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The Large Electron Positron (LEP) Collider at the European Centre for Nuclear Re-
search, CERN was constructed to study the properties of Z° and W+ bosons which are the
mediators of the weak interactions. In the first phase of LEP, called LEP1, Z° particles
are produced from collisions of electron and positron beams each of energy ~ 45 GeV.
There are four experiments ALEPH, DELPHI, L3 and OPAL surrounding four interaction
regions of the LEP collider. .

Experimental High Energy Physics Group in TIFR is a part of the L3 collaboration at
LEP. The work presented in the thesis describes the determination of the properties of
the Z° boson produced in ete™ interactions. The ahalysis was performed using the data
collected by the L3 detector from the year 1990 to 1995, the entire period of LEP running
at the Z° resonance, corresponding to centre of mass energy Ecm ~ 91.0 £ 3.0 GeV. The
data correspond to the integrated luminosity of 135 pb~?.

The Standard Model [1] of particle physics describes the elementary. particles and their
interactions. The process ete~ — ff, where ff is the fermion-antifermion pair, can be
described in the lowest order of the electroweak theory through s-channel [also t channel
for efe™ — e*e~(7) | exchange of Z° and photon. At centre of mass energies near the Z°
resonance, the Z° exchange term dominates over the y exchange and the y—Z° interference
terms. This enables us to determine the properties of Z° boson, such as the mass (Mz),
the total width (I'z), partial decay width of Z° to ff pair (I'¢), from measurements of
cross sections. The interference between the vector and axial vector currents introduces
the forward backward asymmetry in the process hence it depends on the vector (gf;) and
axial vector (g ) couplings of Z° boson to fetmions.

There are corrections to the lowest order interaction ete~ — ff due to non vanishing
contribution from the higher order processes. These are commonly known as radiative
corrections [2]. They are of three types : QED corrections, weak corrections and the QCD
corrections. Precise measurement of the Z° parameters enables us to probe these higher
order quantum corrections. QED corrections depending on the fine structure constant
a are known with high accuracy. Weak corrections depend on the mass of Z° the top
quark mass M; and the Higgs mass MH, and the QCD correction depends on the strong
coupling constant a,. Measurement of the radiative correction terms is one of the most
crucial achievements of LEP experiments.

Z° parameters are determined in two ways : (1) Model independent framework and
(2) Standard Model framework. In the first case QED corrections are considered fully,

the weak corrections are not considered explicitly but they are taken care of by redefining
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the parameters, such as couplings. The couplings determined in the model independent
framework are known as effective couplings. In the Standard Model framework QED as
well as weak corrections are considered explicitly; one can estimate the toﬁ quark mass
from this method. We use the analytical programs ZFITTER [4], ALIBABA [3] for
calculating the theoretical predictions and the CERN library package MINUIT [5] for
minimisation purpose. |

The decay modes of Z° are given by Z° — hadrons (70%), ete=(3.3 %), p*p~ (3.3 %),
7t~ (3.3 %) and v¥ (20 %). Z° decays into neutrinos are not visible in the detector.
From widths of the visible decay channels and the total width of Z° one can determine the
number of light neutrino species N,,. We describe here the the methodology to determine
the electroweak parameters studying different processes in ete™ interactions.

Experimentally one measures (a) the production rates or the cross sections of different
processes in the ete™ annihilation and (b) the forward backward asymmetry in the final
state. From the distribution of the cross sections as a function of centre of mass energy one
can extract the shape parameters of the resonance curve which corresponds to different
parameters of Z° boson. The position of the peak leads to the mass of the Z° boson(Mz),
the full-width at half maximum corresponds to the total width (I'z) and the height is
proportional to the product of initial and final state partial widths I'.I's. Measuring total
cross sections of ete™, utp~, 7t~ and hadronic channels we can determine separately

the partial widths T, I',,, I'; and Thaq.

(1) Measurement of ete™ — 7+77 () cross section and forward backward asymmetry :

We have determined the cross section and the forward backward asymmetry of the process
ete™ — 777 (7). Tau leptons have a very short lifetime of 0.295 ps, and decay immedi-
ately even before reaching the first active part of the detector. 717~ events are identified
from the decay products of 7’s. The selection criteria are designed to select cleanest sam-
ple of tau events from all possible background events. Selected events are statistically
corrected for acceptance, efficiency and remaining backgrounds for determination of the
cross section. Systematic errors are estimated studying all possible sources like selec-
tion cuts, Monte Carlo acceptance, trigger, background subtraction and the modelling of
the tau decays in the generator. The forward backward asymmetry is determined from a
maximum likelihood fit to the differential cross section measured as a function of the scat-
tering angle. The most dominant contribution to the systematic error of the asymmetry

measurement comes from the confusion of the charge measurement in the event. In 1992,
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1994 and the early part of 1995 LEP ran at Z° peak whereas in later part of 1995 there
was an energy scan, called 1995 scan, at three energy points on and around the Z° peak.
The LEP run in 1995 before the energy scan is known as 1995 prescan. Measured values of
the cross sections and forward backward asymmetries at different centre of mass energies
in different years with errors (statistical and systematic errors are added in qué,drature)

are summarised in table 1.

Year 8 | Cross Section | Asymmetry
(GeV) (nb)
1992 91.293 | 1.46840.016 0.01340.012

1994 91.218 | 1.47240.013 0.009-£0.008
1995 prescan | 91.160 | 1.46410.026 0.003+0.024
1995 scan | 89.452 | 0.491+4+0.013 | -0.181£0.033
91.293 | 1.5224+0.031 | —0.0164-0.028
92.984 | 0.6841+0.014 0.15240.026

Table 1: Measured cross sections and asymmetries of the process ete™ — r+77(7)

(2) Determination of Z° parameters from L3 experiment : Electroweak parameters are

determined by minimising the difference of the measured quantities from their theoretical
predictions which is a function of these parameters itself. We define the x? of the fit in
the following way, | |

K2 = ATV-IA
Where A is a column matrix of dimension n containing the differences corresponding to
n measurements and V, known as error correlation matrix, is an n X n matrix containing
the uncertainties of the individual measurements and the correlation between them.

A total of 3.7 million Z° decays were observed in all the visible channels. Statistical and
systematic errors in the cross section and asymmetry measurements, the uncertainty in the
LEP beam energy measurement and the systematic error in the luminosity measurement
correlating individual cross section measurements are taken into account in the fitting
procedure. The results of the fit are listed in the 2nd column of table 2. The partial
widths of the different leptonic channels are in good agreement with each other. The fit
is also performed assuming the lepton universality i.e. assuming I'e = T, = I'y = Tiepe
and the results are listed in 3rd column of table 2. The Standard Model predictions for
these quantities using M, = 175 GeV, My = 300 GeV and o, = 0.123 are also listed for

comparison.

(iv)




Parameter Treatment of Leptons Standard
non-universality | universality Model

Mz (MeV) | 91188.14+2.9 91188.14+2.9
I'y (MeV)| 2499.844.3 2499.8+4.3 2495.7
Ihea (MeV) | 1745.2+5.5 1745.6+4.2 1742.8
. (MeV) 83.9940.26 —
I, (MeV) 83.78+0.47 —
I, (MeV) 84.101+0.62 —
Tiept (MeV) — 83.9840.19 | 83.92

~ [ LTiw (MeV) 502.5+3.4 | 5014

Table 2: Values of the electroweak parameters as measured in the L3 experiment

(3) Combination of Z° parameters from the four LEP experiments : The electroweak re-
sults from four LEP experiments ALEPH, DELPHI, L3 and OPAL are combined inside
the LEP Electroweak Working Group to obtain the global set of electroweak results from

LEP. The correlation between the experiments are properly taken into account in the

procedure : (i) the uncertainty in the LEP beam energy measurement is fully correlated
among the experiments, (ii) the theoretical uncertainty in the cross section of the Bhabha
process used in the luminosity measurement is also correlated. The set of parameters

obtained after combination is given in table 3.

Parameter Treatment of Leptons Standard
non-universality | universality Model

Mz (MeV) | 91186.3+2.0 91186.3+2.0

Iz (MeV)| 2494.61+2.7 2494.6+£2.7 2495.7

T'hea (MeV) | 1743.642.5 1743.61+2.5 1742.8

I'. (MeV) 83.9610.15 -

I, (MeV) 83.79+0.22 —

I, (MeV) 83.7240.26 —

Tiept (MeV) — 83.914+0.11 | 83.92

v (MeV) — 499.512.0 501.4

Table 3: Values of the electroweak parameters after combination of 4 LEP experiments

The invisible width defined as,

I‘inv = FZ - I‘had - Fe - Fu - I“r

enables us to determine the number of light neutrino species (N,) which are not seen in
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the detector.

Nu — rinv (rlept)
I‘lept Fu SM

] . Tieut -
where T',, and Ty, are measured experimentally and the ratio -I':‘P-‘— is calculated from
v

the Standard Model. The number of light neutrino species is found to be :
N, = 2.989 +£0.012

which supports the assumption of three generations of neutrino in the Standard Model.

The precise set of electroweak parameters obtained from the data are then used to
“estimate the value of the top quark mass in the framework of the Standard Model. The
fitted value of the top quark mass is found to be :

M, = 171+8%17 GeV

where the value of Higgs mass is fixed at 300 GeV during the fit and the effect due the
variation of Higgs mass in the range 60-1000 GeV is quoted as the second error. The value
of the top quark mass estimated indirectly from LEP experiments agrees very well with

the recent direct measurement (175 + 6 GeV) by CDF and DO experiments at Fermilab.
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Statement required under Ordinance of 0.771

Statement no. 1 regarding new facts :

Determination of the properties of the Z° boson, which was the primary goal of the
Large Electron Positron collider, has been described in this thesis. Measurements of cross
sections and forward backward asymmetries of the process ete™ — 7777 (7) at different
centre of mass energies are presented with the methodology for the selection of 77~
events. All data collected by the L3 experiment during the LEP running period around
7° resonance are used to extract the electroweak parameters. Huge statistics and better
understanding of the experimental systematics result in a measurement of electroweak
parameters with high precision. This undoubtedly establishes the existence of three light
neutrino families. Radiative corrections of the Standard Model are used to estimate the

mass of the top quark.

Statement no. 2 regarding author’s contribution in joint work :

The work described in the thesis is a result of a collaborative effort of a large number of
people in different ways. Over the years, the LEP accelerator has performed excellently
as a result of enormous effort of the physicists, engineers and technicians in the LEP
accelerator division. The L3 detector and the online and off line software are combined
effort of many physicists and engineers from several institutes. References have been
properly mentioned whenever use of earlier work has been made. I have done the analysis
presented here, under the guidance of Prof. S. N. Ganguli. The major areas where I have

contributed are described below.

I have developed the criteria to select tau events and determined the cross sec-
tions and forward backward asymmetries for 1992, 1994 and 1995 data, studying all

possible sources of systematic errors of these measurements.
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The necessary improvements in the fitting package to extract electroweak parame-
ters were implemented by me which was necessary to cope up with the increasing

precision of data.

I have used the measured cross sections and asymmetries of all the decay channels

of Z° to extract the electroweak parameters.

I have also worked for combining the results from the four LEP experiments as a

member of the LEP electroweak working group.
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Chapter 1

Introduction

The discovery of the carriers of the weak interaction, W* and Z° bosons, at the pp collider
at CERN in 1983, convincingly established the Standard Model of Electroweak Interac-
tions proposed by Glashow, Salam and Weinberg [1] as the description of elementary
particle interactions. A precise study of the properties of the newly discovered gauge
bosons was a natural step to follow.

The mass and total width of Z° are two important electroweak parameters in the
Standard Model. The total decay width of Z° involves all the decay channels of Z° and
is related to the fundamental question of the number of fermion generations. The only
way to measure the width is to change centre of mass energy for production in small
steps around the mass of Z°. This is difficult in pp collider, where actual collision takes
place between the constituent partons in proton and anti-proton, which carry a fraction
of the available energy. One can not tune the energy at which the partons should take
part in hard collisions. Moreover, once a Z° is produced it has to be detected from
hadronic debris resulting from the partons which did not take part in hard collision. All
these demanded high luminosity and high energy ete™ colliders where the collision energy
could be measured accurately and the environment would be very clean. For a precise
determination of the electroweak parameters related to Z°, the machine would operate at
a centre of mass energy on or around the mass of Z° boson. The Large Electron Positron
(LEP) collider at CERN and the Stanford Linear Collider (SLC) at Stanford Linear
Acceleration Centre, came into existence for a precise measurement of the properties of
the Z° and W bosons. )

LEP became operational during the month of September, 1989. The centre of mass
energy during phasel was chosen around the known mass of Z° ~ 91 GeV in order to
have resonance production. The very clean environment of the e*e™ collision was utilised
to minimise the background. At that time the knowledge of some of the important

electroweak parameters were the following :

(i) The mass of the Z° was known as 93.14+1.043.0 GeV from UA1l [2],




91.74 + 0.28 4 0.93 GeV from UA2 [3] and 90.9 £ 0.3 + 0.2 GeV from CDF [4] ex-
periments. The total width of 7° was known as 2.7712 4+ 1.3 GeV from UA1 and
2.7+2.0 £ 1.0 GeV from UA2 experiments.

(ii) There were several attempts to determine the number of light neutrino families
which is assumed to be three in the Standard Model. The upper bound of the
number of light neutrino families came from the abundance of He* from primordial
nucleo-synthesis. There were two limits by two groups which are N, < 5.5 [5] and
N, < 4.0 [6]. This was also measured from the ratio of the total widths of Z° and
W in pp collider at CERN SppS and the limit obtained at that time was N, < 5.7

" at 90% C.L. [3,7]. In the ete™ accelerator at PEP and PETRA from the study of
the vy events from virtual Z° exchange, the 90% C.L. upper limit on light neutrino
families was N, < 5.2 [8].

(iii) There was an upper limit on the top quark mass (< 200 GeV at 90% confidence
level) from a detailed analysis of the existing electroweak data and W and Z° mass

measurements from pp collider given by two groups [9].

The parameters of Z° become modified from their lowest order predictions due to the
effect of radiative corrections. In the vicinity of the Z° resonance the largest correction
(25%) arises from QED. The weak corrections are of the order of 1%. Precise determina-
tion of the parameters of Z° allows to detect and estimate these corrections. The most
interesting feature of the weak correction is that it is sensitive to the presence of particles
in the spectrum which are heavier than Z° (top quark for example) and which can not
be produced at a centre of mass energy on or around Z° resonance. LEP aimed to probe
this quantum corrections also.

The work presented in this thesis describes the determination of the properties of Z°
produced in the ete™ interaction at LEP. The huge statistics collected from 1990 to 1995
at LEP are used to study precisely the mass, total width and couplings of Z°, and the
electroweak mixing angle. The number of light neutrino families can be determined from
the measurement of the total and partial decay widths of Z°.

Precise measurement of cross sections for different decay modes of Z° is the first step
to study its properties. The cross section as a function of the centre of mass energy shows
resonance behaviour of Z° production. The position of the resonance peak corresponds
to the mass, and the full width at half maximum of the curve corresponds to the total
width, of Z°. The height of the curve is proportional to the product of initial and final
state partial widths, I'.I's. Measurements of cross sections of different decay modes of Z°
(hadrons, ete™, ptp~ and 7177), lead to the determination of mass, total width and the

partial widths. The measurements of the forward backward asymmetries in the leptonic




final states provide informations about the vector and axial vector couplings of Z° to
leptons.

Z° parameters determined by four LEP experiments are in good agreement with each
other. They can be combined to have a global set of parameters to utilise the full statistics
at LEP. In the combination procedure we take into account the proper correlation between
different measurements. These global set of parameters are finally used to constrain the
Standard Model. This provides an estimate of the masses of the top quark and Higgs
boson. _

The main contribution of the author is in the determination of cross section and the
forward backward asymmetry of ete™ — 77~ events (chapter 6) and the determination
of the electroweak results using the measurements in L3 (chapter 7). The contribution
also includes the combination of results from four LEP experiments (chapter 8).

A brief outline of each chapter is given in the following,

Chapter 2 discusses the basic concepts of the Standard Model. The process ete™ — ff is
described in detail and the experimental observables are defined. The radiative corrections
to the lowest order processes are discussed as well. .

Chapter 3 describes the Large Electron Positron collider with its injection scheme. The
energy calibration and different systematic effects which affect the energy measurement
are discussed.

Chapter 4 provides an overview of the .3 experiment describing the sub-detector com-
ponents in some detail including the online trigger system in L3.

Chapter 5 describes the Monte Carlo simulation of events in the L3 experiment where
event generation and detector simulation are discussed. The reconstruction of real and

-simulated data is discussed thereafter. The measurement of the luminosity in the L3
experiment is also discussed.

Chapter 6 presents the analysis of the process ete™ — 7+r~ using L3 detector. The
first part describes the selection of a clean sample of 777~ events. The second part deals
with the determination of cross section and forward backward asymmetry of the process.

- Chapter 7 presents the determination of electroweak parameters from measured cross
sections and asymmetries. The incorporation of the experimental statistical and system-
atic errors of the measurements, the uncertainty in the centre of mass energy and the
fitting procedure are discussed. The indirect estimation of the top quark mass in the
Standard Model framework is also described.

Chapter 8 presents the combination procedure of the electroweak parameters obtained
from the four LEP experiments. Within the framework of the Standard Model the con-
straint on the top quark and Higgs mass are described.

Chapter 9 summarises the main results of the work presented in this thesis.




Chapter 2

Theoretical Overview

The elementary constituents of matter and their interactions are best explained by the
Standard Model of particle physics. The constituents are spin 1/2 point-like fermions,
classified into leptons and quarks. The Standard Model, based on a gauge principle,
describes strong, weak and electromagnetic interactions. According to the gauge principle,
all these forces are mediated by the exchange of integral spin gauge bosons which are the

quanta of gauge fields corresponding to the gauge group:
SU(3)c ® SU(2), @ U(1)y

Where SU(3)g, SU(2);, and U(1)y are gauge symmetry groups with quantum numbers
- colour (C), weak isospin (I) and weak hypercharge (Y) respectively.

The weak and electromagnetic interactions are unified into a single electroweak inter-
action in the Glashow-Salam-Weinberg [1] model, also known as the Standard Model of
Electroweak Interactions, based on the corresponding symmetry SU(2);, ® U(1)y which
is spontaneously broken to U(1)em.

The gauge theory which describes the strong interaction of the quarks is known as
Quantum Chromodynamics (QCD). The symmetry group associated with it is SU(3)c.
The strong interaction is mediated by massless gluons having colour charge. In the Stan-
dard Model, QCD is not unified with the electroweak theory.

2.1 Standard Model of Electroweak Physics

One can construct the Lagrangian of the Standard Model starting from the massless spin

1/2 fermionic fields. The Lagrangian for the fermionic fields is given by,
L = P(ir"d.) (21)

where 7 belongs to the fundamental representation of the gauge group. This Lagrangian

is invariant under a general global gauge transformation of the form

b = ey (2.2)
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where 7 is the set of generators of the gauge group and § is independent of space and

time. On the other hand under local gauge transformation such as
Py = ey (2.3)

the Lagrangian no longer remains invariant. Introduction of additional massless gauge
fields is required to restore the invariance. It follows that for a U(1) symmetry, the gauge
fields obey Maxwell’s equations. This acts as a motivation for more complicated theories
such as the Standard Model.

In electroweak theory the left-handed and right-handed fermions defined as,

Y= 5 (1) Y= (143 (24)

are assigned to different representations of the gauge group. Right-handed fermions trans-
form under the symmetry group U(1)y only, whereas the left-handed fermions transform
under both SU(2), and U(1)y. The transformations are given by,

YR — e_i%”’Yﬁ(x)?bL,R : U(l)y
P — e 9Ty, : SU(2)L (2.5)

where 7 are the Pauli matrices.
The Lagrangian, which is invariant under the gauge transformation SU(2);, x U(1)y,
has the form given by

Efermjon = J(i’)’”Duﬁp (2'6)

Here the derivative J, has been replaced by the covariant derivative D, by introducing
the gauge fields W, and B, corresponding to the symmetry groups SU(2) and U(l)y
respectively,

1 L, .1 |
D, = 8M+zg§W”-T+z§g’BﬂY : (2.7)

where g and ¢’ are the gauge couplings corresponding to the gauge groups SU(2);, and
U(1)y. The gauge fields transform in the following way [12]

B, — B,+08,8(x) (2.8)
Wo — W.+08dx)+gdx)xW, (2.9)
The fermion and gauge fields must be massless to preserve gauge invariance of the La-

grangian. One can generate masses of the fermion and gauge bosons through a mechanism

known as spontaneous symmetry breaking discussed in the next section.
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2.1.1 The Higgs Mechanism

An SU(2) doublet of scalar fields ¢ provides the mechanism for spontaneous symme-
try breaking (SSB) [10] through its self interaction to generate masses of gauge fields.
Additional Yukawa interaction terms help to generate masses of fermionic fields.

The scalar doublet is specified by

5 — (ﬁ:) (2.10)

where ¢t and ¢° are complex scalar fields.

The Lagrangian for the scalar can be written as,
Locatar = |D,®|% — V(|2]%) (2.11)
where the potential
V(o) = el + Ao (2.12)

The ground state is obtained by minimising the potential V. When p? > 0 the ground
state is at ® = 0. If u? < 0 there is a local maximum at ® = 0 and the ground state at

2

=

57 = — ? (2.13)

’

|

DO

2

)

where v/+/2 is known as the vacuum expectation value of ®. This new ground state is
degenerate and selection of one as the physical vacuum, out of the infinite number of
possible minimum values breaks the SU(2), ® U(1)y symmetry.

By a redefinition of the scalar fields one can remove spurious degrees of freedom cor-
responding to massless scalar (Goldstone) bosons [11]. The remaining degree of freedom
appears as a neutral scalar particle known as the Higgs boson. This is known as the Higgs
mechanism.

Although the SU(2);, ® U(1)y symmetry is broken spontaneously there remains a resid-
ual U(1)em symmetry corresponding to the generator,

Q=1I+ ; (2.14)
which implies that there should be a massless gauge boson in the spectrum which is
identified as photon, the mediator of electromagnetic interactions. As stated before, this
U(1) gauge field satisfies Maxwell’s equations.

Fermion masses are generated in a similar manner. The massless fermions are coupled
to the scalar field ® through Yukawa couplings. After the spontaneous symmetry breaking,
due to the non-vanishing vacuum expectation value of the scalar field, the fermions acquire

mass.
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2.1.2 Electroweak Currents
The electroweak Lagréngian thus has the form,
£EW - »Cferm.ion + Lscalar + Lgaugc + L:Yukawa (215)

which is invariant under SU(2);, ® U(1)y local gauge transformations. The individual

terms are defined as

cfcrmion = E(i’)’”Dp) ',b (2.16)
»Cscalar = (Du@)f (D‘u(b) - [#ZQTQ + /\4 (@T(P) 2] (2.17)
ﬁgaugc = — ?}TI[GFIVG”V] — —z]iFy'uFuu (2.18)

Lyukaws = PrPYPr + P 3¢Pr (2.19)

After the spontaneous symmetry breaking has taken place, one obtains the three known
massive (W,*,Z,) and one massless (A,), physical gauge bosons expressed as linear

combinations of (W,', W,?, W, and B,,) as given by,

, w, ! Fiw,?
W + — Lo A 2.20
. A e
Z, _ cos By —sinbw W,u3 9.91
(A,, ) - ( sinfw cosfw ) ( B, (2.21)

0y is known as the electroweak mixing angle or Weinberg angle and follows the relations,
e = gsin By = g’ cos By (2.22)

The masses of the physical gauge bosons are the coefficients of the terms quadratic in
gauge fields given by,

Mw = %gv
| M; = —;—W v
My, =0 (2.23)
The interaction Lagrangian between fermions and gauge bosons is given by,
Limg = eJ% A, + %(J“*W,ﬁ +IW,T) + 0,347, (2.24)
where
g = (2.25)

sin Ow cos fw
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The electromagnetic (J%,), weak charged (J¥*) and the weak neutral (J4) currents are
defined as,

Jou = 97"Q9
= Iy
J5 = Pv"(Is — Qsin’ fw) P (2.26)

where 9 refers to either left-handed (¢1,) or right-handed (¢g) fermions. The foperators
have the representation %7"’ on v, while the ¥g has I = 0 and we define I* = %(Il + ¢ 1,).

In the low energy limit the standard electroweak charged current interaction is equiva-
lent to a point-like 4-fermion interaction and the Fermi constant G, which is accurately

measured from muon decay, is related to g by,

2
Gu _ 9 (2.27)

V2 8Mw?
From the above, the Feynman rules for the fermion and gauge boson interactions are
determined. The charged weak currents have the form y#(1 — 75), which is the famous
V—A form. The eléctromagnetic current is purely of vector type and the weak neutr?,l

current contains a combination of vector and axial vector couplings.

W= el — g | (2.28)
where

gy = L£-2Qfsin® 0y | (2.29)

ga = I (2:30)

In table 2.1 we have summarised the various quantum numbers of elementary fermions,
gauge bosons and the Higgs boson in the Standard Model. In table 2.2 we have listed the
neutral current couplings for the fermions.

The p parameter is defined as the ratio of the strengths of the weak neutral current to

the weak charged current and is given by,
_ (2/Mz)* My’
(9/Mw)?  Mz’cos? by
In the Standard Model the value of p at the tree level is 1 indicating that the charged

and neutral weak currents have the same strength.

(2.31)

2.2 ete” Interactions at Z° Resonance

The electron-positron annihilation process e*e~ — ff with fermion pairs in the final state

can occur through the exchange of v and Z°. The lowest order Feynman diagrams for
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| Gencration 1 2 3 I I3 | Y l Q
Leptons Ve vy Ve +1/2 -1 0
\e/, . e ). -1/2 -1 -1
€R KR TR 0 -2 -1
t +1/2 | +1/3 | +2/3

awie (3), (1), (3)
d /. s ). b/, —1/2 +1/3 -1/3
| 1z cr - 0 | +4/3 | +2/3
dr SR br 0 -2/3 -1/3
Gauge 0% 0
Bosons 7° 0
w+ +1
w- -1
Higgs H° 0

Table 2.1: Elementary particles in the Standard Model

gv gA

Vey Uy, Vs 1 L
e, U, T —% + 2sin? 0w —%
u,c,t % - %sin2 Ow %
dys,b | —3+Zsin’ 0w | -3

Table 2.2: The neutral current couplings
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Figure 2.1: Tree level production diagram of the process ete™ — ff through Z° and v
exchange

f£e are shown in figure 2.1. The cross section has three contributions, pure Z° exchange,
pure v exchange and 7Z° interference. The differential cross section for the process in

s-channel at the tree level is given by [13],

: 2
d :;1; 0 %N?\/ 1 —4pe [G1(S)(1 + cos” 8) + 4psGy(s) sin” @ + /1 — 4p;G3(s)2 cos 0]
(2.32)

where N¢ is the colour factor (1 for leptons and 3 for quarks), /s is the total centre

Figure 2.2: Definition of the scattering angle

of mass energy, pr = m#/s and 6 is the scattering angle (as shown in figure 2.2) in the
centre-of-mass frame. The coefficients G;, G, and G; can be expressed in terms of the

weak coupling constants gy, ga and fermionic charges Q., Q.

Gi = QIQf —2gvgvQ.QrRex(s) + ((g%)” + (83)")((g%)” + (1 — 4p)(h)")Ix(s)I’
G = QIQF — 2878y QQeRex(s) + ((67)” + (82)")(&v)’ Ix(s)I?
Gs = —2g3g3Q.QrRex(s) + 4gveielehlx(s)I” (2.33)
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Where x(s) has the Breit-Wigner form.v

1 5

2.34
4sin® fwcos? Oy (s — Mg?) +iMzT'z (234)

x(s) =

At LEP energies ps << 1 for all fermions which can be pair-produced in the Standard
Model, hence the differential cross section simplifies to

» 2
d;ioas ; = %}N? [Gl(s)(l + cos? 8) + G3(s)2 cos 0] (2.35)

The total cross section can be obtained by integrating the differential cross section over

the full range of cosé.

vz

s channel t channel

Figure 2.3: s and t channel production diagram for Bhabha scattering ete™ — ete”

In case of Bhabha scattering ete™ — ete™, initial and final states are identical and
there are additional contributions to the total cross section due to t-channel exchange
of the boson as shown in the figure 2.3. The total cross section of efe~ — e*e™ thus
has contributions from s-channel, t-channel and interference of s and t channels. The
contribution from s-channel is as described above. Detailed descriptions from t-channel

and s-t interference terms are given in reference [15].

2.2.1 Cross Section

The total production cross section of the process ete™ — ff in the lowest order can be

written as

dra?

ot = —— N7 (QIQF - 2878% QeQRex(s) + [(g9)” + (25)7I[(eh)” + ()] Ix()I?)
= o)+ o0z + 0z, _ (2.36)
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12
The v exchange contribution or the pure QED cross section is given by,
o 47ra
The pure Z° exchange contribution to the cross section is given by,
ol s
o _ NC e \2 e \2 £ 32 f\2
0y 12sin4 9wcos4 9W f [(gV) + (gA) ][(gV) + (gA) ](S _ MZ2)2 + FZ2MZ2
(2.38)

which is of a Breit-Wigner form where Mz and I'z are the mass and decay width of the

Z° boson respectively. At centre of mass energy /s ~ Mz this cross section is highly
enhanced compared to the pure QED contribution.

The contribution of the yZ° interference to the cross section is given by,

2ra? (s — Mz?)
°, = — Q¢NCg¢ of 2.39
Oz 3sin2 0WC052 GWQ Qf f BvEv (S . MZ2)2 + I‘ZZMZZ ( )

This contribution is very small compared to that of the Z° exchange and vanishes at

Vs = Mz.
The partial width for Z° — ff is calculated to be

aMz c £ 2 £ 2
B 2.40
Tt = oo fuycost oy N (BV) + (€3] (2.40)

The Z° exchange contribution in terms of the partial widths of initial and final states can
be written as

127 s
o _ D2mpn 2.41
Oy MZ2 f(S _ MZZ)g + I\ZZMZZ ( )
where I', is the partial width of Z° — ete™.

We can define the cross section at /s = My for the channel ete™ — ff as,

eal 127 I‘J‘f
U'IZ) k = —M-Z—z-T;T (2.42)
Z° decays into qq(70%) , Il (10%) and v¥ (20 %) channels where q = (u,d,c,s,b), I = ( e,

#y 7), and v = (e, v, v, ). All quark productions are considered collectively as hadronic
channel and the hadronic width is defined as,

Ihea = Tu+Ta+Tc+T 4Ty (2.43)
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Figure 2.4: Cross Section as a function of centre of mass energy

Figure 2.4 shows the cross section for ete™ — p*p~ as a function of centre of mass energy.
The position of the peak in the resonance curve is determined by the mass (M) of the
Z°, the width of the curve by the total width I'; and the height of the curve corresponds
to the product of the partial widths I'.T;.

The total width I'z is the sum of the partial widths of all possible decay widths of Z°.
In the Standard Model the number of light neutrino families is assumed to be 3 hence the

total width can be written as
FZ = I‘had+3ru+re+ru+rr (2.44)

Further, in the Standard Model lepton universality is implied i.e. the partial widths I,
I'y and I'; are expected to be identical except for a small effect due to mass differences
between e, y and 7.

Assuming lepton universality and neglecting mass effects we can write,

Iz = Thea+3(Ty + Tiept) (2.45)

The neutrinos are not detectable experimentally, so we cannot measure the width T,
directly. We define the sum of the widths due to decays of Z° in all v channels as invisible

width, Iy, and this is estimated from equation (2.45) as follows:

I‘inv - 1-‘Z - Fhad - 3Flept ‘ (246)
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2.2.2 Forward Backward Asymmetry

The forward backward asymmetry in ete~ — ff is defined as

App = £ B (2.47)
_ orp + o

where or and op are the cross sections when the final state fermion scatters in the forward
( cos @ > 0 ) and backward ( cos @ < 0 ) directions respectively with respect to the electron

direction.

1 do 0 do
= = d ) 2.48
oF o dcos 6d cos § 78 /;1 dcos¥ €08 ( )

Experimentally asymmetry can be measured for charged fermions only and hence it is also
called forward backward charge asymmetry. From the equation (2.32) for the differential

cross section we can write [16]

3G
Apg = 4_G3 (2.49)
1
At the Z° peak the above equation simplifies to
Arp = erAf (2.50)
where
A - __2svex
) (ev)’ + (g3)’
2gveh
C e |
2.2.3 Polarisation Asymmetry
The polarisation asymmetry is defined as
Apg = T(y=+1) — O =-1) . . ' (2.52)

T(a=+1) T T(ry=-1)

where )¢ is the helicity of the final state fermion and O(r=+1) and o(y—41) are the cross
sections when the fermion is produced with positive and negative helicity respectively.

At /s = Mz we have

Apol - - Af

2g5 8%
____“BvBa __ (2.53)
(g%)? +(gh)?




2.3 Higher Order Corrections . ‘ 15

2.3 Higher Order Corrections

In the above sections, so far, we have discussed only the lowest order diagrams for the
process ete™ — ff. It is important to take into account corrections from higher order

diagrams. The higher order diagrams, as shown in figure 2.5, involve additional interaction

e f e f e | f

@ - (b) ©

Figure 2.5: Examples of the important radiative corrections to the process ete™ — ff.(a)
Bremsstrahlung correction, (b) Propagator correction, (¢) Vertex correction

vertices and hence contain higher powers of the coupling constants. However, the particle
content in the final state does not get modified (except for bremsstrahlung correction).
The corrections to the tree level observables induced by the higher order terins are called
radiative corrections. These corrections can be divided into different categories such as
QED corrections, weak corrections and QCD corrections. Divergences in the corrections
arising from diagrams containing loops are absorbed by redefinition of the parameters.

This is known as renormalisation.

2.3.1 QED Corrections

The QED radiative corrections include diagrams with radiation of photons added at tree
level to the process ete~ — ff. The photons can be radiated either from the initial
state or from the final state. In addition to the real photon corrections there are virtual
photon corrections also. Some of the possible diagrams are shown in figure 2.6. The most
prominent contribution comes from the initial state radiations (ISR) at LEP energies.
Initial state radiation changes the centre of mass energy of the collision and as a result
the Z° lineshape curve is changed. For a centre of mass energy below Mz, due to emission
of an ISR photon, the interaction takes place at a reduced effective centre of mass energy.
This corresponds to a lower cross section for that energy point. On the other hand, for
a centre of mass energy above Mz, emission of an ISR photon brings the effective centre
of mass energy closer to the Z° pole, which results in an enhanced cross section at that

energy point. As a result the measured peak position appears to be higher in energy and
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Figure 2.6: Diagrams contributing to QED corrections in initial and final state. (a)
Bremsstrahlung (b),(c) virtual photon corrections

the width is broadened. Figure 2.7 illustrates these effects discussed above. The ISR
effect is taken into account by convoluting the total cross section (Born) using a radiator
function in the following way, '

2
4m{

o(s) = /0 " oo(s')G(x,5)dx (2.54)

where x is the fractional energy of the emitted photon : x = :EE%, and /s = 2Ey is the
centre of mass energy where Ey, is the energy of the e* /e beam. oo(s’) is the total cross

section evaluated at the reduced centre of mass energy /s’ where
s = s(1—x)

G(x,s) is the radiator function which specifies the probability of photon radiation. The
final state radiative corrections are included as a multiplicative factor (1 + dqgp) in the

decay widths as,
Iy — T¢(1 + 6qeD) (2.55)

where,

3a
Sqep = —Qf (2.56)
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Figure 2.7: The cross section as a function of centre of mass energy for the process
ete” — ptp~. The solid curve shows the tree level cross sections and the dashed one
shows the QED corrected one.

The effect of QED radiative corrections is large. As an example, at the peak (1/s = Mg)

the cross section is decreased by about 25% due to this correction.

2.3.2 Weak Corrections

The weak corrections arise from non-photonic higher order contributions to the tree level
processes. The higher order diagrams consist of loops of fermions, gauge bosons or Higgé
bosons. The weak corrections reflect the detailed structure of the electroweak theory
and are sensitive to the parameters of the theory. The size of the weak corrections are
much smaller (~ 1 %) compared to the QED corrections. Therefore a very accurate
prediction of the QED correction is needed to probe the weak radiative corrections using
experimental measurements. The weak corrections are classified as propagator corrections,

vertex corrections and box diagram corrections.
Propagator Correction :
Diagrams contributing to the propagator correction are shown in figure 2.8. These
corrections are independent of the flavour of the initial and final state fermions.
Vertex Correction :

Figure 2.9 shows the diagrams contributing to the vertex correction. This correction

depends on the fermion species. For b quark the correction is largest due to the
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Figure 2.8: Propagator corrections

presence of the large top quark mass in the coupling. This non-vanishing contribu-
tion is due to the fact that the value of Cabibbo-kobayashi-Maskawa matrix element
is almost unity as top and bottom quarks are the isodoublet partners. As a result

of this effect I', gets an additional contribution of 1% .

Figure 2.9: Vertex corrections

Boz Diagram correction :

The corrections due to the box diagrams containing Z° and W* exchange shown

in figure 2.10 have very small contributions at centre of mass energies near the Z°

peak.
B R VAV AV e — < — <

Figure 2.10: Box diagram corrections

The Fermi coupling constant gets modified with the inclusion of the higher order correc-

tions to,

T 1

V/2Mz%sin? fwcos? fw 1-Ar

G, = (2.57)




2.3 Higher Order Corrections : 19

where Ar estimates the effects of the radiative corrections [14]. Ar accounts for genuine
weak corrections and the contribution due to running of the electromagnetic coupling
constant «a is written as,
(0)
Mz?) = —21- 2.58
o(Mz’) 1-Aa (2:58)
We can write,

1 1 1

1—Ar l—Aa'1+°—‘”‘;—gﬁv§-Ap

sin

+ (Ar)remainderb (2°59)

The radiative correction to the p parameter which is the ratio of the neutral to charged

current amplitudes and is unity at the tree level, is given by
p = 1+Ap ‘ (2.60)

where,

3G, M?
p= 8/2 w2

The term (Ar)remainder in equation (2.59) contains contributions from Higgs and top mass

A (2.61)

as given by,

o V2G, Mw? (cos? 6 1 M,?

(Ar):exl:laindér = 8;"('2 w sinz H:VV — g lOg M‘;Z + ... (2.62)
iggs V2G,My? 11 Mg? 5

(Ar)griiinder = ——i—éiﬂ_z—w ) E' log "W - ‘6‘ + ... (2.63)

This signifies that the influence of the top quark mass and the Higgs boson mass on
the observables becomes accessible through the weak corrections, although the particles

themselves may not be directly observed.

Improved Born Approximation

The weak corrections can be absorbed in the lowest order Born formulae by a redefinition
of the coupling constants. This is known as the improved Born approximation. In this
framework the couplings and the width of Z° entering in the propagator become dependent

on the energy and the masses of virtual particles in the radiative corrections:

M2
. 3 25 .3 cos? fyy”
sin”fw — sin’, =sin® Ow(l + ——=Ap)
Sin2 ew
ga — gy = prls
& — & =yl — 2Qulsin’D,) (2.64)
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2.3.3 QCD Corrections

e e q e q
Yz YZ . V<2
e q et q e’ q
Figure 2.11: QCD corrections of the process ete™ — qq

QCD radiative corrections are principally due to the emission of gluons in the final state
of the process ete™ — qq. The diagrams are shown in figure 2.11. This correction is taken

care of by a multiplicative factor in the hadronic width and is given by,
I'haa — Thaa(1 + 8qcp) (2.65)

These corrections are applied to the processes containing quarks in the final state as the
gluons do not couple to leptons. dqcp is expanded in powers of 2¢, where a is the strong

coupling constant [17], as follows :
o Qs s Qs 3
= 1. -2 90(—=)* — 15(—= 2.66
dqcp 1060(7r)+090(7r) (7r) (2.66)

‘The effect of §qop is to increase the hadronic width by ~ 4%.




Chapter 3

Large Electron Positron Collider

3.1 The LEP Machine

The Large Electron Positron (LEP) collider at CERN is constructed [22] to study the
physics of ete™ interactions high energies. In the first phase LEPI, the centre of mass
energy of LEP was around 91 GeV in order to produce the weak vector boson Z°. The
second phase is LEP II, where the centre of mass energy is gradually increased above the
threshold for the pair production of W bosons.

The LEP storage ring is situated in an underground tunnel of 26.7km circumference
extending both in France and Switzerland as shown in figure 3.1. The tunnel is located
50—150m beneath the surface level. The ring is in the form of an octagon consisting of

eight straight sections and eight curved sections.

e The curved sections are each 2840 m long and composed of horizontally deflecting
dipole magnets and alternating focusing and defocusing quadrupole magnets. There
are a total of 3304 dipole magnets which produce a magnetic field up to 0.134T,
to keep the electrons and positrons on or near the ideal orbit during acceleration
and storage. The particles in the ideal orbit do not get deflected by the quadrupole
magnets.

o The straight sections are 490 m long. Each of the eight straight sections contains one
interaction point (IP). Out of them, four points are equipped with four detectors,
ALEPH (IP4) [19], DELPHI (IP8) [20], L3 (IP2) [18] and OPAL(IP6) [21]. Both
sides of each detector are equipped with superconducting quadrupole magnets which

focus the beam to the interaction point in order to increase the luminosity.

The electron and positron beams are accelerated from the injection energy to the collision
energy by the radio frequency (RF) fields from acceleration cavities. During the LEPI
phase, copper cavities were used for acceleration and they have been gradually replaced

by superconducting cavities in the LEP II phase.
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Figure 3.1: The LEP storage Ring

There are four NMR probes to monitor the magnetic field produced by the dipole
magnets. Two of the NMR probes are placed in the dipole magnets inside the LEP
tunnel near IP4 (NMROCT4) and IP8 (NMROCTS8). The other two probes NMRREF
and NMRVAC are located in the reference magnet which is situated in a surface building
and connected in series with the tunnel dipole magnets. The dipole field in the LEP
tunnel was monitored by the NMR probes for the first time in 1995 [35].

The electrons and positrons circulating in the ring lose energy due to synchrotron
radiation. The amount of synchrotron radiation depends on the energy of the particle E
and the radius of the orbit r (ox E*/1). At 45 GeV the energy loss is about 120 MeV per
turn. The energy loss is compensated by the RF field.

The LEP injector system is shown in figure 3.2. The injection is done in different steps

using other existing accelerator facilities at CERN.

e The LEP Injector Linac (LIL) system consists of two linear accelerators. The first
one accelerates electrons up to 200 MeV and shoots them onto a tungsten target

to produce positrons. The positrons and the electrons are then accelerated to 600

MeV by the second Linac.

o The electrornis and positrons are injected into the Electron Positron Accumulator
(EPA) from LIL as the next step. The EPA compresses the pulses into, so called,
bunches. '
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Figure 3.2: Injector system of LEP

o The bunches are thereafter accelerated in the Proton Synchrotron (PS) to 3.5 GeV.

e The Super Proton Synchrotron (SPS) then accelerates the electron and positron
bunches further to 20 GeV.

o Finally the bunches are injected into the main LEP ring where they are accelerated

to the required energy.

The electron and positron beams circulate in the LEP ring in opposite directions and are
kept separated by electrostatic separators during the acceleration phase. After achieving
~ the required energy, the bunches are brought to collision at the interaction points.

 The beam energy and the luminosity are the two basic considerations for the design of
a particle collider. The beam energy is dictated by the physics process of interest. LEP
has been designed to study the properties of the Z° (LEP I phase) and W* (LEP II phase)
bosons. The luminosity defines the rate of the interaction per unit cross section and is

given by :
_ Neanbfrev

dmocoy

c (3.1)

where N, , are the number of electrons, positrons per bunch, ny, is the number of bunches

per beam and f,., is the revolution frequency of a bunch. o, and oy are the transverse beam
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sizes in the and perpendicular to the bending plane respectively.
of LEP, during the phase 1 operation, is 1.7 X 10%1 cin 257
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The design luminosity

- LEP operatéd with 4 bunches per beam from 1990 to 1991. To increase the luminosity,

the number of bunches was increased to 8 from 1992 to 1994 using Pretzel scheme (23]

In this scheme, the current per bunch was lower, hence only 50% increase in luminosity
was achieved. In order to increase the luminosity further, the LEP operation entered the
bunch train mode [31] from 1995. There has been four trains, each of 220m. long and

consisting of 3 bunches.

Some of the parameters of LEP operation [34], such as, number of energy points

scanned, the centre of mass energy, number of bunches per beam,

integrated luminos-

ity and the efficiency, which is the ratio of the actual time of physics run in a year to the

total time allocated for physics run, are listed in table 3.1. In 1993 an

amount of time was spent for energy calibration.

d 1995 significant

Year 1990 1991 1992 1993 1994 1995
No. of energy points 7 8 1 4 1 4

CM energy (GeV) 88.23-04.22 | 88.48-93.72 | 91.29 89.45-93.03 | 91.22 | 89.45-92.98
Number of bunches 414 414 444,848 848 848 12412
fLpb™! 7.6 17.3 28.6 40.0 64.4 39.9
Efficiency (%) 42 45 51 55 59 46

Table 3.1: The performance of LEP from 1990 to 1995

3.2 Energy Calibration of LEP

The main purpose of the LEP collider is the precision measurement of mass and width of
the Z° boson which are fundamental parameters of the electroweak theory. The production
rate of the Z° boson shows a resonance behaviour when the centre of mass energy is in
the vicinity of the Z° mass. The position and width of the resonance curve corresponds
to the mass (Mz) and total width (T'z) of the 70 boson respectively, which are extracted
from the energy dependence of the cross section of e*e™ annihilations. Since the error in
the beam energy reflects directly on the error in the Z° mass, it is essential to have a very
precise energy calibration of e~ and et beams at LEP.

The momentum of the electron and positron beams circulating in the LEP ring is
proportional to the bending magnetic field integrated over the path length of the particles.
The momentum p of a particle of charge Q, moving in a magnetic field of strength B, in
a circular orbit of radius R is given by the relation p = QBR.
the centre of the
There is

The momentum of the particles traversing the ideal orbit, i.e.
quadrupole magnets, are determined by the field due to the dipole magnets.
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a small contribution due to the earth’s magnetic field. For particles moving in non central
orbits, contributions come from quadrupole magnets also.

The knowledge of the magnetic field is the basic ingredient for the energy calibration
of LEP. There are different techniques used for the energy measurement and a combined

analysis is done to obtain a precise energy calibration of LEP.

3.2.1 Field Display Measurement

The magnetic field produced by the dipole magnets are monitored using a rotating coil
which measures the magnetic field in a reference magnet. The reference magnet is powered
in series with the dipole magnets in the LEP ring and is kept in a controlled environment
with temperature stabilisation. The magnetic field strength is determined by measuring
the induced current in the rotating coil. The field is measured regularly and energy
estimated from this is used as the reference value for individual fills of the machine.
The corrections applied to it are based on the other calibration techniques. The main
advantage of this measurement is that it can be performed even when the LEP ring is
filled with beam. The reproducibility of the field display measurement is 42.5 x 10~° [24].
After installation of the NMR probes NMRREF and NMRVAC in the reference magnet,
the field is measured simultaneously by the rotating coil and the NMR probes.

3.2.2 Flux Loop Measurement

The dipole magnets in the LEP ring are equipped with closed electrical loops of copper
wire. There are eight such loops, each one passing through the dipole magnets in an octant
of the ring. The alternating current in the dipole magnets produces induced current in
the loop which is a direct measurement of the field produced by the dipole magnets in
the LEP ring. The method allows the extrapolation of the field display measurement
over the whole ring taking into account the non ideal effects. The absolute calibration of
the flux loop measurement was performed with a precision of ATE ~ 107* [24,25] before
the installation of the dipole magnets in the ring. This method is insensitive to constant
fields like earth’s magnetic field and does not take into account the additional bending
produced by quadrupole magnets to the particles circulating in the non central orbits.

3.2.3 Proton Calibration

Proton calibration is used to measure the momentum of the electron and positron beams
circulating in the central orbit of the LEP ring. The calibration is performed at an energy
of 20 GeV for the particles moving in the central orbit. The orbit, passing through the
centres of the quadrupole magnets, is called central orbit. Particles traversing through

the central orbit experience magnetic field produced by dipole magnets only.
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The length of the central orbit C is measured from the frequency of the accelerating

RF field and the harmonic number for a 20 GeV positron beam. One can write,
Bet ¢ = Cfet (3.2)

where f.+ is the revolution frequency for positrons in central orbit. f.+ is related to the

frequency of the accelerating RF field by a harmonic number h.+ as
ng = hc-;- fc+ (3.3)

Positrons at 20 GeV are ultra-relativistic, 3.+ ~ 1. The orbit length C is determined with
a relative precision of 1078.

20 GeV protons are injected in the LEP ring and similar measurements are performed
using the same magnetic settings as of LEP operation. Protons are not ultra-relativistic
at 20 GeV.

The velocity of protons in the central orbit is given by

vp=Ppc = Cfp
RF

- b (3.4)
h,

where hy, is the harmonic number for proton and ng is the corresponding RF frequency.

Bp of proton can be determined from equations (3.2) and (3.4)

Wi

- =P 3.5

IBP hp ng ( )
-This gives a measurement of the proton momentum. At 20 GeV, momentum is mea-
sured with a precision of APE ~ 10~* [25]. This measurement is extrapolated to measure
the energies near 45 GeV using flux loop measurements. This leads to a degradation of

precision to 2 x 107% .

3.2.4 Resonant Depolarisation

The LEP beam energy is measured accurately using resonant depolarisation method.
Electrons and positrons circulating in the LEP ring get transversely polarised. The syn-
chrotron radiation causes the transition of electrons and positrons to lower energy states.
The spins of electrons and positrons may flip in this process with respect to the dipole
magnetic field. The probability of spin flip transition from parallel state to anti-parallel
state for electrons is slightly larger than that from anti-parallel to parallel state. The
converse is true for positrons. As a result of the asymmetry in spin flip transitions, a

transverse polarisation is developed.
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The transversely polarised electrons and positrons precess about the vertical magnetic
field due to dipole magnets. The beam energy is proportional to the spin tune, v, which
is the number of spin precession during one turn around the ring and can be written as,

ge — 2 Ebcam
T mo? (3.6)

Vs = Qe =

Here ¢, = 9%2 is the anomalous magnetic moment for electron and m, is the electron
mass. The spin tune and hence the beam energy is measured by depolarisation technique.

The depolarisation is produced in a controlled way by exciting the vertically polarised
beam with an oscillating magnetic field perpendicular to the direction of the beam. In
the presence of such a weak field, the spins are slightly rotated away from the vertical
axis. When the frequency of the field is in phase with the spin precession, the electron
spins are coherently swept away from the vertical direction and polarisation disappears.
The ratio of the frequency of the depolarising field to the revolution frequency is related

to the spin tune through a positive integer :

fdt:p = strev

= (Ns + 6Vs)frev (37)

The integer part of spin tune N, is precisely known from other calibrations.
This technique measures the beam energy under the condition very close to that of the
data taking and is so far the most precise method for beam energy measurement. The

precision of this measurement is 52 ~ 1.5 x 10~° [28,29].

3.3 Systematic Effects to Energy Calibration

Four different methods of energy calibration in LEP allow the possibility of cross check
among them. The resonant depolarisation technique is the most precise one. However,
this measurement takes some time and cannot be done during the physics operation. Cal-
ibration results are extrapolated over the full period of running of LEP. So it is necessary
to take into account all possible ways by which energy may change during the time in-
terval between the calibrations. There are two types of effects which cause the change in
the beam energy, variation in the magnetic field and change of length of the central orbit.

Different sources causing these effects are discussed here.

¢ Dehydration Effect

The core of the reference magnet is made of steel whereas the cores of the dipole
magnets in the LEP ring are filled with concrete-steel. Due to the dehydration
the cores of the dipole magnets shrink which affects the response of the flux loop
measurement and as a result the field measured in the ring dipole magnets becomes

different from the field measured in the reference magnet.
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e Temperature Effect

The flux loop measurement has a dependence on temperature due to the temperature
coefficient of the magnetic field. The temperature of the dipoles are measured
with thermometers distributed in different positions in the ring. The temperature
coefficient is measured from a set of reference magnets in the laboratory and the
flux loop measurements performed at different temperatures. The aécuracy of the
temperature measurement is 0.1 °C which corresponds to a relative change in energy
given by [24,27]

E
5 = (100+ 0.25) x 107*/°C

e Orbit Length Effect

The particles circulating in a stable orbit of the LEP tunnel are synchronous to the
‘frequency of the accelerating RF field. Due to ground motion, the position of the
magnets changes with time and hence the circumference of the ring changes. This
forces the particles to move in the non ideal orbits and get extra deflections from

quadrupole magnets leading to a time dependent change in energy [26, 27].

AE(t) 1 AC(t)

"E . T« C

where C is the length of the central orbit and E is the energy of the particles in the
central orbit. « is the momentum compaction factor which relates the change in

~ the orbit length to the beam energy. The measured value of o is 1.86 x 10~* [29] at
LEP. Tiny changes of the circumference results in 4 orders of magnitude change in

(3.8)

‘energy.

o Tidal Effect

‘The gravitational attraction force from the sun and the moon is not uniform over
the surface of earth due to its 1/1? dependence. In these regions of earth the grav-
itational force and the centrifugal force are not in equilibrium which results in a
small elastic deformation in earth’s body producing two daily tide bulges depending
on the relative position of the earth to sun and moon. This, along with the local
gravitational stress of the earth, produces a change of 1 mm in the 26.7km LEP cir-
cumference. The time dependent gravity variation Ag(t) is related with the change
in LEP beam energy [26] by,

AE(t)  1AC()

E = o c = Ktide Ag(t) (3.9)

b
R
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o Beam Offset Effect

LEP has been operating in the bunch train mode from 1995. In this mode of
operation, vertical dispersion of the beam causes a shift in the centre of mass energy.
Vertical dispersions are produced due to the effect of the electrostatic separators
which are used to avoid unwanted collisions. - The dispersion is a periodic function
of the orbit length. Particles moving in non central orbit have energy difference AE

to the nominal energy E will have a displa,cementv given by

AE
Au(s) = D(s) —
E
The coordinate u can be either horizontal (x) or vertical (y) with respect to the
beam plane. If the displacements for electron and positron beams are different at
the interaction point in the vertical plane, the shift in the centre of mass energy is

" given by,

1 Ay ol
AEq = —=— — AD 3.10
2 0_3 E y ( )
where 8y is the collision offset, AD, the vertical dispersion difference between the
beams, E and og are the beam energy and the energy spread. This effect is illus-
trated in figure 3.3 and it causes the centre of mass energy to shift by several MeV

at the interaction point [32].
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Figure 3.3: Schematic view of the collision of two bunches with opposite sign vertical
dispersion. (a) No offset, (b) with vertical offset

e Train Effect

The dipole field in the LEP tunnel gets affected due to the current created by the
DC powered trains travelling between Geneva and France passing near IP1 of LEP.

This parasitic current leaks into earth and returns to power stations through the
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vacuum chamber of the LEP tunnel entering near IP1 and leaving between IP5 and
IP7. This current interacts with the magnetic dipole field, hence changing the field
B. This effect was observed by the NMR probes. The measured variation of the

magnetic field causes an increase of up to 12 MeV in the beam energy [33].

3.4 Beam Energy Spread

Electrons and positrons circulating in the LEP ring perform oscillations in energy and
azimuthal position with respect to the synchronous orbit. The particles suffer random
energy losses at random times along their trajectory due to the synchrotron radiation.
This results in a damping of the energy oscillations. Average of this type of motion over
a large number of particles gives the equilibrium energy distribution of these particles.
This is constant in time and is Gaussian in shape. The r.m.s of this energy distribution
is referred to as the beam energy spread and its value is =~ 55 MeV.

The energy spread (og) in the beam is directly related with the bunch length (o)
given by [30],

O — &Qs ag (3.11)
ar

where 1 is the bending radius, o is the momentum compaction factor and Q, is the
synchrotron tune.

The measured cross section and asymmetries which are functions of the centre of mass
energy, need to be corrected for this energy spread. The error in the measurement of
beam energy spread arises from different sources like bunch length measurement and
from uncertainties of the synchrotron tunes and the finite dispersion at the interaction

point. Its value is ~ 2 MeV.




Chapter 4

The L3 Experiment

The L3 detector is one of the four detectors at the Large Electron Positron Collider at
CERN to study the physics from the ete~ interactions. The L3 detector is located at
the second interaction point (IP2) of the LEP ring, approximately 50 m underground.
Figure 4.1 shows the perspective view of the detector. The detector is 14m long and

Magnet Yoke L3

Magnet Coil

Forward Backward Muon Chambers

Muon Chambers

Figure 4.1: A perspective view of the L3 detector

16 m in diameter. The entire detector is placed inside a solenoidal magnet producing a
uniform field of 0.5 T along the beam direction. The detector [18] consists of the following

sub-detector components arranged in layers.

e Central tracking system
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— time expansion chamber (TEC) for the measurement of momenta, charge of

particles and the determination of the interaction vertex,

— silicon micro-vertex detector (SMD) in order to improve momentum resolution

of tracks and for reconstruction of vertices,

— central Z chamber for the measurement of z coordinates of tracks.
o Electromagnetic calorimeter

~ barrel and endcap electromagnetic calorimeter made of Bismuth Germanate
(BGO) crystals for the measurement of energy and direction of electrons and

photons,

~ instrumented (active) lead ring (ALR) for measurement of energy of electrons

and photons at the small angles and to trigger two photon processes,

— electromagnetic gap detector (EGAP) filling the gap between barrel and endcap

electromagnetic calorimeter.
o Cylindrical array of scintillation counters for accurate measurement of event time.

Hadron calorimeter

~ barrel and endcap hadron calorimeters (HCAL) made of proportional counters

with uranium as absorber, used to measure the energy of hadronic jets,

— active muon filter used for energy and coordinate measurement of hadrons.

Muon spectrometer made of multi-wire drift chambers, to measure the momenta of

muons.

Luminosity Monitor (LUMI) to measure the luminosity using small angle Bhabha

events.

o Solenoidal and toroidal magnets.

The following sub-detectors: central tracking system, electromagnetic and hadron
calorimeters, scintillation counters and the luminosity monitors are mounted inside a
32m long and 4.5m diameter steel support tube which is coaxial to the beam pipe. The
barrel and the forward backward muon chambers are mounted outside the support tube.

A right handed coordinate system is used to describe the detector. The origin is same
as the geometrical centre of the detector which is also the nominal event vertex. The z
axis is along the direction of e~ beam, y axis points vertically upwards and x axis points
towards the centre of the LEP ring.
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4.1 Central Tracking System

The central tracking system consists of a time expansion chamber, the Z chambers and a
silicon micro-vertex detector. Figure 4.2 shows the perspective view of the central tracking

detector.
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Figure 4.2: Perspective view of the tracking chamber

4.1.1 The Time Expansion Chamber (TEC)

The Time Expansion Chamber (TEC) consists of two concentric cylindrical drift chambers
with common end plates, operated in the time expansion mode [36,37]. The principle of
TEC is demonstrated in figure 4.3. The drift area is subdivided into two regions with
different electric field. A large volume with low but homogeneous field is called the drift
region and a small volume with high field where the gas amplification takes place is called
the amplification region. These two regions are separated by a grid plane which ensures
the homogeneity of the field in the drift region. The TEC operates with a gas mixture of
80% of CO; and 20% C4H; at a pressure of 1.2 bar and temperature of 18°C. The drift
velocity of electrons is 6 um/ns.

The angular coverage of TEC is 42° < 6 < 138° and the radial length available to
measure tracks is 31.7 cm. The wires are aligned parallel to the beam direction. The inner

chamber of TEC is subdivided in 12 ¢ sectors whereas the outer chamber is subdivided in
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Figure 4.3: The principle of the Time Expansion Chamber

24 ¢ sectors. The sectors are separated from each other by cathode planes and the anode
plane is at the middle of each sector. Each inner sector of TEC has 8 anode wires while
each outer sectors has 54 anode wires. Hence a maximum of 62 coordinate measurements
are possible for a single track. Figure 4.4 shows one such inner sector with two outer
sectors. The sectors are symmetric with respect to the cathode plane which causes the
left-right ambiguity. Groups of five grid wires on each side of the amplification region
(pick-up wires) are read out. The induced signals on both sides are compared to solve
this ambiguity. -
Each outer segments of TEC on its outer surface is wrapped with plastic scintillating
fibre (PSF) ribbon to monitor the drift velocity. Each ribbon consists of 143 fibres aligned
parallel to the beam direction. The drift velocity is measured by plotting the average drift

time for each anode wire versus the PSF position.
The resolution in coordinate measurement in the r — ¢ plane is 50 um. This leads to a

resolution of the measurement of transverse momentum of % =0.02 GeV~1.
t

4.1.2 The Z chamber

The z coordinate of tracks are measured using the Z chamber which covers the outer cylin-
der of TEC. The Z chamber consists of two concentric cylindrical proportional chambers
with cathode strip readout. The Z chamber operates with 80% of argon and 20% of CO,
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Figure 4.4: Geometry of TEC sectors

gas mixture. The effective length of Z chamber is 1068 mm, with outer diameter of 980 mm
and thickness of 21.5mm. The Z chamber has the angular coverage of 45° < 6 < 135°.
Signals are read out from a total of 920 cathode strips. The cathode strips of the inner
chamber are inclined at 69° and 90° and the cathode strips of the outer chambers are
inclined at —69° and 90° with respect to the beam direction. The resolution achieved by
the Z detector is 320 ym.

4.1.3 Silicon Micro-vertex Detector (SMD)

The innermost component in the L3 detector is the silicon micro-vertex [38] detector,
situated just outside the beam-pipe of radius 5.5 cm surrounding the interaction region.

SMD is 35.5cm long and covers the angular range of 22° < 6 < 158°. It consists of
two radial layers of double sided silicon strip detectors in the form of ladders shown in
figure 4.5. The layers have radii of 6 cm and 8 cm respectively. There are a total of 24
ladders. Each ladder consists of two half ladders. Each half ladder, in turn, consists of
rectangular (70 X 40 mm?) double-sided high purity n type silicon strip sensors of thickness
300 pm. The active area of the sensor strips is 70 x 38.3 mm?. In order {o resolve a single
track from ambiguities the ladders in two layers have a stereo rotation of 3° with respect
to each other on the axis perpendicular to the ladder plane as shown in figure 4.6.

The outer silicon surface of each ladder is read out at 50 um intervals for r — ¢ coor-
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Figure 4.5: Perspective and cross-sectional views of the L3 silicon micro-vertex detector
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Figure 4.6: Relative stereo rotation of SMD ladders
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dinate measurements. The inner surface is readout at 150 pm (central region) or 200 pm
(forward) intervals for 7 coordinate measurements. The total number of readout channels
is ~ 73000. The design resolutions of the SMD are 0.3 mrad in ¢, and 1 mrad in 6.

The SMD is designed to improve the tracking capabilities of the central tracking de-
tector. This permits the measurements of secondary vertices, enhancing the b-tagging

efficiency, transverse momentum resolution and jet identification capabilities.

4.2 Electromagnetic Calorimeter (ECAL)

The electromagnetic calorimeter in L3 detector is a homogeneous calorimeter for measur-
ing the energy of electrons and photons through total absorption. It is made of Bismuth
Germanate or BGO crystals having fantastic energy and spatial resolution for electrons
and photons over a wide a range of energy (from 100 MeV to 100 GeV). The attractive
properties of the BGO crystals are the following,

e small radiation length of 1.12 cm for electrons and photons which allows the detector

to be compact,

o large nuclear absorption length (21.9 cm) makes it possible to efficiently distinguish
electromagnetic particles from hadronic ones. The hadron to electron rejection ratio

is 1000:1,
o the crystals are nonhygroscopic and radiation hard in nature,

¢ BGO has a reasonable light yield

The individual crystals are 24 cm long and trapezoidal in shape. The area of the front
face of each crystal is 2 x 2 cm? and that at the back face is 2.6 x 2.6 cm? to 2.9 x 2.9 cm?.
Each crystal is mounted in a carbon fibre support structure. The scintillation light from
each crystals is detected through two silicon photodiodes glued to its rear end. Figure 4.7
shows one such crystal. The calorimeter consists of a total of about 11000 crystals and
is divided into a barrel and two endcap regions (figure 4.8). The crystals are positioned
in such a way that in @ they are pointing towards the interaction point whereas in ¢
they are tilted by 0.6°. This arrangement reduces the possibility of leakage through the
inactive material between crystals. The barrel region consists of 7860 crystals arranged
in two cylindrical half barrels with total polar angular coverage of 42.3° < 6 < 137.7°.
Each half barrels consists of 24 rings of 160 crystals. Each endcap calorimeter consists of
1527 crystals. The endcap calorimeters cover the polar angular regions of 11.6° < 6 < 38°.
142° < @ < 168.4°. The barrel calorimeter was calibrated in test beams using electrons
of energies 0.18, 2, 10, and 50 GeV. The energy resolution from these measurements

is 5% at 100 MeV, less than 2% above 2 GeV and about 1.2% at 45 GeV [18]. The
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Figure 4.8: Side view of the L3 Electromagnetic calorimeter
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resolution in BGO as obtained in the test beam studies is shown in figure 4.9. The
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Figure 4.9: Energy resolution of the electromagnetic calorimeter

linearity is better than 1%. The position resolution determined by the center of gravity
method is ~ 1 mm for electromagnetic showers. The detector is continuously monitored
to maintain the energy calibration obtained in the test beam run. For that purpose a
Xenon light monitoring system has been installed. The Xenon light system injects light
pulses into the rear face of each crystal to measure the crystal transparency [39]. The
absolute energy calibration is done with Bhabha (ete™ — e*e™) events around Z° peak.
The minimum ionising signal of cosmic muons is utilised to perform energy calibration at

lower energies [40].

4.2.1 The Active Lead Ring (ALR)

The active lead ring is situated between the electromagnetic calorimeter endcaps and the
luminosity monitors. It covers the angular regions of 4.5° < 6 < 8.8°,171.2° < 6 < 175.5°
and is located at 108.0 cm < |z]| < 118.4 cm. ALR consists of three layers of plastic scin-
tillator plates of thickness 10 mm sandwiched between 18.5 mm thick lead blocks. The
- scintillator plates are divided into 16 sectors in the r — ¢ plane and are individually read
out by photodiodes. Successive layers are rotated by one third of a segment. ¢ coordi-
nates are measured with a resolution of = 1.3°. ALR is used to improve the efficiency to

trigger the two photon processes with extended polar angle coverage.
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4.2.2 The Gap Detector (EGAP)

The gap of 7.4 cm between the electromagnetic calorimeter barrel and endcaps has been
filled with the gap detector (EGAP) during the 1995-1996 shutdown period. It consists
of lead blocks instrumented with plastic scintillator fibres. The purpose is to improve the

total energy resolution.

4.3 The Scintillation Counter

The scintillation counter system is placed between the electromagnetic and hadron
calorimeters. The scintillation counters are designed for the precise measurement of rel-
ative timing of particles traversing the detector with respect to the beam crossing time.
The barrel scintillation counter system consists of 30 strips each 290 cm long, covering
the angular range of 34° < 6 < 146° and 93% of ¢. Each strip is a 1cm thick plastic
scintillator read out on both sides by photomultipliers. They measure the time difference
between the beam crossing and the signal received by them. The resolution of the counter

is 460 ps determined using muon pairs and is shown in figure 4.10.
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Figure 4.10: Time resolution of scintillation counters

At the beginning of 1995 two endcap disks of 16 scintillator sectors with wavelength
shifting fibre read-out were added at |z| = 103 cm for the forward backward muon cham-
bers.

The main purpose of the scintillation counter system is to discriminate between the
dimuon events originating from Z° decays and the cosmic muons passing near the interac-
tion point. The timing of the cosmic muons is uncorrelated with the beam crossing time
and the time of flight is about 5.8 ns in opposite scintillation counters whereas for dimuon

events the two opposite scintillators register pulses with almost zero time difference.
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4.4 The Hadron Calorimeter (HCAL)

The hadron calorimeter [41] is a fine grained sampling calorimeter made of uranium
absorber interspersed with brass tube proportional counters and is operated with 80%
Ar and 20% CO; which act as the active medium. Due to very short nuclear absorption
length of uranium, the calorimeter allows only non-showering particles to reach the muon
chamber. HCAL consists of three parts: barrel, endcap and muon filter as shown in

figure 4.11.
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Figure 4.11: A longitudinal view of L3 detector showing the hadron calorimeter barrel
and end caps

4.4.1 HCAL Barrel

The barrel hadron calorimeter covers the angular range of 35° < § < 145°. It consists
of 9 rings along the z direction. The hadron calorimeter barrel is 4.725m long, has
an outer radius of 1.795m. The inner radius for the three central rings is 0.885m and
that for the outer rings is 0.979 m. Each ring is divided symmetrically into 16 modules
in ¢. Each module contains proportional wire chambers (PWC) interleaved with 5 mm
uranium plates. Modules of the three central rings contain 60 chambers whereas the six

outer rings contain 53 chambers. The anode wires in adjacent PWC planes are oriented
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at right angles and point alternately in z and ¢ directions. The signal wires from each
module are grouped in towers which include wires from alternate layers. A total of ~
22K towers are formed. The pattern of wire grouping provides 10 towers (8 for short
modules) radially and 9 in z or ¢ direction. Each tower typically covers an angular range

of Af = 2° and A¢ = 2°.

4.4.2 HCAL Endcaps

The endcap hadron calorimeter consists of three separate rings, one outer ring HC1 and
two inner rings HC2 and HC3. Each ring is split vertically in half rings, resulting in
a total of 12 modules for the whole endcap detectors. The endcaps cover the angular
regions of 5.5° < § < 35° and 145° < # < 174.5° over the full azimuthal angular range of
0° < ¢ < 360°. The endcaps are also constructed with alternate layers of uranium plate
absorber and brass tube proportional chambers. The thickness of the uranium plates are
10mm (in the front part of the outer rings it is 5mm). The anode wires are stretched
in the azimuthal direction and measure # directly. There are 77, 27 and 23 layers of
chambers in HC1, HC2 and HC3 modules respectively. One layer consists of 8 chambers
each covering an angular range of A¢ = 45°. The chambers of two consecutive layers
are rotated by A¢ = 22.5° to ensure the full coverage in the ¢ angle. As in the barrel
the wires are grouped to form a total of ~ 4K towers each covering an angular range of

Af = 1°.

4.4.3 Mubn Filter

The muon filter [42] is situated outside the HCAL barrel and inside the support tube.
There are eight octants, each 4m long, 1.4m wide and 0.2m thick. Each octant is made
of 6 alternate layers of 1cm thick brass absorber plates with five layers of proportional
chambers. The muon filter increases the absorption length of the hadron calorimeter by
1.03.
Combining the information from electromagnetic and hadron calorimeter the energy
AE 55%

resolution obtained for hadronic jets is T = @ 5% and the jet axis can be deter-

mined with a resolution of 2.5°.

4.5 The Muon Chamber System

The muon chamber system (MUCH) [43] consists of barrel and forward backward muon
chambers. The barrel muon chambers sample the muon tracks in the bending as well
as in the non-bending plane with the use of momentum measuring (P) chambers and 7

measuring chambers. The muon system has been designed for the measurement of the
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momenta of muons in the barrel region with an accuracy of épp— = 2.5% at 50 GeV.

4.5.1 The P Chambers

The barrel muon chamber is positioned between the support tube and the magnetic coil
and consists of two ferris wheels (at +z and —z). Each wheel contains 8 octants, each

of which consists of 5 precision (P) drift chambers distributed in 3 layers as shown in
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Figure 4.12: An octant of the muon spectrometer

figure 4.12. In the inner layer (MI) there is one chamber while the middle (MM) and
outer (MO) layers contain two chambers each. Each P chamber consists of about 320
signal wires. These chambers measure very precisely the track coordinates in the r — ¢
plane. The muon momentum is then determined from the sagitta (s), the deviation of the
track from a straight line due to the magnetic field as shown in figure 4.13. The resolution

of the muon momentum can be expressed as

Ap  As

p 5
The sagitta s is given by

0.3 BL?

8~ —

8 p

where L (= 2.9m) is the lever arm available for sagitta measurement, B (= 0.5T) is the

magnetic field and p, is the transverse momentum of the muon. For a 45 GeV muon,




4.5 The Muon Chamber System 44

N

O

=
R A

@y
®

1 Track

S 1,4\ S

asnuseem! II-LIII ll.3l eEmazgEseun

I:16 wires M : 24 wires O : 16 wires

Figure 4.13: Momentum measurement of muons with sagitta method

sagitta is expected to be 3.4mm. This is measured with an accuracy of As ~ 70pum

resulting in 2% resolution in the momentum measurement.

4.5.2 The Z chamber

All octants are equipped with additional drift chambers, called Z chambers, to measure
the coordinate along the z direction. There are six Z chambers per module of dimension
6 x 2 m?, covering the top and bottom of the MI and MO chambers. Each Z chamber
consists of two layers of drift cells offset by one half cell with respect to each other, to
resolve the left-right ambiguities. The position resolution obtained in the z chambers is
500 pm.

The central part of the muon chamber covers the angular range of 43° < 6 < 137°.

4.5.3 Forward Backward Muon Chamber

The forward backward muon chambers [44] are mounted on the magnet doors on either
side of the interaction point (figure 4.14). On each side there are three layers and each
of them consists of 16 drift chambers. The forward backward system covers the angular
region of 22° < § < 43° and 137° < § < 158°. In the angular range of 36° < < 43° the
muon momentum is measured from 2 central (MI, MM) and 1 inner FB chambers using
the curvature in the solenoidal magnetic field. The momentum resolution degrades with
6 from 2—20%. Muon momentum in the angular range of 22° < § < 36° is measured
using curvature in the toroidal magnetic field in three layers of FB muon chambers. The
momentum resolution in this case is 20% for momentum less than 100 GeV, and it is

dominated by the multiple scattering in the 1 m thick doors of the magnet.
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Figure 4.14: Forward backward muon chamber

4.6 Luminosity Monitor

The system to measure the luminosity at the L3 interaction point consists of two detectors
installed symmetrically on either side of the interaction point at distances of |z| = 2.65 to
2.80m. The luminosity monitor has been designed to detect events from very small angle
(31—62mrad from the z axis) Bhabha scattering e*e™ — e*e™. Each detector is divided
into two mirror symmetric halves with respect of the beam axis. Each detector consists
of a calorimeter subsystem and a tracking subsystem. Figure 4.15 shows the luminosity

monitor on one side of the interaction point along with the other L3 detector components.

4.6.1 Calorimetric Luminosity Monitor (LUMI)

Each calorimetric subsystem consists of an array of 304 Bismuth Germanate (BGO) crys-
tals. The crystals are arranged in eight cylindrically symmetric concentric rings extending
radially from 6.8 to 19.0 cm. The polar angular coverage is 25 mrad < § < 70 mrad. The
rings cover the full ¢ angle in azimuth and is divided in 16 sectors. The energy resolution
in the calorimeter is 2% at 45 GeV.

4.6.2 Silicon Luminosity Monitor (SLUM)

Two silicon detectors are placed in front of each of the crystal arrays for better determina-
tion of the angular acceptance and precise determination of the point where the particle
enters the calorimeter. This improves the luminosity measurement defining the event ge-
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Figure 4.15: Side view of the L3 detector with the luminosity monitor

ometry very precisely. Each of the trackers consists of three layers of silicon wafers, two

for r measurement and one for ¢ measurement.

4.7 Magnet

A huge solenoidal magnet is used in the L3 detector for charge and momentum mea-
surement in the tracking chamber and in the muon spectrometer. The solenoid carries
a current of 30 kA producing a uniform magnetic field of 0.5 T along the z direction.
The coil is made of welded aluminium plates and has inner radius of 5.93 m and length of
11.9m. The return yoke is made of soft iron and the outer radius of the whole system is
7.9m. All the sub-detector components are installed inside the magnet. The solenoid is
cooled by water flow system to protect the sub-detectors from the heat generated.

At a later stage 1.5T toroidal magnets were added to the main magnet door for the

forward backward muon chamber system.

4.8 Trigger System in L3

The bunch crossing rate at LEP is 45kHz (in 4x 4 mode) but most of them do not result in
an ete” interaction. The rate at which Z° events are produced is about 1 Hz. The trigger
system decides whether an event should be recorded or not after each bunch crossing.

The trigger system in L3 consists of three different levels with increasing complexity. The
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event rate is reduced at each level and finally the data is recorded in tapes at a rate of
2—3 Hz. Figure 4.16 shows the various levels of L3 online trigger system schéma.tica]ly.
Level 1 trigger selects ete™ events together with the backgrounds coming from beam-gas
and beam-wall interactions and from electronic noise whereas level 2 and level 3 reject the

background and noisy events which pass the level 1 selection criteria. Level 1 trigger is
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Figure 4.16: Schematic view of the on line trigger system in L3

controlled entirely by hardware using mostly CAMAC modules. These modules include
arithmetic logic units (ALU), bus multiplexer (BS), memory look-up table (MLU), data
stack (DS), ECL drivers and the fast encoding and readout ADC’s. One can, of course,




4.8 Trigger System in L3 48

adjust the parameter setting. In the beginning, level 2 used to use XOP’s which were
replaced at a later stage with VME processors. Level 3 trigger uses RISC processors (VAX

stations).

4.8.1 Level 1 Trigger

Level 1 trigger system consists of 5 independent triggers based on calorimetric energy
(both electromagnetic and hadronic), TEC, scintillator, muon chamber and luminosity
monitor. Each of them takes decision independently within 22 s before the next beam
crossing. On a positive decision of any of the five, the fine digitisation electronics com-
mence operation which takes about 500 ps. This causes a dead time for the data acquisi-
tion system. On the other hand in case of a negative decision, all electronics are cleared
and the detector becomes ready for the next beam crossing without introducing any dead

time.

Energy Trigger

The level 1 energy trigger [45] has been designed to select events which deposit energy
in electromagnetic or hadron calorimeters. This includes ete™, 777, hadronic and vvy -
final states.

The barrel and endcap BGO crystals are grouped into 32 ¢ x 16 @ blocks and the
hadron calorimeter towers are grouped into 16 ¢ x 13 # blocks. Analog signals from a
total of 896 channels are digitised by fast ADC’s and converted into energy depositions.

The event is accepted if any of the following criteria is satisfied,

— the total calorimetric (ECAL + HCAL) energy in barrel and endcaps is greater than
25 GeV,

the total calorimetric energy only in the barrel exceeds 15 GeV,

the electromagnetic energy in barrel and endcaps is greater than 25 GeV,
~ the electromagnetic energy only in barrel exceeds 8 GeV.

The 6 — ¢ projections are also used to search for clusters. The cluster threshold is 6 GeV.
For clusters associated with a TEC track the threshold is 2.5 GeV.

The main source of background for this trigger is electronic noise. The typical trigger
rate is 1-2 Hz.

TEC .Trigger

The TEC trigger is used to select events with charged tracks. It includes most of the
physics channels. '
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Signals from 14 anode wires from each of the 24 outer TEC sectors are used to search
for correlated hits forming track. Tracks are required to have a minimum transverse
momentum of 150 MeV and the event is accepted if at least two tracks are found with
an acolinearity less than 60°. The main source of background for this trigger is cosmic

‘events. The typical trigger rate is 1-4 Hz.

Scintillator Trigger

The scintillator trigger is used for high multiplicity events. Together with muon trigger
it rejects the cosmic events. The event is selected if it has more than 5 hits spread over

90°. The typical trigger rate is 0.1 Hz.

Muon Trigger

The events having at least one particle penetrating the muon chamber are selected by
muon trigger. The event is required to have a good track having at least hits in 2 P
chamber layers and 3 Z chamber layers and a minimum transverse momentum greater
than 1 GeV. The trigger rate is 10 Hz and it decreases to 1 Hz when one good scintillator

hit is required in coincidence.

Luminosity Trigger

Luminosity trigger is used to select the small angle Bhabha events for luminosity mea-
surement.

Each of the luminosity monitors on both sides are divided into 16 ¢ sectors and signal
from all 32 sectors are processed. The event is accepted if one of the following three

criteria is satisfied
— two back to back energy depositions of more than 15 GeV each (within + 1 sector),
— total energy on one side more than 25 GeV and on the other side more than 5 GeV,
— a total energy on either side more than 30 GeV.

‘The typical rate of the luminosity trigger is 1.5 Hz.

4.8.2 Level 2 Trigger

Level 2 trigger [46] tries to reject background events coming from beam-gas and beam-wall
interactions and from electronic noise which are selected by level 1.

The inputs to level 2 are the coarse data used in level 1, the decision in level 1, and
informations of calorimetric energies, loosely reconstructed tracks, scintillator hits and

the interaction point. The correlations between the individual sub-detector informations
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are taken into account here. Level 2 trigger can spend much longer time (8 ms) compared
to level 1 and makes improved decision without incurring additional dead time. In case
of negative decision in level 2, event builder memories are reset. It becomes operational
to those events where only one trigger in level 1 has been satisfied. Events which satisfy
more than one trigger in level 1 pass untouched in level 2. Level 2 reduces the trigger

rate by 20~-30%.

4.8.3 Level 3 Trigger

Level 3 trigger [47] takes the final decision whether the event should be written on tape
or not. The selection criteria used by level 3 are based on the complete digitised data of
the event from the full detector readout. The digitised data with finer granularity and
resolution allow to apply tighter selection criteria. The selection criteria are based on the
calibrated calorimetric energies, interaction vertex from matched TEC tracks with the
calorimetric clusters and reconstructed muon tracks. The time available to level 3 trigger
is 10 times larger than that of level 2. Events with multiple level 1 triggers are passed
unhindered through level 3. The trigger rate is 2-3 Hz at this level.




Chapter 5

Simulation and Reconstruction

5.1 Monte Carlo Simulation

Monte Carlo simulation is one of the most important tools in high energy physics ex-
periments. In the design phase of an experiment, simulation is used to optimise the
detector geometry. Later on, during the execution phase, simulated events are studied to
establish the selection criteria for different physical processes by optimising the efficiency
and signal-to-background ratio. Systematic errors on physics results are determined by
comparing data with the expectation from Monte Carlo simulation.

Monte Carlo simulation in the L3 experiment is performed in two steps (a) Event

Generation and (b) Detector Simulation.

5.2 Event Generation

Events are generated according to different physics models. Generated events contain
description of the particles in the form of particle identification and energy momentum
four vectors, vertex information, decay length and also the pointer to the parent particle.
These informations are then forwarded to the detector simulation and finally to the event
reconstruction programme.

A variety of event generators exist for the study of physics processes relevant for ete™
interaction. An event-generator library (EGL3) is formed for the L3 experiment, where
the event generators are interfaced to the L3 detector simulation programme SIGELS.
These generators are tested and tuned for the LEP physics.

The event generators which are commonly used for the Z° lineshape studies are de-

scribed below.

e BHLUMI
The event generator BHLUMI [48] simulates the small angle Bhabha scattering

ete™ — ete™. This is extensively used for the analysis of the luminosity events at
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LEP. The theoretical uncertainty due to uncalculated higher order terms is 0.11%.

o BABAMC and BHAGENE

The large angle scattering of ete™ — e*e™ events are studied using the gencrators
BABAMC and BHAGENE [49,50]. BABAMC includes first order QED radiative
corrections and hence events contain up to one real bremsstrahlung photon. The
lowest order electroweak corrections are implemented here. The event generator
BHAGENE is capable of simulating up to three bremsstrahlung photons. Com-
plete one loop electroweak corrections are implemented here, including soft photon

exponentiation.

e KORALZ

The event generator KORALZ [61] is mainly used for the analysis of the processes
ete™ — u*p~ and ete” — 7777, The initial state radiation and the first order
QED corrections for final states are implemented here. A complete O(a) elec-
troweak treatment is implemented. The electroweak library DIZET is used here.
The package TAUOLA [52] is used to simulate the process ete™ — 7¥77. Tau de-
cays into different final states like e, p, 7, p, a1, K, K* are modelled in this package.

The effect of 7 helicity on decay kinematics is also taken into account.

o JETSET
The JETSET Monte Carlo programme simulates the process ete™ — qg. This pro-

gramme is based on parton shower model to describe emission of gluons 'off the
- quarks and the subsequent parton cascade originating from gluon splitting and sec-
ondary gluon emission. JETSET PS [53] uses string fragmentation [54] to model
hadronisation. JETSET implements first order initial state corrections and has a

detailed library to describe the decays of unstable hadrons.

o DIAG36

The four fermion final state of the two photon interaction in ete™ annihilation is

described by the generator DIAG36 [55].

e PYTHIA
The event generator PYTHIA [56] is used to generate ete™ — eTeqq final states.

5.3 Detector Simulation

The finite resolution of detectors and their limited acceptance distort all observables

measured in high energy physics experiments. These effects can be studied by simulating
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the response of the detector for a given initial state and then reconstructing back the event.
The particles are traced through the detector media in steps and different interactions of
particles with the detector material, such as pair production, bremsstrahlung, multiple
scattering, nuclear interactions are simulated in detail. The effect of magnetic field, finite
lifetime of particles are also simulated. _

The L3 detector simulation programme SIGEL3 is based on GEANT3 [57], which is
a general purpose detector simulation programme. This programme allows to define the
detector geometry as well as the properties of the detector materials. The energy loss in
the sensitive parts of the detector in each step is recorded. The hadronic interaction is
simulated in GEANT3 using the package GHEISHA [58].

The SIGEL3 programme contains a complete representation of the L3 detector includ-
ing the details of each sub-detector geometry to necessary precision (typically 10—100 pm).
For example, in hadron calorimeter 426904 brass cells are grouped into ~ 26000 towers
which is fully described in the simulation. Similarly in electromagnetic calorimeter 10734
BGO crystals with many different shapes together with the thin-walled carbon fibre struc-
ture is described completely. '

Simulation of hadronic and electromagnetic showers in complex non uniform media
requires tracking of low energy particles down to the sensitivity limit of the detectors.
Electrons and photons are tracked down to ~ 100 KeV, muons and charged hadrons
down to 1 MeV and neutrons down to 10 KeV.

The detector parameters in the simulation are tuned using test beam results [18].
The important parameters are (a) step size for particle tracking in all sub detectors,
(b) medium dependent energy cut off, (c) saturation in light yield, (d) light collection
efficiency and electronic noise in the electromagnetic calorimeter and (e) uranium noise
in the hadron calorimeter.

Hits in the central tracking chamber and the muon chamber are simulated using the
time to distance relation measured in the test beam data. The simulation includes the
effects of the multiple hits, cross talks and §-rays.

ADC and TDC informations of the scintillation counter are also simulated. Pulse
heights are corrected for attenuation., Times are corrected for the time-of-flight of parti-

cles, light transmission delay in the scintillators, etc.

5.3.1 Detector Imperfections

The detector simulation described above assumes a perfect detector in its model. For
measurements with high precision (below 1%), it becomes necessary to take into account
the time dependent imperfections of the detector. The deviation of the detector model
arises due to various effects like dead or noisy crystals in the electromagnetic calorimeter,

defective towers in the hadron calorimeter, disconnected sectors and inefficient wires in




5.4 Event Reconstruction 54

TEC, dead cells in the muon chambers etc.

Informations about the status and calibrations of all the sub-detectors are stored in the
L3 database system. At the time of reconstruction, relevant informations are retrieved
from the database using time and date of each event. In case of simulated data, date
and time are assigned to events using the data taking period of the detector with proper
luminosity weighting. During reconstruction of these events corresponding information
from the data base are used. This process is known as the real detector simulation of

Monte Carlo events.

5.4 Event Reconstruction

Event reconstruction is the procedure where the digitised informations of an event are
converted into physically meaningful quantities. The Monte Carlo events after detector
simulation and the real data recorded by the L3 data acquisition system are reconstructed
in the same way, as shown in a block diagram in figure 5.1. The event reconstruction in
L3 is performed in the framework, known as REGEL3. Events are reconstructed at
individual sub-detector level in the first step where the measurements from that sub-
detector component are considered without any reference to other sub-detectors. At
a later stage, informations from different sub-detectors are combined to obtain global

quantities. Some of the standard reconstruction procedures are described below.

5.4.1 Track Reconstruction

The trace of a charged particle passing through the central tracking chamber is recon-
structed from the hits generated by the particle in detector. The momentum as well as
the sign of the charge of a track is reconstructed from a fit to the coordinates of the hits.
The 6 and ¢ coordinates of the track at the vertex are also measured. The parameters

which define the quality of a reconstructed track are given by

|

number of hits associated to the track,

|

total length of the track segment (SPAN) from the innermost and outermost hits,

the distance of closest approach (DCA) of the track to the interaction vertex,

the transverse momentum of the track (pr),

the x? of the track fit.
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Figure 5.1: Schematic view of event reconstruction
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5.4.2 Reconstruction of Clusters in Electromagnetic Calorime-
ter

The energy and direction of the particles interacting with the crystals in the electromag-
netic calorimeter are determined by reconstructing clusters from the energy deposits in
the individual crystals. '

Raw ADC signals in each crystal are converted into energy deposits taking into account
the variation of response of the crystals, due to variation of temperature, radiation damage
and aging effect. Adjacent crystals with energy greater than 10 MeV are combined into
groups to form geometrical clusters. Clusters having energy less than 40 MeV are dropped.

Within a geometrical cluster, crystals corresponding to local maxima are identified.
These crystals are known as bump crystals and should have energy greater than 40 MeV.
In the next step the remaining crystals are associated to their nearest bump crystal in the
same geometrical cluster. If a crystal is at the same distance from more than one bump
crystals, it is associated with the more energetic one. A bump crystal along with its
associated neighbouring crystals forms a bump. A single bump corresponds to a particle
in the electromagnetic calorimeter.

As electrons, photons, hadrons and muons interact differently with the electromag-
netic calorimeter, the study of the shape of the shower produced in the electromagnetic
calorimeter enables us to identify the origin of the shower.

A cluster in the electromagnetic calorimeter is characterised by,
— number of crystals associated,

— energy of the bump crystal (E,),

energy deposits (Eg and Ejs) in neighbouring 3 X 3 and 5 x b crystal matrix,
— the ratio of Eg and Egs,

— The x? of the shower shape fit.

5.4.3 Reconstruction of Clusters in Hadron Calorimeter

Clusters in the hadron calorimeter are formed from the signals from individual towers. To
reduce uranium noise contribution to a minimum, only towers with energy deposits larger
than 9 MeV are accepted. Neighbouring towers, either radially or at an angle, are then
combined to form clusters using pattern recognition algorithms. Clusters can be classified

as originating either from interacting hadrons or muons.
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5.4.4 Muon Reconstruction

Muons are reconstructed from the signals in the muon chamber. Hits are combined into
segments in both P and Z chambers. Thereafter the P segments are matched with the
Z segments in the same octant. A reconstructed muon track should have at least two P

segments and one 7 segment. A muon track is characterised by,
— number of P or Z segments in the track,
— total or transverse momentum of the track,

— distance of closest approach (DCA) of the muon track back traced to the interaction

vertex,

— time of flight measured by associated scintillators.

5.4.5 Smallest Resolvable Cluster

Reconstructed objects from individual sub-detector components are combined to form
global reconstructed objects. In the first step, tracks reconstructed in the central tracking
chamber are associated, depending on the angular closeness, to the energy deposits in the
electromagnetic calorimeter and in the hadron calorimeter. The remaining bumps in the
electromagnetic calorimeter are then matched with the hadron clusters provided there
is energy deposit in the front layer of the hadron calorimeter. Finally muon tracks are
matched with the closest calorimetric energy deposits.

The resulting objects are known as the smallest resolvable clusters (SRC’s). The SRC’s
are classified as electromagnetic, hadronic or mixed origin depending on the information

of the corresponding subdetectors.

5.4.6 Jet Reconstruction

The jets are reconstructed from the reconstructed electromagnetic and hadronic clusters
and the muons in a geometrically connected region in the detector. The most energetic
cluster in that region is selected as a seed to form a jet. By an iterative process neigh-
bouring clusters are associated with the seed till a predefined criteria is fulfilled. The

main characteristics of a reconstructed jet are the following,
— energy of the jet,

— polar and azimuthal angles of the jet

— invariant mass of the jet,

— multiplicity of the jet.
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The reconstructed data are written in three different formats with decreasing size and

complexity.

(i) Data Reconstruction (DRE) Format: Most of the raw detector informations are

available in this format along with the reconstructed quantities.

(i) Data Summary (DSU) Format : The size of the data is reduced in the DSU format af-
ter discarding some of the reconstruction results. The raw data can be re-calibrated

or the reconstruction of higher level objects can be redone from the DSU files.

(iii) Data Avanti (DVN) Format: The simplest data format is DVN, it contains most
of the reconstructed quantities, but no raw data information. The size is much
reduced and hence it allows a fast data access option. However, re-calibration or

re-reconstruction is not possible from DVN files.

5.5 Measurement of Luminosity

Precise determination of cross section of a process in a collider experiment requires very
accurate measurement of the integrated luminosity. For a particular process of cross
section o, luminosity £ determines the number of events that might be detected during
a time interval.

In ete™ collider luminosity is determined from the number of small angle Bhabha

events, ete™ — ete™.

NBhabha
L = - Dhebhe (5.1)
€ * OBhsbha

where NBhabha is the measured number of Bhabha events, oBhabha is the theoretical cross
section of the process and ¢ is the detector acceptance for the events.
At small angle the process is dominated by the photon exchange in t channel. The

differential cross section in the t channel scattering is given by

d .
o o
where 6 is the scattering angle. Clearly the cross section rises sharply at small scattering
angles. These small angle events are detected in the luminosity monitor situated in the
very forward direction on both sides of the interaction point.

The selection of these events is based on the energy deposits in the calorimetric part
of the luminosity monitor. Events are required to have two back to back energy clusters
one in the forward (+7Z) and the other in the backward (—Z) luminosity monitors. The

selection criteria [61,62] are the following,
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o The reconstructed cluster energy on one side must be greater than 80% of the beam

energy and on the other side must be greater than 40% of the beam energy.

Emax > 0-8Ebcam
Emin > 04 Ebeam

e The reconstructed cluster is required to have § and ¢ coordinates one crystal away
from the calorimeter edges to avoid the edge effects. Cluster on one side must be

confined to a tight fiducial volume defined as

32mrad < 8 < 54mrad
|¢ —90°| < 11.25°
|¢ — 270°] < 11.25°

and the cluster on the other side is required to be within a loose fiducial volume

given by,

27mrad < 8 < 65mrad
| —90°| < 3.75°
| — 270°] < 3.75°

The definition of the fiducial volume is very crucial as the cross section varies rapidly

~with scattering angle 6.

e The coplanarity angle of the two clusters on either side must satisfy

|Ap—180] < 10°

The cross section for the events ete~ — ete™ has been determined from the event gener-
ator BHLUMI [48]. The theoretical uncertainty due to missing higher order calculation
is 0.11 % which contributes to the systematics error. Due to the high statistics of events
the luminosity measurement is dominated by systematic errors. The measured values of
luminosity in different years are listed in table 5.1. The systematic error with contribu-
tions from various sources are also summarised in the table. The measurements for the
year 1990-1992 and 1993-1994 are published [61], [62]. The measurements of 1995 are

preliminary.
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Figure 5.2: A small angle Bhabha event in the luminosity monitors

1990/1991 | 1992 | 1993 | 1994 | 1995

Measured Luminosity (pb™!) 18.4 224 | 31.7 | 43.2 | 194
Systematic Errors

Sources Fraction (%)
Selection Criteria 0.30 0.30 | 0.04 | 0.05
Detector Geometry 0.40 0.40 | 0.06 | 0.03
Total Experimental 0.50 0.50 | 0.08 { 0.05 | 0.10
Monte Carlo Statistics 0.10 0.10 | 0.06 | 0.06 | 0.08
Theoretical uncertainty 0.25 0.25 | 0.11 | 0.11 | 0.11

L Overall

0.60 | 0.60 | 0.15 ] 0.14 | 0.17 |

60

Table 5.1: The measured values of luminosity in different years with the systematic error.




Chapter 6

Analysis of eTe™ — 777~ Events

A precise measurement of the mass and decay width of Z° requires a very accurate de-
termination of cross sections for different centre of mass energy points of the different
processes ete™ — 7Z° — ete™, ptp~, 777, v¥ and hadrons. Z° dominantly decays into
hadrons (Branching ratio ~ 70%), whereas charged leptons contribute only 10% to the
total width of Z°. The neutrinos, which are invisible in the detector, account for 20% of
all the final states. _

In this chapter we describe the analysis of the process ete™ — 7+7~ using L3 detector.
We first describe the selection of 77~ events. The determination of cross section and
forward backward asymmetry from the selected sample of events are then described.
Different sources of the systematic errors to these measurements and their estimations

are also discussed.

6.1 Event Signature

The mean life time of 7 is 0.295 ps which corresponds to an average decay length of 2.3 mm
(at 45 GeV in the lab frame). So 7’s decay inside the beam pipe before reaching the first
sensitive layer of the detector. We need to identify 7’s from their decay products. 7 can
decay to a variety of final states. The present knowledge of the various decay modes of
T is summarised in table 6.1 [63]. In terms of number of charged particles, branching
ratio of T to one prong, three prongs and five prongs or more are 84.96%, 14.91% < 0.1%
respectively.

The visible decay products of T consist of electron or muon or a small number of charged
and neutral hadrons. Due to the presence of neutrinos, a tau event is always accompanied
by missing energy. The decay products of r are highly boosted at LEP energies. So the jets
are narrow and almost back to back in case of hadronic 7 decays. The characteristics of 7-
pair events are the following : a few tracks in the tracking chamber, energy deposits in the

electromagnetic and hadron calorimeters and in case of muonic 7 decays, identified muons
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Decay mode of 7 | Branching Fraction (%)
T — eV, 18.01 + 0.18
T — pUUuVs 17.65 £ 0.24
T — T, 11.70 £ 0.40
T — pU, 25.20 4 0.40
T — ayu, ' _ 15.20 + 1.10
T — K*y, 1.45 +0.18
T — Ky, 0.67+ 0.23
7 — Others 10.12 £ 1.10

Table 6.1: Branching ratio of 7 in different decay modes

in the muon chamber. As a consequence, selection of T-pair events requires information
from almost all the sub-detectors starting from tracking chamber all the way upto the
muon chamber. A candidate event is shown in figure 6.1.

The background contribution comes from e*e™, u*p~, qg, various two photon processes
and cosmic rays. Selection of a pure sample of T-pair events would need to remove events
from all these backgrounds processes.

We have used the data collected in 1992, 1994 and 1995 for our analysis. During 1992
and 1994, the LEP ete™ collider operated at Z° peak (/s ~# Mz) whereas in 1995 a scan of
Z° resonance was performed at three energy points on or around the Z° peak (/s ~ Mg,
and /s &~ Mz £+ 2 GeV).

For this analysis, we have used data taken in good running condition of the detec-
tor. Data with bad condition of TEC, electromagnetic calorimeter, hadron calorimeter,
scintillator, muon chamber or the trigger are not used.

The data are compared with Monte Carlo events, generated using the KORALZ
4.02 [51] for signal and JETSET 7.4 [53], PYTHIA 5.7 [56], BHAGENE [50], DIAG36 [55]
for the different background processes.

In the detector modelling, the condition of the real detector (dead cells, hot crystals,
etc.) has been simulated on a run by run basis. A run corresponds to a number of events

collected over a time when the detector conditions do not change.

6.2 Event Selection

The selection criteria are designed to select a sample of signal (e*e™ — 7777) events
with high efficiency and with background contamination from other processes as low as

possible. Using this clean sample of events, one can proceed to determine cross section




6.2 Event Selection 63

Run# 528204 Event# 1971 Total Energy: 31.02 GeV

Figure 6.1: A candidate 7-pair event in the L3 detector. One of the 7’s has decayed
hadronically depositing energy in the hadron calorimeter. The other 7 has decayed in the
muon mode giving a very good muon track reconstructed from hits in all three layers of
the muon chamber.
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and asymmetry.

6.2.1 Selection Variables

Objects reconstructed in the central tracking chamber, calorimeters and muon chamber
and their characteristics are utilised to identify a clean sample of T-pair events. These
reconstructed objects should qualify some specific criteria before they can be used to build

lectian vars cselection variahles siced are discussed in allavurs
selection variables. The selection variables used are discussed in the fuﬂuwmg.

e Thrust:
The event thrust [65] is defined as,

p oo mexEildcdl (6.1)

Y | Bl
where i runs over all the final state particles. The axis @it is chosen to maximise
the value of the above expression. The direction corresponding to the event thrust

is called thrust axis (fiT).

o Jet: _ .

Jets are reconstructed from the smallest resolvable clusters and the muons in the
detector. Starting from the most energetic cluster, one combines other clusters

within a certain cone. Reclustered objects above a minimum energy are called jets.

o Acolinearity Angle:
Acolinearity angle between the two most energetic jets describes the amount of

deviation from back to back configuration of the two jets. We define acolinearity

angle as,

Clz = T — ¢jet1,jet2 (6'2)
where Pjet,, jet, is the angle between the two jets.

e Bumps:

Electrons and photons deposit their energies in BGO crystals which are contained
within a few crystals around the central one. Showers produced by hadrons in BGO,
on the other hand, have much broader lateral distributions. A bump is identified to
be of electromagnetic origin if it satisfies
Ey

=2 > 0.98 6.3
T (6-3)

where Eg and Ejs refer to the energy deposits in the crystal matrices of 3x3 and

5x5 crystals respectively around the central one.
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e Clusters:

Particle multiplicity in an event is defined from smallest resolvable clusters (SRC)
discussed in section 5.4.5. We define a cluster for our analysis if one of the following

criteria is satisfied.
— energy in the electromagnetic calorimeter is greater than 0.1 GeV and energy
in the hadron calorimeter is greater than 0.9 GeV,

— energy in the electromagnetic calorimeter is greater than 0.1 GeV and there

are at least two crystals in the bump,

— if there is no energy deposit in the electromagnetic calorimeter then the energy
in the hadron calorimeter should be greater than 1.4 GeV (1.8 GeV for 1995
data).

The hadron calorimeter gate was changed in 1995 and hence the energy cut was

increased to 1.8 GeV to minimise the noise.

e Good Track:

A reconstructed track is qualified as a good track, if it fulfils the following conditions,

at least 20 hits,
~ a minimum SPAN of 30,
distance of closest approach (DCA) to the vertex point less than 20 mm,

a minimum transverse momentum (pr) of 50 MeV.

We also demand that the track should lie in an efficient ¢ sector of TEC. Sometimes
the ¢ coordinate of a track is affected by mirroring of the track in TEC sectors.
Mirroring happens when a track does not have an inner TEC sector hit and passes
through a region very close (less than 2°) to the cathode plane. In that case, left-
right ambiguity wires are not able to solve the ambiguity. We identify those tracks
and try to match it with a calorimetric cluster of energy above 100 MeV or a muon
identified in the muon chamber, in a cone less than (2.5°). The solution (between
the original and the mirror) for which the cluster or the muon is closer is selected.
If neither of the solutions has such a neighbour we do not consider the track as a

good one. Only good tracks are used for the analysis.

6.2.2 Summary of Selection Cuts

We discuss here the selection cuts which are applied on different selection variables de-

scribed in section 6.2.1. The distribution of different selection variables are compared with
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the Monte Carlo predictions where different backgrounds are superimposed on the signal.
Figures 6.2-6.8 show distributions of different selection variables where all other selection
cuts except the one under consideration are applied. The dots represent the data and the
- shaded areas represent contributions from different background processes estimated from
Monte Carlo. The empty region represents the signal Monte Carlo. Shades corresponding
to different background processes are indicated in figure 6.3. The arrow indicates the
value where the cut for a particular variable has been applied.

Events are selecied in the fiducial volume resiricied to the central part of the detector.
We define the barrel region by putting a cut on the direction of the thrust axis (figure 6.2) :

|cosOhrust| < 0.73

Events

L.X] 052 0.64 0.66 068 07 072 074 076 078 08

Aclo, (%)
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Figure 6.2: Distribution of cosine of the polar angle of thrust alongwith Monte Carlo
predictions. The most dominant background comes from Bhabha events. The arrow
shows the nominal position of the cut. The systematlc error due to the variation of this
cut is shown at the bottom.

We demand that there should be at least two jets in the event with energies with
energies (figure 6.3):
Equ > 7 GeV
EJctz > 3 GeV

The cuts mentioned above conform to the requirements in level 1 energy trigger (the

primary trigger for r-pair events).
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Figure 6.3: Distribution of the most (left) and second most (right) energetic jets compared
with Monte Carlo predictions. The arrows show the nominal positions of the cuts. The
~ systematic error due to the variation of cut is negligible for the most energetic jet compared
to that for the second most energetic jet.

To remove most of the beam gas and two photon backgrounds we require that the jets
should be back to back as expected from Z° — ff decays in the laboratory frame. This
requirement is fulfilled by demanding the acolinearity angle ((12) of the two most energetic

jets to be (see figure 6.4):
12 < 0.25 rad

Cosmic events and dimuon events with IiIlllOIlS not reconstructed in the muon chamber
are removed by a cut on the total energy ‘fdeposited in the electromagnetic calorimeter.
This cut uses the fact that the muons give the signature of a minimum ionising particle

in the calorimeter (see figure 6.5):
EBGO >§2 GeV

Cosmic background is further suppressed by applying a cut on the time recorded by
the scintillators with respect to the beam crossing time after the correction for time of
flight. The scintillator time for cosmic muons are not correlated with the beam crossing
time, but the muon coming from the real Z° decays are. The cosmic muons give a flat

distribution as shown in figure 6.5. The best scintillator time should be:

[tbest| < 2.5 ns (for 1994 data)
< 3.0 ns (for 1995 data)
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Figure 6.4: Distribution of the acolinearity angle ({12). The arrow shows the nominal
cut position. The background at large acolinearities arises due to two photon events and
Bhabha events. The contribution of systematic error due to this cut is negligible.
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Figure 6.5: Distribution of the BGO barrel energy (left) and the best scintillator time
(right) compared to the Monte Carlo predictions. The arrows show the nominal cut
positions for these two variables. The dimuon ete™ — p*u~ background is dominated in
the low BGO energy region. In the best scintillator time distribution the flat part of the
distribution for data in the region |tpest| > 2.0 arises due to the presence of cosmic rays.
The systematic errors are very small for both the selection variables.
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Bhabha events (ete~ — e*e™) are rejected by requiring that the most and second
most energetic bumps should have energics less than 80% and 60% of the beam energy
respectively (figure 6.6):

E; < 0.8 Epcam
E; < 0.6 Epeam

Events
Events
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Figure 6.6: Distributions of the scaled most (left) and second most (right) energetic
bumps compared with the Monte Carlo predictions. The arrows show the nominal cut
positions for these two variables. The background at high energy region comes entirely
from Bhabha events.

Dimuon events (ete™ — p*p~) are rejected similarly requiring that the momenta of
the most and the second most energetic muons should be less than 80% and 20% of the
beam energy (figure 6.7) :

P% < 0.8 Epeam
Pg < 0.2FEpeam

Requirement of low particle multiplicity in the final state rejects most of the hadronic

events. We require the number of clusters defined in section 6.2.1 to satisfy (figure 6.8):

Ncluster < 13

The rest of the hadronic Z° decays can be rejected by imposing the condition that the

jets should be narrow. The narrowness of a jet is defined from the difference of the angle
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Figure 6.7: Distributions of the scaled momenta of the most and the second most ener-
getic muons. The arrows show the nominal cut positions for these two variables. The
background at high momentum region comes entirely from dimuon events.

of a track to its nearest jet axis. We require the maximum azimuthal angle between a

track and its nearest jet (figure 6.8) :
brpe < 0.25 rad

We require that there should be at least one good track in the event to remove the

remaining cosmic ray background. The distribution is shown in figure 6.9.

6.3 Measurement of. Cross Section

After selecting the events, we correct the number of observed events for acceptance and
background contamination from different processes. We use Monte Carlo simulations for
signal (ete™ — 7+77) and all possible background channels to estimate acceptance and
background contaminations respectively. The remaining small amount of background is
subtracted from the selected data sample. The cross section is computed by dividing the

background subtracted data by the corresponding luminosity and the acceptance

Nselccted - Nbackground
6.4
e (6.4)

where Nielectea is the number of selected events, Npackgrouna is the expected number of

s

background events, ¢, is the acceptance for 7 pair events and L is the luminosity.
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Figure 6.8: Distributions of the number of clusters and ®ygc. The arrows show the
nominal cut positions for these two variables. In these cases, The main background
comes from the high multiplicity hadronic events. The agreement between data and
Monte Carlo is not very good for the distribution of the number of clusters, which reflects

in the systematic error of N jyster-
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We estimate the selection efficiency to be 75—77% inside the fiducial volume and the
overall acceptance to be 18—49% depending on the centre of mass energy. The centre of
mass energy at the interaction point is determined from the energy calibration of LEP [64].
We have divided our sample according to the centre of mass energies in different years.
The measured cross sections together with the statistical error are summarised in table 6.2.
The quoted. energy is obtained from the luminosity weighted average over the runs, used

in the cross section measurement.

Year v/s | Luminosity | Events | o, | Stat. Err.
(GeV) (nb™1) (nb)

1992 91.293 | 20327.400 | 15026 | 1.466 0.012

1994 91.218 | 42260.344 | 30345 | 1.472 0.008

1995 prescan | 91.160 | 5135.599 3612 | 1.464 0.024
1995 scan 89.452 | 7301.506 1703 | 0.491 0.012
91.293 | 3504.679 2557 | 1.522 0.030
92.984 | 8132.441 2658 | 0.684 0.013

Table 6.2: Cross sections of ete~ — 77~ for different data sets

6.4 Systematic Errors and Background

The different sources of systematic error in the measurement of cross section of the process

‘ete™ — 7717 can be listed as
e selection criteria,
e background estimation,
o trigger inefficiency,
e acceptance correction,

. modelling of 7 decays in the event generator.

6.4.1 Systematic Error from Selection Cuts

The variation of the measured cross section due to the variation of the values of the
selection cuts gives a measure of the systematic effects on it. To estimate this error, we
vary a particular selection cut while keeping the others fixed to their nominal position

and estimate different values of cross sections at different values of that particular cut.
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Let o, be the cross section obtained with all the cuts at their default values and o; (i =
1,2, 3, ....) be the cross section for the i th value of that particular cut.
N;
o = —. 6.5
! e;ﬁ ( )
Here N; is the number of selected event, £ is the luminosity and ¢ is the acceptance
estimated from signal Monte Carlo. We define systematic error (S) on the cross section
for that particular variable by the relative change in cross section with respect to the
nominal value as:
Adi
Oo

_ Lol (6.6)

0o

The statistical error associated with the change in the cross section is

/I No— N;
As — GVINo—Nij (6.7)
O, N;

The systematic errors on selection cuts are shown in bottom half of figures 6.2-6.8 for
corresponding selection cuts. These figures show a good agreement between data and the
predictions from Monte Carlo, which is reflected in the systematic errors. The agreement
is not very good for Ejes and Nyster and the contribution of the systematic error from

these two variables is higher compared to the rest.

6.4.2 Systematic Error from Backgrounds

The selection criteria select a few background events together with the signal events. They
are estimated from Monte Carlo and subtracted on a statistical basis.

The backgrounds for a particular channel x is calculated in the fo]lowing way,

b
Ny, = L-0x €
sel

P (6.8)

= L 0y X
n;;:ot

where L is the luminosity, o, is the generator level cross section for the background channel
x and € is the selection efficiency calculated from the ratio of total (n!**) and selected

(n2!) number of background events. The error on NP is calculated from the following

/ sel 1— <
AN = £crx—l-l—’5——(—€) (6.9)

= tot
nx

expression,
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The estimated background contaminations are summarised in table 6.3. The statis-
tical error on the background estimation gives a systematic effect on the cross section
calculation.

The cosmic muons have no correlation with the beam crossing time and hence the best
scintillation time for those muons produces a flat distribution shown in figure 6.5. The
cosmic background has been estimated from the flat part of the distribution outside the

signal region.

Backgrounds Fraction (%)

1992 1994 1995 prescan | 1995 peak-2 | 1995 peak | 1995 peak-2
gt 121 £ 0.03 | 0.74 +0.03 | 0.76 4 0.06 | 0.83 - 0.08 | 0.83 £+ 0.07 { 0.76 £ 0.07
ete” 1.25 £ 0.03 | 0.68 &+ 0.05 | 0.62 & 0.05 | 1.19 £+ 0.10 | 0.58 &+ 0.05 | 0.59 X 0.06
aq 0.40 + 0.03 | 0.35 - 0.03 | 0.79 + 0.13 | 0.85 £ 0.18 | 1.09 & 0.17 | 0.97 £ 0.20
eter*r= [0.02 4 0.01 | 0.02 £ 0.01 | 0.02 £+ 0.01 | 0.04 £+ 0.01 | 0.03 + 0.01 | 0.04 £ 0.01

eteputp~ < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
ete"ete” | 0.02 4 0.020.03 +0.03 | 0.09 £ 0.02 | 0.19 £ 0.05 | 0.06 £ 0.02 | 0.13 + 0.04
ete qq 0.01 4 0.01 | 0.19 = 0.04 | 0.20 £+ 0.04 | 0.50 & 0.11 | 0.17 & 0.05 | 0.43 £ 0.09
Cosmic 0.08 £ 0.01 | 0.08 & 0.01 | 0.11 4 0.05 | 0.40 4-0.15 | 0.06 £ 0.04 | 0.11 1 0.06

Table 6.3: Estimated background contaminations in the selected sample of ete” = 7tr~
from different processes

6.4.3 Systematic Error from Trigger

Trigger system in an experiment decides whether an event should be recorded or not after
each beam crossing.

The 7-pair events are triggered requiring a minimum energy in the calorimeters (Energy
trigger) or a minimum number of charged particles in the inner tracker (TEC trigger). A
muon trigger consisting of at least one muon to reach the muon spectrometer also selects
the 7-pair events where one of the 7’s decays in the muon mode. The selection cuts
which we use to select T-pair events have been designed to lie within the acceptance of
the trigger system. Any inefficiencies in the trigger system affect the selection and hence

the measurement.
Level 1

To study the efficiency in level 1, we divide the selected event sample into three cate-

gories :
(a) events without any muon, where we consider energy and TEC triggers,

(b) events with only one muon, where energy, TEC, muon triggers are considered,
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(c) events with more than one muon , where TEC and muon triggers are considered.

In each of these categories, we estimate the trigger efficiency from the event counts found
by only one trigger as compared to those found in more than one trigger.

Let us first consider events without any muon as defined in (a). Let Ng, Nt and Ngr
are the number of events satisfying only energy (E) trigger, only TEC (T) trigger and
both energy and TEC (ET) triggers respectively, and eg and er are the corresponding
efficiencies for energy and TEC triggers. |

Ngr -
= == 6.10
(35} NT ( )
Ngr
— B 6.11
T = R, (6.11)

The errors on the efficiencies can be calculated as,

Ny — YNE2(l—em) (6.12)

Nt
A/Ner(l —¢
Aer = ETIEIE ™) (6.13)

The effective number of events in class (a) can be calculated as,

N, = NuNy (6.14)
Ngr

The trigger efficiency for events in class (a) is calculated from the actual number of events
without any muons N,—o,

N0

@ = (6.15)
Ae, = VN=°N(1_€“) (6.16)

For events having at least one muon, the efficiency can be calculated from the number
of events satisfying only one trigger (Ng, N1, Nym), any of the two triggers (Ngr, Ntm,
Ngm), and all three triggers (Ngrm) and the corresponding efficiencies. In this case to
avoid the redundancy of equations we extract the efficiency €, and effective number of
. events Ny, from a x® minimisation using MINUIT [68].

Similarly for events having more than one muon, the efficiency is calculated considering
the number of events satisfying TEC (Nt), muon (Ny) triggers and the corresponding
efficiencies er, ey.
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The overall efficiency in level 1 is estimated from the three individual efficiencies. The

errors of ¢,, €, and ¢, are added in quadrature to get the error associated to the levell
trigger efficiency. The level 1 trigger efficiency is found to be 99.992 4 0.006 %.

Level 2

In contrast to level 1, level 2 tries to reject the background events selected by level 1. It
becomes operational to those events where only one trigger in level 1 has been satisfied. It
mainly rejects non-physical events due to beam-gas and beam-wall interactions and from
electronic noise. Events which satisfy more than one trigger in level 1 pass untouched
from level 2. Level 2 trigger efficiency has been computed from the flagged level 2 events

and is found to be 100% for T-pair events.
Level 3 : ‘

Level 3 trigger takes the final decision whether the event should be written to tape
or not. The selection criteria used by level 3 are based on the complete digital data of
the event from the full detector readout. The digitised data with finer granularity and
resolution allow to apply tighter selection criteria and help to decrease the electronic
noise. Events with multiple level 1 triggers are passed unhindered through level 3. The

efficiency of level 3 triggers has been estimated to be 100%.

The overall trigger inefficiency comes entirely from the level 1. The statistical error
in the estimation of the trigger efficiency has been attributed to the systematic error in

cross section determination.

6.4.4 Systematic Error from Acceptance

We estimate the geometrical acceptance and the selection efficiency from the Monte Carlo
‘events. The statistical error in the determination of these numbers due to limited statistics

. results in a systematic error in the cross section measurement.

6.4.5 Systematic Error from Tau Decay Modelling

The selection efliciency of 7-pair events depends on 7 decay modes. The 7 decay branching
ratios are known with certain accuracy. The decay mode averaged efficiency depends on
the values of the branching fractions, hence the error in the branching fractions gives
the systematic effect on efficiency and so on the cross section. From the generator level
information we have calculated the decay mode dependent efficiencies. They are written

in the form of a matrix which is known as the efficiency matrix (M). Efficiency matrix is
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shown in figure 6.10 where the size of each square is proportional to the selection efficiency
for that mode of 7 decay. The efficiency is zero for those events where both the 7’s decay in

the muon mode. The branching ratios of different decay modes of T are listed in table 6.1.

nr

Figure 6.10: Efficiency matrix for different decay modes of =

Let B; be the branching fraction of 7 in a particular decay mode i and 6B; is the error on
it. The B;’s can be arranged to form a vector B, The decay mode averaged efficiency can

* be calculated in the following way
e = B'MB (6.17)

The errors on the branching ratios contribute to the systematic error on cross section

measurement through the error on the decay mode averaged efficiency de.

6.4.6 Overall Error

The systematic errors from all the sources described above are summarised in table 6.4
separately for the different event samples. The overall systematic error is obtained by
combining the individual errors in quadrature. The systematic error lies within the range
0.54% to 0.88%. In table 6.5, we list the measured values of cross sections at different
centre of mass energy points. The statistical and the systematic errors are listed in fourth
and fifth columns of the table. The measured cross sections are plotted as a function of the

centre of mass energy point in figure 6.11. The solid line represents the Standard Model
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Systematic errors Systematic Errors (%)
1992 | 1994 | 1995 prescan | 1995 peak-2 | 1995 peak | 1995 peak+-2

Selection Cuts { 0.66 | 0.61 0.63 0.80 0.47 0.72
Background 0.06 | 0.08 0.17 0.29 0.20 0.25
Trigger Inefficiency | 0.03 | <0.01 0.07 <0.01 | <00 < 0.01
MC Statistics 0.10 | 0.10 0.13 0.11 0.15 0.11
Decay Modelling 0.25 | 0.20 0.20 0.20 0.20 0.20

| Total 0.71 | 0.65 | 0.71 | 0.88 | 0.7 - 0.80

Table 6.4: Summary of Systematic Errors

Year Vs o, | Stat. Err. | Syst. Err.
(GeV) | (ab) (%)
1992 91.293 | 1.466 0.012 0.71
1994 91.218 | 1.472 0.008 0.65
1995 prescan | 91.160 | 1.464 0.024 0.71
1995 scan 89.452 | 0.491 0.012 0.88
91.293 | 1.522 0.030 0.57
| 92.984 | 0.684 0.013 0.80

Table 6.5: Cross sections of the process ete~ — 7+7~ in different data sets with statistical
and systematic errors

predictions calculated using the analytical programme ZFITTER [66], using Z° mass of
91.186 GeV, top quark mass of 175 GeV, Higgs mass of 300 GeV and o, of 0.123. The
good agreement between the measured values and the theoretical predictions is evident.
In the bottom part of the figure the ratio of measured cross section to its Standard Model

prediction is plotted.

6.5 Measurement of Forward Backward Asymmetry

The forward backward asymmetry is defined as

App = | (6.18)

‘where or(og) is the cross section of the process ete~ — ff with the fermion scattered
in the forward (backward) hemisphere with respect to the e~ direction. To measure the
forward backward asymmetry in ete™ — 77, we need to measure the scattering angle,
i.e the angle of T~ with respect to e~ direction. The scattering angle of the event is
determined from the angle and the charge measurement of the 7 jets. There are different
conventions to determine the angle of an event: from the polar angle of (a) the thrust

axis, (b) the most energetic jet, (c) the negatively charged jet. We used polar angle of
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Figure 6.11: The measured cross sections of ete™ — 77~ at different centre of mass
energy points. The solid line shows the prediction of the Standard Model. The lower plot
shows the ratio of the measured and the Standard Model cross section values.
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the thrust axis as the event angle for the analysis. The event angle defined from other
conventions are also tested and they give comparable results. The difference is quoted.as
systematic error.

The charge of 7 is determined from the charges of its decay products as measured in
the tracking chamber. In case of presence of muons, the charge is measured from muon

spectrometer. The sum of all the charges of tracks in a 7 jet defines the charge of the jet.

6.5.1 Fitting Procedure

The selected events which are used for the measurement of cross section are also used for
the measurement of asymmetry. The requirement that the acolinearity angle should be
less than 15° removes most of the events with hard bremsstrahlung photon. We restrict
the fiducial volume further. It can be seen from the cos®ypus¢ distribution in figure 6.2
that the background events are concentrated in the region |cos@prst| > 0.7. We demand
that the events should be in the region |cos@yrust| < 0.70 in order to remove most of the
background events. We also demand the two jets in an event to have opposite charges.

The angular distribution is described by,
1 do

odcosf

= g(l + cos® ) + App cos 0 (6.19)

So the forward backward asymmetry can be determined from a maximum likelihood
fit with the likelihood function defined as

3
L= H (—8—(1 + cos® 6;) + Ap cos 9;) - (6.20)

where 0; is the scattering angle for event i .

Before the fit, we have weighted the events by the acceptance correction factors in var-
ious angular ranges. Figure 6.12 shows the angular distribution in ete™ — 777~ together
with the fit described above.

6.5.2 Corrections to Forward Backward Asymmetry

The observed forward backward asymmetry is corrected for the charge confusion and the
background contamination.

Charge Confusion

There is a non zero probability P to measure the charge of a T jet with wrong sign.
Charge confusion affects number of observed forward and backward events and hence the

asymmetry. We need to correct our observed asymmetry for this effect.’
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Figure 6.12: Distribution of cosine of the scattering angle § for 7 pair events at 7° peak.
The dots represent the data and the solid line shows the results of the fit as described in
the text. .

We require, in our analysis, two jets with opposite charges. We can define the number
of observed forward and backward events in terms of true forward (N¢) and true backward

(Np) events and the probability P of measuring wrong charge.

Nfobserved — (1 . P)2Nf + Psz (6.21)
Nbobserved — (1 _ P)ZNb + PZNf
A - A observed 14 2p? (622)
FB FB 1—2P

The error in the measurement of charge confusion translates into the systematic error of

asymmetry measurement,

4P(1 - P)
d T2y &P (6.23)

We determine the charge confusion probability from the events which contain at least one

A AFB — AFBobscrve

muon and check whether the charge of the muon measured in the muon chamber agrees
with that measured in the tracking chamber. Since the large muon chamber has a better
momentum resolution, this measurement has negligible charge confusion compared to the
corresponding measurement in TEC. From the events where the charge measured in muon
chamber does not agree with that in TEC, we determine the charge confusion probability
P as (3.1240.07)%.
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Background

For asymmetry measurements, we restrict our fiducial volume |cos®hrust| < 0.70 to min-

imise background. The forward backward asymmetry is corrected for the remaining back-

ground.

6.5.3 Systematic Errors on Apg

e The systematic error from charge confusion is less than 0.001 Agg.

e Background correction introduces a systematic error of 0.003.

e We calculate the forward backward asymmetry by defining the event angle from
polar angle of the most energetic jet. The asymmetry determined from this method
differs from the original method by 0.001. We attribute this to the systematic error.

The corrected asymmetries together with the statistical and systematic errors are sum-

marised in table 6.6.

Year NG A%p | Stat. Err. | Syst. Err.
1992 91.293 | 0.013 0.012 0.003
1994 91.218 | 0.009 0.008 0.003
1995 prescan | 91.160 | 0.003 0.024 0.003
1995 scan 89.452 | -0.181 0.033 0.003
91.293 | —0.016 0.028 0.003
92.984 | 0.152 0.026 0.003

Table 6.6: Forward Backward Asymmetry for different data sets

The measured forward backward asymmetry is plotted as a function of the centre of
mass energy in figure 6.13. The solid line represents the distribution as expected from
Standard Model calculated from ZFITTER using Z° mass of 91.186 GeV, top quark mass
of 175 GeV, Higgs mass of 300 GeV and a; of 0.123. The difference of the measured value

with the predicted values are plotted at the bottom part of the figure.
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Figure 6.13: The measured forward backward asymmetries at different /s values. The
solid line shows the prediction of the Standard Model. The lower plot-displays the differ-
ence of the measured and the Standard Model asymmetry values in (%).




Chapter 7

Electroweak Parameters Using L3
Data

7.1 Introduction

The Glashow-Salam-Weinberg model of electroweak interaction together with quantum
chromodynamics constitutes the Standard Model of particle physics. At LEP, we study
the process ete™ — ff, which is mediated by the Z° and v as described in the Standard
Model. Experimentally we measure the cross sections of hadronic and leptonic final states,
leptonic forward backward asymmetries and polarisation as a function of the centre of mass
energy. These measurements are used as input for the determination of the electroweak
parameters.

For a precise determination of the electroweak parameters higher order corrections to
the lowest order processes should be taken into account. The higher order corrections
are divided as : (1) QED correction consisting of diagrams with real or virtual photons,
(2) Weak corrections consisting of propagator correction, vertex correction and box di-
agram corrections, and (3) QCD corrections which include emission of gluons in case of
hadronic final states. The process ete~ — fT and the aspects of the radiative corrections
are described in chapter 2.

Cross section data enable us to determine the mass (Mz), total (T'z) and partial widths
(T'¢) of Z° boson while inclusion of asymmetry and polarisation data provides the knowl-
edge about the vector and axial vector couplings of Z° to the fermion pairs. Fit to
‘determine the Z° parameters from cross section and asymmetry data is known as line-
shape fit. We follow two different approaches to determine electroweak parameters from

our measurements.

Model Independent Framework : we determine mass, total and partial widths of
Z° from the data where the Standard Model predictions of the parameters are not

imposed in the fit explicitly. The QED corrections and the energy dependent Breit-
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Wigner shape of the cross sections as a function of centre of mass energy are con-
sidered. The weak corrections are not considered explicitly, but are absorbed in the
definition of the parameters, which are interpreted as effective parameters. This
is possible because the weak corrections can be separated from the QED correc-
tions. Effective vector and axial vector couplings and effective electroweak mixing
angle are also determined here when forward backward asymmetry measurements
are used.

Standard Model Framework : we estimate Mz, M;, My and o, from the data. In

this case QED as well as weak radiative corrections are taken into account.

We use the analytical program ZFITTER [66] for calculating the theoretical predictions
for the cross sections and asymmetries. This program takes into account electroweak
radiative corrections to order O(a) and a common exponentiation of initial and final
state bremsstrahlung. The corrections to O(a?) are taken into account in the leading
log approximation and include the production of photons and fermion pairs in the initial
state.”O(a) and O(a?) corrections are supplemented with O(a®M,*) corrections in gauge
boson self energies. It also includes O(aa,) corrections and leading part of O(aasM;?)
corrections. It calculates cross sections and asymmetries in two ways. (a) In the first
method cross sections are calculated in terms of the 4 input parameters as Mgz, I'z, I
and Ty (where f(f) denote the final state fermion (antifermion)). For the calculation of
the forward backward asymmetries one needs to specify the initial state and final state
effective couplings. (b) In the second method if a set of values for Mz, My, My, o are
specified it calculates the weak radiative corrections to widths and the couplings according
to Standard Model and then calculates the cross section and asymmetries.

For the process ete™ — e*e™ we have, in addition to s channel, contributions from t
channel and, s and t interference terms. For the calculation of t and s-t interference terms
we use another program ALIBABA [67]. This program works within the framework of
Standard Model. ALIBABA takes much longer time for the calculation of cross section
and asymmetry and is not suitable to use in the fit. We calculate the t-channel and the
st channel interference contributions at the beginning of the fit from ALIBABA. The
contribution from s-channel is calculated using ZFITTER and varied during the fit.

The CERN library package MINUIT [68] is used for minimisation purpose.

(The contribution of the author in this chapter is in the extraction of the electroweak

parameters from L3 data.)

7.2 Fitting Method

Experimental measurements have uncertainties from different sources — statistical error,

systematic error, luminosity error and error from LEP energy measurement. It is necessary
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to take into account all these errors and their correlations properly in the lineshape fit.

We use error matrix method to define the x? of the fit in the following way,
x* = ATvA (7.1)

where A is a column matrix of dimension n containing the differences between measured
values and the theoretical predictions corresponding to n measurements and V is the n
X n error correlation matrix containing the uncertainties of the measurements and the
correlation between different measurements. The diagonal terms of the correlation matrix
contain the quadratic sum of all the errors for a particular measurement and the off diag-

onal terms contain the correlated systematic errors between different measurements [69].

7.2.1  Measurement Errors

Statistical Error

Statistical error is directly related to the number of selected events and is uncorrelated
between individual measurements. The statistical error obtained from number of selected
events is scaled by the number of events expected from theory to avoid large fluctuation

in data in the following way,

6stat . 6expt g expt _Nﬁ;_{t;~
( )cross section —
Otheo Ntheo

= §expt /Zt.}_‘fi : (7.2)
Oexpt

L (A’

=AY o

tat t

(6s ® )asym.metry =~ 6exp
where Neyp is the number of events found experimentally and Ny, is the number of events
expected from theory ; expr and guneo are experimental and theoretical cross sections

respectively and §°*P* is the statistical error from measurements.

Systematic Error

Systematic error in the measurement of cross section arises from different sources like
selection criteria, trigger, limited sample of Monte Carlo events etc., as described in
chapter 6. Systematic errors in cross section and asymmetry measurements of different
decay channels of Z° are treated as uncorrelated. For individual channels it is fully
correlated between different energy points and data sets of individual years. But the

systematic error in cross section and asymmetry is uncorrelated for each decay channels.
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Luminosity Error

The systematic error in the luminosity measurement is referred as luminosity error. Mea-
sured luminosity is used in the cross section measurement for all the channels in the same
way. Hence, the luminosity error is fully correlated between all cross section measure-
ments. Forward backward asymmetry being a ratio of two quantities, is independent of

the luminosity. As a result, the luminosity error does not affect the measured asymmetry.

LEP Energy Uncertainty

. The uncertainty in the measurement of LEP energy and the correlation between energy
points should be translated in the error correlation matrix properly [70]. It has different
parts as following

e Absolute energy error (%)abs: The systematic error in the calibration method is
called the absolute energy error. This is estimated by the resonant depolarisation
method at the calibration energy E.. Energy points in a calibration period which
are extrapolated from the same reference points are fully correlated and the energy
points of different years which are calibrated by the same method are also correlated.

In all other cases the absolute energy error is uncorrelated.

e Local Energy Error (—AEQ)IOC,,I: The local energy Ei,. is measured by the flux loop
method. The systematic error in the local energy scale is the measure of the sys-
tematic error in the extrapolation method. This error is always correlated as the
extrapolation method is always same and is proportional to the difference between
Eioc and Eca. Energy points which are on the same side of the reference point are

positively correlated whereas points on opposite side are negatively correlated.

e Point to Point Error (%)p_t_p: This error is uncorrelated between energy points
and consists of two parts: setting error and non-reproducibility error. The setting
error accounts for the higher order effects in the relation between beam energy and
field display. This is zero at the reference point. The non reproducibility error
takes into account the tidal effects, reproducibility in the field display, temperature
corrections etc. This decreases with the number of fills at the energy point.

The total energy error at an energy point is the quadratic sum of all the errors described
above. The error on energy point, AE, is converted to the error on cross sectien and
asymmetry in the following [73] way, ‘
X
§'BF = AE_— 7.4
B (1.4
where X denotes the measured quantity, cross section or asymmetry, and %%— is the varia-

tion with respect to centre of mass energy.
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7.2.2 Effect of Beam Energy Spread

The measured LEP beam energy has a Gaussian distribution with a certain standard
- deviation duc to synchrotron radiation. This spread affects the measured cross sections.
The non-vanishing contribution comes due to the non-linearity of cross section with energy.
The effect of the energy spread on the cross section is calculated by convoluting the cross
section over a Gaussian around the given energy point. The change in the cross section
is estimated as (detailed calculations are given in Appendix A),

1d* o ,

Where w is the standard deviation of the beam energy spread. The effect of convolution

§o =

is different for peak and off peak points. Peak cross sections are lowered and the off peak
ones are raised. Hence the overall shape of the lineshape curve changes. This affects the
total width but mass is not affected as it is symmetric with respect to the peak position.

The theoretical predictions are corrected for this effect by a factor known as Beam
Spread Factor. If o is the cross section at a particular centre of mass energy point and

O convoluted 15 the convoluted cross section for the energy spread then we define

o

Beam Spread Factor = ————— (7.6)

O convoluted

The effect on hadronic cross section due to beam spread is 0.15%. The beam spread does
not affect the forward backward asymmetry as it is a ratio of cross sections.

The beam energy spread has an uncertainty which is correlated among the energy points
and gives rise to error on the beam spread factors. This is also taken care of in the error
correlation matrix. The beam energy spread for different years and the corresponding

beam spread factors are listed in Table 7.1.

7.2.3 Special Treatment of ete™ — ete”

The process ee~ — ete™ has contributions coming from 7 and Z° exchanges in s-channel,
t-channel and the s—t interference. The theoretical prediction for the s-channel exchange is
estimated using the program ZFTTTER as it takes much less time compared to ALIBABA.
The contributions from the t-channel and s—t interference terms are calculated using the
program ALIBABA. ALIBABA uses Monte Carlo integration which is extremely time
consuming and hence difficult to use in the fitting process. So calculation of t and s—t
interference terms are performed only once at the beginning of the fit. We define the total

cross section for the process under consideration as [71,72]

tot t+i : '
o = ojfi+R-op (7.7)




7.2 Fitting Method

Energy Beam Spread Factors
period | /s | Spread (MeV) | hadrons ete™ | ptp~ | 11
1990 88.232 51 £ 5 0.9994233 | 0.9997595 | 0.9994690 | 0.9994579
89.236 51+ 5 0.9991369 | 0.9995670 | 0.9991737 | 0.9991649
90.237 51+ 5 0.9994520 | 0.9998392 | 0.9994643 | 0.9994598
91.230 51 + 5 1.0014177 | 1.0012249 | 1.0014009 | 1.0014051
92.226 51+ 5 0.9997446 | 0.9994977 | 0.9997495 | 0.9997537
93.228 51+ 5 0.9995165 | 0.9994690 | 0.9995304 | 0.9992837
94.223 51+ 5 0.9996811 | 0.9996628 | 0.9996921 | 0.9996889
1991 | 91.253 51+ 5 1.0014120 | 1.0012174 | 1.0013949 | 1.0013991
88.480 51+ 5 0.9993570 | 0.9997213 | 0.9994013 | 0.9993907
89.470 51+ 5 0.9990893 | 0.9995480 | 0.9991225 | 0.9991144
90.228 51+ 5 0.9994388 | 0.9998304 | 0.9994500 | 0.9994469
91.222 51+ 5 1.0014187 | 1.0012263 | 1.0014018 | 1.0014061
91.967 51 + 5 1.0001025 | 0.9998357 | 1.0001066 | 1.0001063
92.966 51+ 5 0.9994874 | 0.9994229 | 0.9994998 | 0.9994967
93.716 51 + 5 0.9995969 | 0.9996467 | 0.9996104 | 0.9996073
1992 | 91.294 51+ 5 1.0013907 | 1.0011603 | 1.0013742 | 1.0013791
1993 91.316 55 + 1.1 1.0015993 | 1.0014118 | 1.0015805 | 1.0015819
89.449 55 + 1.1 0.9989593 | 0.9992175 | 0.9989970 | 0.9989879
91.203 55 £ 1.1 1.0016737 | 1.0016671 | 1.0016541 | 1.0016589
93.033 55 £ 1.1 0.9993883 | 0.9993898 | 0.9994114 | 0.9994070
1994 | 91.218 55 + 1.1 1.0016439 | 1.0015187 | 1.0016248 | 1.0016294
1995 | 89.452 55 + 1.3 0.9989435 | 0.9989914 | 0.9989817 | 0.9989726
91.293 55 + 1.3 1.0016499 | 1.0012441 | 1.0016350 | 1.0016382
92.984 55 + 1.3 0.9993820 | 0.9991468 | 0.9993986 | 0.9993921

Table 7.1: The beam energy spreads with their uncertainties and the corresponding beam

spread factors for different final states.
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where o't} is the contribution to cross section from t and s-t interference terms calculated

using ALIBABA, o3y is the contribution from s-channel calculated using ZFITTER.

R Factor : Experimentally we measure the total cross section o.+.-, where we restrict
both et and e~ within the polar angular range 44° — 136°. The programme ALIBABA
is able to calculate cross section with polar angular cuts on both et and e~, while the
programme ZFITTER calculates s-channel cross section with polar angular cut only on
e”. ‘To make s-channel cross section compatible with experimental cuts on both e* and
e”, we multiply % by a factor R which is calculated using the programme ALIBABA
and is defined as,

05y (eTe both in 44° — 136°)
o511 (e in 44° — 136°,et in 0° — 180°)

R (7.8)
Similar treatment is done for the forward backward asymmetry and details are given in
Appendix B.

These factors R, ak}fl are calculated at different centre of mass energy points using
ALIBABA. The systematic difference of the two programs ZFITTER and ALIBABA are
also studied. The statistical fluctuation in the Monte Carlo calculation in ALIBABA and
the systematic difference between these two programs are taken into account introducing
additional systematic error of 0.2% on electron cross section and 0.002 on Asymmetry. For

other processes this complication does not arise as they have only s-channel contribution.

7.3 Experimental Data

Experimental data used for the detérmination of Z-parameters are :

(a) cross section measurements for the following,

ete” hadrons

—
— ete”
— ptp”
— 7t (7.9)

| (b) forward backward asymmetry measurements for the leptonic final states,

+

ete” — et

o
— ptp”
troo (7.10)

>y T

Detailed procedure for event selection of efe~ — 7+77, calculation of cross section and

measurement of asymmetry are described in Chapter 6. Similar procedure was used by the
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L3 collaboration for the determination of cross section and asymmetries for other channels.
(The contribution of the author is in the determination of cross section and asymmetry for
ete™ — v+~ using 1995 data; rest of the numbers are taken from L3 collaboration.) The
measured values of the cross sections and asymmetries are summarised in tables 7.2, 7.3
and 7.4 for different years. The measurements from 1990—1992 are already published [61]
whereas the results for the years 1993, 1994 and 1995 are preliminary. The quoted cross
sections are the total cross sections extrapolated to the full solid angle of 47 except for
the process ete~ — ete~. These numbers are used as inputs o the analysis described in
Section 7.4. '

Period N Onaa | Stat. | Syst. o. | Stat. | Syst.
Err. | Err. Err. | Err.
(GeV) || (mb) | (nb) | (ub) || (mb) | (nb) [ (nb)
1990 | 88.232 || 4.455 [ 0.118 | 0.013 || 0.334 | 0.030 | 0.001
89.236 || 8.523 | 0.149 | 0.026 || 0.533 | 0.034 | 0.002
90.237 || 18.689 | 0.261 | 0.056 || 0.896 | 0.050 | 0.004
91.230 || 30.405 | 0.125 | 0.091 || 1.052 | 0.019 | 0.004
92.226 || 22.014 | 0.272 | 0.066 || 0.716 | 0.043 | 0.003
93.228 || 12.383 | 0.172 | 0.037 || 0.406 | 0.029 | 0.002
94.223 || 8.058 | 0.138 | 0.024 || 0.223 | 0.022 | 0.001
1991 | 91.253 | 30.410 | 0.097 0.046 |} 1.032 | 0.014 | 0.003
88.480 || 5.223 | 0.086 | 0.008 || 0.405 | 0.023 | 0.001
89.470 || 10.157 | 0.121 | 0.015 || 0.575 | 0.026 | 0.002
90.228 || 18.225 | 0.179 | 0.027 || 0.794 | 0.032 | 0.002
91.222 || 30.286 | 0.129 | 0.045 || 1.067 | 0.019 | 0.003
91.967 || 24.636 | 0.242 | 0.037 || 0.800 | 0.033 | 0.002
92.966 | 14.451 | 0.160 | 0.022 || 0.423 | 0.024 | 0.001
93.716 || 10.103 | 0.126 | 0.015 || 0.304 | 0.019 | 0.001
1992 | 91.294 || 30.408 | 0.047 | 0.046 || 1.054 | 0.007 | 0.003.
1993 | 91.316 || 30.544 | 0.092 | 0.016 || 1.015 | 0.014 | 0.003
89.449 || 10.076 | 0.037 | 0.006 || 0.567 | 0.008 | 0.002
91.203 || 30.182 | 0.069 | 0.016 || 1.075 | 0.011 | 0.003
93.033 || 13.886 | 0.044 | 0.008 || 0.432 | 0.007 | 0.002
1994 | 91.218 || 30.391 | 0.032 | 0.016 || 1.072 | 0.005 | 0.002
1995 | 89.452 || 10.077 | 0.039 | 0.011 || 0.560 | 0.009 | 0.006
91.293 |l 30.380 | 0.102 | 0.031 || 1.064 | 0.016 | 0.011
92.984 || 14.202 | 0.047 | 0.015 || 0.429 | 0.008 | 0.004

Table 7.2: Measured values of the Cross sections of ete™ — hadrons and ete™ — ete”
with statistical and systematic errors. The measurements from 1990-1992 are published
and 1993-1995 are preliminary.
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Period | /s o, | Stat. | Syst. | o, | Stat. | Syst.
Err. | Err. Err. | Err.

(GeV) || (nb) | (ub) | (nb) || (nb) [ (nb) [ (nb)

1990 | 88.232 || 0.268 | 0.033 | 0.002 || 0.219 | 0.036 | 0.002
89.236 | 0.388 | 0.038 | 0.003 || 0.445 | 0.048 | 0.004
90.237 || 0.931 | 0.063 | 0.007 || 0.912 | 0.078 | 0.008
91.230 || 1.476 | 0.028 | 0.012 || 1.470 | 0.034 | 0.013
92.226 || 1.116 | 0.066 | 0.009 || 1.097 | 0.080 | 0.010
93.228 || 0.506 | 0.040 | 0.004 || 0.592 | 0.051 | 0.005
94.223 || 0.405 | 0.036 | 0.003 || 0.411 | 0.042 | 0.004
1991 [ 91.253 {| 1.508 | 0.021 | 0.008 || 1.505 | 0.025 | 0.011
88.480 | 0.259 | 0.022 | 0.001 [ 0.236 | 0.024 | 0.002
89.470 || 0.486 | 0.029 | 0.002 || 0.532 | 0.035 | 0.004
90.228 || 0.871 | 0.040 | 0.004 || 0.886 | 0.047 | 0.006
91.222 | 1.391 | 0.026 | 0.007 || 1.447 | 0.032 | 0.010
91.967 || 1.190 | 0.050 | 0.006 || 1.226 | 0.059 | 0.009
92.966 | 0.718 | 0.037 | 0.004 || 0.642 | 0.041 | 0.004
93.716 || 0.478 | 0.029 | 0.002 || 0.535 | 0.036 | 0.004
1992 | 91.294 || 1.464 | 0.010 | 0.007 || 1.470 | 0.012 | 0.010
1993 | 91.316 || 1.498 | 0.021 | 0.005 || 1.486 | 0.021 | 0.009
89.449 || 0.503 | 0.010 | 0.002 || 0.508 | 0.010 | 0.005
91.203 || 1.476 | 0.016 | 0.005 || 1.468 | 0.017 | 0.010
93.033 || 0.682 | 0.012 | 0.002 || 0.716 | 0.012 | 0.005
1994 | 91.218 | 1.478 | 0.007 | 0.005 || 1.466 | 0.007 | 0.010
1995 | 89.452 || 0.494 | 0.011 | 0.005 || 0.489 | 0.012 | 0.004
91.293 || 1.474 | 0.027 | 0.015 || 1.517 | 0.030 | 0.009
92.984 || 0.710 | 0.012 | 0.007 || 0.682 | 0.013 | 0.005

Table 7.3: Measured values of the Cross sections of ete™ — p*p~ and ete™ — 717~ with
statistical and systematic errors. The measurements from 1990-1992 are published and
1993-1995 are preliminary.
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Period | /s $8 | Stat. | Syst. FB | Stat. | Syst. || Afg | Stat. | Syst.
: Err. | Err. Err. | Err. Err. | Err.

(GeV) '

1990 | 88.232 || 0.520 | 0.095 | 0.004 || -0.391 | 0.117 | 0.005 || -0.356 | 0.199 | 0.005
89.236 || 0.296 | 0.070 | 0.004 |l -0.044 | 0.109 | 0.005 || -0.004 | 0.146 | 0.005
90.237 || 0.155 | 0.064 | 0.004 || -0.184 | 0.074 | 0.005 || -0.126 | 0.106 | 0.005
91.230 || 0.101 | 0.021 | 0.004 || 0.006 | 0.021 | 0.005 || 0.077 | 0.028 [ 0.005
92.226 || 0.040 | 0.069 | 0.004 || 0.110 | 0.066 | 0.005 || 0.091 | 0.089 | 0.005
93.228 || 0.083 | 0.081 | 0.004 || 0.095 | 0.091 | 0.005 || 0.073 | 0.106 | 0.005
94.223 || 0.144 | 0.118 | 0.004 || 0.134 | 0.099 | 0.005 || 0.043 | 0.134 | 0.005
1991 | 91.253 | 0.110 | 0.016 | 0.004 || 0.028 | 0.014 | 0.002 || 0.037 [ 0.021 | 0.005
88.480 || 0.384 | 0.063 | 0.004 || -0.197 | 0.097 | 0.002 |[ -0.106 | 0.128 | 0.005
89.470 || 0.333 | 0.051 | 0.004 || -0.191 | 0.063 | 0.002 || -0.152 | 0.084 | 0.005
90.228 || 0.253 |.0.046 | 0.004 || -0.101 | 0.050 | 0.002 || -0.137 | 0.070 | 0.005
91.222 | 0.125 | 0.022 | 0.004 || -0.002 | 0.020 | 0.002 || -0.032 | 0.029 | 0.005
91.967 || 0.167 | 0.048 | 0.004 || 0.058 | 0.043 | 0.002 || 0.042 | 0.063 | 0.005
92.966 || 0.070 | 0.066 | 0.004 || 0.117 | 0.056 | 0.002 || 0.161 | 0.079 | 0.005
93.716 || 0.150 | 0.074 | 0.004 || 0.089 | 0.065 | 0.002 || 0.058 | 0.082 | 0.005
1992 | 91.294 || 0.104 | 0.007 | 0.023 || 0.007 | 0.007 | 0.002 || 0.015 | 0.010 | 0.003
1993 | 91.316 | 0.083 | 0.016 | 0.003 || 0.009 | 0.015 | 0.001 || -0.003 | 0.017 | 0.003
89.449 || 0.316 | 0.016 | 0.003 || -0.182 | 0.020 | 0.001 || -0.138 | 0.022 | 0.003
91.203 || 0.111 | 0.012 | 0.003 || -0.001 | 0.011 | 0.001 || 0.020 | 0.013 | 0.003
93.033 || 0.101 | 0.019 | 0.003 || 0.119 | 0.017 | 0.001 || 0.133 | 0.019 | 0.003
1994 | 91.218 || 0.122 | 0.005 | 0.003 || 0.008 [ 0.005 | 0.001 || 0.008 | 0.005 | 0.003
1995 | 89.452 || 0.298 | 0.017 | 0.010 || -0.201 | 0.024 | 0.005 | -0.181 | 0.033 | 0.003
91.293 || 0.105 | 0.018 | 0.010 || 0.015 | 0.020 | 0.005 || -0.016 | 0.028 | 0.003
92.984 | 0.061 | 0.021 | 0.010 || 0.112 | 0.019 | 0.005 || 0.152 | 0.027 | 0.003

Table 7.4: Measured values of the forward backward asymmetries for leptonic decays of
Z°. The statistical and systematic errors are given in the table for individual channels.
The measurements from 1990-1992 are published and 1993-1995 are preliminary.
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7.4 Determination of 7' parameters in Model Inde-
pendent Method

In the model independent method, fits are performed with minimum assumptions of the
Standard Model. In this method initial and final state QED corrections and the energy
dependent Breit-Wigner shape of the Z° resonance are taken into account. At the Z°
peak it is possible to separate out the QED corrections from the weak corrections and
the model independent method utilises this fact. In this method weak corrections are not
applied directly. The vector and axial vector couplings of Z° to fermions are redefined
in order to absorb the weak corrections in the definition itself. The couplings, which are
- determined from the fit, are the effective couplings as described in Section 2.3.2. The 7Z
interference term is fixed to its standard model prediction in this method.

7.4.1 Mass and Decay Widths of Z° Boson

Mass of Z° boson, its total width and the partial widths are determined from the mea-

surements of cross sections of different final states given in equations (7.9).

Cross Section

cm

Figure 7.1: Schematic diagram of lineshape fit

The values of cross sections as a function of centre of mass energies give rise to the
well known Z° lineshape distribution as shown schematically in fig 7.1. The position
of the peak determines the mass of the Z° boson (Mz). The height is proportional to
the product of initial and final state partial widths (%’;%—:{-) and the full width at half
maximum determines the total width of Z° (I'z). '
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Parameter Treatment of Leptons Standard
non-universality | universality Model

Mz (MeV) | 91188.1+2.9 91188.1+2.9 —

1Tz (MeV)| 2499.844.3 2499.84+4.3 2495.7
Ihaa (MeV) | 1745.245.5 1745.6+£4.2 | 1742.8
. (MeV) 83.99+0.26 —
r, (MeV) 83.78+0.47 —
I, (MeV) 84.10+0.62 —
Tiept (MeV) — 83.98+0.19 | 83.92
x*/DOF 88/90 89/92 —
Finv (MeV) 502.5+3.4 501.4
N, 3.001+0.017 3

Table 7.5: Results of the fits to the 1990-95 cross section data with and without assuming
lepton universality. The Z° resonance is parametrised using a Breit-Wigner with constant
7% interference term. The last column of the table contains the predictions for the widths
using My = 175 GeV, Mg = 300 GeV and o, = 0.123. DOF stands for the degrees of

freedom.

Performing a simultaneous fit to all the four cross sections, one can determine 6 pa-
rameters which are mass, total width and the four partial widths of Z°. The results of
the fit are listed in the second column of table 7.5. The measured values of cross sections
as a function of the centre of mass energy is shown in figures 7.2-7.5. The result of the
fit is shown by the solid line in each figures. Quality of the fit can be gauged in two
ways: (a) from the ratio of measured cross sections to the fitted values (Oumens/st) for
all the points as a function of centre of mass energy and is shown in the bottom part of
the figures 7.2-7.5 and (b) from the value of x?/(degrees of freedom), listed in table 7.5,
which is = 1.

It is seen from the table 7.5 that three leptonic partial widths are the same within
error. It may be mentioned that the phase space effect on Z° — 7+7~ due to the heavy
mass of 7 lepton compared to the mass of p/e is to decrease I'; by 0.2 MeV (6T',).

One can improve upon the leptonic partial width assuming lepton universality (i.e
assuming I'. = I, = I';). The results of the fit assuming lepton universality is listed in
the third column for table 7.5 where T, refers to the partial width of Z° to a pair of
massless leptons. The last column of the table gives the expected values of the widths
from the Standard Model which is calculated using M= 175 GeV, My = 300 GeV and
as= 0.123. The values in good agreement with our results.

The mass and total width of Z° are obtained as

Mz = 91188.1 +£2.9 MeV
I'z = 2499.8 +4.3 MeV
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The error on Mz and I'; has significant contribution from LEP energy error. This is
estimatcd by performing lepton universality fit to the data with and without LEP energy
uncertainty. The two sets of errors obtained this way are subtracted in quadrature to get
the contribution of LEP energy error on these two parameters. The errors on Mz and I'z

due to LEP energy uncertainty is given by
AMz(LEP) = 1.5 MeV
I'z(LEP) = 1.4 MeV

The error on I'z due to the uncertainty on beam energy spread is negligible.

7.4.2 Invisible Width and Number of Neutrinos

Z° also decays to light neutrinos which go undetected in the detector. The partial width of
Z° due to the decay into this invisible mode is denoted by I'i,y and is determined from the
measured total and partial widths of Z° using the relation Iy = I'z— I'npa—T'e—T.—T'r.
One can improve upon the TI'j,, assuming lepton universality. The invisible width is

obtained in the following way,
Ty = Tz — Thad — 3liepe + 01, (7.11)

From the parameters of the fit under the assumption of lepton universality listed in
table 7.5, the invisible width is calculated taking into account the small correction of 6T';

due to tau mass in the universal lepton width and is given by,
I'nw = 502.5 + 3.4 MeV (7.12)

The error on T, is calculated by propagating the errors in the I'z, I'haa and T'iep taking

into account correlations between them. The correlation matrix is given in table 7.6.

Iz Tipt Thaa
I'z | 1.000 0.663 0.609
Tiept | 0.663 1.000 0.073
Thea | 0.609 0.073 1.000

Table 7.6: Correlation matrix of I'z, I'jeps and I’y

The number of light neutrino species is determined from the relation

N, = ( I‘inv ) . (Flcpt) (7.13)
Flcpt Fu SM
where T, is the partial width of Z° to neutrinos. The ratio I‘ﬁfi is taken from the Standard

Model. One can also determine the number of neutrinos from the ratio (15;‘3‘;”[ But the
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Figure 7.2: The measured cross section for ee~ — hadrons as a function of the centre of
mass energy. The solid line shows the result of the fit. The bottom figure shows the ratio
of the measured cross sections to the fitted values.
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Figure 7.3: The measured cross section for ete™ — ete™ as a function of the centre of
mass energy. The solid line shows the result of the fit. The bottom figure shows the ratio
of the measured cross sections to the fitted values.
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Figure 7.4: The measured cross sections for ete™ — ptp~ as a function of the centre of
mass energy. The solid line shows the result of the fit. The bottom figure shows the ratio
of the measured cross sections to the fitted values. :
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Figure 7.5: The measured cross section of ete™ — 777~ as a function of the centre of
mass energy. The solid line shows the result of the fit. The bottom figure shows the ratio
of the measured cross sections to the fitted values.
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above relation (7.13) is used to minimise the dependence on the masses of top quark (M)
and Iliggs (Mg). The value of the ratio for top mass of 175 GeV and Higgs mass of 300

GeV is

I | |
(ﬂ) = 0.5018 + 0.0002 (7.14)
Ty /sm

where the error accounts for the uncertainty of 6 GeV on M; and the variation of My
between 60—1000 GeV. Using this ratio from the Standard Model and the experimental

measurements of I';,, and I'jepi, the number of neutrinos is determined to be,

N, = 3.001+0.017 (7.15)

Figure 7.6 shows the experimental data which is in agreement with the Standard Model
prediction of three light neutrino generations. It may be mentioned that the experimental

value of N, refers to the number of light neqtrinos with masses less than Mz/2.
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Figure 7.6: Measured hadronic cross sections are plotted with Standard Model predictions
assuming 2,3 and 4 generations of light neutrino. The measurements are in excellent
agreement with the prediction of three light neutrino generations.

7.4.3 9 and 5 Parameter Fits with Ag«’]g and R,

Simultaneous fits are performed to the measured cross sections and leptonic forward back-
ward asymmetries with the following parameters: the ratio of hadronic and leptonic par-

tial widths Ri(= I'naa/Ticpt), the hadronic pole cross section op,4 (= 1\1/[_237 %’5‘1), forward
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backward pole asymmetry AOF’é. This set of parameters is sometimes preferred because
the correlation between the parameters is small. These parametlers are used for the
combination of results from 4 LEP experiments. Results of fits with 9-parameters (lep-
ton non universality) and with 5-parameters (lepton universality) are listed in table 7.7.

Distributions of measured leptonic forward backward asymmetries as a function of the

Parameter Treatment of Leptons Standard
non-universality universality Model

Mz (MeV) | 91188.3+2.9 91188.3+£2.9 T —

Tz (MeV)| 2499.6+4.3 2499.6+4.3 2495.7

ol (mb)| 41.411+0.074 | 41.411£0.074 | 41.453

R. 20.78+0.11 —

R, 20.84+0.10 —

R, 20.75+0.14 R

R; . - 20.788+0.066 | 20.768

Aps 0.0148+0.0063 e

Adh 0.01760.0035 —

A 0.0233+0.0049 —

Al — 0.0187+£0.0026 | 0.0154

x?/DOF 142/159 144/163

Table 7.7: Results of the fits to the 1990-95 cross section and forward-backward asym-
metry measurements with and without assuming lepton universality. The last column
represents the Standard Model predictions of these parameters using My = 175 GeV, My
= 300 GeV and o, = 0.123 .

centre of mass energy are given in figures 7.7-7.9 along with the fit results. The solid
line represents the fit result. In the bottom part of each figure the difference between
measured values of the asymmetry and the fitted values are plotted in percentage as a

function of the centre of mass energy.

7.4.4 Strong Coupling Constant o,

From the ratio R; = T'heq/I'ept We can determine the strong coupling constant ;. R;

can be written as,

R, = R?(1+6QCD) (716)

where R} is the value of the ratio R; at o, = 0 and is calculated in the framework of the
Standard Model.
The use of this ratio to estimate the strong coupling constant oy has the advantage

that weak corrections cancel out as they are same for leptons and hadrons but the QCD
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Figure 7.7: The measured forward backward asymmetries of the process ete™ — ete”
as function of centre of mass energy are shown in the figure, where the solid line shows
the result of the fit. The bottom half of the figure shows the differences of the measured
asymmetries and the fitted values is shown in (%) as a function of centre of mass energy.




7.4 Determination of Z° parameters in Model Independent Method 104

0.4
- + -
0.3 [ v’ L3
0.2
04 |
\ ok
Lot | o 1990
- ‘B 1991 pre—scan
- A 1991 scan
—02 % 1002 -
- ¢ 1993 pre~scan
-0.3 g 1993 scan
N * 1994
0.4 [ ¥ 1995 scan
-0.5 |
—_— % 1 1 1 I i 1 ] ' ! 1 1 | ] 1 1 I 1 ] ! |
0.6 86 88 90 92 94 96

—
o

kL ST
[

i1
N =
o O
_"lllllllllll lllll!llllll

Ammeos _ Araﬁt( % )

90 92 94 96
Vs (GeV)

0
(o)}
00]
@

Figure 7.8: The measured forward backward asymmetries of the process ete™ — ptp~
as function of centre of mass energy are shown in the figure, where the solid line shows
the result of the fit. The bottom half of the figure shows the differences of the measured
asymmetries and the fitted values is shown in (%) as a function of centre of mass energy.
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Figure 7.9: The measured forward backward asymmetries of the process ete™ — 77~
as function of centre of mass energy are shown in the figure, where the solid line shows
the result of the fit. The bottom half of the figure shows the differences of the measured
asymmetries and the fitted values is shown in (%) as a function of centre of mass energy.
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correction for hadron remains (it is zero for leptons). dqcp is parametrised in terms of o

as [17],

R, = RO[1+1.06 (9—) +0.90 (%)2 —15 (-‘-”2)3]. (7.1i7)

T ™ ™

Using the experimental value of R, = 20.788 4 0.066 and the calculated value of R =
19.946 from the Standard Model, the value of the strong coupling constant is determined
to be,

a, = 0.124 +0.010+0.90 (7.18)

where the first part of the error on a, corresponds to the experimental uncertainty in R,
- measurement. The second part of the error corresponds to the theoretical uncertainty on

Q.

7.4.5 Effective Vector and Axial Vector Couplings of Z° Boson

The effective vector and axial vector couplings of Z° boson to leptons is determined
from the measurement of forward backward asymmetry of leptons together with the cross
section measurements. The forward backward asymmetry can be defined in terms of the

couplings in the following way,

3
e e f £
3 _ 22gnge — 228v8Af - (7.19)
4(g%)” + (1) (8Y)* + (84)
The partial widths which are determined from cross section also depend on the couplings
[equation (2.40)] as

Te o (gv)’ +(gh)’ | (7.20)

A simultaneous fit to the cross section and forward backward asymmetry data enables us
to determine the effective couplings of Z° to the leptons.
Measurement of tau polarisation A, and forward backward polarisation asymmetry

AT, [87] aze also used in addition to the lineshape data to determine the couplings,

28v8A
A = —A, =——2>2¥or 7.21
Pl (8%)* + (g3)° (+20)
3 2gege
A" = _CA = —2Vor 7.22
P AT () ()’ (722

Inclusion of tau polarisation data significantly improves the errors on the couplings and
determines the relative sign of these couplings. The individual signs of the couplings
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Parameter Treatment of Leptons Standard
non-universality universality Model

Mz (MeV) | 91188.34+2.9 91188.3+2.9 —

I'z (MeV) 2499.61+4.3 - 2499.61+4.3 2495.7

Thaa (MeV) | 1745.245.4 1745.5+4.2 1742.8

g3 —0.501140.0008 —

gh —0.5006+0.0015 —

gh —0.5015+0.0019 —

gk - ~0.5016:0.0006 | —0.5012

gy —0.0396+£0.0034 —

&Y —0.0374%5 667 —

gy —0.0394+0.0032 —

gi — —0.039815:9027 | —0.0361

x*/DOF 143/161 144/165 —

Table 7.8: Results for the effective vector and axial vector couplings of Z° to the charged
leptons as obtained from fits to the total cross sections and forward backward asymmetries
including measurements of tau polarisation asymmetries. In the last column the Standard
Model predictions of these parameters are listed. They are calculated using M, = 175
GeV, My = 300 GeV and o, = 0.123.

which can not be determined from this fit are assumed to be negative as per expection
from the Standard Model. Nine parameter fits to the data are performed and the results
are listed in table 7.8. The x? per degrees of freedom is 143/161.

It is seen from the table that the couplings of Z° to e, u and 7 are same within errors.
To determine the couplings with better precision we assume lepton universality and the
results of 5-parameter fit are shown in third column of table 7.8. The expected values of
vector and axial vector couplings in the Standard Model are listed in the last column of
the table and they are seen to be in good agreement with the measurements.

In fig 7.10 the contour plot of the couplings gf and gf, is shown at 68% confidence
level. The dotted lines represent the couplings of individual leptons and the solid line

shows the couplings assuming lepton universality.

7.4.6 Effective Electroweak Mixing Angle

The effective electroweak mixing angle from the leptonic final states can be defined in

terms of the vector and axial vector couplings as

sin%0,! = —1—( —ﬁ)

; I (7.23)
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Figure 7.10: Contour plot gy and ga for leptons. The solid line shows the couplings as-
* suming lepton universality. The dotted lines represent the couplings of individual leptons
assuming lepton non universality.

It can be determined in several ways: from the forward backward asymmetry, the tau
polarisation and tau polarisation asymmetries,
(1 — 4sin%,})?

Al = 3 ul 7.24
BT T 14 (1 — 4sin6,0)?)? (7.24)

‘ (1 — 4sin%6,})
A = —2 s 7.25
pol 1+ (1—4sin?6})? (7.25)
(1 — 4sin%9,))
[1+4 (1 — 4sin?6,})?]

l

b
pol

(7.26)

_3
1

The electroweak mixing angle has also been determined using the measurement of forward
backward asymmetry of the b-quark in Z° — bb [74].

From the measured values of Ay, AT, [87], A%D (98] and the measurement of App as
mentioned in Section 7.4, we calculate the electroweak mixing angle and the values are
given in table 7.9.

The combined value of sin’d,} from these measurements is,

sin®f,) = 0.2304 + 0.0009 (7.27)
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Input data sin’6,}

A% 0.2301 -+ 0.0014
Apo + A, | 0.2307 - 0.0013
AR 0.2304 =+ 0.0020

Table 7.9: Determination of the effective weak mixing angle sin*6,! from different sources.

7.5 Results Within the Framework of Standard
Model

The precise electroweak measurements presented in the previous section 7.4 can be used to
check the validity of the Standard Model. One can also infer valuable informations, within
the framework of Standard Model, about the effects of the top-quark mass (M) and the
Higgs mass (My) through loop corrections on the electroweak measurements at LEP. The .
dependence on top-quark mass is quadratic and hence it is possible to estimate the value
of M, from fits to the electroweak measurements. On the other hand the dependence on
My is logarithmic and therefore within the present accuracy of the data the constraints
on My are still weak. -

A simultaneous fit is performed to all the measurements within the framework of the
Standard Model with Mz, M,, My and o, as free parameters. The measurements used as
input for this fit are listed in table 7.10.

Parameters Values

Mz (MeV) 91188.3+2.9

'z (MeV) 2499.6+4.3
0,4 (nb) 41.41140.074
R, 20.788--0.066
A%y 0.0187-+0.0026
Ao [87] 0.152£0.013
AR 0.156+0.017
App (98] 0.107+0.011
Rp=(T'b/Thea) [106] | 0.2185:+0.0043

Table 7.10: Measured values of the parameters used as input for the fit in the Standard
Model framework.

We need to use the electromagnetic fine structure constant a at /s = Mz. There
have been several re-evaluations of this constant [75] — [78]. For this analysis the value of
a(Mz) is taken from [78]:

1/a (Mz) = 128.896  0.090 (7.28)
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As the sensitivity of the Higgs mass to the data is weak, we fix the value of My to 300
GeV for the fit. The effect of Higgs mass is studied by varying My in the range 60—1000
GeV which is quoted as an extra error in the fitted parameters.

The value of top mass M, and the strong coupling constant a, estimated from the fit
are given by,

M, = 189%15 416 (My) GeV (7.29)
o = 0.126 £ 0.007 £ 0.002 (My) (7.30)

The second errors indicates the shift of the central values when Higgs mass is varied
between 60 to 1000 GeV.

The value estimated for the strong coupling constant (o) is in good agreement with
the measurement from hadronic event topologies and tau decays which is o, = 0.123 &
0.006 [60]. Constraining a, to this independent measurement the fit result for the top

quark mass improves to:
M, = 191713 + 17GeV ‘ (7.31)

The above estimate of top quark mass from the L3 data is in agreement with the
recent direct measurement from CDF and D{) experiments at Tevatron which is 175 & 6
GeV [120-122].




Chapter 8

Combination of Electroweak Results
from Four LEP Experiments

8.1 Introduction

Electroweak parameters obtained by individual experiments ALEPH, DELPHI, L3 and
OPAL at LEP are in good agreement among themselves. A global set of electroweak pa-
rameters can be obtained by averaging the four sets of results from four LEP experiments.
The average set of parameters thus obtained is statistically much more precise. Results
obtained from cross section and forward backward asymmetry in a model independent
way are combined considering the proper correlation between the experiments. The re-
sults from the tau polarisation measurement and the heavy flavour results — bb and c€
partial widths, and forward backward asymmetry — are also combined. Finally all these
results are used to get the best constraint on the top quark mass and Higgs mass within
the framework of the Standard Model. (Contribution of the author, who is also a member
of the LEP Electroweak Working Group, in this chapter is in the combination of results
from four LEP experiments [129]) ‘

8.2 Data from Four LEP Experiments

The four LEP experiments - ALEPH, DELPHI, L3 and OPAL - provided fit results to
cross section and asymmetry measurements using data collected during 1990-1995. Two
sets of fitted parameters are given out: (a) 9-parameter set without any assumption of
lepton universality and (b) 5-parameter set with the assumption of lepton universality.
(The procedure to determine these parameter sets are described in Chapter 7 for L3.)

The details of the parameters are as follows,

e The Mass (Mz) and total width (I'z) of Z°.
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o The hadronic pole cross section :
0 127 I‘eI‘had
ohq = eyt
Mz" Ty

here T'. and I'n.q are the partial widths of Z° decays into electron and hadrons

(8.1)

respectively.

e The ratios of the hadronic partial width to the partial widths of individual leptons
(Te, Ty, T'y):
I‘had _ I‘had

Ro==7= R,=

T, T,

o The pole forward backward asymmetries of the leptonic final states which is defined

in terms of the effective vector and axial vector couplings in the following way,

3
Ads = %AEAC AYh = %AeAu ARg = 1A | (8.3)
where,
2 f f
Af = fg—gngf_f (8.4)
gv T8

This 9 parameter set reduces to a 5 parameter set (Mz, I'z, 00,4, Ri and Ag"fl,), if lepton
universa]ify is assumed. R; is defined as R; = %‘;‘t where I'j,t refers to the partial width
of Z° to a pair of massless leptons. Similarly AOF’IIB is defined in terms of gy and g{.

The analysis details of individual experiments can be found in references [80,82] for
ALEPH, DELPHI, OPAL and [59-61,83] for L3. Table 8.2 lists the 5 parameter results
and 8.1 lists 9 parameter results obtained from individual experiments alongwith the x2
in each case.

Each experiment also provides 9x9 and 5x5 correlation matrices for these 9 and 5
parameter sets.

These parameter sets from individual experiments are correlated in the following way.

e The uncertainty in the LEP energy calibration correlates individual measurement.
It causes errors of AMz ~ 1.5 MeV and Al'; ~ 1.7 MeV and AA‘I);’]I3 =~ 0.0005
for all lepton species. The uncertainty in the beam energy spread of about 1 MeV
introduces an error of 0.1 MeV on total width.

o AYS is anti-correlated to AY% and ARg. AY¥E and AYS are correlated fully.

o All the four experiments measure integrated luminosity using small angle Bhabha
events and use the same generator [48] for theoretical cross section. The theoretical

uncertainty in the cross section thus introduces correlation between the experiments.

R — I'had (8.2)

L

k3
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| I ALEPH | DELPHI L3 | OPAL |
Mz(GeV) || 91.1873+0.0030 | 91.1859--0.0028 | 91.1883+0.0029 | 91.1824+0.0039
I'z (GeV) || 2.4950+0.0047 | 2.4896+0.0042 | 2.4996+-0.0043 | 2.495640.0053
Opea (nb) || 41.5761+0.083 | 41.566+0.079 | 41.41140.074 41.5340.09

R. 206.6410.09 20.93+0.14 20.78+0.11 20.821+0.14
R, 20.88+0.07 20.704-0.09 20.8440.10 20.7940.07
Rt 20.784-0.08 20.78+0.15 20.754-0.14 20.99£0.12

Ags | 0.0187+£0.0039 | 0.017940.0051 | 0.0148+0.0063 | 0.01044-0.0052

Az | 0.0179+0.0025 | 0.01534:0.0026 | 0.0176+0.0035 | 0.014640.0025

: ARE | 0.0196+0.0028 | 0.022340.0039 | 0.0233+0.0049 | 0.01784-0.0034
x*/DOF 195/217 174/157 142/159 12/6(2)

Table 8.1: Values of 9-parameter sets from four LEP experiments. This is obtained from
a simultaneous fit to cross section and asymmetry data assuming lepton non universality.
The x? for all four sets are also listed. (*)This parameter set has been obtained from a
parameter transformation applied to the 15 parameters of the OPAL fit [82].

[ [ ALEPH | DELPHI | 13 [ OPAL |
My (GeV) || 91.1874:£0.0030 | 91.1859-:0.0028 | 91.1883-£0.0029 | 91.1822+0.0039
I'z (GeV) || 2.4948+0.0047 | 2.4896:£0.0042 | 2.4096:0.0043 | 2.4955-+0.0053
09.q (ub) || 41.578+0.083 | 41.566:£0.079 | 41.411+0.074 | 41.5340.09

R; 20.766:£0.049 | 20.754:0.068 | 20.788::0.066 | 20.83+0.06
A% 0.0187-£0.0017 | 0.0175:-0.0020 | 0.0187-:0.0026 | 0.0150+:0.0019
x?/DOF 200/221 178/161 1447163 15/10@

Table 8.2: Values of 5-parameter sets from four LEP experiments. This is obtained from
a simultaneous fit to cross section and asymmetry data assuming lepton universality. The

. x? for all four sets are also listed. (*)This parameter set has been obtained from a parameter
transformation applied to the 15 parameters of the OPAL fit [82].
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8.3 Combined Results from LEP

In this section we present the combined results from the four LEP experiments based on
two sets of parameters presented in section 8.2. Average sets of parameters are obtained
by minimising the x?, which is defined as,

y?! = ATV-IA (8.5)

Here A is the vector containing the residuals of the combined parameter set to the
results of the individual experiments. V is the full covariance matrix constructed [79]
from the covariance matrices of individual experiments, considering the common errors
from LEP energy calibration and the luminosity, and taking into account appropriately
correlations between the experiments. '

The combined results of 9 and 5 parameter sets are given in tables 8.3 and 8.4.

[ Parameter | Average Value
Mz (GeV) || 91.1863+0.0020
I'z (GeV) | 2.4946+0.0027
0.4 (nb) || 41.508+0.056
R. 20.754+0.057
R, 20.7960.040
R, 20.814+0.055
AR5 0.0160-+0.0024
AR 0.016240.0013
AN 0.0201--0.0018
x?/DOF 22/27

Table 8.3: Average line shape and asymmetry parameters from the data of the four LEP
experiments given in table 8.1, without the assumption of lepton universality.

Parameter | Average Value

My (GeV) |[ 91.1863--0.0020

I'z (GeV) || 2.4946+0.0027

00,4 (nb) | 41.508+0.056
R; 20.77840.029
A%y 0.0174+0.0010

Table 8.4: Average line shape and asymmetry parameters from the results of the four
LEP experiments given in Table 8.2, assuming lepton universality. The value of x? per
degrees of freedom is 1.2.
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8.3.1 Mass of Z° Boson

The mass of Z° obtained by the four experiments are in good agreement. Figure 8.1 shows
the comparison of Z° boson mass obtained by individual measurements together with the
value obtained after combination. The value of Mz obtained after combining the values

from the four experiments is given by,
Mz = 91186.3 £1.3 + 1.5 MeV (8.6)

where the first part in the error represents the error coming from experimental uncer-

tainties and the second part is due to the uncertainty in the LEP energy calibration.

Mass of Z Boson

ALEPH —O0—  91187.413.0 MeV
DELPHI —— 91185.9+2.8 MeV
L3 +4— 91188.312.9 MeV
OPAL —F— 91182.2+3.9 MeV
LEP - A 91186.3+2.0 MeV
_L..LJ_I_L_L_I_I_I_I_I_IE_I_I_I_I.E_I_LI_I_LJ_L.L.LJ

91175 91180 91185 91190 91195

M, in MeV

Figure 8.1: Comparison of the values of Mz obtained by the four LEP experiments. The
average of the four measurements is shown with error bar at the bottom.
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8.3.2 Total Width of Z° Boson

Total width of the Z° boson depend on the top quark and the Higgs masses in the Standard
Model. A precise measurement of the total width thus constrains these parameters. The
value of the width obtained from combination of the results from the four LEP experiments

is given by
I'z = 2494.6 £ 2.1 +£1.7 MeV (8.7)

where the first error is the experimental uncertainty and the second error represents the
contribution coming from LEP energy calibration. The values of the total width together

with the combined results are given in fig 8.2.

-~ Total Width of Z Boson

ALEPH —O— 2494.814.7 MeV

DELPHI —H— 2489.614.2 MeV
L3 —/A— 2499.614.3 MeV
OPAL —ph— 2495.515.3 MeV
LEP = A 2494.612.7 MeV

2480 2490 2500 2510
I, in MeV

Figure 8.2: Comparison of the values of the total width of Z° obtained by different ex-
periments. The average of the four measurements is shown with error at the bottom.
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8.3.3 Partial Widths of 7° Boson

The partial decay widths of Z° to hadronic and leptonic channels are derived from 9
parameter fit result. The results are listed in table 8.5, where the leptonic width T'jepe
(assuming lepton universality i.e. I'e = I'y, = I'; = I'lep) is also listed. The invisible width
due to Z° decays into neutrino pairs is obtained from the measured values of the total
and partial widths of Z°.

Parameter Treatment of Leptons
(MeV) Non-universality | Universality
I'had — 1743.6+2.5
r. 83.961+0.15 —

r, 83.79+0.22 —

I, 83.721+0.26 —

Diept — 83.91+0.11
Liny 499.5+2.0

Table 8.5: Average values of the partial widths of Z°

8.3.4 Number of Neutrino Species

A precise estimate of the number of light neutrino species is obtained from a combination
of results from the four LEP experiments. The invisible width is measured with a precision
of 2 MeV. The ratio of invisible width to the leptonic width is obtained as,

Tinv/Tiept = 5.952 £ 0.023 (8.8)
and the Standard Model value for the ratio of the neutrino width to the leptonic width is
(T /Tiept )y = 1.991 £ 0.001 (8.9)

The central value is evaluated for Mz = 91.1836 GeV, M; = 175 GeV, Mg = 300 GeV
and the error quoted here accounts for the variation of M, in the range 169-181 GeV and
My in the range 60-1000 GeV. The number of light neutrino species is obtained as,

N',, — (I‘inv) . (I‘lept>
Flept I‘u SM

= 2.989 +0.012 (8.10)

8.3.5 Effective Couplings

The effective vector and axial vector couplings of Z° to the leptons can be determined in

several ways: (i) forward backward asymmetry of the charged leptons which is a function
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of g¥/gi, (ii) tau polarisation A,n, which is a function of g% /g; and (iii) tau polarisation

b

asymmetry A%,

which is a function of g% /g5 .
The tau polarisation and polarisation asymmetry results from individual experiments

and the global LEP average are listed in table 8.6. Nine parameter fit results listed in

| | A | A |
ALEPH [84] || 0.136 £ 0.012 £ 0.009 }| 0.129 & 0.016 £ 0.005
DELPHI [85] || 0.138 £ 0.009 4 0.008 || 0.140 + 0.013 £ 0.003
L3 [86,87] 0.152 4+ 0.010 £ 0.009 || 0.156 £ 0.016 £ 0.005
OPAL [88] 0.134 £ 0.009 = 0.010 |[ 0.129 4 0.014 £ 0.005

| LEP Average | 0.1401 +0.0067 0.1382 £ 0.0076 J

Table 8.6: Results of A, and A, from tau polarisation measurements from four LEP exper-
iments and the average value. The first error for experimental measurements corresponds
to the statistical error and the second error corresponds to the systematic error.

table 8.3 together with the average value of tau polarisation and polarisation asymmetry
listed in table 8.6 are used to derive effective vector and axial vector couplings of Z° to
leptons. The values of couplings thus obtained with and without the assumption of lepton
universality are listed in table 8.7. The values of the couplings g¢ and g{ assuming lepton
universality are in good agreement with the expected values from the Standard Model.

Parameter Treatment of Leptons Standard
non-universality universality Model

g3 ~0.5013040.00046 —

gh -0.500764-0.00069 | —

gr -0.5011640.00079 | - —

gA — ~0.50115:0.00034 | —0.5012

gy | -0.0368+0.0015 | —

gy -0.03724-0.0034 | _

gy -0.0369--0.0016 |- —

gt — ~0.03688-£0.00085 | —0.0361

Table 8.7: Results for the effective axial-vector and vector couplings derived from the
combined LEP data with and without the assumption of lepton universality.

8.3.6 Effective Electroweak Mixing Angle

The effective electroweak mixing angle is defined as,

_ 1 '
s 2l _ i I
sin’fl = ¢ (1 — gv/gA) (8.11)
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and can be determined from various asymmetry measurements mentioned in section 7.4.6.
The mixing angle is also determined from forward-backward asymmetry of b and ¢ quarks
A9E and A [92-100], and measurement of quark charge asymmetry [89-91]. We have
summarised the results from all sources in table 8.8. The average of all the measurements

is,

sin’f,, = 0.2320 + 0.0003 (8.12)

| || sin%0, J
A% [ 0.2308540.00056
A, 0.23240--0.00085
A, 0.23264--0.00096
AZs [ 0.2324640.00041
A%y || 0.231554-0.00112
(Qrs) || 0.2320+0.0010

Table 8.8: Values of effective electroweak mixing angle sin?g,! from different sources

8.4 Constraints on the Top quark and Higgs Mass

In the previous section 8.2 we have summarised results from the four LEP experiments and
the combined results from these experiments are presented in section 8.3. The accuracy
of these measurements have become sensitive to test the Standard Model.

Before the start-up of LEP in 1989, there were four unknown parameters in the Stan-
dard Model: the mass of Z° (Mz was measured at the pp collider at CERN and Tevatron
but with a large error), mass of the top quark (M,), mass of Higgs boson (Mg) and the
strong coupling constant (as) at M. '

At LEP one has determined the mass of Z° with a very high precision of AMz/Mz =
2.2 x 10~® and strong coupling constant has been measured from lineshape measurement
(see section 7.4.4) and from various event shape variables [127,128].

The mass of the top-quark and the Higgs boson is estimated from a fit to the measure-
ments performed at LEP, inside the framework of the Standard Model. The measurements
which are used as input to this fit are: combined 5-parameter results, tau polarisation
and heavy flavour results which include results from b and ¢ quark asymmetry and par-
tial widths in terms of Ry(= I'p/T'haa) [101-108] and Rc(= I'¢/T'hea) [109-111]. All these
values are listed in the second column of table 8.9, under sub-heading LEP.

The measured quantities depend quadratically on the top-quark mass and logarithmi-

cally on Higgs mass. Hence the effect of My is weaker. We perform the fit in two ways.
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Measurement with | Standard | Pull
Total Error Model
a) LEP
lineshape and
lepton asymmetries:
Mz [GeV] 91.1863+ 0.0020 | 91.1861 | 0.1
gh [GeV] 2.4946 + 0.0027 2.4960 | -0.5
0D, [nb] 41.508 + 0.056 41.465 | 0.8
"Ry 20.778 + 0.029 20.757 | 0.7
A% 0.0174 £ 0.0010 |  0.0159 | 1.4
+ correlation matrix
T polarisation: : :
A, 0.1401 + 0.0067 0.1458 | -0.9
A, 0.1382 £ 0.0076 0.1458 | -1.0
b and ¢ quark results:
Ry 0.2179 + 0.0012 0.2158 | 1.8
R. 0.1715 £ 0.0056 0.1723 | -0.1
ASS 0.0979 + 0.0023 | 0.1022 | -1.8
A 0.0733 L 0.0049 0.0730 | 0.1
+ correlation matrix
qq charge asymmetry: :
sin?0,! (Qrp)) 0.2320 + 0.0010 | 0.23167 | 0.3
b) SLD
sin?8,! (ALR [112,113]) 0.23061 + 0.00047 | 0.23167 | 2.2
Ry, [114] 0.2149 + 0.0038 0.2158 | -0.2
Ay, [115] 0.863 £ 0.049 0.935 | -1.4
A, [115] 0.625 + 0.084 0.667 | 0.5
c) ppand vN
Mw [GeV] (pp [116,119]) 80.356 4 0.125 80.353 | 0.0
1 — Mw?/Mz? (vN [123-125]) 0.2244 + 0.0042 0.2235 | 0.2
M; [GeV] (pp [120-122]) 175 + 6 172 | 0.5
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Table 8.9: Summary of measurements included in the combined analysis of Standard
Model parameters. The measured values of the parameters are given in column 2. The
Standard Model values of these parameters obtained from the fit to all data in the Stan-
dard Model framework are listed in column 3 and the difference between the measurement
and the fit in terms of measurement errors, pulls are given in column 4.
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In the first case we fix My to 300 GeV and do the fit with M; and o, as free parameters.
The results are given in the second column of table 8.10. The effect of the Higgs mass on
the fitted quantities are calculated by varying My in the range 60-100 GeV and is quoted
as second error. In the other case all three parameters M,;, My and o, are treated as free
parameters. The result of the fit is listed in the last column of table 8.10. It is seen that
the value of M, agrees within one standard deviation in two methods.

[ | LEP Data Only |

M (GeV) 171 + 8%17 155715
My (GeV) 300 (Fixed) 862y
o 0.122 4 0.003 + 0.002 | 0.121 + 0.003
x2/DOF 10/9 9/8

Table 8.10: Results of the fits to LEP data alone inside the framework of the Standard
Model. As the sensitivity to the Higgs mass is weak fits are performed with fixed Mg.
Results of free My fit is given in the last column.

The two experiments CDF and D) at Tevatron have confirmed the existence of the top
quark and the mass of top quark from these two experiments is 175 4 6 GeV [120-122].

In order to have a better constraint on the Higgs mass we include in the fit the measured
value of the top quark mass. We also include all available electroweak results from different
experiments which are : measurements of Ay(= ég%‘%‘f), A(= é%y), Ry, and sin?8,}
from SLD experiment at SLAC [112-115], measurement of (1 — Mw?/Mz?) from vN
scattering experiments [123-125], and the W mass measurements from pp colliders [116,
119]. All these values are also listed in table 8.9. We have carried out the fit with M;,
My and o, as the free parameters.

The Standard Model values corresponding to the fitted data are listed in the third
column of table 8.9. The last column of the table gives the quality of the fit in terms of

Pull, which is defined as:
' Qmeas — Qs
Pul = ——— AQ (8.13)
where Quees is the measured quantity, Qg is the fitted value and AQ,eqs is the error on
the measured quantity. As an example, the value of Pull of 1.0 means that the fitted
value is deviating from the measured value by one standard deviation. Out of 19 values
fitted only 6 values (A%é,, A, Ry, AOF'E, and sin?4,}, Ay, of SLD) have Pulls between 1.0
and 2.2. On the whole the Standard Model fit to the measured quantities is good.
In table 8.11 we have listed the fitted values of M;, My and o, using all available
measurements. It is seen from table 8.10 and table 8.11 that the fit results to LEP data
alone is in agreement within one standard deviation with the results obtained from all

available measurements. The value of Higgs mass thus deduced is,
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LEP +SLD
+ pp and vN data
+ M,
M; (GeV) 172+ 6
My (GeV) 149135
as 0.120 +0.003
x?/DOF 19/14

Table 8.11: Results of the fits to all data including the top quark mass.

My = 149+18GeV (8.14)

68% confidence level contour plot of M; and My is shown in figure 8.3 using only LEP
measurement and all available measurements. The upper limit on Higgs mass at 95%

Confidence Level is 550 GeV.
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Chapter 9

Summary

We have presented in this thesis the determination of the properties of the weak neutral
vector boson Z° in detail which are produced in the e*e™ interactions at LEP. The centre
of mass energy of the LEP collider. was chosen at phasel for the resonance production
of Z°. Z° particles decay into hadrons, ete™, p*p~ and 77~ which are detected in the
detector. The decays of Z° into a pair of neutrinos are not visible in the detector.

We have described in detail the measurement of the cross section and the forward
backward asymmetry of the process ete™ — 717~. The data collected in the years 1992,
1994 and 1995 by the L3 detector are analysed. We have selected 777~ events with
background contamination of 2-3%. The measured values of the cross sections at differ-
ent centre of mass energies together with statistical and systematic errors are listed in
table 6.5. The dominant contribution to the systematic error comes from the selection cri-
teria. The measured values of the cross sections are in good agreement with the Standard
Model predictions. The forward backward asymmetry in 77~ events is also measured
‘and listed in table 6.6. The dominant contribution to the systematic error comes from
the error in the charge confusion and background correction.

Measured values of cross sections and forward backward asymmetries are then fitted
to the theoretical expectations in order to determine the properties of Z° boson. We have
used the measurements in the L3 experiment from the year 1990 to 1995 based on 3.7 x 10°
Z° events. The mass and total width of Z° is determined as,

Mz = 91188.1 +2.9 MeV
I'z = 2499.8 £ 4.3 MeV

All four experiments at LEP measure Z° parameters following the same procedure.
A global set of parameters are obtained averaging these four sets. The full statistics of
16.1 x 10° Z° events collected at LEP is used in this way.

The combined values of mass and the total width of Z° from the four LEP exp'eriments
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are:
Mz = 91186.3 +£2.0 MeV
I'; = 2494.6 4+ 2.7 MeV
The mass is measured with an accuracy of AMz/Mz = 2.2 x 10~° which is very close

to the accuracy obtained for the Fermi coupling constant AG,/G, = 1.7 x 107°. The
total width of Z° is measured to a precision of Al'z/Tz = 1.1 x 1073,

The lepton universality which is one of the assumptions of the Standard Model is tested
in two ways : from leptonic partial widths of Z° and from the effective couplings of Z° to
leptons.

The measured values of the partial widths of Z° into different leptonic channels agree

within errors as given by

. = 83.96 £0.15 MeV
I, = 83.79+0.22 MeV
I', = 83.721+0.26 MeV

The universal leptonic width is measured as, |
Tiept = 83.91:+0.11 MeV

The effective couplings for individual leptonic modes agree within one standard devi-

ation and the effective couplings obtained assuming lepton universality is given by,

gl = —0.50115 + 0.00034
g¢ = —0.03688 + 0.00085

The value of the electroweak mixing angle is given by,
sin’f, = 0.2320 & 0.0003

The number of light neutrino families of mass < Mz/2 is determined from the measured

values of total and partial».widths of Z° and is given by,
N, = 2.989 +0.012

LEP measurements are able to probe the weak radiative corrections which are at the
level of 1%. As a consequence of that the value of the top quark mass (Mt), Higgs mass
(Mg) and the strong coupling constant (o) are estimated.

Mass of the top quark is estimated in the framework of the Standard Model in two
ways :




126

(i) By fixing the mass of Higgs at 300 GeV and keeping M, and o, as free parameters
we get,

M; = 171 £8]] GeV
as = 0.122 +0.003 4 0.002

The effect due to Higgs mass is given as the second error where My was varied in

the range 60-1000 GeV.

(ii) We keep all three quantities M, My and o as free parameters and obtain the

following results,

M, = 15513 GeV
My = 86122 GeV
a, = 0.121 40.003

The estimation of the top quark mass is in good agreement with the direct measurement
of 175 4+ 6 GeV at CDF and D{) experiments at Tevatron collider at Fermilab. This lends
strong support to the electroweak radiative corrections of the Standard Model.

Using all available electroweak measurements and the measured value of M; we estimate

the Higgs mass to be,
My = 149733% GeV

This yields an upper limit of 550 GeV at 95% confidence level.

The precise measurement of the electroweak parameters at LEP supports strongly the
validity of the predictions of the Standard Model. The high precision obtained on the
measured parameters indicates the success of the LEP experiment. The next generation of
experiments will get the advantage of using these parameters measured at LEP as input.

The Z° physics era of LEP came to an end in October 1995. LEP is now running at
higher centre of mass energy to produce W pairs. Some of the major topics under study
are: (a) precision measurement of mass and width of W boson, (b) determination of the

triple gauge boson couplings of ZWW and yWW, and (c) search of new particles.




Appendix A

Calculation of Beam Spread Effect
on Cross Section

The cross section as a function of the centre of mass energy (E) can be expressed as,
o(E) = ag+a;E+a,E? (A1)

The beam energy spread is assumed to be Gaussian with standard deviation w around

the mean energy E. The distribution function can be written as

F(E) = \/21_7@ oS (A2)

The convoluted cross section is given by,

1

N

Oconvoluted ~— \/‘2—7;0) [ €
= ap + a.1E + a.z—E_z (A3)

-53- 4(E) 4B

The effect on the cross section due to the convolution can be estimated as

bo = o (E) — Oconvoluted
frownd a,2 (-_E—2 el EE)
= —a3 w2

From equation (A.1) we get

ag = - 4= (A.4)

(A.5)




Appendix B

Cross Section and Asymmetry of
ete™ — e+e"‘ Events

We define the total cross section for electron in the following way,

Otheo = Ohpr+ R ohp (B.1)

03,;(¢"€* both in 44° — 136°)

R = ohi{e™ in 44° — 136° ,e* in 0° — 180°)

(B.2)
olth is the contribution of the t plus s—t interference term in the cross section, calculated

using ALIBABA and o3y is the contribution from the s channel term, calculated using
ZFITTER.

The forward backward asymmetry is defined as,

Apg = X_7B : (B.3)
oF + 0B

Forward = (e” in 44° —90° , et in 44° — 136°)
Backward == (e in 90° — 136° , e* in 44° — 136°)

We have the forward and backward cross sections as,

or = (oii))r + (R ofp)r

t+i s (B4)
= (oar1)F + RF (ozp)F
oB = (041)s + (R o%p)B (B.5)

= (okti)s + Rs (o%r)B
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where we define,

ohi{e” in 44° —90° , et in 44° — 136°)

Rr = B.6
F oapi(e” in 44° —90° , et in 0° — 180°) (B.6)
] -3 o _ (<] + ¢ o __ [
Rp UASLI(e in 90° — 136° , e in 44° — 136°) (B.7)
ohu(e” in 90° —136° , et in 0° — 180°)
The numerator of equation (B.3) becomes
or — o = (oxi1)r — (ohi1)s + Rr (o7r)r — Re (o5r)s
= (o4t1)rs + Rr (o%r)8 — Re (o7p)r
+(Rr +Rs ) (Akp)zr o7p
The denominator of equation (B.3) is given by
OF + 0B = Otheo = o1 + R o5p (B.8)
Finally we get the expression for forward backward asymmeﬁry as,
__ (okiD)es
App = T
ozr (R+ 244)
+ Br (r)s — Re (o7p)r
a_t-{-i
U%F (R + _O'A';;L
Rr +R
+ LF—,H?—) (Afp)zr (B.9)
R+ 5

The values of R, Rr, Rp, oi}} etc. at different centre of mass energies calculated from
ALIBABA are given in table B.1. »




[ period l

/5

t+1
OALI

I OALIFB !

R

Rp

Rp

1990

88.232
89.236
90.237
91.230
92.226
93.228
94.223

0.2273061
0.2517507
0.2632554
0.1478053
0.0190835
0.0072142
0.0183614

0.1839080
0.2033608
0.2120733
0.1194070
0.0153167
0.0059802

.0.0148062.

0.9924585
0.9935337
0.9943698
0.9945143
0.9937791
0.9906903
0.9868655

0.9954417
0.9952893
0.9952315
0.9948002
0.9942941
0.9915247
0.9887013

0.9905796
0.9922325
0.9936214
0.9942274
0.9931961
0.9896631
0.9844698

1991

91.253
88.480
89.470
90.228
91.222
91.967
92.966
93.716

0.1427678
0.2330789
0.2573517
0.2632597
0.1492914
0.0364667
0.0057151
0.0120965

0.1155951
0.1878926
0.2079048
0.2122384
0.1204535
0.0292012
0.0051484
0.0100394

0.9945915
0.9926921
0.9938887
0.9944915
0.9946074
0.9941275
0.9918255
0.9889928

0.9948957
0.9953728
0.9954573
0.9954829
0.9949815
0.9943899
0.9925945
0.9902936

0.9942854
0.9909344
0.9926818
0.9936319
0.9942324
0.9938385
0.9908967
0.9873412

1992

91.294

0.1360398

0.1093479

0.9946020

0.9949643

0.9942354

1993

91.316
89.449
91.203
93.033

0.1307388
0.2568661
0.1526577
0.0056538

0.1053161
0.2070016
0.1233599
0.0048726

0.9945301
0.9938741
0.9946036
0.9915249

0.9948536
0.9955501

0.9949545

0.9923079

0.9942016
0.9925887
0.9942528
0.9905743

1994

91.218

0.1498271

0.1209469

0.9945888

0.9949286

0.9942484

1995

89.452
91.293
92.984

0.2568134
0.1357233
0.0057879

0.2071268
0.1092334
0.0045131

0.9938308
0.9945646
0.9917631

0.9954948
0.9949049
0.9926761

0.9925539
0.9942203

0.9906588
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Table B.1: The factors o%t}, R, etc. factors calculated at different centre of mass energies
using ALIBABA
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