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Abstract

In this thesis, the analysis of the luminosity measurement from Bhabha scattering
within the polar angular region (5 to 7 mrad) covered by the the Very Small Angle Tagger
(VSAT) in the DELPHI experiment at LEP, is presented. Both by analytical integration
and using Monte Carlo simulation, it is shown that the acceptance corrections of the
detector can be reliably calculated, obtaining a relative luminosity measurement with a
precision level of 0.1%. The absolute experimental error on the luminosity measurement
is estimated to be 0.8%. Furthermore, measurements of the beam spot using the VSAT
detector are described.

The application of the relative luminosity measurement in the extraction of the hadronic
lineshape parameters of the Z-particle is also presented.
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Chapter I

Introduction

This thesis gives a description of the work done by me for the DELPHI collaboration at
LEP. My contributions have been concentrated on the analysis of data from the DELPHI
VSAT detector, with the main purpose of obtaining a high precision relative luminosity
measurement to be used in the DELPHI analysis of the lineshape of the Z-partide.
The organisation of the thesis is as follows:

Chapter 2 contains a short presentation of the components of the DELPHI detector
relevant to my work, with emphasis put on the VSAT detector.

Chapters 3 and 4 give a short theoretical background of the fundamentals of luminosity
and the physical process normally used to measure the luminosity, namely the Bhabha
process.

Chapter 5 describes the acceptance of the VSAT detector and the various parameters
that influences it. The Monte Carlo simulations used for studying the acceptance are also
briefly depicted, together with a method to calculate the VSAT acceptance analytically.

Chapter 6 summarizes the calculation of the VSAT relative luminosity and its asso-
ciated systematic errors. Results from a preliminary study of the error on the absolute
VSAT luminosity measurement are also given. A short section describing the beam spot
measurements from VSAT are included. The last section in the chapter treats the compu-
tation of the hadronic cross section, obtained with VSAT luminosity, together with results
from the fitting of the hadronic lineshape of the Z-particle.

The four following appendices are the papers, containing the analysis I have been
responsible for, or made contributions to. The first paper, ([25], appendix A), is a descrip-
tion of the VSAT detector in DELPHI. The second and third papers ([26], [27], appendices
B and C), deal with the VSAT luminosity analysis and the beam dependent corrections
to the VSAT Bhabha cross section, an analysis which I have been responsible for. In the
fourth paper ([29], appendix D), the contribution lies in the use of VSAT luminosity in the
computation of the hadronic cross section and the extraction of the hadronic line shape
parameters of the Z-particle.
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Chapter 2

The DELPHI detector

t

One of the four detectors operating at LEP, the Large Electron Positron collider, is
DELPHI; a DEtector with Lepton, Photon and Hadron Identification. It is a general
purpose detector with special emphasis put on particle identification and precise vertex
determination.

The detector is installed in a cavern 100 m below ground. It consists of a cylindrical
section, the barrel, and two end-caps. The detector as a whole has a radius of about 5 m
and a length of 10 m. The inner detector components are enclosed by a superconducting
coil, providing a uniform 1.2 T magnetic field, as required by the long drift detectors. The
DELPHI layout is illustrated by fig 2.1.

The DELPHI detector is described in more detail in [22], and only a short overview of
the most important detectors for the triggering of hadronic decays of the Z-particle, and
for the extraction of beam spot information, are described here, together with a section
describing the luminosity monitors more extensively, especially the VSAT detector.

Micro Vertex Detector (VTX)

The micro vertex detector consists of two concentric shells of Si-strip detectors at
radii 9 and 11 cm covering the innermost region over a length of 24.0 cm. The main
objective of the VTX is to provide an accurate measurement of the incoordinate close
to the interaction point, improving the reconstruction of the primary vertex and enabling
secondary vertices reconstructions from decays of heavy quark flavours.

Inner Detector (ID)

The Inner Detector is placed just outside the vertex detector, between radii of 116 mm
and 280 mm, and covering a length of 100 cm. It provides high redundancy of trigger and
vertex information. It consists of two components: a drift chamber giving R$ information,
and five multiwire proportional chambers (MWPC) layers giving fast trigger information
and z-information for charged tracks.

Time Projection Chamber (TPC)

The time projection chamber is the main tracking device in DELPHI. It consists of
two cylindrical drift volumes, each with a length of 1.5 m and a radius of 1.2 m, separated
by the central drift plane, and two end-caps equipped with MWPC's. The TPC gives
three-dimensional information on charged tracks, combined with precise determination of
the particles momenta.
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Figure 2.1: Perspective view of the DELPHI detector. The very small angle tagger (VSAT)
falls outside the view.

Outer Detector (OD)

The outer detector is placed in the radial region between 197 cm and 206 cm. It
is composed of 24 modules, each 4.7 m long, containing drift tubes in five radial layers.
The OD is essential for providing fast trigger information in both R$ and z, and is also
important for the momentum resolution of charged tracks, especially for fast particles.

Hadronic Triggers

The most important component of the hadronic event trigger in the barrel region is
a "double arm track trigger", made by coincidences between signals from charged parti-
cles in the OD and ID. Additional triggers increasing the redundancy are: a coincidence
between the scintillation counters of the barrel electromagnetic calorimeter (HPC) and
the scintillation counters (TOF) outside the OD, and a trigger based on the coincidence
between the signals from TOF and OD. For hadronic events the trigger efficiency is greater
than 99.9% over the whole angular range covered by DELPHI.

2.1 Luminosity Monitors

2.1.1 Small Angle Tagger, SAT

The main luminosity monitor in DELPHI is the small angle tagger, SAT [23], covering
a polar angle range between 43 and 133 mrad. The two electromagnetic calorimeters
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VSAT

Figure 2.2: Top view (x-z plane) of the DELPHI interaction point environment, showing
a Bhabha event registered by two diagonal modules of the VSAT detector. The defocusing
effect of the quadrupoles (QSC) in the horizontal direction is also illustrated.

forming the detector are situated close to the beam pipe at ±2.35 m from the interaction
point along the beam axis.

Each cylindrical calorimeter consists of alternating layers of 1 mm lead sheets and
1 mm diameter scintillating Abers concentric to and aligned parallel to the beam. Behind
each calorimeter the fibers are collected in bundles and coupled via lightguides to circular
photodiodes. The inner six rings have radial extensions of 3 cm and the outer two 3-25 cm.
The $ segmentation is 15 and 7.5 degrees in the inner and outer four rings, respectively.
The energy resolution is about 11 %/>/£, with good linearity between 10 and 70 GeV.
The detector is optimized for luminosity measurements by counting the rate of the elastic
scattering between electrons and positrons, the Bhabha process. A short description of
the luminosity measurements from the SAT detector will be given in section 6.1.

2.1.2 Very Small Angle Tagger , V S A T

The other luminosity monitor in DELPHI is the VSAT detector, which consists of four
rectangular calorimeter modules. Each module is 5 cm high, 3 cm wide and 24 radiation
lengths deep. As the SAT, the VSAT detects the elastically scattered electron-positron
pair. The detector is in detail described in [25] and I will here only give a brief description
of its design and performance.

The four VSAT modules are placed symmetrically 7.7 m downstreams of the DELPHI
interaction point, around a short elliptical section of the beam pipe behind the supercon-
ducting quadrupoles as shown in fig 2.2. The quadrupole field has a defocusing effect in
the horizontal direction and a focusing effect in the vertical direction for the scattered
electrons. Due to large forward peak of the Bhabha cross section and the small polar
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angle coverage of the detector ( 5 to 7 mrad), the VSAT cross section is very high, about
15 times larger then for SAT, thus obtaining a high statistical precision.

Each VSAT module contain 12 tungsten absorbers, interspaced with 12 silicon planes
for energy measurement, giving an energy resolution of around 35%/VE. The center of
the electromagnetic showers, in the horizontal(z) and vertical (y) direction, are given by
silicon strip planes with 1 mm pitch placed close to the shower maximum at 5, 7 and 9 r.l,
with two planes for the x coordinate and one for the y coordinate. The calorimeter layout
is shown in figure 2.3. The position resolution is about 200 /im. The total active area of
each module is 32x48 mm, but its fiducial area is limited to the acceptance given by the
beam pipe flanges. They are placed where the beam pipe transforms from a cylindrical
diameter of 160 mm, to an elliptical form of 160 mm vertically and 120 mm horizontaUy,
and limits the horizontal coverage to about 15 mm.

The four VSAT modules define two independent diagonals for Bhabha events, called
B1F2 and B2F1. The VSAT provides three kind of triggers, a) Bhabha, which is the
coincidence between two diagonal modules having energies above the energy threshold, b)
single electron trigger, an energy deposition above threshold in any of the four modules,
and c) accidental Bhabhas, the coincidence between a module and its diagonal delayed by
four LEP bunch crossings, a trigger used for background subtraction.

The Bhabha selection is based on the following two requirements: a Bhabha trigger
with the energy of both leptons above 70% of the beam energy, and secondly, the re-
constructed x and y positions of the leptons at least 1 mm (1 strip) from the detector
edges.

The smallness of a device such as VSAT, and its location very close to the beam pipe,
will make the accuracy of an acceptance calculation dependent on many things, such as
the beam parameters and the details of the transport of the Bhabha scattered particles
from the interaction point to the modules.
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Chapter 3

Luminosity

From the elementary particle physics standpoint, the two important performance param-
eters of a collider is the center of mass energy (£O T) and its luminosity (£) , which will be
described below.

For simplicity the first section will define luminosity in connection with a fixed target
experiment and the next section will treat the more complicated case of colliding beams.

3.1 Definition of luminosity

The interaction rate depends on the energy of the beam, the density and the geometry.
If the target in a collision with a beam has a length of /, and the particle density of the
target is n(, then the number of interactions per beam particle (Ä) can be written as:

R = antl , (3.1)
a
• where n, / is the number of particles the beam particle can interact with, and a, called the
|j cross section of the reaction concerned, is a measure of the probability that the interaction
| will take place. The cross section has the dimension of area.

With the assumption of a flow of beam particles of nb particles per second, the collision
rate can be written as [1]:

R = <r-nin,l (3.2)

The luminosity is denned through the relation;

R = o L , (3.3)

which translates to

(3.4)

' As can be seen all the characteristics of the beam and the target has been absorbed in
the parameter luminosity (L) having the dimensions of m'^s'1.

•. .'' ' 3.2 Luminosity of colliding beams

For colliding beams the situation is more complicated because the target is moving and
'-'. the fact that the target is not always wider than the beam.
• Consider an electron-positron collider with identical transverse dimensions of the elec-
'**•• tron and positron beams, given by the r.m.s radii az (horizontal) and ay (vertical). The
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cross sectional area of the beams is then 2JT<T,JV. The number of positrons an electron
will encounter in one turn of the machine is

" --N+ (3.5)

1 where q is the effective cross section area of one electron and N+ is the number of positrons
in a beam.

With N. electrons in a beam and a revolution frequency of / , the interaction rate will
be

-.JV+-JV./ (3.6)

With K particle bunches in each beam and thus 2K collision points, the collision rate per
crossing is :

Comparing 3.7 with 3.3, the luminosity can be identified as

and using the more common concept of beam currents ( /+ _ = ^V+_c/) the luminosity is

The transverse dimensions of the beam (crz and <ry) can be expressed in terms of the
two machine parameters; emittance ex y, which is a measure of the area of the phase

•'• space ellipse occupied by the beam, and /3 z y reflecting the strength of the machine optics,
'• through the relations
•k

•I <>*» = \A*.V&.v (3-10)

K = ^ , (3.11)

where K is the coupling between the vertical and horizontal emittance. By inserting 3.10
and 3.11 into 3.9 another expression for the luminosity is derived:

With typical LEP conditions (2]

JV+,_ =
/ =
K =
Pr =
P> -
K —

(, =

1.3-10"
11.25 kHz
4
175 cm
7.5 cm
0.05
35 nm , 1

10
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the LEP luminosity becomes L ~ 1OS1 cm 2s l .

High luminosities require large numbers in the numerator and small numbers of the
denominator of equation 3.8.

The numbers of particles in a bunch is limited by two phenomena, the synchrotron
radiation and the interaction between the beams and the electromagnetic fields created
by them in the vacuum envelope.

A lower limit on the allowable beam size is given by the beam-beam effect [3]. The
particles in the positron beam are attracted by the electromagnetic Meld of the bunches in
the electron beam and vice versa. This mutual attraction between the beams is inversely
proportional to the beam size, and puts a limit on the number of particles available in a
bunch.

»•
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Chapter 4

The Bhabha process

The accuracy obtainable by measuring the luminosity according to 3.9 is not enough for
the aimed precision of the LEP experiments. From the definition in equation 3.3 another
method is available: by knowing the cross section for a given process and by measuring
its reaction rate the luminosity can be obtained. The selected process measured has to
be a well known process, both theoretically and experimentally. This will ensure a low
systematic error. It should also have a large cross section (ie. in comparison with other
measured processes), giving a low statistical error.

A process fulfilling these requirements is the scattering of electrons on positrons, the
Bhabha process:

e+ + e - _ ^ e + + e - , (4.1)

4.1 Born approximation

In lowest order QED the Bhabha process is described by the exchange of a timelike or
spacelike photon [5] and is illustrated by the two Feynman diagrams in fig 4.1. For centre-
of-mass energies large enough to neglect the lepton masses the differential cross section is
given by;

47 3f). (4.2)
dil ~ 4a Vv ' ( l - e ) »

where c = cos 6. The squared centre-of-mass energy is s, and dil = d cos 8d<f> is the solid
angle element, where the polar and azimuth angles, 6 and 4>, are given with respect to the
scattered positron. For practical calculations equation 4.2 can be reduced to

dQ ~ 165 V 1 - c
(4-3)

For very small scattering angles the differential cross section can be simplified to:

Ti*
(4.4)

showing the large forward peak of the cross section, making small angle Bhabha scattering
a well suited process for luminosity measurements.

At LEP energies the contribution from weak diagrams cannot be neglected, and the di-
agrams with the photon line replaced by a Z-boson, have also to be added to the process,
which is now described by four Feynman diagrams. The corresponding cross section is
made often terms (the four diagrams + the interference terms), given explicitly for exam-
ple in [6]. For small angles the inclusion of the weak diagrams gives a typical interference

12
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Figure 4.1: Feynman diagrams for Bhabha scattering in lowest order QED

pattern around the Z mass, originating from the interference between the Z s-channel and
the photon t-channel.

5

4.2 Radiative corrections

The precision needed at the LEP experiments requires the inclusion of higher order cor-
rections. The QED radiative corrections at 0 ( a ) (one-loop level) to the Bhabha process
are of the following types:

• Virual corrections. An extra internal photon line is added to the diagrams, giving
self-energy, vertex or box diagrams corrections.

• Vacuum polarization. This correction gives charge screening.
• Bremsstrahlung correction. At first order, Bremsstrahlung correction means the

emission of one extra photon from one of the leptons. For calculational reasons
this correction is usually split in two parts depending on the energy of the emitted
photon; the so-caLed soft photon Bremsstrahlung, which is when the energy is below
some value k0, and the hard photon Bremsstrahlung with the energy above Jfe0.

Summing all these contributions the QED 0 ( a ) corrected cross section is written as;

with

(4.5)

(4.6)

In order to regularize the formally infinite result for the virtual corrections it is necessary
to introduce a small mass, A, of the virtual photon. The cross section is then infinite only
in the limit A -• 0. This infrared divergence is canceled by adding the soft Bremsstrahlung
integrated from zero to some small energy k0. The reason for this is that the divergence
from the virtual part comes from the photons with zero mass and energy, and these are
indistinguishable from real photons with zero mass and energy, which calls for the inclusion
of the Bremsstrahiung diagrams.

Analytical expressions for the corrections including the three first terms in 4.6 are
given for instance in [7]. Since in a calorimetric type of detector such as VSAT, which
has a finite energy resolution and the Bhabha pair is detected within some acollinearity

13
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cone, the detector will not be able to distinguish between a Bhabha pair and a Bhabha
pair plus some radiation with energy lower than the energy resolution and emitted within
the acollinearity cone, and hard photon effects has to be included in the corrections. An ,

f analytic formulae to correct the cross section for hard collinear photon emission is given
I in [8] .
* In [9] the cross section for single hard Bremsstrahlung in Bhabha scattering is obtained
V by calculating helicity amplitudes using spinor products. The weak virtual and soft correc-
Å tions to first order, consisting of one-loop diagrams with W, Z°, Higgs and ghost lines are

given in [10]. The effect of multiple Bremsstrahlung can be calculated by exponentiating
the lowest order cross section [11].

fr- r
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The VSAT detector acceptance

5.1 Phase-space acceptance of VSAT

This section describes the trajectories of the Bhabha scattered leptons from the interaction
point to the VSAT modules by using the beam transport matrix formalism. The effect
of the beam characteristics and the quadrupole field on the acceptance of the detector is
also discussed.

5.1.1 Tracking of particles from interaction point to VSAT-modules

The path of the scattered lepton from the interaction point to the VSAT module can be
divided into three different regions. From the interaction point (ip) to 3.7 m along the
z-direction it passes through the magnetic field given by the DELPHI solenoid , thereafter
it experiences the field from the superconducting quadrupole magnets, located between
3.7 m and 5.7 m along the beam axis. Tl.e field is defocusing in the horizontal (x) and
focusing in the vertical (x) direction for scattered particles. The last part of the path is
in the field-free region between the quadrupole and the module placed 7.7 m from the
interaction point.

A convenient way to describe this motion is obtained with the use of the phase space

coordinates x,y and z',y', where x' and y' are denned through the relations z' = — and
da

dy
y' = —, with s as the coordinate along the trajectory. The motion of the particle through

ds
each of the above mentioned regions can now be represented by a matrix, describing the
transformation of the phase space coordinates. The path of the particle from the ip to the
VSAT module are thus written as:

x

*' = Wn I t. (5-1)
y' iVSAT \ y /,„

where 7\ to T3 are the transformation matrices for the three beam transport regions
described above.

The transformation of the phase space under the influence of the DELPHI solenoid
field can be written by introducing the bending strength of the solenoid field

- . (5-2)

15
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B is the magnetic field in Tesla and p is the particle's momentum in GeV, and the
corresponding bending angle

- zc)/p , (5.3)

where q is the charge of the particle and zr — z<> is the distance traversed in the magnetic
field. The expression for the T, matrix is then

T, =

I \ qp sin <p 0
0 cos 4> 0
0 -qp{cos<f> - 1) 1
0 sin0 0

9/?(cos0 - 1)
- sin<f>

qpsln<f>

COS0

(5.4)

The small coupling of the horizontal and vertical parts of the phase space in 5.4 stems
from the dipole character of the field which gives t horizontal bending of the trajectory
that is proportional to the vertical component and vice versa.

The T] matrix giving the transformation of the phase space through the quadrupole
field is:

T , = (5.5)

The T3 matrix elements are functions of the length and strength of the quadrupole field and
also of the momentum of the particle. For a quadrupole field the focusing or defocusing
effect in one direction (z or y) does only depend on the phase space components in that
direction (ie. z and y decoupled ). However, the quadrupoles around DELPHI interaction
point are rotated an angle 0 with respect to the DELPHI coordinate system. As the
VSAT coordinate system is the same as DELPHI, the coordinates of the particle have
to be rotated into the quadrupole coordinate system before making the transformation
through the quadrupoles and rotated back afterwards. Consequently, the elements in
the upper right and lower left part of the matrix, connecting the vertical and horizontal
coordinates, will be dependent on the rotation angle 6.

The region between 5.7 m and 7.7 m is a field-free region, so the matrix Ts is simply:

/ 1
0
0
0

1
0
0

0
0
1
0

0
0

(5.6)

where zs is the z-position of the VSAT module and z3 is the exit of the quadrupole.
With the values from 7\,Tj and T3 inserted into equation 5.1 a relation between the

phase space of the electron at the interaction point and the impact point of one VSAT-
module (horizontal coordinate x chosen here) is derived:

B,xztp + (C, + Dz)y'tp + E,ytp (5.7)

with the parameters A to E originating from the multiplication of the matrices. The
effect of the solenoid field is contained in the constant D, and the effect of the relative
orientation between LEP and DELPHI horizontal planes are manifested in the constants
C and E. The value of these constants gives the magnitude of the coupling between the
phase space components in z and y.

Because a Bhabha event is denned as the coincidence between two diagonal modules,
we also have to track the positron to the opposite module (index 2) from the interaction

16
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point. Under the assumption of collinear Bhabha events the angles x' and y' are equal for
the two particles and the relation for the positron reads:

x'tf - Bx3xtf + (C, - D,)y^ - Exy,p (5.8)

The particle at module 2 is on the opposite side in z and y with respect to the first
module which gives the minus sign in front of the second term above. The contribution
to the bending of the trajectory in x from the solenoidal field is in the same direction
for the electron and the positron giving the minus sign in front of the constant D, while
the part belonging to the rotation (constant E) between LEP and DELPHI coordinate
systems affects the particle trajectories in opposite directions.

The constants A to E in the two equations above, together with the corresponding
set of constants for the transformation of the vertical phase space components, define the
acceptance in phase space for a pair of diagonal VSAT modules.

From the sum and difference between eq 5.7 and 5.8, the following two quantities,
Az = x,i - z , , and Ez = z . t + z , 3 are obtained. The expressions for these are:

Az =
Ez =

(5.9)

(5.10)

using the relations:

Az3

AAZ =

EC = 2C

EZ? = 2D

= 2E

With an assumed symmetrical position of the two modules with respect to the interaction
point the constants AAZ and ABZ are zero and equations 5.9 and 5.10 reduces to:

1

Az =

Ez = Y,Axx'tr + ECy,'p

For the y-coordinate the corresponding expressions are:

Ay =

Ey = EA,y,'p

(5.11)

(5.12)

(5.13)

(5.14)

Assuming & particle with momentum of 45.65 GeV and a quadrupole strength correspond-
ing to a /?-value of 5 cm and measuring the coordinates in mm and the angles (x' and y')
in mrad a typical set of tracking constants computed from the transfer matrices are:

Ax

Ez

Ay

£y

= 4.

= 0.

= 6.

18z,p

20y,p

98y.'P

+ 0.20y,'p
+ 0.22y,'p

+ o.2Oz;p

+ 0.22*'

0.044y>p

0.044z,p

(5.15)

(5.16)

(5.17)

(5.18)
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As can be seen above, the coupling of the vertical and horizontal phase space is small, and
also apparent is that the first term in the R.H.S of the equations 5.15 to 5.18 are different for
the x and y variables, reflecting the horizontal defocusing and vertical focusing properti-s
of the quadrupole field.

The values above for the tracking constants are to be compared with values below
obtained with all the magnetic fields switched off (ie. straight line tracking):

Ax = 2xif (5.19)

Ex = 15.4a;;,, (5.20)

Ay = 2y,p (5.21)

Ey = 15.4y,'p (5.22)

Without the magnetic fields, the value of Ax, or Ay, is just twice the beam displace-
ment in the respective direction. The constants in front of x'tp, or y'ip, reflect the fact that
the opposite modules are 15.4 (7.7 + 7.7) m apart from each other in the longitudinal
direction.

The description of the tracking from the interaction point to the VSAT-modules can
be summarized with the following statements:

• There are two measurable quantities that are directly related to the interaction point
position, Ax and Ay, and two quantities, Sx and Ey, that are related to the angles
of the particles at the interaction point.

• There is a coupling between the horizontal and vertical phase space components
although this is quite small.

• The beam displacement is magnified a factor of (4.18/2) » 2 in the z-direction and
reduced by a factor of (2/0.20) = 10 in the y-direction, due to the quadrupole field.

• The phase space angle (z1) as viewed by the detector has been expanded by a factor
of (25.6/15.4) Ä 1.7 and reduced by a factor of (15.4/6.98) » 2.2 in y, also due to
the quadrupole field.

5.1.2 Angular acceptance

The phase space variables x' and y' are related to the usual spherical variables by the
equations:

x' - s in 6 cos <j>

y' = sin 9 sin 4>

(5.23)

(5.24)

By neglecting the last term in the R.H.S of the two equations 5.12 and 5.14, and
combining the remainders with the equations 5.23 and 5.24, the following expressions for
the angular acceptance in the <j>-6 plane are derived using the small angle approximation
sin0 = 6:

' •
(5.25)

(5.26)

From the above equations and from the knowledge of the geometrical acceptance of
the detector, the coverage of the detector in the 9 - <p plane at the interaction point can
be calculated. This is illustrated in fig 5.1. The polar angles, 0, seen by the detector are
between 5 and 9 mrad, and the azimuthal, <p, range is between ±50°.

18



I,

t

o.oo« —

o.oai —

OM9 —

Figure 5.1: The acceptance of a VSAT module in the <j>-6 plane as calculated from equations
5.29 and 5.30.
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5.1.3 Effects of beam parameters and quadrupole strengths

The relatively small size of the VSAT modules, and their location very close to the beam
pipe, will make the VSAT acceptance very sensitive to beam parameters. The fact that
the modules are situated after the quadxupoles makes the acceptance also sensitive to the
quadrupole strength. The effects of the beam parameters and the quadrupole strengths
upon the equations that define the VSAT phase space acceptance, are explained below.

• Beam displacement. Any transverse displacement of the beam from the nominal
position, which is at the centre of the quadrupoles, will affect the VSAT acceptance
through the terms containing xip and yip in equations 5.7 and 5.8. Any longitudinal
displacement of the interaction point from the midpoint between the detectors causes
the constant A in equations 5.7 and 5.8 to increase an amount i A for one detector
and decrease by the same amount for the diagonal detector (ie. one detector is closer
to the interaction point end the diagonal one is further away).

• Beam divergence (z and y). The beam particles have certain angular spreads at the
interaction point. The RMS of this is called the beam divergence. The divergence
will give two effects: the Lab system will not be equal to the CMS for the Bhabha
process and the acollinearity of the Bhabha process will increase.

• Beam width (z, y and z). The beam width in z and y will smear the values of z,f
and y,p and the beam width in z will smear the values of Az and Ay in equations 5.12
and 5.14 above. Both of these effects will increase the acollinearity of the Bhabha
events.

• Beam tilt (x and y). A beam tilt means that the beam axis is no longer parallel to
the z-direction. To include this effect, a term in equation 5.12 and/or equation 5.14
has to be added, dependent on whether theie is tilt in x and/or y. Consequently,
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the phase space angles as seen by the VSAT are shifted towards smaller or larger
angles.

• Quadrupole strength. The different low ̂ -settings corresponds to different quadrupole
| strengths. The variations are very small but noticeable in the constants Az and Ay.
| As a result the magnification between the interaction point angle and the coordinate
! at the VSAT-module will change.

h
A 5.2 Monte Carlo simulation of the VSAT detector

A 5.2.1 The Monte Carlo generator

The MC-generator chosen for the VSAT acceptance studies was BABAMC [10], which is a
complete O(Q) event generator for the process e+e~ —» c+e~(7) . It includes both initial
state and final state radiation as well as the interference between the two. Weak corrections
are described to first order. The precision of the photonic t-channel contribution has been
found to be better than 0.1%, and the precision of the terms containing Z-boson exchange
is 0.03% [15]. Although it does not contain any higher order corrections (around 0.5 to
1% for typical experimental cuts [12]), the inclusion of these was not considered necessary,
since for the studies of the VSAT relative acceptance a high precision on the absolute cross
section is not essential.

In BABAMC the cross section is divided into five different channels. Four channels
describe the different Bremsstrahlung terms and the fifth channel contains the Born term,
the purely weak corrections to it and the QED corrections from virtual photons and soft
Bremsstrahlung. The multichannel approach is attractive since one can devise approxi-
mations to each channel and select different kinematical variables to describe the cross
section in each channel.

, In the generation of events the parameter k0 (the energy separation between soft and
. hard bremsstrahlung in parts of the beam energy) should be set as low as possible without
I entering the region where the soft cross section turns negative, as recommended in [13].
^ In the small angular region of the VSAT the value can be as low as 0.0001 without any

j'^jj; problem.

5.2.2 The Monte Carlo simulation

. I The Monte Carlo programs used to simulate the VSAT detector response have been the
<] DELSIM [17] and FASTSIM [18] packages.
'"; DELSIM is the main DELPHI simulation program for the DELPHI detector. An
*: event is first generated according to some of the internal generators, or read in from an
«,' external generator file. DELSIM then tracks the particles up to and through the detectors,

1 fully simulating all possible particle interactions in the various materials. Space points or
j showers in the detectors are then converted to electronic signals, with realistic noise and
] background signals added.

; The DELSIM simulation was used as an overall performance check of the VSAT de-
tector. Since a lot of simulations with different beam conditions had to be done in order

< to calculate the acceptance, and since the full simulation is very time consuming, the

: acceptance studies were performed with DELPHI'S fast simulation program FASTSIM.
" After the BABAMC event generation and addition of beam dispersion, the FASTSIM

program calculated the particle trajectories through the solenoid and quadrupole fields
using the transport matrices denned in section 5.1.1. In order to increase the speed of the

;i. FASTSIM simulations the beam pipe was considered totally absorbing, with all particles
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* hitting it immediately being discarded. Particle synchrotron radiation in the magnetic
\ fields were also neglected.

Electromagnetic showers in the VSAT were parametrized to avoid time consuming
shower evolutions. The FASTSIM parameters for the longitudinal and transverse shower
profiles were set in order to agree with data profiles for fully contained showers. A large

* effort was put on obtaining a good consistency between the simulation and data's distri-
•» buttons. Especially the average electron hit positions on the strip planes were tuned by
4 adjusting the values of the geometrical survey.

* 5.3 The Convolution Integral

An analytical way to calculate the VSAT cross section dependence on the beam parameters
can be achieved by starting from the approximate theoretical differential cross section:
da/dil % 1/9*. The next step is to introduce the angular acceptance equations (5.25
and 5.26 defined in section 5.1.2), thus transforming the acceptance integral into cartesian
coordinates. The expression for the acceptance is then convoluted with the gaussian widths
of the z and y distributions, (ie. the acollinearity of the Bhabha events), hence arriving
at an expression including the relevant beam parameters.

The expression for the cross section is in the Born approximation for the small angle
t-channel 7-exchange:

where the constant k is a scaling factor between the cross section and the integral.
The solid angle in the equation above can be expressed in terms of the phase space

angles, (x' and y'), through the relations 03 - z'3 + y'2 and tan# — y'/x'. The corre-
lation between an impact point at a VSAT module and the phase space variables at the
interaction point is then made by returning to equations 5.7 and 5.8, rewritten in the
slightly altered forms below. An extra term TX is also added to the equations to include
a possible horizontal tilt of the beam axis.

dx,x (5.28)

dx,2 , (5.29)

where

DXl = Bxlxtp + {CX + Dx)y',p + Exy,p (5.30)
DX2 = Bx2x,p + (Cx + Dx)y'tp + Exy,p (5.31)

The components for the spread of the horizontal impact point measurements are derived
t by differentiating the expressions for xwi and x,2 (5.28 and 5.29);

j dx.j = dAxjx'xp + Ax,dx'tp + dDX, J- dXri, (5.32)

The term AXJ contains a small energy dependence, but since the Bhabha events accepted
by the VSAT detectors are almost monoenergetic the term dAaix'if is very small. dz'tp

can be seen as the R.M.S of the acollinearity of the Bhabha events. The acollinearity has
1 mainly two sources: the angular spread of the particle beams,(ie. the beam divergence),

and the radiation of initial and final state photons. The transverse beam width and the
small dependence of DX} as a function of y,p are included in the term dDXy The last
term dX,,, is the contribution to the smearing from the reconstruction accuracy which is

> around 200 /im.
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For simplicity only the horizontal coordinate x was treated in 5.28 to 5.32, but of
course there are corresponding expressions for the vertical coordinate. The integral in
5.27 can now be written by transforming the 6 angle to the impact point coordinates in z
and y at the VSAT modules in the way sketched above. Then convoluting the expressions
with the spreads of the measurements, dz, and dyw, gives:

exp[-(z., - Azlx',f - DX, - TX)/2al\lat •

-exp[-(z.2 - Al3x',p - DX2 - TX)/2*l]/a, •

•exP[-(y., - Ayly',f - DYX - rF)/2<r,J]/«ry •

• « p [ - ( y , 3 - Ay3y',p - DY7 - '

(5.33)

where a% - o^ (ay = <TJ ), is the R.M.S of the smearing term <£„, {dyWj). By
introducing integration limits for z . , and z , 3 that are dependent on yv l and y. } , the effect
of the limited acceptance in the outer part of the z-distributions, due to the masking of
the upstream flanges of the beam pipe (explained in section 2.1.2), is included.

By changing the integration variables from (z.i ,z.j ,y,i , y.j) to the linear combinations
(Ez,Az,Ey,Ay), (described in section 5.1.1), we can separate the Az and Ay integrations.
The final expression for the cross section for a pair of diagonal modules is then obtained
by using the relations Az - (Az\ -f AI-1)f2 and Ay — (Ay\ + Ay7)/2:

+ OC /- + TC

(T — • • i s
J -oo JO

fA»j(£y) f

/ exp-2(x;p

Jf,(Zv)

where:

z' and y'

a, (try)

ex P [ - ;

e x p -Ö x'ipdy[p

(5.34)

= the phase space angles at the interaction point ( — and — ) .
as as

- the width of the A z / 4 Z (Ay/Ay) distribution (mrad).
2DX (2DY) = the mean of the Ax/Az (Ay/XJ distribution (mrad).
A, (Ay) = the magnification between the interaction point angle (mrad) and the

actual position at the modules(cm).
Az (Ay) = the difference of the z (y)-coordinates between diagonal modules (cm).
Lj (£y) = the sum of the z (y)-coordinates between diagonal modules (cm).
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Figure 5.2: The x-distributions for Bhabha events from data. a) The x-correlations
for Bhabha events between two opposite modules, b) the difference between the two x-
measurements, (Ar), and c) the sum of the x-measurements, (Si).

1
»

TX (TY) = the x (y)-tilt of the beam (mrad).

The functions gx(^x) and 0j(Ez) express the limits for the Ax integration given by the
geometrical borders of the detector. Plotting the x-position ion one module vs. the
x-position in the opposite module (x t l and xvl in 5.28 and 5.29) gives the diagram of
figure 5.2a. The Az and Ez distributions are illustrated in figures 5.2b and 5.2c. The
corresponding plots for y are shown in figures 5.3a to 5.3c.

The input variables needed to compute the VSAT cross section from 5.34 are:

« The tracking constants Az and Ay. These are given (as explained in section 5.1.1)
by the values of the beam transport matrices, which in turn depend on the positions
of the quadrupoles, the strengths of the quadrupole field and the positions of the
VSAT modules.

• The value of the tilt of the beam in the horizontal direction (x) TX. Equation
5.34 gives the cross section for one diagonal ( a pair of opposite VSAT modules).
The TJf-variable will appear with opposite sign for the other diagonal. This means
that while one of the diagonal's polar angle acceptance is pushed towards smaller or
larger values (and hence the cross section in the opposite way), the other diagonal's
polar angles are pushed in the opposite way. Any change in the value of TX will
then be observed by a variation in the cross section asymmetry, AS = (ffi(TX) -
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Figure 5.3: The y-distributions for Bhabha events from data, a) The y-correlations
for Bhabha events between two opposite modules, b) the difference between the two y-
measurements, (Ay), and c) the sum of the y-measurements, (Ey).

oi{-TX))l{ox(TX) + c2(-TX)). As there exists a linear relationship between the
asymmetry and TX, illustrated in figure 5.4, the TX value can be calculated.

• The tilt in the y-direction TY. The mean value of the Ey-distribution (fig 5.3c) is
proportional to TY. By knowing this proportionality it is possible to calculate the
Ty-value.

• The values DX and at are derived from a two-dimensional fit of the zv i -x t} distri-
bution in fig 5.2a.

dN -2DXfl2al\ (5.35)

To simplify the fit the Ez dependence was assumed to be linear. The validity of
this assumption can be seen in fig 5.5. Here Ez is shown for a small interval of Ax,
chosen to eliminate the geometrical acceptance effects. The corresponding variables
from the y- distributions have also been computed in this way.

The strong effect of the beam parameters on the acollinearity distributions (Az and to
a smaller extent Ay), coupled with the small geometrical extension of the detector, which
is not much larger than the size and variations of the acollinearity distributions, are the
reasons for the acceptance to be very sensitive to the beam parameter».

Beam parameters will affect the acceptance only through their effect on the different
observables in the integral. Because the observables are measured by the detector itself,
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Figure 5.4: The cross section asymmetry, (AS), between the two independent arms of the
VSAT given by AS = (<rt - ffj)/(<ri + <r,), versus the horizontal tilt, (TX), of the beam
axis. The data come from Monte Carlo simulations.

Figure 5.5: The Ez distribution after cuts in the Ax distribution. The cuts were made to
eliminate acceptance border effects.
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't
it is not necessary to know the value of a particular beam parameters to calculate the
acceptance.

The analytically calculated VSAT cross section in the form of 5.34 is based on a number
of assumptions:

• The cross section in the VSAT polar angular region is assumed to be described by
equation 5.27 (ie only -)-t channel exchange). The assumption that the radiation of
photons will not change the average angular distribution is also made.

• The acollinearity of the Bhabha events, given by the R.M.S of the Az-distribution,
is assumed to have a gaussian distribution.

• The only coupling between the x and y phase space components in the integration of
5.34 is assumed to be through the factor l/(x'ip

2 + y,',')J» and the remaining couplings
in equations 5.11 to 5.14 are absorbed by <rz and ay.

• The energy dependence of the factors AT and Ay has been neglected. Figure 5.6
shows the generated energy distribution of Bhabha events for one VSAT module.
The small R.M.S of this distribution translates only into a spread of the tracking
constants Az and Av of about 1.5%.
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Chapter 6

Results

6.1 SAT luminosity

The luminosity measurement with SAT for 91 data is described in [24] and [29], and this
sections contains only a short overview of the measurement. A brief description of the
detector is given in section 2.1.1.

The SAT calorimeters cover polar angles from approximately 43 to 135 mrad. The
accepted cross section is around 27 nb. In order to define a precise acceptance region a
lead mask mask was installed in front of one calorimeter. The geometry of the mask is a
combination of a ring and a u $"-mask , the latter one to mask off the vertical dead region
between the semicircular calorimeter modules.

Among the acceptance cuts, there are; an energy cut where the energy in both calorime-
ters is required to be larger than 0.65x beam energy, an acoplanarity cut, and cuts to
prevent low energy particles from hitting the fibers, thus faking high energy deposits.

•' The total experimental error for 91 data is 0.5%, where the major contributions are
•1 from the uncertainty of *'..e lead mask radius, the small discrepancy between data and

.•3. MC for the energy distributions, and the azimuthal acceptance. The theoretical error on
•Z, the cross section has been estimated using the BHLUMI [14] generator for calculations of
i>|« the visible cross section. The quoted uncertainty is 0.3%. Combining the theoretical and

experimental uncertainties, the total error on the SAT luminosity for 9 1 ' data is 0.6%.

•I 6.2 VSAT relative luminosity

In this section I will only briefly outline the luminosity measurement done by the VSAT
for 91' data, for a more detailed description the reader is referred to [26] and [27]. The
luminosity obtained with the VSAT detector benefits from a small statistical error, but as
shown earlier (section 5.1.3) the VSAT cross section has a dependence on the quadrupole
strength and on numerous beam parameters. Therefore, to achieve a stable luminosity, a
careful study of the corrections and the systematic errors is required.

The beam dependent corrections to the cross section are based on three main ideas:

• The accepted cross sections is expressed in terms of average values of quantities
measured by VSAT, such as Az, ax, AS (the rate asymmetry) and k, the energy
independent strength of the SCQ, coupled to the machine 0 value. The relative
change of the visible cross section from simulation as a function of the above men-
tioned parameters is shown in fig 6.1.

• The dependence of the cross section is given in terms of an interpolating analytical
function, reducing fluctuations and allowing an easier estimate of systematic errors.
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Figure 6.1: The relative change of VSAT cross section (%) from FASTSIM versus the
following variables: a) As, b) <rz, c) rate asymmetry AS, and d) 0 value. The figure
shows the dependence for one arm , B2F1, of VSAT.

V

• The analytic function uses a polynomial expansion around some average value chosen
to minimize the overall corrections.

As can be seen in fig 6.1 the dependence is essentially quadratic in Az and linear in
the other variables. Consequently, the analytic function is expressed as follows, with one
set of parameters for each arm of VSAT;

O - <TO[1

D(AS - 15)
E(ke-kl)) , (6.1)

with Az and a, in mm, AS in %, and k in m~*.
The FASTSIM simulation was used to make extensive simulations, to produce an

acceptance matrix of the different beam parameters related to the above mentioned ob-
servables. From the analytical integration explained in section 5.3 an acceptance matrix
was also extracted. The two independent methods serve as good consistency checks. Based
on these matrices, fits according to 6.1 were made to obtain the values of the parameters
A to E. The results of the fits for one arm of VSAT (B2F1) can be seen in table 6.1.
The statistical error for the FASTSIM sample, was reduced by using the control variate
technique, (ie. to use the same sample of generated events for all the MC runs). The
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Table 6.1: The value of the correction parameters (A to E) to the VSAT cross section
obtained from a fit according to equation 6.1. The values are given for one arm of VSAT,
B2F1.

Sample
FASTSIM

Integral

Parana A
-0.01659 ± 0.00099
-0.01710 ±0.00049

Parana B
0.02166 ± 0.00104
0.01993 ± 0.00041

Param C
-0.1151 ±0.0028
-0.1109 ±0.0011

Param D
1.01308 ± 0.0353
1.01439 ± 0.0103

Sample
FASTSIM

Integral

Param E
-7±4

-10 ±2

handling of the more complicated relative statistical error, introduced by this technique is
described in [27].

The stability of the fitted parameters was checked against:

• Sensitivity to the choice of expansion point. Different expansion points were used
and consistent fit results were obtained.

• The range of validity in space of the observables (ie. Ax, <rz, AS and k) in the
approximate formula 6.1 was investigated and found to cover the range of 91' data.

• Variations in the position of the VSAT modules and the quadrupoles. These varia-
tions (within the survey errors ) had a negligible effect on the fitted parameters.

• The dependence on the particular sample of generated events used in all the sim-
ulations. A new sample was generated and used in the simulations and consistent
results on the fitted parameters were obtained.

The correction of the cross section according to 6.1 was done on a cassette basis (a
cassette corresponds approximately to 5 nb~l), and the luminosity was then calculated
per energy point by adding cassettes. The contributions to the energy point-to-point un-
certainty of the VSAT relative luminosity measurement are listed below. The magnitudes
of the uncertainties are shown in table 6.2.

Uncertainty from errors on measured parameters. The error on the measured
parameters includes both the statistical error, related to the size of the sample used to
determine the value of a parameter, and the systematic error, whose origin is for example,
biases in the position reconstruction, rapid variations of beam parameters and fluctuations
in the strip calibration constants.

Fiducial volume cut. The important cut is the one rejecting events with maximum
signal on the first x-strip, where the rate is highest. Variations of the calibration constants
between the two first x-strips will cause fluctuations in the number of accepted events.

Energy cut. The energy calibration constants were recalibrated to the beam en-
ergy for each machine fill, causing small variations in the energy scale between nils, and
correspondingly in the number of accepted events.

Trigger efficiency, Bhabha selection. The errors from these sources were found tc
be negligible.

Errors from correction factors. With the use of the full error matrix from the fits
to equation 6.1, the uncertainty on the correction from errors on the correction factors,
was calculated for each sum of cassettes , corresponding to an energy point.
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Table 6.2: Contributions to the energy point-to-point uncertainty on the VSAT relative
luminosity measurement.

Contribution
Errors from correction factors
Uncertainty from errors on measured parameters
Fiducial volume cut
Energy cut
Trigger efficiency,Bhabha selection
Total systematic error

size
0.07%
0.04%
0.04%
0.02%
0.01%
0.09%

I»

i

As to the absolute luminosity, the systematic errors (see section 6.4), mainly connected
to geometrical uncertainties and theory, are larger (expt. ~ 0.8%) than for SAT (expt.
0.5%). Therefore, the data taken at the Z peak were used to normalize the VSAT lumi-
nosity to the SAT absolute luminosity. One may hope to reduce the absolute error on the
VSAT cross section to 0.5% in the future, thus achieving an absolute accuracy comparable
to the one obtained from the SAT detector.

6.3 Stability checks of DELPHI luminosity

In DELPHI we have as explained earlier two dedicated detectors for the luminosity mea-
surement. This makes it possible to investigate the stability between the two measurements
over different data taking periods and conditions, discovering eventual sources of bias and
put limits on the systematic errors.

The stability is measured with the root mean square, RMS, of the normalized difference
of the measurements , ie. the difference between the luminosity measurements, LVSAT and
LSAT, divided by the combined statistical error ;

RMS
~ N \ fö +7? /

1=1 V WSAT *SAT

(6.2)

where the sum runs over some appropriate time division of the integrated luminosity, such
as a cassette or a machine nil. Each entry in the sum is required to have a statistical error
corresponding to at least 20 events, to assure the Gaussian approximation of the Poisson
distributed error. The luminosity is normalized between the two detectors, in order to
have a zero mean of the distribution.

A larger value than one for the RMS should then signal biases in the measurements.
The magnitude of the bias is estimated, by introducing a scaling factor K of the statistical
error in the denominator of 6.2, whose value is adjusted to give a RMS of one, (a similar
method is explained m [31]). The factor K can be translated into a systematic error by
assuming that K times the statistical error is equal to the root of the quadratic sum of the
combined statistical error and a systematic error. In this way the combined systematic
error of the measurements is obtained. Note that the systematic error calculated by this
procedure is the systematics of the variations between different measurements at a certain
level of integrated luminosity (eg. cassette or fill), and hence no systematic errors affecting
the whole data sample will be revealed.
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Table 6.3: Comparison between the direct measurement of the VSAT systematic error
(in %) per fill and the estimate. The comparison is done both for VSAT data from 91
corrected for the beam parameter dependence, and data not corrected.

uncorrected measured
2.41 ± 0.60

estimate
1.92

corrected measured
0.73 ± 0.70

estimate
0.25

By repeating the same procedure as above, but with the SAT or VSAT luminosity
in 6.2 replaced with the number of selected hadronic events, ( scaled to luminosity), the
systematic errors from the three different sources (the VSAT and SAT luminosity, and the
hadronic event selection) can be unfolded.

The estimated systematic error for VSAT after the beam dependent corrections for
91' data is 0.25% [26] per fill. The uncertainty before corrections of 1.92% was estimated
by multiplying the corrections factors in equation 6.1 with the fill-to-fill variations of the
observables and summing the individual contributions quadratically. In table 6.3 , these
two numbers are compared with the direct measurement of the VSAT systematic error
using equation 6.2 and the unfolding procedure described above. As can be seen there
is good agreement between the two measurements, although the precision of the direct
measurement is limited by the statistics of the data. The relatively large errors in table
6.3 reflect the statistical limitations of the data samples for SAT and for the hadronic
events.

' }

6.4 Experimental uncertainty of the VSAT cross section

A preliminary investigation of the experimental uncertainty of the VSAT absolute cross
section has been made. It is based on the BABAMC generator, and the tracking of the
particles from the interaction point to the modules is identical to FASTSIM, but to achieve
good speed and statistics the simulation of the detector response was simplified; after the
particles reached the detector an energy smearing according to the experimental resolution
was applied and the event was accepted if the smeared energy was above the cut used in
data and the particles were inside the fiducial volume. The beam parameters were tuned
to give best agreement between the average values of data and MC for a number of key
distributions.

The uncertainty of the cross section was studied as a function of the variation around
the nominal value of the following quantities; longitudinal distance between the modules,
d VSAT (±2 mm), the horizontal distance between two neighbouring modules, d VSAT

(±0.2 mm), the longitudinal distance between the superconducting quadrupoles, d scq
(±2 mm), and the radius of and the longitudinal distance between the flanges of the beam
pipe (6.9 m from ip), rFLAN (±0.1 mm), d FLAN (±3 mm). A schematic top view of
the VSAT modules and with the elements relevant to this study is given in figure 6.2. As
there is an uncertainty of the extension of the effective magnetic length inside the DELPHI-
solenoid two different magnetic lengths were checked (2.84 m and 3.7 m), together with a
change in the LEP horizontal angle wrt to DELPHI horizontal plane. Furthermore, the
uncertainty from an error in the relative calibration constant between the first and second
strip in the first X-plane of the VSAT detectors was also investigated.

The results are shown in table 6.4. A few remarks are in order here:
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Figure 6.2: Top view of the VSAT modules and the elements that have been used in the
study of VSAT experimental uncertainty.
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Table 6.4: Contributions to the absolute experimental uncertainty on VSAT cross sectioh.

Contribution
Ad VSAT (±2 mm)

kd^vsAT (±0.2 mm)
Adzscq (±2 mm)

Magn. length (2.84 m to 3.7 m)
LEP horiz. angle (14.23 ± 1 mrad)

Cal. const, strip 1 (10% error)
A^FLX/V, btriAN (±3 and ±0.1 mm)

Trigger efficiency
Energy linearity

unc. diag. 61F2 %
0.16
0.34
0.03
0.08
0.02
0.19
0.50

unc. diag. B2F1 %
0.16
0.36
0.04
0.08
0.01
0.22
0.50

unc. total %
0.16
0.50
0.03
0.08
0.02
0.15
0.50
0.10
< 0.3
0.81
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The uncertainty from the energy linearity was estimated by using the data from 91' energy
scan. The energy measurement of VSAT exhibits a linearity which is within 0.2% for a 3
Gev energy interval, and making an extrapolation down to the energy cut of our detector
(70% of the beam energy), results in a linearity within 1%. Since the number of events in
this region is low; around 3%, the corresponding uncertainty is below 0.3%.

By using the formula 2d0mtn/6min = 2drmin/rm,n for estimating the uncertainty from
the minimum angle seen by the detector, the contribution from the uncertainty in the
horizontal distance between the modules would have been around 1% instead of 0.5%
as quoted in table 6.4. The reason for this lower number is, that the steeply falling
cross section with polar angle, 9, is partly compensated by an increase in azimuthal, <p,
acceptance with increasing 0 as can be seen in figure 5.1.

A tig contribution to the experimental uncertainty stems from the uncertainty of
the exact position of the flanges of the beam pipe located at 6.9 m from the interaction
point. They define the outer acceptance both in the horizontal and vertical direction, since
particles hitting them will be stopped. The position of these in the MC has been tuned to
give best agreement with data, and the remaining uncertainty in their positions is about
3 mm longitudinally and 0.1 mm in radius. An acceptance cut for larger values in the
horizontal coordinate would diminish this error without significantly reducing st?tistics.

Finally, this study shows that the experimental error on the cross section is about
0.8%. and the largest sources of systematic error has been revealed, but since this is only a
preliminary study, a more detailed analysis, especially with detector response simulation,
will be needed to give a more precise number on the experimental error.

6.5 The VSAT cross section energy dependence

As explained earlier, the calculation of the DELPHI-luminosity off-peak for 91' data re-
lies on the luminosity given by the VSAT detector, corrected for beam parameter and
quadrupole strength dependence, and normalized to the SAT luminosity on-peak. There
is no correction for energy dependence, except for the usual A dependence, in the evalua-
tion of the VSAT-luminosity, since such a correction have been assumed to be negligible.
To ensure this, an investigation of a possible energy dependence of the VSAT cross section
has been made.

The energy dependence (ie. the energy dependence except the A dependence) on the
cross section can be divided into a theoretical, and an experimental part.

Concerning the theoretical dependence, it is clear that in the small polar angular regin
of the VSAT, the Bhabha process is totally dominated by the photonic t-channel, and
the effect from terms in the cross section containing Z-boson exchange, (which adds an
extra energy dependence), is extremely low. In [16] an approximate formula for calculating
the corrections to the cross section from terms involving Z-boson exchange, is given. It
contains the 7,-Z, interference term plus the numerically most important terms from the
O(a) corrections, and applying it to the VSAT angular region gives a correction that is
most 0.011% in the energy range of 91' data.

The experimental dependence was checked using the BABAMC generator to gener-
ate large samples of Bhabha events at five different center of mass energies (CMS). The
particles were then tracked to the detector and the same simplified detector response as
described in section 6.4 was applied. The weak sector in BABAMC was turned off using
the recommendations in [13], and the cross section was scaled with the CMS energy to
eliminate the A dependence of QED.

As can be seen in fig 6.3a the cross section shows a small dependence with the energy.
The energy dependence from the Bhabha process has been eliminated as explained above,
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Figure 6.3: The VSAT cross section from Monte Carlo as a function of CMS energy, for a)
without and b) with corrections for beam parameters and quadrupole strength. Neither
weak effects nor the QED ̂  dependence were included in the Monte Carlo.

which means that the dependence must originate from the particle's path from the inter-
action point to the detector modules. During the path the particle experiences the forces
from the DELPHI magnetic field and the quadrupole field. The latter will not contribute
to the energy dependence, because the strength of the field is scaled with the beam energy.

In the path through the longitudinal DELPHI magnetic field the direction of the
particles' transverse momentum (pr) will change. This rotation of the p? vector between
the two back-to-back particles in a Bhabha pair increases the acollinearity of the event, and
since the magnitude of the rotation depends inversely on the momentum of the particles,
and the acceptance of the detector decreases with acollinearity, this will lead to that the
VSAT cross section will increase with beam energy.

This indirect dependence of the cross section on beam energy (through acollinearity)
is taken care of by including the corrections for beam parameters and quadrupole cur-
rents. This is illustrated in figure 6.3b which shows the VSAT cross section after the
above mentioned corrections, with a maximal (linear) residual dependence on energy of
0.003%/GeV.

Summarizing, this study has shown that the variation of the corrected VSAT cross
section on CMS energy is negligible (ie. at most 0.012 % in the energy range of 91 data),
both theoretically and experimentally.
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6.6 Beam position measurements from VSAT

Many analysis need a precise knowledge of the position of the beam, particularly in heavy
quark physics, where the determination of the flight distances for the shortlived particles,
may signal the production of heavy quarks. It is also useful for more technical checks.

The DELPHI detector provides a measurement of the beam position and size, from the
reconstructed primary vertices of hadronic events [19], [20] and [21]. The most important
detector in this analysis is the microvertex detector (MVTX) , supported by the inner
detector (ID) and the time projection chamber (TPC). The statistical error on the beam
position for an average fill of 92' data is about 5 /im in i , 3 jan in y, and 200 fan in z.

The beam position enters also in the VSAT measurements, through the variables Ax
and Ay mentioned in section 5.1.1. As apparent in equations 5.11 and 5.13, these variables
are proportional to the beam position in the respective direction.

From the fact that the two modules constituting one arm of the VSAT, are located
on opposite horizontal coordinates, the Ax variable will recognize a beam shift in the
longitudinal (z) direction as equivalent to a shift of the horizontal beam coordinate. This
beam shift will be in opposite directions for the two arms of VSAT, and by taking the
difference between the two Ax measurements, the effect from the beam position in x is
canceled, and the remainder is proportional to the beam z position.

The statistical error on the VSAT measurements is about 3 times larger than for DEL-
PHI, but the dominating errors are the systematic uncertainties of the VSAT measure-
ments. The systematic uncertainties stem from the complicated phase space acceptance
of the VSAT detector, which makes the measured coordinate at the VSAT dependent, to
some extent, to every phase space variable, (see for example equation 5.8), and secondly,
due to the small geometrical size of the detector, the measured coordinates will be affected
by acceptance border effects.

Fig 6.4a and 6.4b show the reconstructed beam coordinates, x and z from the VSAT
measurements plotted against the DELPHI measurements. A linear fit between the DEL-
PHI and VSAT beam x coordinate gives a proportionality constant of 2.93 ± 0.04 which
agrees reasonably well with the value 2.99 ± 0.03 from Monte Carlo. To get an estimate
of the systematic error of the VSAT measurement, a term was added to the VSAT sta-
tistical error, whose value was adjusted to get the xVn-d.f of the fit equal to one. The
systematic error obtained in this way is 40 /*m for the x coordinate of the beam spot. The
proportionality constant for a linear fit between the z coordinates is 0.0155 ±0.0012, to be
compared with the Monte Carlo value of 0.0165 ± 0.0010. The estimate of the systematic
error, accomplished in the way same as above, is around 1 mm.

The precision on the VSAT beam position measurements is at present not comparable
to DELPHI'S, but the VSAT measurements could be useful as cross-checks of the DELPHI
result, e.g. for alignment purpose, and it could also be used in the situations when the
DELPHI-detectors are not able to provide any beam spot information.

6.7 Z-lineshape measurements

A complete description of the measurements of the Z-lineshape parameters and deter-
mination of electroweak parameters for DELPHI data is given in [28] and [29], and in
this section only a summary of the determination of the hadronic cross section and the
extraction of the lineshape parameters, is given.

The selection of hadronic events for 91 data was based on charged tracks only, (the
criteria for a charged track are listed in [29]), and a hadronic event was retained if the
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Figure 6.4: A comparison between the reconstructed beam position coordinates a) x and
b) z from the VSAT Bhabha events and the charged tracks in DELPHI for 92' data. Only
the statistical errors are shown in the figure.

charged multiplicity was at least 5 and the total charged energy was greater the 12% of
the center-of-mass energy.

The hadronic cross section for DELPHI data at each energy (yfs) is calculated using
the relation;

where Nh is the number of hadronic events, JV» is the number of background events, L
stands for the time integrated luminosity and c is the overall efficiency for hadronic event.
f,m is a correction factor due to the spread of the collision energy. For 91' data the
selection efficiency was estimated to be 94.66 ± 0.17% at the peak collision energy.

The relative point to point luminosities for 91 data were obtained from the VSAT
measurements, and the absolute normalizatiou of the luminosity was computed using the
SAT data at the Z-peak. The overall 1991 normalization error is 0.2% from efficiency
and background, in addition to the 0.6% error in the absolute luminosity measurement.
The reduction of the statistical error on the cross section when the SAT luminosity was
supplemented by the VSAT luminosity ranges from 28% near the peak to 8% at 88.46
GeV. The hadronic cross section for 90 and 91 data are shown in table 6-5.

Fits to the hadronic line shape have been made using the program ZFITTER [30],
which allows an almost model independent interpretation of the observed quantities, with
the small corrections arising from 7-exchange and the ~*-Z interference, calculated within
the Standard Model. The cross section for e+e~ —> hadrons , without QED corrections,
can be expressed as; n

(̂-')
u -

(6.4)
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Table 6.5: DELPHI hadronic cross sections measured in 1990 and in 1991. The uncertain-
ties quoted are statistical only.

.t

Collision energy
(GeV)

1990

88.222

89.220

90.216

91.216

92.208

93.207

94.201

1991

88.464

89.455
90.208

90.240*
91.208

91.239*
91.953

92.953

93.702

Cross sections
(nb)

4.48 ± 0.12
5.15 ± 0.09
8.48 ± 0.16
9.99 ± 0.13
17.86 ± 0.18
18.00 ± 0.28
18.83 ± 0.61
30.10 r1 0.12
30.54 ± 0.15
29.96 ± 0.10
24.78 ± 0.21
21.57 ± 0.31
14.12 ± 0.16
12.58 ± 0.20
10.07 ± 0.13
7.82 ± 0.15

Integ. L.
(nb-1)

367.5
711.1
444.1
632.7
622.6
389.0
56.8

2482.5
2831.7
4221.8
666.1
423.0
634.6
467.2
681.2
470.9

Number of
events

1602
3495
3655
6023
10589
6777
1018

70993
83311
120190
15702
8803
8531
5685
6536
3565

i

'1

where M2 and Tz are the mass and the width of Z-particle. The hadronic pole cross
section a0 can be written in terms of the hadronic and electronic partial widths I \ B j , I \ ;

(6.5)
MIY\zl z

To extract the lineshape parameters a \2 minimization procedure was adopted for the
fitting of the theoretical expressions. The full error matrix was used, and account was
taken of the LEP energy uncertainties. The values obtained for Mz, Tz and CT0 were:

Mz =91.186 ±0.009 GeV
Tz =2.484 ±0.012 GeV
<T0 = 40.98 ± 0.29 nb

The replacement of he SAT luminosity with the VSAT luminosity in the calculation
of the hadronic cross section gives more accurate values on Mz and Yz, for two reasons;

• The contribution from the statistical error on the luminosity becomes almost negli-
gible, compared to the statistical error on the hadronic cross section

• The electroweak interference is extremely small in the VSAT angular region (see
section 6.5), making the lineshape determined with VSAT luminosity free of un-
certainties related to the uncertainty of knowledge of the energy dependence of the
electroweak interference.
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