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Abstract 

This report presents analysis of LEPl data from the Very Small Angle Tagger (VSAT) of the DELPHI 
detector at LEP. The VSAT is an electromagnetic sampling calorimeter consisting of four modules placed 
symmetrically at 7.7 m from the DELPHI origin. The process under study is Bhabha scattering at small 
polar angles (5-7 mrad). We discuss the beam parameter analysis for the 1995 zo scan data. The detector 
simulation procedure is described in connection with the relative luminosity determination for the same 
period. The application of this measurement to the extraction of the hadronic lineshape parameters of 
the z0 particle is also presented. 
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Preface 

In this report, we describe the analysis of data from the DELPHI VSAT detector at zo energies with the 
purpose to obtain beam parameter information and the relative luminosity measurement that is used for 
the lineshape studies. The organisation of the report is as follows: 

Chapter 1 contains a general description of the LEP ring and the components of the DELPHI detector 
with emphasis put on the VSAT detector. 

Chapter 2 gives a short discussion on obtaining online and offtine luminosity while chapter 3 discusses 
the theoretical fundamentals of the process used for the latter measurement, i.e. the Bhabha scattering. 

Chapter 4 describes the offtine procedure for collecting Bhabha events. Energy measurement, back­
ground subtraction, acceptance cuts and removal of corrupted events for 1995 scan data are discussed in 
detail. 

Chapter 5 deals with the determination of beam parameters such as beamspot and acollinearity 
through the dependence of the detector's measures on those parameters. 

Chapter 6 describes the detector simulation and the correction of the cross section due to beam 
parameter variations in terms of quantities directly measured by the detector. 

Finally, in chapter 7, we combine the Bhabha sample obtained in chapter 4 with the cross section 
corrections derived in chapter 6 to calculate the integrated relative luminosity for the 1995 scan data 
taking. This result is then used for the DELPHI precision measurement of the zo resonance parameters, 
which is described in Appendix A. 
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Chapter 1 

LEP and DELPHI 

1.1 The Large Electron-Positron storage ring 

LEP started to operate in August 1989 and it is the largest accelerator yet built. It accelerates electrons 
and positrons in opposite directions in a vacuum pipe inside a retaining ring of magnets, before inducing 
them to collide head-on. Four detectors have been constructed to study the products of these collisions: 
ALEPH, 13, OPAL and DELPHI. 

1.1.1 The beginning of LEP 

The early development of the LEP ring can be highlighted by the following extracts of Sir John Adams' 
Annual Reports to the CERN Council in 1979 and 1980 [1]: 

'Studies of the design of the LEP machines started at CERN in 1976 and the first practical design 
was published in 1978. This machine had a cost-optimized energy of 70 GeV per beam and measured 22 
km in circumference. After extensive discussions during the autumn of 1978 it was decided to embark on 
the design of a somewhat larger machine, 30 km in circumference, with a cost-optimized energy of about 
90 Ge V per beam. The energy of both these machines could be extended, by using superconducting RF 
cavities, when these become available, to 100 and 130 GeV respectively.' 

'Studies of the 30 km machine were completed during 1979 and a design report was issued in August .... 
The basic feature of the present LEP design is a large machine circumference in which the machine will 
be installed in stages corresponding to the new physics events that are predicted by the unified theory 
of weak and electromagnetic interactions. The first predicted event is the .. . z0 at an energy of 90 
GeV. Since these bosons can be produced singly, the LEP machine energy is about 50 GeV per beam, 
giving 100 GeV in the centre of mass. The next predicted event is the production of pairs of the charged 
intermediate bosons (W+w-) at an energy of about 180 Ge V which requires LEP energies of about 90 
Ge V per beam.... The latest development of the LEP Project is to use the PS and SPS machines as the 
injectors for LEP.' 

1.1.2 The tunnel 

The most impressive part of the collider is the 26.67 km Main Ring tunnel. The remainder of the 
underground structure consists of the four experimental caverns, 18 pits, 3 km of secondary tunnel, and 
some 60 chambers and alcoves. The plane of the tunnel has been inclined by 1.4 % so that all underground 
caverns and the main part of the tunnel would be located in solid rock. 

The guidance of the tunnelling machines on their desired trajectory was performed with a precision 
of about 1 cm and the alignment of the collider components within the LEP tunnel was done to a short­
range relative precision ofless than about 0.1 mm. The first precise measurements with beams indicated 
that the LEP circumference was in fact more than twice as precise as predicted: better than 1 cm in 
26.67 km. 
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1.1.3 The magnet and power-converter systems 

The electromagnetic guide field system of LEP consists of dipoles, quadrupoles, sextupoles, horizontal 
and vertical dipole correctors, rotated quadrupoles, and finally electrostatic dipole deflectors. About 
three quarters of the LEP circumference is occupied by 'standard cells'. Each ofthe eight arcs composing 
the ring contains 31 of these standard cells, which are comprised of magnets in the following order: a 
defocusing quadrupole, a vertical orbit corrector, a group of six bending dipoles, a focusing sextupole, 
a focusing quadrupole, a horizontal orbit corrector, a second group of six bending dipoles, and finally a 
defocusing sextupole. The length of a standard cell is 79.11 m. 

The electrons and positrons are bent in a piecewise circular trajectory by the strings of dipole magnets. 
The bending field of these dipoles has been made unusually low (about 0.1 T) so as to increase the bending 
radius and thereby reduce the amount of synchrotron radiation. The quadrupole magnets, which produce 
fields linear with the transverse position, act as magnetic lenses and focus the beam to be comfortably 
contained within the vacuum chamber. The alternating polarity of the quadrupoles in the standard 
cells produces alternating-gradient focusing or 'strong' focusing. The cell sextupoles produce a field 
which is quadratic in transverse displacement, and they are used to compensate the dependence of the 
focusing strength on the beam energy ('chromaticity'). The small horizontal and vertical correctors are 
individually powered so as to allow 'steering' of the beam through the centre of the LEP aperture. 

Each experimental collision point in LEP is surrounded by a large solenoidal magnet used for particle 
identification. The bunches of each beam must be tightly focused ('squeezed') to very small dimensions 
in the centre of these detectors in order to increase the luminosity or particle production rate. This 
is accomplished by a set of superconducting quadrupoles with very strong field gradients that focus the 
transverse beam dimensions to about 10 µm and 250 µm in the vertical and horizontal planes respectively. 
The solenoidal detector magnets produce another effect, however: they cause the horizontal oscillations to 
be 'coupled' into the vertical plane; if this were uncompensated it would greatly increase the vertical beam 
size and cause a reduction in the luminosity. For this reason, rotated quadrupoles are installed around 
each solenoid to compensate this magnetic coupling. These quadrupoles are similar to conventional 
quadrupoles but rotated about their axis by 45 degrees. 

The strengths of all magnets in the LEP ring are very accurately adjusted by controlling the current 
flowing in their coils. This is accomplished by the use of more than 750 precisely stabilized d.c. power 
supplies ranging from less than 1 kW to a maximum of 7 MW. The specifications for these power 
supplies are extremely tight, both in their individual operation and, during energy ramping, in their 
precise synchronization. For the main dipole and quadrupole supplies, absolute accuracies down to 2 
parts in 105 have been achieved with a resolution typically three times better. 

Each magnet has its own cooling circuit. For the majority, the cooling is provided by demineralized 
water circuits, which are connected to a total of 10 cooling towers with a capacity of 10 MW each. Some 
of the small corrector magnets are air-cooled, whilst the superconducting quadrupoles and the supercon­
ducting experimental solenoids are cooled by liquid helium at 4.2 K from the cryogenics installation. 

1.1.4 The acceleration system 

The RF acceleration system installed at present includes 128 five-cell copper cavities powered by sixteen 
1 MW klystrons via a complex of waveguides and circulators. Each accelerating cavity is coupled to a 
spherical low-loss storage cavity in such a way that the electromagnetic power continuously oscillates 
between the two sets of cavities. The coupling is arranged so that the power is at its peak in the 
acceleration cavities at the instant of the passage of the beam bunches. In this way, the bunches receive 
the maximum possible accelerating gradient, but the power loss due to heating of the copper cavity walls 
is greatly reduced since the electromagnetic power spends half of its time in the very-low-loss storage 
cavities. The operating frequency is 352.21 MHz, which corresponds to 31,320 times the revolution 
frequency of a beam circulating in LEP. The present system allows for a peak RF voltage of 400 MV per 
revolution. 

The sinusoidal electric field that is generated in each accelerating cavity cell produces a 'potential 
well', inside which each particle of each bunch can perform stable oscillations with respect to the particle 
at the centre of the bunch, i.e. the synchronous particle. These oscillations are around the energy of 
the synchronous particle and, in azimuthal distance, ahead of or behind this particle. When represented 
in a phase-plane plot of normalized energy as a function of normalized distance, the trajectories form 
circles for the case of small oscillation amplitudes while the maximum stable oscillation possible inside 
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the potential well forms a closed contour (the RF bucket). There can possibly be as many synchronous 
particles and hence stable regions (buckets) as there are RF oscillations in the revolution time ofLEP. As 
previously stated, this means a total of 31,320 buckets for LEP, with the possibility of stable oscillations 
in each. However, in order that the e+e- bunches collide at the centres of the experimental detectors, 
they must be injected and accumulated in precisely the correct buckets. This is achieved by a very precise 
synchronization system between the RF systems of LEP and its injector, the SPS. 

1.1.5 The beam instrumentation 

The LEP beam instrumentation system is used to observe the position, shape, or other relevant properties 
(such as polarization or electrical current) of the beam. A simple way to observe the beam is by placing 
a monitor directly in the path of the primary beam: an example of this is the luminescent screen that 
is used to observe the position and shape of the injected beam. The beam particles interact with the 
chromium in the screen and produce a luminescent image of the cross section of the beam which is 
transmitted as a television signal to the control room. The beam electrical current is measured in LEP 
as in other accelerators by current transformers placed around the vacuum chamber. These transformers 
are capable of measuring the current of a single injection or of a steady circulating beam. In the latter 
case the beam lifetime can be evaluated by accurate measurement of the current as a function of time. 

When charged particles are bent in a circular trajectory they radiate photons. Consequently, the 
beams can be 'seen' by measuring this flux in the ultraviolet (UV) frequency range. Four UV monitors 
are used in LEP to measure the transverse dimensions of both beams at two different locations. The 
images are transmitted to the control room to give a real-time view of the beam, while the digital signals 
are processed to provide numerical values for the beam sizes. 

The synchrotron radiation results in another problem: background originating from the high-energy 
spectrum of the photon emissions. In order to reduce this background, collimators are installed around 
each experimental point. Each of these collimators consists of remotely movable jaws of tungsten and 
copper, which can intercept and absorb the high-energy photons. Since these collimators can be placed 
very close to the beam, they were designed to accommodate, inside each horizontal jaw, a mini-calorimeter 
consisting of tungsten absorbers and silicon detectors. These mini-calorimeters are used to measure the 
relative luminosity in each experimental point by counting the number of Bhabha events at very small 
angles to the beam trajectory. In addition, other collimators are located far from all the experiments: 
these define the LEP aperture and remove any beam halo that might otherwise end up in one of the 
detectors. The system of collimators has proved invaluable in LEP and has resulted in low background 
conditions in the detectors practically from the first physics run. 

1.1.6 The vacuum system 

The duration of a typical operation to fill LEP with particles for a physics run is 12 hours. During 
this time each of the 1012 particles in the beams will have traversed the complete 26.67 km of the LEP 
vacuum chamber about 500 million times. In order to minimize particle losses due to collisions with 
residual gas molecules, the whole vacuum chamber must be pumped down to very low pressures. The 
achieved static pressure for LEP is 8 · 10-12 Torr whereas in the presence of beam the pressure rises 
to about 10-9 Torr. This pressure rise is due to gas desorption from the inner vacuum-chamber wall, 
provoked by the synchrotron radiation of the circulating beam. 

The two main components of the vacuum system are the vacuum chamber itself and the pumping 
system. Of the 27 km of LEP vacuum chamber, a length of about 22 km passes through the dipole and 
quadrupole magnets, and is subject to the heating due to synchrotron radiation. Although this heating 
represents a mere 100 W /m for phase 1, it rises to more than 2000 W /m for phase 2. Therefore the 
chambers need water-cooling channels and are constructed from aluminium because of its good thermal 
conductivity. However, only about half the radiated power would be absorbed by the aluminium; the 
remainder would normally escape into the tunnel, which would produce highly corrosive nitric acid in 
the presence of humid air. For this reason, the aluminium chamber is covered with a lead cladding 
of a thickness varying between 3 and 8 mm, which greatly reduces the radiation that escapes into the 
tunnel during operation. Other types of chambers are used in special regions such as the injection, RF, 
electrostatic separators, and the detector regions. For the main part these are made of stainless steel 
except for the detector regions where, for reasons of transparency to particles, they are fabricated from 
beryllium, thin-walled aluminium, or carbon-fibre composites. 
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For reasons of reliability the 26. 7 km of the LEP vacuum system is subdivided into smaller 'vacuum 
sectors' with a maximum length of 474 m. During shutdown periods, when there is no circulating beam 
and work is often going on in the tunnel, these vacuum sectors are isolated from each other by full­
aperture gate vacuum 'sector valves'. Consequently, if an accident occurs, only 474 m of vacuum will be 
affected and not the full 26. 7 km. 

1.1.7 Injectors and pre-injectors 

The LEP storage ring is the last accelerator in a chain of five, each of which handles the same electrons 
and positrons generated on every pulse by the electron gun and the positron converter (fig. 1.1). 

CERN Accelerators 

West.Ana ---i 

LEP: Large Electron Positron collidcr 
SPS: SUpcr- Proton Synchrotron 
AAC: Antiproton Accumulator Complex 
ISOLDE:: Isotope Separator Online DEvicc 
PSB: ProtoD Synchrotron Booster 
PS: Proton Synchrotron 

I.PI: Lep Pre-lnjeclor 
FPA: Electron Positron Accumulator 
Lil; Lep Injector Linac 
LINAQ L!Ncar ACce!crator 
LEAR: Low Energy Antiproton Ring 

Rudolf LBY, PS DivUica. CERN, 02.09.96 

Figure 1.1: The CERN accelerator system 

The LEP injectors consist of two linacs of 200 Me V and 600 Me V followed by a 600 Me V Electron­
Positron Accumulator (EPA), which injects into the CERN Proton Synchrotron (PS) operating as a 3.5 
GeV e+e- synchrotron. The PS then injects into the CERN Super Proton Synchrotron (SPS), which 
operates as a 20 GeV electron-positron injector for LEP. The decision to use the two already existing 
CERN proton synchrotrons (the SPS and the PS) and all the infrastructure associated with them, resulted 
in significant economies both in cost and in time. The PS, originally designed for 28 GeV protons and 
commissioned in 1959, was modified to allow acceleration of electrons and positrons from 600 MeV to 
3.5 GeV. The SPS, designed to accelerate protons to 450 GeV and first brought into operation in 1976, 
was modified to accept electrons and positrons from the PS at 3.5 GeV, accelerate them to 20.0 GeV, 
and finally traµ.sfer them to the LEP collider. In order to serve LEP with electrons and positrons, both 
the PS and th~ $PS operate in multicycle mode. In this mode, a supercycle is used which incorporates 
four cycles of electrons/positrons followed by one cycle of protons. Consequently, owing to the fact that 
the electrons/positrons are accelerated in the dead-time between the proton cycles, the filling of LEP has 
had little or no effect on the 450 GeV SPS stationary-target physics, which runs in parallel. 
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1.2 The DEtector with Lepton, Photon and Hadron Identifica­
tion 

The electrons and positrons accelerated by LEP are allowed to meet in the center of DELPHI. This is a 
general purpose detector with special emphasis on particle identification, three-dimensional information 
and precise vertex determination. It is placed in a cavern 100 m below ground. It consists of a central 
cylindrical (or 'barrel') section and two end-caps (or 'forward' sections) (fig. 1.2). The radius is about 5 
m and the length is over 10 m. The inner components are enclosed by a superconducting coil, providing 
a uniform 1.2 T magnetic field. 

A description of the subdetectors is given below, where we address the components that are relevant 
to this analysis more extensively. 

Pocward Ownbet A 

~DELPHI 
Figure 1.2: The DELPHI detector. 

1.2.1 Tracking 

Apart from the Silicon Tracker and the Time Projection Chamber, that we describe below, the tracking 
system of DELPHI comprises the following components: 

• the Inner Detector (ID): it is shown as the smallest green cylinder in fig. 1.2. It is located between 
the Vertex Detector and the Time Projection Chamber and provides intermediate precision position 
and trigger information. It consists of two parts: the JET chamber and the Trigger Layers (TL). 
The JET chamber is a drift chamber subdivided into 24 sectors of 15 degrees in </>. It provides up to 
24 Ref> points per track between radii of 12 and 23 cm. The polar angle coverage extends down to 
15 degrees. The TL consists of five cylindrical multiwire proportional chambers giving fast trigger 
information and z-information for charged tracks. The JET chamber accuracy is of the order 40 
µm in R</> and 1.2 mrad in </>. 

• the Outer Detector (OD): it is shown as the narrow dark blue cylinder in fig. 1.2. It consists of 
24 modules containing five layers of drift tubes located between radii of 197 and 206 cm. The 
active length of the detector corresponds to polar angles from 42 to 138 degrees. The detector is 
important for the precision of the momenta of charged particles measured by the TPC. It provides 
three space points plus two R</> points per track. For each tube in the detector, the drift distance 
of the produced electrons is derived from their drift time. All the tubes in the 3 internal layers give 
a z value. The precision over the measure of the R</> coordinate is 100 µm per track. The accuracy 
of the z measurement is of 4.4 cm. The detector is also used for trigger information. ID and OD 
correlated trigger data are used in order to reduce the rate due to cosmic and beam gas events. 

• the Forward Chambers (FCA and FCB): the FCA is shown as the smaller blue component in the 
forward part in fig. 1.2. It is distant from the interaction point of about 160 cm in z. It provides 
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tracking and trigger information at polar angles from 11 to 32 degrees and from 148 to 169 degrees. 
The FCB is shown as the bigger blue component in the forward part in fig. 1.2. It is a drift chamber 
at an average distance of 275 cm from the interaction point. The sensitive area of the chamber 
corresponds to polar angles from 11 to 36 degrees and from 144 to 169 degrees. 

• the Muon Chambers (Barrel, Forward and Surrounding): they are farthest the collision point, 
since muons are the only charged particles that can traverse the lead and iron of both calorimeters 
essentially unaffected. Most muons of momenta above 2 Ge V are expected to penetrate to the Muon 
Chambers. Muon identification is achieved by comparing the extrapolations of the reconstructed 
tracks with the hits in the Barrel (MUB, which covers polar angles from 53 to 89 degrees and from 
91 to 127 degrees) and Forward (MUF, which covers polar angles from 20 to 42 degrees and from 
138 to 160 degrees) muon drift chambers. In 1994 a layer of Surrounding Muon Chambers (SMC) 
was installed outside the endcaps to fill the gap between the barrel and forward regions. 

1.2.1.1 The Silicon Tracker (VD, VFT) 

The Vertex Detector (VD) is located nearest the collision point. Its main objective is to provide an 
accurate measurement of the R<P coordinate close to the interaction point, improving the reconstruction 
of the primary vertex and enabling secondary vertices reconstructions from decays of heavy quark flavours. 

The old VD has been upgraded for LEP200: the barrel length has been doubled from 24 to 48 cm 
and is now the barrel part of the Silicon Tracker. It consists of tree coaxial cylindrical layers of AC 
coupled silicon strip detectors at average radii of 6.3, 9.0 and 10.9 cm (fig. 1.3). At present the polar 
angle coverage extends down to 25 degrees. 

Inner Layer (RldilJ,5 mm, 1Ut=93,S mm, mini.mum 111glc: 20,'7" to 22.4°) 

Figure 1.3: The Silicon Tracker of DELP HI. 

The Very Forward Tracker (VFT) is located on both sides A and C of the new 1996 vertex detector. 
On each side it is built from two layers of mini strip and two layers of pixel detectors. It covers the polar 
angle from 10 to 25 degrees and from 155 to 170 degrees. The VFT is the forward part of the Silicon 
Tracker. 

1.2.1.2 The Time Projection Chamber (TPC) 

The Time Projection Chamber is shown as the big blue cylinder in fig. 1.2. It is the principal tracking 
device of DELPHI. It also helps in charged particle identification by measuring the dE/dX. It is a cylinder 
of 2xl30 cm situated between the radii 29 cm and 122 cm (fig. 1.4). The detector provides points per 
particle trajectory at radii from 40 to 110 cm between polar angles from 39 to 141 degrees. At least three 
pad rows are crossed down to polar angles from 20 to 160 degrees. 

The two drift volumes are separated by a HV (20 kVolts) plate producing an electric field of 150 
Volts/ cm. A charged particle crossing the TPC produces by ionisation around 70 electrons per cm of 
gas (80 % Ar and 20 % CH4). Under the action of the electric field these primary electrons drift in the 
direction of the proportional chambers (6 at each TPC extremity). Each of 2x6 TPC sectors have 16 
raws of pads, allowing the reconstruction of 16 space points per track. In front of the pads plates there 
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Figure 1.4: The Time Projection Chamber of DELPHI. 

are 3 levels of grid. The one closest to the pad (the anode at a HV of 1430 Volts) contains 192 "active" 
wires (sensitive wires) per sector performing the dE/dx measurement. 

The precision over the measure of the R</> coordinate is 250 µm per point. The accuracy of the z 
measurement is of 900 µm per point. 

1.2.2 Electromagnetic calorimeters 

Electron and photon identification is provided primarily by the electromagnetic calorimetry system. 
It is composed of a barrel calorimeter (HPC), a forward calorimeter (FEMC) and two very forward 
calorimeters, the Small angle Tile Calorimeter (STIC), which replaced the Small Angle Tagger (SAT) 
in April 1994, and the Very Small Angle Tagger (VSAT). The latter two are used mainly for luminosity 
measurements and are described in section 1.2.5. 

• the High-density Projection Chamber (HPC): it is shown as the big green cylinder in fig. 1.2. Its 
length is 2x254 cm and it is situated between the radii 208 cm and 260 cm. The polar angle coverage 
is from 43 to 137 degrees. The granularity is 1 degree in </>, 4 mm in z and 9 samples in R. It 
consists of 144 independent modules, arranged in 6 rings of 24 modules each. Each HPC module is 
a trapezoidal box with a width ranging from 52 to 64 cm and a height of 47 cm. The length is 90 
cm, except for modules in the first and last rings which are somewhat shorter. The box is filled with 
41 layers oflead separated by gas gaps (8 mm each, filled with 80% argon and 20% methane). An 
electromagnetic particle showers in the lead and ionizes the gas. The charge drifts to one end of the 
box, where it is collected by a proportional chamber. The electric and magnetic fields are precisely 
aligned by adjusting the orientation of each box, making it possible for the ionization electrons to 
spiral all the way to the readout chamber. With a drift speed around 5.5 cm/ µs, the maximum 
drift time is 16 µs. The lOth sampling gap at about 4.5 radiation lengths (shower maximum) is 
filled with a scintillator plane instead of gas. It is used for the first level trigger. 

• the Forward ElectroMagnetic Calorimeter (FEMC): it is shown as the green disk component in the 
forward part in fig. 1.2. It consists of two 5 m diameter disks made of 4532 Cherenkov lead glass 
blocks. The front faces are placed at z = ±284 cm, covering the polar angles from 8 to 35 degrees and 
from 145 to 172 degrees. The operation of lead-glass Cherenkov counters is based on the collection 
of Cherenkov light emitted by the charged tracks of a shower. If n is the refractive index of the 
medium traversed by a particle and /3 its speed in units c = 1, part of the light emitted by excited 
atoms appears in the form of a coherent wavefront at fixed angle with respect to the trajectory 
(cos(8) = 1/(f3*n),/3 > 1/n). The pulse height is related to the number of photoelectrons knocked 
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out of the photocathode by the Cherenkov light. The Cherenkov signal induced by the charged 
particles in the shower is read out by a single stage photomultiplier designed to operate inside the 
DELPHI magnetic field, coupled to a low noise preamplifier. The average yield of photoelectrons 
is about 1000 per GeV of deposited energy. The relative precision on the measured energy can be 
parametrised as: u(E)/E = 0.03+(0.12/VE)+(0.11/E), where Eis in GeV. For neutral showers 
of energy larger than 2 Ge V, the average precision on the reconstructed hit position in x and y 

projected to z = ±284 cm is about 0.5 cm. 

The hadron calorimeter (HACL) is shown as the red component in fig. 1.2. It is a sampling gas 
detector incorporated in the magnet yoke (it consists mainly of iron), the barrel part covering polar 
angles from 42.6 to 137.4 degrees, and two end-caps from 11.2 to 48.5 degrees and from 131.5 to 168.8 
degrees. The hadron calorimeter provides calorimetric energy measurements of charged and neutral 
hadrons. In addition is implemented a system to read out the HACL tubes as well as the pads, in order 
to give a more detailed picture of the hadronic showers and thus better distinction between showers 
caused by neutral and charged hadrons and better muon identification. 

1.2.3 Scintillator counters 

In order to achieve complete hermeticity for high energy photon detection, additional scintillators have 
been installed in the cable duct regions (between the barrel and each endcap, and between the HPC 
modules), the HERmeticity detectors (HER). In addition the DELPHI has in the barrel part the Time 
Of Flight (TOF) and in the forward part the HOrizontal Flight tagger (HOF). The scintillator counters 
are also fast trigger for beam events and cosmic radiation. 

1.2.4 Particle identification 

The identification of charged hadrons in DELPHI relies on the specific ionization energy loss per unit 
length (dE/dX) in the TPC and on the RICH detectors. The RICH technique is based on the detection of 
Cherenkov light emitted by the particle. The DELPHI RICH contains two radiators of different refractive 
indices. The liquid radiator is used for particle identification in the momentum range from 0.7 to 9 GeV. 
The gas radiator is used from 2.5 to 25 GeV. The full solid angle coverage is provided by two independent 
detectors, one in the endcap regions (Forward RICH), and one in the the barrel regions (Barrel RICH). 

The Barrel RICH Detector (Barrel-RICH) is shown in yellow in fig. 1.2. It is located between the 
Time Projection Chamber and the Outer Detector. It is a 350 cm long cylinder with inner radius 123 cm 
and outer 197 cm, divided into two halves by a central support wall, 6.4 cm thick. It covers polar angles 
between 40 and 140 degrees. 

The Forward RICH Detector (Forward-RICH) is shown as the yellow disk component in the forward 
part in fig. 1.2. It is located between 1. 7 m < lz I < 2. 7 m and covers polar angles between 15 and 35 
degrees. 

1.2.5 Luminosity measurement 

At e+ e- colliders, luminosity is measured by counting the number of events of a process with a clear 
experimental signature, with high statistics and with a cross section which can be calculated theoretically 
with high precision. This process is Bhabha scattering at small angles, which proceeds almost entirely 
through the exchange of a photon in the t-channel. In DELPHI there are two luminometers: the Small 
angle Tiie Calorimeter (STIC) and the Very Small Angle Tagger (VSAT). 

1.2.5.1 The Small angle Tile Calorimeter (STIC) 

At the beginning of 1994 the DELPHI collaboration installed a new electromagnetic calorimeter named 
STIC (Small angle Tiie Calorimeter) [2], [3], [4], [5] with the aim of providing a luminosity measurement 
with an accuracy of 0.1 % at LEPl. 

The luminometer consists of two lead-scintillator cylindrical calorimeters of shashlik type, read out 
by wavelength-shifting fibers. These are located on either side of the interaction point at a distance of 
2.2 m. They cover the angular region between 29 and 185 mrad in polar angle (fig. 1.5). 

Each of the calorimeters is equipped with two planes of silicon-strip detectors with which the direction 
of a shower can be measured. The purpose of this tracking device is to improve the rejection of off-energy 
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Outer Shield Inner Shield 

Figure 1.5: The Small angle Tfle Calorimeter. 

electron background. A veto system consisting of two layers of scintillators is mounted in front of each 
arm of STIC. This veto system is part of the neutral trigger. This trigger is aimed at selecting single­
photon events in STIC. It provides e-1 separation by requiring an energy deposit in one of the two STIC 
calorimeters in conjuction with an absence of signals in the scintillator planes in front of the calorimeters. 

Several tungsten masks and shields are mounted on and near STIC. A so-called tungsten nose is 
mounted on the front face of the calorimeter on side C (but not on side A) and is used to define the 
acceptance for Bhabha electrons in luminosity measurements. A synchrotron radiation mask is mounted 
underneath each arm ofSTIC, inside the beam pipe, and these masks protect the DELPHI TPC from syn­
chrotron radiation. Furthermore, a 'tungsten shield', mounted on the tungsten nose, provides additional 
radiation protection to the TPC. 

Each calorimeter is divided into 10 radial rings and 16 azimuthal sectors, thus giving a total of 160 
towers which point to the interaction region. 

The energy resolution at 45 Ge V is 3%. The spatial resolution of the calorimeter alone is 1.5 degrees 
in</> and from 300 µm to 1 mm in radius. The resolution of the silicon strips (1.7 mm pitch) over the 
measure of radial coordinate is 400 µm. 

1.2.5.2 The Very Small Angle Tagger (VSAT) 

The VSAT [6] is shown as the small green boxes in fig. 1.2. It is a sampling calorimeter consisting 
of four rectangular modules placed symmetrically at about 7.7 m from the DELPHI origin, around a 
short elliptical section of the beam pipe downstream the low beta superconducting quadrupoles {SCQ) 
as shown in fig. 1.6. The distance between two neighbouring modules is about 12 cm, corresponding to 
the smaller beam pipe dimension in that region. Since the physical process studied for the luminosity 
measurement is Bhabha scattering, where electrons and positrons are emitted back to back, we use the 
coincidences of signals between a module in the forward region and a module in the backward region, 
thus defining two diagonals for the trigger: diagonal 1 (modules Fl-B2) and diagonal 2 (modules F2-Bl). 

Each VSAT module contains 12 tungsten absorbers (Xo = 0.38 cm) interspaced with 12 silicon planes 
(Full Area Detectors, (FAD)) for energy measurement (fig. 1.7). The dimensions of the calorimeters 
are 3 cm in the transverse horizontal direction (:i:), 5 cm in the vertical direction (y) and 24 radiation 
lengths (about 10 cm) along the beam direction (z). The center of the electromagnetic shower is given 
by three silicon strip planes with 1 mm pitch placed close to the shower maximum at 5, 7 and 9 r.l.; the 
second plane is used for the y coordinate measurement and the other two planes for the x coordinate 
measurement. The angular acceptance of a module is 5-7 mrad in polar angle and ± 50 degrees in 
azimuth. 

Due to the very small emission angle of the Bhabha events accepted in the VSAT, the accepted 
Bhabha cross section is very large (about 500 nb). This allows to monitor with high statistics, besides 
the luminosity, also the beam background and the variation of beam parameters. 
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Chapter 2 

Luminosity 

After the beam energy, the most important parameter at a colliding beam facility is the counting rate 
[7]. This is usually expressed by the term luminosity, which we define below. We will also discuss the 
expressions which allow the collider builder to know what the luminosity will be in terms of his machine 
parameters. Once the machine is built and operating the high energy physicist needs to know the machine 
luminosity in order to be able to normalize his measurements and he usually requires a more accurate 
value than what can be obtained directly from machine parameters. We will therefore also discuss an 
indirect method of measuring luminosity. 

2.1 Definition of luminosity 

For simplicity we first consider the interaction of a beam with a target of length l and particle number 
density n 2, as sketched in fig. 2.1. 

Figure 2.1: Schematic of a particle beam of n 1 particles per second incident on a stationary target with 
n 2 particles per unit volume. 

The number of interactions, R, per beam particle is proportional to n2 ·l, the total number of particles 
it can collide with and the constant of proportionality is defined as the cross section q for the type of 
interaction concerned 

where q has the dimension cm2 • The transverse dimensions of the beam and target do not enter as the 
target is assumed to be wider than the beam. If the beam consists of n1 particles per second, the rate of 
interactions will be 

dR 
dt = qn1n2l. 

All the characteristics of the incident beam and target can be combined into a single term defined as 
the luminosity L by writing 

dR _ L 
dt - q 
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where L = n 1n 2 l and has the dimensions cm- 2s- 1 • Hence luminosity is simply the interaction rate per 
unit cross section. 

2.2 Luminosity of a single-ring collider 

In a colliding beam machine the expression for L is more complicated because the target is moving and 
we cannot always assume that the target is wider than the beam. 

We consider an electron-positron collider with N _, + particles per beam. The number of positrons 
one electron encounters in one turn of the machine, assuming the beams follow identical paths, is 

q 
-N+ 
A 

where q is the effective cross section of the electron and A is the cross sectional area of the beams. With 
N _ electrons in the beam and a revolution frequency off, the interaction rate will be 

dR = !!_N N f 
dt A + -

If we have B bunches in each beam, the interaction rate per crossing is given by 

dR N+N-fq 
dt BA 

In most storage rings the transverse particle distribution is gaussian or bell shaped and since only the 
core of the beam contributes significantly to the luminosity we may define standard beam sizes for all 
kinds of particles [8]. For a gaussian particle distribution the effective beam cross section is 

supposing that the beams have equal r.m.s. radii of u,,, (horizontal) and <Ty (vertical). Then 

and the luminosity 

dR N+N-fq 
dt 47rB<rx<ry 

L = N+N-f 
41rBu,,,uy 

In terms of the currents, I+,- = N+,-ef, the luminosity is given by: 

(2.2) 

The transverse dimensions of the beams (u,,, and <ry) can be expressed in terms of two machine 
parameters: the emittance, Ex,yi which is a measure of the area of the phase space ellipse occupied by 
the beam and f3x,y, reflecting the strength of the machine optics, through the relations 

where k is the coupling between the vertical and horizontal emittance. Thus 

(2.3) 

With typical LEP conditions [9] 

N+,- = 1.3 · 1012 
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f = 11.25 kHz 

B=4 

/3,,, = 175 cm 

/3y = 7.5 cm 

k = 0.05 

i;,,, = 35 nm, 

the LEP luminosity becomes L ~ 1031 cm- 2s- 1 • 

For a given experiment one defines also the integrated luminosity 

L = j Ldt 

which depends upon the life-times of the beams, the filling time and the duration of the experiment [10]. 
The recipe for high luminosity is clearly to maximize the beam intensity and to minimize the beam 

cross section. This approach, however, is limited by two phenomena: the synchrotron radiation and the 
beam-beam effect. 

2.2.1 Synchrotron radiation 

Under the circular acceleration, an electron emits synchrotron radiation, the energy radiated per particle 
per turn being [11) 

where p is the bending radius, f3 is the particle velocity and 'Y = (1 - {32)-112 . 

The loss of momentum due to the emission of photons is parallel and opposite to the direction 
of the particle momentum [12). Since the particles perform betatron oscillations, the momentum loss 
can be split into a transverse and longitudinal component. The accelerating fields, on the other hand, 
provide a compensation of the lost momentum only in the longitudinal direction. In total the emission of 
synchrotron radiation eventually leads to a continuous loss of transverse momentum, which in turn sets 
a limit on the number of particles available in a bunch. 

2.2.2 Beam-beam effect 

The beam-beam [8] effect consists in the interaction between the beams and the electromagnetic fields 
created by them in the vacuum envelope. It has two consequences: first, it sets a maximum to the number 
of allowable particles in the bunches; second, it imposes a minimum to the beam cross section. 

The limitation on the amount of beam that can be brought into collision stems from the tune shift 
caused by the beam-beam interation. For two counter rotating beams of particles and antiparticles there 
is a vertical beam-beam force of 

This force is attractive and therefore focusing, equivalent to that of a quadrupole of length 

causing a vertical tune shift of 

k= 

CVy = _.!_ r /3ykds. 
47r lcoll 

Integrating over the collision length which is equal to half the bunch length l because colliding beams 
move in opposite directions, we note that the linear charge density is A = eN / B /l, where n is the total 
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number of particles per beam and B the number of bunches per beam. With these replacements the 
beam-beam tune shift becomes finally 

6vy = roN/3y ' 
21rBCTy(CT., + eiy) 

where ro is the classical particle radius of that particle which is being disturbed. Obviously, the tune 
shift scales linearly with particle intensity or particle beam current and inversely with the beam cross 
section. 

2.3 Online measurement of the luminosity 

The ability to get a good estimate of the achieved luminosity at run time is essential both for the 
experiment and for the accelerator [13]. The VSAT detector uses the so called MIG scalers to evaluate 
the online luminosity [14). For this purpose the ungated Bhabha and false Bhabha counters are used: 

L = const · (BHUNGl - FBUNGl + BHUNG2- FBUNG2) 

The constant contains information about the accepted Bhabha cross section, which varies with the running 
conditions. For the online luminosity, the statistical fluctuations during the short time intervals, i.e. 
15 seconds, used to evaluate the trigger rate are more significant and instead an average value of the 
accepted cross section is used. The measurement is also normalized to the STIC online luminosity. This 
normalization usually has to be redone every year due to shifts in the geometry, which affect the relative 
accepted cross section in a non negligible way. The VSAT online luminosity is displayed together with 
the STIC values as a traceplot in the DELPHI control room. We give an example plot of LEP luminosity 
for a fill taken on 14/09/97 at 183 GeV. The accuracy of the calculation is a few percent. 

example of a recent fill 
H.Btxktiad 

PJLL 4163 from saturday 19970914 1 Oh until 19970914 17h 
~ 4 

45 

LI 12 

daytime in hours 

Figure 2.2: Online luminosity for LEP. The values are averages for the four experiments. 

2.4 Offi.ine measurement of the luminosity 

In principle, eq. {2.3) implies that the luminosity is known provided the transverse beam dimensions 
can be measured [7]. In practice, while machine designers make use of such expressions, at an operating 
collider the experimenters require a more precise knowledge of the luminosity for normalization purposes 
and must find other means. At an electron machine the standard technique is to set up a monitor 
consisting of small-angle electron telescopes to observe elastic {Bhabha) scattering as in fig. 2.3. 
This process has a well known cross section CTB, so that from a measurement of the counting rate the 
luminosity can be determined using eq. (2.1). The cross section, CT, must of course be calculated for the 
acceptance of the detector 
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Figure 2.3: Layout of a typical luminosity monitor to detect Bhabha scattering at electron-positron storage 
rings. 

where 8min and Bmao: are the minimum and maximum scattering angles accepted by the monitor. We 
give the expression of the cross section in the next chapter. 
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Chapter 3 

Bhabha Scattering 

By elastic Bhabha scattering [15] one means the process 

(3.1) 

where only an e+ e- pair is detected in the final state. It is a relevant process at LEP I for luminosity 
monitoring, line shape and Aj;.B = :~+:= measurements, where t? (o-8) is the Bhabha cross section for 
the production of an electron with cose > 0 ( cos8 < 0) and (} is the angle of the outgoing electron with 
respect to the incident electron direction. In this chapter, we give a general discussion of the process 
including formulae for the lowest order diff'erential cross section. The electroweak radiative corrections 
are brie:fly discussed at one-loop level. Finally, the Born cross section for very small angles is given, i.e. 
at the polar region covered by the VSAT. 

3.1 The 'real' Bhabha scattering 

Strictly speaking, the process (3.1) never occurs; as required by classical electrodynamics, a charged 
particle must emit, when scattered, some amount of electromagnetic radiation, so that in an actual 
scattering event the final state contains also photons in addition to the electron-positron pair. Such 
radiation effects become increasingly important as energy increases. 

The electromagnetic radiation is emitted within a collinearity cone, whose opening angle shrinks as 
energy increases as m/ E, where m is the electron mass and E its energy. At LEP, m/ E :::::: 10-5 so the 
photons radiated by the incoming particles remain undetected within the beam pipe. 

Like most of the real, detectable LEP processes, a Bhabha event can be depicted as occuring in three 
steps: 

(i) emission of radiation from the initial particles; 
(ii) the 'hard', dastic Bhabha scattering; 
(iii) emission of radiation from the final particles. 

For the purpose of the step (ii) above, the scattering can be considered 'hard' if the scattering angle (} is 
larger than the collinearity angle m/E, a condition easily fulfilled at LEP (even luminosity monitors will 
not go to angles less than a few mrad). In such conditions, interference effects between initial and final 
particles in the emission of radiation can be safely ignored. Also, due to the strong collinearity, step (ii) 
can be considered as occuring between particles on the mass shell. 

As far as the energy-momentum of the radiation emitted in step (iii) by the final particles is not 
experimentally resolved from the particles themselves, the experimental results must be compared with 
the theoretical prediction for the process inclusive of the emission of radiation. 

In the ems, all four particles involved in a fully elastic Bhabha scattering have the same energy E. 
Due to step (i), the laboratory is no longer the ems for step (ii) and the process is therefore initiated 
by particles of non equal energies Ef, E~, both smaller than the beam energy Eb, negligable transverse 
momentum and non vanishing total longitudinal momentum, as in general Bf i= ~ for any specific event. 
As a consequence, the final observed particles, or rather the two final electromagnetic 'jets', according to 
step (iii) of the process, are coplanar with the beam direction and have energies Ei, E2 and scattering 
angles 81 , 82 satisfying the transverse k:inematical constraint 
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(3.2) 

but with 

(3.3) 

As, in general, E 1 =f E2 , one expects 82 =f 11" - 81, i.e. the two particles are not back-to-back in the 
laboratory. The event corresponds to initial particles for step (ii) with energies 

0 281 ·282 
E = E cos - + E sin -1 l 2 2 2 (3.4) 

(3.5) 

Ef and E~ cannot be measured directly but must be inferred from E1, E2 through eqs. (3.4), (3.5). The 
probability for step (ii) to be started by particles of energy E~ = ZiEb, with :l:i < 1, at a total energy 
squared Sb= 4Et can be described by a distribution D(zi, sb), also known as the radiator, which is the 
same for the electron and the positron. 

The observed cross section for a final electron scattered in the laboratory at an angle 81 for beam 
energy Eb can then be written, inclusively on the final electron energy, as 

{3.6) 

Kinematical cuts, such as, say, E1 > Em.in, are easily imposed by suitably restricting the integration 
regions of z1 and z2. 

As mentioned above, in their ems the two particles have equal energies Ei = E2 = E and scattering 
angles Bi = 8, 82 = 11" - (). These are related to the corresponding quantities in the laboratory by 

s = 4EfEg = 4E2
, (3.7) 

t = -2ErE1{l - cosOi) = -2E2(1- cosO) (3.8) 

(3.9) 

If IB(s, t)l 2 is the square invariant amplitude relevant to Bhabha scattering and s, tare given by eqs. 
(3.10), (3.11), the differential cross sections in the center of mass and laboratory systems can be written 
as 

1 2 dcos8d</> 
do-crru(E, 8) = 8E2 IB(s, t)I 8(211")2 ' (3.10) 

(3.11) 

In the following, we give the relevant formulae in the standard electroweak theory for eq. {3.13). 
They apply directly to the observed events only as far as the energy losses of step (i) are within the 
experimental energy resolution; otherwise one has to use eq. (3.14), for instance in the context of eq. 
(3.9). E and 8 can be evaluated from Er, E~, 81 by means of eqs. (3.10), (3.12). 
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3.2 The lowest order cross section 

We give here the formulae for Bhabha scattering lowest order differential cross section on the Zo resonance 
[15]. We take as independent parameters a, Mz, the Fermi constant, Gp= 1.16637(2) .10-5 Gev-2 and 
introduce s! related to them through the relation 

1 4µ2 i { 1} 5!=2 l-(l-pMj(l-..0.a)] ' 

where 

µ:: (.;~F) ~ = 37.281 GeV, 

.6.a ~ 0.06 is the vacuum polarization correction and 

1 
p= 1-..0.p' 

mt; being the top mass; the following combinations will also be used 

Ve= -1 +4s!, a.,= -1, 

v2 a2 
r - e TA= e 
v - v; + af v; + a: 

The coupling of the electron to the Zo occurs through the form factors 

( _ pMi ( 2 2) s 
X s)- 16µ2 ve +ae (s-Mj+isrz/Mz)' 

'( pMj ( 2 2) 1 s 
X t) = 16µ2 Ve +a., 2 (Mj - t)' 

where the a-dependent width rz(s/Mi), rather than rz, has been introduced. 

(3.12) 

(3.13) 

(3.14) 

(3.15) 

(3.16) 

(3.17) 

(3.18) 

Ifs= 4E2 and z = cosO, E and(} being the energy and the scattering angle in the ems, the lowest 
order differential cross section, corresponding to the graphs of fig. 3.1, can be written as 

J_ 10 d (i) 
auo ~ u0 

dO = L..,, dO ' 
i=l 

where the different channels contributions are 

<11Tb1)[7(s), "Y(s)] = ( :: ) (1 + z2)d0; 

<11Tb
2
)[..,.(s),..,.(t)] = (::) [-

2g:;rJ dO; 

do-b8
)[7(t), "Y(t)] = ( :: ) {l ~ z)2 [(1+z)2 +4]d0; 

dub4 )[7(s), Z(t)] = ( :: ) [-2x'(t)(l + z)2]d0; 

(
a2) 4 '(t) do-b5

)[7(t), Z(t)] = 
48 

(lX- z) [(1+z)2 +4(rv - r A)]dO; 

do-b6>[z(t), Z(t)] = ( :: ) 2[x'(t)]2[(1+z)2(1+4rvr A)+ 4(1 - 4rvr A)]dO; 

do-b7
)[Z(s), "Y(s)] = ( :: ) 2[Rex(s)][(1+z2)rv+2zr A]dO; 
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(3.20) 

(3.21) 

(3.22) 

(3.23) 

(3.24) 

(3.25) 

(3.26) 



do-~8>[z(s),-y(t)] = (::) [-2[Rex(s)]%~z;;] dO; 

do-~9)[Z(s), Z(t)] = ( :: ) [-2[Rex(s)]x'(t)(l + z)2(1+4rvr A)]dO; 

do-~10>[z(s), Z(s)] = ( :: ) lx(s)l2[(1 + z2
) + 8zrvr A]dO. 

y(s) Z(s) y{t) Z(t) 

Figure 3.1: Lowest order graphs for Bhabha scattering with their amplitudes . 

3.3 The radiative corrections 

(3.27) 

(3.28) 

(3.29) 

To set the terminology in a way useful to our description, we call electroweak radiative corrections the 
whole set ofradiative corrections [15]. The one-loop corrections can then be subdivided into the following 
subclasses [15], [17]: 

• QED corrections. They are further subdivided into 

- virtual corrections, which consist of those diagrams with an extra photon added to the Born 
graphs as a virtual photon loop (vertex and box diagrams). They also include the photon self 
energy (vacuum polarization) graphs (18]. They are depicted in fig. 3.2. 

- bremsstrahlung corrections, which consist of those diagrams with an extra photon added to 
the Born graphs as a real bremsstrahlung photon (fig. 3.3). 

• Weak corrections, which collect all other one-loop diagrams: the subset of diagrams which involve 
corrections to the vector boson propagators -y, Z (fig. 3.4(a)), box diagrams with two massive boson 
exchange (fig. 3.4(b), (c)) and the set of vertex corrections (where the virtual photon contributions 
have been removed) (fig. 3.4(d), (e)). They contribute less than 1 % at most to wide angle Bhabha 
scattering and are negligible at small angles [20). 

Due to the smallness of the electron mass the lowest order Higgs exchange diagram can be neglected. 
For the same reason also diagrams with Higgs - gauge boson mixing and box diagrams where one or 
both of the internal vector bosons of fig. 3.4 are replaced by Higgs scalars are negligible. The propagator 
corrections, however, involve all particles of the model, in particular the Higgs boson and the top quark, 
and thus depend on Ma and mt. The vertex corrections of fig. 3.4 contain only W and Z in virtual 
states. 

Theoretical calculations should include the complete electroweak lowest order contributions and first 
order radiative corrections with the Zo on resonance and at least most of the large higher order QED 
radiative corrections. 

The diiferential cross section with first order virtual and real soft radiative corrections, including the 
vacuum polarization corrections, can be written as 

10 (i) 
do- = ~ do-o (di) + c(i)) 
dO L.J dO ~nf'rci F • 

i=l 

(3.30) 

In the above formula, the coefficient which appears with brackets in the r.h.s. is somewhat arbitrarily 
split into a part C.in/"'"' which depends on the soft cutoff 

ilw 
il=E' 
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H +er. +er. 

Figure 3.2: Virtual graphs in the s channel . 

Figure 3.3: Bremsstrahlung graphs in the s channel . 

the energy l::..w being the separation between the soft (undetected) and the hard (detected) radiation and 

a leftover part CF. Analytical expressions for ci<:!fra and c~) can be found in [15]. 
When including also the hard photons emitted collinearly to the final particles, inside a cone of half 

opening angle 6, one has 

dt:T ~dt:T~i) -(i) -(i) 
dfl = ~ dQ (Cinfra +CF). (3.32) 

i=l 

(a) (b) (c) 

Figure 3.4: Weak graphs in the s channel . 
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At first order, 

(3.33) 

and 

(3.34) 

where 

P6 = 4 (;) ln ( ~) , (3.35) 

Pe = 2 (;) [zn ( ~~) - 1] , (3.36) 

(st::.. + M 2 - s) (M2 - s) 
b = arctan z - arctan z . 

Mzrz Mzrz 
(3.37) 

The above formulae have been implemented in a numerical Fortran program, called bhabha.for, which 
can be found in the directory vxcern::disk$t3:[caffo.bhabha.bhanum] [16]. We will show distributions from 
the program in the next section. 

3.4 Bhabha scattering at very small angles 

For very small scattering angles, such as 5 < fJ < 50 mrad, the process is dominated by the t-channel 
contributions (even on top of the Zo resonance) which have rather low exchanged 4-momentum (A~ 
250 - 2500 MeV). In this conditions pure QED describes very well the process, which is therefore well 
suited for luminosity monitoring. The lowest-order differential cross section in the high-energy limit is 
[19] 

duQED = a:2 (3 + z2) 2 dO. 
0 16s 1- z 

(3.38) 

where z = cosfJ. For very small scattering angles the differential cross section can be simplified to 

(3.39) 

showing the large forward peak, which insures a low statistical error for the measurement. 
In fig. 3.5, we plot1 the differential cross section from eq. (3.22) and eq. (3.25). We see that the 

'Y exchange in the t channel practically coincides with the total cross section. We give the minor, non 
vanishing term contributions in fig. 3.8 for comparison. In fig. 3.6, we show the integrated t - -y cross 
section from 5 to 7 mrad for the tree result (green curve) and for four corrections: 

• correction 1: tree result plus first order (virtual and soft) QED radiative corrections (dark blue 
curve), 

• correction 2: as correction 1, with exponentiation of soft photons (red curve), 

• correction 3: as correction 1, plus first order final hard collinear photons (magenta curve), 

• correction 4: as correction 3, with virtual, soft and hard corrections exponentiated [16] (light blue 
curve). 

In fig. 3.7, we show the differential t - -y cross section for the tree result and the four corrections above. 
All differential cross section plots have been calculated at ems energy 91.1 GeV. 

The radiative corrections are sensitive only to the soft cutoff !::..; at .,/i = Mz = 91.1 GeV, in the 
notation of eq. (3.25) one finds for instance du-~3) /dfJ = 2.51·105 nb, 3.92 · 103 nb at fJ = 10, 40 mrad; due 

1The plots of figs. 3.5, 3.6, 3.7 and 3.8 have been produced by bhabha.for. The VSAT-modified version of the program 
together with all output files can be found in the vax directory WSDE99$DKB500:[VSAT.CHR1STINA.BHABHA]. 
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Figure 3.6: Integrated t - 'Y cross section, tree result and corrections . 

to radiative corrections, those values become 2.15 · 105 nb, 3.32 · 103 nb at A = 0.05 and 2.26 · 105 nb, 3.54 · 
103 nb at A = 0.10. 

As the scattering angle increases, the electroweak contributions become more important and at 8 > 
0.7 rad, i.e. ~ 40°, the dominant contribution is due to the a-channel Zo exchange. The process of this 
kinematical configuration is measured in the central electromagnetic calorimeter. After extraction of the 
less interesting t-channel part, it can give information on the line shape and on the e - z0 couplings (at 
variance with the e+e- -+ µ+ µ- case, in Bhabha scattering there is a forward-backward asymmetry due 
to the interference between t and s channel amplitudes even in pure QED). 
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Chapter 4 

The Bhabha Measurement 

In this chapter, we describe how our data are processed off-line in order to extract the Bhabha sample we 
need for the luminosity estimation. The procedure is the same for every year, but the additional features 
of the 95 scan data are also addressed here. The operation of the electronics is briefly explained as well, 
as its impact on the off-line analysis was of major importance. 

4.1 The electronics 

For the 1995 scan LEP had modified its previous mode of single bunch operation to a scheme of tightly 
spaced minibunch-trains, i.e. instead of having only one bunch crossing every 25 µs there were 2 to 4 
minibunches within each bunch. The time separation between minibunches was a fraction of a µs. Most 
of the scan data taking was done with 3 minibunches separated by about 250 ns. 

Each VSAT module was equipped with an independent system for reading pulse heights. This allowed 
for signals from different minibunches to be read in the four modules after the same beam crossing. Fig. 
4.1 shows how the readout was done (21). A fixed time (dtl) after a beam crossing (BCO), a signal from 
Pandora (WNGl) enables a gate generator. The width of each gate is about 50 ns. During this time a 
sensor is active and checks whether the sum of the FAD signals is above threshold. If this is the case, a 
HOLD is sent to the FADs when the gate is closed. A second HOLD is sent to the strips a fixed time 
later (dt2). Ifno signal is found above threshold during the gates, another signal from Pandora (WNG2) 
disables the gate generator after time dt3 and the HOLDs are generated. The minibunch number assigned 
to the signal is determined by the first gate during which the pulse is above threshold. 
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WNGI 

WNG2 . 
' 

ENABLE 

GATE 

TRIGGER nm 

SIGNAL 

PEAKF.GATE 

HOLDtol'ADs 

HOLDtoStrt 

' ' I, ..... ,.: 

,' . ,' ~ 

' .... ii ............................................ . 

' ' ' ' • 'l--~~~~~~~~ . ' 
\ \ 
' . 

' ' '\,.\f.:.:+_ 

..;----- ---

Figure 4.1: Minibunch scheme signals when there is a hit in the module (full lines) and when there is no 
hit in the module (dotted lines). 

The independent operation of the modules occasionally resulted in misidentification of the minibunch 
number. This meant that elaborate off-line corrections had to be applied to the data both for the 
minibunch number recovering (22) and for the energy calibration (23]. 
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4.2 The energy measurement 

One example of mismatched event, i.e. wrong assignment of minibunch number by the electronics, is 
shown in fig. 4.2. The green pulse is a minibunch three electron. However, its energy is so high that the 
signal is already above threshold while gate G2 is open. This induces the detector to assign minibunch 
number two to the electron. 

Iii U.2 H2 UJ H3 

---fL----l--fl----+---rl---+----
:: '' t '' ' 

: : '' : 
' 

time 

Figure 4.2: Signals for the three minibunches and for one high energy mismatch. 

The subsequent hold H2 sees a value of the signal which is much higher than the one hold H3 would have 
seen. The result is that the electron, apart from having wrong minibunch number, it is also assigned an 
overestimated energy value. Those electrons form the green energy spectrum of fig. 4.3. The remaining 
mini bunch three distribution (magenta curve) is manifestly missing many of its events if we compare its 
height with this of the minibunch one and two spectra (red and blue curves). 
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Figure 4.3: Uncalibrated and calibrated energy distributions. 

In total, we had to deal with eight and six recoverable mismatching cases in diagonal one and two, 
respectively, the one above being the major one. The unrecoverable mismatches represent less than 0.1 % 
of the data [22] and, therefore, can be safely neglected. 

In spite of these complications, the energy calibration procedure confirmed the linearity of the modules. 
In fig. 4.4, we show the calibration constants for all four modules and three minibunches before and after 
the radiation accident [24]. We observe that they are sufficiently stable with beam energy. 

After being calibrated, the Bhabha events have an energy cut applied on them, which removes particles 
that have less than 70% of the beam energy. These are mainly off-momentum electrons, representing few 
percent of the total sample. The cut is depicted by the black arrow in fig. 4.3. The next cut that we 
apply at this stage of the analysis is the cut on the showers having the maximum energy deposit in the 
outer x-strips of the detector as the shower may have started outside the module. 

Bhabha events thus obtained have a very strong correlation in energy which can be seen in fig. 4.5 as 
the central aggregation of green points. This feature is considered to be their 'signature' and has played an 
important role in quality checking and also in the analysis (e.g. for recovering the mismatches). The plot 
includes also the off-momentum electrons and the radiative Bhabha events; they are the tails spreading 
over lower energies. The few events at very high energies are in reality pile-ups of off-momentum electrons 
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Figure 4.4: Energy calibration constants for the four modules and minibunch one (red), minibunch two 
(green) and minibunch three (blue). The boxes (circles) show data before (after) the radiation accident. 

and Bhabha electrons. The reason why they are recorded as one event is that the detector did not have 
the time to disentangle them. 

In order to complete this phase of the analysis we need to remove the accidental coincidences. They 
are shown as the blue circles of fig. 4.5. Their rate can be estimated and subtracted by tagging one 
particle in one module and one particle in the diagonal module separated in time by four beam crossings, 
i.e. after the same bunch has returned to the interaction point. They represent about 2% of the total 
background. 
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Figure 4.5: Uncalibrated energy in diagonal 1 showing the Bhabha correlation (green blob) and the acci­
dental Bhabha events (blue circles). 
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4.3 The radial cut 

After calibrating the energy and removing the background, the next step is to restrict the acceptance of the 
detector. This is done by the so-called radial cut, which defines a volume with outer edge corresponding 
to a maximum allowed radius of7.7 cm (fig. 4.6(a)) and inner edge corresponding to a minimum allowed 
sum of the X positions ( sx = lxinner module I + Ix outer module I) equal to 13.2 cm (fig. 4.6(b) ). The reason 
for the outer edge cut is the following [25]. Upstream of the VSAT modules (at about 6.5 m from the 
interaction point), the x radius of the beam pipe is increased from 6 cm to 8 cm. In the connection region 
there is a thick flange which strongly absorbs the electrons with a large angle. From the (x,y) distribution 
of the impact points of the electrons in the VSAT we see that the absorption is not sharp and also that it 
is difficult to reproduce it faithfully with the simulation. For this reason we set a cut at the value of the 
radius for which the (x,y) distributions of FASTSIM and of the data are compatible. A similar argument 
holds for the cut at the inner edge. Again, by comparing the sx distributions of simulation and data, we 
see that there are small differences (of the order of few permille) at small sx (there are too many Bhabha 
events in the simulation). The events with very small sx are those in which both the forward and the 
backward electron have a small angle and thus a small x, that is they are both close to the inner edge 
of the VSAT module. These events are difficult to simulate faithfully because they depend critically on 
many parameters (beam position, beam tilt, etc.) and thus we set an sx cut at the value for which the 
sx distributions of the simulation and of the data are compatible. 
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Figure 4.6: The acceptance cuts; (a) the cut on the outer edge, (b) the cut on the inner edge of the 
detector. 

In fig. 4. 7, we show the distributions of the number of Bhabha events per cassette for the fills of the 
scan. The mean value for the total volume (i.e. before applying the radial cut) is 3136 events per cassette 
in diagonal one and 3445 events per cassette in diagonal two. These numbers are reduced by 22% and 
28%, respectively, when we apply our acceptance cut. 
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Figure 4.7: Accepted events in the two diagonals before (red) and after {blue) the radial cut has been 
applied. 
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4.4 Corrupted data 

At this stage, we have a Bhabha sample consisting of 1200 cassettes. So far, our cuts have only restricted 
the number of events within each cassette, but all cassettes of the data taken have been included in the 
analysis. There are, however, cases where the cassettes are of bad quality and they have to be removed. 
In order to find out which cassettes are to be discarded we set two limits; first, the number of corrupted 
Bhabha triggers1 must be less than 10% and second, the number of corrupted buffers must be less than 1 
permille. The reason for applying this cut is that we correct for the corrupted events that we miss using 
the trigger information which is generally available even if the buffer is corrupted, but this is a correction 
which has a large uncertainty, so it is valid only if the fraction of corrupted data is small, otherwise it 
introduces an error larger than the gain in statistics we would have by including the corrupted cassettes 
[25]. 

Fig. 4.8 shows the distributions of these two variables and the positions of the cuts. In order to decide 
on the values of the cuts we try different combinations and we keep the one that gives us the largest number 
of cassettes possible without allowing the normalized differences between STIC and VSAT luminosities 
become too large. In total, the two cuts reject 31 % of our cassettes. 
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Figure 4.8: Corrupted buffers and corrupted triggers for all scan data. The arrows show the position of 
the cuts. 

Fig. 4.9 shows the distributions of Bhabha events in the two diagonals (blue curves) for our final 
sample. The red curves show the cassettes that have been rejected because of the corrupted Bhabha 
trigger cut (only this cut would have removed 91 cassettes). The green curves show the cassettes that 
have been removed because of the corrupted buffer cut. This cut alone removes 307 cassettes. There 
were 25 cassettes that satisfied both cuts. We will continue the analysis of the remaining 827 cassettes 
in chapter 7. 
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Figure 4.9: The final Bhabha sample (blue curves). The red (green) distributions show cassettes with too 
many corrupted triggers (buffers). 

1 A Bhabha trigger is a coincidence with more than 25 Ge V deposited in each module. 
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Chapter 5 

Beam Parameters 

Due to the large accepted Bhabha cross section the VSAT can monitor with high statistics, besides the 
luminosity and the beam background, the variation of beam parameters as well. In this chapter, we give 
the results of the beam parameter analysis for the 1995 scan data as it is relevant for the luminosity 
calculation we will present in chapter 7. The results for 1993 and 1994 data can be found in [26] and [6]. 
A detailed description of the analysis is given in [27]. 

5.1 Why do we monitor beam parameters? 

The monitoring of the beam parameters is an important task for two reasons. 
The first reason is the online cross check of similar measurements done by the general monitoring 

system of LEP at the DELPHI interaction point. These measurements are used in order to optimize the 
luminosity, which depends strongly on the beam parameters. Among the DELPHI detectors, the VSAT 
has the highest accepted cross section and can thus collect sufficient statistics in a time interval (~ 10 
minutes) relevant for online control. 

The second reason is the ofHine estimation of variation of beam parameters. This information is 
used at different levels in the analysis of DELPHI events. For example, the variations of the beamspot 
position as well as those of the directions of the incident particles are used to optimize the alignment of 
the different DELPHI detectors. Furthermore, when it comes to the luminosity measurement done by 
the VSAT, the beam parameter monitoring provides an important cross check: the Bhabha cross section 
in the VSAT acceptance depends on the beam parameters and consequently, it has to be corrected for 
their variations. Fortunately, as shown in [28], such corrections can be done with a high level of accuracy 
(better than .1 % ) by using directly quantities measured by the VSAT without any need to know in detail 
the values of the beam parameters themselves. However, since the correction function is determined by 
an extensive simulation of different beam conditions done by a fast Monte Carlo program (FASTSIM), 
it is important to cross check the validity of the model used in FASTSIM by comparing the description 
of the variations of the beam parameters that we obtain from VSAT data with data from LEP or other 
DELPHI detectors. 

5.2 Beam parameters monitoring with the VSAT 

The beam parameters that are relevant for the following discussion are: 

• the average values of the coordinates :&b, Yb and Zb of the interaction point; 

• the corresponding beam widths <F:r;, <Ty and <F,,j 

• the average values of the incident positron and electron beam angles at the interaction point, in the 
(a:, z) and in the (y, z) planes (we will call them briefly tilts), respectively 6:\'-, 9:_, 6~ and 6~; 

• the beam divergence in the two planes, that is the spread around the above average angles. 

The quantities measured with the VSAT which are used to extract information on the beam parameters 
are the x and y coordinates of the impact points of the scattered leptons in the four modules (fig. 5.1); 
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the angles of the outgoing particles cannot be measured, which disqualifies the detector for monitoring 
all the above mentioned parameters. 
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Figure 5.1: aJ and y measurement for module F2, fill 9029. 

However, we can extract information on most of the beam parameters by combining the VSAT data with 
the beamspot measurements done by the VD and TPC. In this section, we will discuss the dependence 
on the beam parameters of the variables measured by the VSAT. 

5.2.1 Beam parameters in the (x,z) plane 

Figure 5.2 shows two Bhabha events in the (x,z) plane in the diagonals of the detector for the ideal 
situation in which the interaction point coincides with the nominal position (xb = y,, = Zb = 0). We have 
assumed that the trajectories of the incoming particles are along the z-axis, so we also have zero beam 
tilts. 
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Figure 5.2: Bhabha events on the two diagonals for zero beam displacement and zero tilts. 

In order to be able to represent the trajectories of the scattered particles as straight lines, we take into 
account the divergent effect of the superconducting quadrupoles (in first approximation) by moving the 
modules to an effective distance, l.,=12.6 m, which is assumed to be the same for all modules. The 
production angle of the Bhabha pair in diagonal i is denoted by Of and is defined to be always positive. 
Since those angles are very small we can calculate the x coordinates of the impact points of the particles 
on the modules as follows: 

(5.1) 
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However, this ideal condition is rarely the case, since the beams do not usually cross at the nominal 
position. Fig. 5.3 represents a more realistic situation, in which we have included a nonzero beam 
displacement in the x direction, Zb. The constant /z is the amplification factor of the particle trajectories 
due to the superconducting quadrupoles. It is of the order of 2.1 and it is practically the same for all 
four modules. 
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Figure 5.3: Events on the two diagonals for zero z displacement and zero tilts. 

The emission angles are the same as in fig. 5.2, but the x coordinates of the impact points are now given 
by 

(5.2) 

The next step is to see how the impact points will be a:ffected by a beam displacement in the z 
direction. We will therefore include a shift of the interaction point equal to Zb, as shown in fig. 5.4. 
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Figure 5.4: Events on the two diagonals for nonzero beam displacements, Zb and zb, and zero tilts. 

As evident from fig. 5.4, the effect of the z displacement is equivalent to that of two different x displace­
ments, z1 and z 2 , in the two diagonals taken at z=O: 

(5.3) 

The impact points are thus given by 

ZFl = fz(Zb - Zb8f) + l:r:Bf. 
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(5.4) 

We can now consider the case of nonzero tilts. Fig. 5.5 shows events in the two diagonals, where 
it has been assumed that the positron beam has a positive tilt, e+' whereas the electron beam has a 
negative tilt, e:_. The equations for the x impact points will now be affected in terms of the production 
angle, namely 

Zp1 = f:z:Zb + l:i:(8f - 1e: I)= f:z;Zb + Zz(Bf + e:) ZB2 = f:z;Zb - lz(Bf + 18+1) = f:z:Zb - l:i:(8f + 8+) 
(5.5) 

ZB1 = f:z:Zb + lz(~ -1e+I) = f:z:Zb + l:i:(82 - e+) Zp2 = f:z:Zb - lz(82+1e: I)= f:z:Zb - lz(82 - e:) 

If we combine eqs. (5.4) and (5.5), we obtain for the general case of nonzero beam displacements and 
nonzero tilts: 

(5.6) 
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Figure 5.5: Events for zero z displacement and nonzero tilts (a) on diagonal 1 and (b) on diagonal 2. 

From these equations, we see that it is convenient to define the following quantities: 

(5.7) 

where we have defined the average tilt, Bz, and the acollinearity, €z, as follows 

(5.8) 

To better separate the dependence on different beam parameters, we define the following quantities: 

Az1 + Az2 "' 
Azo = = 2 · fzZb + €zlz + fzz-,,(82 - Bf - 20z) 

2 
(5.9) 

(5.10) 

By taking the average over a reasonably long period of time (for this analysis, it is useful to use the time 
needed to write a cassette, which is about 20 minutes and corresponds to about 3000 events), we can 
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substitute 9i and tJi with their average values, which are both very close to 5.5 mrad. This shows that 
6z essentially depends only on the value of Zb· On the contrary, azo essentially measures the combined 
effect of the beam x displacement and beam acollinearity in the (x,z) plane, since the third term in eq. 
(5.9) is completely negligible. 

The similarity of the Zb and Ez effects on the impact points is clearly depicted in fig. 5.6, where we 
have assumed for simplicity that only the electron beam has a nonzero tilt: the full lines correspond 
to outgoing particle tracks for Zb = (}:_ = e+ = O, whereas the dotted line shows the case of nonzero 
acollinearity and Zb=O and the dashed line shows an event with zero acollinearity but nonzero Zb, which 
has the same impact points on the modules, showing that the E:i: and Zb effects are equivalent, and there­
fore these two parameters cannot be determined separately using the VSAT information alone. 
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Figure 5.6: Effects of the acollinearity and the z displacement on the impact points. 

There are two other useful measures that can be done with the VSAT and which are related to the 
beam tilt and production angles. With a view to this, it is helpful to consider events with equal (positive) 
beam tilt angles, 9+ and 9:_, as in fig. 5. 7. The figure shows clearly that the (average) production angle on 
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Figure 5. 7: Effect of the beam tilts on the production angles on the two diagonals. 

diagonal 1, 9i, is smaller than in the case of zero tilts, where it would be equal to 9a. The opposite holds 
for the production angle on diagonal 2: tJi is larger than 9b. Due to the rapid decrease of the Bhabha 
cross section with the angle, this induces an opposite variation of the number of accepted Bhabha events 
on the two diagonals: the number of events on diagonal 1, Ni, will increase, whereas the number of events 
on diagonal 2, N2 , will decrease. Therefore, we expect to observe a variation of the variable: 

AD= Ni-N2 
Ni+ N2 (5.ll) 
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called diagonal asymmetry. It must be noted, however, that the diagonal asymmetry is only a:ffected 
by the average tilt angle, 8z, and not by the separate values of ~ and 8+. By consequence, it cannot 
be used to extract information on the acollinearity, Ez. The relationship between AD and (Jz has been 
determined by FASTSIM [25]. 

Finally, from eq. (5.9), we see that the average value RAzo of the combined widths Raz1 and 
RAz2 of the Az1 and a:i:2 distributions is related to the widths <Tz and <T& of the incident beams at the 
interaction point and to their divergences in the (x,z) plane. 

5.2.2 Beam parameters in the (y,z) plane 

The situation in this plane is analogous to what we saw in the previous section for the (x,z) plane, the 
only di:fference being that the superconducting quadrupoles have a convergent rather than a divergent 
e:ffect. This induces a focusing of the scattered particle trajectories in the y direction, which in turn 
causes the detector to lose sensitivity. 

We will repeat the calculations of section 5.2.1 briefly. First, we consider the simple case of no beam 
displacement and zero tilts (fig. 5.8). The modules have been moved to 

y 

ly --------

B2 FI 
Bl 

------ ly --------> 

Figure 5.8: Events on diagonals 1 and 2 for zero beam displacement and zero tilts. 

an e:ffective distance, ly = 3.5 m, due to the convergent e:ffect of the quadrupoles. The same assumptions 
as in the case of the (x,z) plane apply here as well, i.e. ly is the same for all modules and the production 
angles on the two diagonals, (ff_ and ~, are defined to be positive. The y coordinates of the impact points 
of the outgoing particles on the four modules are then given by 

YB2 = -ly{ff_ YBl = ly~ (5.12) 

The next step is to include a beam displacement in y, y,,. The factor fy is of the order of 0.1. From fig. 
5.9 we can calculate the y coordinates: 

(5.13) 

YBl = fy'Yb + ly~ 

We define 

aYl = YFl + YB2 aY2 = YF2 + YB1 (5.14) 

The eifect of a shift of Yb on those variables is similar to that of a shift of zi. on the corresponding 
quantities of the (x,z) plane: from the last equations we have aYl = aY2 = 2/yY,,, therefore the variables 
AYt, AY2 and aYo = (aYl +AY2)/2 vary proportionally toy,,, whereas the di:fference aYl -aY2 is always 
zero. We can now continue to consider the situation presented in fig. 5.10, where we have assumed a 
positive z displacement, zi.. From the figure, we obtain 
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Figure 5.9: Events on the two diagonals for zero z displacement and zero tilts. 
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Figure 5.10: Events on the two diagonals for nonzero z displacement and zero tilts. 

(5.15) 

Consequently, the corrected factor is the one including the Yb value, which needs to have subtracted from 
(diagonal 1) or added to (diagonal 2) a quantity proportionally related to z0• This induces a proportional 
variation of ~Y1 and ~Y2 with respect to z0 , now being given by 

(5.16) 

again including both Yb and z0 in the same equation. 
Lastly, the case of nonzero beam tilts has to be mentioned. The y displacement is again taken to be 

negative while the interaction point is assumed to have no displacement in the z direction. The positron 
(electron) beam has a positive (negative) tilt denoted by~ (8!.). The situation is shown in fig. 5.11, 
from which it can be derived that 

YF1 = fy'Yb + ly(8r -18!.I) = fy'Yb + ly(8r + 8!.) 

YB2 = fy'Yb -ly(8r + l8iD = fy'Yb - ly(8r + ~) 
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Figure 5.11: Events on the two diagonals for zero z displacement and nonzero tilts. 

YB1 = -lfyYbl + ly(~ - 1ei I)= fyYb + ly(9~ - ~) 
YF2 = fyYb - ly(9~ + 19!_ I) = fyYb - ly(~ - 9!_) 

Fl 

The acolli.nearity in the (y,z) plane, ey = 9!_ - ei, affects the y coordinates of the impact points in the 
same way as Yb does, as can be seen in the following equation: 

(5.18) 

By combining our conclusions so far, we can derive the equations for the case of both nonzero y and z 
displacement and nonzero tilts: 

(5.19) 

from which 

(5.20) 

Using the average values of AYi and AY2 over one cassette we conclude that 

(5.21) 

The average values of ef and e~ are very close to zero and also the product fyZb9y is extremely small, so 
the third term in the r.h.s. of eq. (5.21) is completely negligible. 

One can also define the difference 6y: 

(5.22) 

but, due to the very small values of fy, ef and ~. Dy is practically zero and thus carries no useful 
information on Zb. 

5.3 Determination of the beamspot 

From VSAT data alone we can estimate the z coordinate of the interaction point using eq. (5.10), but 
this is not possible neither for the x nor for the y coordinate. This is due to the fact that, as shown in eq. 
(5.9) and (5.21), the detector variables depend both on the beam displacement and on the acolli.nearity 
in those directions. However, we can use the beamspot values for x and y as they are determined by VD 
and TPC to obtain information on the variations of the acolli.nearity. 
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5.3.1 Estimation of the x beamspot 

The evolution of Ax during the 1995 scan data taking is shown in fig. 5.12 (we recall that Ax represents 
the average value over the events of a cassette). Due to the limited VSAT acceptance in the x direc­
tion, this average value must be corrected, since Ax1 and Ax2 represent average values of rather broad 
distributions, which are affected in non trivial ways by different beam parameters, such as beam width, 
divergence and acollinearity. 
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Figure 5.12: Variations of Ax during the 1995 scan. 

Furthermore, the averaging procedure introduces a dependence of Ax1 and Ax 2 on they tilt. FAST­
SIM has shown that these effects can be parametrized in terms of quantities directly measured by the 
VSAT. The correction for the beam width and divergence effect can be expressed as a dependence on the 
widths of the Ax1 and Ax2 distributions, RAx1 and RAx2, respectively; the correction for the tilt in y 
can be achieved through the Ay1 and Ay1 distributions. The resulting relations are then (25] 

Axw = Ax1(1 + O.l(RAx1 - 2.6)) - O.l(Ay1 + 7) 

(5.23) 

Ax2e = Ax2 (1 + O.l(RAx2 - 2.8)) - 0.05(Ay2 + 8) 

where all quantities are measured in mm. Consequently, Axo and 6x of eqs. (5.9) and (5.10) should 
be replaced by the quantities Axe = (Axw + Ax2e)/2 and 6xe = Ax20 - Axw, respectively. It is 
convenient to define the quantity xvsAT as follows: 

Axe 
xvsAT = 2fz 

It is then clear that, from eqs. (5.9) and (5.24), 

(5.24) 

(5.25) 

where we have included in the offset x 0 the small term 3-(B~ - Bi - 2Ba:) of eq. (5.9), which is practically 
constant, since 01 and 02 are practically equal and Oa: is very small. 

As evident from eq. (5.25), xv SAT is directly related to Xb at fixed acollinearity. The distributions of 
xv SAT for the scan and for the periods before and after the radiation accident (i.e. for fill < 3000 and 
for fill > 3000, respectively) are shown in fig. 5.13. The variation with fill number is shown in the same 
figure. The mean value for the entire scan was (0.162 ± 0.055) mm. The corresponding values before and 
after the accident were (0.168±0.048) mm and (0.154±0.062) mm, respectively. In fig. 5.14(a), xvsAT 

is plotted versus xv D. The figure shows a qualitative agreement and suggests a linear relation between 
the two measurements within an overall shift of the order of 3 mm. 

In fig. 5.14(b), we have plotted the normalized difference to the expected errors in xvsAT and xvD 

measurements. This difference is given by the relation 

6 - XVSAT- < xvsAT > -(xvD- < XVD >) 
Xnorm - v' 2 2 

O'ZVSAT + O'zvD 

(5.26) 

We see that the average fluctuation is about twice the expected value. Since the estimation of xv SAT has 
been done under the assumption of fixed acollinearity, we conclude that the variations of this parameter 
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Figure 5.13: xv SAT with corrections for the beam width, divergence and y-tilt. The x-acollinearity effect 
has not been included. The green (blue) curve corresponds to data before {after) the accident. 
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Figure 5.14: (a) xvsAT from VSAT plotted versus xvD, (b) normalized difference between xvsAT from 
VSAT and xvD· 

have a significant contribution to the determination of the interaction point. From FASTSIM simulations 
done for different beam tilts, we estimate that an average fluctuation in acollinearity of the order of 15 
µrad is sufficient to produce an additional variation of about 40 µm in the VSAT determination of xv SAT 

(28]. This could allow us to assume a systematic difference in acollinearity of about 5 µrad in order to 
explain the shift of the mean value between the periods before and after the accident. 

5.3.2 Estimation of the y beamspot 

As was mentioned in section 5.2.2, the situation in the (y,z) plane is similar to that in the (x,z) plane, 
apart from the fact that the effect of the superconducting quadrupoles is here convergent. The reduced 
sensitivity of the detector thus induced prohibits an estimation of the y beamspot from eq. (5.21). To 
confirm this, we plot in fig. 5.15 YVSAT from eq. (5.21) versus they beamspot measurement of the VD. 
We see that there is no correlation. 
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Figure 5.15: YV SAT versus YV D. Ey was neglected in the VSAT measurement. 
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5.3.3 Estimation of the z beamspot 

According to the corrections of section 5.3.1, eq. (5.10) gives 

bxc 
(5.27) 

where we have substituted zv SAT for Zb for clarity. The sum of the production angles can be derived 
from the expressions of the impact points, eq. (5.6), as follows: 

(j'1' B"' _ XF1 - XB2 - XF2 + XBl 

1 + 2 - 2 · l"' (5.28) 

The estimation of zv SAT is given in fig. 5.16. The mean value before and after the accident was (-45.976± 
3.316) mm and (-50.195 ± 4.611) mm, respectively. The overall mean value was (-47.769 ± 4.440) mm. 
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Figure 5.16: zv SAT with corrections for the beam width, divergence and y-tilt. The x-acollinearity effect 
has not been included. The green (blue) curve corresponds to data before {after) the accident. 

In fig. 5.17(a), we have plotted the VSAT versus the TPC measurement for the z beamspot. We 
discern a linear relation as in the case of xvsAT (fig. 5.14(a)). The offset between the two measurements 
is 35 mm approximately. The normalized difference distribution is given in fig. 5.17(b). 
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Figure 5.17: (a) zvsAT versus ZTPCi (b) normalized difference between zvsAT and ZTPC· 

Therms of fig. 5.17(b) is close to unity as expected. This is because the effect of the acollinearity 
cancels out in the difference Ax2 - Ax1 . 

5.4 Variation of the asymmetry, tilt and acollinearity. 

We can calculate the asymmetry directly from the data by using eq. (5.11), where N1 and N 2 are the 
Bhabha events on diagonals 1 and 2, respectively. As was mentioned in section 5.2.1, FASTSIM has 
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provided us with a relation between the asymmetry and the mean tilt angle in the (x,z) plane, which 
allows us to monitor variations of fJ,, according to 

fJ,, = 1.75 ·An (5.29) 

where (J,, is in mrad. It is possible to estimate the mean tilt, (JY, in the (y,z) plane from the relations 
giving they coordinates of the impact points (eq. (5.19)): 

YFl + YF2 - YBl - YB2 = 

= 2fyzb(fJ~ - fJ'.'.'_) + 2ly(Of - 8~ + 8'.'.'_ + 8~) = 

and thus 
Oy >':j (YFl + YF2 - YBl - YB2)/4ly (5.30) 

We plot the variation of the asymmetry in fig. 5.18. Its mean value was -0.047 ± 0.022. There is no 
significant shift before and after the accident. The variation of the mean tilts in the (x,z) and (y,z) planes 
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Figure 5.18: Variation of the asymmetry. 

is given in fig. 5.19. Their mean values were (-0.082±0.038) mrad and (0.462±0.076) mrad, respectively. 
The mean values of (JY before and after the accident were (0.474 ± 0.076) mrad and (0.447 ± 0.072) mrad, 
respectively. 
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The VD beamspot data can be used to provide us with information on the acollinearity in (x,z) and 
(y,z) plane. To this end, we introduce the VD values for x beamspot and y beamspot in eqs. (5.9) and 
(5.21), from which we obtain the following expressions: 

Axe - 2f,,, · xvn 
fx~-------

1.,, 

t:..y- 2f ·wn 
€ ~ y 

y ~ l 
y 

(5.31) 

(5.32) 

We plot the ""' and ty variations in fig. 5.20. The overall, before and after the accident mean values of 
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Figure 5.20: Variation oft,, and ty 

t,, were (0.905 ± 0.012) mrad, (0.904 ± 0.012) mrad and (0.907 ± 0.010) mrad, respectively. We observe 
a difference of 3 µrad between the last two values, which agrees with our prediction of 5 µrad in section 
5.3.1. The overall mean value of €y was (-2.101±0.023) mrad and it has not showed a shift before and 
after the accident. 

We have mentioned that the effect of the beam widths and divergences on the xv SAT values is 
detected in terms of Rt:..x. We show the variations of this parameter in fig. 5.21. Its overall mean value 
was (1.937±0.081) mm. It mean value before the accident was (1.947±0.080) mm and after the accident 
(1.922 ± 0.080) mm. 
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Figure 5.21: Variation of Ril;r,. 

5.5 Dependence on minibunch number. 

3060 
fill 

The only point which is left for us to examine at this stage is whether the beam parameters above depend 
on the minibunch number. Since all our calculations are based on the x and y values of the particle 
impact points on the four modules, we plot these values for the three minibunches in figs. 5.21 a~d 5.22. 
We observe that there is no dependence on minibunch number. 
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Figure 5.22: x impact point values for the four modules and minibunch number one (red curves), two 
(green curves) and three (blue curves). 
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Figure 5.23: y impact point values for the four modules and minibunch number one (red curves), two 
(green curves) and three (blue curves). 
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Chapter 6 

The Simulation 

In chapter 4, we described how we obtain the Bhabha sample that we need for the luminosity evaluation. 
What we need to calculate now is the accepted Bhabha cross section of our detector. This can be 
determined by convoluting the theoretical cross section with the geometrical acceptance of the VSAT. 
The analytical calculation is very complicated [9] and the natural way out is to use a simulation instead. 
We describe this simulation, called FASTSIM, in section 6.1. After calculating the accepted cross section, 
we have to correct it for the variation of the beam para.meters. This is described in section 6.2. 

6.1 Description of FASTSIM 

6.1.1 Tracking of particles from the interaction point to the VSAT modules 

The events are generated with the BHLUMI program [29], where exponentiated corrections (from third 
order and thereafter) have been implemented giving a theoretical uncertainty of about 0.13. FASTSIM 
then tracks the particles from the interaction point to the detector a.s follows [9]. 

The path of the scattered particle is divided into three different transport regions. From the interaction 
point to 3. 7 m along the z-direction it passes through the magnetic field of the DELPHI solenoid. After 
that it travels through the field of the superconducting quadrupoles, which are located between 3. 7 m 
and 5. 7 m along the beam axis. The last part of the particle's path is the field-free region between the 
quadrupoles and the modules, which are placed at 7.7 m from the interaction point. 

A convenient way to describe this motion is to use the phase space coordinates z, y, z' = dz/ds and 
y' = dy/ds, where sis the coordinate along the trajectory. The motion of the particle through each of 
the above mentioned regions can then be represented by a matrix describing the transformation of the 
phase space coordinates. The path of the particle from the interaction point (ip) to the VSAT module is 
thus written a.s: 

( 
;, ) = TaT2T1 ( ;, ) 

; VSAT ; ip 

(6.1) 

where Ti, T2 , Ta are the transformation matrices for the three 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 

1 -0.2998B 
(6.2) ------

p p 

where B is the magnetic field in Tesla, p is the bending radius and p is the particle's momentum in Ge V 
and the corresponding bending angle 

</> = q(z1 - .zo) 
p 
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where q is the charge of the particle and z1 - zo is the distance traversed in the magnetic field. The 
expression for the T1 matrix is then 

Ti= ( ~ 
0 

qpsin</> 
cos</> 

-qp( cos</> - 1) 
sin</> 

0 qp(cos</> - 1) ) 
0 -sin<P 
1 qpsin</> 
0 cos</> 

(6.4) 

The T2 matrix giving the transformation of the phase space through the quadrupole field is of the 
form 

a12 

a32 
aa2(0) 
a42(0) 

alS(O) a14(0) ) 
a3a(O) a34(0) 

aaa aa4 
a4a a44 

(6.5) 

The T2 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) depends only on the phase space components in that direction (i.e. z and y are decoupled). However, 
the quadrupoles are rotated by an angle 0 with respect to the VSAT coordinate system. Therefore, 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 0. 

The region between 5.7 m and 7.7 m being a field-free region, the matrix Ta is simply 

Ta= (6.6) 

where za is the z position of the VSAT module and z2 is the exit of the quadrupole. 
With the values of Ti, T2 and Ta inserted into eq. (6.1), a relation between the phase space of the 

electron at the interaction point and at the impact point on VSAT module 1 is derived, e.g. 

(6.7) 

The effect of the solenoid field is contained in the constant Dz and the effect of the relative orientation 
between LEP and DELPHI horizontal planes is manifested in the constants Cz and Ez. 

Since a Bhabha event is defined as a coincidence between two diagonal modules, we also need to 
track the positron to the opposite module (index 2) from the interaction point. Under the assumption 
of collinear Bhabha events the slopes z' and y' are equal for the two particles and the relation for the 
positron reads 

(6.8) 

The particle on module 2 is on the opposite side in x: 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 Dz, while the part belonging to the rotation (constant Ez) 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 remaining phase space components, define the acceptance in phase space 
for a pair of diagonal VSAT modules. 

The particles that hit the :flanges or the material in front of them are discarded in the simulation. 
Behind the :flanges the beam pipe is made of 1.5 mm of aluminium, which corresponds to 0.017 r.l., so 
it is possible that their shower starts when they hit the beam pipe. FASTSIM calculates the thickness 
of the traversed material and adds it on the front of the module. The difference from real life is then 
that the angle between the shower products at the module's front face is not taken into account but this 
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has no significant effect on the analysis 1 • Particle synchrotron radiation in the magnetic fields is also 
neglected. 

6.1.2 The shower parametrization 

Once a particle has hit the detector, FASTSIM will simulate the electromagnetic shower which is produced 
in the module. Both the longitudinal and transverse shower profiles are parametrized to avoid time 
consuming shower evolutions. 

The longitudinal profile parametrization we use is the one determined in [31], where a study was made 
for a Si/W sandwich calorimeter which contained 24 radiation lengths of tungsten. A silicon detector 
with 25 cm2 of active area was located after every two radiation lengths. The energies of the incoming 
electrons were between 4 and 49 Ge V. Only electrons entering the central 0.25 cm2 region were selected. 

The data were fitted by the function 

e(t) = eo(t/2)aezp(-bt) + ei(t/2Yezp[-m(t - z1) -Yi] (6.9) 

where e(t) is the detected energy in MeV at depth t, expressed in radiation lengths, c:o and e1 are 
normalization constants in MeV, a, b, c, m, z1 are dimensionless functions of the incident electron energy 
and Y1 is a dimensionless constant: 

a= (3.2 ± 0.5) + (0.3 ± 0.2)lnE, 

b = (0. 75 ± 0.10) + (-0.05 ± 0.04)lnE, 

c = (0.26 ± O.lO)lnE, 

m = (0.04 ± 0.02)lnE, 

z1 = (-6.8 ± 3.5) + (55.9 ± 20.3)lnE, 

Y1 = 2.5 ± 0.4, 

Eo = (2.2 ± 1.2) + (1.5 ± 0.6)lnE, 

c:1 =1 MeV. 

The transverse profile parametrization was obtain by fits on VSAT data from the x and y strip planes 
[32]. The formula. reads 

(6.10) 

where d(r) is the detected energy at radius r, expressed in radiation lengths, from the impact point 
divided by the total energy deposit in the plane, ai is a dimensionless function of the depth t in radiation 
lengths, a2 is a dimensionless constant and b1, ba are constants in radiation lengths: 

ai = 1.llezp[-(t - 7)/3.97], 

a2 = 0.1, 

bi= 0.082764 r.l., 

b2 = 0.6168 r.l .. 

The simulated energy at a certain depth t will then be proportional to the quantity 

signal(t) = e(t) J d(r)dr (6.11) 

where the integral is calculated over the surface of the FAD plane located at depth t. The sum Lt signal(t) 
over all FADs is proportional to the energy deposited in the module and is the equivalent of the uncali­
brated energy of the data. 

1 A detailed description of the beam pipe in FASTSIM can be found in [30]. 
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6.1.3 The accepted cross section 

After FASTSIM has calculated the energy and position of the particles that hit the detector, the events 
are analyzed by the same program we analyze the data with. This program applies the energy and 
position cuts we described in chapter 4. The result of the program is a sample of accepted Bhabha events 
like the one represented by the blue points in :fig. 4. 7. The way we calculate the accepted cross section 
from these events is the following (32]. BHLUMI generates events according to the Born cross section 
and then modifies it by adding the radiative corrections. If <T g is the ( dllferential) Born cross section for 
a particular event and <Ti is the same cross section with all corrections, a weight Wi = <Ti/ <T g is assigned to 
the event. After the event has passed the detector simulation and the experimental cuts we can calculate 
the average weight for all the accepted events 

- LaccWi w = -=~"---
Ngene'f"ated 

(6.12) 

where Ngene .. ated is the number of generated events. The accepted cross section is then calculated as 

<T ace = W • <T «P1'f'OZ • (6.13) 

where <T "Pl"'= is the integrated Born cross section for the kinematical region which was used for the run 
ofBHLUMI. 

6.2 Correction of the cross section for beam parameter varia­
tions 

In order to correct the accepted cross section for the variation of the beam parameters in the 1995 scan, 
29 FASTSIM runs were done. In 21 runs the x beamspot and the electron and positron divergences in x 
were varied. In the remaining 8 runs the electron and positron tilts in y were varied (32]. All runs had 
1.2 million generated events, except 9 of the 21 :first runs, which had 2 million generated events. 

Before correcting the cross section we had to check that the simulation agreed with the data. To this 
end we compared the distributions of the x and y coordinates of the impact points on the four modules 
(:fig. 6.1). One entry in the plots of:fi.g. 6.1 corresponds to one run of data (i.e. one cassette) or to one 
run of simulation. One simulation run contains about 40000 accepted Bhabha events, so the FASTSIM 
distributions are only seemingly of low statistics. The dllference in shape between the data and FASTSIM 
distributions is not a disagreement. It is due to the fact that in our plots we have the mean values of the 
cassettes and not the distributions of the events themselves. The simulation distributions are fiat because 
we chose to do the same number (one) of runs for each set of beam parameters whereas LEP is running 
for dllferent time intervals at each such set. Our purpose was to produce simulated spectra which would 
be at about the same range as the data (32]. The small departures seen have no real influence on the 
:final measurement. 

We can now do the correction of our cross section. This is done in terms of variables which are directly 
measured by the detector as follows [25]. For each FASTSIM run and for each diagonal i we calculate the 
accepted cross section <Ti and the following variables: Azi, Rliz,, .am. We also calculate the asymmetry, 
AD. Then the correction for the cross section of diagonal i will be 

The mean values are those of the entire scan data. <To is treated as an unknown constant. In order to 
calculate the coefficients (slopes) a., b,, c., do,~ we do :fits to the corresponding distributions of <Ti· e.g. 
to calculate c. we do a linear :fit to the distribution of D"i versus Am - t:J..m, etc. The results are given in 
the Table 6.1 (25]. The small dllferences between diagonals 1 and 2 are due to small asymmetries in the 
setup. 
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Figure 6.1: Comparison between data {blue curves) and FASTSIM (red curves) . 

value for i=l value for i=2 
ai 0.400 ± 0.030 -0.128 ± 0.020 
b· • 1.800 ± 0.700 0.200 ± 0.500 
Ci -0.090 ± 0.030 -0.190 ± 0.030 
di 0.300 ± 0.100 0.300 ± 0.100 
ei 0.001 ± 0.040 0.001 ± 0.040 

Table 6.1: Slopes for the 1995 scan . 
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Chapter 7 

Results 

7 .1 Relative luminosity 

According to eq. (6.14), the number of accepted Bhabha events in the data has to be corrected as follows 

Ni Ni 
Ni= 1 + 2 

1 + ai(A:i:{ - Az{) + ... 1 + a2(A:i:{ - A:i:{) + ... 
(7.1) 

where Ni is the corrected number of events for the j-th cassette, N/ is the number of accepted Bhabha 
events in diagonal i and the denominators contain all the beam parameter corrections that we discussed 
in the previous chapter. We calculate the VSAT relative luminosity by adjusting the value of u 0 so that 
the normalized differences with the STIC luminosity will be close to zero for the total data sample. The 
results are given in Table 7.1. The first four lines give the VSAT luminosity. Its values for all minibunch 
numbers, for minibunch one, two and three are given in lines one, two, three and four, respectively. The 
next four lines give the corresponding values for STIC luminosity. Then the corresponding numbers of 
VSAT and STIC Bhabha events are mentioned. In the last line of the table, we give the normalized 
differences (pulls) between VSAT and STIC luminosities for all minubunch numbers. We see that the 
pulls are acceptable. The values of the third, four and fifth column represent data taken at 45.66 GeV 
(peak), 44.74 GeV (peak-2) and 46.51 GeV (peak+2), respectively. The quantities in the last column 
refer to all energies. 

In Table 7.2 we give the errors for the VSAT luminosity. The total error is calculated by adding 
quadratically the statistical error and the systematic error. The systematic error stems from the cross 
section correction for the beam parameters. For example, the correction for RAz1 is d1(RAz1 - RAz1), 

where d1 is the slope, i.e. the correction factor given by FASTSIM, RAz1 is the value of RA:i:1 of the 
cassette currently processed and RAz1 is the average value of RAz1 over all scan data. As a consequence, 
there are two contributions to the error, one due to the error of the slope, which comes from FASTSIM and 
is called correlated systematic en:o:r and the othe:r being the en:o:r of Rllz1 (depending on the statistics 
of the cassette) called uncorrelated systematic error. We also state the STIC error for comparison. The 
total VSAT error is significantly better than the STIC error. 

7 .2 zo lineshape 

In Appendix A we give the DELPHI results on the hadronic cross sections and the cross sections and 
forward-backward asymmetries in the leptonic channels for the data taken from 1993 to 1995 at the zo 
peak. The contribution of our analysis, i.e. the measurement of the relative luminosity for the 1995 scan, 
was to cross check the stability of the STIC luminosity. The STIC and VSAT measurements were not 
combined, as was done in 1993, for two reasons. First, the statistical STIC error was better than the 
error of the calorimeter it has replaced (SAT). Second, the VSAT lost a considerable amount of data 
taken at peak, which shows in the much larger corresponding pull when comparing with 1993 data. 
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mb peak peak-2 peak+2 total 

Lint VSAT 1752.54 4619.77 5520.35 11892.64 
(nb-1) 1 580.63 1628.97 1951.87 4161.47 

2 619.18 1549.52 1870.15 4038.85 
3 550.50 1434.84 1691.23 3676.57 

Lint STIC 1736.78 4640.97 5515.72 11893.46 
(nb-1) 1 571.33 1628.97 1948.72 4149.02 

2 614.71 1565.19 1873.14 4053.04 
3 550.21 1445.61 1692.03 3687.85 

Bhabhasv SAT 612277 1681154 1859281 4152713 
1 202853 592796 657399 1453049 
2 216321 563872 629871 1410065 
3 192327 522148 569616 1284091 

BhabhassTzc 95232 266399 290134 651765 
1 31331 93499 102504 227334 
2 33705 89852 98533 222090 
3 30166 82978 89001 202145 

Pull 2.47 -2.63 -0.01 -0.66 

Table 7ol: STIC and VSAT luminosities. 
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mb peak peak-2 peak+2 total 

STATISTICAL 1.28 0.77 0.73 0.49 
(permille) 1 2.22 1.30 1.23 0.83 

2 2.15 1.33 1.26 0.84 
3 2.28 1.38 1.33 0.88 

UNC. SYSTEMATIC 0.28 0.17 0.16 0.11 
(permille) 1 0.50 0.29 0.28 0.18 

2 0.48 0.29 0.28 0.19 
3 0.51 0.31 0.30 0.20 

COR. SYSTEMATIC 0.34 0.42 0.37 0.09 
(permille) 1 0.41 0.52 0.26 0.22 

2 0.33 0.41 0.49 0.19 
3 0.36 0.43 0.47 0.11 

TOT. SYSTEMATIC 0.44 0.45 0.41 0.14 
(permille) 1 0.64 0.59 0.38 0.29 

2 0.58 0.50 0.56 0.26 
3 0.62 0.53 0.56 0.22 

TOTAL ERROR 1.35 0.89 0.84 0.51 
(permille) 1 2.31 1.43 1.29 0.88 

2 2.23 1.42 1.38 0.88 
3 2.36 1.48 1.44 0.91 

errorsTic (permille) 3.24 1.94 1.85 1.24 
1 5.64 3.27 3.12 2.10 
2 5.44 3.33 3.18 2.12 
3 5.75 3.47 3.35 2.22 

Table 7.2: STIC and VSAT errors. 
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Abstract 

During 1993 and 1995 LEP was run at 3 energies near the zo peak in order to 
give improved measurements of the mass and width of the resonance. DELPHI 
accumulated data corresponding to integrated luminosities of approximately 
36 pb-1 in 1993 and 34 pb-1 in 1995. During 1994, LEP operated only at the 
zo peak and DELPHI recorded data corresponding to an integrated luminosity 
of approximately 46 pb-1

. For the 1994 and 1995 running a new luminosity 
monitor with significantly smaller systematic errors was available. Analyses on 
the hadronic cross-sections and the cross-sections and forward-backward asym­
metries in the leptonic channels used the most precise evaluations of the LEP 
energies. In the dimuon channel events with an initial state radiation photon 
have been used to probe the cross-sections and asymmetries down to PETRA 
energies. Model independent fits to all DELPHI lineshape and asymmetry data 
from 1990 to 1995 have been carried out and give values of the resonance param­
eters with significantly smaller errors than previously published. The results 
are interpreted in terms of the Standard Model. 
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1 Introduction 

This paper reports on analyses of the fermion-antifermion pair production cross­
sections and the leptonic forward-backward asymmetries with the DELPHI data taken 
during the LEP energy scans of 1993 and 1995, and in 1994 when LEP operated at a 
single energy near the zo peak. In 1993 and 1995 LEP operated at the peak energy and 
at 1.76 GeV above and below (the so-called "peak±2"points). Before the scans with 
carefully monitored energies commenced, data was taken at the peak (the "pre-scan" 
points). Combining these data with DELPHI results from previous years, allowed values 
of the zo resonance parameters to be determined with significantly smaller errors than 
those previously published by DELPHI [1,2). Lineshape and asymmetry measurements, 
such as those reported here, constitute major inputs to the tests of the Standard Model 
and to the determination of its parameters. 

This paper is organised as follows. In section 2 we give a brief account of the LEP 
energy determinations. In section 3 the principal components of the DELPHI detector 
which are relevant for this analysis are presented, and in section 4 the determinations 
of the luminosity are described. In section 5 the measurements of the hadronic cross­
sections are described, and in sections 6, 7 and 8 the cross-sections and forward-backward 
asymmetries in the leptonic channels are presented. The µ+ µ- events with a hard initial 
state photon have been analysed to give measurements of the cross-sections and forward 
backward asymmetries at centre-of-mass energies between 20 and 87 Ge V, and these 
results are presented in section 9. In section 10 the fits to the data reported here, and 
all previous DELPHI lineshape and asymmetry data are described and in section 11 the 
results are interpreted within the framework of the Standard Model. Section 12 contains 
a summary of the results. 

2 Determination of the LEP Energies 

Since 1993 the energies of the LEP beams have been routinely measured by resonant 
depolarization [3) performed typically at the end of a physics fill. Table 1 shows the 
amount of data for each year collected during fills where the energy was directly measured 
at the end. Given that the measurements could not be done for every fill and that they 
had not been performed under the conditions used for data taking (separated beams 
and special orbit tuning) a model of the energy behaviour was necessary to provide the 
experimental energy. This model has to account for the variation of energy during a fill 
for the calibrated fills and between fills for the fills which were not calibrated at the end. 
The model has been developed by the Working Group on LEP Energy [4,5) and a file is 
provided with the estimate for the LEP centre-of-mass energy at the DELPHI interaction 
point every 15 minutes. This is in turn converted within DELPHI to an average energy 
per cassette of raw data. 

The model comprises all known sources of variation of the LEP transverse magnetic 
field, changes of the size of the LEP ring and accelerator effects which can affect the 
centre-of-mass energies. 

The understanding of tidal deformations of the LEP ring is well established. The 
puzzling variations of the LEP energy over a period of weeks which were first observed in 
1993 are now controlled and corrected for by the system of Beam Orbit Monitors of LEP 
and understood in term of geological stresses of the LEP tunnel due to the pressure of the 
water table and of the effect of the weight of the Geneva Lake on the earth surrounding the 
LEP ring. In 1995 new Nuclear Magnetic Resonance probes were installed in two dipoles 
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in the LEP tunnel allowing for the first time a direct monitoring of the magnetic field 
seen by the beam. Also in 1995 resonant depolarization measurements were attempted 
routinely at the end of each physics fill. The 6 fills calibrated both at the beginning and 
at the end showed an unsuspected drift of the beam energy: typically of a few Me V. This 
effect was also monitored continously with the NMR probes. The understanding of the 
energy behaviour of the LEP beams was greatly improved by the ensuing studies. The 
temperature dependence of the dipole field was studied in great detail in the laboratory 
indicating a non-linear behaviour more complex than expected. A fluctuating parasitic 
current of typical magnitude IA was detected on the beam pipe: a series of experiments 
identified the source as the leakage from the tracks of a nearby railway line. In 1993 
and 1994 LEP worked in pretzel mode with 8 bunches per beam1 while in 1995 LEP 
operated with 4 trains of up to 4 bunches each separated by less than 70m. In this latter 
mode of operation the unwanted collisions on either side of each interaction point were 
avoided by separating the beams in the vertical plane. This vertical separation caused 
a finite vertical dispersion2 of opposite sign for each beam. In such situation if the two 
opposite beams cross with a finite vertical offset a systematic shift of the centre-of-mass 
energy can occur. These effects have been foreseen and measures taken to maintain 
them at negligible levels (5). In 1995, in parallel with the energy scan, LEP started 
the commissioning of the first complement of Superconductive Radiofrequency Cavities 
installed to increase the LEP energy. A new model of the RF corrections was developed 
accordingly; the RF corrections to the centre-of-mass energies in DELPHI are of the 
order of 1 Me V with a total error well below 1 Me V [5). 

The model is built in a way that the knowledge accumulated in 1995 could be fed­
back and used to estimate the energy also for 1994 and 1993 [5). The energies for the 
bulk of the data collected at the peak in 1994 are known with accuracy comparable to 
those of the scan data of 1993 and 1995, due to the relatively high number of calibrations 
performed. There are datasets collected either before the start of the scan in 1993 and 
1995 or in special accelerator conditions at the end of 1994 where the determination of 
the energy was more difficult due to incomplete records of the accelerator conditions. 
For these periods an overall centre-of-mass energy uncertainty, typically around 20 Me V, 
was estimated. For earlier years when the amount of information recorded was small the 
published analysis (6] and its conservatively estimated errors are still adequate. 

The various contributions to the uncertainties on the energy estimates are correlated 
at different levels between years and energy points. In general high correlation between 
the energy points translates into important error contributions to Mz whereas low level of 
correlation between off-peak points contributes to the error on f z. The most important 
error on Mz (varying from~ ±2.5 MeV for 1993 to~ ±1 MeV in 1995) comes from the 
uncertainty on the modelling of the energy rise during a fill. The largest error contribution 
for fz (~ ±1 MeV) comes from the fill to fill normalization. 

The net effect of the LEP energy uncertainties and their correlations is to give sys­
tematic errors, common between the LEP experiments, of ±1.8 Me V on the mass and 
±1.1 MeV on the width of the resonance, when data from all years and all experiments 
are combined. Therms energy spread of the beams has been determined (5] empirically 
to be about 55 Me V and all cross-sections reported here have been corrected for this 
effect. 

1 The unwanted collisions in the middle of the LEP circular sections were avoided by setting the beams into a pretzel-like 
oscillation in the horizontal plane 

2 Spatial ordering of particles according to their momentum 
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3 The DELPHI Detector 

A detailed description of the DELPHI apparatus and its performance can be found in 
refs. [7,8]. For the present analysis the following parts of the detector are relevant: 

• for the measurement of charged particles the Microvertex Detector (VD), the Inner 
Detector (ID), the Time Projection Chamber (TPC), the Outer Detector(OD) and 
the Forward Chambers A and B (FCA and FCB). For the 1995 running a lengthened 
Inner Detector was installed. The polar angle3 coverage was thereby extended from 
23° < B < 157° to 15° < B < 165° with a corresponding increase in forward tracking 
efficiency; 

• for the measurement of electromagnetic energy the High-density Projection Chamber 
(HPC) and the Forward Electromagnetic Calorimeter (FEMC); these detectors were 
also used for identifying minimum ionizing particles; 

• for the measurement of the hadronic energy and muon identification the Hadron 
Calorimeter (HCAL), which covered both the barrel and endcap regions; 

• for muon identification the barrel (MUB) and endcap (MUF), and from the latter 
part of 1994 onwards, the newly installed and commissioned surround muon cham­
bers (SMC), which complete the polar coverage between barrel and endcap; 

• for the trigger, besides the detectors mentioned above, the barrel Time of Flight 
counters (TOF), the endcap scintillators (HOF) and a scintillator layer embedded 
in the HPC; 

• for the measurement of luminosity (Section 4) the Small Angle Tagger (SAT) and 
the Very Small Angle Tagger (VSAT) were used in 1993. For the 1994 and later 
running the SAT was replaced by the Small Angle Tile Calorimeter (STIC). 

Data were only accepted for the different measurements when the parts of the detector 
crucial to them were operating efficiently. Details of the requirements are given in the 
relevant sections. 

The response of the detector to physics processes was modelled using the simulation 
program DELSIM [8], which incorporates the resolution, granularity and efficiency of 
the detector components. The event generators chosen for each process are described 
in the relevant sections of this paper. Simulated data were passed through the same 
reconstruction and analysis chains as the real data. 

4 Determination of the Luminosity 

The absolute measurement of the luminosity in 1993 was based on the SAT calorimeter, 
but the relative luminosity at the off-peak points was taken from the VSAT data, thus 
making a significant reduction in the statistical errors on the cross-sections. For the 1994 
and 1995 running the STIC replaced the SAT. 

4.1 The SAT Measurement 

The SAT luminosity measurement was based on the observation of small angle Bhabha 
scattering in calorimeters consisting of lead sheets and plastic scintillating fibres, covering 
the polar angle range from 43 to 135 mrad. The fiducial volume was accurately defined 

3 The DELPHI coordinate system has the z-axis aligned along the electron beam direction, the x-axis points toward the 
centre of LEP and the y-axis is vertical. R is used to measure the radius in the ( x, y) plane. The polar angle e is measured 
with respect to the z-axis and the azimuthal angle ef> is about z. 
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by a precisely machined tungsten mask in front of one of the calorimeters. Due to the 
narrow width of the transition region from 0 to 853 energy deposition, about 100 µm, a 
simple energy cut corresponds to the geometrical region covered by the mask. A second 
mask (the "</>mask") covered the junction in the vertical plane of the two halves of the 
masked calorimeter. 

For the 1993 running the SAT was equipped with a tracker consisting of 2 planes of 
silicon strips in front of the calorimeter opposite the masked calorimeter. The use of the 
tracker data allowed a considerable reduction in the systematic error due to the definition 
of the fiducial region in the unmasked calorimeter. 

The SAT Bhabha trigger required a coincidence of coplanar energy deposits of greater 
than 12 GeV, and was measured to have an efficiency of 1003 with a statistical uncer­
tainty of 0.013. 

The analysis of the SAT data followed closely those described in refs. [1] and [2]. The 
event selection criteria which defined the experimental acceptance were: 

1. Acoplanarity angle, defined by the beam axis and the showers in each calorimeter, 
less than 20°. 

2. Radial position of the shower in the masked calorimeter less than 31.25 cm. 
3. Radial position of the shower in the unmasked calorimeter greater than 12.50 cm. 
4. The minimum of the energies in the masked and the unmasked calorimeter greater 

than 653 of the beam energy. 
5. The fraction of the energy of the shower in the masked calorimeter which is in the 

first readout ring (behind the ring mask) less than 653 
6. Azimuthal position in the masked calorimeter more than 8° from the vertical junction 

between the calorimeter half-barrels. 

The theoretical visible cross-section was evaluated using the Monte Carlo event gen­
erator BHLUMI V4.03 [9] and the detector response was simulated using the GEANT 
package [10]. The authors of BHLUMI V4.03 have estimated the theoretical uncertainty 
for a luminometer of similar geometrical acceptance to the SAT at ±0.163. However the 
SAT analysis uses a combination of acceptance masks, selections on positions of charged 
particle tracks and on energy. By varying these selections it was checked that the theoret­
ical QED cross-section was stable within the estimated uncertainty. Including the 0( a) 
electroweak corrections the theoretical uncertainty on the visible Bhabha cross-section 
was taken to be ±0.173. 

The systematic uncertainty of the SAT luminosity measurement arises principally from 
the geometrical definition of the masks, the acceptance selections and the sensitivity to the 
LEP interaction point and beam tilts. As a result of improved energy calibration of the 
calorimeters the sensitivity to the minimum energy required is much reduced compared to 
previous analyses [1,2). The energy distributions (after requiring E / EBEAM > 0.65 in the 
opposite calorimeter) and the minimum energy distribution relative to the beam energy 
after the final energy calibration are shown in Figures l(a-c). The luminosity changes by 
less than 0.13 for variations of the minimum energy cut between the trigger threshold at 
0.3 to within 4 standard deviations of the elastic scattering peak at 0.85 as shown in Fig­
ure l(d). Backgrounds arise from e+e--+ 11(!) events and from accidental coincidences 
of off-momentum electrons. The latter was measured using a delayed Bhabha trigger. 
The e+c -+TY(!) background was evaluated using an event generator [11]. The total 
systematic uncertainty on the luminosity was estimated to be ±0.293, the individual 
contributions to which are shown in Table 2. 
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4.2 The VSAT Measurement 

The VSAT is a tungsten-silicon calorimeter which consists of four modules located 
at 7.7 m from the DELPHI interaction point, behind the superconducting quadrupoles 
(SCQ). Due to the defocusing effect of the SCQ the angular coverage for particles of the 
beam energy is between 5 and 6.5 mrad in polar angle and approximately 45° in azimuthal 
angle. The VSAT trigger for Bhabha events requires coincident energy depositions in 
opposite modules of at least 20 GeV; a delayed Bhabha trigger was used to determine 
the accidental rate. 

For 1994 and 1995 data, the VSAT luminosity was used to check the run to run 
stability of the STIC measurement, while for 1993 data the VSAT luminosity was used, 
as in 1991, to determine the relative point-to-point luminosity in the energy scan. 

There were three major improvements with respect to 1991 analysis. First, there was 
a considerable improvement in the simulation, done using the fast simulation program 
(FASTSIM) described in ref. [1): 

• High statistics extensive simulations of different beam conditions were performed to 
evaluate the dependence of the Bhabha accepted cross-section on the beam parame­
ter variations and extract the corresponding coefficients, which are needed to correct 
the luminosity determination with the procedure described in detail in ref. [1). 

• Compared with the simulations performed for the analysis of 1991 data, finer and 
more extended variations of the beam parameters were explored. 

• Both BABAMC [12) and BHLUMI [9] generators were used (the comparison between 
the two computations was found to be very good in the VSAT angular region). 

• Each FASTSIM run had larger statistics. 
• Finally, different geometrical positions of the four VSAT calorimeters with respect 

to the beam pipe were tested, within the uncertainty of the survey measurements. 

The second improvement was a better understanding of the alignment of the detector with 
respect to the beam pipe, which is particularly important in the LEP plane (x, z plane). 
This was obtained by a careful study of the shape of the distributions of the impact points 
of the two Bhabha electrons on the detector; these distributions were parameterized 
in terms of a few relevant parameters quite sensitive to the detector alignment. The 
dependence of these parameters on the variations of the beam spot coordinates was 
compared between real and simulated data; the alignment which best fitted the data was 
determined with its uncertainty by adjusting the simulated (x, z) positions of the four 
VSAT calorimeters with respect to the beam pipe. 

The third improvement was the use of a restricted fiducial volume, which had a smaller 
acceptance than the large fiducial volume used in 1991 analysis (about 78%), but required 
a considerably smaller correction for the variation of the beam parameters and had a much 
reduced systematic error. Two types of events were rejected in the restricted acceptance 
that had previously been accepted. The first consisted of events in which at least one 
of the two electrons had an impact point on the detector close to the outer ring of 
the acceptance (radial distance from the nominal beam axis greater than 7.8 cm). Due 
to the residual uncertainty in the alignment of the detector with respect to the beam 
pipe, described above, cutting these events reduced the corresponding systematic error 
at the off-peak points by about a factor 6. In the 1991 data this systematic error was 
much smaller because of the smaller spread in the average values of the beam spot x­
coordinates and was negligible compared with the other sources of systematic error. The 
second selection excluded events in which both electrons were close to the inner edge of 
the acceptance by requiring that the sum of the x-coordinates of the impact points of the 
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two electrons be above a given cut. The cut was chosen at the minimum value for which 
stability in the luminosity determination was obtained. The corresponding uncertainty 
in the luminosity of the off-peak points was about ±0.02%. 

Table 3 summarizes the various contributions to the error for the energy point at 
peak+2 (the errors are slightly smaller at peak-2 and at the pre-scan point). 

As for 1991 data, the uncertainty due to errors in the correction factors consisted 
of a part which was almost uncorrelated between different energy points and of a part 
which was strongly correlated. The latter, for 1993 data, was about ±0.06% and was 
added quadratically to the VSAT statistical error at the zo peak (±0.05%) to give the 
normalization error to the SAT absolute luminosity. The other uncorrelated systematic 
errors were convoluted quadratically with the statistical error at each energy point. 

4.3 The STIC Measurement 

A second generation luminometer, the STIC (Small Angle Tile Calorimeter) [13), was 
installed in the DELPHI detector before the 1994 LEP run. It consisted of 2 lead scin­
tillator sampling calorimeters, located at ± 220 cm from the interaction point, providing 
a full angular coverage in the region between 29 and 185 mrad with respect to the beam 
line. The scintillating tiles were arranged in towers projecting to the interaction point 
with 10 radial rings and 16 azimuthal sectors. The absence of cracks pointing to the inter­
action region and the scheme of light collection provided a very uniform energy response 
and an excellent energy resolution (o-(E)/ E '.::::::'. ±2.7% on the Bhabha peak as shown in 
Figure 2). The uniformity of the energy response and the segmentation of the detector 
allowed a reconstruction of the radial centre of a shower with a resolution which, at the 
border between towers, was about ±250 µm. The way the detector was mechanically 
assembled resulted in a knowledge of the scintillating tile positions of better than ±50 
µm. Monte Carlo simulations showed that this translates into an effective knowledge of 
the tower positions of ±20 µm. 

The major improvements with respect to the previous DELPHI luminometer (SAT) 
can be summarized as follows: 

1. The excellent energy resolution allowed for an easy separation of Bhabha scattering 
events from the background due to off momentum particles from beam-gas interac­
tions. 

2. The accuracy in the definition of the internal geometry of the detector, the absence 
of discontinuities and the good spatial resolution allow a very precise definition of 
the geometrical acceptance. 

During the 1994 data taking STIC worked well, apart from 3 dead tetrodes during 
the first 5 pb-1

, of which only one had an influence on the luminosity measurement. A 
correction for this effect contributes negligibly to the final systematic error. 

The luminosity was measured with the same "mask technique" used by the SAT. A 
high precision tungsten mask pointing at the interaction region, with a total thickness of 
17 radiation lengths, covered the inner 35 mm of the acceptance of one of the calorimeters. 
Therefore a cut on the energy of the reconstructed shower translates into a very sharp cut 
on the inner radius, with an absolute precision of ±20 µm, as determined by the deviations 
from circularity of the edge of the mask, which was measured with an accuracy of ±1 µm. 
The smearing due to the transition region of the tungsten edge was measured to be 20 
µm in a test beam, by using a silicon microstrip detector to define the incoming particle. 
This is negligible compared to the smearing due to multiple scattering in the beampipe. 
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The excellent position resolution in the region between two towers means that STIC 
can provide an independent luminosity determination, entirely based on the reconstructed 
position of the showers. This was used as a cross-check of the results, as well as for a 
useful study of the luminosity measurement at LEP II when the mask is not used. 

The trigger was based on the same scheme as for the SAT: the analog sum of the 
signals from 45° azimuthal sectors, each overlapping 22.5° with the neighbouring one, 
were considered and a coincidence of energy depositions coplanar with the beam in both 
calorimeters larger than about 9 GeV was required. A prescaled single arm trigger was 
used to monitor possible trigger inefficiencies, which were found to be smaller than 2 
xl0-4 • 

In the selection of the Bhabha events only the most energetic clusters on both sides 
were used. 

To remove the background due to off-momentum particles the following cuts were 
applied: 

1. On each side the energy of the cluster was required to be larger than 65% of the 
beam energy. 

2. The acoplanarity between the 2 clusters was required to be less than 20°. 

The effect of the energy cut is shown in Figure 3. 
A special trigger, requiring a coincidence between the signal from one arm and the 

delayed signal (..6.t = 89 µs) from the other, measured the residual background due to 
off-momentum particles This measurement showed that it was smaller than 2 x 10-4 . 

To accept radiative Bhabha events, as well as to avoid a strong sensitivity of the 
accepted cross-section to the beam parameters, the standard technique of an asymmetric 
acceptance was used. 

The following cuts were applied to define the geometrical acceptance: 

1. The radial position of the reconstructed cluster was required to be below 25 cm on 
the tungsten ring side. 

2. The radial position of the reconstructed cluster was required to be between 8.2 and 
28 cm on the opposite side. 

Due to the presence of the tungsten ring, the side with the narrow acceptance was al­
ways the same. The variation of the acceptance was equal to 0.1 % per mm of longitudinal 
displacement of the interaction point, while the sensitivity to the transverse position of 
the interaction point (IP) and to tilts and acollinearities of the beams was much smaller. 

Selected collinear Bhabha events allowed a measurement of the average position of the 
interaction point, on a fill by fill basis, by minimizing the distance of closest approach 
of the trajectories joining the reconstructed impact points on the calorimeter faces. The 
typical statistical accuracy for the longitudinal position of interaction point was approx­
imatively 150 µm, using the data from a single fill. A cross-check was performed with 
the measurement done by the DELPHI tracking system. The difference between the 
two determinations of the longitudinal position of the interaction point had a standard 
deviation of 200 µm. 

An accurate estimation of the Bhabha cross-section accepted inside the luminometer 
was obtained by means of a full simulation of the detector, based on the GEANT [10] 
program. The simulated events were analysed in the same way as the real data. 

The event generator BHLUMI 4.03 [9], which includes the complete O(a), the full 
leading logs at 0( a 2

) and the 1-Z interference terms was used. The theoretical precision 
in the calculated cross-section was estimated to be 0.11 %. 
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The total accepted cross-section was estimated to be 54.829 ± 0.010 nb at a centre­
of-mass energy of 91.250 GeV. 

The contribution of the process e+ e- -+ II in the selected sample of Bhabha was 
calculated to be 0.05%. 

A detailed list of the contributions to the systematic uncertainty is given in Table 4. 
The error related to the position of the interaction point takes into account the fact that 
the distance between the two STIC front faces was measured with an accuracy better 
than 250 µm. It also takes into account the largest observed variation in temperature 
measured by the probes located around the STIC modules. 

The overall uncertainty is evaluated to be 0.09%, which is better than the design goal 
of the STIC luminometer. This systematic uncertainty is common to the 1994 and 1995 
measurements. 

During 1995 the STIC trigger had to be modified in order to cope with the bunch 
train running of LEP. The strobe signal for the calorimeter ADC's was made by a coin­
cidence of the wagon gate and the signals coming from the Veto system, which consists 
of 64 trapezoidal scintillation counters assembled into 2 planes and put in front of the 
calorimeter. 

No wagon assignment was available in 411 out of the 1.6 million Bhabha events taken 
in 1995 due to inefficiencies of the Veto, and therefore the energy in the STIC was slightly 
underestimated. In 1.6% of the cases, due to noise in the Veto, the wagon assignement 
was ambiguous, but the energy in the STIC could be easily corrected offiine. 

Therefore the contribution of the bunch train operation of LEP to the systematics of 
the luminosity measurement is negligible. 

5 Hadronic Cross-sections 

As in previous analyses [1,2] the event selection was based on charged particles only, 
having momentum greater than 0.4 GeV and polar angle, B, between 20° and 160°. In 
order to retain only well measured tracks, those shorter than 30 cm or with momentum 
resolution larger than 100% were rejected. Events were retained if their charged multi­
plicity, Nch, was above 4, and if the total energy of the charged particles, Ech, was greater 
than 12% of the centre-of-mass energy. Bhabha events with multiple reinteractions in the 
detector material were removed by requiring events with less than 11 charged particles 
to have Erad (=J(E] +En) less than 0.90y's/2, where EJ,b stands for the total energy 
deposit in the forward and backward electromagnetic calorimeters (FEMC). 

The present analysis differs from the previous ones when selecting the tracks with 
respect to their origin. The determination of the primary vertex of each event was 
improved, thus allowing the tracks to be selected with tighter cuts: the impact parameter 
with respect to the vertex position was required to be less than 2 cm in Re/> and less than 4 
cm/sinB in z. A large fraction of the tracks originating from secondary interactions could 
be eliminated in this way and the residual background from low multiplicity leptonic 
events could be reduced by up to 50%. As another benefit from the new track selection, 
the simulation reproduced the real data more accurately and the systematic uncertainty 
on the selection efficiency was reduced from 0.11 % to 0.09%. For those events where the 
vertex search did not converge, the tracks were selected with respect to the position of 
the beam spot. About 3% of the events were accepted in this way in 1993 and 1995, and 
about 4% in 1994. 



9 

The trigger efficiency was derived from a comparison of independent trigger compo­
nents of the experiment. The efficiency found was higher than 99.99% at all energy 
points. 

A total of 2,650,000 events was selected over the three years. 
The selection efficiency was found from Monte Carlo simulations based on the JETS ET 

7.3 generator [14] tuned to DELPHI data [15]. The simulation was carried out for those 
events in which the generated annihilation energy was greater than 0.1.JS. This cut was 
introduced explicitly into the fitting procedure used to extract the zo parameters and 
was estimated to have a negligible effect on the systematic errors. The determination of 
the zo parameters was therefore insensitive to the theoretical description of the spectrum 
of low mass hadronic resonances. 

The selection efficiency determined from the simulation was corrected for instabilities 
of the tracking detectors and for detection and tracking inefficiencies in the forward region 
not included in the Monte Carlo. These corrections are shown in Table 5 for each energy 
point. 

The corrected selection efficiency was found to be about 94.8% on the resonance peak 
in 1993 and 1994. It is largest at peak energies and is smaller by (0.044 ± 0.015)% at 
89.4 GeV and by (0.027 ± 0.015)% at 93.0 GeV because of the variation of Nch and 
Ech/ .JS with the collision energy. It was about 0.5% larger in 1995, mainly because of 
the extension of the acceptance of the Inner Detector in the forward region. The total 
systematic uncertainty on the 1993 and 1995 selection efficiencies amounts to ± 0.09%, 
out of which 0.07% are common to other years. The systematic uncertainty is ± 0.10% 
in 1994, with a part common to previous years amounting to 0.08%. As an example, the 
different contributions to the systematic uncertainties obtained in 1995 are reported in 
Table 6. 

The influence of the bunch train operation of the LEP collider on the response of 
the tracking and luminosity detectors, as well as on the track reconstruction efficiency, 
was investigated. The cross-sections corresponding to each bunch number were extracted. 
The values obtained, relative to the total cross-section at each collision energy in 1995 are 
shown in Figure 4. No significant variation of the cross-sections with the bunch number 
was observed. 

The r+r- and e+ e- backgrounds were evaluated from simulations based respectively 
on the KORALZ [16] and on the BABAMC [12] generators, and by inspection of dis­
tributions sensitive to the residual contaminations. These distributions showed that the 
simulated backgrounds were underestimating the observed ones. The magnitude of each 
simulated background was then rescaled in order to achieve agreement between the sim­
ulated and the real distributions. The r+r- background was found to be about (0.4 ± 
0.03)% at all energies. The e+e- background was typically (0.07 ± 0.02)% at 89.4 GeV 
and (0.03 ± 0.01)% at 91.2, 91.3 and 93.0 GeV. The two-photon collision background 
was estimated to be 16 ± 3 pb from Monte Carlo simulations based on the TWOGAM 
generator [17], accounting for all three components of the process (i.e. QCD, QPM and 
VDM). The systematic uncertainties related to the residual backgrounds are summarised 
in Table 6. 

In Figure 5, the events selected in 1994 at the peak energy are compared to simulated 
samples of the qq signal and of all relevant backgrounds. The charged multiplicity distri­
bution is shown, as well as two background sensitive distributions. Above the cut values 
the combined signal and background distributions reproduce the data well . 

The selection efficiencies and residual backgrounds found at peak energies are sum­
marised in Tables 11, 12 and 13. The hadronic cross-sections measured in 1993, 1994 and 
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1995 are given in Table 7. Data from a short period in 1994 when the beam energy was 
significantly different have been treated separately. 

6 Cross-sections and Forward-Backward Asymme­
tries in the e+e- Channel 

6.1 Selection Criteria 

Two different methods were used for event selection, as described in ref. [2]. Only the 
barrel region of DELPHI was used for this analysis. In each method, both the electron 
and the positron were required to be within the range 44° < () < 136°, where () was the 
polar angle of the particle with respect to the direction of the electron beam, and the 
acollinearity was required to be smaller than 10°. Due to the influence of the t-channel 
contribution to e+ e- scattering, the barrel angular region is the most sensitive to the 
electroweak parameters. 

6.1.1 Method 1 

This method largely relies on the energy measured in the HPC. Due to the presence of 
about 0. 7 radiation length of material in front of the HPC, electrons have a high probabil­
ity to radiate before reaching the calorimeter. To obtain the complete reconstruction of 
the electromagnetic energy, clusters were constructed in the calorimeter by selecting the 
two most energetic electromagnetic showers in opposite hemispheres and adding to these 
showers the energy released in the electromagnetic calorimeter in a cone of half-angle 
5° around the shower direction, or having a transverse energy, with respect to the most 
energetic shower, smaller than 0.2 GeV. Charged particles were selected by requiring: 

• momentum greater than 1.5 GeV; 
• impact parameter to the average interaction point smaller than 5 cm both in the 

radial and in the beam direction; 
• track length greater than 30 cm. 

The association between the charged particle track and the electromagnetic shower was 
not explicitly required. The direction of the charged track or, in case it was missing, the 
direction defined by the electromagnetic shower centroid and the mean beam position, 
was used as the fermion direction. Events were divided into two hemisphere defined by 
the plane perpendicular to the most energetic electromagnetic cluster direction. In order 
to recover information about tracks which could have deteriorated in the region after the 
VD, an algorithm was developed to reconstruct "track segments", independently from 
the global track search, by using hits in the three VD layers. Events were accepted if 
they fulfilled one of these two sets of requirements: 

or 

• two energy clusters in opposite hemispheres, at least one with energy above 30 GeV, 
the other above 25 Ge V; 

• no more than 4 charged particles and, for topologies with more than two tracks in 
one hemisphere: total electromagnetic energy greater than 70 GeV; 

• for topologies with less than two tracks: VD hits compatible with one charged track 
segment per hemisphere; 
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• one energy cluster with energy above 40 GeV; 
• one charged particle in each hemisphere; 
• no energy deposited beyond the first 1.5 interaction lengths of the Hadron Calorime­

ter. 

The energy cuts quoted were used at the peak energy, they were scaled according to the 
event centre-of-mass energy at the other scan points. To avoid the region in polar and 
azimuthal angle where poor efficiency is expected for electromagnetic energy (and track) 
reconstruction, both fermions were required to be outside the polar range 88° < fJ < 92° 
and at least one was required to be outside ±0. 7° in </> from the HPC gaps between 
modules. 

The selection efficiency was estimated by using BABAMC [12] generated events to 
be (89.34 ± 0.10)%, (89.57 ± 0.10)% and (89.77 ± 0.10)% in the 1993, 1994 and 1995 
runs respectively. The loss of events was mainly due to the azimuthal fiducial cuts. The 
selection efficiency was found to be independent of the centre-of-mass energy, within the 
Monte Carlo statistical error. 

The main background was due to r+r- events and was estimated by using simulated 
r+r- events, generated by KORALZ [16] Monte Carlo. In the fJ acceptance region, the 
percentage of r+r- events passing the selection cuts was (1.38 ± 0.04)%, (1.18 ± 0.05)%, 
and (1.24 ± 0.04)% in 1993, 1994 and 1995 runs respectively, with negligible dependence 
on the centre-of-mass energy. 

6.1.2 Method 2 

In this method, e+ e- events were selected with two almost independent sets of exper­
imental cuts, chosen in such a way as to minimize the correlations between the two sets. 
As in method 1, a cut in polar angle at 90 ± 2° was applied. In one set (selection A), 
events were accepted if they had : 

• at least two track segments in opposite hemispheres seen by the VD and no more 
than four in total; the 2-versus-2 track segment topology was excluded to reject 
photon conversions; 

• two high energy electromagnetic clusters observed in the HPC, at least one with 
energy above 75% of the beam energy and another above 55% . 

In the second set (selection B), events were accepted if they had: 

• at least 2 charged particle tracks, of momentum greater than 1.5 Ge V and distance of 
closest approach to the nominal vertex position less than 5 cm, seen by the DELPHI 
tracking system (except VD) with acollinearity less than 10°, and no more than four 
tracks in total; the 2-versus-2 track topology was excluded; 

• the quadratic sum of the momenta of the highest momentum charged particles in 
each hemisphere greater than 0.99.JS /2; 

• the ionization, as measured by the TPC, of all tracks in the event compatible with 
the electron hypothesis; 

• no energy observed in the last three layers of HCAL associated to the impact points 
of the two highest momentum charged particles; 

• the Outer Detector hit pattern associated to the impact points of the tracks com­
patible with the pattern of a particle showering in or before the OD, or giving 
back-scattering from the calorimeter; 

• no hit in the muon chambers associated to the tracks. 
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Considering the selections A and B as independent, the efficiency of each of them and 
the overall efficiency of the "OR" of the two could be easily computed by a comparison 
of the number of events selected by each one separately or by both simultaneously. To 
get a correct result, the contribution of background events passing the cuts had first 
to be subtracted. The presence of background in the sample of selected events had 
two consequences. First, it increased the number of selected events, second it biased 
the estimate of the selection efficiency towards smaller values. Using r+r- simulated 
events the background on the "OR" of the selections was estimated to be (1.10 ± 0.04)%, 
(0.83±0.04)% and (0.85±0.04)% in 1993, 1994 and 1995 runs respectively. In 1994, as an 
example, it is (0.49 ± 0.03)% for selection A only, (0.53 ± 0.03)% for selection B only, and 
(0.05 ± 0.01 )% for the "AND" of the two selections. After the background correction, the 
overall efficiency of the two selections was measured to be (97.82±0.07)%, (96.95±0.06)% 
and (97.42±0.08)% in 1993, 1994 and 1995 runs respectively. The simulated e+e- events 
were used to estimate and remove the bias caused by the correlation between the two 
selections due to the detector structure or to the kinematics of the events. The bias on the 
combined efficiency was found to be 0.1 %. The stability in the estimated total number 
of events with respect to variations of the cuts is shown in Figure 6. The stability was 
found to be better than 0.20%. 

In both methods the measured efficiencies did not include the loss due to the exclusion 
of the polar angle region around 90°. 

6.2 Measurement of the Cross-section 

A total of 24,286, 41,290 and 20,833 events was selected with Method 2 in 1993 1994 
and 1995 data respectively. A correction was applied for the ±2° polar angle fiducial cut 
around 90°. It was computed at the different energies by using the program TOPAZO 
[18] and checked with ALIBABA [19]. No significant difference was found between the 
two generators. The total cross-sections obtained with the two selection methods were 
compatible and the arithmetic average of the two results was used. Since the two samples 
are highly correlated, there was no reduction in the statistical error. In order to fit the 
results with the ZFITTER [20] package, the t-channel contribution had to be removed 
from the measured cross-sections and asymmetries. In addition, a correction was applied 
because ZFITTER only allows a limit on the polar angle of one of the two final state 
fermions, the other being constrained by the collinearity requirement. These two correc­
tions were computed by using TOPAZO and ALIBABA. The two results were compared 
at each energy, and the difference between the two has been taken as an indication of the 
systematic error. For the t-channel subtraction a mean value, over the different energy 
points, of 1 pb and 0.5 pb on the forward and backward cross-sections respectively was 
deduced. For the two fermion acceptance corrections a mean value of 0.15% of O'( s) was 
estimated. 

After the subtraction of the t-channel contribution and the correction for the polar 
angle definition by the electron only, the cross-sections given in Table 8 were obtained. 
The errors quoted are statistical only. Apart from the luminosity, systematic errors arise 
from the event selection, acceptance definition and from the t-channel and background 
subtractions. The systematic uncertainties are shown in Tables 11,12 and 13 for the 
different run periods. Of the total systematic errors, 82% are assumed to be correlated 
between the different years. 
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6.3 Measurement of the Forward-Backward Asymmetries 

In the samples of events selected with the two methods described above, the charge 
of the event was defined as positive when the positron was in the forward hemisphere, 
negative in the opposite case. The method used to determine the charge was similar to 
the one used for the analysis of the 1992 data [2]. In the e+e--+ e+e- events, in addition 
to the canonical charge definition from reconstructed tracks, it is possible to look at the 
effects of the magnetic field bending to the impact position of HPC clusters. It is then 
possible to correlate the sign of the bending to the sign of the event charge allowing 
for a high redundancy on the charge determination. The percentage of events with two 
charged particles of the same sign was about 2% of the two-track events. The use of the 
bending to determine the charge of those events and the charge of the events with more 
or less than two tracks, avoids possible hemisphere dependent biases. The measured 
event charge was compared with the generated one in Monte Carlo events, showing a 
discrepancy on 0.4% of the events, with no evidence of bias. 

The forward-backward asymmetries were determined with the same samples of events 
considered for the cross-section determination and are given in Table 8 with their statisti­
cal uncertainties. Systematic errors arise because of charge confusion, forward-backward 
acceptance differences and t-channel subtraction. They are shown in Tables 11,12 and 13 
for the different run periods. 

7 Cross-sections and Forward-Backward Asymme­
tries in the µ+ µ- Channel 

7 .1 Selection Criteria 

The same selection criteria were applied for all periods of data taking 1993 - 1995, 
with minor differences to account for year-to-year changes in detector performance. 

The following kinematic, topological and muon identification cuts were applied to 
obtain a sample of e+ e- -+ µ+ µ- events with high efficiency and small remaining back­
ground: 

• The two most energetic charged particles were required to have momenta P1 , P2 > 5 
GeV. 

• To suppress r+r- contamination the event variable Prad, defined as j(P[ +Pi), 
was required to exceed 0.87..jS/2. 

• The acollinearity of the two most energetic charged particles was required to be less 
than 20°. 

• The negatively charged particle was required to to lie within the polar angle interval 
20° - 160° for the cross-section measurement. This was extended to 11° - 169° for 
the asymmetry determination. 

• Both candidate tracks had to be identified as a muon, requiring an associated hit 
in the muon chambers (MUB, MUF and, from the latter part of 1994 onwards, the 
SMC) or energy depositions in the HCAL, the HPC or the FEMC consistent with a 
minimum ionizing particle. Furthermore the calorimeters were used to reject Bhabha 
events and tracks from hadrons. 

• To reduce the background from cosmic rays, at least one track was required to 
originate from close to the beamspot at the perigee in the transverse plane. The 
cuts applied depended on the detectors participating in the track reconstruction, but 
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was 0.1 cm for the majority of cases. Cuts were also placed on the axial separation 
at this point. 

For the asymmetry analysis of the 1993 pre-scan period, problems with the Forward 
Chambers A necessitated restricting the polar interval to 18° - 162°. In all years, events 
lying within 2° of the six TPC azimuthal sector boundaries were excluded from the asym­
metry measurement, as there was evidence of possible bias in these regions. Furthermore 
the ,....., 0.5% of events in which the charge assignment was the same sign for both tracks 
were discarded in the asymmetry analysis. 

A run selection was applied to exclude runs from the analysis, in which relevant com­
ponents of the DELPHI detector were not adequately operational. For the cross-section 
analysis this involved a combination of the TPC, the HCAL and the muon chambers. In 
addition, runs were excluded where the luminometers had problems, where the hadronic 
cross-section indicated severe problems in the data taking, and where the beam energy 
was anomalous. As the analysis of the forward-backward asymmetry is less dependent 
on knowledge of detector efficiencies, a looser run selection was used here. Only runs, in 
which the TPC was not fully operational were excluded, although in 1993 further require­
ments were placed on the muon identification detectors to eliminate a possible detector 
bias. 

Tables 11,12 and 13 show the number of events remaining for the analyses after all 
cuts for the different run periods. 

7 .2 Measurement of the Cross-section 

7.2.1 Determination of selection efficiencies 

As far as possible, corrections were determined from the data themselves, using sim­
ulations only for the studies of correlations and for small corrections. This is possible 
because of the distinctive back to back event topology of µ+ µ- events, and because the 
DELPHI trigger fires on single tracks. 

The important contributions to the selection efficiency which can be determined pri­
marily from the data are the following: 

• Trigger efficiency 
This was measured by comparing independent subtriggers. The event efficiency was 
> 99.5% for all years. 

• Muon identification efficiency 
The principal method used a restricted event sample with negligible 7+7- and 
Bhabha background. The event efficiency was found to be > 99% throughout the 
acceptance, apart from in between the barrel and the forward regions for those data 
collected before the installation of the SMC. 

• Tracking efficiency 
A loss of ,....., 3% near the sector boundaries of the TPC was determined from the 
azimuthal distribution of events. Away from these boundaries an efficiency of > 
99.5% was calculated by use of an event sample with one identified muon track plus 
a hit in the muon chambers in the opposite hemisphere. 

These efficiencies were measured and then combined in polar angle bins to account for 
angular correlations. Systematic errors were assigned from comparison of various methods 
and from the statistical precision of the measurements. 
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Further losses, such as those due to vertex cuts and background vetoes were measured 
through a combination of data and simulations. The loss due to the Prad cut was studied 
with a variety of event generators and found to be < 0.1 %. 

The total selection efficiencies for the different running periods are given in Tables 11, 
12 and 13. These are with respect to events within the polar, momentum and acollinearity 
acceptance stated above. Uncertainties in the detector implementation of this acceptance 
are included in the assigned error. Figure 7 shows the behaviour of the selection efficiency 
as a function of the polar angle. 

7.2.2 Determination of residual backgrounds 

The residual contamination from r+r- events was determined by fitting the relative 
contribution ofµ+µ- and r+r- events in discriminant variables. The best sensitivity was 
obtained by fitting in Prad, as illustrated in Figure 8. The residual r+r- contamination 
was found to be rv 1 %. 

The background from cosmic muons was determined from data, by counting the num­
ber of events failing the impact parameter cuts and interpolating to the region within the 
cuts. This gave a contamination of rv 0.1 %. Cross-checks using detectors with timing 
and directional information, such as the RICH, confirmed this result. 

Contamination from other backgrounds, such as from two photon processes and from 
Bhabha events was found to be of order 0.01 % and therefore negligible in the measure­
ment. 

The background estimation for the three years is summarised in Tables 11, 12 and 13. 

7.2.3 Results 

The resulting cross-sections after subtraction of backgrounds and correction for inef­
ficiencies are given in Table 9. These numbers are given within the phase space defined 
by a cut of 5 Ge V on the momentum of the outgoing particles, an acollinearity cut of 20° 
and a restriction of the polar angle of the negatively charged muon to 20° - 160°. The 
systematic error does not include the uncertainty due to luminosity measurement. The 
differential cross-sections combined for all years 93 - 95 are shown in Figure 9. 

As a further cross check, for each running period the stability of the cross-section 
versus time was investigated by calculating cross-sections for each LEP fill. In addition, 
for the 1995 run period where LEP was operated in bunch train mode the stability versus 
the bunch number was studied. No evidence of any systematic dependence was found. 

7.3 Measurement of the Forward-Backward Asymmetry 

The forward-backward asymmetry was calculated using an unbinned maximum likeli­
hood fit to the lowest order form of the angular distribution. In such a fit the result is 
insensitive to knowledge of the selection efficiencies, provided that these are the same for 
events with forward going negative muons and backward going negative muons. 

To test that this assumption of symmetry in the charge and hemisphere efficiency was 
valid, the detector asymmetry, Adet, was determined for each running period. This is 
defined as follows: 

(1) 
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where e:j.;;;d and e:t~ are the efficiencies to reconstruct aµ+/µ- in the forward or backward 
hemisphere of the detector respectively. Evidence of non-zero detector asymmetry was 
found around the azimuthal TPC sector boundaries, and in the very forward region during 
the 1993 pre-scan. With these regions excluded, Adet was found to be compatible with 
zero for all periods. For each data set the statistical uncertainty on this conclusion was 
assigned as the systematic error. This dominated other uncertainties, but was still small 
compared to the statistical error. Figure 10 shows the detector asymmetry as a function 
of the polar angle for the running period of 1994. 

Further sources of systematic errors that have been considered include the biases 
induced by r+r-, cosmic and Bhabha contamination, possible uncertainties in the mea­
surement of the polar angle, a charge dependence of the momentum determination, and 
the exclusion of events with at least one misassigned charge. The effect of neglecting 
higher order terms in the form of the angular distributions was investigated and found 
to be small. 

The stability of the forward-backward asymmetry against time was tested by calculat­
ing its value separately for each LEP fill. Also the asymmetry was determined in bins of 
the polar angle, to look for any residual systematic effects. These checks were satisfactory. 

The forward-backward asymmetries and the assigned systematic errors are given in 
Table 9. These are given within the phase space defined by a cut of 5 GeV on the 
momentum of the outgoing particles and an acollinearity cut of 20°. 

8 Cross-sections and Forward-Backward Asymme­
tries in the T+T- Channel 

8.1 Selection criteria 

The selection of r+r- events in the barrel region of the detector from the 1993-1995 
data was similar to that described in ref. (2]. In addition, the analysis has been extended 
to include data in the forward regions of the detector and for the first time with DELPHI 
data the r+r- cross-section has been measured in the polar angle range 20° < () < 160°. 
The same selection criteria were applied to the entire sample, with minor differences to 
account for year-to-year changes in detector performance. 

Events were required to be of low multiplicity and to have high thrust, in order to 
remove background from qq final states. Further kinematic restrictions were imposed to 
remove the backgrounds from e+ e-, µ+ µ- and four-fermion final states. For the barrel 
selection the thrust axis, computed using charged particle momenta, was required to 
lie in the polar angle interval 43° < () < 137°. Events were also rejected if the highest 
momentum charged particles in each event hemisphere were both in the polar angle range 
88° < () < 92°. The following topological and kinematic cuts were applied: 

• The number of well reconstructed charged particle tracks per event, Nch, was required 
to be in the range 2 :::; Nch :::; 6. 

• The event thrust was required to exceed 0.996. 
• To suppressµ+µ- contamination, the event variable Prad (see section 7.1) was re­

quired to satisfy Prad < vs/2. 
• To suppress e+e- contamination, the event variable Erad, defined as J(Ef +En, 

where E1 and E2 are the energies in the electromagnetic calorimeters within a cone 
of half-angle 30° around the thrust direction in each hemisphere, was required to 
satisfy Erad < vs/2. 
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• To suppress four-fermion final states, the total charged and neutral energy, Evis, was 
required to exceed 8.JS/91.2 GeV. 

Additional cuts were imposed on those events with Nch = 2 to reduce further the back­
grounds from Bhabha scattering and cosmic muons. The former were most effectively 
removed by requiring that the acollinearity angle exceed 0.5° and the latter were almost 
entirely eliminated with tight cuts on the track impact parameters with respect to the 
beam collision point in the r - </> plane. 

For the 1993 data, in order to avoid selection efficiency bias due to poor modelling of 
the electron momentum spectrum, the Prad cut was only applied to those events which 
satisfied a very loose µ+ µ- event selection based on muon chamber and calorimeter 
information. In the absence of this cut, the e+ e- background was removed by imposing 
harder Erad cuts: Erad < 0.9yls/2 and Erad < 0.6yls/2 for those events in which the 
track of the highest momentum particle in either thrust hemisphere passed close (±1.5°) 
to one of the 24 azimuthal boundary planes between adjacent HPC modules. 

For the 1995 data, in order to avoid biases due to imperfect modelling of the Erad 

distribution, events were required to satisfy Erad < 0.95.JS/2 if the highest momentum 
charged particle in each event hemisphere passed more than 0.3° from the nearest HPC 
azimuthal boundary. For events in which only one of these highest momentum charged 
particles passed more than 0.3° from the nearest HPC azimuthal boundary this require­
ment was tightened to vfs/3. 

Events in the forward region were selected by requiring that the thrust axis fell in the 
polar angle ranges 20° < (} < 43° or 137° < (} < 160°. The majority of the cuts used in 
the barrel event selection were also employed in the forward region with, however, several 
significant changes, in order to suppress background, especially from Bhabha scattering: 

• To suppress four-fermion background, Evis was required to exceed 12fi/91.2 GeV. 
• The Bhabha background was severely limited by restricting the acollinearity angle 

of each event to be greater than 1°, or 2° in the polar angle range 35° < (} < 43° 
or 137° < fJ < 145°. For events with more than two charged particle tracks the 
acollinearity was determined using the vector sum of the charged particle momenta 
in each thrust hemisphere. 

• To restrict further the Bhabha background harder Erad cuts were imposed: Erad < 
0.8-JS/2 or Erad < 0.6-JS/2 if the thrust axis was in the range 35° < fJ < 43° or 
137° < e < 145°. In this latter range of angles the electromagnetic calorimetry is 
relatively poor. 

For the analysis of the 1995 data in the forward region the Erad and Prad requirements 
were altered. If the highest momentum charged particle in each event hemisphere extrap­
olated to within the acceptance of the FEMC the Erad cut was 0.85vfs/2. If only one of 
these tracks extrapolated to the FEMC then the cut was tightened to 0.4-JS/2. The Prad 

cut was reduced to 0.9-JS/2. 
A run selection was applied to exclude runs from the analysis in which the relevant 

components of the DELPHI detector were not adequately operational. For the cross­
section analysis this involved a combination of the TPC and the HPC. In addition, runs 
were excluded where the luminometers had problems, where the hadronic cross-section 
indicated severe problems in the data taking, and where the beam energy was anoma­
lous. For the asymmetry analysis the requirements on the luminometer performance were 
dropped. 

Tables 11, 12 and 13 show the number of events remaining in each year after the 
application of the selection criteria. 
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8.2 Measurement of the Cross-section 

8.2.1 Determination of selection efficiencies 

The determination of the event selection efficiency for r+ T- is highly dependent on 
Monte Carlo simulation (using the KORALZ program [16]) because the selection criteria 
are based on the use of a number of global event variables such as Erad and Prad· This con­
trasts with the e+ e- and µ+ µ- analyses which treat the reconstruction and identification 
of each lepton independently. Consequently, the event reconstruction and identification 
efficiencies do not readily factorize. The trigger efficiency can, however, be determined 
from the experimental data by comparing independent subtriggers, and in all years it 
exceeded 99 .9%. 

The quality of the Monte Carlo modelling of the r+r- events was carefully monitored 
by comparing distributions of experimental data and simulated data (including residual 
background contributions) in all of the topological and kinematic variables used for the 
event selection. Figures 11 and 12 show such comparisons for the event thrust distribution 
and for the radial energy variable, Erad· A small discrepancy in the modelling of the 
reconstruction efficiency for tracks close to the six azimuthal TPC boundary planes was 
observed and a small correction ( < 1.0%) was applied to the event selection efficiency. 

The combined event selection efficiency for the barrel and forward regions was deter­
mined by simulation to be in the range 62% - 64 % for the three running periods . The 
trigger and selection efficiencies for the different running periods are given in Tables 11, 
12 and 13. 

8.2.2 Determination of residual backgrounds 

The main backgrounds in the selection of r+r- arise from qq, e+ e-, µ+ µ- and four­
fermion final states. Each of these contributions were determined by Monte Carlo sim­
ulation using various discriminating variables to check that the experimental data and 
simulated data were consistent. For example, the Erad distribution (see Figure 12) is 
sensistive to the e+ e- background whereas the Prad distribution is sensitive to theµ+µ­
background. The only other significant residual background, from cosmic muons, was 
determined from the experimental data using the technique applied in the µ+ µ- event 
selection (see section 7.2.2) based on impact parameter distributions. 

The backgrounds for the different running periods were quite similar but with some 
variation due to the change of cuts after 1993. As an illustration of typical magnitudes 
the 1994-1995 background levels were as follows. The four-fermion background was 
estimated to be 5.5 ± 0.4 pb, that due to qq events (0.92 ± 0.10)% and that due toµ+µ­
events (0.57 ± 0.04)% at all energies. The cosmic muon background was estimated to 
be (0.34 ± 0.03)%, (0.11 ± 0.01)% and (0.23 ± 0.02)% and the e+e- background to be 
12.9±2.0 pb, 14.9±2.0 pb and 11.2± 1.6 pb, at the centre-of-mass energies of 89.4 GeV, 
91.2 GeV and 93.0 GeV respectively. The total background at the Z peak was about 
3. 7% of the selected event sample. Tables 11, 12 and 13 show the various background 
estimates for the different running periods. 

8.2.3 Results 

The resulting cross-sections after subtraction of backgrounds and correction for ineffi­
ciencies are given in Table 10. These numbers are given fully corrected for the effects of 
kinematic and acceptance cuts. Careful comparison of the T pair invariant mass spectrum 
revealed a discrepancy between the KORALZ and ZFITTER [20] programs at low values 
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of the invariant mass. The former program, used to compute the event selection efficiency 
by Monte Carlo simulation, was found to be in error. Consequently a small correction, 
4.5 pb, was applied to the measured cross-sections at each centre-of-mass energy for each 
year. 

The systematic error due to selections and backgrounds is estimated to be ±0.6% for 
all running periods, in addition to the systematic error on the luminosity. The differential 
cross-sections for 1995 are shown in Figure 13. 

8.3 Measurement of Forward-Backward Asymmetry 

The forward-backward asymmetry was calculated using an unbinned maximum likeli­
hood fit to the lowest order form of the angular distribution. As remarked in section 7.3, 
such a fit is expected to be insensitive to knowledge of the event selection efficiencies. 
The fit was performed on the events of the 1-1, 1-3 and 3-3 topologies in the polar angle 
range 20° < () < 160°. For the 1995 data an alternative toplogical selection was studied in 
which 1-N events were used in the fit (N=l, .. 5). The results were found to be consistent 
with those obtained with the standard topological selection. 

Systematic errors arise from the e+ e- subtraction, from charge confusion and from 
neglect of radiative corrections which alter the lowest order angular distribution. A 
small additive correction (less than 0.003 in magnitude) has to be made to the measured 
asymmetry to account for biases introduced by the selection cuts. These biases arise from 
initial state radiation and from the () dependence of the r polarization. The precise value 
of this correction depends on the cuts used, which varied from year to year and between 
the barrel and forward region, and was determined by Monte Carlo simulation. The 
uncertainty on the correction of ±0.0009 was dominated by Monte Carlo statistics. The 
overall systematic errors are estimated to be ±0.005, ±0.002 and ±0.002 at centre-of­
mass energies of 89.4 GeV, 91.2 GeV and 93.0 GeV respectively. The forward-backward 
asymmetries measured in each running period appear in Table 10. The selection bias 
described above was not taken into account in previous publications [1,2]. The precision 
on the 1991 measurements does not warrant the application of this correction. However, 
the published value of the 1992 asymmetry must be reduced by 0.0021 ±0.0009 to 0.0071± 
0.0088(stat) ± 0.00l9(syst). The corrected value of the 1992 asymmetry is used in the 
fits described in later sections of this paper. 

Table 14 gives a summary of the systematic errors in the cross-section determinations 
in the hadronic and leptonic channels, and their year-to year-correlations. The system­
atic uncertainties in the luminosity determination are not included. Similarly Table 15 
summarises the systematic uncertainties in the determintions of the leptonic forward­
backward asymmetries, and their correlations year-to-year. 

9 Cross-sections and Forward-Backward Asymme­
tries in the µ+ µ- Channel with Initial State Ra­
diation 

Experimental results from studies of events collected at LEPl in the channel e+ e- -+ 
µ+µ-/JSR, with /JSR being an initial state radiation photon, have been used to probe the 
cross-sections and forward-backward asymmetries in the energy region between LEPl and 
TRISTAN and down to PETRA energies. Similar measurements have been performed 
previously by DELPHI [21] with the data taken between 1991 and 1994, and by other 
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experiments (22]. In this section the analysis of the data taken in 1995 is presented. By 
adding these data to those taken between 1991 and 1994, cross-sections and forward­
backward asymmetries were determined as well as the helicity cross-section ratio au~craa 

O"RL ""LR 

where the two subscripts stand for the helicities of the incoming e- and outgoing µ-
respectively. The theoretical background to these analyses is explained in refs. [21] and 
[23]. 

For the simulation studies about 220,000 dimuon events were generated with the 
DYMU3 program (24] at the same 3 energies as the data, about 103,000 r+r- events 
were generated with the KORALZ program [16] and about 25,000 e+e- -+ e+e-µ+ µ­
events were generated with the FERMISV program [25]. All generated events were passed 
through the detector simulation program DELSIM [8] and the same data reconstruction 
program as the data. 

9 .1 Selection of events 

The selection of dimuon events with Initial State Radiation (ISR) from the data taken 
in 1995 was performed as described in ref. [21]. First a sample of dimuon events with or 
without photon production was selected for normalisation purposes. From this sample 
the events with ISR were then extracted. For the calculation of the cross-sections, the 
same selection procedure was applied to the 220,000 simulated dimuon events. 

To select the sample of dimuon events allowing for possible photon emission, the events 
had to contain two charged particles of momentum greater than 10 GeV, both of which 
were identified as muons either by the muon chambers, by the hadron calorimeter or 
by the electromagnetic calorimeters. Both particles had to come from the interaction 
region, which was defined as Jzl less than 4.5 cm and R less than 1.5 cm . The variable 

Prad = J P1
2 + P:j, where P1 and P2 are the momenta of the two muons, had to exceed 

0.3-JS/2. Events with more than 5 charged particle tracks were rejected. 
To reduce the r+r- background, three criteria were introduced. Firstly, if the 

acollinearity angle between the two muons was larger than 1°, the event was rejected 
if the energy deposited in the hadron calorimeter was larger than a cutoff value depen­
dent on the polar angle (see [1]). Secondly, if the event had more than 2 charged particle 
tracks, either the acollinearity angle between the two muons had to be less than 1° or 
both muons had to have at least one associated hit in the muon chambers. Thirdly, in 
the procedure to separate ISR from Final State Radiation (FSR) events, a variable tiE'Y 
was introduced, which was defined as: 

(2) 

where 
(3) 

and 
E" = J sin (Bµ+ + Bµ-)J y'S 

'Y I sin ( B µ+ + B µ-)I + sin (;Iµ+ + sin (;Iµ-
8 

• 
(4) 

In these formulae, Bµ+ and Bµ- are the polar angles, and Eµ+ and Eµ- the energies of the 
muons; the variable E~ is an approximation to the energy of an ISR photon emitted in 
the direction of one of the beams. This variable is also effective in rejecting tau events 
[21] and only events with tiE'Y < 25 GeV were retained. 

Because the selection efficiencies could not be estimated reliably at low polar angles, 
the cross-sections were determined with samples of events with theµ- polar angle in the 
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region 20° ::; Oµ- ::; 160°. For the measurement of the forward-backward asymmetries 
however, the likelihood fit method is not affected by the selection efficiencies if these are 
forward-backward symmetric (see section 7.3). Therefore, for these measurements theµ­
polar angle region was extended to 11° ::; () µ- ::; 169°. 

After this selection of dimuon events, data runs were rejected if the parts of the 
DELPHI detector used in the analysis were not fully operational. The total number of 
dimuons available for the asymmetry analysis in the 1995 data amounted to 29,104. The 
total number of dimuons selected for the cross-section analysis was 22,389. From the 
220,000 simulatedµ+µ- events, 183,318 remained after the dimuon selection in the polar 
angle region 20° ::; Bµ- ::; 160°. The tau background was estimated with the simulated 
T+T- events to be 0.20%. The background from two-photon events was also estimated 
with simulated events, and found to be less than 0.1 % for the channel e+ e- -+ e+ e-µ+ µ-. 
No simulated events for the channel e+e- -+ e+e-T+T-, were found to satisfy the dimuon 
selection criteria. The cosmic ray background was estimated from the data, by relaxing 
the definition of the interaction region [1] and counting the number of additional events 
accepted in the data sample. It was found to amount to 0.43%. 

To extract the events with ISR from the dimuon sample the same procedure was used 
as for the analysis of the 1991-1994 data [21]. To ensure a high purity of the selected 
sample for all effective annihilation energies (#),the selection criteria were taken to be 
different in each JSi interval. Two sets of selections were used depending on whether or 
not a photon was detected in the electromagnetic calorimeters close to one of the muons. 

For the effective annihilation energy #, or equivalently the µ+ µ- invariant mass 
Mµµ, the following expression was used: 

R = Mµµ = Js-2E~y's. (5) 

The justification for this procedure is explained in [26]. The analysis was restricted to 
the R region between 20 and 87 GeV. 

In the 1995 data sample, 100 ISR events were selected for the cross-section calculation, 
and 124 for the asymmetry and helicity cross-section ratio calculation. From the 183,318 
simulated dimuons , 980 ISR events were selected for the cross-section calculations. 

The efficiency of the selection procedure and the contamination by FSR events were 
studied with a sample of about 146,000 simulated radiative muon events generated by 
DYMU3 with µµ invariant mass .'Mµµ < 88 Ge V. The resulting efficiency and the purity 
regarding FSR are displayed as a function of JSi in Figure 14. The purity of the sample 
is near 90% over the whole energy interval. In this Figure the values obtained in ref. [21] 
for the data taken between 1991 and 1994 are also shown. The purity of the 1995 sample 
is the same within errors as the purity of the previous sample. The selection efficiency 
for the 1995 data is however higher than the efficiencies obtained for the 1991-1994 data. 
This is due to the improvement of the track reconstruction at low polar angles with the 
extension of the ID. 

The cosmic ray background was checked using the sample of ISR events selected for 
the cross-section calculation. No additional events were found when the cuts on the 
interaction region definition were relaxed. 

The background from e+e- -+ T+T- events was estimated from the sample of simulated 
T+T- events. No events were found to satisfy the ISR selection criteria. 

The background from two-photon processes was estimated from simulated events. It 
was found that the channel e+e--+ e+e-µ+µ- contributed a background of 4.7%, mainly 
concentrated at low values of #. 
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9 .2 Cross-sections 

For the calculation of the cross-sections the polar angle of the µ- was required to be 
in the range 20° ~ Bµ- ~ 160°. A total of 100 events was selected from the 1995 data, 
and 980 events from the simulated sample. 

The ratio of the averages of the observed to the Standard Model Improved Born cross­
sections inside a given #interval is given by 

< (Jobs { f8i) > N ( f8i) . Nn_orm IB \ Y s· obs Y S sim 
< (JSM( f8i) > - N . ( f8i) . Nnorm' IB ys· sim ys obs 

(6) 

where R is the mean effective annihilation energy in the interval. The quantities 
Nobs( #) and Nsim( #) represent the numbers of ISR events in a given R interval 
in the data and in the simulated sample respectively. The quantities N~o;m and N~c;;.m 
represent the number of dimuon events selected in the real and simulated data samples. 
In each R interval, the normalisation of the ISR sample to the full dimuon sample 
was calculated separately for the on-peak and off-peak data, after which the results were 
averaged. The number Nobs( #)was corrected for the two-photon background, and the 
number N~o;m was corrected for the background arising from cosmic ray and tau events. 
The other backgrounds were too small to justify a correction. It was verified that the 
selection efficiency for ISR events was the same for the observed data and the simulation. 

Table 16 shows the number of ISR events selected in the 1995 data and in the simulated 
samples, as well as the cross-section ratio calculated with formula (6) as a function of#, 
up to an energy of 87 GeV. Only statistical errors were taken into account. The main 
source of systematic errors was the modelling of the muon momenta in the simulation. 
To reduce these effects to a negligible size, the muon momenta were smeared in the 
simulation to match the resolution observed in the data. Figure 15 shows the ratios 
between the observed and theoretical Improved Born cross-sections as a function of the 
effective annihilation energy for the 1995 data. In this Figure the cross-section ratios 
obtained from the analysis of the 1992-1994 data are also shown. The cross-section 
ratios from the two samples agree well. Consequently a weighted average was made of 
the numbers obtained from the two samples. The result of this procedure is shown in 
Table 16. 

The observed cross-sections were calculated by multiplying the cross-section ratios with 
the Improved Born cross-sections predicted by the SM. The theoreticai Improved Born 
cross-sections, o-fff (#),were obtained from the DYMU3 program. The parameters used 
in this calculation were Mz = 91.25 GeV/c2

, rz = 2.562 GeV/c2
, and sin2 Bw = 0.2296, 

which were the default values used by DELPHI for the generation ofµ+µ- events. The 
observed cross-sections are displayed in Figure 16, together with the cross-sections for 
the reaction e+c-+ µ+µ-obtained near the z0 peak [1,2] and those obtained at PEP, 
PETRA, and TRISTAN (28]. The published values were corrected to obtain Improved 
Born values. 

9.3 Asymmetries and helicity cross-sections 

For the estimation of the forward-backward asymmetries the polar angle of theµ- was 
required to be in the range 11° ~ Bµ- ~ 169°. A total of 124 events was selected from 
the 1995 data. The distribution of these events as a function of# is shown in Table 17. 



23 

For events which are not produced in the e+ e- c.m. frame, the angle between the µ­
and thee- beam direction in theµ-µ+ rest frame is given by [27]: 

e
* sin HOµ+ - 8µ-) 

cos = . 1 ( e ) , sm 2 8µ+ + µ-
(7) 

where 8µ+ and 8µ- are the polar angles of theµ+ and theµ- with respect to thee- beam 
axis in the laboratory frame. 

In each R interval the cos 8* distribution for the 1995 data was compared to the 
distribution obtained for the 1991-94 data and was found to be the same within errors. 
It was checked that the contamination of the 1995 sample by FSR events was the same 
as that found for the 1991-94 sample. Therefore the cos 8* distributions from the 1991-94 
sample could be added to that obtained from the 1995 sample. In total there were 523 
events. 

In each R interval, the asymmetry AFB was then obtained by performing a maximum 
likelihood fit of the raw cos 8* distribution to an expression of the form 

d::e* = C[Pisr(l+cos2 8* +~AFB cos 8*)+P1sr(l+cos2 8*)+P,,-y(l+cos2 8* +~A}1cos8*)], 
(8) 

where the term Pisr represents the purity of the sample, which on average amounts to 90%, 
P1sr and P,,,, are the contamination by FSR and II events and A}1 is the asymmetry 
for these II events (see Table 17). For the FSR events the asymmetry is taken to be 
zero, since this refers to the zo peak. Formula (8) does not include radiative corrections. 
Since the asymmetries determined in this analysis are Improved Born asymmetries, only 
the electro-weak corrections should be considered. These are small compared to the 
experimental precision and modify the asymmetry by at most 0.02 in the energy region 
between 40 and 88 Ge V. It was checked on simulated events that the selection efficiency 
for each cos 8* bin was compatible with that of the corresponding - cos 8* bin. 

These fitted asymmetries are shown in Table 17, and are displayed in Figure 17 to­
gether with the SM prediction for the Improved Born asymmetry. Figure 17 also shows 
the asymmetries measured by DELPHI near the zo peak (see [1,2]), after correction to Im­
proved Born values. The SM Improved Born asymmetry was calculated with the DYMU3 
program with the parameters mentioned in Section 9.2. The only source of systematic 
error on the asymmetry, o(AFB){;~, which was considered was that resulting from the 
error on the purity. The values of this error are shown in Table 17. 

The helicity cross-sections 0-!;. and 0-~ and their ratio (see [23]) were determined as 
follows. The raw cos 8* distribution in each R interval was corrected for selection inef­
ficiencies in the same way as described in [21]. This procedure relies on the fact that the 
distribution in I cos 8* I is symmetric and of the form 1 + cos2 8*. The cos 8* distributions 
were then corrected for the contamination by FSR and II events by subtracting a distri­
bution obtained from simulated events. Next, in each bin of the cos 8* distribution the 
corrected content was multiplied by a weight factor: 

A ( 1 ± B cos 8*), (9) 

where 

(10) 

and CM = cos e~ax· These weighted contents were summed for all cos 8* bins between 
-0.8 and +0.8 for R below 65 GeV, and between -0.9 and +0.9 for the other R 
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values. The CM limits were chosen depending on the statistics in each .JSi interval. The 
values of and statistical errors on o-+ and 0-~ were derived from the weighted sums. The 
error on the purity of the sample was taken into account in the systematic error. The 
numbers obtained are given as a function of # in Table 17. 

10 Fits to the Data 

Fits to the data on the hadronic and leptonic cross-sections and the leptonic forward­
backward asymmetries reported here, and to all the previously published DELPHI data 
(1,2] have been made. Full account was taken of the LEP energy uncertainties and 
their point-to-point and year-to-year correlations [5]. Allowance was also made for the 
correlations from year to year of the systematic errors in the measured cross-sections and 
asymmetries. 

10.1 Model-Independent Fits 

Before QED radiative corrections, it is possible to write the cross-section for e+ e- -+ 
hadrons, o-(s), in an almost model-independent form as 

sr~ 
o-(s) = o-0 (s-Mi,) 2 +(s2 /Mnrf 

where Mz and rz are respectively the zo mass and width and o-0 can be expressed in 
terms of the hadronic and electronic partial widths, rhad and re, as 

O"o = 1211" r efhad 

Af,2f2 z z 

The leptonic partial widths r f can be written in terms of effective vector and axial-vector 
coupling constants, gv1 and gA1, as 

GpMl 2 2 QED) 
fz = 

6
7ry'2 (gVi + gAJ(l + o1 , 

where of QED) accounts for final state photonic corrections. 
In order to fit the hadronic and leptonic cross-sections and the leptonic forward­

backward asymmetries, the parameters Mz, r 2 , o-0 , R1 and A~i were chosen where 

rhad 

f 1 

and 

AO f _ 3 gve9Ae gv,gAJ 
FB - ( 2 2 ) ( 2 2 ) . gVe + gAe gv, + gAJ 

This set of parameters was chosen because they have small correlations between them 
and are therefore preferred for combining results from the different LEP experiments. To 
lowest order the forward-backward asymmetry in the reaction e+e- -+ j+ 1- at /(s) = 

Mz is given by A~i and its variation away from the peak is mainly proportional to 
9AegAr 
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The program ZFITTER [20] was used to determine the parameters from fits to the 
experimental data. The theoretical formalism of ZFITTER takes account of the most up 
to date knowledge of initial and final state QED effects. According to the recommenda­
tion of the LEP Electroweak Working Group [29], AiBJ is defined in terms of the real 
parts of the couplings, whereas the leptonic partial widths are defined in terms of their 
magnitudes. The differences are insignificant with present experimental uncertainties, 
but are in any case correctly taken into account in the fits. Corrections arising from 
I exchange and hadronic 1-Z interference are calculated within the framework of the 
Standard Model. 

Carrying out a 9-parameter fit, allowing independent couplings for the three lepton 
species, the parameters shown in Table 18 were obtained. The x2 

/ D F of this fit was 
179/168. The correlation coefficients for the parameters of this fit are given in Table 19. 
The uncertainty on r2 includes a contribution of ±0.0002 GeV, common to all LEP 
experiments, due to the uncertainty of ±1 MeV on the LEP centre-of-mass energy spread. 
The uncertainty on Mz also contains a contribution of 0.1 MeV due to the imprecise 
knowledge of the distance between the radio frequency stations in LEP points 2 and 6. 
However this error is totally anti-correlated between ALEPH and DELPHI and disappears 
when an average is made over the experiments. 

Since the parameters are in good agreement with lepton universality, a 5-parameter fit 
assuming flavour independence of the couplings was performed. The resulting parameters 
are also given in Table 18. The x2 / D F of this fit was 184/ 172. The correlation coefficients 
of the parameters of this fit are given in Table 20. Here R1 is defined for the zo decay into 
a pair of massless charged leptons and is treated consistently throughout. The results of 
the 9-parameter and 5-parameter fits are in good agreement with those published by the 
other LEP collaborations [30-32]. 

In Figure 18 the result of the 5-parameter fit is shown together with the DELPHI data 
on the hadronic cross-sections. In Figure 19 and Figure 20 respectively are shown the 
DELPHI data on leptonic cross-sections and forward-backward asymmetries, compared 
to the results of the 5-parameter fit. All the leptonic data shown are corrected for the 
acollinearity and momentum cuts and extrapolated to the full solid angle where necessary. 

From the results of the preceeding fits the following parameters can be derived: 

re 83.53 ± 0.27 Me V 

r µ - 84.34 ± 0.41 MeV 

rT 83.89 ± 0.58 MeV 

from the 9-parameter fits and 

r1 - 83.81 ± 0.18 MeV 

rinv 498. 7 ± 3.4 Me V 

rha<l 1.7373 ± 0.0041 GeV. 

from the 5-parameter fits. 

10.2 Fits of the Parameters of the S-Matrix 

Within the framework of the S-Matrix approach [33], the total cross-section for e+e­
annihilation into a fermion-antifermion pair, crf

0
t(e+e--+ ff), as a function of centre-of-
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mass energy y's can be expressed as: 

o-o (s) = -?Ta2 _r_ + r z r 4 [gtot srtot + ( s - M2 )/otl 
tot 3 s (s - M~)2 + M~r~ ' 

where gj0
t represents the photon exchange, r}0 t the Z exchange and jr the 1-Z interfer­

ence. Similarly, using the same functional form, a forward-backward asymmetric cross­
section, o-~ can be defined: 

0 ( ) 4 2 [gf' srf' + ( s - M~)jf' l 
O"fb s = -?TO:' - + ----=-----=-~ 

3 s (s-M~)2+M~r~ 

The forward-backward asymmetry is then simply given by: 

A ( ) - ~ O"~ ( s) 
fb s - 0 ( ) . 4 O"tot S 

The above S-Matrix expressions are based on a Breit-Wigner denominator with an s­
independent width. The relationships to the parameters Mz and r z used in the model 
independent fits of section 10.1, where an s-dependent width was assumed are: 

so that rz/Mz = rz/ Mz. 

MzVl + r~/M~ ~ Mz + 34.1 MeV 

f zVl + r~; M~ ~ fz + 0.9 MeV' 
(11) 

Allowing independent parameters for each of the lepton species, fits to the DELPHI 
cross-section and leptonic forward-backward asymmetry data were carried out using an 
option in the program ZFITTER [20]. The results are shown in Table 21. A x2 / D F of 
144/128 was obtained. The correlation coefficients for the parameters of this fit are given 
in Table 22. 

If on the other hand universality of the lepton parameters is assumed then the results 
shown in Table 23 were obtained, with a x2 

/ DF of 152/136. From Table 23 it can be 
seen that the parameters are in agreement with the Standard Model expectations. The 
correlation coefficients for the parameters of this fit are given in Table 24. 

11 Interpretation of the Results 

Assuming the Minimal Standard Model value for C,/r1: 

r ,)r1 = 1.991 ± 0.001 

(where the central value is evaluated for Mz = 91.1867 GeV, mt = 174.l GeV [36,37], 
mH = 150 GeV and the error quoted accounts for a variation of mt in the range mt = 
174.1±5.4 GeV and a variation of mH in the range 90 < mH(GeV) < 300), and using 
our result: 

rinv/r1 = 5.950 ± 0.036 

the number of light neutrino species can be deduced. The result is: 

N,, = 2.988 ± 0.018. 



27 

Within the context of the Minimal Standard Model, a fit has been made to the DEL­
PHI data, leaving the values of the top mass mt and the strong coupling constant a 8 (Mi) 
as free parameters. The results are: 

174+1s+8 GeV -17-5 

0.110 ± 0.006 ± 0.001. 

The central values were obtained assuming a Higgs boson mass mH of 150 GeV, and the 
second uncertainty corresponds to the variation of mH in the range 90 < mH( Ge V) < 300. 
The QED coupling constant was taken as a(Mi)-1 = 128.896 ± 0.090 [38]. The value 
of mt is quite consistent with direct measurements [36,37], and the value of a 8 (Mi) is in 
agreement with other determinations [39]. 

The partial widths for the Z decay into leptons, and the lepton forward-backward 
asymmetries can be combined to determine the magnitudes of the effective vector and 
axial-vector couplings. As defined above the asymmetries depend upon the ratio gvzl 9Ai 

whereas the leptonic partial widths depend upon (g~ + g~J The following values are 
obtained: 

g~ (1.58 ± 0.16) x 10-3 

g~l 0.2506 ± 0.0006. 

The leptonic vector and axial-vector couplings correspond to a value of the weak mixing 
angle of 

sin2 ()~jJ = 0.2301 ± 0.0010. 

An interesting question is to what extent the measured values of the total and partial 
widths allow for the possibility of decays of the z0 into yet unknown particles. If such par­
ticles are "invisible" this can be deduced in a straightforward manner from the comparison 
of the measured value of finv to its Standard Model prediction. Whether the new parti­
cles are visble or invisible, they will contribute to the measured value off z. Confronting 
the measured values of finv and f z to their Standard Model predictions allows a deriva­
tion of upper limits on the extra partial widths (I'f;vw and I'zew) related to new physics. 
The Standard Model predictions were computed for mt = 174.l ± 5.4 GeV [36,37], 
as(Mi) = 0.118 ± 0.003 [39], a(M.i)-1 = 128.896 ± 0.090 [38] and MH = 150::~g0 GeV. 
The following 95 % confidence level limits were obtained: 

f!1ew < 2.8 MeV mv 

fzew < 2.9 MeV. 

The situation may actually be more complicated, since the new decays may involve 
visible and invisible particles. They can enter into the selections of the different Z decay 
channels with unknown efficiencies, and therefore the measured partial widths are no 
longer reliable. On the other hand, since the e+e- andµ+µ- channels each involve only 
two particles, carrying each near the beam energy, it is unlikely that a new decay mode 
would be wrongly assigned to these channels. Therefore, as suggested in ref. [34], we can 
base an estimate of the partial width, rnew' for decays into unknown particles on the 
assumption that the cross-section and asymmetry measurements in the e+ e- and µ+ µ-
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channels are reliable. The analysis is done within the formalism of the c: parameters [35], 
so that no specific assumptions are made about loop corrections. The value of mt is 
needed to evaluate the bb vertex, the other vertex corrections being assumed to behave 
normally. 

Using the results of Section 10.1, we obtain for rnew and oThad (the part of rnew leading 
to visible decays into hadronic final states): 

rnew -3.8 ± 4.8 Me V 

oThad - -1.8 ± 6.0 MeV. 

Normalizing over the physical region gives rnew < 7.2 MeV at 95% confidence level. 

12 Summary 

DELPHI data from the LEP energy scans of 1993 and 1995 with precise monitoring 
of the beam energies, and those from a high statistics run in 1994 have been analysed 
in conjunction with data from previous years. The parameters of the zo resonance have 
been determined with significantly improved precision. The analysis ofµ+µ- events with 
hard initial state photon observed in 1995 has been presented. When combined with 
published measurements from data of previous years, results on the cross-sections and 
forward backward asymmetries for y8 in the range 20-87 Ge V have been obtained. All 
observations are consistent with the expectations of the Standard Model. 
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Year Peak-2 cal. fills Peak cal. fills Peak+2 cal. fills 

1993 lOpb-1 13/38(35%) 20 pb-1 1/57(2%) 10 pb-1 11/31(45%) 

1994 60 pb-1 11/167(8%) 
1995 lOpb-1 14/22(69%) 20 pb-1 1/14(6%) 10 pb-1 13/23(65%) 

Table 1: Dataset statistics per year and per energy point. The integrated luminosities 
are approximate, since the analyses of different channels required different selections of 
runs. The two values in the calibrated fills columns express the number of fills with at 
least one successful calibration divided by the total number of fills and the other shows 
the percentage of calibrated integrated luminosity. 

Source of systematics Contribution to il/, (%) 
Ring mask radius 0.02 
<P mask acceptance 0.03 
Unmasked acceptance borders 0.14 
Interaction point < z > 0.10 
Interaction point < x, y > plus tilt 0.05 
Energy cut 0.10 
Data behind </>-mask 0.11 
Less than 65% of energy in inner ring 0.01 
Trigger efficiency 0.01 
Off-momentum background 0.01 
Monte Carlo statistics 0.04 
Total experimental 0.24 
Total theoretical 0.17 
Total systematic uncertainty 0.29 

Table 2: Contributions to the systematic uncertainty on the SAT absolute luminosity 
measurement. 

Source of systematics Contribution to L~'ri.; (%) 
errors in correction factors (uncorrelated part) 0.020 
cut at the outer ring 0.015 
cut at the inner edge 0.020 
errors in measured parameters 0.015 
energy cut 0.015 
trigger efficiency and Bhabha selection 0.010 
statistical error 0.050 

Table 3: Contributions to the error of the VSAT luminosity measurement at the "peak+2" 
point. 
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Source of systematics Contribution to ~L (%) 
IP position 0.06 
Mask technique 0.04 
MC statistics 0.03 
Ri_; cut 0.02 
R0 ut cut 0.02 
Acoplanarity cut 0.01 
Energy cut 0.03 
Background subtraction 0.02 
Trigger inefficiency 0.02 
Total experimental 0.09 
Total theoretical 0.11 

Table 4: Contributions to the systematic error of the STIC luminosity measurement. 

year Collision Detector Forward 
energy instabilities inefficiencies 
(GeV) (%) (%) 

1993 89.431 0.010 ± 0.005 0.16 ± 0.05 
91.187 0.11 ± 0.02 0.16 ± 0.05 
91.303 0.010 ± 0.005 0.16 ± 0.05 
93.015 0.010 ± 0.005 0.16 ± 0.05 

1994 91.200 0.040 ± 0.010 0.18 ± 0.07 
91.204 0.019 ± 0.010 0.18 ± 0.07 

1995 89.438 0.005 ± 0.002 0.10 ± 0.04 
91.278 0.003 ± 0.002 0.10 ± 0.04 
91.292 0.006 ± 0.002 0.10 ± 0.04 
92.965 0.004 ± 0.002 0.10 ± 0.04 

Table 5: Corrections to the selection efficiencies for hadronic events due to detector insta­
bilities and to detection and track reconstruction inefficiencies in the forward region not 
included in the Monte Carlo simulation. All corrections are negative. The uncertainties 
quoted are systematic. 
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Collision energy (Ge V) 89.438 91.278 91.292 92.965 
Monte Carlo statistics 0.02 0.02 0.02 0.02 
forward inefficiency 0.04 0.04 0.04 0.04 
off-peak efficiency correction 0.02 - - 0.02 
cut variations 0.08 0.08 0.08 0.08 
total uncertainty on sel. eff. 0.09 0.09 0.09 0.09 
r+ r- background 0.03 0.03 0.03 0.03 
e+ e- background 0.02 0.01 0.01 0.01 
II collision background 0.03 0.01 0.01 0.02 
total uncertainty 0.10 0.10 0.10 0.10 

Table 6: Breakdown of the systematic uncertainties (in per-cent) on the 1995 hadronic 
cross-sections related to the knowledge of the selection efficiency and of the residual 
backgrounds. 

year Collision energy Cross-section 
(GeV) (nb) 

1993 89.431 9.868 ± 0.035 
91.187 30.351 ± 0.060 
91.303* 30.424 ± 0.098 
93.015 13.893 ± 0.041 

1994 91.200 30.466 ± 0.034 
91.204 30.417 ± 0.152 

1995 89.438 9.930 ± 0.038 
91.279 30.631 ± 0.105 
91.292* 30.650 ± 0.075 
92.965 14.348 ± 0.045 

Table 7: DELPHI hadronic cross-sections measured from 1993 to 1995. In this and 
subsequent tables, data taken during the "pre-scan" operation is indicated with *. The 
uncertainties quoted are statistical. They do not include overall normalisation uncertain­
ties coming from efficiencies and backgrounds (± 0.10% in 1993 and 1995, and ± 0.11 % 
in 1994) and from the absolute luminosity (± 0.29% in 1993 and ± 0.14% in 1994 and 
1995). 
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year Collision energy Cross-section A~B 
(GeV) (nb) 

1993 89.430 0.298 ± 0.008 -0.122 ± 0.028 
91.186 0.904 ± 0.011 0.028 ± 0.012 
91.303* 0.918 ± 0.014 -0.018 ± 0.016 
93.014 0.399 ± 0.007 0.089 ± 0.017 

1994 91.201 0.910 ± 0.005 0.000 ± 0.006 
1995 89.438 0.302 ± 0.009 -0.135 ± 0.030 

91.278 0.929 ± 0.017 0.011 ± 0.018 
91.292* 0.911 ± 0.012 0.002 ± 0.013 
92.965 0.435 ± 0.007 0.105 ± 0.017 

Table 8: DELPHI cross-sections and forward-backward asymmetries measured in the 
e+e- channel. The results refer to the polar angle range 44° < () < 136°. The cut on 
acollinearity given in the text applies to both sets of results which refer to the s-channel 
only. The uncertainties quoted are statistical. They do not include, for the cross-sections, 
overall normalization uncertainties coming from efficiencies and backgrounds (at the peak, 
±0.46% in 1993 and ±0.52% in 1994 and 1995) and from the absolute luminosity(± 0.29% 
in 1993 ± 0.14% in 1994 and ± 0.14% in 1995), and for the asymmetries a systematic 
uncertainty at the peak of ±0.0026 in 1993, ±0.0021 in 1994 and ±0.0020 in 1995. 

year Collision energy Cross-section A~B 
(GeV) (nb) 

1993 89.431 0.427 ± 0.007 -0.141 ± 0.015 
91.187 1.324 ± 0.012 -0.007 ± 0.008 
91.302* 1.354 ± 0.017 0.016 ± 0.013 
93.015 0.617 ± 0.008 0.104 ± 0.012 

1994 91.200 1.331+0.006 0.007 + 0.004 
1995 89.438 0.436 ± 0.007 -0.154 ± 0.016 

91.279 1.359 ± 0.018 0.020 ± 0.012 
91.292* 1.351 ± 0.013 0.000 ± 0.008 
92.965 0.649 ± 0.009 0.086 ± 0.012 

Table 9: DELPHI cross-sections and forward-backward asymmetries measured in the 
µ+ µ- channel. The cross-sections are for the polar angle range 20° < () < 160° and the 
asymmetries refer to the full solid angle. The cuts on momenta and acollinearity given 
in the text apply to both sets of results. The uncertainties quoted are statistical. For 
the cross-sections they do not include overall normalization uncertainties coming from 
efficiencies and backgrounds (±0.28% in 1993, ±0.26% in 1994 and ±0.28% in 1995.) 
and from the absolute luminosity (0.29% in 1993 and ± 0.14% in 1994 and 1995) . For 
the asymmetries there is a systematic uncertainty of ±0.0009 in 1993, ±0.0005 in 1994 
and ±0.0010 in 1995. 
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year Collision energy Cross-section A;B 
(GeV) (nb) 

1993 89.431 0.471 ± 0.009 -0.154 ± 0.020 
91.187 1.478 ± 0.015 -0.007 ± 0.011 
91.303* 1.503 ± 0.021 0.003 ± 0.017 
93.015 0.666 ± 0.011 0.112 ± 0.016 

1994 91.200 1.480 ± 0.007 0.016 ± 0.005 
1995 89.438 0.495 ± 0.010 -0.123 ± 0.019 

91.278 1.466 ± 0.023 -0.005 ± 0.015 
91.292* 1.462 ± 0.017 0.019 ± 0.011 
92.965 0.697 ± 0.011 0.122 ± 0.015 

Table 10: DELPHI cross-sections and forward-backward asymmetries measured in the 
r+r- channel. The cross-sections and asymmetries refer to the full solid angle and the 
cuts on momenta and acollinearity given in the text are corrected for. The uncertainties 
quoted are statistical. They do not include, for the cross-sections, overall normalization 
uncertainties coming from efficiencies and backgrounds (±0.60%) and from the absolute 
luminosity (0.29% in 1993 and ± 0.14% in 1994 and 1995) , and for the asymmetries a 
systematic uncertainty of ±0.0020 at the peak. 

Hadrons e+e- µ+µ- r+r-

Cross-section 
() acceptance (0

) 0-180 44-136 20-160 20-160 
Selected events 682,262 24,286 28,888 21,920 

Selection efficiency(%) 94.84 ± 0.09 97.82 ± 0.07 93.89 ± 0.26 61.99 ± 0.36 
Trigger efficiency (%) > 99.99 > 99.99 99.88 ± 0.01 99.98 ± 0.01 

r+r- background (%) 0.38 ± 0.03 1.10 ± 0.04 1.10 ± 0.11 -

qq background (%) - - - 0.84 ± 0.15 
e+e- + µ+ µ- bkgd. (%) 0.04 ± 0.01 - - 1.60 ± 0.17 
Two-photon bkgd. (pb) 16 ±3 - - 1.9 ± 0.5 
Cosmic ray bkgd. (%) - - 0.11±0.03 0.11±0.05 
Tot. syst. error (%) ±0.10 ±0.46t ±0.28 ±0.60 

Asymmetry A~B 
() acceptance (0

) - 44-136 11-169 20-160 
Selected events 24,286 27,492 16,091 
Tot. syst. error - ±0.0026t ±0.0009 ±0.0020 

Table 11: Summary of event samples, angular acceptances, efficiencies (within the ac­
ceptances for e+ e- and µ+ µ-) , backgrounds and systematic errors in the hadronic and 
leptonic cross-sections, and the leptonic forward-backward asymmetries for the 1993 data. 
The e+ e- data refer specifically to analysis method 2. The total systematic uncertainty 
of ±0.29% in the luminosity is not included in the above numbers for the cross-sections. 
t Includes the uncertainty due to the t-channel subtraction. 
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Hadrons e+e- µ+µ- T+T-

Cross-section 
() acceptance (0

) 0-180 44-136 20-160 20-160 
Selected events 1,310,243 41,290 56,856 39,133 

Selection efficiency (%) 94.79 ± 0.10 96.95 ± 0.06 94.84 ± 0.25 63.79 ± 0.36 
Trigger efficiency (%) > 99.99 > 99.99 99.73 ± 0.01 99.98 ± 0.01 

T+T- background(%) 0.41±0.03 0.83 ± 0.04 1.14 ± 0.06 -

qq background (%) - - - 0.92 ± 0.10 
e+e- + µ+µ- bkgd. (%) 0.04 ± 0.01 - - 2.07 ± 0.20 
Two-photon bkgd. (pb) 16 ± 3 - - 1.9 ± 0.2 
Cosmic ray bkgd. (%) - - 0.07 ± 0.02 0.11±0.05 

I 

Tot. syst. error (%) ±0.11 ±0.52T ±0.26 ±0.60 
Asymmetry A~B 
() acceptance (0

) - 44-136 11-169 20-160 
Selected events 41,290 58,532 39,133 

I 

Tot. syst. error - ±0.0021 T ±0.0005 ±0.0020 

Table 12: Summary of event samples, angular acceptances, efficiencies (within the ac­
ceptances for e+e- andµ+µ-), backgrounds and systematic errors in the hadronic and 
leptonic cross-sections, and the leptonic forward--backward asymmetries for the 1994 data. 
The e+ e- data refer specifically to analysis method 2. The total systematic uncertainty 
of ±0.14% in the luminosity is not included in the above numbers for the cross-sections. 
t Includes the uncertainty due to the t-channel subtraction. 
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Hadrons e+e- µ+µ- T+T-

Cross-section 
() acceptance (0

) 0-180 44-136 20-160 43-137 
Selected events 659,331 20,833 26,211 18,787 

Selection efficiency (%) 95.34 ± 0.09 97.42 ± 0.08 94.40 ± 0.26 62.00 ± 0.36 
Trigger efficiency (%) > 99.99 > 99.99 99.74 ± 0.01 99.98 ± 0.01 

r+T- background (%) 0.38 ± 0.03 0.85 ± 0.04 1.22 ± 0.10 -
qq background (%) - - - 1.10 ± 0.15 

e+ e- + µ+ µ- bkgd. (%) 0.02 ± 0.01 - - 1.39 ± 0.17 
Two-photon bkgd. (pb) 16 ± 3 - - 2.5 ± 0.2 
Cosmic ray bkgd. (%) - - 0.09 ± 0.03 0.11±0.05 

Tot. syst. error (%) 
.L 

±0.10 ±0.521 ±0.28 ±0.60 
Asymmetry AfB 
{) acceptance (0

) - 44-136 11-169 43-137 
Selected events 20,833 29,143 19,551 

I 

Tot. syst. error - ±0.0020T ±0.0010 ±0.0020 

Table 13: Summary of event samples, angular acceptances, efficiencies (within the ac­
ceptances for e+ e- and µ+ µ-), backgrounds and systematic errors in the hadronic and 
leptonic cross-sections, and the leptonic forward-backward asymmetries for the 1995 data. 
The e+ e- data refer specifically to analysis method 2. The total systematic uncertainty 
of ±0.14% in the luminosity is not included in the above numbers. 
t Includes the uncertainty due to the t-channel subtraction. 
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q-q 1990 1991 1992 1993 1994 1995 
1990 0.0040 0.0015 0.0008 0.0008 0.0008 0.0008 
1991 0.0015 0.0020 0.0008 0.0008 0.0008 0.0008 
1992 0.0008 0.0008 0.0013 0.0008 0.0008 0.0008 
1993 0.0008 0.0008 0.0008 0.0010 0.0008 0.0008 
1994 0.0008 0.0008 0.0008 0.0008 0.0010 0.0008 
1995 0.0008 0.0008 0.0008 0.0008 0.0008 0.0010 
e+e- 1990 1991 1992 1993 1994 1995 
1990 0.0080 0.0050 0.0041 0.0041 0.0041 0.0041 
1991 0.0050 0.0050 0.0041 0.0041 0.0041 0.0041 
1992 0.0041 0.0041 0.0059 0.0041 0.0041 0.0041 
1993 0.0041 0.0041 0.0041 0.0052 0.0041 0.0041 
1994 0.0041 0.0041 0.0041 0.0041 0.0052 0.0041 
1995 0.0041 0.0041 0.0041 0.0041 0.0041 0.0052 

µ+µ- 1990 1991 1992 1993 1994 1995 
1990 0.0080 0.0050 0.0040 0.0020 0.0020 0.0020 
1991 0.0050 0.0050 0.0040 0.0020 0.0020 0.0020 
1992 0.0040 0.0040 0.0040 0.0020 0.0020 0.0020 
1993 0.0020 0.0020 0.0020 0.0031 0.0020 0.0020 
1994 0.0020 0.0020 0.0020 0.0020 0.0028 0.0020 
1995 0.0020 0.0020 0.0020 0.0020 0.0020 0.0030 
7+7- 1990 1991 1992 1993 1994 1995 
1990 0.0120 0.0075 0.0047 0.0047 0.0047 0.0047 
1991 0.0075 0.0075 0.0047 0.0047 0.0047 0.0047 
1992 0.0047 0.0047 0.0060 0.0047 0.0047 0.0047 
1993 0.0047 0.0047 0.0047 0.0060 0.0047 0.0047 
1994 0.0047 0.0047 0.0047 0.0047 0.0060 0.0047 
1995 0.0047 0.0047 0.0047 0.0047 0.0047 0.0060 

Table 14: The systematic errors due to selection efficiencies and background subtrac­
tions in the measurements of hadronic and leptonic cross-sections, and their correlations 
year-to-year. In the e+e- case the uncertainties apply to the s-channel. The systematic 
uncertainties due to the luminosity determination are not included. 
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e+e- 1990 1991 1992 1993 1994 1995 
1990 0.0030 0.0020 0.0020 0.0016 0.0016 0.0016 
1991 0.0020 0.0020 0.0020 0.0016 0.0016 0.0016 
1992 0.0021 0.0020 0.0030 0.0016 0.0016 0.0016 
1993 0.0016 0.0016 0.0016 0.0025 0.0016 0.0016 
1994 0.0016 0.0016 0.0016 0.0016 0.0021 0.0016 
1995 0.0016 0.0016 0.0016 0.0016 0.0016 0.0021 
µ+µ- 1990 1991 1992 1993 1994 1995 
1990 0.0050 0.0030 0.0010 0.0005 0.0005 0.0005 
1991 0.0030 0.0030 0.0010 0.0005 0.0005 0.0005 
1992 0.0010 0.0010 0.0010 0.0005 0.0005 0.0005 
1993 0.0005 0.0005 0.0005 0.0009 0.0005 0.0005 
1994 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 
1995 0.0005 0.0005 0.0005 0.0005 0.0005 0.0015 
T+T- 1990 1991 1992 1993 1994 1995 
1990 0.0050 0.0020 0.0010 0.0015 0.0015 0.0015 
1991 0.0020 0.0020 0.0010 0.0015 0.0015 0.0015 
1992 0.0010 0.0010 0.0017 0.0015 0.0015 0.0015 
1993 0.0015 0.0015 0.0015 0.0020 0.0015 0.0015 
1994 0.0015 0.0015 0.0015 0.0015 0.0020 0.0015 
1995 0.0015 0.0015 0.0015 0.0015 0.0015 0.0020 

Table 15: The systematic errors in the measurements of leptonic forward-backward asym­
metries, and their correlations year-to-year. In the e+ e- case the uncertainties apply to 
the s-channel. 

Vs' [GeV] 24-38 38-45 45-52 52-59 59-66 66-73 73-80 80-84 84-87 
N':J5 

obs 2 9 2 5 5 7 11 16 43 
N95 

sim 14 44 27 47 33 45 108 193 466 
< CT[1Iff > I < CTlf/ > 0.92 1.56 0.59 1.04 0.83 1.15 0.95 0.82 0.97 

1995 ±1.03 ±0.62 ±0.59 ±.59 ±0.68 ±0.52 ±0.31 ±0.20 ±0.15 
< <7[1f > I < <7f /J1 > 1.14 0.99 1.01 0.76 0.56 1.05 0.93 0.90 1.11 

1992-1995 ±0.49 ±0.23 ±0.33 ±0.21 ±0.18 ±0.23 ±0.14 ±0.11 ±0.06 
< H> [GeV] 33.6 41.7 47.5 55.6 62.1 70.2 77.4 82.5 85.8 

CTlf/ (pb] 86.6 56.5 43.9 32.9 27.6 24.9 29.6 49.8 106.1 
<7'}i;f [pb](92-95) 98.7 55.9 44.3 25.0 15.5 26.1 27.5 44.8 117.8 

J( <7[1]3) [pb](92-95) ±42.4 ±13.0 ±14.5 ±6.9 ±5.0 ±5.7 ±4.l ±5.5 ±6.4 

Table 16: Numbers ofISR events found in the 1995 data and simulated samples (N'tts and 
N;[,rrJ for different H intervals, and the ratios of the average measured to SM Improved 
Born cross-sections for 1995. Next the cross-section ratio for the data taken in 1992 to 
1995 is given. Then < .JSi > is the mean measured effective annihilation energy in the 
interval, and <7Jf/ is the mean Improved Born cross-section within each energy interval 
expected in the Standard Model, obtained from the DYMU3 program. Finally <7[1]3 with 
its error J( <7'}1]3) is the resulting measured cross-section. 



40 

Vs' [GeV] 20-50 50-65 65-80 80-84 84-87 
N'f;P 9 6 4 4 17 
Nis 6 8 19 17 34 
p'Y'Y 0.10 0.07 0.01 0. 0. 

AJ,'k [%] -49. -24. -75. 
< Vs'> [GeV] 42.5 58.9 74.4 82.4 85.9 
A{j1corr [%] 14.3 ± 14.4 -37.4 ± 15.6 -68.2 ± 7.0 -63.3 ± 8.4 -45.3 ± 6.2 
J(AFB){~~[%] ±0.4 ±0.6 ±0.7 ±0.6 ±0.3 

-µ,;-µ, 
O'+ O'_ 1.54 ± 0.55 0.34 ± 0.17 0.09 ± 0.05 0.10 ± 0.06 0.23 ± 0.05 

Jsys 0.05 0.01 0.01 0.01 0.01 

Table 17: Nj.,5 , NZ5 : observed number of ISR events in the forward and backward hemi­
spheres for the 1995 data; PTY: contamination by II events; A}1,: asymmetry for II 
events as determined from simulated data; A{j~corr: the asymmetry with statistical er­
ror calculated with a maximum likelihood fit, corrected for FSR and II contamination, 
with systematic error J(AFB){;~, based on the data from 1991 to 1995; ; 0-1:-/0-'::_: the 
helicity component ratio with its statistical error based on the data from 1991 to 1995; 
Jsys: the systematic error on the above helicity component ratio . 
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I Parameter I Value 

Mz 91.1864 ± 0.0029 
f z 2.4872 ± 0.0041 
O"o 41.553 ± 0.079 

Re 20.87 ± 0.12 
Rµ 20.67 ± 0.08 
Rr 20.78 ± 0.13 

Rz I 20. 728 ± 0.060 I 
A~Be 0.0189 ± 0.0048 
A~t 0.0160 ± 0.0025 
A~BT 0.0243 ± 0.0037 

A~B I 0.0187 ± 0.0019 I 
Table 18: The results of the 9-parameter and 5-parameter fits to all DELPHI data on 
hadronic and leptonic cross-sections and leptonic forward-backward asymmetries. 

f z O"o Re Rµ Rr Aue Auµ 
FB FB 

Au r 
FB 

Mz 0.05 -0.06 -0.03 -0.06 -0.03 0.04 0.07 0.07 
f z - -0.24 -0.01 -0.01 0.00 0.00 0.00 0.00 
O"o - 0.11 0.17 0.10 0.00 -0.01 -0.01 
Re - 0.06 0.04 0.01 0.00 0.00 
Rµ - 0.05 0.00 0.01 0.00 
Rr - 0.00 0.00 0.02 

Ao e - 0.01 0.01 FB 
Aoµ - 0.02 FB 

Table 19: The correlation coefficients for the parameters of the 9-parameter fit. 

f z O"o Rz A~B 
Mz 0.05 -0.06 -0.06 0.09 
f z - -0.24 -0.01 0.00 
O"o - 0.22 -0.01 
R1 - 0.01 

Table 20: The correlation coefficients for the parameters of the 5-parameter fit. 
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Parameter Value 
Mz (GeV) 91.1942±0.0115 
rz (GeV) 2.4849±0.0048 
rtot 

had 2.945±0.011 
rtot 
e 0.1408±0.0010 

rtot µ 0.14241±0.00073 
rtot 

T 0.14146±0.00100 
·tot 
Jhad -0.28±0.65 
·tot 
Je -0.064±0.053 
·tot 
Jµ 0.053±0.043 
·tot 
J-r -0.008±0.047 
rfb e 0.00340±0.00092 
rfb 0.00276±0.00051 µ 
rfb 0.00418±0.00072 T 
·fb 
Je 0.816±0.073 
•fb 0. 712±0.037 Jµ 
•fb 0. 705±0.047 J-r 

Table 21: S-Matrix parameters from a fit to all the DELPHI data without the assumption 
of lepton universality. 

I"'z ~~r~ot ·tot ·tot ·tot •tot rtb rib rib ;lb ;lb ;tb JJ...-..1 Je J,, J,.. e u 'T Je Ju J.,. 

Mz -.51 -.46 -.26 -.32 -.25 -.97 -.58 -.71 -.65 .16 .25 .17 -.04 .00 .00 

f'z - .88 .51 .66 .48 .54 .29 .40 .36 -.07 -.11 -.07 .04 .04 .03 
rtot - .53 .69 .51 .49 .26 .36 .32 -.06 -.10 -.06 .04 .05 .04 had 
rtot - .40 .29 .28 .19 .20 .19 -.02 -.06 -.04 .08 .03 .02 e 
rtot - .38 .34 .18 .33 .23 -.04 -.05 -.04 .03 .08 .03 µ 
rtot - .27 .14 .20 .25 -.03 -.05 .00 .02 .03 .09 

T 
·tot - .57 .71 .65 -.16 -.25 -.16 .04 .00 .01 
~l.'ttd 
Je - .42 .38 -.07 -.15 -.10 .02 .00 .00 
jtot - .48 -.11 -.16 -.12 .03 -.04 .00 
·fot - -.10 -.17 -.09 .03 .00 -.03 J,.. 
~b - .05 .03 .08 .00 .00 e 
rfb - .05 .01 .20 .00 
/b - .01 .oo .18 T 
·fb 
Je - .00 .00 
·fb 
Ju - .00 

Table 22: The correlation matrix for the set of parameters given in Table 21. 
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Parameter Value SM prediction 
Mz (GeV) 91.1944±0.0115 -

rz (GeV) 2.4846±0.0048 2.4932 
rtot 
had 2.944±0.011 2.9603 

r~ot 0.14177±0.00065 0.14253 
·tot 
had -0.29±0.65 0.22 
·tot 
J.e 0.008±0.037 0.004 
rib e 0.00325±0.00039 0.00266 
•fb 
Je 0. 725±0.027 0.799 

Table 23: S-Matrix parameters from a fit to all the DELPHI data assuming lepton 
universality. The Standard Model predictions are calculated for Mz = 91.1882 GeV, 
mt = 174.1 GeV, mH = 300 GeV, a8 (Mi) = 0.118 and 1/ a(Mi) = 128.896. 

r tot rtot /ot ·tot rw ;to 
Z rhad e had Je e Je 

Mz -.511 -.46 -.38 -.97 -.83 .33 -.01 
rz - .88 .74 .54 .45 -.15 .07 
rtot 
had - .78 .49 .41 -.13 .07 
rr - .40 .37 -.09 .10 
·tot - .82 -.32 .02 Jhad 
·tot Je - -.26 -.01 
rib - .17 £ 

Table 24: The correlation matrix for the set of parameters given in Table 23. 
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Figure 1: (a), (b) The relative energy distributions in the two SAT calorimeters separately 
and (c) the relative minimum energy distribution for data (points) and simulated data 
(histograms) after all other event selection criteria have been applied. ( d) The variation 
of the measured luminosity with respect to the placement of the minimum energy cut. 
The luminosity change is defined to be zero at the standard cut of 65% of the beam 
energy, indicated by the arrow. 
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Figure 2: Distribution obtained by selecting the highest energy cluster in each of the two 
STIC arms and plotting the lower of these two. 
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Figure 3: Distribution of the highest energy cluster of one STIC arm versus the highest 
energy cluster of the other: the selected region is indicated by the line. 
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Figure 4: Cross-section per bunch divided by the total cross-section at each collision 
energy in 1995. 
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Figure 5: Distribution of the charged multiplicity, of the acollinearity between the mo­
menta of both event hemispheres and of the major value of the transverse momentum with 
respect to the event thrust axis, for hadronic events at the peak energy. The multiplicity 
distribution is shown for events satisfying all other selection criteria, the dashed vertical 
line showing the charged multiplicity cut. The acollinearity and the major distributions 
are restricted to selected events with charged multiplicity 5 and 6. Points with error bars 
represent the real data. The white area under the full line stands for the qq Monte Carlo. 
The shaded areas show the contributions from the main background processes visible 
on these distributions: r+r- pairs (light grey), e+e- pairs (dark grey) andµ+µ- pairs 
(medium grey). 
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Figure 6: Total number of e+ e- events estimated by method 2 at the scan energies, as 
a function of some of the cut variables: a) energy of the most energetic electromagnetic 
cluster, normalized to the beam energy b) energy of the second most energetic electro­
magnetic cluster, normalized to the beam energy c) quadratic sum of the momenta of 
the two highest momentum charged particles. The circles give the estimated number of 
events after efficiency correction (the statistical error is shown), the squares after back­
ground subtraction and the triangles after correlation correction. The chosen cut value 
is indicated with an arrow. 
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Figure 7: The total selection efficiency in 1994 for events e+ e- -+ µ+ µ- versus the cosine 
of the polar angle for the fastest muon. 
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Figure 8: Distribution of the event variable Prad for data from the 1994 runing period 
(points) and fitted Monte Carlo. The unshaded area is µ+ µ-, the shaded area is r+ r-. 
The arrow indicates the cut applied in the final event selection. 
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Figure 9: Differential cross-sections of the reaction e+ e- -t µ+ µ- combined for all years 
1993 to 1995. The superimposed curves are fits to the data points assuming the lowest 
order form of the differential cross-section 
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Figure 10: Detector Asymmetry Adet versus the polar angle as determined for the 1994 
running period, both as an absolute quantity, and normalized by its statistical error, 
6Adet· 
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Figure 11: The distribution of the thrust variable in events selected as r+r- in 1994. The 
points are for the data, the open area is for simulated r+r- events and the cross-hatched 
areas represents the simulated background from all sources. Only events with Thrust > 
0.996 are retained. The plot shows that signal and backgrounds are well reproduced by 
the simulation. 
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Figure 12: The distribution of the Erad variable in events selected as r+r- in 1994. 
The points are for the data, the open area is for simulated r+ T- events and the 
cross-hatched areas represent the simulated backgrounds from all sources. Only events 
with Erad < .JS /2 are retained. The plot shows that signal and backgrounds are well 
reproduced by the simulation. 
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Figure 13: Differential cross-sections in the T+T- channel as measured at the three energy 
values in 1995. The curves are fits to the lowest order form of the angular distribution. 
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Figure 14: (a) Efficiency for the selection of ISR events and (b) purity of the ISR sample 
with regard to FSR events, based on simulated radiative muon events, for the data sample 
used in ref. [21] (black dots) and for the data taken in 1995 (stars) 
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Figure 15: Ratio of measured to SM Improved Born µ+ µ- cross-section as a function of 
the effective annihilation energy. 
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Figure 16: Improved Bornµ+µ- cross-sections measured in the analysis of DELPHI data 
from 1992 to 1995 (black circles), at the zo peak (open circles), and at PEP, PETRA 
and TRISTAN. The solid line shows the SM prediction. 
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Figure 17: Improved Born µ+ µ- asymmetry as a function of the effective annihilation 
energy. The black squares show the measurements made by DELPHI below 87 GeV, using 
the likelihood fit method described in the text. The open circles show the measurements 
made by DELPHI at the zo peak. The solid line shows the SM prediction. 
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Figure 18: Hadronic cross-sections from 1990, 1991, 1992, 1993, 1994 and 1995 data. 
The errors shown are statistical only. In (a) the data are shown together with a curve 
representing the result of the 5-parameter fit described in Section 10. Plot (b) shows the 
difference of the measurements from the best fit values; for clarity only the data from 
1992, 1993, 1994 and 1995 are shown. 
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