for
both the forward and very forward detectors used to measure scattered electrons
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are calculated for an integrated luminosity of 400 pb−1, the total collected by the
end of LEP2 operation according to current plans.
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1 Introduction

Studies of γγ collisions at very low momentum transfer Q2 at LEP2 are attractive for many
reasons (see, for example, [1]). First of all, it is worth pointing out that at present both
theoretical and experimental knowledge is very poor in this range, and that previous
measurements at LEP1 suffered from low statistics[2, 3]. LEP2’s increased integrated
luminosity can help greatly in improving the information provided.

There are at least three samples of γγ events that bring promise of interesting new
results if they are studied: viz., depending on tagging conditions, a sample of single tagged
events and two different samples for double tagged events. In all LEP experiments there
are two ways of tagging the scattered electrons or positrons, either using the very forward
calorimeters to detect polar angle of θ < 15 mrad and thereby provide the measurements
of very low momentum transfer squared Q2, or using the forward calorimeters (θ > 30
mrad) to provide measurements of Q2 in a region of higher transferred momenta.

For the single tag case[2], when only one of the scattered electrons or positrons is
measured while the other goes into the beam pipe, higher statistics can help to further
distinguish between the various parametrizations used to describe the quark and gluon
densities inside the photon[4].

For the double tag case[3], when both the scattered leptons are detected in the very
forward calorimeters, reliable measurements of the total γγ cross-section in a range of
high γγ centre-of-mass energies can be provided for the first time.

For the double tag case, when one scattered lepton is detected by the very forward
calorimeters, giving the smaller measured momentum transfer P 2, while the second is
detected by the forward calorimeter, giving the measured Q2, the so-called virtual pho-
ton structure, i.e., the effect of non zero virtuality of the tagged photon on the photon
structure function[1] can then be studied.

Simplified theoretical concepts state that a total cross-section of γγ interactions can
be described by a sum of three components: a non-perturbative term describing a soft
hadronic part by a Vector-meson Dominance Model (VDM), a perturbative term describ-
ing a point-like coupling of the photons to a quark-antiquark pair by the Quark Parton
Model (QPM) and a term for the hard scattering of the partonic constituents of the pho-
ton, the so-called Resolved Photon Contribution (RPC). Either one (the single resolved
case) or both photons (the double resolved case) may perturbatively fluctuate into qq̄
pairs. In the single resolved case one parton from the photon subsequently interacts with
an other bare photon, while in the double resolved case one parton from each photon
participates in a hard interaction thereby creating the high-pT jets. The other partons
create the so-called remnant jets which normally travel at low angles from the axis of γγ
system (mainly into the beam pipe). These are the main ideas of the model, which is more
complicated in reality. More detailed considerations can be found in[5]. For the single or
double resolved perturbative part the lowest order diagrams are normally calculated with
the different parametrizations used to describe parton density functions of the photon.
These are available in PDFLIB[4]. There is a single free parameter pmin

T , the minimum
transverse momentum of the outgoing partons, which has to be specified and used in
order to separate the RPC from the non-perturbative contribution. These values of pmin

T

were found for the parton density functions from the requirement to reproduce the visible
experimental two-photon cross-section at the Z0 peak. Since the RPC was treated using
leading order QCD factorization, a hard scattering subprocess gives the dominant scale
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p2
T , taken also as the factorization scale.

Well-known for many years, the VDM and QPM models are widely used to describe
the experimental data at any beam energies and any Q2 range . The relatively new RPC
model has being tested at KEK, HERA and LEP1 (see, for example, the last Workshop
Photon’97[6]) in the region of low Q2(< 2(GeV/c2)2), and quite recently it was extended
into a higher Q2 region[7].

It is also important to mention, that depending on the tagging conditions, which in
fact simply define the Q2 region, the relative contributions from different models may
vary widely.

Thus it is really important to get an estimate for the statistics for all of the cases
mentioned above.

2 Kinematical range and luminosity

During the 1997-1998 year shutdown period all LEP experiments were equipped with a
smaller beam pipe at the position of their very forward calorimeters, which are normally
used for luminosity measurements as well. Initially the upgrade was proposed by the
DELPHI experiment[8] in order to increase acceptance for the Very Small Angle Tagger
(VSAT) and thus to improve the statistics available for two-photon studies. The follow-
ing consideration has therefore been made for the DELPHI setup. The principle of the
upgrade was very simple: namely, to decrease the radius of the LEP beam pipe in the
horizontal direction. The upgrade was simpler still because the DELPHI VSAT itself had
previously been fitted with instruments designed to accommodate the larger acceptance.
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Figure 1: New and old acceptance of all four modules of the DELPHI VSAT detector.
An arbitrary vertical scale is used to show only the profit from the active detector area
increased in x-coordinate direction.
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Four VSAT modules are situated in the horizontal plane at �7.7 m from the interaction
point, behind the superconducting quadrupole magnets which produce the final focus.
These magnets deflect the scattered electrons and positrons from the direction of the
beam pipe, and thus permit measurements at very small polar angles. At the modules
there is a small elliptical section of the beam pipe providing a thin window in front of the
calorimeters. The instrumented area of the VSAT modules is not large, being only 5 cm
high and 3 cm wide for the x-position measurements. The active area used was previously
even smaller, i.e., 2 cm in the x-direction, because for the outer range in x of the modules
there was a dead zone due to a flange located in the beam pipe about 70 cm in front of
the detectors. The upgraded beam pipe is made with a �0.5 cm smaller radius in the
x-direction, and the VSAT modules have been moved closer to the beam line. Thus we
can benefit greatly from the increase in cross-sections and the active detector area was
also enlarged. The upgrade has now been also adopted by all the LEP experiments.

Rates of occupancy of the VSAT modules obtained from this year’s preliminary anal-
ysis are shown in Fig. 1 together with results from previous years. Here the benefit of the
upgrade can clearly be seen. As expected, the tails of the distributions behave similarly at
high x, thereby confirming that all (hardware and software) modifications were properly
carried out.

As shown in [8], the increase in cross-sections because smaller polar angles can now be
detected should increase statistics by a factor �2 for double tagged events and by a factor
�1.5 for single tagged events. These factors are used in estimate of the final statistics.
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Figure 2: Momentum transfer distributions measured by the DELPHI VSAT and STIC
detectors. An arbitrary vertical scale is used to show the relative statistics for different
ranges.

The kinematical coverage of the very forward and the forward detectors shown in Fig.2
provides the answer to questions concerning the upper and the lower limits of the Q2

scale, and also shows how far the measurements can explore the regions of low Bjorken-x,
where the main theoretical interest lies. For the very forward detectors (the DELPHI
VSAT), the statistics are concentrated below 1 GeV2 and peak at around 0.2 GeV2, while
for the forward detectors (the DELPHI STIC) they go up to �100 GeV2. The range of
invariant masses W from 5 GeV to 80 GeV can be reasonably measured with high enough
statistics, so results can be obtained in the regions

• 10−4 < x < 2 · 10−2 for the VSAT and

• 2 · 10−3 < x < 0.8 for the STIC.

4



1998 was a very successful year for LEP with a record integrated luminosity of �200 pb−1.
For next two years, however, the prime stress will be on maximum attainable beam
energies. According to current plans, a luminosity of �200 pb−1 is expected to be collected
by the end of LEP2 running. Thus, a total integrated luminosity of �400 pb−1 will have
been used for the statistics estimations.

3 Difficulties in the analysis

Though the analysis appears to be well understood, there are several complications. In
order to obtain reliable results for all possible Q2 regions, an accurate reconstruction of the
energy and the polar angle of the tagged particle is needed. Therefore, many corrections
have to be specified and then applied. The most important ones for energy reconstruction
are new calibration constants and in particular, new leakage corrections due to the higher
energy in comparison with LEP1.
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Figure 3: VSAT off-momentum
electron
background distributions, found
from a random coincidence be-
tween well measured Zo events
and high energy signals in one
of four VSAT modules (denoted
LUM1 to LUM4 in the inset) :
(a) φ and (b) Θ-distributions, (c)
Etag/Ebeam. The dashed lines
show the background behaviour
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 φ to the outer
modules as indicated in (a).

On the other hand, the quality of the energy measurements can be checked for each
LEP fill, or even for each run, by using Bhabha events. Moreover, the new acceptance
means there are more statistics available. The reconstruction of the initial polar angle θ
is based on a determination of the energy and the position of the tagged particle, which is
traced backwards in an iterative procedure from the detector through the superconducting
quadrupole and the solenoid magnetic fields to the interaction point. For the position
reconstruction accurate geometrical survey measurements of the position of the VSAT
modules in relation to each other at the beginning and the end of the data taking year
are essential. Clearly, the angle reconstruction procedure is very sensitive to the LEP
beam parameters, which sometimes vary even within a fill. Thus, to define the angle in
the event vertex as precisely as possible, the beam spot position, the angles between the
beams and the parameters of the superconducting quadrupoles all have to be known and
taken into account for each data taking fill or even run. High background is usually a
serious problem for the analysis. Surprisingly enough, however, in our case the presence
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of abundant background (off-momentum electrons for single tagged events and Bhabha
events for double tagged events) helps improve the angular reconstruction. Most of the
off-momentum electrons are concentrated in the horizontal plane and enter the two VSAT
modules on the outer side of the LEP ring. By studying their sharply peaked impact point
distribution, the y-coordinates of the outer modules can be aligned with respect to the
beam axis. By using the strict collinearity of the Bhabha events, the y-coordinates of
the inner modules can also be aligned. Of course, very careful study of the Bhabha
events is needed to do so. In turn, effective rejection of the background also depends on
how accurately the θ angle is reconstructed and how well the LEP beam parameters are
defined. The results of a simple rejection of background at LEP1 energies[2] are shown
in Fig 3. Now, with better understanding of the background, it can be rejected more
efficiently, albeit in a more complicated and labour-intensive way.

Nevertheless, it is beyond doubt that the background in the final analysis can be
rejected as efficiently as it was for LEP1 double tagged data (Fig.4).
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Figure 4: VSAT double tagged events. Triangles are before rejection and points are after
rejection of the background from the Bhabha events.

4 Statistics estimates

As mentioned above, the total integrated luminosity collected at LEP2 after the upgrade
of the very forward calorimeters is expected to be �400 pb−1. This number is used
hereunder to estimate the available statistics for all of the topics.

4.1 VSAT single tagged events

Of particular interest to an analysis of single tagged events is the rather large
contribution[2] to the total γγ cross-section from RPC. This is indeed the case where
there is a hope of finding the best parametrizations of parton density function in the
photon. As mentioned above, an extensive compilation of existing parametrizations is
available in [4].

By comparing data obtained with higher statistics at LEP2 with the three component
model predictions a distinction may possibly be drawn between the Gordon-Storrow (GS),
Glück-Reya-Vogt (GRV), Levy-Abramowicz-Charchula (LAC1) and Schuler and Sjöstrand
(SAS) parametrizations[9].
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The published results from DELPHI at LEP1 are used to estimate the statistics.
Around 500 events were obtained for an integrated luminosity of �30 pb−1. Taking into
account the factor of �1.5 after the VSAT upgrade, �10.5 K events are expected to be
available for the final analysis.

4.2 VSAT-VSAT double tagged events

The double tag mode is attractive because both the hadronic invariant mass produced
and the absolute momentum transfers squared for both photons can be directly measured,
as in small angle approximation the invariant mass is reconstructed from the energy
measurements of the tagged particles. This means that there is little need to apply the
unfolding procedure to extract the total γγ cross-section, which may now be measured in
a wide region that was previously inaccessible.

The previous analysis of LEP1 data suffered from very low statistics. Only 43 events
survived after all selection criteria had been applied to pick out γγ events and reject
Bhabha background. To illustrate this both the tagged energy and the invariant mass
distribution of the hadronic system are shown in Fig.5, where the level of agreement
between data and simulation can bee seen. The limited statistics mean that not much
information can be extracted despite good agreement between data and simulation.
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Figure 5: DELPHI LEP1 double tag events. VSAT-tagged energy and invariant mass
reconstructed. Points are data, solid lines are the full VDM+QPM+RPC predictions,
dotted lines are the QPM+RPC and hatched histogram - QPM part.

At LEP2 energies the accuracy of the invariant mass reconstruction improves. With
the factor �2 after the VSAT upgrade taken into account, �350 events available for the
final analysis of DELPHI data may be expected. A similar number of events should be
recorded by the other LEP experiments.

4.3 VSAT-STIC double tagged events

Since the rate of double tagged events in the main forward calorimeters is very low, because
of the relatively high θ > 30 mrad, the double tagged results expected to come from events
with one tag in the main forward calorimeter (the STIC for DELPHI) and the other tag in
the very forward ones (the VSAT for DELPHI) are more promising. To a certain extent the
effects of the target photon non-zero virtuality, P 2 �=0, on the photon structure function
F γ

2 (x, Q2; P 2) can be studied only with this sample. Such studies are attractive mainly
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for two reasons: our present state of experimental knowledge is very poor, and because
of the rise in the LEP beam energy the non-perturbative hadronic contribution (VDM)
is expected to be suppressed with increasing P 2, allowing for a perturbative prediction of
the photon structure function. More details can be found in [1]. There are still no results
available from the LEP experiments. A two-photon generator TWOGAM, which was
successfully tested in previous DELPHI studies, is used to estimate the number of events
in this case. Taking into account the factor �1.5 after the VSAT upgrade, �200 events
are expected to be available for the analysis. Since the forward and the very forward
calorimeters have different acceptances for the other LEP experiments, the number of
events can differ by several times from one experiment to the next.

5 Summary

Due to its high energy and increased integrated luminosity, LEP2 provides a unique
opportunity to study the topics described above, with good prospects for obtaining new
interesting results. Though the analysis technique is very laborious, the procedure is well
understood and clear. A fairly large number of events is expected for the single tagged
events detected by the very forward calorimeters. Unfortunately however, this is not true
for either of the double tagged event samples, for which the statistics available are very
limited, so that a combined effort by all the LEP experiments is needed if we want to
obtain reliable results.
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Single electron Y position vs Fill number for all modules
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