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Abstract

In this thesis the analysis of the neutral current process e*'e”— 777~ has been dis-
cussed. Results on measurements of the total cross section, the forward-backward asym-
metry, the polarization asymmetry and the forward-backward polarization asymmetry
have been presented using the data which were collected with the L3 detector from 1990
to 1992. Special emphasis was given to the measurement of the polarization asymmetry
and forward-backward polarization asymmetry. Combining these two measurements 4,
and 4, can be extracted. The results are:

A
A,

In addition to these results also the measurements of the total cross section and the
forward-backward asymmetry in the channels e*e™— e*e™, e*e™— u*u™, e'e™— 1717
and of the total cross section in the channel e*e~— qq are used to determine the properties
of the Z boson. The data are interpreted in the frame work of the Standard Model and of
the following model independent ansatzes: the S-matrix, effective couplings and partial
width approach. Using exclusively results from the channel e*e™— 77, the mass and
width of the Z boson are measured to be:

91.189 £ 0.036 GeV,
2.502 £ 0.061 GeV.

0.125 + 0.022(stat.) £ 0.013(sys. ),
0.171 £ 0.016(stat.) = 0.014(sys. ).

mz
Iz

The effective couplings of 7 to the Z boson are determined to be:

—0.0454 £ 0. 0053,
—0.4993 £ 0. 0042.

AT
8v
AT
8a

The effective weak mixing angle is derived:
sin? Gw = 0.2273 +0.0027.
The partial decay width of the Z boson into 7+7~ pairs is measured to be:
I’ = 83.97+0.99 MeV.

All measurements are in good agreement with the predictions of the Standard Model.
The hypothesis of lepton universality is confirmed.
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Chapter 1

Introduction

The theory of electroweak interactions, the Standard Model [1], describes a wide variety of
experimental observations. The forces between the three different lepton types: electrons,
muons and 7’s, are mediated by the photon and the W and Z bosons. The couplings of the
leptons to the photon, which are proportional to their electromagnetic charges, are well
measured at low energies. The couplings to the W boson are determined by investigating
the decay properties of the muon and the 7. With the present experimental precision these
couplings appear the same for all leptons. This fact is referred as lepton universality.

The couplings of the leptons to the Z boson are currently under study at the Large
Electron Positron Collider (LEP) at CERN. LEP operates at center-of-mass energies in
the vicinity of the mass of the Z, and the Z boson is produced in high rates in the neutral
current process of electron-positron annihilation into fermion-pairs, e*e~— ff. The clean
environment of e*e™ collisions allows the properties of the Z boson and its couplings to
various final states to be determined very precisely. Therefore, a sensitive test of lepton
universality at LEP energies can be performed.

The couplings to the Z boson are determined from the measurements of the total
cross section and the forward-backward asymmetry for each leptonic final state. Among
the leptonic final states of the Z, the decay into two 7 leptons is of special interest. In
addition to the total cross section and the forward-backward asymmetry, for ete™— 7+7~
the polarization and forward-backward polarization asymmetry can be measured, which
are very sensitive to the couplings of the electron and 7 to the Z boson. Assuming
helicity conservation, only the channel e*e™— t*7~ provides the full set of independent
observables of the neutral current process, ete™ — ff.

' Interpreting the experimental measurements within the framework of different model
independent ansatzes, such as the S-matrix, the effective coupling and partial width
approaches, and comparing the results to the expectations of the Standard Model constitute
stringent tests of the theory.

This thesis is organized as follows:

In Chapter 2, the framework of the Standard Model is introduced. The basic for-
mulas for the observable quantities, total cross section, forward-backward asymmetry,
polarization asymmetry and forward-backward polarization asymmetry are given. The
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2 Chapter 1. Introduction

incorporation of higher order effects in the theory are discussed. The properties of the 7
lepton are summarized.

In Chapter 3, three model independent approaches to describe the process e*e™— ff in
the vicinity of the 7. resonance are discussed. These ansatzes are: the S-matrix approach,
the effective coupling approach and the partial width approach.

Chapter 4 describes the main features of the LEP collider. An overview of the
construction and performance of one of four experiments at LEP, the L3 experiment, is
given.

In Chapter 5 one subdetector of the L3 experiment, the z-detector, is described in
detail. The z-detector is essential for the measurement of the 7 polarization using the
acollinearity between the 7-decay products, which is described in the next chapter.

In Chapter 6 the experimental methods to measure the total cross section and the
three asymmetries are discussed. Special emphasis is given to the ways of measuring
the polarization asymmetries. Results are presented using the data sample recorded by
the L3 collaboration in 1991-1992 and compared to the measurements of the other LEP
experiments.

In Chapter 7 the experimental results of Chapter 6 are interpreted in terms of different
model independent ansatzes and compared to the predictions of the Standard Model.
Combined LEP results are presented.

The work is summarized in Chapter 8 and remarks about future prospects are given.

In this thesis all quantities are expressed in natural units: Z=1andc = 1.




Chapter 2

The Standard Model

In the Standard Model of electroweak and strong interactions the building blocks of
matter are fermions (particles with half integer spin ). Each fermion is associated with
an antifermion of exactly the same mass but with opposite sign for the quantum numbers
characterizing the fermion. The fermions are grouped in three generations of increasing
fermion masses. A generation is formed by a lepton, its neutrino and a quark pair. Apart
of their masses the physical properties of the corresponding fermions in each generation
are the same. The forces between the fermions are mediated by the exchange of bosons
(particles with integer spin). These bosons are the photon, the W and Z bosons and
eight different gluons. Gluons are exchanged only between quarks and impose the strong
interaction. The remaining bosons are related to the electroweak interactions.

The Standard Model is a gauge theory and the symmetry properties of its Lagrangian
restrict the dynamics of interactions. In general one distinguishes internal and external
symmetries. Only internal symmetries are considered by gauge theories. External sym-
metries describe the invariance of the system under certain coordinate transformations in
space and time, while internal symmetries are related to the properties of the particles.
Furthermore, one has global and local symmetries. For global symmetries, the symmetry
transformation is independent of space and time. Noethers Theorem states that each global
symmetry leads to a conserved quantity, i.e. to a quantity which is independent of time. An
example of a global external symmetry is the translation invariance in space, resulting in
momentum conservation. The invariance of a system under a global phase transformation
of the wave function is a global internal symmetry, which leads to charge conservation.
If the symmetry transformation depends on the position of the system in space and time
the symmetry is local. The invariance of the Lagrangian under local symmetries requires
the existence of an interaction between particles. Using local internal symmetries, the
electromagnetic and weak forces can be described in a unifying way. The unified theory
of electromagnetic and weak interaction, the electroweak Standard Model, was developed
by Glashow, Salam and Weinberg [1]. The framework of the electroweak Standard Model
is discussed in this chapter.
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2.1 The Lagrangian of the Electroweak Standard Model

The dynamics of electroweak interactions are described by a non-Abelian, local gauge
theory. The underlying gauge group is SU(2);, x U(1)y. The conserved quantities related
to the symmetries of the gauge group, are the weak isospin vector, T, and the hypercharge,
Y. T; is the third component of T. The electromagnetic charge, Q, is givenby Q =Tz +Y.
The particle content of the model is listed in Table 2.1. All left-handed fermions are
. grouped in isospin doublets with isospin components Tz =t % The right-handed fermions
form isospin singlets (T=0). Interactions are introduced by the symmetry properties of

Generation: 1 2 3 T; Y Q
Leptons (v) (vu) (v) 1/2 | - 1/2 0
e ), Ly, T/ - 1/2 - 1/2 -1
er UR TR 0 -1 -1
Quarks (u) (c) t') 1/2 1/6 2/3
d L s/, b J, | — 1/2 1/6 - 1/3
ug CR tr 0 2/3 2/3
dg SR by 0 1/3 |- 1/3
Gauge Y 0 0 0
Bosons . Z 0 0 0
W+ 1 0 1
' -1 0 -1
Higes ¢=(¢+) 1/2 1/2 1
¢° - 1/2 1/2 0

Table 2.1: Particles and fields in the electroweak Standard Model. The quantum numbers
for weak isospin T, hypercharge Y and charge Q are given; they are related by Q = T3 +Y.

SU2). x U(1)y. Quantum Electrodynamics (QED) follows from the invariance of the
Lagrangian under local phase transformation of the wave function. The weak interaction
is imposed by invariance of internal rotations in the left-handed doublet fields.

The Lagrangian of the electroweak Standard Model, Lgy,, is a sum of four terms [2]:

Lyt = Leermion + £Gauge + LHiggs + Lyukawa-

The fermion Lagrangian, Lg,,mi,n, describes massless fermion fields, y, and their interac-
tion with gauge boson fields:

@.1)

LFennion = I,_Vl’}'uDu W' (22)
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The covariant derivative D, contains the gauge fields and ensures the required symmetry
of the Lagrangian under local symmetry transformations:

D, =9, +igiB,Y +ig;WeT,. ' (23)

By, W} (a=1,2,3) are the four gauge fields and g;, g, the coupling constants for the U(1)y
and SU(2),, group, respectively. These gauge fields form the gauge field Lagrangian,
LGauge, Which also describes the self-interaction of the Wf, fields. The self-interaction is a
feature of the non-Abelian gauge group SU(2);.

The gauge fields are massless, because explicit mass terms in the Lagrangian destroy
the symmetry. On the other hand the weak force is only a short distance interaction, which
requires massive carriers for the force. Spontaneous symmetry breaking is the mechanism
for generating gauge boson masses, without destroying the symmetry of the Lagrangian.
Therefore, an isospin doublet of complex scalar fields is introduced [3]:

2= 5 ). @4
which adds a further contribution to the Lagrangian:
Ljiges = D, O D*D — V(D). (2.5)
The potential V(®) is given by: .
V(®) = —p?®*® + A(D*D)%, 1 > 0. (2.6)

The vacuum, defined as a state with minimal energy, is reached when the field ®(x) = ®,
is constant and the potential V(®) is minimal. For —u? < 0 this is satisfied by:

1 /0 .
d)m:ﬁ(v)’w“h v=a/u?/A 2.7

The vacuum expectation value for V(®) is not zero and there exists a whole set of possible
solutions for the vacuum state. The choice of the specific vacuum state above breaks the
SU(2). symmetry. If one considers excitations of the field @ around the minima, ®,,;,,
and takes advantage of the SU(2) gauge symmetry, a new field & can be written as:

. 1 0
<I>(x)=%(v+n(x)). (2.8)

Using @'(x) instead of ®(x) in the Lagrangian, Liiiggs, one ends up with mass terms. The
combination of fields associated with the same mass are interpreted as the observed gauge
bosons, W*, W™, Z and ¥:

Wi o= %(w},-wvﬁ),
1
Wy = = (WeriWg), 29)

Z, = cosbyW, —sin6wB,,
A, = sin6yW; +cos 6wB,.
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The electroweak mixing angle 6w is defined by:

cosBy="W__8 . (2.10)

N

The masses of the bosons are given by:

1
my = §ng,

1
mz = EV\/g%+g§, 2.11)
m, = 0.

The field 7 is interpreted as a particle (Higgs) with mass given by the vacuum expectation

value, v:
my = \/2;12. (2.12)

Fermion masses are generated in a similar manner to boson masses. The fermion fields
are coupled in a gauge invariant way to the Higgs field, ®. After symmetry breaking the
fermions acquire mass due to the non-vanishing vacuum expectation value of the Higgs
field. This additional interaction does not follow from a gauge principle, as was the case
for the fermion-boson interaction. Hence, all coupling constants are free parameters,
ie. of Yukawa type. The GSW model does not predict the fermion masses, but it
requires proportionality between the Higgs-fermion couplings and the fermion mass. The
additional term in the Lagrangian related to the fermion mass generation is denoted with
LYukawa-

The interactions between fermions and bosons can be described by currents. The
interaction part of the Lagrangian, L, is expressed as follows:

Lo = —eAJ5c
o e ke @13)
~rar ao Wil + WLI),
where the electromagnetic(EC), neutral(NC) and charged(CC) currents are defined by:
Jee = ¥r'Qv,
e = 9y"(Ts— Qsin’ 6w)y, (2.14)

J& = A (TitiTyy.
e denotes the electromagnetic coupling constant:
8182

e=\/‘—-é?—:———g—%.

(2.15)
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The neutral weak current, Jic, can be expressed for a certain fermion, f, in the following
form:

. |
e = 507 — ghww, (2.16)

where the vector and axial-vector current couplings of the neutral current, g, and g’;
respectively, are defined by:

- T _ )
fj! = ;% 20 sin” bw, 2.17)
A - 3-

The neutral weak current interaction is a unique feature of the electroweak Standard
Model. Its discovery [4] therefore strongly supported the model.

The free parameters of the GSW model are the coupling constants for the group
SU@2). x U(1)y, g1 and g,, the vacuum expectation value of the Higgs potential, v, the
mass of the Higgs, my;, the fermion masses, my, and the linear independent elements of
the CKM matrix !. The first three parameters are usually replaced by experimentally
measurable quantities:

81, 82, V> &, my, mgz, (2.18)

using Equations 2.11 and 2.15. The fine structure constant o = e? / 4x is precisely
known from the Thomson limit of Compton scattering. Another very accurately measured
quantity is the Fermi Constant, G, from the muon decay lifetime. This can be related to
mw, because in the low energy limit the GSW model must be equivalent with the Fermi
four point interaction [5]:

_Ta 1 _ T 1
T V2 misin? By /2 mZcos? Oy sin2 By
Since the numerical precision of G, is higher than that of my, it is often used instead of
the latter. The masses of all fermions, apart from the ¢ quark 2, are known. In the boson
sector the Higgs boson has not been discovered.

It is the aim of LEP to determine precisely the properties of the Z boson. Therefore, a

possible choice for the remaining unknown parameters of the electroweak Standard Model
for physics in the vicinity of the Z pole are:

G, (2.19)

mz, my, m, (2.20)

where the latter denotes the mass of the ¢ quark 3.

!'The isospin eigenstates of the d’, s’, b’ quarks are not identical with their mass eigenstates d, s, b. The
transformation between the symmetry and the mass eigenstates is described by the Cabibbo-Kobayashi-
Maskawa (CKM) mixing matrix.

2The CDF collaboration reported recently experimental evidence for 7-quark production in pp collisions
at+/s=1.8 TeV [6].

3 An additional free parameter is the strong coupling constant, o, which is related to the strong quark-
gluon interactions. The theory of these interactions, Quantum Chromodynamics (QCD), is not further
discussed.
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2.2 The Process ete - ff in the Electroweak Standard
Model

The annihilation of an electron-positron pair and its transition to a pair of fermions is
described in the Standard Model by the exchange of a photon or Z boson and their
interference (see Figure 2.1). In addition to the s-channel process one has to consider

Figure 2.1: S-channel electron-positron scattering.

t-channel scattering if an electron-positron pair is formed in the final state. Since this
work concentrates on the process e*e™— 7*77, the t-channel process is not discussed in
the following.

For unpolarized electron and positron beams the differential cross section in lowest or-

der of perturbation theory (Born approximation) for the creation of a fermion-antifermion
pair, ff, with helicity s = £ 1 reads [7]:

do®(cos 0,s,hy) inaz 3cr
dcos 0 T3 16s

h+{C(1 + cos? 6) + 2D cos 9}],

[A(l +cos? 6) + 2Bcos 6— @21)

where ¢, denotes the QCD color factor (1 for leptons and 3 for quarks). Fermion masses
are neglected for simplicity 4. @ is the scattering angle between the initial state electron
and the final-state fermion f (see Figure 2.2). The coefficients A to D are given by:

4For the correct treatment of fermion masses see for example [8]. However, the effect of finite fermion
masses, my, is of the order m} / m% at LEP. For the heaviest lepton, 7, this amounts to m? / m = 0.0004.
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=pyl

Figure 2.2: Definition of the scattering angle 6.

As)= 0202+ [0 + @)Y [€? + @Ik +20.05 g8k Re(x(s),

B(s) = 483838V EAl1 () +20.0; i8h Rt ®): , )
CGs) = 2[(8%) + (83| vehlx P +20.0; g5gh Re(x(s)),
D(s) = 28585 (&) + @] k@) +20.0; g38% Re(x(s)),

where y(s) is:

1 s
45in2 Oy cos? Oy s — mi +imzlz

x(s) = (2.23)
The contribution Q207 to the coefficient A originates from the y-exchange. The Z-
exchange is described by the terms proportional to |y(s)|?, while the yZ-interference is
given by the terms proportional to Re(x(s)). The width of the Z boson, I'z, is given by the
sum of the partial decay widths, I, over all open fermion flavours:

I-‘Z = Z rf; f = e: Ve, .u" Vy.y T, V‘h u: d9 S1 Cs b9 (2'24)
with
I} = ¢ Gy [)? + &hYY. (2.25)
6v2n

The total cross section for a certain helicity state, Ay, in the fiducial volume¢; < cos 8 < c;
is defined by the integral (for the following discussion see also [9]):

C: 0 h
/2 do’(cos 0, s, f)dcose

1 dcos@ (2.26)
B /'Cz do®(cos 6, s, hy) a1 do®(cos 8, s, by) J
0

d 0— / cos 8.
dcos8 cos 0 dcos 8

o-t?)t(cl »C2, 8, hf)
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The forward-backward cross section is defined as the difference between the cross section
for particles scattered in forward direction cos @ > 0 and these in backward direction
cos 0 < 0: '

c?b(c 1, €2, 8, hy)

C: 0 0
/ 2 do%(cos 8, s, hf)dcos o do’(cos 8,5, hf)dcose
0 dcos @ ¢ dcos 6 2.27)
_ /02 do®(cos 0, s, hy) 1608 6 + /cl do®(cos 0, s, hy) Jcos 6.
0 dcos 0 0 dcos 8

Hence, o, and oy, contain only integrals of the following form:

do®(cos 0, s, hy)
dcos @

o°(©, ¢, 5, hy) = /0 ’ dcos 6, (2.28)

which can be written as:
1
’©,c,5,h) = 5 (00,5, k) + o (e, 5, p)] . (2.29)

owi(C, 5, hy) and on(c, s, by) are the cross sections defined in Equations 2.26 and 2.27,
respectively, but with symmetric integration limits ¢; = —c and ¢; = ¢. Since the cos 0
integration is symmetric for the total cross section and asymmetric for the forward-
backward cross section, only terms even and odd in cos 8 respectively, contribute to the
final result. Therefore, the cos 0 integration can be treated independently:

o'te)t(c’ s, hf) o.t?)t(s s hf ) Ctot(c)’

(2.30)
og(c.5,hr) = op(s, by) Cao(c),
where o2 ,(s, k) and oQ,(s, i) are the cross sections for the total volume (¢ = 1):
s hy) = 2mo? L (A—hC)
tot\Ss Iif Z 2 f)s 2.31)
= S B
od(s,hy) = 37 5 (B — kD).

The functions Cy;(c) and Cg(c) contain the result of the cos 0 integration and the normal-
ization factor 3/4:

J<.(1+cos?@)dcos 6 3 3
Col0) = 2 I PN
w9 I (1+cos26)dcos @ 4(C 3 )

2.32
Jecos0dcosd ~ [°. cosBdcos 6 3 (232)

Co(c) = 2 = 22
Jdcos@dcoso — f2 cos6dcos 4

Using the notations above, the total cross section and the forward-backward cross section
are determined by summing over hf = £ 1:
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0
gtot,fb(cl» €2, s)
= th’fb(cl’cz’s’ hf = +1) + o-t?)t.fb(claCZ’ s, hf = —1)

= % (02,8 by = +1) + 2405, by = —1)] [Can(ed) F )]+ (233)
2 [080 by = +1) + (s, A = —1)] [Caten) F Calen)]
4 3

= St 2 {A [Ca(e2) F Cu(en)] + 5BICa(cD) F cﬂ,(cl)]}.

The polarization cross section and forward-backward-polarization cross section are de-
fined by:

Ggoub_pol(c 1,€2,5)

= o-t?)t,fb(chCZs S, hf = +1) - o.t(())t,fb(cl’ C, S, hf = —1)
= % 005, By = +1) — 62,(5, by = —1)] [Cuoe(2) F Coonler)] + (2.34)
% [08.(5. by = +1) — 03 (s, by = —1)] [Car(c2) F Canlen)]

= —3m0 £ {C1Caler) F Corle] + SDCa(en) F Calenl}-

Usually the cross sections Of,, Opol and Op—por are not measured experimentally, rather the
corresponding asymmetries:

Ay=24, A= tb,pol, fb — pol. (2.35)
Otot

The main dependence of the total cross section and the three asymmetries from the vector
and axial-vector couplings at the Z resonance is given by:

oo o [e)+ @] [+ &y,

2 , £4878h8Y
(850> + (8%)7] [(gh)* + (&b)?]
_ ghh
(gl + &y
By I VA
= e+ ]

Thus, the total cross section and the forward-backward asymmetry depend on the couplings
of the initial state and the final state fermions, while the polarization asymmetries depend
only on the couplings of one fermion flavor. Therefore, it is possible to test lepton
universality by measuring both polarization asymmetries in one final state only.

(2.36)
Apot




12 Chapter 2. The Standard Model

Furthermore, since 4,01 and Agp_pq are linear in the couplings one can determine the
relative sign of g5, g5 and g{,, gg. Howeyver, if one chooses the sign of one coupling
constant, i.e. g4 < 0, then the sign of g$ is fixed by the measurement of Z_p01. Now
one can determine also with g, the relative sign of g, and gf;, but it is not possible to
get the absolute signs for gf\ and g{, by measuring Oy, Arp, Apot and Ag,_pot only at the Z
pole. In fact, it is not possible to distinguish vector and axial-vector couplings, since the
Equations 2.36 are symmetric for an exchange between vector and axial-vector couplings.
Therefore, measurements at off peak-energies are required. The center-of-mass energy,
\/s, dependence of the asymmetries is mainly given by the yZ-interference terms, IR
Their dependence on the couplings reads:

ﬁtot x g%?,
b 8w 237
Fa < g8 @37

|
jt;:—pol X g;g{’

These relations are not symmetric for vector and axial-vector couplings and the ambiguity
between gaand gy can be resolved. Furthermore, the unknown sign of g(, and g’A can
be determined by the sign of j;, since g, and g5 are already fixed. The sign of the
interference terms is related to the slope of the /s dependence of the asymmetries,
FaRe(u(s)) = fa(s — m).

According to Equation 2.34, in order to measure polarization asymmetries one has
to determine the helicity state of the final-state fermion. This is possible if the fermion
decays inside the detector. Then the helicity of the mother fermion can be extracted by
analyzing its decay particles. The only lepton with such a lifetime that it decays inside
the detector is the 7. Thus, the leptonic decay mode where the full potential of the neutral
current process e*e”— ff can be exploited is ete™— 777"

The total cross section and the asymmetries also depend on the coupling of the photon
to fermions, o(s). The decay of the 7 is accompanied by a W boson. The photon and
W-boson couplings have been studied at lower energies and found to be in agreement
with the Standard Model. Since this thesis is devoted to the measurement of the Z boson
couplings, the predictions of the Standard Model are always used for the photon and
W-boson couplings

2.3 Radiative corrections

To compare the experimental measurements of cross sections and asymmetries with the
theoretical predictions the precision of the Born approximation is not sufficient. Therefore,
one has to include higher order corrections. The most important corrections are (see Figure
2.3):

e real photon Bremsstrahlung;

¢ photon and Z boson vacuum polarization;
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e vertex corrections.

Feynman diagrams containing closed loops lead to divergences in observable quantities.
These divergences can be removed by renormalizing the basic parameters of the La-
grangian. The remaining finite corrections to the Born level predictions can be split into
two categories:

¢ QED corrections. This set includes diagrams with real photon emissions, i.e.
Bremsstrahlung. The corrections are large in the vicinity of the Z resonance and
precisely known.

¢ Electroweak corrections. This set contains one-loop corrections to the photon and Z
boson propagator and vertex corrections. The corrections are small. Some of them
are sensitive to the mass of the Higgs and the ¢ quark.

Theoretically the QED corrections can be treated independently, because the correspond-
ing diagrams form a gauge invariant subset in O(cx) . Another justification for the splitting
is that the inclusion of QED corrections can give more than two final-state particles. It
depends on the acceptance of the detector, whether these radiated photons are detected or
not. Therefore, one has to consider additional photons and the acceptance and resolution
of the detector in the calculation of cross sections. This causes significant differences
from the Born level results. QED corrections are treated by convoluting the Born cross
section, 63, with a radiator function R:

0= [ d@R@S), (238)

mygls

where z is the remaining center-of-mass energy after the photon is radiated. At energies
near the Z resonance initial state radiation gives the largest effect on the cross section,
while the contribution from final state radiation is much smaller.

Electroweak corrections contain only loop diagrams. Thus, the number of final state
particles remains two and the cross section after applying electroweak corrections still
has a Born-like form. These corrections are almost independent of the experimental
setup. Self-energy insertions to the photon propagator yield a center-of-mass energy, /s,
dependent electromagnetic fine-structure constant:

oa— os) = (2.39)

%
1—Aa(s)’

Self-energy insertions to the Z boson propagator are taken into account by a /s dependent
Z width:

A
Iz - Iz = ;n—z-l"z, (2.40)
Z
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R Y -
e f
Bremsstrahlung Correction
e f
e’ f
Propagator Correction
e’ f
e’ f
Vertex Correction
e f

Figure 2.3: Examples for the most important Feynman diagrams containing radiative
corrections.
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These corrections are independent of the fermion flavor. Vertex corrections are incorpo-
rated by /s dependent vector and axial-vector coupling constants:

VPO T,

VI ©) [T — 2(5)Q; sin? by

gh = £h
& - &

In summary, the electroweak corrections are taken into account by replacing the constant
quantities o, I'z gg and g{, by the /s dependent quantities in the Born formula of Equation
2.21. This replacement leaves the functional form of the Born cross section unchanged
and the result is therefore called the improved Born approximation. Another source of
electroweak corrections are box diagrams with double vector boson exchange. Since
these diagrams are not resonant, their contributions at center-of-mass energies near the Z
mass are small. The effect of radiative corrections on the total cross section and the three
asymmetries, defined in Equation 2.35, can be seen in Figure 2.4. '

The relation between G, and mw (see Equation 2.19) is also affected by radiative
corrections:

(2.41)

no 1 1
G, =— . 242
#7 V2 m}cos? Gy sin? By 1 — Ar (242)

Ar contains QED and electroweak corrections:

cos? By
= — S 4
Ar = Ao ( o Ap) + 2.43)

The leading term of Ap depends on the mass of the ¢ quark, m;:

_3G,m?
8v2n2
At LEP it is therefore possible to constrain the value of the t-quark mass by measuring

cross sections and asymmetries with a precision that electroweak corrections become
significant.

Ap (244)

2.4 The 7 Lepton

The 7 lepton was discovered 1975 by Perl et al. [10] as an enhancement of lepton production
in the reaction e*e™— £*{~ at the SLAC colliding beams facility, SPEAR. The authors
found events of the forme*e™ — e*u* + missing energy. Most of these events are detected
at center-of-mass energies at or above 4 GeV. A possible explanation for these events was
the pair production of a heavy lepton, £, or a charged boson, B, which further decays into
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Figure 2.4: The total cross section and the asymmetries in the vicinity of the Z pole with
(solid line) and without (dashed line) radiative corrections for the process ete™— £+£™.
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lighter leptons, the electron and muon:

eVth,

UVeVy,
eVe,

W s s
I 10

- UV,

The discovery was confirmed by the DASP collaboration at the DORIS e*e~ storage
ring [11]. Their measurement of the e*e~— £*£~ cross section near threshold suggested
that the new particle, the 7, is a fermion and not a boson. The 7, as the heaviest known
lepton, belongs therefore to the third fermion generation (see Table 2.1). The best value
for the mass of the T,

m. = 1776.979% £ 0.2 MeV, (2.45)

was obtained by the BES collaboration [12]. Since the 7 is heavy, its lifetime is very short
(Te &< m 3). The mean value for the lifetime measured by the four LEP collaborations
is [13]:

T, =292.2£2.4f1s. (2.46)

The 7 lepton decays by the charged current process into the corresponding T neutrino,
V:, and a W boson. The W boson further decays into two particles belonging to a weak
isospin doublet (see Figure 2.5). Since the 7 has a high mass, possible doublets are (e, V),

A% e’vp,’u

Figure 2.5: The decay of the 7 lepton.

(1, v,) and (u,d). d is a mixture of the d and s-quark mass eigenstates. Therefore, the
7 decays also into strange mesons (kaons). The selection of 7-decay modes, described
in this thesis, will not distinguish between pions and kaons and these decay modes are
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treated in common. The current world averages of branching ratios for important t-decay
modes > are listed in Table 2.2 [14].

| Decay Mode | Branching Ratio [%] |
T evw 17.93+H).26
T — Uvv 17.58+0.27
T av 11.6 104

7= pv — 1nlv 24,0 +0.6
T av— ala’v | 10.3 0.9
T — a;vV — ARV 84 04

Table 2.2: Branching ratios of the 7 lepton.

The 7 is the only lepton, which decays inside the detector. The electron is stable
and the lifetime of the muon is such that it normally leaves the detector before it decays.
Therefore, the 7 decay offers the unique possibility to analyze its polarization by measuring
the distribution of its decay particles.

5Only these decay modes are listed where a polarization measurement is performed which is described
in Section 6.6. . '




Chapter 3

Model Independent Approaches to the
Process ee ™ - ff

In this chapter three “model independent” ansatzes are introduced: the S-matrix, effective
coupling and partial width approaches. The term “model independent” in this context
means that no special assumptions about the weak part of the process, i.e. the Z-exchange
and the yZ-interference, are made. QED is assumed to be known. Therefore, the
electromagnetic coupling constant, a(s), is not considered as a free parameter. Initial
and final state radiation can be taken into account by convolution, as described in the
previous chapter. Weak corrections are not applied. Hence, the free parameters of the
model independent approaches are effective ones. Since the integration of a differential
cross section in cos 6 can be treated independently from the matrix element related part
( see Equation 2.30), only Born cross sections in 4 are given.

Two different definitions of the mass, mz, and the total width, I'z, of the Z boson are
used in this chapter. In the improved Born approximation the total width of the Z boson
is defined as /s dependent in the propagator function:

s
D= m3 + i mzl'z(s)’ G
with I'z(s) from Equation 2.40. The /s dependence of I'; is a result of self-energy
corrections in the Z propagator. This definition is used, following the literature (i.e. [15]),
for the effective coupling and partial width approaches. I'; is assumed to be constant in
the S-matrix approach [16], where the position of the pole of an unstable particle in the
complex energy plane is defined by two constants, its mass and width:
— s
K(S) - s — m% +1 mzfz | (32)
This leads to a shift of the parameter values between these two definitions of:

Tz = [1+(I"Z/mz)2] 2mz = my — 34 MeV,
I = [1+Tz/mx)?™ 2FZ = Iz — 1 MeV. (3.3)

For more details refer to the discussions in [17,18].

19
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3.1 The S-Matrix Approach

In [16, 19] a model independent approach is proposed to describe cross sections and
asymmetries in e*e"annihilation. It relies only on basic quantum mechanical assumptions
such as the unitarity and analyticity of the S-matrix. No assumptions are made about the
dynamics of the scattering process.

The matrix element for the exchange of a massless and a massive vector boson, the
photon and Z boson respectively, in the annihilation of a massless e*e™ pair into massless
fermions, f, can be written as:

R R
M) =—"L+—2—+) Fis—s2) i=0,3; (3.4)
A s — Sz 'n=0

with
Sz = m% +1i mzi:z.

Rf; and R’; are the residuals of the photon and the Z boson respectively. The position of
the pole is given by sz. Rf7 is defined by:

a(s)
p Q0. (3.5)

O is the charge of the corresponding fermion and e(s) the running QED coupling constant.
The residuals R% describe the four complex helicity amplitudes for the Z-exchange, which
are defined by the spins of all fermions taking into account helicity conservation:

Ry = Ralefes - fifi),

R =

R = Relepes > fifD), (3.6)
R} = Rzlezel - fafD),
sz3 = Rz(eze; > fifR)-

The coefficients, F, of the Taylor expansion in Equation (3.4) describe non-resonant
contributions to the scattering process. As shown in reference [16] these are numerically
small around the Z resonance and neglected in the following. The cross sections, o;,
derived from M* are combined to four linearly independent cross sections, which are
observable at LEP:
og,t(s) =+ Go(S) + ()'1(S)+ O'2(S) + O'3(S) = o{",t(s, hf = +1) + oﬂ,t(s, hf = —1),
o8(s) =+ 0o(s) — 61(s) + 0x(s) — 03(s) = OR(s, by = +1) + O (s, by = —1), 37
- 0%(8) == 00(s) + 01(s) + Oa(s) — T3(8) = O (s, by = +1) — Oy(s, by = —1),
Opypol(5) = — Oo(s) — 01(5) + G2(s) + 03(5) = OR(s, by = +1) — o (s, by = —1).

For comparison, the dependence of the cross sections 60,(s, k) and 65,(s, by) introduced
in Equation 2.31 is given as well. The cross sections, 0, can be parameterized as follows:

el — 2
(s — 2 + M3l

4
o3(s) = 37
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where 17 is the y-exchange term:
1
A .
0 if A #tot.

i is equal to zero for all asymmetric cross sections as a consequence of Equation 3.4,

because R/ has the same value and sign for all four helicity amplitudes. The Z-exchange
term, 7, and the yZ-interference term, j,f,, are given by:

o= ¢ -1-23:{+1}|Rﬁ|2+223m(f
A - f 4 pars - 7A ﬁZ Al
A= ¢ {29tec§—2%3mcﬁ}, (3.10)
YA
13 ,
Ch = ®) (zz{i 1}R'§),
i=0

2

where {+ 1} indicates that the sign of |R§| and RZ corresponds to the sign of o; in
Equation (3.7).

Asymmetries are defined according to Equation 2.35.

It follows from the formalism, that there are in general two alternative sets of free
parameters to derive cross sections and asymmetries in the S-matrix approach:

1. 7iiz, Tz and RS,
2. iz, Tz, ) and .

Since each cross section, oy, depends on all four helicity amplitudes, it is not possible
to determine a subset of helicity amplitudes. Therefore, one has to measure the total
cross section and all asymmetries, if one wants to determine the _szi. Thus, the maximum
number of free parameters of the first set is eight. The Y, and f; parameters of the second
set belong only to one specific cross section, 0y, and it is possible to determine rﬁ and jz
by only measuring o, or 44 as a function of 1/s. Nevertheless, by measuring the total
cross section and all asymmetries, the number of free parameters is the same as for the
first parameter set. Without further assumptions the S-matrix parameters for a given final
state, f, are completely independent from other final states.

3.2 The Effective Coupling Approach

In the effective coupling approach it is assumed that the Z boson has only vector and
axial-vector couplings to fermions. The couplings of the Standard Model (see Equation
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2.41) are replaced by constant effective couplings g{, and gf\:
A \/J Ts | (3.11)
& \/E [T’; — 20y sin’ 5@] :

Higher order weak corrections are approximated by:

P =p(s=m,
=1(s= mZ%). (3.12)

Therefore, the effective weak mixing angle, sin? 8w, also becomes flavor dependent:
sin® 8, = &7 sin 6y (3.13)

However, the weak form factors, 5’ and &/, are equal for all fermions to a good approxi-
mation, except for b quarks.

The helicity amplitudes of Equation 3.6 can then be expressed as function of the
effective couplings:

Ry = x(3%+3)@+2M,
Ry = (@ +E0@ - 2Y, (3.14)
f2 ae AC\(5 3 )
Rz = K(gv—gA)(gQ—gfq),
RP = x(8 —20@0+20,
with
o Gur}
2 2ra
(3.15)
The parameters rf‘ and jﬁ of Equation (3.8) are given by:
re = 2@ +@&] [@P+ @] - 26238 Cim,
h o= 4gshEl ~ 22524 Cms
o2 . rmera] Af (3.16)
ma = — 22 [P+ @) 48 + 268984 Cim,
e = — 2885 [@+ @] + 25258, Cim,
foo = 2xg°v§fv<czae+czm>
J:ﬁ, = 2x25284(Cre + Cim), 3.17)
ffpol = - 2’Cgvgfb‘(CRe'l'CIm):

jgb—pol = - zngqg’\"(CRe'"CIm),
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with
a(s)

CIm IQle ] _S

Cre = |Q.Qf|Fe— a(s) (3.18)

Using Equations 2.35, 3.8, 3.16, 3.17, neglecting the y-exchange and taking the correct
normalization given in Equation 2.32 the asymmetries on the Z peak read:

385838h8%
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Note that in this approximation A, = ﬂ!pol Asp—pol-

The effective coupling approach has six parameters to describe the process e*e™— f f,
mz, Tz, 85, 85, & &,. Since the effective coupling ansatz originates from a Feynman
graph formulation in contrast to the S-matrix approach, the initial state parameters 25 and
&5, are the same for all decay modes. Hence, they can be determined also in other Z decay
processes.

3.3 The Partial Width Approach

The partial width approach describes the scattering process by the creation and the decay
of a resonance. The Z-exchange term, r,fm, reads:

L.
A =9 asz%, (3.21)

- T, and Ty are the partial decay widths of the Z boson into an e*e™ and an ff pair and are
given by:

Gumy . n m n n
h=crh Y +@7] = x5t [@7+ @] (3.22)
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The yZ-interference term, j{m, cannot be expressed as a function of I', and I'y. Possibilities
to handle jfot in this approach are (see [9]):

o leave j{m as a free parameter,
e assuming j{m is zero,

o fixing jfot to the Standard Model expectation value, given by:
Fior = 2855I Cre + Cim)- (3.23)

The first method is preferred, because it allows to take into account possible correlations
of f{; with the other parameters of the ansatz.

The partial width approach has four free parameters, mz, I'z, I, I'r and Flor, Which
describe the total cross section for e*e~— ff. T’ can be also determined by analyzing
other decay channels.




Chapter 4
The L3 Experiment at LEP

4.1 The LEP Collider

The Large Electron Positron collider, LEP [20] at CERN, is located between the Jura moun-
tains and the Geneva airport on both sides of the border between France and Switzerland
(see Figure 4.1). LEP is the last part of a chain of accelerators (see Figure 4.2).

France

Figure 4.1: The LEP collider at CERN.

Before the electron and positron bunches are injected in LEP, they have to be accumu-
lated and accelerated to 20 GeV. This is done by the following system of accelerators:

o The LEP Injector Linacs (LIL) create electrons and positrons and accelerates them
to 600 MeV.

25

B
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Figure 4.2: The LEP injection setup.

¢ The Electron Positron Accumulator (EPA) accumulates these particles into bunches.
e The Proton Synchrotron (PS) accelerates the bunches up to 3.5 GeV.

o The Super Proton Synchrotron (SPS) accelerates these bunches to 20 GeVand injects
them into the LEP ring.

The LEP collider is in the form of an octagon with rounded corners and a circumference
of about 27 km. The circumference is defined by the design energy at which LEP operates
and the requirement of a minimal energy loss due to synchrotron radiation. The nominal
LEP parameters are listed in Table 4.1 [20]. The main components of the LEP collider
are: '

 Eight bending sections of 2840 m length each, with a total of 3304 dipole magnets,

o Eight straight sections, four equipped with the experiments ALEPH [21], DELPHI
[22], L3 [23] and OPAL [24]. To increase the luminosity the beam is compressed
using superconducting quadrupole magnets on each side of an experiment.
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Circumference 26658.883 m
RF frequency 352.20904 MHz
RF gradient 1.474 MV/m
Total RF power 16 MW
Number of RF cavities 128
Harmonic Number 31320
Revolution time 88.92446 us
Number of bunches per beam | 4 (8 since August 1992)
Number of interaction points 4

Number of experimental areas 4

Average beam current 3mA
Horizontal beam radius 300 um
Vertical beam radius 12 uym
Bunch length 16 mm
Dipole field 005T
Maximum luminosity 1.6 x 10°*! cm=25~!
Injection energy 20 GeV

Table 4.1: Nominal LEP parameters

e Two of the straight sections contain the radiofrequency (RF) cavities to accelerate
the injected beam to the required collision energy and replace the energy lost by
synchrotron radiation.

LEP is currently running at a center-of-mass energy around the Z pole of 91 GeV.
In 1990 and up to August 1991 (1991a) LEP ran at 7 different center-of-mass energies
in the vicinity of the Z resonance. Since then, until the middle of 1993, LEP has run
exclusively on the Z pole. The history of the integrated luminosity delivered to a single
LEP experiment is shown in Figure 4.3. Up to the end of 1992 an integrated luminosity
of 40.8 pb~! was collected by the L3 experiment. This corresponds in total to 1.2 x 10°
Z boson decays.

4.2 The Energy Calibration of LEP

4.2.1 Methods

The mass, mz, and the width, Iz, of the Z boson can be measured at LEP with outstanding
precision. In order to benefit from the high statistics of the accumulated data sample and
the accuracy of the cross section measurements, a precise calibration of the LEP energy
is required [25, 26]. Four different methods are used, which also allow for cross-checks
between them:
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Figure 4.3: Integrated luminosity delivered to a single LEP experiment.

1. The magnetic field in the bending magnets is monitored continuously by measuring the
field in a reference magnet. This magnet is connected in series with the LEP ring
magnets, but is kept in a well controlled environment with temperature stabilization.
The magnetic field strength is determined by measuring the induced current in
a flipping coil. The reproducibility of the field display measurements is about
2.5 x 1073, The results of this method are used as reference and all corrections are
performed with respect to them.

2. Each dipole is equipped with a closed loop of copper wire. Altering the dipole current,
- the induced voltage in the flux loops is a direct measurement of the magnetic field
with an absolute precision of about 10~4, which corresponds to 6 MeV on the beam
energy. However, this method is not sensitive to constant fields and additional
bending of the quadrupoles and sextupoles for particles circulating on non-central
orbits.

3. The momentum of the circulating particles can be determined from their velocity, if
they are not ultra-relativistic. Therefore, protons of 20 GeV are injected in LEP with
the same magnetic settings as for positrons. The momentum of the protons can be
measured by the frequency of the RF cavities. The precision of this measurement
is high, but decreases due to the extrapolation to 45 GeV.

4. Resonant depolarization uses the fact that the LEP beams can be transversely polarized
to a level of more then 30%. The spin precession frequency is measured by superim-
posing an additional oscillating magnetic field. If the oscillating field has the same
or a multiple frequency as the spin precession, beam depolarization occurs. This
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frequency is related to the beam energy and allows its most precise measurement
close to data taking conditions.

The energy measurements have to be corrected for several systematic effects:

¢ The dipole cores are filled with cement mortar. Due to dehydration the cores shrink
which changes the flux-loop response.

e The correlation between the flux-loop measurements and the temperature was
demonstrated with controlled experiments and the results are used for the tem-
perature correction.

¢ The flux-loop measurements are not sensitive to constant fields. Therefore, they
have to be corrected for the earth’s magnetic field.

¢ The electrons and positrons lose about 120 MeV of energy per turn due to synchrotron
radiation. This loss is compensated by the RF units at only two points and causes a
variation of the mean beam energy around the ring. Furthermore, the distribution of
the mean energy of the beams around the ring depends on the actual hardware status
of the collider. A fill-to-fill correction, different for each experiment, is applied.

e The tidal forces from the moon and the sun distort the spheroidal shape of the earth.
The local change of the earth’s radius induces an expansion of the earth crust. The
26.7 km circumference of LEP is changed by about 1 mm. This causes an beam
energy change of about 15 MeV from low to high tide. This effect was observed
with the resonant depolarization measurements (see Figure 4.4 from [27]).

100 B L | i { T ‘# L | 1 ]
AE/E or
(ppm)
-100 |
11 November 1992
PSSO SN N S SR TR N SUN SN WA A S A S N SR WU MU SOIEN W WUUN: TSN FURY S T
0:00 4:00 8:00 12:00 16:00 20:00 24:00 4:00

Figure 4.4: Change in energy of the LEP beams measured by resonant depolarization over
time. The solid curve is the expected change of energy caused by tidal effects.
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4.2.2 . Treatment of energy errors

For a precise measurement of the Z resonance one has to know the errors on the corrected
LEP energies. To do so, the errors on the energy measurements and the calibrations are
combined into four uncorrelated numbers:

¢ The absolute energy scale, (AEE—),,I,S, which is defined by resonant depolarization at
the energy E.4.

¢ The local energy-scale error, Aa, accounts for the uncertainty of the local energy,
Ej,c, which is measured with flux loop. This error is proportional to the difference
between E,. and E ;.

¢ The energy-point-to-energy-point error, (% 2 —p» takes into account higher order

effects in the relation of the field display and the magnetic field in the dipoles.

¢ The non-reproducibility error, (%)mp, accounts for uncertainties in the temperature
measurements and tidal corrections and the unknown status of the RF and corrector
settings.

o The last two errors can be combined into an energy-point-to-energy-point error,
(45),_,_,» for each energy point i:

SR CEE N

where K;,-",,s is the luminosity weighted number of fills:

fillsG) 112
N jiills = (EZ}S(,) sz) . (42)
T L
One can define a Gaussian distributed random variable, X, with zero mean and unit
variance. The fluctuation of each energy point around the luminosity weighted mean of
its various fills is then described by:

AE  (AE (B — Eca)) AE\' .
— == = eal -y L 4.
= ( = )abs X Xaps ® = Aa x X, & ( 5 )p—-t—p XX, i p 4.3)

The energy errors for 1990-1992 are summarized in Table 4.2.

4.2.3 LEP beam spread

The distribution of energies of single particles in the electron and positron bunches is
finite. The width of this distribution scales linearly with energy and amounts to 51 MeV
at 45 GeV beam energy.
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Energy Error | 1990, 1991a 1991b 1992
Eca [GeV] 91.2 93.0 93.0
Ao 1.5x107* 1.5x10* 1.5x10°?
(“F)abs 2.9x10™* 5.7x107° 2.0x10™*
(=, 3.0x1073 3.0x107° 3.0x1073
(4),.p 1.0x10* 1.0x10™* 1.0x107*

Table 4.2: Summary of the LEP energy errors for 1990 - 1992.

4.3 The L3 Detector

The L3 Detector [23,28] shown in Figure 4.5 is one of the four general purpose detectors |
installed in the LEP ring. It is designed to measure €*e~ collisions up to an energy

=t
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=
<

Magnet Yoke L3

Magnet Coit

Figure 4.5: The L3 detector

of 200 GeV, with emphasis on the precise energy measurement of leptons, photons and
hadron jets. The whole detector is installed within a 7800 ton magnet with a field of
0.5 Tesla. The detector consists of the following subdetectors, which are described in
subsequent sections:

¢ the muon detector,
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the hadron calorimeter (HCAL),

the scintillation counters,

the electromagnetic calorimeter (BGO),

the central track detector, subdivided into the Time Expansion Chamber (TEC) and
the z-detector,

o the luminosity monitor.

The subdetectors are supported by a 32m long, 4.45 m diameter steel tube. The axis of
the tube is aligned to the beam axis. The muon detector is mounted on the outside of the
tube, while all other detectors are placed inside in its central section. This design allows
the momentum of a track in the muon chambers to be measured accurately. The inner part
of the L3 detector is divided into a barrel and a forward-backward section.

4.3.1 The L3 coordinate system

The origin of the right-handed coordinate system (see Figure 4.6) coincides with the
geometric center of the detector, which defines also the nominal interaction point of the
e*e™ beams. The z direction corresponds to the direction of the electron beam. The y
direction points vertically upwards and the x direction points to the center of the LEP
ring. The distance in the (x,y) plane to the geometric center is denoted with the radius,
r. The polar angle, 6, is the angle in the (s, z) plane with respect to the z axis, while the
azimuthal angle, ¢, is the angle in the (x, y) plane with respect to the x axis. For details of
the definition of track parameters for particles traversing the detector see Section 6.6.3.

Figure 4.6: The coordinate system of L3.
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4.3.2 . The muon detector

The design goal of the muon detector is to determine the momentum of muons at 50 GeV
with an accuracy of Ap/p = 2%. This is achieved by measuring the curvature of the muon
tracks in a solenoidal magnetic field of 0.5 Tesla. The muon detector consists of two ferris
wheels subdivided into octants. One octant contains five chambers in three layers. Figure
4.7 shows a schematic view of a muon detector octant. The inner layer is supplied with

Outer Chamber (MO)
16 wires NUUIINIOTNGUTNITT] | TN -
& Receiver
Middle Chamber (MM)
. ) 29m
24 wires \]‘||Ii|||l|||||||“|||||||||”| III!IIlIIIIIIIIIHIIIIIIIIIIIJ/
¥ Lens
inner Chamber (MI) ! LED
16 wires  NIMIRRITQMRTTIORNT /—————%—

Figure 4.7: An octant of the muon chambers

one chamber and the middle and outer layer with two chambers each. The main part of
the muon detector is formed by the precision chambers (P-chambers), which measure the
projection of the track in the (r, ¢) plane. The chambers are equipped with 16, 24 and
16 wires for the inner, middle and outer layers respectively. The single wire resolution
is 200 ym. The polar angle of a track is measured with the z-chambers with a resolution
of 500 yum. The z-chambers are installed at the top and bottom of the inner and outer
layers. The relative position of the layers is monitored with an LED alignment system.
The curvature of the muon track is determined with the sagitta method. The lever arm of
the chambers is 2.9 m and a sagitta of 3.4 mm is expected for a particle momentum of 45
GeV. The sagitta has to be measured with an accuracy of As = 70um to reach the design
goal for the momentum resolution. The following sources contribute to the error of the
sagitta measurement [29]:

e the uncertainty of the single wire resolution, which is 54 um,

e the multiple Coloumb scattering of the muon traversing the muon chambers, esti-
mated to 31 um, :

e the uncertainty of the internal alignment of the three layers of an octant, with 33 ym.
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Experimentally As is measured to be very close to the required value of 70 um. The
resolution for muons with 45 GeV is 2. 5% (see Figure 4.8).
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Figure 4.8: The momentum resolution of the muon detector for 45 GeV muons.

4.3.3 The hadron calorimeter

The energy of hadrons coming from e*e~collisions is measured by the total absorption
technique using an electromagnetic and a hadron calorimeter. The hadron calorimeter
(see Figure 4.9) consists of three parts:

e the hadron calorimeter barrel with an angular coverage of 35° < 6 < 145°,

e the forward-backward hadron calorimeter with an angular coverage of 5.5° < 6 <
35°and 145° < 0 < 174.5°,

e the muon filter, mounted on the inside wall of the support tube.

The combined coverage of the hadron calorimeter is 99. 5% of 4z. It is made of depleted
uranium absorber plates interspersed with proportional wire chambers. The wire chamber
signal is proportional to the number of charged tracks in the shower, which is linearly
related to the energy of the incoming particle. The barrel has a modular structure consisting
of 9 rings of 16 modules each. The endcaps consist of three rings, splitted vertically into
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Figure 4.9: The hadron calorimeter

half-rings. The wires of each module are grouped in towers, which cover A8 = 2° and
A¢ = 2°. The material of the electromagnetic calorimeter, the hadron calorimeter and
the support structure corresponds to 6 nuclear absorption lengths at normal incidence.
An additional absorption length is introduced by the muon filter to make sure that only
minimum ionizing particles reach the muon detector.

The hadron jet energy resolution of the calorimeter was measured to be (55/vE +8)%
[23]. The direction of the jet axis can be measured with a resolution of about 2. 5°.

4.3.4 The scintillation counters

The scintillation counters are located between the hadron and electromagnetic calorimeters
and consist of 30 single plastic counters. Their main goal is to distinguish cosmic muons
passing the detector center from e*e™— u*u~events, coming from a Z decay. Therefore,
a good time resolution is required. The time difference between opposite scintillator hits
for a cosmic muon traversing the detector is about 6 ns, while it is 0 ns for muons from
the detector center. The distribution of the measured time, corrected for the expected
time-of-flight is shown in Figure 4.10 for ete™— u*u~ events. A resolution of 460 ps is
achieved. Furthermore, the scintillator hit multiplicity is used to trigger hadron events.
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Figure 4.10: Scintillator time corrected for the expected time-of-flight.

4.3.5 The electromagnetic calorimeter

The electromagnetic calorimeter is designed to measure the energy and position of elec-
trons and photons with excellent resolution for energies between 100 MeV and 100 GeV.
It consists of about 11000 bismuth germanate (BGO) crystals pointing to the interaction
region. The BisGe;0,; crystals are used as absorption and detection medium, to ensure
that the complete shower is measured. The detector is subdivided into (see Figure 4.11):

e two half barrels with a total of 7680 crystals; the polar angle coverage is 42° < 8 <
138°,

¢ two endcaps, each made of 1527 crystals ; the polar angle coverage is 11.6° < 8 <
38° and 142° < 6 < 168.4°.

The BGO crystals in the barrel are in the form of truncated pyramids with a front face of
2 x 2 cm? and arear face of 3 x 3 cm?. Their length of 24 cm corresponds to 22 radiation
lengths. All crystals point to the interaction region, but with a small tilt in the azimuthal
direction, to reduce the probability that particles traverse the calorimeter in the support
structure between the crystals, without showering. The support structure and clearances,
to ensure that a structural deformation does not affect the crystals, represent 1.75% of the
solid angle covered by the barrel. Each crystal is equipped with two photodiodes glued to
its rear face. Due to the wide energy range measured with the electromagnetic calorimeter,
ADC'’s with a dynamic range equivalent to 21 bits and 10 bits resolution are used.
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Figure 4.11: The BGO electromagnetic calorimeter.

The barrel part of the calorimeter was calibrated in a test beam with electrons of
various momenta from 180 MeV to 50 GeV. An energy resolution of 4% at 100 MeV
and better than 1% at high energies was measured (see Figure 4.12). Apart from the test
beam calibration a continuous calibration and monitoring of the calorimeter is required.
A Xenon flasher monitoring system measures the transparency of the crystals by shining
light pulses on each crystal and detecting the response of the photo diode. A global
energy calibration at two energy points is possible. Using e*e~— e*e™ events the detector
response is calibrated to the beam energy. In addition the minimum ionizing signal of
cosmic muons provides a intercalibration point at low energies [30].

4.3.6 The central track detector

The central track detector [31] is designed to measure tracks from charged particles
with high spatial resolution in the limited space available within the electromagnetic
calorimeter. The main purposes of the detector are:

¢ measurement of the position and direction of charged tracks,
¢ determination of the transverse momentum and the charge of particles up to 50 GeV,

e prediction of the impact point of a charged particle in the electromagnetic calorime-
ter,

¢ reconstruction of the interaction point and possible secondary vertices.
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Figure 4.12: Energy resolution of the barrel electromagnetic calorimeter.

The central track detector consists of the following parts (see Figure 4.13):

e two concentric gas drift chambers operating in the time expansion mode (TEC), to
measure the (r, ¢) coordinates of a track,

¢ two concentric proportional wire chambers with cathode strip readout mounted on
the outside of the TEC, the z-detector [32], to measure the z coordinate,

e a plastic scintillating fiber ribbon (PSF) used as reference to calibrate the drift
velocity in the time expansion chambers.

The volume of the TEC is subdivided into sectors consisting of a large drift region with
low electric field and a small amplification region with high electric field. In the latter
region gas amplification occurs and the electron avalanche is detected by the anodes. The
two regions are separated by a grid plane, to obtain a homogeneous drift field in the drift
region. The TEC operates with a gas mixture of 80% CO, and 20% isobutane. The drift
velocity is typically 6um / ns. The low drift velocity (about 10% of conventional drift
chambers) permits a time “center-of-gravity” measurement of the anode pulse, which is
therefore sampled with a 100 MHz flash analog-to-digital converter (FADC).

In the TEC chambers all wires are strung in the axial direction, parallel to the beam
pipe. The inner TEC is subdivided into 12 sectors, measuring 8 coordinate points in the
(r, ¢) plane and the outer TEC is subdivided in 24 sectors with 54 coordinate points. The
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Figure 4.13: The central track detector.

lever armis 31.7 cmin the (7, ¢) plane. Since the TEC sectors are symmetric with respect
to the anode plane, it is impossible to decide by only measuring the drift time on which side
of the anode plane the track passed. To resolve this ambiguity the signal of pick-up wires
in grid planes is read out and the tracks measured in inner and outer TEC are matched. The
wire layout of the TEC is displayed in Figure 4.14. To support the drift velocity calibration
of the TEC each outer sector is equipped with a plastic scintillating fiber (PSF) ribbon.
Each fiber yields an azimuthal resolution of 700/ v/12 ym. The drift velocity can be
determined by analyzing the relationship between the drift time and PSF position for each
anode. Since the anode wires are strung in the z direction, the drift time does not contain
information on the z coordinate of the track. Therefore, some anodes are read out on both
ends. Since the resistance of the wires is finite, a comparison of the integrated charge
signal of both sides determines the z position (charge division principle). A resolution of
several cm has been measured. To complete the position measurement of the track with a
precise determination of the z coordinate, the TEC is surrounded by two proportional wire
chambers with cathode strip readout, the z-detector, which measure the z position with a
resolution of about 300 um for tracks crossing the chambers perpendicularly. The design
and operation of these chambers will be described in more detail in Chapter 5.
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Figure 4.14: The wire layout of the TEC.

4.3.7 The luminosity monitor

The luminosity monitor measures the LEP luminosity at the position of the L3 detector us-
ing small angle Bhabha scattering. The monitor consists of two half-detectors, positioned
in front of the calorimeter endcaps on either side of the interaction region in a distance of
z =% 2.65m. Each half detector consists of:

e an array of 304 BGO crystals (see Figure 4.15), with an angular coverage of
24.93 mrad < 6 < 69.94 mrad,

e atracking chamber mounted in front of the BGO crystals, to measure the polar angle
of the tracks.

Every crystal is mounted with a photodiode and an LED to monitor the transparency. The
calorimeters have an energy resolution for electromagnetic showers of 2%. The angular
resolution is 0.4 mrad in 6 and 9 mrad in ¢.

4.3.8 The trigger system

The goal of the trigger system is to record only the detector signals from those beam
crossings in which particles came from the e*e™ interaction point. This task is performed
by a chain of three trigger levels with intermediate event buffering. The complexity
of the decisions increases with each level, while the trigger rate decreases from beam
crossing rate down to a few Hz written onto tape. The function of the level-1 trigger is
to select interesting events with loose criteria, while level-2 and level-3 have to reject the
background which was selected by level-1.
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Figure 4.15: Crystal arrangement in the luminosity monitor. The detector is split into two
vertical planes.

Level-1 trigger

The level-1 trigger is based on five single triggers from different subdetectors. Each
trigger starts operation at beam crossing. If one of the triggers gives a positive result the
whole detector is read out and the information is buffered, waiting for the level-2 decision.
The level-1 trigger rate is typically less than 8 Hz with a dead time of less than 5%. The
trigger components of level-1 are: '

1. the energy trigger, which selects events which deposit energy in the hadronic or
electromagnetic calorimeters, including e*e~, 7*7~, hadronic and vvy final states,

2. the scintillator trigger is used to select high multiplicity events,

3. the muon trigger is designed to select events, where at least one particle traverses the
muon chambers,

4. the TEC trigger detects events with charged tracks,

5. the luminosity trigger selects Bhabha events in the luminosity monitor.
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Level-2 trigger

The level-2 trigger uses the coarse data from level-1, the level-1 results and a more
detailed TEC information for analysis. At level-2 one has more time to spent on one event,
which allows more complicated decisions and one can combine information from different
subdetectors. The level-2 trigger removes calorimeter triggers induced by electronic noise,
beam-gas events, beam-wall intcractions triggered by TEC and synchrotron radiation.
Events with more than one positive decision of the single triggers at level-1 are not
rejected. The output rate of level-2 is less than 6 Hz.

Level-3 trigger

The level-3 decision relies on the full detector information for the event. The calculation
here is based on the final digitization of the signals. Thresholds are defined more pre-
cisely. Therefore, a further background suppression can be achieved. The quality of the
correlation of subdetector signals is also improved. Events with more than one trigger
on level-1 are not rejected by level-3. Luminosity triggers from level-1 are also all kept.
The output rate is reduced to 2-3 Hz and is delivered to a memory buffer, from where the
events are written to tape.
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The Z-Detector of L3

3.1 Design and Operation Principles

The z-detector supplements the measurement of the azimuthal angle, ¢, from the TEC with
two precise determinations of the z-coordinate. Furthermore, a rough measurement of ¢
is performed in order to match the measurements of the z-detector to the track measured
by the TEC. This allows a complete measurement of the direction of a charged particle
within the vertex chamber and its entry point into the BGO.

The z-detector consists of two cylindrical proportional wire chambers with cathode
readout, mounted on the outside of the TEC. The mean radius of the detector is 0.48 m
and the effective length 1 m. Figure 5.1 shows the position of the z-detector within the
central track detector. Three self supporting cylinders form the mechanical frame of the
detector. These cylinders are constructed as a sandwich of glass fiber reinforced Kapton
foils and foam. The cathodes are glued onto the Kapton foils.

The measurement of the image charges of the avalanche, induced on the cathodes,
allows a localization of the avalanche position along the wire, which is much more precise
than expected from the cathode strip width. For a description of the z-detector and its
performance see also [32].

5.2 Cathode Readout

The position measurement capability of a proportional wire chamber is much improved
by measuring the induced charge distribution on the cathode strips ( see for example [33]).
Generally, the distribution of the image charges, induced by the electron avalanche at the
anode wires, is represented by the solution of the electrostatic problem. There are several
approximate solutions described in the literature:

(a) Inreference [34] the image charge on the cathode is obtained neglecting the effects of
the anode wires and the opposite cathode;

43
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Z-Detector PSF TEC

e @ ® 600000t

Figure 5.1: A cutaway view of the central track detector perpendicular to the chamber
axis. Labels 1 and 2 denote the anode wire planes, labels u, z, v, z’ the cathode layers of
the z-detector.

(b) In reference [35] the charge distribution is calculated assuming a continuous anode
plane instead of single wires, but the effect of the opposite cathode is also neglected;

(c) In reference [36] the effect of the image charges induced by a charge cloud sitting at
an anode wire on both cathode planes is taken into account.

There is experimental evidence that the first two models, (a) and (b) do not describe the
real charge distribution [37], but the third one, (c), does [36]. Model (c) is used for the
z-detector to describe the charge deposition and its coordinate.

For the electrostatic case, the induced charge density o(z — z,,y) on both cathode
planes by the charge, Q, of the avalanche sitting on the anode wire at z, is described by:

@n+ 1L
{@n+ 1212 + (z — z)* +y*}3%’

0~ 203) = 52 (-1 5.1)
n=0
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where L = 3.5 mm is the anode-cathode distance. The coordinate system is shown in
Figure 5.2. To obtain the charge distribution projected onto the z axis, 6(z — z,), one has

TN
Z yd
/
/;;Avalanche -
/
L
L Anode Plane

Cathode Plane

VA

Figure 5.2: The coordinate system for the cathode read out used in model (c).

to integrate over the y axis:

/ " oz- Za, Y)dy

o(z— z4)

-0 i(—l)" @n+1)L

T = @n+ 1212 + (z — z,)?
—Q ., 2)

4L 2L
If the cathode plane is subdivided into strips of infinite length along the y axis, one
integrates over the width of one strip, ® = 4.45 mm, and gets the induced image charge,
0, on the i’th cathode strip at the position, b <z < b+ o:

_Q b+ n(z_za)
O i, sech L dz

= ;—g [arctan(e"(z‘z“)’u)] I:m ; forb20. (5.3)

52)

The coordinate of a cluster in the z-detector is calculated by a charge ratio method,
proposed in [38]. This method considers only the strip with maximum charge, Q;, in the
cluster and the charge of the adjacent strips, Q;_; and Q;,;. The charge ratios,

R. = Qi1/0;
R, = Qin/0; (5.4)
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are related to the position of the avalanche, z,, via Equation 5.3. The advantage of the
coordinate determination by charge ratios is, that it is independent of cross-talk, if the latter
is symmetric about the central strip. In order to obtain an optimal coordinate resolution
for the cathode readout the ratio r = @/ L has to be of the order of 1 to 2. The resolution
is then estimated to be 0.07 — 0.008 x L . For the z-detector r is 1.3. The resolution in
this model is thus expected to be 280 ym.

5.3 Construction of the Z-Detector

The z-detector has to fit into the radial space of 22 mm between the TEC and the BGO.
The necessary stability of the mechanical frame to hold the force of 2048 anode wires,
ca. 2 kN, is achieved using a sandwich construction of the cylinders. Each cylinder
consists of two glass fiber reinforced Kapton foils. The space between them is filled
with polyurethane foam. The outermost and middle cylinder form one z-chamber and the
innermost and the middle cylinder the other one. The sandwich structure is illustrated in
Figure 5.3. The active length of the detector is 1068 mm, the inner radius is 467.5 mm and

<— 1 (100 pm)
<—2(2090um)  Outer
<~ 3 (200 Cylinder
Outer <—4§110ﬁ§
Z-chamber
I———— 5 (7000pm)
Middle
Cylinder
z-Layer
I— 5 (7000 pum)
Inner u-Layer :
Z-chamber / R e ~—4(110um)
<~—2(2590pum)  Inner
-~ 3(200 Cylinder
-1 glOO ﬁg

Figure 5.3: The sandwich structure of the z-chamber cylinders. The labels indicate the
different layers with their thickness: 1 - Copper plated Kapton foil, 2 - Polyurethane foam,
3 - Glass fiber epoxy, 4 - Kapton foil with copper strips, 5 - Gas volume .

the radial thickness amounts to 21.5 mm. The mechanical tolerance of the construction
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is 200 ym. The material of the detector corresponds to 2% of a radiation length for a
particle traversing the detector perpendicularly. Within one chamber 2 x 512 anode and
field shaping wires are strung alternating in the axial direction. The Kapton foils are
plated with 35 um copper and form the cathode layers. The four cathode layers consist
of 240 strips each, with a width of ® = 4.45 mm. Two of the layers (z and z’) have
ring like strips perpendicular to the chamber axis to measure the z-coordinate. For the
remaining two layers (u and v) the cathodes form a helix with an angle to the chamber axis
of £ 69°. The u and v layers allow the azimuthal angle to be measured in order to match
the measurement of the z-detector with the track measured in the TEC. The z-measuring
cathode layers, z and z’, are displaced with respect to each other in axial direction by half a
pitch. For a detailed definition of all relevant z-detector geometry constants and variables
see Appendix A.

5.4 Readout Electronics

The electronic chain to read out the cathode strips consists of a preamplifier, line driver,
and charge to digital converter (QTC) (see Figure 5.4). The capacity of a cathode strip

Preamplifier Line Driver QTC

Input _?_

20 kQ[ ]- 10 pF

Calibration | Gate

Figure 5.4: Principal scheme of the readout electronics of the z-detector.

is on average 500 pF. This results in a noise level of 15000 electron charges, Q., at the
preamplifier input. The preamplifiers are thick film hybrids and are mounted in shielded
boxes on the end support rings of the detector. The preamplifier signals are fed to the line
drivers via 45 m long coaxial cable. The line drivers generate a differential signal, which
is sent via 80 m of twisted pair cables to the QTC. The QTC integrates the incoming signal
over a time gate of 300 ns and produces a digital output proportional to the induced charge
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on the strip. Since the z-coordinate measurement relies on the determination of charge
ratios of adjacent strips, the amplification of each electronic channel is measured. This is
done by feeding a test charge into a single preamplifier input and calibrating the response
of the QTC. Furthermare, the cross talk to the adjacent channels can be measured.

5.5 Test Run Results

The performance of the z-detector was studied using hadrons with a momentum of 13 GeV.
The trajectory of the particles was measured using four silicon microstrip detectors with
a pitch of 50 ym up and downstream of the z-detector.

The chambers are operated typically at 1600 Volts. A gas amplification of 5 x 10* was
measured with a gas mixture of 80% argon and 20% CO,. Before analyzing the data, the
QTC signals are normalized to each other and common noise and pedestals are subtracted.

The spatial resolution of the chambers is determined by calculating the difference
between the silicon microstrip detector prediction, zusp, and a single z-chamber measure-
ment, zcy, Where zcy can be z or z, the coordinates of the cathode layers z and z’. The
width of a Gaussian fit to the distribution 8z = zcy — zZmsp gives the z-chamber resolution.
The single track resolution without corrections for the amplification and cross-talk was
measured to be:

ocu = 350um, (5.5)

for an angle of the beam to the chamber axis of 87° and
ocu = 470um, (5.6)

for an angle of 66°. The contribution of the silicon microstrip detectors to the resolution can
be neglected. If the amplification of the channels is normalized, the resolution improves
by 10% (see Figure 5.5). A cross-talk correction does not improve the result.

In order to determine the efficiency, only events were considered, where at least three
of the silicon microstrip detectors detected a signal. Then a z-chamber hit was counted if

one found a signal within £ 3ocy. The efficiency of each chambers was determined to be
97%.

5.6 Performance during Data Taking

The performance of the detector in situ is studied using clean samples of e*e™— u*u™ and
ete”— e*e™ events taken in 1991 and 1992, which are selected using information from
the muon chambers and the BGO. Figure 5.6 shows an example of such an event, detected
in the z-detector.
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Figure 5.5: (a) Resolution of one z-chamber in test run for an angle of the beam to the
chamber axis of 87°; (b) resolution for the same condition as in (a), but the amplification
of the channels is normalized. ocy is the result of a Gaussian fit to §z.
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Figure 5.6: An e*e™— e*e™ event detected in the z-detector.

5.6.1 Signal-to-noise ratio and cathode charge correlations

Figure 5.7 shows the charge sum of all hits belonging to one cluster for one cathode layer.
Its shape reflects well the expected Landau distribution. An important characteristic of
the chamber is the signal-to-noise ratio S/N:

S/N=—=2 .7
Y O,

Q, is the charge of each of the three adjacent strips around the maximum of the cluster
and the 0peq; are the pedestals widths of each of these channels. Figure 5.8 shows the
distribution of S/N superimposed with a noise peak. The noise peak is calculated with
three channels not belonging to a cluster. This peak around S/N=0 is clearly separated
from the signal.

The charge avalanche at the anode wire induces equal image charges on both cathodes
layers. Therefore, the clusters of the layers assigned to the same track should carry the
same charges. Figure 5.9(a) shows the scatter plot of the charges, Q, and Q,. The expected
linear correlation between Q, and Q, is confirmed. Q, and @, show the same effect. In
Figure 5.9(b) the asymmetry

_8_Q_ - Qz — Qu

Q0 O+

is plotted. The width of §Q/ Q is 8%. Since the amplification calibration of the readout is

done channel by channel for each layer separately, the slope in Figure 5.9(a) is not equal
to one and the mean value of §Q/ Q in Figure 5.9(b) is not necessarily zero.

(5.8)
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Figure 5.8: S/N ratio for charge clusters superimposed with a noise peak around S/N = 0.
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Figure 5.9: (a) Scatter plot of charges Q, and Q, measured at opposite cathode layers. (b)
The asymmetry 6Q/ Q for Q, and Q,.
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5.6.2 .Z-vertex measurement

In order to determine the resolution of the detector, one of the chambers serves as reference
for the other, because one has no outside reference frame which measures the z-coordinate
with a comparable resolution to the z-detector. Therefore, the measurement of the inner
z-chamber, z, is then extrapolated to the outer one, z,, assuming the position of the
interaction point in the z direction of the event, the z-vertex, V;, is known,

Zax =V, + Ijg(z - V). 59
R,

R; =474.5 mm and Ry = 483.5 mm are the radii of the inner and outer anode wire plane
respectively. V" can also be measured with the z-detector for e*e™ and u*u~ events under
the assumption that there is no additional photon in the final state. Then both tracks are
strictly back-to-back and one can connect all four z-coordinates by a straight line. The
crossing point of this line with a line in z direction through the point V% 1 gives the vertex
position of the event in z direction, V¢, (see Figure 5.10) with a resolution of

Oyer = 2CH, (5.10)

From the test beam results (see Equations 5.5, 5.6) one expects 6y < 0. 5mm. In the more
general case of a final-state photon or the tracks originate from a secondary vertex, i.e. the
decay of the 7 lepton, one has to introduce an additional degree of freedom in the vertex
determination to account for an acollinearity between the tracks. In this case the resolution
of the z-vertex, Oye, is of the order of 25 mm, which is larger then the bunch length (see
Table 4.1). Thus, the z-chamber provides a meaningful z-vertex measurement only for
event classes, where the acollinearity between the tracks can be neglected. Nevertheless,
using e'e”— e*e” and e*e”— u*u~ events one can determine an average position, (V*),
and width, o™ of the interaction region. (V?*) and o™ are then used to constrain the
z-vertex position in a fit to determine the polar angle of a track. Since the width of the
interaction region, o¢.™, is mainly determined by the length of the positron and electron
bunches, the contribution due to the finite z-detector resolution can be safely neglected.
(V2*) is not constant over a certain data taking period at LEP. The variation is related to
changes in the hardware status and the operating conditions of LEP. However, one can
assume that during one fill of LEP the status does not change considerably, because this
would cause a loss of the beam. Therefore, the interaction position can be considered
as constant during one fill. A time dependent determination of (V") is performed by
averaging the e*e™— pu*p~and e*e™— e*e~events fill by fill. Figure 5.11 shows these fill
vertices, VA = (Ve"}¥ for 1991 and 1992. Figure 5.12 shows the results of a Gaussian fit
to the V;” distribution for the 1991 and 1992 data sample. For 1991 and 1992 one finds a

The point Vf;’ is the average position of the interaction point in x and y direction for one LEP fill. Thus,

its definition corresponds to the definition of Vf” , which will be given later on in this chapter. This point is
determined using the TEC [39].
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Figure 5.10: Z-vertex determination using the z-detector.
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Figure 5.11: The fill vertices, V%, for (a) 1991 and (b) 1992.
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Figure 5.12: Width of the interaction region in z direction measured with e*te™— y*pu~and
ete”— e*e"events taken in (a) 1991 (b) 1992.
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width of the interaction region of:

o"(1991) 10.1 + 0.1mm, 5.11)
o"(1992) = 7.40 + 0.06 mm. '

5.6.3 Single hit resolution

As shown in the previous section, in general, a precise determination of the z-vertex for
one event is not possible. Therefore, one has to use V#* in Equation 5.9:

Zee = VI + Ro - Vi, (5.12)
R,

The width, o,,,, of the distribution of the difference between the coordinate measured in
the outer chamber and the projection of the coordinate from the inner chamber, 6(z — zex),
is a function of the resolution of inner and outer z-chamber, 6z and 679, and the finite
size of the interaction region, 6™:

, R , "
Oran(2) = 0(Z — 2ex) = \] R—‘z’crzz(z)2 + 070(2)* + 674(2)%, (5.13)
7
where 8(z) is the width of the interaction region projected onto the outer z-chamber. It
can be expressed as follows:

Ro — Ry

8(z) = sin 8(z)0™™, (5.1
where 6 is given by the inner z-coordinate, z. 87(z) has its maximum at z = 0, which
amounts to 20 um. Therefore, the contribution of §%(z) to the z-chamber resolution can
be safely neglected, since the theoretically expected resolution is 280 um (see Section
5.2). If one assumes that the resolution for both chambers, ocy, is the same, Equation
5.13 simplifies to:

R2
Oran(2) = (R—;’ +1) oca). (5.15)
I
Since Rp / Ry = 1.019 = 1, ocy can be finally written as:
: Orawl2)
ocu(z) = . 5.16
| cu(z) /2 (5.16)

If one calculates z, according to Equation 5.12 one gets a resolution for one z-chamber
for particles traversing the detector perpendicular to the beam axis of:

ocu(6 ~ 90°) = 320 ym, - (53.17)

as shown in Figure 5.13(a). This number is only 40 um higher than the theoretically
expected resolution in Section 5.2. In Figure 5.13(b) the z dependence of ocy is plotted.
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It agrees well with the test beam results. The z dependence of the resolution is a reflection
of the fact, that the induced charge avalanche on the anode wire is nearly point-like only
for perpendicular incidence. If the track crosses the z-detector at a different angle than
90°(z = 0 mm), the avalanche is smeared along the anode wire. Therefore, the z-detector
hits are wider and the resolution degrades.

5.6.4 Double hit resolution

The double hit resolution is estimated utilizing the back-to-back topology of e*e™— e*e”
and e*e~— p*u~ events. Due to the ring like structure of the z-measuring cathode strips,
hits produced by either of the two tracks start to overlap in the center of the chamber.
Thus, near 6 = 90° in most of the cases the overlapped cluster cannot be separated by the
cluster finding algorithm. If one plots the events, with both tracks having the same z-hit
assigned, as a function of z, one finds the distribution in Figure 5.14. The width of this
distribution is interpreted as double hit resolution, op = 9 mm.
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Figure 5.14: The number of e'e”— e*e™ and e*e™— u*u~ events with the same z-
coordinate assigned to both tracks as a function of z. The width of this distribution is
considered as the double hit resolution, op.
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5.6.5 . Efficiency

The efficiency of the z-detector is studied, using e*e™— e*e™ events, with the BGO used
as reference. This allows the efficiency to be studied as a function of z and ¢. In Figure
5.15 and 5.16 the efficiency of the two chambers for 1992 is plotted. The global efficiency
for the inner and outer chamber, g7 and €70, is determined to be

&1 = 93.5%, €20 = 97.2%, (5.18)

for 1991 and
&z1 = 92.4%, €70 = 96. 8%, (5.19)

for 1992. The reasons that &z is 4% lower than ez¢ are:

¢ One high voltage distribution module for the anode wire was not stable during 1991
and 1992. This reduces the efficiency by 2%.

¢ The inner chamber has eight channels, which do not deliver reliable signals. There
are only two such channels in the outer chamber. Due to that the efficiency is
reduced by an additional 2% compared to the other chamber.

The combined efficiency to have a hit in at least one chamber, &, is close to 100 % and
and the variation with z and ¢ is negligible. If one corrects for the inefficiency caused by
hardware problems, the intrinsic efficiency for each chamber is around 97% and fits well
to the result derived in the test beam (see Section 5.5).
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Figure 5.15: Efficiency of the (a) inner and (b) outer z-chamber and (c) their combination
as a function of z for 1992.

-

T r 1 r+vr 1 ooy

E lle e oooo.ooocoocoooo....‘;
w C L=
08 F ]
0.65— (a)sZI=92.4% _E
0.4::::':::::::::::::::::::::::::::::
l1fe e g0 060 g0 0000000 ,000000 00
0.8 F =
06 £ (b)£,,=96.8 % 3
04 B b L L L
1fe e o0 eeoeceocoebocecoeocoosos oo
08 F =
0.63- (©) €, =998 % "E
04 E= ..|....|....|....|...,|....|.:

0 1 2 3 4 5
¢[rad]

Figure 5.16: Efficiency of the (a) inner and (b) outer z-chamber and (c) their combination
as a function of ¢ for 1992.




Chapter 6

Data Analysis

This chapter describes the experimental methods used to analyze the neutral current
process e*e”— 77~ and their results. A complete analysis of the neutral current requires
the measurement of the total cross section and of three asymmetries. At LEP the forward-
backward, polarization and forward-backward polarization asymmetries are measured.
Special emphasis is given to the polarization asymmetries, because they can be determined
only in the 7 channel.

Since the Monte Carlo technique is an important tool in experimental high energy
physics, and in particular for the determination of polarization asymmetries, the basic
ideas are introduced in Section 6.1. In Section 6.2 the selection of e*e™ — 7"7~events is
described, which is especially designed for the measurement of the polarization asym-
metries. In Sections 6.4, 6.5 and 6.6 the measurements of the total cross section and
the asymmetries are described using the 1990-1992 data taken with the L3 detector. The
analysis of the polarization asymmetries is discussed in detail. For the total cross section
and the forward-backward asymmetry the general ideas of the measurement are explained
and the results are presented.

The conventions used in histograms and figures in this chapter are introduced in Figure
6.1.

6.1 The Monte Carlo Technique

The Monte Carlo (MC) technique is an important tool in high energy physics analysis
to describe the performance of detectors. Usually modern detectors are far too complex
for an analytical description of their response to a traversing particle. Instead, in the
MC technique the interactions of a particle with matter on its path through the detector
are modeled locally. The generation of particles and their interactions are treated as a
probability process. One has to distinguish three phases.

The process starts with the generation phase. Here events of a certain physical process
are generated. Each particle in the event is characterized by its energy and momentum.
The distribution function of energy and momentum is defined by the underlying physical
model. Event-generators suited for physics at the Z resonance are described in [40] and

61
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their interface to the L3 software in [41]. In the context of this thesis the most important
generators are KORALZ [42], which simulates the process e'e~— ff, where f can be
any fermion except an electron. The decay of the 7 lepton is simulated in the package
TAUOLA [43].

In the next phase, the simulation phase, the particles are tracked from the generation
point through the detector taking the magnetic field into consideration. Interactions of
these particles with different detector materials and their subsequent decays are simulated.
At this stage empirical information about the behaviour of certain materials is taken into
account, which was studied in test beams or earlier experiments. Also non-ideal detector
properties, like noisy or broken read-out channels can be introduced. Each particle
is followed until it annihilates or its energy falls below a certain cut-off value. Then
the remaining energy of the particle is usually deposited in the detector. Phase 2 also
simulates the response of the readout electronics. The information at the end of this phase
is constructed to be identical to that from the real detector, with additional information
that gives the source of each energy deposition. The simulation software is based on the
detector-simulation package GEANT [44].

Phase 3, the reconstruction phase is the same for MC and real data events. The
information of the readout electronics is analyzed to extract the relevant physical quantities,
such as particle tracks, momenta and energy depositions in the different parts of the
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detector.

If the agreement between the distributions of data and MC for physical observables
is satisfactory, one can trust the MC to estimate trigger and detection efficiencies of
the detector for certain particle and event classes !. If a disagreement appears, one has
different possibilities to account for it. The preferred method is to find the subprocess or
material, which is not properly simulatcd and is responsible for the disagrcement. A more
detailed detector simulation can help to reduce the disagreement. Another possibility
is to smear or reweight the variable, which is badly reproduced by the MC according
to the corresponding data distribution. Finally, one can consider the disagreement as a
contribution to the systematic error of the physics analysis.

6.2 Selection of e*'e"— 1t~ Events

The overall goal of a selection is the identification of certain events or particles within
a data sample containing different types of events and particles. The desired events or
particles are selected by applying specific criteria (cuts) to physical observables. The
cuts are tuned to find a compromise between maximizing the selection efficiency and
minimizing the background contamination.

The selection of e*te™— t*7~ events, described in the following, is designed for
the measurement of polarization asymmetries. Therefore, one has to avoid selection
biases due to explicit cuts on variables which are used to determine the polarization, for
example the energy of the final decay products of the 7 or the acollinearity of the event.
This complicates the selection substantially in comparison with selections aimed at a
measurement of total cross sections and forward-backward asymmetries. For an example
of this simpler selection see [45,46].

Due to the short lifetime of the 7, one has to select the process e*e™— 7*7~ by detecting
the 7 decay products. These decay products are electrons, e, and muons, g, for leptonic
decay modes and charged and neutral pions, 7, #° for hadronic decay modes of the 72.
All decays are accompanied by neutrinos, v, which escape detection. Therefore, the total
energy of all detectable decay particles is distributed over a wide energy range, rather
than clustering at the energy of the 7 of 45 GeV. Furthermore, a 7 decay is characterized
by a single charged track or a low multiplicity jet with less than or equal to five charged
tracks 3. Due to the high center-of-mass energy at LEP the jets are highly collimated and
the jets or tracks of both 7’s are almost back-to-back. An example for such an event seen
in the L3 detector is given in Figure 6.2. The 7 in the upper hemisphere decays into a
p, characterized by one charged track in the TEC, which does not point to the center-of-
gravity of the BGO shower. The track belongs to the charged #. The n° generates the large
BGO signal, which does not match with the TEC track. In the lower half of the figure the

!'This assumes that the number of MC events is normalized to the integrated luminosity.

2The main decay modes are listed in Table 2.2

3 The probability that the 7 decays into five charged tracks (5-prong branching ratio) is (1. 11 + 0.24) x
10~3. The 7-prong branching ratio is less then 1.9 x 10~4 [14].




64 Chapter 6. Data Analysis

L RUN| NR 359206 20/10/91
-3 EVENf NR 3586 22 00.51
//
= =
O,U
4
A
7
7
/ |
W,
'_l

Figure 6.2: A ete~— 1*1~ event seen by the L3 detector. The view of the L3 detector in
the (r,2) plane parallel to the beam axis is shown. The beam pipe goes from left to right
in the middle of the figure. The subdetectors displayed are the TEC, closest to the beam
pipe, followed by the BGO and the HCAL at the edge of the figure. The decay in the
upper hemisphere is identified as 7 — pv and in the lower hemisphere as 7 — nv.
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7 decays into a single n. The x is characterized by the presence of only one charged track
lined up with minimal energy deposition in the BGO and an HCAL signal.

The processes, which have to be suppressed by the e*e™— 7*7~ selection are those
with two leptons in the final state, e*fe~— e*e™ and e*e ™= u* ™, multi hadron production,
e*e™— qq, the two photon process, e*e”— e*e™ X, where the outgoing e*e™ pair continues
in the beam pipe, and cosmic muon events.

The selection is restricted to the central part of the L3 detector (barrel) only, with
| cos 8] < 0.72, which is defined by the acceptance of the z-detector 4. The polar angle,
0, is determined with the z-detector and each track has to fulfill the requirement above.
This reduces the acceptance of 77~ events to 60%. The event is subdivided into two
hemispheres, each assigned to one fermion originating from the Z decay. The hemisphere
is defined by the plane perpendicular to the thrust axis. The general flowchart of the
ete”— 1*7~ selection is given in Figure 6.3. One starts from the total data sample
recorded with L3. In the preselection discussed in Section 6.2.1 the lepton sample,
ete™— £*L, is selected. Cosmic muon events, ete”— qq and e*e™— e*e™ X are rejected.
To suppress the remaining background from e*e™— e*e¢™ and e*e™— u*u~ an electron
and a muon identification is developed, which are discussed in Sections 6.2.2 and 6.2.3
respectively. All events with two identified electrons or muons are rejected. If an electron
or muon is detected in only one hemisphere, the particle in the recoil hemisphere is tested
again. For this additional test, the same criteria as the electron or muon identification
are used, but the cuts are less strict. Applying these selection criteria to the 1991 and
1992 data samples selects a 77~ sample of 7787 and 16778 candidates respectively. The
efficiency within the fiducial volume and the different background sources are given in
Table 6.1. The error on the efficiency amounts 0.2%. Since there are small differences

| | 1991 | 1992 |
Efficiency
eeT> 86.8 % | 86.1 %
Background

ete"— ete” 07% | 0.8 %
efeT>utu~ 06% | 0.6 %
eteoete™X | 01% | 01%

efe”—>qg 20% | 20%
cosmic muons | <0.1 % | <0.1 %
Total 34% { 35%

Table 6.1: Efficiency and background for the t*7~ selection in the fiducial volume
| cos 8] < 0.72.

“The measurement of 7 polarization with the acollinearity method (see Section 6.6.3) relies on the
z-detector.
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Figure 6.3: The t*7~ selection.

in the detector performance and LEP parameters between 1991 and 1992, for simplicity
the histograms in the following Sections 6.2.1, 6.2.2, 6.2.3 and 6.3.1 explaining the cut
criteria show only 1992 data.

6.2.1 Preselection

The aim of the preselection is to select the leptonic Z decay modes e*e™— £*{~ and to
reject e*e”— qq, e*e”— e*e~ X and cosmic muons.

Cosmic muon events are rejected using the time information of the scintillators and
asking for at least one TEC track passing the interaction region within 5 mm in the (r, ¢)
plane. The rejection of e*e™— qq events relies on their high charged track multiplicity
at LEP energies due to the fragmentation of quarks. The number of charged particles
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generated in the fragmentation process depends on the energy of the quark and is typically
higher than 10 at LEP. The number of charged tracks in a t¥7~ event is given by the decay
mode and is less or equal to 5 per 7 decay °. The e*e”™— qq background is thus reduced
requiring not more than five TEC tracks per hemisphere. Furthcrmore, the maximum
angle of a track to the thrust axis should be less than 20° and the number of BGO clusters
less than 20. These cuts decrease the e*e™— qg background to 2%. The two-photon
process e'e”— e*e” X is rejected by cutting on the total event energy, E,,, > 8 GeV, as
shown in Figure 6.4. All cuts of the preselection, apart of the cut on E,, are already
applied in Figure 6 4.
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Figure 6.4: The total energy of the event. See Figure 6.1 on Page 62 for the conventions
used to label the histograms.

6.2.2 Electron identification

To identify electrons traversing the L3 detector the characteristics of their interaction in
the BGO are used. For a few particles which escape detection in the BGO, because they
pass through the calorimeter in between the BGO crystals in the carbon fiber support
structure, the energy deposition in the HCAL is also considered for identification. Signals
in the muon filter and muon chambers are used as an electron veto. An electron candidate
is required to have only one charged track per hemisphere in the TEC. The BGO cluster

5See Footnote 3 on Page 63.
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which the charged track points to, in the following referred to as a charged cluster, is
further examined. Following the introduction to this chapter, one tries to avoid a bias of
the polarization measurement due to the electron identification by using variables which
are almost independent of energy. The flowchart of the electron identification is given in
Figure 6.5.

lepton sample

only one TEC track

no muon filter or
muon chamber signal

. o

'

BGO shower shape
‘compatible with electron

\

\

' \

at most one neutral
cluster in the BGO
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HCAL energ¥ deposition
rst

only in the ayers
. electron

Figure 6.5: The electron identification.

A cluster in the BGO can be characterized, for example, by its lateral shape and the
lateral position of its center-of-gravity with respect to the entry point of the particle into
the BGO. This entry point is determined with the TEC and the z-detector. One variable
describing the lateral shape of a shower is defined as the ratio of the energies deposited in
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the 3 x 3 and 5 x 5 crystal matrix around the shower center :

+1 Ty
29 - Zij=—1 Ech (6 1)
2225 2 Efp

where E,-Cj" is the energy measured in one BGO crystal, The crystal with maximum energy

is in the center of the shower, Eg G- Y9/¥ ;s distributions are plotted in Figure 6.6. The
top plot, (a), shows the spectrum for data, MC and various background contributions. The
MC distributions are normalized to the integrated luminosity. The cut value is marked
with an arrow. All electron identification criteria apart fromthe cuton g/ 3,5 are already
applied. The background fraction, 8, as a function of the cut value is plotted in (b). § is
defined as the fraction of particles, which are selected by the electron identification but do
not belong to the processes e*e™— e*e™ and 7 — evv. The efficiency to select electrons,
€, as a function of the cut value is plotted in (c). ¢ is defined as the fraction of electrons,
which are selected out of the total e*te™— e*e™ and 7 — evv sample which satisfy all
other electron identification cuts in the fiducial volume (| cos 8] < 0.72). The histograms
in (b) and (c) illustrate the statement in the beginning of this section, that all cuts are
tuned to find a compromise between minimizing f and maximizing &. All histograms,
which explain cut criteria, in this section and in Sections 6.2.3 and 6.3.1 are given in the
same manner. For electrons, > 9/ 55 peaks at 0.96. Showers from hadronic particles
in the BGO are wider than electromagnetic showers, since the nuclear interaction length
is much larger than the radiation length. The tail in Figure 6.6 is mostly populated by
pions coming from 7 decays. To select electrons, Y g/ 3,5 is required to be higher than
0.925. The shower shape is characterized also by x2,, which compares the measured
energy deposition with the expected one for electrons in the 3 x 3 crystal matrix . The
distribution is shown in Figure 6.7. The cut at 10 is indicated. Furthermore, a cut at
20 mrad on the opening angle between the entry point of the track in the BGO crystal
and the center-of-gravity of the shower helps to identify electrons (see Figure 6.8). If the
electron hits the BGO only at the carbon fiber support structure between the crystals, it
starts to shower deep inside the crystals at the point where it leaves the carbon. In that
case the whole shower is not confined in the BGO and a part will reach the HCAL. Such
an event can be recognized by its energy deposition restricted to the first HCAL layers.
The normalized difference between the total energy in the HCAL, Eycar, and the energy
in the first three HCAL layers, Epucr, should be less than 0.1, as shown in Figure 6.9.
The poor agreement between the data and MC distribution is of secondary importance,
because the bulk of electrons deposit no energy in the HCAL. For an electron candidate
at most one neutral cluster ¢ reconstructed in the BGO is allowed, which is assumed to be
a radiative photon.

The efficiency and a breakdown of the different background processes for the electron
identification are given in Table 6.2. The error on the efficiency amounts to 0.2%.
The agreement of the detection efficiencies for electrons around 45 GeV and electrons
with an energy spectrum up to 45 GeV, demonstrates the energy independence of this

6A neutral cluster denotes a energy deposition in the BGO, which no TEC track points to. Therefore,
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Figure 6.6: The sum of the crystal energy in a 3 x 3 matrix divided by the sum in a
5 x 5 matrix around the central crystal. (a) shows the spectrum for data, MC and various
background contributions. See Figure 6.1 on Page 62 for the conventions used to label
the histograms. In (b) the background ratio, B, is plotted. (c) shows the electron selection
efficiency, &.
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| [ 1991 | 1992 |
Efficiency
ete”—e'e” 193.6%|935%
T evw 94.4 % | 93.7 %
Background
T — Uvv negl. | negl.
T— vV 03% | 03%
T pV 03% | 03%
T av negl. | negl.
other 7 decays | negl. negl.
eteT-»>utu” 1 01% | 01%
ete>e'eX | 05% | 05%
Total 12% | 1.2%

Table 6.2: Efficiency and background of the electron identification.

identification. The background consists mainly of e*e”— e*e~X and 7 — nv decays,
where the pion deposits most of its energy in the BGO and 7 — pv decays where only one
photon coming from a #° is reconstructed in the BGO.

6.2.3 Muon identification

To identify muons information from all subdetectors is used, since the muon chambers
cover only 85% of the fiducial volume of | cos 8| < 0.72. Therefore, the muon identifica-
tion has two streams, each of them sufficient to tag a muon coming from e*e™— p*u~or
7 — uvv. Figure 6.10 shows the flowchart of the muon identification.

The first stream relies only on the muon chambers and accepts all particles, if there is
a muon chamber track, detected in at least two out of three layers of the chambers. The
tracks has to point to the vertex. Muons from cosmic showers or hadronic punch-through
do not usually point to the vertex.

The second stream requires only one track per hemisphere detected by the TEC and
then uses the characteristics of the energy deposition of minimum ionizing particles in
the calorimeters. Clusters in the BGO from minimum ionizing particles contain a few
crystals, where the energy is above the noise threshold (see Figure 6.11). Muon candidates
are required to have less than 5 BGO crystals associated with the shower. At most one
neutral cluster is allowed in the BGO. In the hadron calorimeter the energy of the tower
which was hit by a particle and its direct neighbors, Egps, is added and compared with the
expected energy for a minimum ionizing particle, En;p, in these HCAL towers. In Figure

one assumes this energy deposition is caused by a neutral particle. For details about the neutral cluster
reconstruction refer to Section 6.3.1.
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Figure 6.10: The muon identification.

6.12 the difference between Eyy, and Eqps normalized to Eqs is plotted. Since one expects
almost all energy deposited in the central tower for a muon, this distribution peaks at zero
and is cut at -0.4. The reason for the disagreement between the data and MC distributions
is, that the HCAL MC simulation is based on an ideal detector, which does not reflect
the HCAL resolution properly. Additionally one can cut on the remaining energy of
the HCAL cluster, E,em, Which is not contained in Ey,. This energy must be less than
1 GeV for a muon candidate. Another useful criteria to select muons is the normalized
difference between the total energy in both calorimeters and the energy, calculated from
the transverse momentum measured in TEC, which should be lower then 0.4.

The combined efficiency and the background for the two streams is given in Table
6.3. The error on the efficiency amounts 0.2%. The main background sources are
e'e”> e'e™X, T — nv, T - pv. The agreement between the selection efficiencies for
e'e”™— u*p~ and T — uvv events demonstrates the weak energy dependence of the muon
identification.
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] | 1991 | 1992 |

Efficiency

efe"oHutu” (99.0% | 99.0%
T — Uvv 98.7 % | 98.9 %
Background

T —ew 02% | 02%
T v 08% | 0.8%
T— pv 05% | 0.5%
T—av 01% | 0.1%
other rdecays | 0.1% | 0.1 %
e'eT>e'e” negl. negl.
efeToe'e X | 05% | 0.5%
Total 22% | 22%

Table 6.3: Efficiency and background of the combined muon identification.

6.3 Selection of r-Decay Modes

The polarization of the 7 is measured by analyzing its decay. How one extracts the
polarization from the decay depends on the decay mode. The 7 polarization has been
measured at L3 using the channels T — evv, T = uvwv, T = v, 7 — pvand T — a;v’.
Since the polarization measurement using the T — nv channel is discussed in detail in
Section 6.6.3, the selection of this mode is described in Section 6.3.1. The selection for
the remaining channels is discussed below in general terms only. The flowchart of the
different decay mode selections is given in Figure 6.14.

Beginning from the 77~ sample the 7 — evv and T — uvv selection requires only
the application of the electron and muon identification. For the hadronic decay modes
the electron and muon identification is used as a veto. The selection of T — pv and
T — av relies on the reconstruction of neutral clusters in the BGO. Two neutral clusters
are considered to originate from a z° if their invariant mass is within 35 MeV of the n°
mass. A single neutral cluster is assumed to be a z° candidate if its energy exceeds 3 GeV.
For 7 — pv decays, one reconstructed #° and one charged track identified by the TEC are
required. The invariant mass of the charged = and the n° should be compatible with the
mass of the p to reduce the background from non-resonant 7 decays. For the 7 — a;v
1-prong decays one has to reconstruct two n°’s and one charged track. For the 3-prong
mode three charged tracks identified by the TEC are required. The invariant mass of both,
the nx° pairs or the unlike sign 7z pairs, should fit to the mass of the p, which reduces the
background from non-resonant 7 decays. For the details of these selections refer to [47].

"The £ — a;v decay is only analyzed in the three prong mode a; — nzr with 1990 and 1991 data.
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Figure 6.14: The selection of different T decay modes.

6.3.1 Selection of © — nv decays

For the 7 — =mv selection only event hemispheres are considered in which no electron or
muon was identified and only one track is reconstructed in the TEC. There are no special
cuts to reduce the remaining 7 — evv and 7 — uvv background. Nevertheless, some of
the cuts explained below further suppress the electron and muon contamination. Thus, the
remaining background which has to be removed is characterized by the presence of one
or more nt”’s. Due to the preselection, the e*e™— e*e™ and e*e™— u*u~ rejection and the
electron and muon veto the T — nv sample is already reduced to 84% within the fiducial
volume. '

To reconstruct the #° one has to identify the neutral clusters coming from the decay
7° — yy. Not all photons are well separated from the charged track. Therefore, the neutral
cluster may overlap with the cluster to which the TEC track points. To reconstruct also
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these particles an algorithm is applied which tries to unfold a joint cluster into its neutral
and charged components. At first the entry point of the charged particle into the BGO is
extrapolated, taking the track coordinates measured with the TEC and the z-detector. For
a given entry point in local BGO crystal coordinates the expected average shower shape
for a 7 is known from the test beam analysis of the electromagnetic calorimeter. With an
iterative procedure the expected shower shape is subtractcd from the measured shower in
the BGO within a 30° half-angle cone. Then the remaining cluster energy is assigned to
one or more neutral clusters, assuming they originate from n%s. Clusters inside a 1.4°
half-angle cone are ignored, because in that case the charged and neutral particle hit the
same crystal. By varying the hypothetical entry points of the neutral particles in the BGO
and consequently also the shower shapes, the best solution for these cluster unfolding is
extracted (see [47]).

Depending on the number of reconstructed neutral particles one has to consider three
cases for the 7 — nv selection. The flowchart of this selection is given in Figure 6.15.

{ )

hadronic T decays

l with one TEC track |

\ [ \ [

Vno neutral one neutral two or more
in BGO in BGO neutrals in BGO

. J \, J L

' ™ 'S ™

shower compatible | | Jow neutral energ
with single hadron close to track
\. J .

T ™V

Figure 6.15: The selection of 7 — nv.

1. no neutral cluster found in the BGO

¢ 83 % of the T — nv sample 8,
¢ 19 % contamination from the other hadronic decay modes,

e background is dominated by T — pv, where the 7° cannot be reconstructed;

8The number is given with respect to the T — nv sample after the preselection, ete™ — e*e~ and
e*e”— p*u~ rejection and the electron and muon veto is applied.
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2. one neutral cluster found in the BGO

* 13 % of the 1 — nv sample, where the neutral cluster algorithm reconstructs
fluctuations in the shower shape as a neutral particle,

¢ 92 % contamination from the other hadronic decay modes;
3. more than one neutral cluster found in the BGO

¢ 4 % of the T — nv sample,
¢ 98 % contamination from the other hadronic decay modes,

¢ background is dominated by T — a;v and non-resonant decay modes.

All events of the third class are rejected. For the second class the additional neutral cluster
in T — v events originates from fluctuations in the shower profile of the charged = which
were reconstructed by the neutral cluster algorithm. n°’s give rise to higher energies and
can be found also outside the 30° half angle cone. Therefore, requiring an energy of the
neutral cluster of less than 1 GeV and the opening angle between the charged and neutral
cluster to be less than 20° reduces the background substantially. Figure 6.16 shows the
distributions for the opening angle between the charged and neutral cluster, ¢, for the first
and second class. Furthermore, the invariant mass of the neutral bump and the charged
bump should be incompatible with the mass of the p. The background in the first class
are events where the neutral cluster algorithm was not able to separate the neutral particle
from the charged one or the neutral particle does not hit the BGO barrel. Nevertheless, at
least for the case of unresolved overlapping clusters, the background can be suppressed
by looking at the cluster shape. The transverse spread of energy in a cluster, defined as:

N
Eyans = Y E™ sin o™, (6.2)

i=1

where o™ is the opening angle between the TEC track and the crystal axis, is smaller for
clusters without a neutral component. Figure 6.17 shows the distribution for Eyrays, which
is required to be less than 0.4 GeV for T — nv candidates. An azimuthal opening angle
between the TEC track and the center-of-gravity of the cluster of less then 25 mrad is
required (see Figure 6.18).

The selection efficiency in the fiducial volume and a breakdown of the background is
shown in Table 6.4. The error on the efficiency amounts to 0.7% and 0. 4% for 1991 and
1992 respectively. 1582 and 3390 © — mv decays are selected in the 1991 and 1992 data
samples respectively.
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Figure 6.16: The opening angle, a, between the neutral and charged cluster in the BGO.
(a) shows the spectrum for data, MC and various background contributions. See Figure
6.1 on Page 62 for the conventions used to label the histograms. In (b) the background
ratio, B, is plotted. (c) shows the T — nv selection efficiency, €.
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| | 1991 | 1992 |

Efficiency

T Vv 679% | 674 %
Background

T ew 30% | 36%
T — Uvv 04% | 03%
T pv 49% | 58 %
T a1V 04% i 03%
other tdecays | 19% | 19%
efe"—>e'e” 18% | 21%
ete o utu~ 05% | 03%
eteT>ee X | 03%] 02%
Total 132% | 145 %

Table 6.4: Efficiency and background of the 7 — zv selection.

6.4 Measurement of the Total Cross Section

The measurements of the total cross sections and the forward-backward asymmetries,
summarized in the following two sections, have not been performed by the author. As
already mentioned in Section 6.2, the selection of e*e™— 77~ events for cross section
and forward-backward asymmetry measurements does not requires as much attention to a
possible energy bias. Therefore, such a selection is different and in general simpler, than
the one described in the previous sections. For details of the selection and the analysis
refer to [45,46].

The total cross section is defined as the number of selected e*e™— 7"z events, N,
corrected for the expected number of background events, Ngg, and divided by the selection
efficiency, &, the trigger efficiency, &, the luminosity, £, and the acceptance, A:

_ N¥' — Ngo

= . 6.3
Oot enta LA (6.3)

The e*e~™— 77~ events are selected in the fiducial volume defined by the thrust axis of
|cos 8] < 0.73. Since the acceptance depends on the decay modes a systematic error
due to the uncertainties of the branching ratios is assigned. The selection efficiency in
the fiducial volume using MC e*e™— 77~ events is determined to be (78.79 + 0.11)%.
The trigger efficiency is found to be (99.9 + 0.05)% by studying the correlation of
different trigger types (see Section 4.3.8), which use independent detector information.
The background contribution from other Z decay channels is estimated by a MC study to
be (2.75 £ 0.12)%. The contamination of the e*e™— 7*7~ sample with cosmic muons
amounts to (0.15 + 0.05)%, which is estimated from the scintillator time distribution
assuming the contribution from cosmic muons is flat.
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To determine the luminosity delivered to L3 the number of events, N, of a well known
interaction, the t-channel e*te™— e*e™ (Bhabha) scattering at small angles, are counted.
The cross section, o, of this reaction is theoretically determined with an accuracy of
0.25%. The dependence of o, on the Z-exchange and yZ-interference is below 0. 05%.
The luminosity is given by:

L= ——]Y—e—e— 6.4)
€eeO¢e
&. denotes the efficiency to detect Bhabha events which is derived from a MC study.
The visible cross section, €.0.e, at the Z resonance was determined to be 84.7 nb~! in
1990, 90.7 nb~! in 1991 and 90.3 nb~! in 1992. The systematic error on the luminosity
measurement, including the theoretical uncertainty of the Bhabha cross section, amounts
to 0. 6%.

For 1990 -1992 a total of 25267 ete~— 7*7~ events were selected. The results of
the cross section measurements for the different center-of-mass energies, /s, are listed
in Table 6.5 and plotted in Figure 6.19. The solid line represents the result of a fit to the
whole data sample, including the other decay modes of the Z boson and is explained in
Section 7.4. The systematic error sources are listed in Table 6.6.

6.5 Measurement of the Forward-Backward Asymmetry

The forward-backward asymmetry is defined as the difference between the forward cross
section o(cos @ > 0) and the backward cross section o(cos 8 < 0) divided by the total
cross section (see Equations 2.27 and 2.35):

_0(cos 8 >0) — o(cos 6 < 0)
Oot )

A (6.5

The angular distribution of the cross section is given in the Born approximation by:

do
dcos 8

Ay is the result of a likelihood fit to the differential cross section in cos 8. Since events
with hard initial bremsstrahlung are rejected by cutting on the acollinearity of the event at
250 mrad the Born approximation can be used to determine A, directly without introducing
a significant bias. All systematic uncertainties related to the total normalization of the
cross section cancel for asymmetries if they are symmetric in 6. The measurement of
A, requires the determination of the charge of the T to assign the correct sign to cos 6.
Therefore, the observed 4y, has to be corrected for charge confusion, which is discussed
in detail for Ag,—po in Section 6.6.3. For the analysis all events with like sign charge on
both hemispheres (15% of the 1992 sample) are excluded. The probability that both tracks
are assigned with wrong charge is determined to (1.20 £ 0. 05)% and used to correct Ag,.
The background subtraction introduces a systematic bias not larger than 0.003.

= %(1 +cos® 0) + Apcos . (6.6)
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1990 Data
/5 [GeV] | Nevews | £ [nb7'1| 6yt [nb]
88.231 36 337.4 | 0.219+£0.036
89.236 86 404.2 | 0.445+0.048

90.238 138 3194 | 0.912+0.078
91.230 1887 2717.7 | 1.47210.034
92.226 190 365.9 | 1.097+0.080

93.228 133 471.7 | 0.59240.051
94.223 94 476.7 | 0.41140.042
Total 2564 5093.0
Systematic Error 10.9%
1991 Data

V'S [GeV] | Nevews | L [nb711| 6 [nb]
01.254 3720 4902.6 | 1.507+0.025

88.480 95 779.4 | 0.236+0.024
89.470 229 850.0 | 0.532+0.035
90.228 359 793.3 | 0.886+0.047

91.222 2102 2882.3 | 1.44910.032
91.967 425 689.3 | 1.226+0.059
92.966 248 758.2 | 0.64210.041
93.716 225 829.9 | 0.535+0.036
Total 7403 | 124840
Systematic Error 10.7%

1992 Data
/s [ GeV] | Nevens | £ [nb7'1| 6iox [nb]
91.294 115300 | 203274 | 1.472+0.012
Systematic Error +0.7%

Table 6.5: Cross sections and their statistical errors for ete~— 7*7~, extrapolated to the
full solid angle. The quoted systematic error excludes the error of 0. 6% in the luminosity.
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Figure 6.19: The total cross section measurements of the process e*e™— 77~ as a function
of /s for 1990-1992. In the bottom plot the ratio of the measured to the fitted cross section
is shown.

| Error Source | Systematic Error |
Selection 0.60%
MC Acceptance and Efficiency 0.21%
Tau-Decay Branching Ratios 0.25%
Background Subtraction 0.14%
Trigger Efficiency 0.05%
Total 0.70%
Luminosity 0.60%

Table 6.6: Systematic errors for the cross section measurement in 1992.
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The results of the Ay, measurements as a function of /s are listed in Table 6.7 and
plotted in Figure 6.20. The solid line shows the result of a fit to the whole data sample
including other Z decay modes. The breakdown of the systematic errors for the Ay
measurement is given in Table 6.8,

For further details of the 4g, measurement see [45,46].

6.6 Measurement of the Polarization Asymmetries

This section describes the measurement of the average polarization asymmetry and the
forward-backward polarization asymmetry. Currently there are two methods applied
to measure the polarization of the 7. One of them uses the information of the energy
spectra of the 7 decay particles [7]. The other method measures the polarization using the
acollinearity between the charged decay products of both 7’s [48].

For the first method the results in the channels T — evv, T — uvw, 7 — v, 7 — pv
and 7 — a;v are presented. The measurement in the final state (t — av; T — Xnv) is
discussed in detail applying the second technique.

6.6.1 Polarization observables

The polarization of the 7 as a function of cos 8, P;(cos 6), is defined as:
do(h, = +1) B do(h, =—1)

_ __dcos@ dcos 8
F(c0s60) = Zo(h, = +1) _do(h, = -1)" ©7
+
dcos 0 dcos 6

h. denotes the helicity of the 7. Using the Equations 2.21 and 3.20 P,(cos 6) reads on the

Z resonance:

A1+ cos? ) +24, cos 6
(1+cos20)+24,9.cos

The y-exchange, the yZ-interference and radiative corrections are neglected. The polar-
ization asymmetries are derived by integration:

P:(cos 8) = (6.8)

1
Aol = / P.(cos 8)d(cos 6)
! 0 (6.9)
Ap—pol = / P.(cos 8)d(cos ) — / P.(cos 8)d(cos 6).
0 -1
The differential decay distribution of the 7 in the laboratory frame is given by [49]:
1 dN;
—— =f; 28i(2). 6.10
N & £+ P.g2) (6.10)

The index i indicates different decay channels and z is an arbitrary polarization dependent
observable. The polarization can be extracted experimentally using Equation 6.10. The
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1990 Data
Vs GVl | T
88.231 —0.36+0.20
89.236 0.00+0.15
90.238 —0.13+0.11
91.230 0.077+0.028
92.226 0.09+0.09
93.228 0.0710.11
94.223 0.04+0.13
Systematic Error 10.005
1991 Data
/s [GV] | A
91.254 0.037+0.021
88.480 —0.106+0.128
89.470 —0.152+0.083
90.228 —0.137+£0.070
91.222 —0.032+0.029
91.967 0.042+0.063
92.966 0.161+0.080
93.716 0.058+0.082
Systematic Error +0.005
1992 Data
Vs IGV] | T
91.294 0.015+0.010
Systematic Error +0.003

Table 6.7: Forward-backward asymmetries, 4g, and their statistical errors, including a
cut on the acollinearity angle, e < 250 mrad.
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Figure 6.20: The forward-backward asymmetry measurements of the process ete™— 747~
as a function of /s for 1990-1992.

| Error Source | Systematic Error |
Background Subtraction 0.003
Charge Confusion 0.0014,
Total 0.003

Table 6.8: Systematic errors for the Ay, measurement in 1992.
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measured spectrum of the observable z is fitted with the functions f;(z) and g;(z) leaving
. as a free parameter. The functions f;(z) and g;(z) can either be calculated analytically
and then have to be corrected for detector effects such as efficiency and resolution.
Alternatively fi(z) and g;(z) can be determined by Monte Carlo simulation, where all
the detector effects are taken into account. In this paper the measurements are always
performed by fitting a linear combination of the Monte Carlo generated distributions for
the polarizations P, =t 1, f(z) + gi(z) and f;(z) — gi(2), to the data distribution.

In general the functions f;(z) and g;(z) depend also on the charged current couplings
of the 7 to the W boson. In the Standard Model the charged current is described by a
V-A interaction. This is experimentally favored by the ARGUS results [50]. Only if these
couplings are not regarded as free parameters is it possible to determine 2, by analyzing
the decay of one T produced in e*e™— t*7~. In the following for the charged current
sector V-A coupling is always assumed. However, by analyzing the correlations between
both 7’s it is in principle possible to determine the structure of the charged and the neutral
current (see [51,52]).

The energy method

In the rest frame of the 7 its decay is governed by its helicity, k.. Thus, the angular decay
distribution can be written as:

1 dN

Ndcos 6*
where 6" is the polar angle between the T direction of flight and the charged decay particle.
For hadronic decay modes 7 — nv, T = pv, T — a;v, which are two-body decays, the

energy, E,, and momentum, p’,, of the charged decay particle, i, are well defined, although
the neutrino is not measured. They are given by:

=1+h,cos 6", 6.11)

‘ m? + m?
Ey = T2m g
5, (6.12)
b = m? —m;
2b ' 2m1

For the leptonic decay modes, which are three-body decays, the energy and momentum
of the leptons are not fixed. Therefore, Equations 6.12 represent the kinematic limits for
the energy and the momentum. '

In the laboratory frame the energy of the hadron from the two body decay is no longer
fixed. The energy spectrum of the hadron in two-body 7 decays reads:

1 dN;

—_—— £t i ; [ = ' P N .13
N, da, 1+0;P.Qu;—1); i=mp,a 6.13)
where u; is the energy of the charged 7 decay product normalized to the beam energy,
wy = 2 (6.14)

Ebeam
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The dilution factor,

o, = 1,
2 2
m: —2m
T p,a1
o —_— (6.15)
P m? +2m2, ’

reduces the Z; sensitivity of the energy spectra for the vector mesons p and a; and will
be discussed later in this section. The energy spectrum for the leptons from three-body 7
decays is given by:

%%‘ - % [(5— 9u? + 4% + P.(1 — 9* + 8)|; i=e,p. (6.16)
In Figure 6.21 the energy spectra for the helicity states &, =t 1 are plotted. The sensitivity
of the energy spectra to the polarization, 7, is high in the T — v channel, because here
the difference between the spectra for s, =t 1 is most significant. It is reduced for T — pv,
and 7 — a;v. The sensitivity for 7 — evv and 7 — pvv is also lower than T — nv, since
the energy of the 7 is shared between three particles. In this case it cannot be improved,
because the two neutrinos are not detectable.

The dilution factor, o;, decreases the sensitivity in the channels 7 — pv and 7 — a;v.
Since the life time of these vector resonances is very short, one detects only their decay
particles, n%°s and n’s. The decay distribution of these particles depends on the spin state
of the vector resonance itself. To increase the sensitivity of the polarization measurement
one has to reconstruct the energy of the vector meson and its spin direction from the decay
particles [49,53]. Measuring only the energy of the meson and neglecting the spin state
leads to the dilution factor ¢; in Equation 6.13. Practically one determines %; from a
2-dimensional distribution. The variables for the T — pv channel [53] are usually the
angle between the 7 and the p in the 7 rest frame,
4m? Ep+E, m+ mg

T

cos 6, = 6.17)

2 ;2 2 __ 2’

and the angle between the p and the x in the p rest frame, which is sensitive to the spin of
the p:
my, E,—Ey

cosy, = —.
? o Jm2 — am, |Pr + Pl

In the case of 7 — a; v [53] one uses the angle between the T momentum and the momentum
of the 37 system in the 7 rest frame,

2 2 2
4m; E\+E,+E;  m;+my

2 ?
m? —m}y  2Eeam m} — mg,

(6.18)

cos 6, =

and the angle between the normal of the 37 decay plane in its rest frame and the momentum
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Figure 6.21: The energy spectra of the helicity states A, =t 1 for (a) the hadronic decay
modes T — v, T — pv, T — a,v and for (b) the leptonic decay modes T — evv, T — uvv.
See Figure 6.1 on Page 62 for the conventions used to mark the polarization states.
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[ Channel | Sensitivity | Weight |
T v 0.58 0.32
Y 0.49 0.48
T—->aVv 0.23 0.12
Y ALY 0.22 0.08

Table 6.9: Sensitivity of different 7 decay modes to a P, measurement for the energy
method. '

of the 37 system in the laboratory frame:
8ma|p1 - (P2 X p3)| / By + P2 + P3|
V=R [A(m2y, m2y, m2), Ay, iy, m2), A2y, ms,mD)](6.19)

2+y +22 — 2xy — 2yz — 2xz.

COS Y

AX,y,2)

my; is the invariant mass derived from the pions i and j. An optimal method to measure the
polarization is proposed in [54], which allows to take into account all relevant information
to reconstruct the decay of the 7and subsequent decays. Especially for 7 — a; v this method
is advantageous, because cos y; is not sufficient to describe the 37 system completely.
However, the results presented in this paper are obtained with the technique given by
Equation 6.18 and 6.19.

The sensitivity of the different decay channels to the polarization of the 7 can be
defined as follows [54]:

S = 1
o ol P,) * /N;’
and is calculated from the analytical expression of the decay distributions for the different
channels. 6;(‘P,) is the statistical error of the P, measurement in the 7-decay channel i and
N; the number of decays. From the experimental point of view the weight of a certain
decay channel to an averaged measurement of 2, is of interest. Thus, one has to fold in

the branching ratio, B’, and normalize the sum of the weights over all investigated decay
channels to 1:

(6.20)

_ _SiB;

%8B
In Table 6.9 the sensitivities [54] and weights for a P, measurement with the energy
method are shown.

Wi

6.21)

The acollinearity method

The possibility to measure the polarization of the 7 with the acollinearity of the event was
proposed in [48]. This method takes advantage of the correlation between both 7’s caused
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by helicity conservation. The spin of the two 7’s thus always adds up to one and their
helicities are opposite. Assuming we have a 7 — nv decay in both hemispheres of the
event with polarization 7, = +1; then the ’s tend to decay in the direction of flight of the
mother 7. Thus, in the laboratory frame both 7’s occur with high energy. This correlation
is also present in the acollinearity of the event, which is defined as the angle, ¢, between
the direction of flight of the charged decay products of the 7’s:

cose = ——n_i . n_g 6.22)
= — sin 6 sin 6, cos(¢; — ¢») — cos 6; cos 65. )

The acollinearity spectrum (1 / N)(dN / de) can be expressed in the same general form as
introduced in Equation 6.10 and is given by:

LN o 011(0) + 200022(6) + P, [1 01 (€) + 2 01a(E)]. (623)

N de
The dilution factors oy and o, are defined in Equation 6.15. The functions Q; are a
fourfold integral of the energies of the 7 decay products and their polar angles over the
decay distributions of the decay products. For an exact definition see [48] and [55].

To measure the polarization in exclusive decay channels requires the 7 decay to be
identified in both hemispheres. This reduces the statistics for a given channel substantially.
Therefore, it was proposed to use semi-inclusive channels for this analysis. Possible
disjoint 1-prong modes are:

e (7 > nv; T — Xnv); One 7 decays into a 7 and the other decay mode is any 1-prong
mode.

e (1 = Lvv; T - Xnv); One 7 decays leptonically and the other is a 1-prong decay,
but not 7 — nv.

¢ (7 — hv; 7 — hv); Both 7’s decay into a p or into a g;.

In Figure 6.22 the acollinearity distributions for these three decay channels are shown. It
is clear that the (t — nv; T — Xnv) channel is most sensitive, because the distributions for
both polarization states show the largest difference in shape. However, as it was shown
in [48], the sensitivity is a factor two smaller than for the energy method in 7 — nv.
Nevertheless, it is worthwhile to measure the polarization using the acollinearity, because
from the experimental point of view uncorrelated detector information is used. The
acollinearity is determined with the ¢ and 6 measurements of the TEC and the z-detector,
while the energy method relies on the energy measurement of the calorimeters. Thus, the
systematic errors from the measurement of the polarization observable are uncorrelated.
The sensitivity for (7 — £vv; 7 — Xnv) is reduced due to the two neutrinos in the final
state. Since in the acollinearity method the spin of the vector mesons is not analyzed, the
sensitivity of the channel (7 — hv; 7 — hv) is much reduced.

A measurement in the most sensitive channel (z — ©v; T — Xnv) is discussed in
section 6.6.3.
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Figure 6.22: Acollinearity distributions for (t — nv; T — Xnv), (t - £vv; T - Xnv) and
(t - hv; 7 - hv). The plotted MC distributions take into account resolution effects of

the L3 detector.
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6.6.2 . Fitting procedure

For both methods the polarization, Z,, is extracted by fitting the distribution of the polar-
ization sensitive variable z for data with thc MC spectra for ; =t 1 taking into account
the MC predictions for various background processes. The differential decay distribution
in z for the MC is expressed by:

dNuc (A +P) dl\/;."t a1-2) dN; dNgg
= - + = + rgg .
dz (Q+P)dz (1-9P) dz dz
N, is the sum of the signal distribution, N* ., , and background distribution, N*

—noXnv
for the positive and negative helicity state, taking also into account the polarization of
background 7 decays. Unpolarized background from e*e™— e*e~, ete™— u*u~ and
ete”— e*e~X is included in Ngg. f’, denotes the generated polarization in the MC
sample. The factor rgg normalizes the background and the e*e™— 7*7~MC sample to the
same luminosity.

The distribution in Equation 6.24 is used to fit the data distribution, Np, according to a
binned maximum likelihood method. The likelihood reads as:

#bins

L= H b;, (6.25)

(6.24)

where b; is the probability, that the MC and data distribution are compatible with each other
for a given bin i of a histogram of observable z. b; can be calculated from the probability
distributions for Nyc,; and Np,; assuming Poisson statistics, which is a better approximation
than a Gaussian distribution especially for low statistic bins. The probability that Np, is
compatible with an expectation value ; is:
Np;
P(Noy|u) = e %5 (6.26)
Np;!
The expectation value, y;, is given by the MC distribution, Nyc,. Since the MC statistics
are finite they also follow a Poisson distribution:

Nmc:i
—ry; (TR

P(r,u,-|NMc;,-) =re - . (627)
Nuc;!
with the normalization factor r given by:
#bins .
r= %ﬂc— (6.28)
> Ny

The probability b; is the product of the probability that the data distribution agrees with a
certain expectation value 1; and the probability that the MC distribution agrees with the
same y; integrating over all possible expectation values p;:

b;

s P ) PN
reit! (Np; + Nwic;)! (6:29)
(1 + r)NoutMucatI Ny ANy
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Increasing the MC statistics to infinity, Nmc — o, reduces Equation 6.29 to Equation 6.26,
because the expectation values y; are fixed.
The function minimization package MINUIT [56] is used to minimize ~ log L.

6.6.3 Measurement with the acollinearity method in (r — nv; 7 - Xnv)

The data sample used for this analysis consists of 1582 and 3390 T — nv decays selected
from the 1991 and 1992 data respectively.

The acollinearity, ¢, is measured with the ¢ information from the TEC and the z
coordinate measurement of the z-detector. The azimuthal angle, ¢, is determined from a
fit in the (x,y) plane to the parameters (see Figure 6.23):

e ¢, the azimuthal angle of the track at the reference point,
e DCA, the distance of closest approach of the track to the reference point,

e p, the curvature of the track, defined as the inverse bending radius of the track,
p=1/r.

The fit is performed using the local ¢ measurements at the anode wires of the TEC, which
are associated to a track. As reference point a fill vertex, Vfﬁf , determined with e*e™— qq
events [39], is used °. The polar angles, 6, and 6, are derived froma fitto the z coordinates
measured in the z-detector at the radius of the anode wires, R; and Ry, which are associated
to both tracks and to the reference point,the fill vertex, V" . The free parameters are (see

xy.z*
Figure 6.24):
¢ the polar angles 6; and 6,
e the impact point in z direction, zo.

Both tracks are constrained to emerge from the same point in z, the impact point, zo, because
the finite decay length of the 7 can be neglected compared to the width of the interaction
region in z, 6™ (see Section 5.6.2). Furthermore, the position of z is constrained by o;™.

Before the acollinearity is determined, the following resolution functions, used to
constrain the experimental measurements in the fits, have to be analyzed and compared to
the respective parameters of the MC simulation:

e the width of the interaction region in z, o™,
e the z-detector resolution, ocy,

o the ¢ resolution of the TEC, oy <.

9For the definition of V¥ see Section 5.6.2.

A
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Viy

Figure 6.23: Definition of the track parameters in the (x, y) plane.

Figure 6.24: Definition of the track parameters in the (r,z) plane.
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To avoid a bias of the polarization measurement, the resolutions are determined using MC
and data samples from the processes e*e”— e*e™ and e*e”— u*u~. The beam width,
o™, is measured as explained in Section 5.6.2. For the e*e™— u*p~ MC sample one finds
o™ = 10.2mm. This value is larger than the one measured with data (see Figure 5.12).
Therefore, it is not possible to adjust the MC distribution with an additional Gaussian
smearing of the reconstructed MC distribution. Agreement must be achieved by using
a re-weighting algorithm. The acollinearity resolution is dominated by the beam width,
because ocy and O':EC are one order of magnitude smaller. Nevertheless, these resolutions
also have to be adjusted in the MC, although it is of less importance than the proper
simulation of ¢™. The measurement of the z-chamber resolution is explained in Section
5.6.3. In the MC the charge avalanche at the anode wires of the z-detector as a result of
the ionization process is simulated as point-like, but for inclined tracks these avalanches
are scattered along the anode wire. Therefore, the z-detector resolution in the MC is
underestimated with rising distance from z = 0. Thus, the position of the z-hits has to be
-smeared according to the measurement of ocy (see Figure 5.13) as a function of z. Figure
6.25 shows ocy before and after the smearing, in comparision to the data distribution. The
¢ resolution of TEC is derived from the width of the acoplanarity distribution:

03 = 6(A9)/ V2 = 6(¢1 — $2) / V2. (6.30)

In Figure 6.26 ofEC is plotted as a function of the local ¢ coordinate within one inner TEC
sector:

Ooc = mod(¢,27/ 12). (6.31)

0;E€ is underestimated in the MC. Especially near the anode and cathode the disagreement

between data and MC is large. In these regions the electric drift field is not homogeneous
and therefore not well simulated in the MC. The smearing of the ¢ coordinate according
to this distribution improves the matching of data and MC measurements.

Figure 6.27 shows the acollinearity distribution for (7 — nv,7 — Xnv) decays with all
MC corrections applied for the 1992 data sample. The MC spectrum was fitted to the data
distribution according to Section 6.6.2.. To measure 4, and 4, simultaneously according
to Equation 6.8, P; is determined in different cos 8 bins. In each bin the MC distributions
for the helicity states h, =t 1 are fitted to the data distribution. This fit is performed with
two free parameters, the polarization, %;, and the normalization factor, r (see Equation
6.28. The background ratios estimated from MC (see Table 6.4) are fixed. The fit results
for r are compatible with 1 in each cos 6 bin. This is a proof that the determination of the
selection efficiencies from the MC sample is correct, since the MC was normalized to the
integrated luminosity of the 1991 and 1992 data.

The results for P, have to be corrected for charge confusion. Since 6 is defined as
the polar angle between the negative charged 7 and the z direction, one has to measure
the charge of the final charged decay products. The charge is determined by the sign of
the curvature, p, of the track measured in the TEC. Tracks with higher momentum appear
straighter and the reconstruction algorithm can assign the wrong charge to the track.
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Figure 6.25: Z-chamber resolution for the MC sample before and after smearing in
comparison to data.
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Figure 6.26: TEC ¢ resolution for the MC sample in comparison to data.
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Figure 6.27: Acollinearity distribution for (7 = nv; © — Xnv) events. The hatched
histogram indicates the unpolarized background. The polarized background is included

in the fit.

Therefore, the track with the lower momentum is always used for charge determination.
Nevertheless, a possible charge confusion has to be taken into account and is studied using
(t > v, T — pvv) data events. Due to the high precision momentum measurement in the
muon chambers the charge there is well defined and is used as reference for the charge
determination with TEC. Using this technique the average charge confusion is measured
to be { =5 £ 1%. Since the momenta of the tracks and their acollinearity are correlated,
the momentum dependence of { is also visible in the acollinearity distribution (see Figure
6.28). The fit results of P;(cos ) have to be corrected for charge confusion. The observed
value for the polarization P°*(cos 0) is given by (see also Equation 6.7) °:

No(cg) — N°S(cq)

Tobs =
© ()= N () ¥ N (cp)”

(6.32)

where N2%(c,) is the number of observed 7 decays with helicity iy =t 1 in a certain cos 6
bin. Since the charge confusion N%%(c,) is a mixture of the true number of 7 decays in the
bin cos 6 and the amount of 7 decays, which are flipped from the bin —c; to cg:

N™(co) = [1 = £(lcoINT*(co) + L(|coINE*(—co). (6.33)

1971 the following c, denotes cos 6.
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Figure 6.28: The charge confusion,{, as a function of the acollinearity.

With Equations 6.32 and 6.33 the true value for the 7 polarization, P™°(c,) is:

Tfue(ce)
[1 + £(JcaDIINT®(co) — N°*(co)] — £(|caDING**(—co) — N(—cy)]
[1 + £(lesDIINS®(co) + N2™(co)] — £(|co)INSES(—co) + N2*S(—co)]

(6.34)
[1 + &(lca])I[A(co) — 1IN®*(co) — §(|co)[A(—co) — 1IN*(—cy)
[1+ £(lcaDIA(co) + 1IN(co) — L(|cal)A(—co) + 1IND(—cq) °
with
_ 1+ P(cy)
A(ce) = TPy (6.35)
If one measures also the forward-backward asymmetry as a function of cg:
A(col) = N2™(co) + N*(co) — N3™(—cg) — N°**(—co)
VT NEco)+ N (co) + N™(—co) + N2*(—co)
(6.36)

[A(co) + 1IN®(cq) — [A(=Co) + 1IN2*(—cq)
[A(ce) + LIN®(co) + [A(~co) + 1IN®(—c)”

Equation 6.34 can be expressed as follows:
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| cos@ | Pobs Prrue ¢ A3
-0.617 0.01%0. 14 0.0140.15 | 0.045+0.016 | 0.017+0.011
-0.411 0.08+0.20 0.09+0.20 | 0.038+£0.015 | 0.012£0.012
—0.206 | —0.05+0.18 | —0.0340.19 | 0.05740.017 | 0.012+0.013
0.000 | —0.1740.17 | =0.1740.17 | 0.089+0.037 | 0.004+0.018
0.206 | —0.4040.17 | —0.4240.18 | 0.057+0.017 | 0.012+0.013
0.411 | —0.21+0.16 | —0.22+0.16 | 0.038+0.015 | 0.012+0.012
0.617 | —0.05+0.15 | —0.0540.16 | 0.04540.016 | 0.01740.011

Table 6.10: The values of P°%, P™¢, ¢ and A in the different cos 6 bins.

?fue(ce) = (637)
[1+ £(caDIPP(co)l1 + A2(Jco)] — L(|ca) PP*(—co)[1 — AL(|cs))]
[1 + &(lcoDIIL + AR(|ca])] — L(|caD[T — AR5(lco])] '
The error on P is given by:
AP™(co) = VG + G, (6.38)
with |
_ bs 2 1+228%(|cq)) + 28 (o))
C1 = [AP™(co)] T+245%(c)) ,
- 21 pobs bs 21— 6ﬂ&bs(|ce|)
G = [AC(ICGD] [Tfo (co) — 1): (—co)] 1 —Zﬂf%bs(lcel).

Terms proportional to {2, A2 and {4y, are neglected in Equation 6.38. In Table 6.6.3 the
numerical values for P°%, P, ¢ and A3 are listed. AP was measured using the whole
e*e”— 1"t~ sample by counting forward and backward scattered events. The variation of
§ with the energy of the pion and therefore also with the acollinearity is neglected.

In Figure 6.29 the result of the polarization measurement corrected for charge con-
fusion, P™*(cos ), is plotted. The errors on the points are statistical only, taking into
account the data and MC statistics. The solid and dashed line correspond to the fit
of P;(cos 6) using Equation 6.8 with and without the assumption of lepton universality
respectively. The results, not assuming universality are:

Ae
A,

0.132 £ 0.087(stat.) £ 0.049(sys. ),

0.111 + 0.058(stat.) + 0. 038(sys. ). (6.39)

with a %/ DOF = 3.6 /5. The following systematic error sources are considered:
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Figure 6.29: The 7 polarization, P, as a function of cos 8. The fit results with and
without lepton universality are indicated by the solid and dashed line respectively.

1. Bias due to the e*e~— 7*7~ and 7 — nv selection: To estimate the systematic con-
tribution of the selection criteria to the final results of 4, and 4, important cuts of
the electron and muon identification and of the T — #v selection are changed within
reasonable limits. The change in 4, and 4, is attributed as the systematic error.

2. Uncertainty in the beam width: For the 0 determination the intersection point with
the beam line, zo, is constrained by the beam width, oi™. The value for o™ was
changed within its error, quoted in Equation 5.11.

3. Uncertainty in the vertex measurement: The position of the reference point in z is
given by the fill vertex, Vf” . As an upper limit for a possible bias all fill vertices
are shifted in the same direction by + 0. 15mm and + 0. 10mm, which correspond to
the accuracy of the average vertex measurements for the whole 1991 and 1992 data
samples respectively.

5. Error from branching ratios: Since 4. and 4, are determined in a semi-inclusive
channel, the results also depend on the branching ratios of the different 7 decay
modes. For the branching ratios the latest world averages [14] shown in Table 2.2
are used. These branching ratios are varied independently within their errors. The
sum of the branching ratios is always normalized to 1.
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Error Source Systematic Error
2 | A
Selection 0.003 | 0016
Beam Width negl. | 0.013
Vertex 0.016 | 0.009
Branching Ratios | 0.003 [ 0.005
Background 0.003 | 0.009
Charge Confusion | 0.010 | negl.
MC statistics 0.045 | 0.030
Total 0.049 | 0.038

Table 6.11: Systematic errors for the measurement of polarization asymmetries with the
acollinearity method.

-6. Background estimation: The background contamination in the data sample is esti-
mated using the MC and is fixed in the fit to determine %;(cos 68). The influence of
the fixed background ratio is studied by varying it by 20%.

7. Correction of charge confusion: The acollinearity dependence of the charge confu-
sion, §, is neglected in the correction of 4,. The systematic error introduced
is estimated by changing { within the maximum and minimum value, plotted in
Figure 6.28.

The breakdown of the different systematic error sources for the 4, and A, measurement
is shown in Table 6.11.

6.6.4 Measurements with the energy method

In this section the results of the measurements of polarization asymmetries in the channels
T - evv, T — Uvv, T — av, T — pv and T — a; v with the energy method are summarized
[47]. No details are presented, since this analysis has not been performed by the author.
The values for 4. and A4, are presented in Table 6.12. The breakdown of the systematic
errors for A4, is given in Table 6.13. For 4. the systematic error is attributed to charge
confusion and the finite MC statistics. The error from charge confusion is estimated to
be 0.01 for all channels, except for T — uvv. Here it is is negligible, because of the
excellent momentum resolution of the muon chambers. Only the average polarization was
determined in the channel 7 — a;v using 1991 data.

T—>€EVV

In the leptonic decay mode T — evv the polarization is measured with the normalized
energy, u., (see Equation 6.16) of the electron. The energy is estimated by the sum of the
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Decay Mode | 4. A, A, A4,
stat.  syst. stat.  syst.

T = CVV 0.274 | 0.085 0.031 | 0.111 [ 0.058 0.035
T — Uwv 0.226 | 0.078 0.028 | 0.180 | 0.056 0.034

T nv 0.158 | 0.044 0.021 | 0.168 | 0.030 0.055
T pv 0.084 | 0.028 0.015 | 0.195 { 0.020 0.019
T—av - - - -0.105 | 0.164 0.093

Table 6.12: Results of the polarization measurement with the energy method including
the 1991 and 1992 data sample (for 7 — a;v 1991 only).

Error Source Decay Mode

Toew [Touw [Toav|Topv|Toav
Selection 0.015 0.010 0.017 | 0.008 | 0.045
Energy Calibration | 0.014 0.017 0.050 | 0.013 | 0.033
Background 0.020 0.019 0.009 | 0.008 | 0.010
MC statistics 0.020 0.020 0.014 | 0.007 | 0.073
Total 0.035 0.034 0.055 | 0.019 | 0.093

Table 6.13: Breakdown of systematic errors for 4,.

three most energetic clusters in the BGO, assuming they originated from electrons and
photons. The spectrum of ug is shown in Figure 6.30.

T — uvv

As for electrons the polarization of the 7 is measured with the normalized energy of the
muon, u,. The energy is determined from the momentum measured in the muon chambers,
Du, combined with the most probable energy loss of the muon in the calorimeters. The
distribution of u, is shown in Figure 6.31.

T->nV

The polarization of the 7 in the 7 — v mode is measured with the normalized energy of
the «, u,, which is estimated by the energy deposition in both calorimeters combined with
the TEC momentum. The energy spectrum is shown in Figure 6.32.
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Figure 6.30: The normalized electron energy, ¥, = E, / Eveam.
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Figure 6.32: The normalized n energy, u, = E, / Eveam.

T — pv

%, is determined from a fit to cos 6; and cos y; (see Equation 6.17). The distribution of
cos y* in four different bins of cos 6* is shown in Figure 6.33.

T—av

The polarization is determined from a fit to cos 8}; and cos y; (see Equation 6.18).

6.6.5 Combination of thev polarization results

In this section the procedure to combine the measurements of the polarization asymmetries
for the different decay modes is explained. Special attention is given to the problem of
how to combine the results of the energy and acollinearity methods for the same decay
mode.

Combining the energy and acollinearity results in the channel 7 — nv

The determination of the polarization for the energy method relies on the energy measure-
ment in both calorimeters and the momentum measurement in TEC. For the acollinearity
method, the ¢ and 6 information from TEC and z-detector is used. The systematic errors
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Figure 6.33: Distribution of cos y* for p’s in four different cos 6* bins.

of these measurements are thus uncorrelated. On the other hand one uses the same data
and MC samples. Therefore, the statistical errors are correlated. The combination of the
results is done using the BLUE’s method described in [57].

Assuming we have measurements of the asymmetries with the energy method, AF
and with the acollinearity method, A7, then the common mean of both measurements is a
linear combination of the single results multiplied with weight factors, of and o:

A=A+ o5 . (6.40)
The weight factors are normalized:
o +.0f = 1. (6.41)

The common error is then given by:
a of
AR = (o, aDE( of ). | (642)
The error matrix, E, is defined as:

E\2 E I3
AAy) rlAA; A% , (6.43)
rlAAEAAS (A/‘Zlf)2

E =
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where ry is the correlation coefficient between both methods. To get the best possible
error, A4,, one has to minimize the right-hand side of Equation 6.42 using of or of as a
free parameter. The other weight factor is then fixed by Equation 6.41. The result is:

(AAD)? — r AAEAZ;
= . 44
o (A} — nAAFATG + (AAF)? 644

In order to estimate r, the error, AA;", m = E, ¢, is split up into three contributions:
AF7) = AAP) + (DAY + AT, (6.45)

AA;"s Here the statistical errors of the data and MC sample are combined. The corre-
lation factor of these errors is denoted with 7.

AA;"°: The uncorrelated part of the systematic error for both methods is summed here.
For 4E no uncorrelated systematic error exists. For 4¢ the error due to the vertex
and the branching ratios is considered. The uncorrelated part of AF is the error
of the energy calibration and for 4 it is the errors due to beam width, vertex and
branching ratios.

AZ;*™: The fully correlated part of the systematic error is given by the selection criteria
and the background for both methods.

The error matrix, E, can also be expressed as a sum of matrices, each corresponding to
one of the three contributions, with their correlation coefficients, r,, 0 and 1 respectively.
Then the overall correlation coefficient, ry, is given by:

r A/nt ,cor A/qte cor E full Aﬂf’f““ (6 46)
The unknown parameter r, can be estimated by a MC study. The idea is to perform a
certain number of MC experiments, Nexp, and use the results of these experiments on 4,
and A4, to estimate the correlation of the statistical errors between both methods. MC
distributions for the energy of the pion and its acollinearity are generated, folding in
detector effects such as efficiencies and resolutions. These distributions contain the same
statistics of the data and MC sample used in the fits of the real experiment. The elements
of the error matrix can then be calculated by:

1 New

E}=5—> (% — %) (A - H): ij=E.e (6.47)

€XP k=1

where ﬂlLk is the result of the kth MC polarization experiment with method i. The mean
value 4, is given by:

Newp

7 = 2l Mk 6.48
ﬂl Nexp ( )
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" The correlation coefficient, r;, is calculable from the elements of EJ:
EE,e
_ L

Iy = —m——,

/ Ef’E Ef’e
rg and r, are found to be 0.3. The numerical values for the total correlation coefficients
for 4, and A4,, r, and r., defined in Equation 6.46 are 0.31 and 0.23 respectively. The

combined results for 4, and 4, in the channel 7 — nv for the acollinearity and energy
method are:

(6.49)

A

A. = 0.152 £0.044(stat.) £ 0.022(sys. ), (6.50)
A, = 0.139 £ 0.037(stat.) + 0.037(sys. ). '

Combining the results on 4. and 4, for the different decay modes

The results on . and 4, in the different decay channels using the energy method (see
Table 6.12, except for T — nv) and the result for the energy and acollinearity method in
the channel T — nv (see Equation 6.50) are combined to a weighted average and error. For
the calculation of the mean value and error of the polarization asymmetries, the statistical
and systematic errors are treated as uncorrelated, except for the error assigned to charge
confusion for Z,. The charge and the polar angle are measured with the same method for
all decay channels considered. Only for the channel 7 — uvv the charge confusion can be
neglected. The results are:

2. 0.126 £ 0.022(stat.) £ 0.013(sys. ),
A, = 0.172 £ 0.016(stat.) £ 0.014(sys. ).

In Equation 6.8, which is used to determine 4. and A, the contribution of the y-
exchange and the yZ-interference is neglected, as well as radiative corrections. The
package ZFITTER [9] calculates the polarization asymmetries with all these effects taken
into account as a function of the center-of-mass energy, 1/s, and the mass, mz, and width,
I'z, of the Z boson. In Figure 6.34 the differences between the polarization asymmetries,
taking into account the y-exchange, the yZ-interference and radiative corrections and the

(6.51)

polarization asymmetries, where certain corrections are neglected, Apo = Apof — A5 and
Apy—pot = °°£p01 — “°_°°p{,l are plotted. For myz and I'z the L3 measurements are used (see

Chapter 7 and Table 7.3). The effect of neglecting each of the three corrections is shown
separately, while the solid line shows the effect on neglecting them all. The corrections
show qualitatively the same behavior for A, and Ap_po1. Neglecting the yZ-interference
leads to a /s dependence of Apor and Ag_poi.  The size of the effect due to neglecting
the y-exchange and radiative corrections is almost constant in the displayed /s region.
The vertical lines show the Z mass measurement of L3 and the /s points with highest
luminosity, where LEP ran in 1991 (y/s = 91.254 GeV) and 1992 (/s = 91.294, see
Table 6.5). The combined correction for the y-exchange, the yZ-interference and radiative
corrections at these energy points amounts to:

Aol 0. 0006,

Am—poi =~ 0.0004. ©652)

R R




6.6. Measurement of the Polarization Asymmetries 115

<18. 0.004
0.003

0.002

0.001

Seel

:I ] 1 I} Il | L '] ] L | 1 [l 1 L ] 1 ] 1
H

-
~ea

‘a,
-
.,

L
tean
el
e d

el
‘.,
..
-]

-0.001

bl

.-
.
-
(R,
..
‘m

-0.002

20.004

0.003

llllllllll[ lllll

0.002

0.001

-0.001

-0.002

.
-
.....
.
.....
feao
t.,
-~
~em.
~a

‘.
‘-
‘.

Illll!Illllllllj LI}

no y-exchange
no QED convolution
no yYZ, no v, no QED

.
~ed,
~ea,

-~
-,
.....
.,
-

lllllll’lllll

O[rrrrT
[ury

91.1

91.2

Vs [GeV]

Figure 6.34: The difference of the polarization asymmetries with and without the y-
exchange, yZ-interference and radiative corrections (QED convolution), Apor and Agy_pol
as a function of \/s. The solid line represents the case where all three corrections are
neglected, while the dashed lines show their individual contributions. The vertical lines
denotes the mz measurement of L3 and the /s points with the highest luminosity, where
LEP ran in 1991 and 1992.
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The difference for A, is lower than the value Ay, ~ 0.0025 given in [58], since the
effects of the y-exchange and yZ-interference were not considered in that investigation.
But Ay, =~ 0.0025 is in good agreement with the line in Figure 6.34 if only radiative
corrections are neglected. The corrections A, and Ag,po are not significant in comparison
to the errors on 4, and 4,!!. However, the final result for 4, and 4, is corrected with Apor
and Afb_po]:

ZR 0.125 £ 0.022(stat. ) £ 0.013(sys. ),

A, = 0.171£0.016(stat.) + 0.014(sys. ). (6.53)

The /s points where LEP was not running on the Z peak in 1991 are neglected in the
corrections in Equation 6.52, since the luminosity is much reduced. Nevertheless, for
future analyzes the corrections Ap,; and Ag,_po can become significant and have to be
taken into account properly 2

The results on 4, and 4, can be treated as independent, since their correlation in the
combined fit to the P,(cos 8) spectrum is 0.03. The ratio of 4, and A, is compatible with
1 and thus confirms the e-7 universality:

A,
—=0.73+0.18. 6.54
a + (6.54)

6.6.6 Comparision of polarization results between the LEP experi-
ments

All LEP experiments performed a measurement of the polarization asymmetries and
published their results using the 1990-1991 data samples '3 [47,59-61]. The numbers for
A. and 4, listed in Table 6.14, represent preliminary results using the 1990-1992 statistics
(see [62] and references therein). For the L3 collaboration the results in Equation 6.53
are used. The LEP mean value is derived by combining the single measurements. The
common systematic error due to the LEP energy uncertainty is small and is neglected. In
Figure 6.35 the results are plotted. All experimental results agree within the errors.
The LEP average for the ratio of 4, and A, is determined to be:

A =0.799 £ 0.097. (6.55)

A,

The mean value is 20 away from 1, but is still compatible with the assumption of lepton
universality.

112, and 4, are related to Ap,—po1 and Ay, by Equation 3.19.

12In 1993 the LEP experiments collected 25% of the annual integrated luminosity at two energy points at
+ 1.8 GeV from the Z resonance. At these points the absolute values for Ay, and Ag_po) are one order of
magnitude higher than those in Equation 6.52.

13The OPAL collaboration published results using only the 1990 data.
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| Experiment | A, | A,
ALEPH 0.127+0.017 | 0.137+£0.014
DELPHI 0.081+0.033 | 0.154+0.023
L3 0.125+0.026 | 0.171+0.021
OPAL 0.117+0.033 | 0.150+0.025
LEP average | 0.119+0.012 | 0.14910.010

Table 6.14: The measurements of 4. and A, for the LEP experiments and their average
using the 1990-1992 data samples.
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Figure 6.35: The measurements of 4. and A, for the LEP experiments, ALEPH(o),
DELPHI(O), L3(e) and OPAL(A), and their average(<) using the 1990-1992 data samples.
The dashed line indicate the LEP average.
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Chapter 7

Determination of Neutral Current
Parameters |

Neutral current parameters of the process e*e™— t*7~ for the S-matrix (see Section 3.1),
effective coupling (see Section 3.2) and partial width approaches (see Section 3.3) are
determined in a x? fit to the experimental results for the total cross section (see Table
6.5), the forward-backward asymmetry (see Table 6.7) and the polarization asymmetries
(see Equation 6.53). To compare the obtained results with the other decay channels,
the measurements of total cross sections and forward-backward asymmetries published
in [46] are used.

Conventions for labeling the fit results for the different final states are introduced in
Figure 7.1.

—o0— electron —0—— lepton
——{}— muon ——a——  hadron
—a— tau —A—— fermion

Figure 7.1: Conventions for labeling the fit results for the different final states. With
electron, muon and tau fit parameters of the corresponding lepton are denoted. Lepton
marks leptonic fit parameters assuming lepton universality. Fit parameters for hadronic
final states are signed with hadron. In a simultaneous fit to hadron and all lepton channels
the parameters common to all channels are denoted with fermion.
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7.1 Fitting Procedure

The neutral current parameters are determined in a x? fit using the function minimization
A package MINUIT [56]. The x? is defined as the matrix product of the difference vector,
=y' — ., between the experimental measurements and the theoretical predictions and

the inverse covariance matrix EY [63]:

P=AEIAT, (7.1

To obtain theoretical predictions for cross sections and asymmetries the analytical pro-
gram ZFITTER 4.53 [9] is used for the effective coupling and partial width approaches.
For the S-matrix ansatz the package SMATASY [64] was developed. SMATASY is a ZFIT-
TER extension based on the interface ZUSMAT. ZUSMAT realizes the S-matrix ansatz
for total cross sections and SMATASY extends it for asymmetries. Since SMATASY is
implemented in ZFITTER, it relies on the same treatment of radiative corrections. ZFIT-
TER includes electroweak radiative corrections to O(a) and a common exponentiation of
initial and final state bremsstrahlung [65,66]. The corrections to O(c?) are taken into ac-
count in the leading-log approximation and include the production of photon and fermion
pairs in the initial state. Furthermore, the O(a) and O(a?) corrections are supplemented
‘with the O(aasm? / m%,) and the O(a®m! / m$,) corrections from ¢ quark insertions in the
gauge-boson self energies and in the Zbb vertex [67,68]. QCD corrections in the final
state with quarks are considered up to O(os*) [69,70].

The covariance matrix EY contains the statistical and systematic errors of the individual
measurements as well as the uncertainties in the luminosity determination and the LEP
beam energy. The error on the determination of the LEP beam energy is taken into account
according to Equation 4.3 and Table 4.2. Systematic errors for the cross section and
asymmetry measurement are treated as uncorrelated between different Z decay channels.
For each final state the systematic errors are fully correlated between different energy
points and between the data sets from different years. The systematic uncertainty in the
luminosity (see Table 6.6) is correlated for all cross sections in all channels and all years.
Statistical errors, oy, and 843, are uncorrelated. These errors are corrected by a factor,

which accounts for deviations of the measurement from the theoretical prediction, o, and
AR

868(s) = 8% (s) "‘°‘(S)

Fyst — st /q-th(s) Oor(S)
RO = oA "\] 2.7 \ 0B

For the process e*e~— e*e~ one has also to take into account the t-channel exchange of
the photon and Z boson. Since ZFITTER computes only the s-channel one has to use other
programs, such as ALIBABA [71]. ALIBABA is not suited for fitting purposes, because
the calculations are very time consuming. Therefore, ALIBABA is used only in the

(1.2)
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beginning of the fit procedure to calculate the t-channel and s/t-interference contribution.
This contribution is then subtracted from the measured e*e~— e*e~cross sections and
forward-backward asymmetries. The remaining s-channel part is fitted using ZFITTER
(SMATASY). For this method an additional systematic error of 0. 3% for the cross section
and 0.003 for the forward-backward asymmetry is assigned.

The measurements for oy are corrected for the LEP beam spread of 51 MeV(see
Section 4.2.3).

7.2 Results in the S-Matrix Approach

The free parameters of the S-matrix approach are the mass and width of the Z boson,
mz and 'z (see Equation 3.2 and 3.3) and the four complex helicity amplitudes R’; (see
Equation 3.6 and 3.8). Instead of R, one can choose the Z-exchange and yZ-interference
term for each cross section, o4(s) (see Equation 3.7), rﬁ and jf\, which represent 8 free
parameters in addition to 7z and T'z. The use of R’; introduces correlations between
the different cross sections, while fitting rQ and jﬁtreats every oa(s) as independent. In
the following it is always assumed that the imaginary parts of R’Zi are zero. Thus, the
number of free parameters is reduced by four. This is a reasonable assumption, since
the imaginary parts are caused by electroweak corrections, which are very small in the
vicinity of the Z resonance. The process e*te~— 7*7 is the only process at LEP, where
all the real parts of R}, can be determined, because the short lifetime of the 7 allows
the polarization asymmetries to be measured in addition to the total cross section and
the forward-backward asymmetry. These measurements correspond to a complete set of
os. To fit r’; and ij directly one needs a measurement of o4 or A4 as a function of the
center-of-mass energy,/s. Since the statistics for events taken off the Z peak are very
limited, the polarization asymmetries are not yet measured as a function of /5.

A unique feature of the S-matrix approach is the possibility to determine all param-
eters in one decay channel, exclusively. The S-matrix ansatz has no specific parameters
attributed to the initial and final state only. There is thus no correlation between different
decay channels, because of identical initial state particles. .

The results of the fit to 7z, Iz and the RY are shown in the second column of Table
7.1 using the neutral current measurements in the 7 channel only. For comparison the
measurements in the remaining lepton channels, e*e™— e*e™ and ete™— p*u~ are also
interpreted within the S-matrix approach. The only observables which can then be mea-
sured are the total cross section and the forward-backward asymmetry. Therefore, besides
mz and Tz the free parameters are the Z-exchange and yZ-interference terms rtfot, . j{ot
and j{b. To compare the fit results with the numbers from the e*e™— 7+7~ channel, the R¥
are converted into these parameters. The results are compared in Figure 7.2. The upper
three points in each plot correspond to the fit results in the lepton channels. The numbers
for the three lepton channels show good agreement for all six parameters. The errors on
the interference terms in the 7 channel are much smaller, since they are not free parame-
ters. j; are determined by R¥ and profit from the accurate measurements of polarization
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Parameter| e*e™— 771~ | e’'e = £~ | e'e™—q] | e*e o ff Standard
- Model
7iiz [GeV] [91.155£0.036]91.167+0.021]91.15320.015 |91.160£0.013 -

Iz [GeV]| 2.501+0.061| 2.477+0.033| 2.498+0.011| 2.496+0.011]| 2.499+0.009
Ry 0.437+0.012| 0.431+0.008 - 0.434+0.006| 0.43410.005
R, |-0.363+0.011|-0.361+0.008 - -0.364+0.007 | -0.374+0.010
R 0.321+0.011| 0.315+0.009 - 0.317+0.008 | 0.323+0.002
R7  |-0.381+0.011|-0.379+0.008 - -0.381+0.007 | -0.374£0.010
rhad - - 2.865+0.031| 2.861+0.030| 2.86610.020
jhad - - 0.66+0.73 | 0.470.63 | 0.212+0.015

22/DOF 25/28 79192 6/12 86/106 -

Table 7.1: Fit results in the S-matrix approach. In the second column the results in
e'e”— 771~ channel only are shown. Assuming universality all lepton channels are
combined for the results in the third column. In the fourth column the results for the
e*e”— qq channel are shown. All data assuming lepton universality are considered in the
fifth column. In the last column the Standard Model predictions are listed. For the free
parameters mz and m, the results of the fit in Section 7.6 are taken. The Higgs mass is
varied between 60 [72] and 1000 GeV and o is constrained to o5 = 0. 123 £ 0. 006 [28].

asymmetries. Since mz and the interference term are correlated (oﬂzf (s=7iz)=0) ! the
€rTor On iz is also minimal for 7 leptons. The results in the lepton channels confirm lepton
universality. Therefore, all measurements of the lepton channels are fitted simultancously
assuming lepton universality. The parameter set with helicity amplitudes R is used. The
results are shown in the third column of Table 7.1. For comparison these numbers are
converted to r{ot, r , jfot and j{b and plotted in in Figure 7.2. Additionally, a four parameter
fit to the hadron cross section was performed to determine 7z, I'z, r'3 and 2. The results
are shown in column 3 of Table 7.1. The numbers for 7z and Tz are plotted in Figure 7.2.
Note that the error on 7iz is only a factor 2.4 larger for the process ete™— 7*7~ than for
e*e”— qq . Using all leptonic results reduces the factor to 1.4. Without a measurement
of the polarization asymmetries the error on 7z for all lepton channels would be 2.7 times
larger than in the e*e~— qq channel. Finally, a simultaneous fit to all data assuming lepton
universality was performed (see last column in Table 7.1 and Figure 7.2). The results of
these analyzes have been published for the 1991 data [73-75].

In the last column of Table 7.1 the Standard Model predictions for the S-matrix
parameters are listed. In Figure 7.2 the solid vertical lines denotes the Standard Model
predictions and the hatched band their errors. For the predictions the results of the fit
in the framework of the Standard Model in Section 7.6 are used. For the Z and ¢-quark
mass, mz = (91.198 £ 0.009) GeV and m, = (188*%17;) GeV are obtained. my is varied

! o;}zf denotes the part of the cross section which is proportional to jfg.
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Figure 7.2: Fit results in the S-matrix approach are compared for the six parameters 77iz,
Tz, rfm, j{ot, rffb and ja, in different fermion channels. The solid vertical lines denote the
Standard Model predictions and the hatched regions their error range.
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between 60 [72] and 1000 GeV and o is constrained by o = 0.123 £ 0.006 [28]. All
parameters agree well with the Standard Model prediction 2. The predictions of the
Standard Model shown in the next sections are derived in the same manner.

7.3 Results in the Effective Coupling Approach

The free parameters in the effective coupling approach are the mass and width of the Z
boson, mz and I'z (see Equation 3.1 and the effective vector and axial-vector couplings
for electrons and the final state fermions, g9, 85, g{, and gg. In the effective Born
approximation the total width of the Z boson is /s dependent due to self-energy insertions
in the Z propagator. Therefore, the different definitions of mz, I'z in the effective coupling
and partial width approaches and 7z, 'z used in the S-matrix approach lead to a shift as
given in Equation 3.3. The effective coupling approach can only be applied to the lepton
channels. For hadronic decay modes it is not possible, since the determination of the Z
couplings to qq pairs requires the measurement of the total cross section and at least one
asymmetry for each quark channel 3.

The effective couplings are parameters related to the initial or final state of the scattering
process. In general one cannot determine the couplings to the electron and the final state
lepton separately using only measurements of the corresponding scattering process. It is
possible for ete™— e*e™ scattering, because initial and final state fermions are identical.
Due to the measurement of the polarization asymmetries in the process e'e™— 7*7~ one
can also determine the electron and 7 couplings, without adding any information from other
channels. But for e*e™— u*u~ scattering one has also to take into account information
from the electron channel to determine the electron and muon couplings separately.

A simultaneous fit to all leptonic measurements is performed with and without the
assumption of lepton universality. The results are listed in Table 7.2 and the couplings
are plotted in Figure 7.3. The vector and axial-vector couplings are in good agreement
between the lepton channels, which confirms the hypothesis of lepton universality. The
polarization asymmetries are very sensitive to the vector couplings, which is reflected
in the small uncertainties for g5 and 2% compared to 2§,. A fit without the polarization
asymmetries yields an error for g% of 0.0052, while the error on the axial-vector coupling
remains unaffected. The error of £4 is mostly determined by the measurement of the total
cross section. Furthermore, the polarization asymmetries determine the relative sign of
the couplings, since they are linear in the couplings (see Equation 3.19). The mean value
of 7z, T'z and mz, Tz differ by the amount calculated in Equation 3.3 for fits using the
same data set and the identical lepton treatment, i.e. third column in Table 7.1 and in
Table 7.2.

The fit results in the effective coupling approach are in good agreement with the
Standard Model predictions.

2In Section 7.6 it is explained, how the Standard Model predictions are derived from mz, m; and my.
313 has performed a measurement of the forward-backward asymmetry for ¢ and b quarks [76].
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Parameter Treatment of Charged Leptons Standard
Non-Universality | Universality Modecl

mz{GeV] | 91.197+0.020 91.201£0.020 -
I'z[GeV] 2.4794+0.033 2.4784£0.033 2.500+0.009

8%y -0.0333+0.0055 - -

2y -0.0428+0.0174 - -

8% -0.0454+0.0053 - -

8y - -0.0391+0.0033 | -0.0369+0.0023

& -0.4986+0.0033 - -

2\ -0.4966+0.0040 - -

gi -0.4993+0.0042 - -

g - -0.4981+0.0032 | -0.5016+0.0008
x*/DOF 78/106 82/110 -

Table 7.2: Fit results in the effective coupling approach with and without lepton univer-
sality. The Standard Model predictions are given in the third column.
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Figure 7.3: Fit results for the effective couplings, &% and g, of different lepton channels.
The solid vertical lines denote the Standard Model predictions and the hatched regions

their error range.
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7.4 Results in the Partial Width Approach

The free parameters of the partial width approach are the mass and width of the Z boson,
mgz and I'z, and the partial decay widths for electrons, I',, and the final state fermions, Iy

As explained in the effective coupling approach, it is not possible to determine the
parameters of the partial width approach using only the cross section from one 3Z decay
mode. Therefore, all fermion channels, including hadrons are fit simultaneously with and
without lepton universality. The results are listed in Table 7.3. The partial decay widths
for the leptons are plotted in Figure 7.4. The results for the three lepton flavors confirm

Parameter | Treatment of Charged Leptons Standard
Non-Universality | Universality Model
mz[GeV] | 91.19510.009 91.195+0.009 -
I'z[GeV] | 2.49440.011 2.494+0.011 | 2.500+0.009
I'.[MeV] | 83.4840.57 - -
I',[MeV] | 83.12+0.83 - -
I.[MeV] | 83.97+0.99 - -
I[MeV] - 83.48+0.47 | 84.14+0.32
ThaalGeV] | 1.74710.012 1.747£0.010 | 1.745+0.007
x*/DOF 52/58 52/60 -

Table 7.3: Fit results in the partial width approach with and without lepton universality.
In the third column the Standard Model predictions are listed.

lepton universality and are in good agreement with the Standard Model predictions.

The error on the Z mass is 9 MeV (added in quadrature) larger in the S-matrix
approach than in the partial width approach (compare the fifth column in Table 7.1 and
the third column in Table 7.3). According to Section 3.3 the interference term, ]fm, is
fixed in the implementation of the partial width approach in ZFITTER. This leads to an
underestimation of the error on mz. The effect can be reproduced in the S-matrix approach
by fixing the yZ-interference terms for the total cross section. The results of an equivalent
fit in the S-matrix approach using only the total cross sections for leptons and hadrons are
shown in Table 7.4. One fit is performed with free interference terms and in a second step
the interference terms are fixed to the value expected by the Standard Model (see Equation
3.23). Lepton universality is assumed. In the fit with fixed b the error of 7z is the same
as in the partial width approach. The shift between 7z and mz is equal to the expected
—34 MeV (see Equation 3.3) only in the case of fixed jfm(compare the third column of
Table 7.3 and Table 7.4. The correlation between 7z and /2 is plotted in Figure 7.5. The
YZ-interference term is restricted within the Standard Model to (see Table 7.1):

had (SAf) = 0.212 + 0.015. (7.3)




7.5. Results in the Combined Partial Width and Effective Coupling Approach 127

i

_

7
iiiii

7,

-

7

|
.

T
I, [MeV]

83

[+ 2]
S

Figure 7.4: The fit results for the partial widths, I, for different lepton channels. The
solid vertical lines denote the Standard Model predictions and the hatched regions their
€ITor range.

The allowed range of j22%(SM) is shown in Figure 7.5. It is clear, that a restriction of ji2
to j124(SM) underestimates the error of the Z mass and introduces a bias on the Z mass
measurement. Thus, it is not valid to use the term model independent for the partial width
ansatz with fixed interference term.

-7.5 Results in the Combined Partial Width and Effective
Coupling Approach

For leptons one can avoid the Standard Model dependence due to the fixed yZ-interference
term in the partial width approach by using the effective coupling ansatz. Here the inter-
ference terms are defined as a function of the axial-vector and vector couplings. This is
not possible for hadrons 4. Therefore, the preferred model-independent fit, alternatively
to the fit in the S-matrix approach, should be a fit using the effective coupling approach
for the lepton channels and the partial width approach for the hadrons, simultaneously.
Furthermore, one can modify the standard partial width approach implemented in ZFIT-
TER to allow for a fit of jfot. This was done in [77]. The results of these fits with standard
ZFITTER and the modified ZFITTER are listed in Table 7.5. The same effect on the
determination of the Z mass as in Table 7.4 can be observed if ji is treated as a free
parameter in the partial width approach. The effective couplings are not significantly

4This is discussed in Section 7.3




128

Chapter 7. Determination of Neutral Current Parameters

| Parameter [ free j{m | fixed j’:o, ]

mz[GeV] | 91.156£0.014 | 91.161+0.009

T;[GeV] 2.497+0.011 2.4960.011
, 0.1416+0.0016 | 0.1415+0.0016
jfot 0.008+0.065 fixed to 0.006
r{‘oid 2.863+0.030 2.861+0.029
j't};d 0.52+0.71 fixed to 0.22

1*/DOF 52/58 52/60

Table 7.4: Fit results in the S-matrix approach with released and fixed interference terms
Jiot- Only cross sections are used in the fit.
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Figure 7.5: Correlation between the mass of the Z, 7z, and the hadronic interference term,
jiad_ The 95% confidence level contour for 7z and j22 is shown. The band corresponds to
the Standard Model prediction for j1.




7.5. Results in the Combined Partial Width and Effective Coupling Approach 129

Standard ZFITTER [9] Modified ZFITTER [77]
Parameter Treatment of Charged Leptons Treatment of Charged Leptons
Non-Universality | Universality | Non-Universality ] Universality

mz [GeV] | 91.197+£0.009 91.198+0.009 | 91.1921+0.013 91.193+0.013
I'z [GeV] 2.494+0.011 2.494+0.011 2.495+0.011 2.495+0.011

8y -0.0334+0.0055 - -0.0332+0.0055 -

2y -0.043+0.017 - -0.042140.017 -

8% -0.0456+0.0053 - -0.0456+0.0053 -

& - -0.0391+0.0032 - -0.0390+0.0032

& -0.5000£0.0017 - -0.5001+0.0017 -

2 -0.4980+0.0028 - -0.4982+0.0028 -

ai -0.5008+0.0030 - -0.5010+0.0030 -

A - -0.4996+0.0014 - -0.4997+0.0014
Ihaa[GeV] 1.746+0.012 1.74610.010 1.747+0.012 1.747+0.010

jhad - - 0.81+0.87 0.75+0.87

2*/DOF 85/105 88/109 85/104 88/108

Table 7.5: Combined fit results in the effective coupling approach for leptons and the
partial width approach for hadrons.

affected by the different treatment of the interference term. Note that the uncertainty of
the axial-vector couplings is considerably smaller than in the pure effective couplings fit
without the hadron cross sections. The results for the effective couplings in the fit with
released interference term are plotted in Figure 7.6. From the vector and axial-vector
couplings and their correlations the effective weak mixing angle, sin 6w and the p pa-
rameter can be derived (see Equations 3.12 and 3.13). The results for sin® Hw and p for
the fits with released hadronic interference term are plotted in Figure 7.7. All results are
in agreement with the Standard Model and confirm lepton universality. The ratios of the
couplings between different lepton channels are determined to be:

1.0018 £ 0.0072,

2h185 = 0.9962+0.0068, 25/8:% = (1.4)
&,/8, = 1.2710.47, 2v/8, = 1.37+0.27. ’
From the 7 couplings the following values for sin? y and p are determined:
sin? 8%, = 0.2273 % 0.0027, 15)
p* = 1.004 = 0.012. )
Assuming lepton universality the results are:
sin? 84, = 0.2305 + 0.0016, 76)
pt = 0.9988 = 0.0058. )
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Figure 7.6: Fit results for the effective couplings, gr(, and g{\, of different lepton channels
in the combined partial width and effective coupling approach. The solid vertical lines
denote the Standard Model predictions and the hatched regions their error range.
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* Figure 7.7: sin? 8w and p derived from the vector and axial-vector couplings of the fit with
released hadronic interference term. The solid vertical lines denote the Standard Model
predictions and the hatched regions their error range.
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In a.truly model independent fit with released total hadronic interference term, ji%,

the main uncertainty on the Z mass of mz(%%) = 9 MeV originates from the poor

measurement of j* at LEP. Therefore, a more realistic number for émyz including the

uncertainty on j13is:
Smyz =+ 6 MeV(Exp.) + 7 MeV(LEP) + 9 MeV(i29), (1.7)

The first contribution to dmy arises from statistical and systematic uncertainties of the
experimental measurements excluding contributions from ji. The second error is given
by the precision of the LEP energy. One possibility to improve the determination of Fhot
is to measure cross sections far from the Z peak. This is discussed in Appendix B and in
more detail in [78,79].

7.6 Results in the Framework of the Standard Model

The measurements of cross sections and asymmetries for the processes e*e™— e'e”,
ete™— utu~, ete”— 1*7” and e*e~— qg are used to estimate the mass of the ¢ quark
within the Standard Model. To fit the data the Standard Model branch of ZFITTER is
used. The free parameters are the mass of the Z boson, mz, and the mass of the ¢ quark,
m;. o is constrained by our independent measurement using hadronic event topologies
and 7 decays, o5 = 0.123 = 0.006 [28]. Since the sensitivity to the Higgs mass is weak at
LEP, my is fixed at 300 GeV. The mass of the ¢ quark is determined to be:

my = 18812417 Gev. (7.8)

The second error correspond to a variation of the Higgs mass, my, between 60 and
1000 GeV. The lower value, mg = 60 GeV, is motivated by our present limit on the
Higgs mass from direct searches [72], while the upper bound is chosen, because the Higgs
should not be heavier than 1000 GeV for unitarity reasons. The value of m, is consistent
with m, = 174 + 10*'2, GeV, published by the CDF collaboration [6], which reported first
~ evidence for t-quark production. The result for the Z mass is the same as derived in the
combined effective coupling and partial width approach, if the hadronic interference term
is fixed (see Table 7.5):

mz =91.198 + 0.009 GeV. (7.9)

Using the value of Equation 7.8 for m,, the leading parts of the electroweak corrections

are fixed. With the equations 2.42, 2.43 and 2.44 and G, = 1. 16639 x 10~5 GeV~2 [14]
Ar and sin? 6y are determined to be: »

Ar = 0.034+£0.012, (7.10)

sin? 6w = 0.2223 +0.0040. (7.11)

The mass of the W boson is then given by Equation 2.10 using the measurement for mz
and the value for sin? 6y from Equation 7.11:

my = 80.42 + 0.21 GeV, (7.12)
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which is consistent with the measurements of the CDF [80] and UA2 [81] experiments.
Since the electroweak corrections are fixed, the form factors & and p” are known and the
effective weak mixing angle and the effective vector and axial-vector couplings can be
determined, The effective weak mixing angle is:

sin? By = 0.2316 + 0.0011. (7.13)

The Standard Model values for the couplings are given in Table 7.2. The total and partial
widths of the Z boson can be derived from the Equations 2.24 and 2.25 and their values
are listed in Table 7.3. The Standard Model predictions for the S-matrix parameters are
derived from the Equations 3.14 and 3.10 using the Standard Model values for the vector
and axial-vector couplings. The numbers for szi. are listed in Table 7.1.

7.7 Comparison of the Neutral Current Results between
the LEP experiments

The S-matrix analysis has only been performed by the L3 collaboration. Therefore, in
the following the results of the combined fit using the partial width and effective coupling
approaches are compared between the LEP experiments and an average is presented. The
results are based on the 1990-1992 data sample for all experiments and some preliminary
measurements for 1993. They are presented in [62]. The LEP collaborations agreed on
a common parameter set for their model independent fits, where the correlations among
the parameters are minimal. Using the mean values, errors and the full correlation matrix
of these parameters, the numbers for the parameters of the combined partial width and
effective coupling fits of Section 7.5 are derived for each experiment.

The results of the 7 couplings for each experiment and their average are listed in Table
7.6 and plotted in Figure 7.8.  The measurements from all experiments are in good

| | 8% | 2 |
ALEPH -0.0372+0.0033 | -0.5025+0.0017
DELPHI -0.0404+0.0056 | -0.5016+0.0025
L3 -0.0453+£0.0052 | -0.5023+0.0027
OPAL -0.0403+0.0057 | -0.5006+0.0019
LEP -0.0399+0.0024 | -0.5020+0.0011
Standard Model | -0.0356%0.0010 | -0.5012+0.0004

Table 7.6: The vector and axial-vector couplings for e*e~— 1*7~ for the LEP experi-
ments,ALEPH, DELPHI, L3 and OPAL, their average and the prediction of the Standard
Model.

agreement with each other. The largest deviation from the LEP average of 20 is the
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measurement of 2% from the L3 collaboration 5. The LEP averages for the couplings in
the remaining lepton channels, e'e™— e*e™ and e*e™— u*u~, are compatible with the
e'e”— 1"17~ results and thus confirm lepton universality (see Table 7.7 and Figure 7.9).

The ratios of the vector and axial-vector coupling between the lepton channels are

I | & | Za |

ete"—e'e” -0.034740.0023 | -0.50141+0.00066
ete - utu~ -0.03411+0.0057 -0.5013+0.0010
ete”— 1t -0.0399+0.0024 -0.5020+0.0011
ete o L~ -0.0364+0.0014 | -0.50135+0.00055
Standard Model | -0.03564+0.00099 | -0.50124+0.00038

Table 7.7: The LEP average for the vector and axial-vector couplings for the lepton
channels and the Standard Model Predictions.

determined to be:
gﬁ/%‘j\ = 0.9997 £ 0.0023, gg/gg = 1.0011 £ 0.0024, (7.14)
2v/85 = 0.99+0.20, gv/gy = 1.15+£0.1L
The LEP average for the effective weak mixing angle is derived to:
sin? By = 0.2322 + 0. 0005, (7.15)

taking into account in addition to the leptonic asymmetries also hadronic forward-
backward asymmetries (see the references in [62]).

The Standard Model predictions given in the tables and figures of this section are
determined from the results of a fit within the framework of the Standard Model. The
results of this fit to the combined LEP data are:

mz = 91.1899 +0.0044 GeV,

m = 17243%18 Gev. (7.16)
Derived quantities are:
sin? 6w = 0.2251 +0.0015199003, (7.17)
sin? By = 0.2323 £ 0.0002399%%2 (7.18)
my = 80.28+0.0873% Gev. (7.19)

The second error corresponds to a variation of the Higgs mass between 60 and 1000 GeV.
The measurements of the 7 couplings from the LEP experiments as well as the averages of
the couplings for the lepton channels are in agreement with the Standard Model predictions.

5The values for 8% and 27 in Table 7.6 are different from the values presented in Section 7.5, because
the data set used for the fits in [62] includes a preliminary measurement for the hadron cross section using
1993 data. This influences also the values for the couplings, since the fit parameters are correlated.
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Figure 7.8: The vector and axial-vector couplings for e*e”— vt~ for the LEP
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Figure 7.9: The LEP average for the vector and axial-vector couplings for the lepton
channels, ete~— e*e™ (0), e*'e™— utu~ (O), e*e~— 171~ (¢) and e*e™— £+~ (A). The
solid vertical lines denote the Standard Model predictions and the hatched regions their
error range.
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~ The.most precise determination of sin? 8y from a single measurement is performed
by the SLD collaboration [82] at SLAC. Their measurement of the left-right asymmetry
gives: '

sin? By = 0.2294 + 0. 0010. (7.20)

This result differs from the LEP average by 2. 3. The neutrino experiments, CDHS [83],
CHARM [84] and CCFR [85] measure the weak mixing angle to:

sin” By = 0.2256 + 0. 0047, (7.21)

which is in good agreement with the LEP value in Equation 7.17.







Chapter 8

Summary

In this thesis the analysis of the neutral current process e*e~— 71~ has been discussed.
Results on measurements of the total cross section, the forward-backward asymmetry,
the polarization asymmetry and the forward-backward polarization asymmetry have been
presented using the data which were collected with the L3 detector from 1990 to 1992. Spe-
cial emphasis was given to the measurement of the polarization asymmetry and forward-
backward polarization asymmetry. Combining these two measurements 4, and A4, can be
extracted. The results are:

A. = 0.125 £ 0.022(staz.) £ 0.013(sys.),
A, = 0.171 £ 0.016(stat. ) = 0. 014(sys. ).

These numbers are in good agreement with each other which supports the assumption
of lepton universality. The polarization asymmetries are not compatible with zero. This
proofs that the neutral current must be described by a mixture of vector and axial-vector
couplings. The results of the other LEP collaborations agree with the L3 measurements on
A and A,. The total cross section and forward-backward asymmetry have been measured
at different center-of-mass energies. The results can be found in Table 6.5 and Table 6.7.
The measurements are interpreted in the context of different model independent ap-
proaches. In the S-matrix approach the helicity amplitudes are determined to be:

RY = 0.437+0.012,
Ry = —0.363+0.011,
RZ = 0.321+0.012,
RS = —0.381+0.012.

Using exclusively measurements from the channel e*e™— 7*7~, the mass and width of
the Z boson are measured in the S-matrix approach to be:

fiz = 91.155%0.036 GeV,
Tz = 2.501%0.061GeV.

These results correspond to following numbers for mz and I'z:

91.189 +0.036 GeV,
2.502 +0.061 GeV.

mz
Iz
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In the effective coupling approach the couplings of 7 to the Z boson are determined to be:

gy, = —0.0454 +£0.0053,
gy = —0.4993 £0.0042.

The effective weak mixing angle, defined by g, and g}, is derived:
sin? 8y = 0.2273 £0.0027.

The partial decay width of the Z boson into 7*7~ pairs is a parameter in the partial width
approach. It is measured to be:

I = 83.97+0.99 MeV.

All the measurements are in good agreement with the results in the other lepton channels,
e*e"— e*e” and e*e~— p*p~ and thus confirm the hypothesis of lepton universality. All
. measurements are compatible with the Standard Model. The precise measurements of
cross sections and asymmetries show significant deviations from the Born level expecta-
tions, which are caused by higher order corrections. These corrections are sensitive to the
mass of the ¢ quark, which is therefore obtained to:

my = 1882817 Gev.

The lepton universality and the compatibility with the Standard Model is also confirmed
for the combined data of the LEP experiments, ALEPH, DELPHI, L3 and OPAL. The
SLD collaboration performed a precise measurement of the effective weak mixing angle,
which deviates by 2. 30 from the LEP average. The less precise results on the weak mixing
angle from the neutrino experiments, CDHS, CHARM and CCFR are in agreement with
the LEP result.

In 1993 the L3 detector collected a data sample with improved LEP energy uncertainty.
Therefore, the errors on mass and width of the Z boson will decrease significantly. It is
foreseen to operate LEP at a center-of-mass energy in the vicinity of the Z resonance at
least until end of 1996. Therefore, it is expected that the number of recorded Z decays
will increase by a factor of five in comparison with the dataset used in this thesis.

The use of larger data samples reduces the statistical error and also allows a better
understanding of systematic detector effects. This can lead to reduced systematic errors. A
preliminary measurement of the 7 polarization with the energy method using the 1993 data
sample shows that the systematic uncertainty due to the energy calibration can be reduced
in the T — 7v channel to = 2.6%. For the other decay modes it remains the same and no
major improvement is expected. Also the systematic errors of the acollinearity method will
not improve significantly in 1993. Here a major improvement can be achieved by using
the new silicon micro-vertex detector (SMD) of L3, which has been fully operational since
the beginning of 1994. This device allows a vertex determination on an event by event
basis. Therefore, one of the main contributions to the systematic error of the acollinearity
method, the uncertainty in the beam width, will disappear and the vertex uncertainty will
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improve. Thus, the systematic error related to pure detector uncertainties might be reduced
to = 1%. The question as to whether the acollinearity method can challenge the energy
method depends on a variety of factors, such as the actual performance of the SMD, the
precision of the alignment of the SMD with the other L3 subdetectors and last but not least
on the final data statistics which will be collected at LEP in the vicinity of the Z resonance.







Appendix A

Z-Detector Geometry Constants

The origin of the coordinate system for the z-detector is placed in the center of the L3
detector. The z axis corresponds to the detector axis. The four cathode layers are named
from inside to outside, u, z, v, z’. The first two belong to the inner z-chamber, Z;, and the
remaining two to the outer chamber, Zp. The number of strips for each layer is

Nserip = 240,
with a pitch of
® =4.45 mm.
Therefore, the active length of the cathode layers amounts to
Leg = Nszrip @ = 1068 mm.

The radii of the cathode layers are:

R, = 471.0 mm,
R, = 478.0 mm,
R, = 480.0 mm,

R; = 487.0 mm.
The radii of the inner and outer anode layer are:

R; = 474.5 mm,
Ro = 483.5 mm.

The anode-cathode distance amounts to:
L= |Ru,z - RII = |Rv,z' - Rol =3.5mm.

The angle of the cathode strips with respect to the chamber axis are:

o = — 69°
o, = + 90°
a, + 69°,
oy + 90°.

141







Appendix B -

A Possibility to Improve the
Measurement of yZ-Interference Terms
at LEP

It is shown in Section 7.4 that the uncertainty of the hadronic yZ-interference term, j1%9,
results in an additional error on mz of 9 MeV(see Equation 7.7). The situation remains the
same, if one includes the 1993 data into the analysis. The error on my is then given by:

Smz =t 3 MeV(Exp.) + 3 MeV(LEP) + 8 MeV (™), (B.1)

LEP was running 1993 at three energy points, one on the Z pole and two off the pole
at + 2 GeV, with an energy calibration for each point using the method of resonant
depolarization (see Section 4.2). Therefore, the uncertainty of the Z mass caused by
the LEP energy measurement decreases to 3 MeV compared to the previous years (see
Equation 7.7). Hence, the error on j2 is still the dominant contribution to the error on the
mass of the Z boson. Therefore, it is highly desirable to improve the measurement of 22,

yZ-interference terms can be measured by analyzing the process e*e™ — ff at energies
off the Z pole [86], because 7., is scaled by a factor (s — m2) / s (see Equation 3.8). In
Figure B.1 the relative contribution of the hadronic yZ-interference to the total hadronic
cross section, |62 / Owt| ! is plotted. The plot implies that such a measurement should be
performed below the Z resonance.

In [78] it is investigated, at which energy one should operate LEP to improve the
measurement of j22, while keeping the loss in event statistics as small as possible. For this
study the L3 hadron cross sections of 1990-1993 are used and extrapolated for a further
LEP run, assuming an integrated luminosity of £ = 40 pb~!. A scanning scenario with
three energy points is considered. Two points are fixed at the Z pole and above the pole
at 94.25 GeVrespectively. The energy for the third point varies between 60 and 89 GeV.
The luminosity is distributed as follows. The luminosity for the two off-peak points is
chosen in such a way, that the number of events collected at these energies is equal. The

'For the definition of 6/~ see the footnote on Page 122.
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Figure B.1: The relative contribution of the hadronic yZ-interference to the total hadronic
cross section around the Z resonance.

remaining luminosity is spent at the peak to conserve the total luminosity to £ = 40pb~".
No energy calibration using the method of resonant depolarization is assumed. Therefore,
the same errors as 1990-1991a for the LEP energy measurement are assumed (see Table
4.2). The systematic uncertainty of the luminosity measurement is taken to 0. 3%, since
L3 installed a new precise silicon luminosity monitor [87] in 1993.

With no energy points off the Z pole, e.g. taking the 40 pb~! exclusivly on the peak,
the error on the Z mass in a fit to the total hadron cross sections, leaving the hadronic yZ-
interference term free, will be 14 MeV. Therefore, further data taken on the peak, will not
improve the measurement of mz. Now we add the two additional energy points as described
above, and evaluate the error on the Z mass, §mgz, and the hadronic yZ-interference term,
§j2d, Figure B.2 show the contour lines of constant errors §mz and §;% as function of
the energy, E 44, and luminosity, L., of an additional point below the peak. The most
sensitive energy region lies in the vicinity of 80 GeV center-of-mass energy. The evolution
of 8my with the luminosity for the additional points at E,4; = 80 GeV is shown in Figure
B.3. It suggests to spend at least L,;; = 2 pb~! at 80 GeV. This will improve the error on
the Z mass to 7 MeV. On the other hand it is not justified to take more than L,y = 4 pb‘1 R
as further improvements on §myz beyond 4 pb~! are marginal. A scenario with an energy
point below the peak at 80 GeV and a luminosity between 2 — 4 pb~! reduces the event
statistics by 5 — 10%, compared to a run exclusivly on the peak. Figure B.3 also shows the
dmyz evolution for an energy point above the peak at E,4; = 140 GeV. Even a scenario with
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Loga = 20 pb~! taken at 140 GeV would only reduce the error to 8 MeV [79]. The arrow
indicates the underestimated error on my for the case of a fixed hadronic yZ—mterference
term and the total luminosity is spent on the peak.
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Figure B.2: The error on (a) the Z mass and (b) the hadronic yZ-interference term as a
function of E,4 and L,4;. Shown are the contour lines of constant error in steps of (a) 1
MeVand (b) 0.1.




147

'; -l LI | I LR I LI L I LI | I LI R | l LI B ‘ LELEE I LI l T ¢ ¥ ] 7 I-
o 14 -]
= .. ]
En 12 f e, .
og R ]
10 _‘.‘ ..................... -
L T e E, 4= 140GeV ]
sE T e h
6 _ ____________________________ E 4= 80GeV .
C dhade o TTTTommmmmesmese--s k
4 ;_6 Jior Tixed }
2 b 3
0 -l 1.4 I LAl I bl l Lt l dead ' Ll I L1 ) I Lot 1t I Lkl l Lk I-

0

2 4 6 8 10 12 14 16 18 20
Loga [P0

Figure B.3: Evolution of §myz with the luminosity, L4, spent at an additional energy
point, E,;; = 80 GeV and 140 GeV. The arrow indicates the error on mz, if the hadronic
vZ-interference term is fixed and the total luminosity is spend on the peak.







Bibliography

[1] S.L. Glashow, Nucl. Phys. 22 (1961) 579;
S. Weinberg, Phys. Rev. Lett. 19 (1967) 1264;
A. Salam, “Elementary Particle Theory”, Ed. N. Svartholm, Stockholm, “Almquist
and Wiksell” (1968) 367.

[2] for the Standard Model Lagrangian see for example: K. Grotz, H.V. Klapdor,
“ Die schwache Wechselwirkung in Kern-, Teilchen- und Astrophysik”, B.G. Teubner
Stuttgart 1989.

[3] P. W. Higgs, Phys. Lett. 12 (1964) 132, Phys. Rev. Lett. 13 (1964) 508 and Phys.
Rev. 145 (1966) 1156;
F. Englert and R. Brout, Phys. Rev. Lett. 13 (1964) 321.

[4] Gargamelle Collab., F.J. Hasert et al., Phys. Lett. B46 (1973) 121.
[S] E. Fermi, “ Versuch einer Theorie der B-Strahlen”, Z. Phys. 88 (1934) 161.

[6] CDF Collab., F. Abe et al., “Evidence for Top Quark Production in pp Collisions at
v/s = 1.8 TeV”, FERMILAB-PUB-94/097-E (1994).

[71 S. Jadach, Z. Was et al., in “Z Physics at LEP 1”, CERN Report CERN 89-08, eds
G. Altarelli,R. Kleiss and C. Verzegnassi (CERN, Geneva, 1989) Vol. 1, p. 235.

[8] M. Consoli, W. Hollik and F. Jegerlehner, in “Z Physics at LEP 1”, CERN Report
CERN 89-08, eds G. Altarelli,R. Kleiss and C. Verzegnassi, Vol. 1, p-7.

[9] D. Bardin et al., FORTRAN package ZFITTER; CERN-TH 6443/92; Z. Phys. C44
(1989) 493; Nucl. Phys. B351 (1991) 1; Phys. Lett. B255 (1991) 290.

[10] M. L. Perl et al., Phys. Rev. Lett. 35 (1975) 1489.
[11] R. Brandelik e al., Phys. Lett. 73B (1978) 109.
[12] BES Collab., J. Z. Bai et al., Phys. Rev. Lett. 69 (1992) 3021.

[13] A.Kounine, “Tau Physics at LEP”, talk given at the XXIXth Rencontres de Moriond
“Electroweak Interactions and Unified Theories”, to be published by Edition Fron-
tiers, 1994.

149




150 Bibliography

[14] Particle Data Group, Phys. Rev. D45 (1992) I11.54.
[15] G. Altarelli et al.(eds.), “Z Physics at LEP 1”, CERN 89-08 (1989). -

[16] A.Leike, T. Riemann, J. Rose, Phys. Lett. B273 (1991) 513;
T. Riemann, Phys. Lett. B293 (1992) 451.

[17] D. Bardin, A. Leike, T. Riemann, M. Sachwitz, Phys. Lett. B206 (19388) 539;
S. Willenbrock, G. Valencia, Phys. Lett. B259 (1991) 373.

[18] R. Stuart, “Gauge-Invariant Perturbation Theory near a Gauge Resonance”, CERN-
TH 6261-91 (1991).

[19] R. Stuart, Phys. Lett. B262 (1991) 113;
R. Stuart, Phys. Lett. B272 (1991) 353.

[20] LEP Design report vol. I,”The LEP injector chain”, CERN-LEP/TH/83-29 (1983).
LEP Design report vol. II,”The LEP main ring”, CERN-LEP/TH/84-01 (1984).

[21] ALEPH Collab., D. Decamp et al., Nucl. Inst. Meth. A 294 (1990) 121.
[22] DELPHI Collab., P. Aarnio et al., Nucl. Inst. Meth. A 303 (1991) 233.
[23] L3 Collab., B. Adeva et al., Nucl. Inst. Meth. A 289 (1990) 35.

[24] OPAL Collab, K. Ahmet et al., Nucl. Inst. Meth. A 305 (1991) 275.

[25] The Working Group on LEP Energy: L. Arnaudon et al., “The Energy Calibration
of LEP in 1991”, CERN-PPE/92-125 and CERN-SL/92-37(DI) (1992).

[26] The Working Group on LEP Energy and the LEP Collaborations, Phys. Lett. B307
(1993) 187.

[27] The Working Group on LEP Energy: L. Arnaudon et al., “Effects of Terrestrial Tides
on the LEP Beam Energy”, CERN-SL/94-07(BI) (1994).

[28] L3 Collab., O. Adriani et al., Physics Reports 236 (1993) 1.

[29] Y.Peng, “The Muon Spectrometer of the L3 Detector at LEP”, PhD Thesis, NIKHEF-
H, Amsterdam (1988).

[30] The L3 BGO Collab., J.A. Bakken et al., “ Results on the calibration of the L3 BGO
calorimeter with cosmic rays”, Preprint CERN-PPE/93-184 (1993), submitted to
Nucl. Instr. and Meth.

[31] F. Beissel et al., Nucl. Inst. Meth. A332 (1993) 33.
[32] K. Deiters et al., Nucl. Inst. Meth. A323 (1992) 162.




151

[33] G..Charpak, G. Petersen, A. Policarpo, F. Sauli, Nucl. Inst. Meth. 148 (1978) 471.
[34] G. Fischer, J. Plch, Nucl. Inst. Meth. 100 (1972) 515.

[35] D.E. Lee, S.E. Sobottka, H.A. Thiessen, Nucl. Inst. Meth. 104 (1972) 179.

[36] I. Endo et al., Nucl. Inst. Meth. 188 (1981) 51.

[37] A.Breskin et al., Nucl. Inst. Meth. 143 (1977) 29.

[38] J. Chiba et al., Nucl. Inst. Meth. 206 (1983) 451.

[39] 1. C. Sens, P. Vikas, “Reconstruction of the L3 fill vertices”, L3 Note 1027 (1991).

[40] “Z Physics at LEP 1, Vol. 3: Event Generators and Software”, CERN Report CERN
89-08, eds G. Altarelli,R. Kleiss and C. Verzegnassi.

[41] M. W. Griinewald, “Event Generators and L3 Software”, L3 Note 1264.
[42] S. Jadach, B. Ward, Z. Was, Comp. Phys. Comm. 66 (1991) 276.

[43] S. Jadach, J. Kiihn, Z. Was, Comp. Phys. Comm. 64 (1991) 275.

[44] R. Brun et al., GEANT 3 Users Guide, CERN DD/EE84-1.

[45] M. W. Griinewald, “Measurement of the Tau-Pair Cross Section and Charge Asym-
metry at the Z° Resonance”, PhD Thesis, CalTech, 1993.

[46] L3 Collab., M. Acciarri et al., “Measurement of Cross Sections and Leptonic
Forward-Backward Asymmetries at the Z Pole and Determination of Electroweak
Parameters”, Preprint CERN-PPE/94-45, CERN, 1994, submitted to Z. Phy. C.

[47] L3 Collab., O. Adriani et al., Phys. Lett. B 294 (1992) 466.

[48] R. Alemany et al., Nucl. Phys. B379 (1992) 3. .

[49] K. Hagiwara, A.D. Martin, D. Zeppenfeld, Phys. Lett. B235 (1990) 198.

[501 ARGUS Collab., H. Albrecht et al., Phys. Lett. B250 (1990) 164.

[51] Y. Tsai, Phys. Rev. D4 (1971) 2821.

[52] ALEPH Collab., D. Buskulic ef al., Phys. Lett. B321 (1994) 168.

[53] A.Rougé, Z. Phys. C48 (1990) 75.

[54] M. Davier, L. Duflot, F. Le Diberder, A. Rouggé, Phys. Lett. B306 (1993) 411.
[55] W. Fetscher, Phys. Rev. D42 (1990) 1544.




152 Bibliography

[56] F. James, “MINUIT Function Minimization and Error Analysis”, CERN Program
Library Entry and Long Writeup D506 MINUIT.

[57] L. Lyons, D. Gibaut, P. Clifford, Nucl. Inst. Meth. A270 (1988) 110.

[58] S. N. Ganguli, “On Electroweak Mixing Angle sin % from Forward-Backward
Asymmetry of charged Lepton and bb, and t-Polarization”, L3 Note 1042 (1991).

[59] ALEPH Collab., D. Buskulic et al., Z. Phys. C59 (1993) 369.
[60] DELPHI Collab., P. Abreu et al., Z. Phys. C55 (1992) 555.
[61] OPAL Collab., G. Alexander et al., Phys. Lett. B266 (1991) 201.

[62] The LEP Electroweak Working Group, A. Blondel et al., “Updated Parameters
of the Z° Resonance from Combined Preliminary Data of the LEP Experiments”,
LEPEWWG/94-01 (1994).

[63] H.J. Behrend e al., Phys. Lett. B183 (1987) 400.
W. de Boer, Nucl. Inst. Meth. A278 (1989) 687.

[64] S.Kirsch, T. Riemann, “ SMATASY - A Program for the Model Independent Descrip-
tion of the Z Resonance ”, DESY 94-125 (1994), to be published in Comp. Phys.
Comm. .

[65] A. Akhundov, D. Bardin, T. Riemann, Nucl. Phys. B276 (1986) 1.

[66] D. Bardin, P. Christova, O. Fedorenko, Nucl. Phys. B197 (1982) 1.

[67] M. Consoli, W. Hollik, F. Jegerlehner, Phys. Lett. B227 (1989) 167.

[68] J. van der Bij, F. Hoogeveen, Nucl. Phys. B283 (1987) 477.

[69] S. Gorishny, A. Kataev, S. Larin, Phys. Lett. B259 (1991) 144.

[70] K. Chetyrkin, J. Kiihn, Phys. Lett. B248 (1990) 359.

[71] W. Beenakker, F.B. Berends, S.C. van der Marck, Nucl. Phys. B349 (1991) 323.
[72] L3 Collab., O. Adriani et al., Phys. Lett. B 303 (1993) 391.

[73] S. Kirsch, S. Riemann, “A Combined Fit to the L3 Data Using the S-Matrix Ap-
proach”,L.3-Note 1233 (1992).

[74] L3 Collab., O. Adriani et al., Phys. Lett. B 315 (1993) 494.

[75] S.Kirsch, “Neutral Current Physics with the T Lepton at LEP”, plenary talk given at
the XVI Kazimierz Meeting on Elementary Particle Physics, DESY 93-157 (1993).

[76] L3 Collab., O. Adriani et al., Phys. Lett. B 292 (1992) 454.




153

[77] S. Riemann, private communication.

[78] M. Griinewald, S. Kirsch, “ A Possible Modification of a LEP Energy Scan for
an Improved Determination of Z-Boson Parameters ” Preprint CERN-PPE/93-188,
CERN, 1993.

M. Griinewald, S. Kirsch, “A Proposal For Additional Center-of-Mass Energy Points
in the 1994 LEP Run ” L3-Note 1564, CERN, 1994,

[79] S. Kirsch, “A Model Independent Analysis of the Z Lineshape”, talk given at the
XXIXth Rencontres de Moriond “Electroweak Interactions and Unified Theories”,
DESY 94-101 (1994).

[80] CDF Collab., F. Abe et al., Phys. Rev. Lett. 65 (1990) 2243,
CDF Collab., F. Abe et al., Phys. Rev. D43 (1991) 2070.

[81] UA2 Collab., J. Alitti et al., Phys. Lett. B276 (1992) 354.
[82] SLD Collab., K. Abe et al., Phys. Rev. Lett. 73 (1994) 25.

[83] CDHS Collab., H. Abramowitcz et al., Phys. Rev. Lett. 57 (1986) 298;
CDHS Collab., A. Blondel et al., Z. Phys. C45 (1990) 361.

[84] CHARM Collab., J. V. Allaby et al., Phys. Lett. B177 (1986) 446;
CHARM Collab., J. V. Allaby et al., Z. Phys. C36 (1987) 611.

[85] CCFR Collab., “ A Precise Measurement of the Weak Mixing Angle in Neutrino
Nucleon Scattering ”, NEVIS-R 1498, submitted to Phys. Rev. Lett. .

[86] G. Isidori, Phys. Lett. B314 (1993) 139.

[87] M. Merk, “The New Luminosity Monitor of L3”, talk given at the XXIXth Rencontres
de Moriond “Electroweak Interactions and Unified Theories”, to be published by
Edition Frontiers, 1994.







