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1. Introduction

The purpose of elementary particle physics is the study of the fundamental interactions of matter,
and their description in a theoretical model supported by experimental proofs. According to our
actual knowledge, the elementary constituents of matter are fermions (i.e. spin 1/2 particles)
which can be further grouped into leptons (ve, €),(vy, ), (vr, 7) and quarks (u,d),(c,s),(t,b). The
interactions which are relevant on a microscopic scale are the electromagnetic, the weak and the
strong force; Each of these three interactions occurs through the exchange of a boson (i.e. a
spin 1 particle): the photon for the electromagnetic interaction, the W* and Z bosons for the
weak interaction, and the gluons for the strong interaction.

The theoretical description of the interactions among elementary particles is based on the
concept that the invariance of the model under any continuous transformation leads to the
conservation of physical quantities. This result, known as Noether’s theorem, had its first appli-
cation in the formulation of the electromagnetic interaction as a field theory whose Lagrangian
is invariant under local phase transformations, which are transformations of the 1-dimensional
unitary group U(1). The request for the model to be invariant under U(1) local phase trans-
formations leads directly to the conservation of charge in electromagnetic interactions. The
Maxwell equations, which had been classically formulated, can be re-proposed in the framework
of quantum field theory as well. Following the success of this Quantum Electro Dynamic (QED)
model, S. Glashow, S. Weinberg and A. Salam formulated in 1967 the standard theory of unified
electroweak interactions [1], the so-called Standard Model. The Standard Model is based on
the invariance under transformations of the gauge group SU(2) ® U(1). The theory foresees the
existence of four gauge bosons, i.e. the photon and the three weak gauge bosons. Two of the
weak bosons, the W* bosons, are charged, and one is neutral, the Z boson. Couplings among
three or four gauge bosons are allowed in the Standard Model. The measure of these couplings
represents a fundamental test of the Standard Model gauge structure.

Couplings among three gauge bosons are foreseen in the Standard Model at tree level, only if
two of the bosons involved are charged, i.e. only if at least a W' and a W™ are involved. Vertices
of three neutral bosons, yZZ or ZZZ are forbidden at tree level. New physics beyond the Standard
Model can nevertheless lead to non-vanishing couplings. The study of the production of Z boson
pairs in eTe™ collisions offers the possibility of measuring eventual anomalous couplings between
three neutral gauge bosons. If case no deviations from the Standard Model are observed, limits
on the values of the anomalous couplings can be set.

The LEP ete™ collider at CERN has been operating, since the year 1997, at center of mass
energies above the kinematic threshold for the process ete™ —ZZ (i.e. at center of mass energies
greater than 183 GeV). The measure of the Z boson pair production cross section, and of possible
anomalous triple gauge couplings, has been since then one of the central topics of its research
program. In the first part of this work, an analysis of the data taken with the OPAL detector
at LEP in the years 1999 and 2000 will be presented. The data have been taken at the highest
center of mass energies ever reached by an ete collider, ranging from 192 up to 208 GeV.

The second part of this work will be dedicated to quartic gauge boson couplings, and to
their relation with the spontaneous breaking of the SU(2) ® U(1) symmetry. The realization
of the spontaneous symmetry breaking is needed to introduce boson and fermion masses in
the electroweak Lagrangian. The W and Z bosons acquire masses and longitudinal degrees of
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freedom through the introduction of a complex scalar field. A new massive scalar particle H,
the Higgs boson, whose mass is a free parameter of the theory, appears in the Lagrangian. The
Higgs boson has been not observed until now; the data taken by the four experiments at the
LEP ete  collider have allowed anyway to exclude the existence of a Standard Model Higgs
boson with a mass smaller than 114.4 GeV [2].

The existence of the Higgs field is also needed to solve the problem of unitarity violation in
the scattering of massive vector bosons VV — VV, where V denotes a W* or a Z boson. These
processes violate unitarity at an energy scale of ~1 TeV, but the additional amplitudes due to
the Higgs boson exchange cancel the asymptotic rise of the scattering amplitudes and restore
the unitarity of the model. However, if no Higgs boson with a mass smaller than ~800 GeV
exists, a second solution is possible: the W and Z bosons become strongly interacting particles
at TeV energies. The upper bound of ~1 TeV can be re-intepreted as the cut-off scale up to
which the Standard Model can be extended before new physical interactions become appar-
ent. A larger symmetry should exist, breaking down to SU(2) ® U(1) and giving longitudinal
components and masses to the W and Z bosons (the so-called Strong Electroweak Symmetry
Breaking). One of the classical test grounds for these new interactions is the VV — V'V scat-
tering of massive vector bosons. The study of VV — V'V scattering in ete™ collisions requires
center of mass energies higher than those reached by LEP, which will be provided by a fu-
ture eTe™ linear collider. An experimental study of the processes ete™ — ZZvi — qqqqry and
ete™ - WTW v — qqqquv, involving respectively the two scattering sub-processes WW—ZZ
and WW—WW, will be presented in the second part of this work. The study has been realised
according to the setup of the proposed TESLA Linear Collider, assuming an e™e™ center of mass
energy of 800 GeV, and exploiting the possibility of operating with polarised beams.

This work is organised as follows: in the second chapter an introduction on triple and quartic
gauge boson couplings in the Standard Model, and in its possible extensions, will be given. The
third chapter introduces the OPAL experiment at LEP, and gives a description of the physics
processes relevant for an analysis of Z boson pair production at LEP2. In the fourth chapter,
the Monte Carlo simulation of the events, and their reconstruction in the OPAL detector will
be described. The algorithm for the identification of b-quarks, which is particularly relevant for
the optimisation of the ZZ event selection, will be outlined. The fifth chapter will describe the
selection of ZZ events, and in particular the selection of fully hadronic events. The last part
of the chapter will treat the combination of the various ZZ decay channels in a fit of the total
ete™ — ZZ cross section. The fit of the anomalous triple gauge couplings has been performed
using the method of optimal observables. The method used and the results will be described in
the sixth chapter.

The second part of this work is dedicated to the study of quartic gauge boson couplings at
the proposed TESLA Linear Collider. The seventh chapter will give a description of the TESLA
project, and of the design of the detector. The physics processes which are relevant for the study
of WW—77 and WW—-WW scattering will be introduced, together with a discussion of the
Monte Carlo generators and of the detector simulation used to perform the study. The eighth
chapter will describe the experimental analyses of the processes et e~ — ZZvi — qqqqrvy and
ete™ - WTW v — qqqgry at TESLA. The event selections, taking into account all relevant
background processes, will be outlined. The sensitivity to signals of Strong Electroweak Sym-
metry Breaking will be derived in the framework of the electroweak chiral Lagrangian, which
describes effectively the scattering of W and Z bosons at low energies. A binned maximum
likelihood fit to the differential distributions of the selected events will be performed to estimate
the sensitivity.



2. Gauge boson couplings in the Standard Model and
beyond

In this chapter a general introduction on the Standard Model Lagrangian will be given, and on
the symmetry principles which the Lagrangian is based on. Then a more detailed treatment of
three- and four-boson couplings will follow, at first in the framework of the Standard Model,
then describing possible extensions related to new physics. The Effective Lagrangians will be
introduced as basis for the description of new physics beyond the Standard Model. Two cases will
be treated in more detail, the neutral triple couplings and the quartic couplings; the experimental
measurements which can be performed at LEP and at future ete colliders, studying respectively
the production of pairs of real Z bosons and the scattering of W,Z bosons will be also described.

2.1 Introduction

The Lagrangian of the Standard Model describes the electroweak interactions among the ele-
mentary constituents of matter, which are leptons and quarks, both fermions with spin 1/2,
through the exchange of bosons with spin 1. The form of the Lagrangian is dictated by sym-
metry principles and by the constraints coming from experimental results. The idea that all
particle interactions must satisfy the so-called local gauge symmetries is intimately connected
with the local conservation of physical quantities (e.g. the electromagnetic charge).

The experimental results on weak interactions have established the V' — A (i.e. Vector-Axial)
structure of the charged currents; this means that the Lagrangian must be constructed by left-
handed fermions. The minimal gauge group which includes charged vector currents is the SU(2)
group, so any theory of weak interactions has to include SU(2), symmetry as a subgroup (where
the subscript L denotes the grouping of fermions in left-handed doublets).

On the other hand, photons interact with both left- and right-handed fermions, and to build
a unified electroweak Lagrangian the U(1) local phase transformations, which lead to the QED
(Quantum-electrodynamics) Lagrangian, must be included in the group of gauge symmetry. So
the minimal choice of the symmetry group for the electroweak Lagrangian is SU(2)r ® U(1)

2.2 SU(2)®U(1) Theory of Electroweak Interactions

The electroweak Lagrangian can be built in analogy to the QED Lagrangian, which describes
electromagnetic interactions of charged particles through the exchange of a massless boson. More
in detail, the Lagrangian of a free fermion of mass m is given by:

£ = §(iy" 0, — m)p (2.1)
This Lagrangian is not invariant under local gauge transformations:
Y=y =Dy (2:2)

To have the local gauge invariance satisfied, the derivative 8, must be substituted by a ” covariant
derivative” D, which transforms itself under local phase transformations:

Dyip — 9@ D 4p (2.3)
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To form the covariant derivative a vector field A, must be added to the normal derivative 0y,
with proper phase transformation properties:

D, =0, +iQA, (2.4)

where A, transforms as:
A, = Ay +0,0(x) (2.5)

The invariance of the Lagrangian 2.1 is then achieved by replacing 9, by D,
L = p(iv"0, — m)p — Q' A,. (2.6)

Hence, by demanding local phase invariance, one is forced to the introduction of a vector gauge
field A, which couples to the fermions. After adding a gauge invariant term corresponding to
the kinetic energy of the boson field, the Lagrangian of QED takes the form:

£ = P8, — ) — Qb Ay — 3 Fou ™ (2.7)

The first term contains the kinetic energy and the mass of the fermion, the second term the
interaction with the photon field, the last one the kinetic energy of the photon, where F,, =
OuA, — 0,A,.

To build the Lagrangian of electroweak interactions the invariance under SU (2), transforma-
tions is required in addition to local gauge U (1) invariance. The general form of a transformation
of the group SU(2)r, ® U(1) depends now on 4 parameters:

’(ﬁ(.’L‘) s ’l,b’ — eii’-o’?(w)/2ei%ﬂ($) (28)

Where 7 are the generators of the SU(2) transformations, represented for example by the Pauli
matrices, and Y is the weak hyper-charge which generates the U(1)y local phase transformations.
This leads to the introduction of the covariant derivative D,, now containing 4 different gauge
bosons:

. "
8y — Dy =0, + ig%Wu +ig' =" B, (2.9)

Indicating now with yy, left-handed fermion doublets and with g right-handed fermion singlet,
it is possible to write the Lagrangian:

_ . T = Yw _ Yw
L= XL'Y“[Zau - Q§Wu - QITBM]XL + @bR[’au - QITB;LW)R (2'10)
which is invariant under local SU(2)r, ® U(1) transformations. In order to build the gauge-
invariant kinetic term for the gauge fields, the corresponding field strengths must be introduced:

By, = 8,B, — 8,B,, W = 0,W, —8,W, + gW, x W,,. (2.11)
and the kinetic Lagrangian is given by:

]. 1 - -
Liin = =3 BuB" — ETr(WWW“”) (2.12)

The non-abelian gauge structure of the SU(2) group generates here an important difference with
QED. Since the field strengths W, contain a quadratic term, the Lagrangian L, gives rise
to cubic and quartic self-interactions among the gauge fields.

The Lagrangian 2.10 contains the interactions of the fermion fields with the gauge bosons.
The charged current interactions occur through the physical fields Wi =(W}, FiW?2)/v/2, while
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physical fields corresponding to the Z and the v are linear combinations of the gauge fields Wi
and By:

Zy = Wgcosﬁw — Bysinfy A, = WESiﬂOW + B cosOyy (2.13)

where 6y is the weak mixing angle (Weinberg angle). The following conditions must be valid,
to have the correct couplings of the fermions to the photon:

Y
Q = 5+I§’V (2.14)
e = gsinfy = g'cosby (2.15)

The quarks and leptons which figure in the Standard Model Lagrangian are summarised in table
2.2. Their quantum numbers relevant for the coupling to the bosons are also shown in the table.
They are the electric charge @), the weak hypercharge Y and the third component of the weak
isospin I3,

Leptons Quarks
Q|Y | LIy 3 Generations Q Y JEN 3 Generations
0| -1 1/2 Ve v vy 2/3 1/3 1/2 u [ t
Doublets | _; | _; —1//2 (e)L (:)L (T)L —1;3 1?3 —1//2 (d)L (s)L (b)L
Singlets 0 0 0 VR VR VR 2/3 4/3 0 up CR tr
-1 | =2 0 eRr LR TR —1/3 —2/3 0 dr SR bgr

Table 2.1: A summary of Leptons and Quarks and of their quantum numbers relevant for the
electroweak interaction: the electric charge @), the weak hyperchargeY and the third component
of the weak isospin I%V. The subscripts L and R indicate the left-handed weak isospin doublets
and the right-handed singlets, respectively.

2.2.1 Gauge bosons self-couplings

In addition to the usual kinetic terms, the Lagrangian 2.12 generates cubic and quartic self-
interactions among the gauge bosons:

L3 = —iecotby[(O"W” — 0*WH)WIZ, — (0*W"T — ¥ WH W .2, + W, W] (02" — 0"Z")]
—ie[("W” — 0*WH)WI A, — (0"W"T — " WHW A, + W, W] (0# A" — 0" AM)]

2

Ly = —QSizizaw[(WLWN)2 — WIWHW,W"] — ecot0y [WI,WHZ, 2" — W|,ZFW, Z"]
—ecotby [2W]WHZ, A — W Z'W, A" — W| AW, 7"
—e[WIWHA, A — W] AW, A" (2.16)

The term L3, generating triple couplings, contains only interactions of two charged W’s and one
neutral (Z or ) boson (Figure 2.2.1.a). So, vertices of three neutral gauge bosons are forbidden
in the Standard Model at tree level. The term L4, which generates quartic couplings, contains
only vertices in which 2 or 4 charged W’s are present (Figure 2.2.1.b and 2.2.1.c).

2.2.2 Spontaneous symmetry breaking

The SU(2)r gauge symmetry forbids to write mass terms for the gauge bosons and for the
fermions. In order to generate the masses, the gauge symmetry must be broken in some way.
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viZ

(a) (b) ()
Figure 2.1: Triple and quartic gauge boson vertices in the Standard Model.

A possible solution to this problem consists in the Higgs mechanism, or spontaneous symmetry
breaking [5], based on the fact that it is possible to get non-symmetric solutions from a symmetric
Lagrangian. To realise the spontaneous symmetry breaking a SU(2);, doublet of a complex scalar
fields is introduced, whose Lagrangian is invariant under SU(2); ® U(1)y ([5], [6], [4]). The
potential figuring in the Lagrangian (Goldstone Lagrangian) has an infinite set of degenerate
states with minimum energy. Once a particular ground state is chosen, the SU(2);, @ U(1)y
gets spontaneously broken to the electromagnetic subgroup of QED U(1)grp. According to
Goldstone theorem [6], a number of massless states equal to the number of broken generators
(in this case 3) must appear.

In detail, the SU(2) @ U(1) invariant scalar Lagrangian of the Goldstone model, and the
covariant derivative, are:

Ls = (D) Drg— p2¢T o —h(d19)> (> 0,42 <0)
Dt = [0, —ig] - W, — ig'ysBy] 6 (ys = 1/2)

¢(x) is a complex scalar doublet which can be parametrised in the form:

#(z) = exp (Zg - é(x)) % ( . —i—?‘[(m) ) (2.17)

with 4 real fields 6(z) and H(z), and where v/v/2 is the expectation value of the infinite set
of degenerate states with minimum energy. Using a non-scalar field would violate the Lorentz
invariance of the Lagrangian [8]. Besides, the scalar field must be neutral because U(1)grp
must remain an unbroken symmetry.

The local SU(2)r invariance of the Lagrangian allows to rotate away any dependence on
6(z). If one takes the so-called unitary gauge 6(z) = 0, the kinetic term of the Higgs Lagrangian
takes the form:

2

1 2
(Dug)'(D"¢) = 50, HO"H + (v + H)? (%WLW“ + 8cozi29WZ“Zu> (2.18)

The vacuum expectation value of the neutral scalar has generated a quadratic term for the W+
and the Z, i.e. the gauge bosons have acquired masses which satisfy the relation:

MZcOSHW = MW = ’Ug/2. (2.19)
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J

Figure 2.2: From the neutron decay as described by the Fermi effective Lagrangian as a contact
interaction, to the Intermediate Vector Boson model.

Therefore, to give masses to the gauge bosons is sufficient to add the Goldstone Lagrangian
Lg to the Standard Model Lagrangian. The total Lagrangian is invariant under gauge trans-
formations, which guarantees [7] the renormalizability of the associated theory. The 3 broken
generators give rise to 3 massless Goldstone bosons; besides, the W* and the Z acquire masses,
but not the v because U(1)¢y, remains an unbroken symmetry. A new massive scalar particle
H, the Higgs boson, appears in the Lagrangian. Before the spontaneous symmetry breaking,
the Langrangian contains massless W= and Z bosons, which, as massless spin-1 fields, may have
only 2 possible polarisations. After spontaneous symmetry breaking, the 3 massless Goldstone
bosons are absorbed by the weak gauge bosons, which become massive and therefore acquire
one additional longitudinal polarisation.

The realisation of spontaneous symmetry breaking is thus necessary to introduce the masses
of the bosons and the fermions in the Standard Model. In its minimal realization, the symmetry
breaking has as a consequence the existence of a massive neutral scalar particle, the Higgs boson,
whose mass is a free parameter of the model. The Higgs boson has not yet been experimentally
observed. The experimental searches carried on up to now, the most recent at LEP2, have made
possible to exclude the existence of a Standard Model Higgs boson up to a value of the mass
Mp=114.4 GeV [2]

2.3 Effective Lagrangians

Gauge boson couplings, and in particular possible anomalous contributions not foreseen in the
Standard Model, can be considered in the framework of Effective Lagrangians [9]. Here the basic
assumption is that there exist new physics dynamics whose degrees of freedom are so heavy (of
mass scale A) that they cannot be produced at present or planned colliders. The only observable
effects should then be anomalous interactions of the gauge bosons. Under this assumptions, the
observable effects can be described by an Effective Lagrangian constructed in terms of operators
involving only Standard Model fields.

An analogy can be seen with the Fermi theory of 5 decay [13]. The first theoretical description
of the neutron decay (n — p+ e~ + 7,) was treating the decay as a contact interaction between
the four fermions involved (Figure 2.2); the Fermi Lagrangian was initially written as the most
general Lorentz-invariant Lagrangian involving the four fermion fields. Only after the GWS-
theory was developed [1], the 8 decay could be instead described through the exchange of a
virtual massive particle, the W boson. Thus, the effects of the charged current weak interaction
could be observed well before the W boson could be actually discovered in 1983 [14].
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2.3.1 Triple gauge couplings

The general form of 3-boson couplings can be written, in a model independent way, in terms
of a set of seven Lorentz and U(1)e,, invariant operators. This general description has been
applied to both charged (YWW, ZWW) and neutral (yyZ, yZZ, ZZ7) sectors ([10], [11]). Each
operator should be hermitian, multiplied by a constant coupling. As long as A is much larger
than the actual energy range, the operators with lowest possible dimensions are dominating;
contributions from higher dimensional operators are suppressed by powers of s/A%, where s
indicates the center of mass energy of the the bosons squared and A is the new physics mass
scale.

Seven operators are sufficient due to the fact that only seven out of the nine helicity states of
the boson pair can be reached by s-channel vector boson exchange (J = 1 channel). The other
two helicity combinations have both boson spins pointing in the same direction and thus have
J =2 [11].

The measurement of 7 independent parameters would be however very difficult to perform.
The set of independent operators (couplings) can be further restricted using symmetry require-
ments. In the charged sector (YWW, ZWW vertices) the invariance under gauge transformations
and the conservation of C, P and CP are required (where C and P indicate the charge conju-
gation and parity operator, respectively). Other assumptions come from measurements at lower
energies [11], like for example the measurement of the electron or muon dipole-moment.

In a following a more detailed description of the neutral sector will be given, in particular of
the effective Lagrangian describing yZ27 and ZZZ vertices.

2.3.2 Neutral triple gauge couplings

In the case of Zyy, ZZ~v and ZZZ vertices one must add to the Lorentz and SU(2) ® U(1)
invariance requirements the constraint due to Bose statistics, as always two identical particles
are involved. This forbids vertices of three neutral bosons when all particles are on-shell [10].
The most general form involves 2 independent couplings for each of the VZZ vertices and 4
independent couplings for each of the VZy vertices (where V=v or Z). As shown in section
2.2.1, vertices of three neutral gauge bosons of the kind shown in Figure 2.3.2 are forbidden in
the Standard Model at tree level'. Thus, in contrast to the effective Lagrangian of the charged
sector, which receives contributions at tree level from the Standard Model vertices, the one of
the neutral sector can be seen as purely related to New Physics. The corresponding couplings
are thus usually denoted as “anomalous” couplings.

Restricting the discussion to the case of VZZ vertices, the most general effective Lagrangian
describing possible New Physics effects is given by [11]:

62

Lar = o [FUTOF) + 10,2200 25) + 507 o) + 10 2] 20 25] (2:20)

where le =1/2€4p0 Z2°°, Zyy = OuZy, — 0,2, and Ay, = 0, A, — 0, A,

The Lagrangian depends on four independent complex couplings, f} and f5V , with V=~ or
Z. The couplings f} violate CP invariance, while the couplings f¥ conserve it. A description
of the observable effects of non-zero anomalous couplings in the study of the process ete™ —ZZ
will be given in the following.

! Higher order contributions from Standard Model diagrams are non-vanishing. They will be discussed in the
following sections together with possible contributions from new physics beyond the Standard Model
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Figure 2.3: Diagrams with vertices of three neutral gauge bosons, forbidden in the Standard
Model at tree level

2.4 Z boson pair production in eTe~ collisions

The production of pairs of real Z bosons occurs, in ete™ collisions, through the Standard Model
tree-level diagrams shown in Figure 2.4, the so-called Neutral Current, or NC02, diagrams
[18]. The process can occur at ete™ center of mass energies above the threshold of ~182 GeV,
corresponding to twice the mass of the Z boson. Each of the Z bosons decays into one fermion-
antifermion pair, so that the final state is a four-fermion state. The invariant masses of the two
fermion-antifermion pairs peak at the Z mass Mz ~91 GeV, and the angular distributions of the
bosons and of the decay fermions in each boson’s reference system preserve informations on the
average polarisation of the Z boson. The Standard Model helicity amplitudes for the process
ff —ZZ may be written as (see for example [11, 16]):

A 7 20 7\2 A}

F. — ZZ;5M) = — — 1 2.21

T17T2 (ff ? ) € (g)\) 4,328in9* + 774 ( )
where 7, 79 indicate the helicities of the two Z bosons, A = A\; — )y is the difference between the
helicities of the two initial fermions?, §* is the azimuthal angle of the Z bosons in their center

of mass reference frame and:
_ [ _ 4m3 1
ﬂ - 1- TZ 7= /1—ﬂ2 -

The couplings g# and g}Zz are those defined in the Standard Model Lagrangian involving a fermion
with charge @y and third component of the weak isospin I ;’:

Z _ 1 3 102 Z _ 1 i 2
gr = sinfyy cosfyy (If - QfSlI'l HW)’ gr = m(—QfSln GW)

The coefficients A2 are given in table 2.2, from [16]

T1T2

2.4.1 Signatures of anomalous vZZ and ZZZ couplings

The only non-vanishing helicity amplitudes introduced in the process ff —ZZ by the effective
Lagrangian 2.20 are those where one Z is transverse (71 = 7 = £1) and the other longitudinal

2 At collider energies, the mass of the initial fermions can be neglected, so the two possible values for A\ are
A = —1(+41) corresponding to an frg) fermion interacting with an fr(r) antifermion respectively
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Figure 2.4: Standard Model diagrams for Z boson pair production in e*te™ collisions (NC02
diagrams).

1,72 | ¢1 ,T2
7172 # 0 A?r‘l r = 28inf*[2Xcos0* (6% — im2) — (L + B%) (12 — 71)]
T#0 Ar = 2‘/_( — Arcosf*)[A7(1 + B2) + 2cosf*]
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Table 2.2: Helicity amplitudes for the process ete™ —ZZ

(t2 = 0). In this case the amplitudes are given by [16]:
FX(ff — 2Z; NP) = F3* (ff — ZZ; NP) =

253/23
m‘}2\/§

where the same definitions as in section 2.4 are used.

The CP-conserving couplings lead to real amplitudes interfering with the Standard Model
ones, while the C' P violating couplings lead to purely imaginary amplitudes which don’t interfere
with the Standard Model. The full helicity amplitudes for ZZ production are obtained by
summing the SM amplitudes with the new physics (NP) ones given in eq. 2.22:

(1+ Areos®*)[i(f{ Qs + f{'9%) — (f3Qy + f5'9X)B7) (2.22)

FA(ff = 27) = F),(ff = 2Z; SM) + F}\,(f f = ZZ; NP). (2:23)

The amplitudes are normalised so that the differential cross section is given by:

do(ff — 77) _ 1 ZHFA L2 4 | pA=-1py (2.24)

dcosf* 1287s = TLT2 T2

The observables affected by coupling values different from 0 are:
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Figure 2.5: (a): total ete™ —ZZ cross section as a function of the anomalous couplings f7 (full
line) and fZ (dashed line), at /s = 200 GeV. (b): total ete~ —ZZ cross section as a function of
the center of mass energy, in the Standard Model (full line), and for anomalous triple couplings
different from 0 (dashed lines). Each dashed line shows the cross section behaviour as a function
of \/s, when the coupling indicated in the plot is equal to 1.0
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Figure 2.6: Distribution of the Z’s polar production angle (a) and of the average Z’s mass (b),
in the case of the Standard Model (full line) and in the case of anomalous couplings different
from 0. The dashed line histograms show the distributions for f] = 2.0, while the dotted line

histograms show the distributions for fZ = 2.0.
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e The total cross section. As the effective Lagrangian, and the corresponding helicity am-
plitudes, are linear in the anomalous couplings, the total cross section varies as a parabola
as a function of the couplings. The C P-violating amplitudes (f} couplings) don’t inter-
fere with the Standard Model, thus the cross section depends only quadratically on the
fV¥ couplings, whereas the C P-conserving amplitudes produce interference patterns with
the Standard Model contributions. In Figure 2.5.(a) the total ete™ —ZZ cross section as
a function of the anomalous couplings is shown, at a center of mass energy /s=200 GeV.
As the anomalous amplitudes 2.22 are proportional to s3/2, the effects on the total cross
section increase with the center of mass energy of the ete™ collisions (see Figure 2.5.(b)).

e The angular distribution of the Z As the anomalous amplitudes 2.22 depend on cosf*,
i.e. on the Z’s production azimuthal angle in the boson pair reference frame, they determine
a change of the Z’s azimuthal angular distributions. In figure 2.6.(a) the Z boson polar
angle distribution in case of Standard Model couplings is compared to that expected for
non-vanishing ¥ZZ or ZZZ couplings.

e The average polarisation of the Z bosons. The anomalous amplitudes can only
involve one transverse and one longitudinal Z. This feature induces a variation of the
average polarisation of the bosons in presence of anomalous couplings. Observable effects
are variations of the angular distributions of the Z’s decay fermions in the center of mass
frame of the Z— ff decays.

e The masses of the Z bosons. Due to the g factor appearing in the anomalous ampli-
tudes 2.22, events with Z bosons having smaller masses become more probable. This effect
is more pronounced for the fY couplings, due to the additional 3 factor present in the
corresponding amplitudes. On the other hand, its importance decreases with the increase
of the eTe™ center of mass energy /s, becoming negligible for /s > 2- Myz. A comparison
of the Standard Model distribution of the average Z mass with the distribution expected
for non-vanishing anomalous couplings is shown in figure 2.6.(b).

ee-ZZ-Plane

Figure 2.7: The five angles which completely characterise the process ete™ —ZZ— fififaofo-
The fermion angles 6* and ¢* are measured in the reference system of each Z [19]. The plane
shown is the plane formed by the ee™ and ZZ momenta.

Thus, the angular distributions of the Z’s and of the decay fermions allow, together with the
measurement of the total cross section, a measurement of the triple gauge couplings. In an
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ete™ =7Z7Z— fififofo event, the measurement of 5 angles determines completely the final state;
these angles are shown in Figure 2.7.

2.4.2 Standard Model contributions to the anomalous couplings

The yZZ and ZZZ7 couplings can only be induced, at the 1-loop level, by fermionic triangle
diagrams of the type shown in figure 2.8, involving Standard Model or new Fermions. The
contributions of these diagrams to the real and imaginary parts of the anomalous couplings have
been calculated in [17]. When Standard Model vertices for the gauge boson interactions are
used, and in particular no C'P violation in the - and Z- couplings to the fermions is considered,
then only CP conserving neutral gauge couplings can arise (f3 couplings). For scalars or W+
bosons running around the loop in the diagram shown in Figure 2.8, the contribution to the C P
conserving couplings is always vanishing [17].

Zly

Figure 2.8: The fermionic triangle which contributes to the vZZ and ZZZ couplings at 1-loop
level

The Standard Model contributions arise from the three families of leptons and quarks?.
Only charged fermions contribute to the coupling f7, while fZ receives contributions from the
neutrinos as well. The couplings are complex, but the relative importance of the real and
imaginary parts is strongly energy dependent. Below the 2m; threshold, the imaginary part is
negligible. In Table 2.3 the Standard Model contributions at LEP2 energy (/s = 200 GeV) and
at 1/s=500 GeV (from [17]) are shown.

Vs (GeV) fe Iz
200 2.05-0.15-10~%; | 1.85-0.48-10~%;
500 0.25+0.62: 0.46+0.531

Table 2.3: Standard Model contributions in units of 10~*

2.4.3 New physics contributions to the anomalous couplings
1-loop corrections in MSSM

As a first example of new physics effects, the one loop contributions arising in the Minimal
Supersymmetric Standard Model (MSSM) can be taken into account, as in [17]. In this case the
new fermions are charginos and neutralinos; the size of the contributions depends on the set of

3 The contribution from each fermion family f arises once /s gets above the threshold 2 - m.
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MSSM parameters chosen, which influences the values of the chargino masses appearing in the
triangle loop. In Table 2.4 the MSSM contributions to the anomalous couplings due to chargino
loops are shown, for two different sets of MSSM parameters (defined in [17]).

Set [ V5| 17 /7
5 | 200 0.29 0.49
5 | 500 | -0.174+0.137 | -0.39+0.112
6 | 200 0.43 0.70
6 | 500 | -0.34+0.25% | -0.574+0.15¢

Table 2.4: Contributions to the anomalous couplings from chargino loops in units of 10~4

In addition there is a neutralino contribution to fZ. The largest effects are obtained for a
pair of neutralinos with masses (71,130) GeV, and they are, in units of 1074, fZ = —0.26 + 3.3
and —0.32 — 0.227 at /s = 200 GeV and at /s = 500 GeV respectively.

* % HA
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Figure 2.9: Contribution from a triangle loop involving Higgs bosons in the Two-Higgs-Doublets
model

General 1-loop fermionic contributions

The contribution of a new fermion F can be considered in a model-independent way; new
fermionic states arise in many extensions of the Standard Model, as for example in GUTS
(Grand-Unified Theories) or TC (Technicolor). Assuming couplings of the electroweak size, and
color-hypercolor factor Ng = 1 the resulting contributions of a general fermionic loop have the
same size of the Standard Model and MSSM ones, so are of O(10~4). For My > /s the resulting
neutral couplings are purely real, and their dependence on Mr can be well approximated by the
formula:

1Tev) i (2.25)

fZ =0.009-107* (
F

For fermion masses of a few hundreds GeV, the contributions don’t modify sizeably the Standard
Model predictions. They may become relevant in case the new heavy fermions would have
enhanced couplings to the v or the Z, or in case of a large N factor.

1-loop bosonic contributions

CP-violating effects in triple neutral couplings may arise in the two-Higgs-doublets model
(2HDM) [20], through triangle diagrams involving Higgs bosons in the loop, of the type shown
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in figure 2.9. To have C P-violation, three different Higgs bosons must appear in the loop. As
in the 2HDM the v coupling to the Higgses conserves the Higgs flavor, while the Z coupling
violates it, only the fZ coupling is affected by the loop correction. The effects on fZ have been
computed in [21], as a function of the Higgses mass, and are of O(1079).

2.5 Quartic gauge couplings

2.5.1 Scattering of massive vector bosons

As shown in section 2.2.1, quartic couplings of the gauge bosons are foreseen in the Standard
Model. Vertices of 4 vector bosons appear in the Lagrangian, provided that at least two of
them are charged (W¥). Let’s now consider the amplitudes for the process VV — VV, where
V generically denotes the particles W*,Z. An example is the scattering of two W bosons,
i.e. WTW™ — WtW™, which occurs, neglecting for the moment diagrams involving the Higgs
boson, through the diagrams shown in figure 2.10.

Figure 2.10: Diagrams for Wt W~ scattering without Higgs boson exchange

In section 2.2.2 it has been shown that the spontaneous symmetry breaking leads to the
introduction of three massless scalar fields, which are “absorbed” by the gauge bosons. The
W=, Z bosons acquire in this way longitudinal degrees of freedom. In general, for a massive
vector boson V the longitudinal component grows with energy [23]. In fact the polarisation
vector €, must satisfy the condition e,‘f(p)P“ = 0 [3], and for momenta P, = (¥,0,0,p) the

solution for eL/ is:

€’ (p) = miv(p,o,o,E) ~ 7% +0 (mfw) (2.26)
Therefore, if /s is the center of mass energy of the two scattering bosons, each of the three
diagrams in figure 2.10 has an amplitude growing as:
s2
Amp ~ md (2.27)
when the four bosons are longitudinal. However, the sum of the three amplitudes grows linearly
with s [3, 23]. Unitarity conservation requires each partial amplitude with angular momentum J
to satisfy the relation: Re(Ay) < 1/2. This means that sooner or later unitarity will be violated.
The value of the critical energy /s. at which one of the partial waves violates unitarity varies
according to the process and to the angular momenta. The S-wave scattering amplitude of
longitudinally polarised W bosons, is given by (see for example [26]):

\/iGFS

o T 0(g%) (2.28)

af =



20 2. Gauge boson couplings in the Standard Model and beyond

............................. H

w W _/-’JV;‘,.A.\.V\V.'\'\_

Figure 2.11: Higgs boson exchange diagrams contributing to WTW~ scattering

where G is the Fermi coupling constant. So unitarity will be violated at a center of mass
energy:

An/2
N g{ ~ 1.2TeV (2.29)

In the Standard Model, the solution to this problem comes from the amplitudes with Higgs
boson exchange, the diagrams in Figure 2.11. If the couplings of the Higgs to the gauge bosons
are properly chosen, the additional contribution from these diagrams cancels the asymptotic rise
of the WW scattering amplitudes and makes them converge towards an asymptotic value which
depends on the Higgs mass.

2.5.2 Strong Electroweak Symmetry Breaking

In case a light Higgs boson is not realised in Nature, a second solution to the problem of
unitarity violation exists. The upper bound of ~1 TeV can be seen as the scale up to which
the Standard Model of the electroweak interaction can be extended before new phenomena due
to new interactions become visible. At higher energies, to cancel the asymptotic rise of the
scattering amplitudes, W and Z bosons must become strongly interacting. The new strong
interaction of the gauge bosons can be traced back to a new fundamental strong interaction
whose characteristic scale is of the order 1 TeV [29]. If the Lagrangian of the new interaction is
chiral-invariant [30], the symmetry can be spontaneously broken to generate the masses and the
longitudinal degrees of freedom of the bosons. The minimal way to realize this is via the breaking
SU(2)® SU(2) — SU(2), in such a way that the isospin group SU(2) remains unbroken. In this
case the Equivalence Theorem, whose first tree-level formulation is in [36], allows to predict the
amplitudes for the scattering of longitudinal bosons for high energies below the scale at which
new scalar resonances can be produced.

As seen in section 2.2.2, after the spontaneous breaking of the SU(2) symmetry, the resulting
Goldstone bosons are “absorbed” by the gauge bosons which acquire the additional longitudinal
degree of freedom. The equivalence theorem asserts that for gauge boson energies much greater

than Myy, the following relation between the gauge bosons and the Goldstone bosons amplitudes
holds [36, 24, 27]:

AV, .V B0) = A(—in®™, ..., —in®; 8y) + O(Mw /E), (2.30)

where the 7% are the Goldstone bosons fields and @, denotes other possible on-shell physical
particles. For theories in which the chiral symmetry is broken spontaneously, it is possible to
define effective Lagrangians for the associated Goldstone fields. They are written as expansions
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in the dimensions of the field operators, or equivalently, going to the momentum space, as
expansions in the center of mass energy /s [30, 31]. This expansion contains a parameter-free
leading order interaction (plus higher order terms) which reflects the structure of the underlying
strong interaction theory. As a first approach, it may be assumed that the symmetry breaking
pattern of the new interaction is such that SU(2) ® SU(2) — SU(2)., where SU(2). denotes the
so-called custodial SU(2) symmetry, which leaves the parameter:

2
p= <M7W> =1 (2.31)

unchanged up to small perturbative corrections. This condition is strongly supported by the
electroweak precision data [38]. Under this assumptions, the kinetic terms and the first terms
in the chiral Lagrangian, involving quartic interactions of the Goldstone fields are given by [26]:

L=Ly+Ls+Lo+ Y L (2.32)
i=1,14

where £, denotes the kinetic terms of the W=2 and B fields, as in equation 2.12 and £ ¢ denotes
the Lagrangian coupling the gauge fields to the matter fields as in equation 2.10, through the
usual covariant derivative:
. T2 . Yw
D,=0,+ ngWu +1g TB“ (2.33)
already introduced in section 2.2. In general, the Goldstone fields @ can be described by the

unitary matrix:
U =exp(—iw-T/F) (2.34)

where the coefficient F parametrises the coupling between the Goldstone particles and the gauge
fields W, B. The custodial-symmetric term Ly is given by:
F2
Lo = T’I‘r[(DNU)T (D*U)] (2.35)
The value of F = (v/2Gr) '/? = 246 GeV is fixed by the values of the W and Z masses which
figure in Lg:

1
Lo = MWW= + - M7 7,7" (2.36)

In the Standard Model, F' is replaced by the expectation value of the Higgs field in the ground
state v (see section 2.2.2). Although the meaning of the two parameters is different in the two
scenarios, as F' = v the symbol v is usually adopted, and will be adopted in the following, to
characterise the weak-interaction scale.

As seen before, at the next order in the expansion, 14 operators can be defined [30] in the
chiral Lagrangian. In the following, the treatment will be restricted to those which involve gen-
uine quartic boson interactions, i.e. which do not have triple gauge boson vertices associated to
the quartic couplings. This operators can be determined in the study of WW—WW scattering.
To write the operators in terms of the W=,7 fields, a vector field can be defined starting from
the Goldstone fields, as [24, 26]:

V,=U'D,U. (2.37)

The independent dimension-4 operators, which may be formed, are:

Q4 U
L4 = —167T2ﬁ[vuvum[v”\/] (2.38)
(073 v
Ls = —167r2’1‘r[VuV“]Tr[V,,V] (2.39)
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189 <as< +1.7] 3.2 < ag < +0.28
AT4A<as < +44 | 3.0 < ar < +0.28
-3.3 < a19 < +0.30

Table 2.5: Indirect bounds on the chiral Lagrangian coefficients from precision measurements at
the Z-pole and at low energy. The limits are derived at 90% confidence level allowing only one
parameter to be different from zero at a time.

Qg

Lo = oo TV Vi T TVH T VY] (2.40)
Lr = oDV V)T VTV (2.41)
Lo = 8 S (MTVAITV, (2.42)

where 7 = Ur3U?. The first two terms Ly, L5 are SU(2). custodial symmetric, i.e. they leave
the value p = 1 unchanged*. The operators Lg, L7, L19. due to the presence of 7, violate the
custodial SU(2), symmetry. Each of the £; terms is proportional to a coupling «;, whose value
in the Standard Model is zero. From the magnitude of loop effects which carry a factor 1/167>
together with an additional power of s/v? [24], the largest value of /s for a chiral expansion
to be valid may be estimated as [37] /s < 47v ~ 3 TeV. If the coefficients «; where required
to be much bigger than 1, new resonances would have to be visible before the scale of 3 TeV.
This means that the threshold for the production of resonances associated with the new strong
interaction should be in this case between 1 and 3 TeV. In general, the coefficients «; are then
related to the scales of new physics A} by dimensional analysis [37]:

2
Q; v
— == . 2.43
1672 (A;k ) (243)
where v=246 GeV. In the absence of resonances lighter than 47v, from dimensional analysis one

expects:
A} ~ 4my ~ 3TeV, (2.44)

and this corresponds to an order of magnitude for the coefficients of the chiral Lagrangian
a; ~ O(1).

2.5.3 Current bounds on Electroweak Chiral Lagrangian parameters
Indirect bounds from low-energy measurements

The coefficients oy 5 and og 7,10 in the chiral Lagrangian can be indirectly constrained by low-
energy experimental observables, to which they contribute through one-loop diagrams of the type
shown in Figure 2.12. However, the loop divergences must be absorbed by the renormalization
constant counter-terms, so the bounds obtained by keeping only the leading logarithmic terms
should be considered only as a rough estimate, affected by large uncertainties. Since the ignored
constant terms are of the same size of the logarithmic contributions, the size of these uncertainties
could even be a factor 2 or 3 [24]. The 90% C.L. indirect bounds on the Chiral Lagrangian
coefficients are shown in Table 2.5 (from [33]).  Although the bounds on the p parameter
severely constrain the SU(2).-violating parameters g, a7 and a1, they are still not constrained
between values smaller than the natural size o; ~ O(1).

* The operators L4, Ls are explicitly SU(2). invariant, but they do contribute to the renormalisation of a
SU(2). violating 2-dimensional operator. This induces a deviation of the p parameter at the loop level, which is
anyway compatible with the electroweak precision measurements.
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W/zZ W/Z

Figure 2.12: One-loop corrections to the W and Z propagators, receiving contributions from
anomalous quartic vertices

Unitarity bounds

The weak isospin amplitudes A (I =0,1,2) for WW scattering have been calculated in [26],
assuming SU(2)¢ custodial symmetry (so keeping only the terms L4 5 of the chiral Lagrangian).
The isospin amplitudes may be decomposed with respect to orbital angular momentum:

(e e]
AD =327 "(21 + 1) Py(cosf)af (2.45)
=0
All amplitudes with I + [ =odd vanish due to CP invariance, while angular momentum states
with [ > 2 are populated only by higher-order operators in the chiral Lagrangian. Unitarity
requires Re(a}) <1/2; the strongest constraints come from the S-wave amplitudes for isospin 0
and 2 channels, which are given by:

1 4s 16 s?
0 _
@ = i [-I—v_? + ?(7014 + 11015),0_4] (2.46)
1 2s 32 52
2
— _22 4 2% - 2.4
ag 64#[ v2+ 3( a4+a5)v4] (2.47)

The allowed a4, a5 values depend quite strongly on the WW scattering center of mass energy
V/s. In figure 2.13 the allowed regions in the (a4,as) plane, calculated on the basis of the
amplitudes 2.46, and 2.47, are shown, at /s = 500 GeV and /s=800 GeV.

2.5.4 Amplitudes for WW—WW scattering

The amplitudes for the processes of the type WW—WW, where V indicates a W* or a Z, can
be calculated in the framework of the electroweak chiral Lagrangian, as in [26]. The leading
contribution to the amplitudes is associated with longitudinal gauge bosons; their expression
at asymptotic energies, at which the W,Z masses can be neglected (|s|, |t|,|u] > M%), are
given in table 2.6. Here s,%,u indicate the Mandelstam variables characterising the scattering
process; e.g. in this case /s is the center of mass energy of the scattering bosons. Elastic
WTW™ — WTW™ scattering depends only on oy, as, while the two processes WTW™ — Z7Z
and W*Z — W*Z can be exploited to measure both the SU(2). custodial coefficients ay, as
and the SU(2). custodial violating ag, 7. The process ZZ—ZZ is the only one which is sensitive
to the coefficient aqg.
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Figure 2.13: Unitarity bounds on the anomalous quartic couplings oy, as. The gray shaded areas
show the allowed regions for each of the S-wave isospin amplitudes a} and a3, in the (a4, )
plane. The Standard Model value of the couplings corresponds to the point (0,0). The allowed
regions at a subprocess energy of 500 GeV (a) and 800 GeV (b) are shown.

| Process ‘ Amplitude ‘
WIW- 5 WHw— [ A= —u o AT, ) S
WHW— — 77 A=+ + ) (0 + ag) + 55 (a5 + a7)
WEZ — W*7 A=+4 4+ L5 0, 4 ag) + 82 (a5 + )
77 — 77, A =S (0 4 a5) + 2(a + a7 + arg)]

Table 2.6: Amplitudes for the scattering WW—WW of W* and Z bosons

2.5.5 Signatures of SEWSB signals in ete~ collisions

At ete™ colliders, the scattering of W=,Z bosons can be studied analysing processes of the type
ete” —6-fermion. The relevant final states, and the corresponding WW scattering subprocesses,
are listed in Table 2.7. In particular, the subprocesses WTW~ — WTW~ and WTW~ — ZZ
lead to final states of the type vuf fff, while the subprocess W*Z — W*Z and ZZ — ZZ lead
to evffff and eef fff final states respectively. W* bosons are radiated off electron/positrons
with a probability g?/16m2 ~ 3 -1073. On the other hand, the couplings of the Z bosons to
electrons/positrons are smaller than those of the W’s so the radiation of Z bosons is suppressed
compared to W bosons® Hence, the WT W~ scattering reactions are those having the highest
sensitivity to the «; couplings. The corresponding Feynman diagrams are shown in figure 2.14.
Experimental observables influenced by the next-to-leading order terms of the chiral Lagrangian

® The neutral current coupling of the Z to ete™ is given by [3] —ic—osgm'y"%(c‘{, —¢%7°) where the values of the

vector and axial coupling for electrons are c§, = —% + 2sin%6w ~ —0.03 and'csy = 5 respectively.
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‘ Final state ‘ Scattering processes ‘ Couplings ‘
voffff WtW- - WrW~ and WIW— — ZZ Qg5 and Q4567
eI/ffff WiZ — WiZ 04,5.6,7
eeffff 77, — 17, 0456,7,10

Table 2.7: 6-fermion processes relevant for the study of WW scattering at ete™ colliders. The
quartic couplings which each process is sensitive to are also shown.

Figure 2.14: WW scattering diagrams in e*e™ collisions

(i.e. by values of the «; couplings different from 0), are:

e The total cross section. The L; terms of the chiral Lagrangian are linear in the q;
couplings, hence the dependence of the total cross section on the couplings is parabolic.
Besides, the additional quartic contributions introduced by the £; terms are C'P conserv-
ing, so an interference pattern is expected in the dependence of the total cross section on
the couplings. The ratio of the total cross section to the Standard Model value for the
processes et e” — WTW~vv and eTe™ — ZZvv, as a function of the quartic couplings a4
and as, is shown in the figures 2.15.(a) and 2.15.(b)

e The angular distributions. The anomalous quartic couplings change the relative weight
of each boson’s polarisation state. This affects the angular distributions of the bosons, and
those of their decay products. In figure 2.16.(a) the distribution of the cosine of the boson’s
polar angle is shown, in case of the Standard Model and for values of the coefficients «;
different from 0.

e The boson-pair mass. The impact of the strong interaction terms increases with the
center of mass energy of the WW—WW subprocess. In particular, the additional quartic
contributions introduced by the £; terms rise proportional to s%, as can be seen in table
2.6. The maximal power of s is realised only for amplitudes in which all four bosons are
longitudinally polarised. Replacing one longitudinal boson with a transverse one removes
a factor \/s/v. The invariant mass of the boson pair, i.e. of the four decay fermions is
then sensitive to the couplings «;. The distribution of the WW invariant mass is shown in
Figure 2.16.(b). The distribution expected in the Standard Model (a; = 0) is compared
to the one expected in case one of the coefficients «; is different from 0.
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Figure 2.15: Ratio of the total WWuvv (a) and ZZvv (b) cross sections to the Standard Model
value, as a function of the quartic couplings oy (full lines) and a5 (dashed lines).
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Figure 2.16: Distribution of the bosons polar angle in eTe™ —ZZvi events, in case of the
Standard Model (ay = a5 = 0, full-line histogram) or in case of values of the quartic anomalous
couplings different from 0 (dashed- and dotted-line histograms).

2.6 Summary on the measurement of gauge boson couplings at eTe~ colliders

As shown in the previous sections, the study of the process et e~ —ZZ allows the measurement
of possible anomalous vZZ and ZZZ couplings. The study of this process is possible at eTe~
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center of mass energies above the threshold of ~182 GeV. In the following chapters the analysis
of the data taken at the LEP collider in the years 1999 and 2000 at center of mass energies
192 < /s < 208 GeV will be described.

The processes involving quartic vertices of massive bosons, of the type shown in Figure
2.7, cannot be studied at LEP. Although they are kinematically allowed, their cross section is
negligible and the sensitivity to the coefficients of the chiral Lagrangian is correspondingly not
significant. Future eTe™ colliders, operating at center of mass energies reaching the TeV scale,
will on the other hand provide the possibility of studying the scattering of massive vector bosons.
As it will be shown in the second part of this thesis, an e*e™ collider like TESLA [40], operating
at a center of mass energy of 800 GeV, will provide the necessary statistics to measure with high
sensitivity possible deviations from the Standard Model in the scattering of two massive bosons.
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3. LEP and the OPAL experiment

This chapter will describe the OPAL experiment at the LEP eTe™ collider. After a general
description of the collider and of the OPAL detector, the characteristics of the physics processes
relevant for the study of Z boson pair production in ete™ collisions will be introduced.

3.1 The LEP collider

The LEP (Large Electron Positron collider) ete ™ collider, at the European Organisation for
Nuclear Research CERN, is an e*e™ storage ring which has been operating from the year 1989 to
the year 2000. The LEP ring has a circumference of 27 km; bunches of electrons and positrons
circulate in the ring along opposite directions and collide in four points, where the detectors
ALEPH, DELPHI, L3 and OPAL have been installed. Since the beginning of the data taking,
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Figure 3.1: The LEP storage ring at CERN, and the four experiments.

in fall 1989, until the summer of 1995, the eTe™ center of mass energy /s was about 91 GeV,
corresponding to the mass of the Z boson. Each experiment collected during this period an
integrated luminosity of about 175 pb~!, which corresponds to about 4.5 millions of hadronic
Z decays. This has allowed to perform many precision tests of the Standard Model of the
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electroweak and strong interactions.

Since fall 1995 the electron and positron beam energy has been increased by successively
adding superconduncting cavities along the ring (this second period of data taking is the so-
called LEP2 period). LEP became then the world highest energy eTe collider. The increase of
the center of mass energy up to 208 GeV allowed to study eTe™ processes in an energy range
never reached before. Since the energy of 161 GeV was reached, in year 1996, the production
of pairs of W bosons has been for the first time possible at an ete™ collider. When the energy
of 183 GeV was reached, in the year 1997, also the production of pairs of Z bosons could be
studied. A further central topic of the LEP2 physics program was the search for Higgs bosons
and for new physics beyond the Standard Model, like for example supersymmetric particles.

In Table 3.1 a summary of the integrated luminosities £ collected at LEP is shown. During
the year 1999 data were taken at the four center of mass energies /s =192 GeV, /s =196 GeV,
Vs =200 GeV and /s=202 GeV. During the year 2000, the last year of data taking, the goal
of LEP was to take data at the highest energy possible. A different technique was used for
the beam acceleration, consisting in adjusting and stabilising the beams at energies of about
200 GeV, and then increasing the energy in successive steps during the same fill (the so called
mini-ramps). This led to a continuous energy spectrum. The resulting luminosity distribution
for the year 2000 data is shown in figure 3.2. The next chapters will treat the study of Z boson
pair production, and in particular the analysis of the OPAL data taken in the years 1999 and
2000,

‘ Year ‘ Vs (GeV) ‘ L (pbh) ‘

1990-95 ~91 165
1995 130/136 5
1996 161 10
1996 170/172 10
1997 183 55
1998 189 172
1999 192-202 213
2000 200-209 220

Table 3.1: Integrated luminosities collected at LEP ordered according to the year of data taking
and the ete ™ center of mass energy.

3.2 The Opal detector at LEP

The OPAL detector (Omni Purpose Apparatus for LEP), is one of the four detectors built in
correspondence of the eTe™ collision points to detect and identify the particles produced in the
collisions, and to measure their 4-momenta. It is 12 m long, has a diameter of 10 m and a weight
of about 3000 t. The geometrical acceptance covers 97% of the full solid angle. In the following,
the different sections of the OPAL detector will be briefly described. A detailed description of the
detector components can be found in [39]. The coordinate system is cylindrical, its +z direction
is given by the flight direction of the electrons, and its origin corresponds to the interaction
point. The +z direction points to the center of the storage ring. The polar angle 8 is defined
with respect to the +z direction, while the azimuthal angle ¢ is defined with respect to the
horizontal +z direction.

The OPAL tracking system consists of a Silicon Microvertex Detector, which is the subde-
tector closest to the interaction point, and of a group of drift chambers (Vertex Chambers, Jet
Chambers and z-Chambers) located inside a cylindrical pressurised vessel about 6 m long and



3.2. The Opal detector at LEP 31

/0.25 GeV
3
|

1
5
T

l

y (pb’
o
l

N
l
1
|

Int. Luminosit
w
?
l L1

N
o

P B
l

; ol i
OA"'w""_"—w"w'"'w""w'H"mT'w"'A
200 201 202 203 204 205 206 207 208 209 210
wFs(GeV)

Figure 3.2: Distribution of the integrated luminosities for the data collected during the year
2000 at LEP. The vertical dashed line in correspondence of y/s = 205.5 GeV shows the point of
separation between the two energy points considered for the analysis presented here, at /s = 205
GeV, and at /s = 207 GeV.

with a diameter of about 4 meters. The vessel is surrounded by a normal conducting solonoidal
coil, which produces an homogeneous magnetic field of 0.435 Tesla directed along the beam axis.
The iron plates of the hadronic calorimeter work as return-joke.

The Silicon Microvertex Detector (SI) consists of two layers of silicon strips counters,
which are cilidrically positioned around the beam axis at radii of 6.1 cm and 7.5 cm. After its
third upgrade, in 1996, the detector covers the polar angle range up to |cosf| < 0.89 (with hits
in both layers), with respect to the LEP1 acceptance which was covering up to |cosf| < 0.77.
The two hits acceptance in the azimuthal plane direction has been similarly increased, via a
larger number of strip detectors, from 80% to 97%. The track parameter resolution is 18 um
in the direction orthogonal to the beam axis (r — ¢ plane), and 24 pm in the z-direction. This
precision plays a fundamental role in the identification of long-lived B hadrons. The Central
Vertex Chamber (CV) is a cylindrical drift chamber divided into 36 sectors. Its length is 1
m, its inner radius is 8.8 cm and its outer radius is 23.5 cm. The 12 inner layers of the signal
wires are parallel to the z axis, while the outer 6 layers are equipped with stereo wires having
an angle of 4° with the beam axis. The space resolution of the vertex chamber is 55 ym in the
r — ¢ plane and 700 um in the axial direction. This detector component is fundamental for the
extrapolation of the tracks from the Jet-Chamber to the Silicon Microvertex Detector.

The Central Jet-Chamber (CJ) is a Jade-like drift chamber. It is subdivided into 24
azimuthal sectors each one having 159 signal wires separated by a distance of 1 cm. CJ covers
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Figure 3.3: The tracking system of the OPAL detector.

the radial range from r = 25 cm up to r=183 cm, with an axial length of 4 m. The anode wires
are slightly staggered to allow the solution of the left-right ambiguity in the track reconstruction.
The hit positions of the charged tracks are determined from the wire positions, the drift times
and the charge collected by the wires. The space resolution in the r — ¢ plane is 135 pm, in the
z direction 6 cm. The double-track resolution is 2 mm. The particles momentum and charge is
determined from the track curvature in the 0.435 T magnetic field. The relative resolution (of
CJ alone) on the measurement of the transversal momentum is given by:

Tor — 1 /(0.02)2 + (0.0015 (GeV)~! - pr)? (3.1)
pr

The z-chambers (CZ) are the out-most completion of the tracking system. They consist
of 24x8 planar drift chambers, each with 6 layers, whose signal wires are orthogonal to the CJ
wires. This allows a precise measurement of the z coordinate with a resolution of o, = 300 pum
inside the polar angle range |cosf| < 0.72.

The Time of flight system (TOF) consists, in the barrel, of plastic scintillator strips with
a time resolution of about 300 ps. Before the 1997 data taking the system has been extended
to the end-cap (in the range 0.82 < |cosf| < 0.95), where the time resolution is 3ns. The TOF
system is used mainly for triggering and to reject cosmic rays events.

The calorimeter system measures the amount of energy deposed by the particles, and the
position of the energy deposits. It is constituted by the following parts:

the Presampler consists in the barrel of two cylindrical layers of streamer chambers, and
in each of the two end-caps of 16 multi-wire proportional chambers. It is placed immediately
before the electromagnetic calorimeter and measures the showering of particles in the pressure
vessel and in the solenoid coil. The material before the electromagnetic calorimeter corresponds
to 2 radiation lengths in the barrel and up to 7 radiation lengths in special sectors between
the barrel and the end-caps. From the measured multiplicity in the presampler it is possible to
measure the correction to be applied to the energy deposition measured in the electromagnetic
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calorimeter.

The Electromagnetic calorimeter is constituted, in the barrel, of 9940 lead-glass blocks
each of 24.6 radiation lengths and a section of 10x10 cm?. The barrel blocks are pointing in
direction of the interaction point. In each of the end-caps consists of 1132 blocks with a section of
9.4x9.4 cm?, with an average length of 22 radiation lengths. The blocks are parallel to the beam
axis. Electrons, positrons and photons depose almost their total energy in the electromagnetic
calorimeter. The energy is measured through the Cerenkov-light emitted by the particles in
the electromagnetic showers, which is proportional to the deposed energy. The relative energy
resolution, taking into account the energy loss in the material before the calorimeter, is given
by:

OFE
E

The hadronic calorimeter is built of alternate layers of iron plates and stream tubes. It
is constituted of a central component for the barrel, two end-caps and two pole-tips. In the
calorimeter, the energy of hadrons is measured. Its radial width is more than 1.3 m, and this
corresponds, considering also the electromagnetic calorimeter, to a total of at least 7 hadronic
interaction lengths. Only 0.1% of the pions pass without showering the calorimeter system,
which thus is a good muon filter.

The muon chambers are the outermost component of the OPAL detector. The 110 drift
chambers mounted in the barrel region are 1.2 m long, and are disposed in four layers. The
azimuthal and axial resolutions are 1.5 mm and 2 mm respectively. In each of the end-caps
the muon detectors are constituted of two orthogonal layers of streamer tubes transversal to the
beam axis. The single point space resolution of the end-cap chambers is 1 mm in both directions
in the r — ¢ plane.

- \/(0,03)2 + (0.16)2(GeV)/E. (3.2)

The hermeticity of the OPAL detector is granted by a group of subdetectors close to the
beam axis, which detect particles produced at small polar angles:

the forward detectors (FD) are placed in the forward region and are a system of drift
chambers, proportional counters and a lead-scintillator sandwich calorimeter.

The gamma catcher (GC) is a ring of lead-scintillator modules which have a width cor-
responding to 7 radiation lengths.

The silicon-tungsten calorimeters (SW) are built of alternate layers of tungsten plates
and double-sided silicon strip counters. The counters have both radial and azimuthal strips.
These components of the detector have been mounted in 1993, and together with the FD sub-
detectors they are used for the measurement of the luminosity.

The MIP-plug is a 2-layer subdetector of plastic scintillator with a width of 1 cm. It
measures minimum ionising particles, in particular muons, at very small polar angles. The
acceptance for MIPs is increased, through the MIP plug, from the limit of the hadron-poletip
(200 mrad) to 43 mrad. This component has been added to the OPAL detector in 1997.

A view of the complete OPAL detector is shown in Figure 3.4, while the subdetectors under
small polar angles are shown in Figure 3.5.

The tracks of the charged particles are bent in the axial magnetic field, and the helix cor-
responding to their trajectory can be univocally described by five independent parameters. At
OPAL the following five quantities are used:

e k= %: where p is the curvature radius of the track projection on the r — ¢ plane.

e ¢g: the azimuthal angle of the track tangent at the p.c.a.!

e dj: the radial distance from the p.c.a. to the vertex.

! The point of closest approach (p.c.a.) denotes the point of the track closest to the interaction vertex, in the
r — ¢ plane.
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e 2): the z-coordinate of the track at the p.c.a.

e tan\ = cotf: where 0 is the polar angle of the track.

Electromagnetic calorimeters
Muon detectors
Hadron calorimeters and return yoke

—— Jet chamber

[ Vertex detector

[~ Microvertex detector

Z chambers
8,/ \¢
Solenoid and Pressure Vessel
z X \

Presamplers

Original forward detector Time of flight detector

Silicon-tungsten forward detector

Figure 3.4: An overview of the OPAL detector.

3.3 Physics processes at LEP2

The LEP2 event classes relevant for the et e~ —ZZ analysis are presented in the following. Their
experimental signature and their cross section are also discussed.

In general, leptons, quarks, and photons can be present in a final state, each particle lead-
ing to a different experimental signature. Charged leptons (et and u™) are reconstructed as
single tracks in the central tracking detectors. The energy of the electrons is measured in the
ECAL, while muons loose only part of their energy in the calorimeters via ionization, and are
reconstructed using the muon chambers as well. The 7F leptons decay immediately after their
production; their decay channels involve different number of leptons or hadrons (e.g. 7/K
mesons), whose tracks are measured in the detector. Neutrinos can not be detected, and their
signature is missing momentum and energy.

Quarks can not be directly observed in the detector, as they undergo the process of fragmen-
tation immediately after they have been produced. Their experimental signature are bundles
of particles, the so-called jets, which are mainly constituted by hadrons, but can also contain
leptons and photons from hadron decays. The measure of the momentum of a jet allows the
knowledge of the momentum of the corresponding primary quark, provided that all particles
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Figure 3.5: OPAL subdetectors in the forward region

are correctly assigned to the respective jets. The method used to reconstruct jets in the OPAL
detector will be discussed in the following as well.

4-fermion processes

With the term “4-fermion events” we indicate all eTe™ electroweak interactions leading to a
final state with four fermions, with the exception of 2-photon (or multiperipheral) processes,
which will be discussed in the next section. A selection of some of the most relevant 4-fermion
diagrams is shown in Figure 3.6. The so-called double-resonant diagrams are W boson pair ones,
also indicated as CCO03 diagrams, and Z pair production, the NC02 diagrams already introduced
in previous chapters (see Figure 2.4)2.

Among the 4-fermion processes, W pair production is the one with the highest cross section.
In fact the cross section for Z pair production is ~20 times smaller than that for W pair produc-
tion. In both cases the two bosons decay in two fermion-antifermion pairs, the invariant mass
distribution of the two pairs corresponding to the mass and the width of the bosons involved.

Other relevant 4-fermion diagrams are those for the production of a single W or a single Z
(single-resonant diagrams), whose cross section is comparable with the ete™ —ZZ cross section.

The same 4-fermion final state may be produced by different diagrams. For example the
process ete”™ — eTe”utu~ may occur through the NC02 diagrams already shown Figure 2.4,
or through the single-resonant diagram in Figure 3.6.(f).

In this analysis the signal corresponds to the NCO02 diagrams, while all other 4-fermion
processes are considered as background. Anyway the signal definition must take into account
the interference between signal and background diagrams; this requires an appropriate treatment
of the signal definition, which will be described in detail in Section 5.1.

The most relevant 4-fermion background for the selection of ete™ — ZZ — qqqq events is
constituted by W pairs, in particular ete™ — WTW ™ — qgqq events. The mass resolution of the
detector, i.e. angle and energy resolution in the measurement of jets, is crucial for the rejection
of this background. The hadronic decays of the W bosons are dominated by the processes

2 The denomination CCO03 refers to the charged current involved in the 4-fermion production and to the fact
that three diagrams are leading to W pair production. Similarly, the denomination NC02 refers to the 4-fermion
production through neutral current, and to the number of corresponding diagrams, which is two.
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W= — ud, ad and W* — ¢5,¢s. In fact the weak charged current couples up- and down-type
quarks, i.e. quarks with third component of the weak isospin +1/2 and -1/2 respectively. The
couplings can be parametrised by a 3x3 matrix, the so-called Cabibbo-Kobayashi-Maskawa
(CKM) matrix [3]. The CKM matrix elements parametrising b-quark couplings to up-type
quarks are dominated by the Vy element, which is almost equal to one, while V,, and V,; are
negligible. As the decays W+ — tb and W~ — tb are kinematically not allowed, the decays
involving b-quarks are strongly suppressed, having a branching ratio of ~ 0.2}.

On the contrary, the Branching Ratio for the decay Z— bb is about 15%. This consideration
suggests the development of a dedicated selection for the channel ZZ — qgbb, where a least one
Z is decaying in a bb pair, exploiting the identification of b-quarks to strongly reduce the WW
background, as will be shown in detail in the following sections of this chapter.

Figure 3.6: Examples of 4-fermion diagrams, background to the NC02 signal diagrams. The
diagrams (a) and (b) are the CC03 diagrams for W pair production (s- and t-channel respec-
tively). The diagrams (c) and (d) are leading to single W production, while (e) and (f) lead to
the production of a single Z.

2-fermion processes

The production of pairs of fermions occurs through the diagrams in Figure 3.8, annihilations of
the initial electron and positron into a 7y or a Z, which in turn decay into a fermion-antifermion
pair. In case the intermediate boson is a Z, the cross section for the process becomes significantly
bigger as the effective eTe™ center of mass energy comes closer to the Z mass. This happens after
the radiation, in the initial state, of a photon with energy E, = (s—M2)/(2+/s), a process called
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Run:event 12177: 5252 Ctrk(N= 54 Sump=108.0) Ecal(N= 73 SumE=129.1)
Ebeam 99.95 Vtx ( -.04, .06, .42) Hcal(N=33 SumE= 46.2) Muon(N= 0)

Figure 3.7: A 4-fermion event, reconstructed in the OPAL detector. Shown is a ete” — qgqq
event in data taken at /s ~ 200 GeV.

Initial State Radiation (ISR), whose Feynman diagram is shown in Figure 3.8.(b). This kind of
events, called “radiative return” to the Z, amount to about 90% of the whole eTe™ — Z — ff
sample. If the radiated photon can not be measured in the detector, because it is produced
almost collinearly with the beam, the total energy measured is less then the nominal eTe™
center of mass energy: v's' < /s, where v/s' indicates the reconstructed center of mass energy
of the ete™ interaction, after ISR. In this case the direction of the missing energy goes along
the beam pipe, thus fermion and antifermion are approximately back to back only in the r — ¢
plane. If the photon can be measured in the detector, then /s’ = /s. Also in case of no ISR it
is Vs = V/s; besides, the fermion and the antifermion are in this case collinear.

The 2-fermion background to the eTe™ — ZZ — qqqq selection is exclusively constituted
by ete” — Z/y — qq events. Events with ISR can be easily rejected through a cut on the
ratio v/s'/\/s. Events with /s’ ~ /s are an important background to the ZZ — qqqq selection,
especially when the event has a 4-jet shape. This may happen for example when one quark
radiates a gluon, which then decays into a quark-antiquark pair (the gluon splitting g — qq
process), as shown in the Feynman diagram in Figure 3.8.(c)3. In Figure 3.9 two eTe™ — qg
events are shown, as they are reconstructed in the OPAL detector.

2-photon processes

The 2-photon process is the one having the highest cross section at LEP2 (o, ~ O(10nb)).
The Feynman diagram (called multiperipheral diagram) for the process is shown in Figure 3.10;
two photons are radiated off the electron and the positron and interact generating a fermion-
antifermion pair. Thus, the process actually leads to a 4-fermion final state. Due to the peculiar
experimental signature however, 2-photon processes are considered as a separate process. In

3 Other subprocesses leading to a 4-jet like event are the radiation of a gluon followed by the process g — gg,
or the radiation of two gluons by the final-state quarks.
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Figure 3.8: 2-fermion diagrams, at full center of mass energy (a), or after ISR (b). In (c) is also
shown the diagram for qq production associated with the radiation of a gluon in the final state
(gluon splitting).
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Figure 3.9: (a): an event of the type e"e™ — qq in data taken at /s ~200 GeV, reconstructed
in the OPAL detector. The event occurs at full center of mass energy, i.e. the amount of ISR
is negligible, and the jets originated by the two quarks are back-to-back. (b): an ete™ — qgy
event, where the quark pair production occurs after initial state radiation. In this case, the
photon is detected in the forward ECAL, where the energy deposit is visible.

fact, after the radiation of a photon, the primary electron and positron are scattered under very
small azimuthal angle, and in most cases remain unobserved along the beam-pipe. The fermion-
antifermion pair is usually detected in the forward section of the detector. The experimental
signature of the process is large missing energy, small transverse momentum and activity in the
detector at small polar angles. Thus, in spite of the very high cross section, this background is
very easy to reject in a selection of ete™ — ZZ — qqqq or eTe~ — ZZ — qgbb events.
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Run:event 12177: 414  Ctrk(N= 20 Sump= 3.3) Ecal(N= 17 SumE= 5.9)
Ebeam 99.87 Vix ( -.04, .08, .04) Hcal(N= 3 SumE= 2.8) Muon(N= 0)

Figure 3.10: (a): Feynman diagram of the 2-photon process. (b): a 2-photon event reconstructed
in the OPAL detector; the electron and positron remain unobserved along the beam pipe.

Cross sections

The cross sections for the processes discussed are shown in figure 3.11, as a function of the
ete™ center of mass energy. In the figure, the cross section for the ZZ signal is shown, together
with those for the main background processes to the fully hadronic channels, W pair production
and ete” — qg. The ZZ cross section is ~1 pb at /s ~200 GeV, and it is overall a factor
~20 smaller than that for WW production. W pair production represents therefore a relevant
background for the measurement of the cross section for Z boson pair production.

The cross section for the process eTe™ — qq is, at /s =200 GeV, ~90 pb, so about 2 orders
of magnitude bigger than the ZZ cross section. The eTe™ — qg cross section peaks at /s ~91
GeV, in correspondence of the mass of the Z resonance.

3.4 ZZ decay channels

The Standard Model branching ratios for the process Z— ff are shown in Table 3.2 [12]. Conse-
quently, the branching ratios for each channel of the process ZZ — ffff can be easily calculated.
They are shown in Table 3.3, where the branching ratio for the ZZ — qgbb channel, a sub-
sample of the fully hadronic ZZ — qqqq channel is also indicated. The table shows also, as an
example, the number of events expected for each channel, at /s = 200 GeV and assuming an
integrated luminosity £=200 pb~!. Each channel is characterised by a distinctive signature in

| Channel | BR (%) |
Z—qq | 699
Z— 1T~ | 101
7— vv 20.0

Table 3.2: Standard Model branching ratios for the process 7 — ff.
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Figure 3.11: Cross sections for the most relevant processes in eTe™ collisions at LEP1 and
LEP2, as a function of the center of mass energy /s. The 2-fermion processes (in the figure
o(ete™ — pTu~) and o(eTe™ —hadrons) are shown) have the highest cross section. The dotted
line shows the eTe™ — qq cross section computed at tree level, i.e. without including radiative
corrections (Born approximation). The production of pairs of W and Z bosons leads to 4-fermion
final states.

the detector, according to the kind of fermions present in the final state. The masses of the two
fermion-antifermion pairs peak at the value of My ~ 91 GeV. The quarks present in the final
state undergo the process of fragmentation in jets of colourless hadrons. The charged leptons
are detected or as single tracks (electrons and muons) or after their decay in channels involving
different numbers of particles (7 leptons). The neutrinos are not detected (i.e. their signature
is missing energy and momentum).
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Channel BR (%) | N. of expected
signal events
at /s =206 GeV
for £=200 pb~!
77 — 1717171 1.0 2.1
77, — vivp 4.0 8.5
77, — 1M1 v 4.0 8.5
727 — qql™l™ 14.1 30.1
77 — qquv 28.0 59.8
77 — qqqq 48.9 104.4
Z7Z — qgbb 18.4 39.3

Table 3.3: Branching ratios for the process Z7Z — ffff. The ZZ — qgbb events are a subsample
of the general fully hadronic channel Z7 — qqqq. The third column of the table shows, as a
reference example, the number of expected signal events assuming 100% selection efficiency.
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3. LEP and the OPAL experiment




4. Event reconstruction at OPAL

This chapter will describe the simulation and reconstruction of the events in the OPAL detector,
focusing in particular on events involving the production of quarks. Since the selection of
ete™ — ZZ — qgbb events exploits the identification of the jets originating from b-quarks, the
OPAL b-tagging algorithm will be also described in detail in the chapter.

4.1 Simulation of the events

The development of an event selection for a given physics process, and the interpretation of
the results, for example in terms of a cross-section measurement, require the simulation of
the relevant signal and background events classes, i.e. of all the physics processes which are
expected to play a role in the analysis. The comparison of the results of the data analysis
with the results expected from the Monte-Carlo simulation allows to measure the parameters on
which the simulation depends, like cross sections or couplings. The MC simulation of an event
can be sub-divided in two steps, the event generation and the detector simulation.

Event generation

In this first phase of the simulation, the 4-vectors of the particles in the final state are generated,
through programs (event generators) which calculate the probability of a given process for any
point of the final state phase space, and generate the 4-vectors according to this probability. The
probability is calculated on the basis of the differential amplitude for the process under exam.
The integration of the differential cross section yields the total cross section for the process. If
quarks are present in the final state, a second step follows the generation of the primary quarks
4-vectors: the simulation of the process of fragmentation in colourless hadrons, which can be
measured in the detector. As a cross-check, and to compute systematic errors connected to the
modelling of the physics process, different generators can be used to simulate the same process.
The event generators which have been used in this analysis are the following:

e 4-fermion processes: GRC4F [41] is an event generator for 4-fermion processes. For a
given 4-fermion final state, GRC4F generates events taking into account all lowest order
diagrams leading to that final state, and the interference between them.

The signal diagrams, i.e. the NC02 diagrams, are a subset of the 4-fermion diagrams
included in GRC4F. For the simulation of the signal process, a dedicated generator including
only NC02 diagrams has been used, the YFszz [44] generator.

A cross check of the 4-fermion background simulation can be performed using KORALW
[42], which includes only the CC03 diagrams for W pair production, or EXCALIBUR [43],
which includes all 4-fermion diagrams.

e 2-fermion processes: The 2-fermion processes relevant for the analysis presented in this
work are those leading to a qq final state. They are shown in Figure 3.8, and have been
discussed in Section 3.3, leading to a qq final state. The generators used to simulate these
processes are KK2F [46], as reference generator, and PYHTIA [45] for systematic studies.
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e 2-photon processes To simulate the process shown in Figure 3.10 two generators have
been combined: PYHTIA [45] (untagged electron), HERWIG (tagged electron) [48], where
the two categories correspond to small or large Q? of the photon, respectively. Another
generator, PHOJET [49] has been used for cross-check.

Fragmentation

QCD perturbation theory is valid at short distances. At long distances, QCD becomes strongly
interacting, and perturbation theory breaks down. In this regime, the coloured partons (quarks
or gluons) are transformed into colourless hadrons in the so-called fragmentation process. The
process of fragmentation has yet to be understood from first principles, but many different
phenomenological models have been developed. All models are of probabilistic and iterative
nature, describing the fragmentation as a series of branching processes. The model implemented
in JETSET[47], the program used to simulate the fragmentation in this analysis, is the string
fragmentation, in particular the Lund string model.

To check the systematics connected with the modelling of the quark fragmentation, a second
Monte-Carlo program, HERWIG [48], has been also used as a cross-check. HERWIG implements
the cluster fragmentation algorithm.

Detector simulation.

The passage of the particles through the detector must be simulated in detail to have a good
agreement between the simulated measurements and those performed on real data, in case no
new physics occurs. The simulation of the OPAL detector is performed by the program GOPAL
[50], which is based on the CERN program library GEANT3 [51].

The interactions of the particles with the material of the detector (for example energy loss
by ionization, shower formation, multiple scattering or gas ionization in drift chambers) are
simulated according to the real geometry and material structure of the detector. The response
of the active parts of the detector is also simulated. This means that the formation of the
electronic signals in the different parts of the detector, and their conversion in digital signals,
are simulated in detail on the basis of the characteristics of the detector and in particular of its
readout electronic.

4.2 Event reconstruction and energy correction

In the OPAL detector, the momentum of the charged particles is in most of the cases measured
with best angular and momentum resolution using the central tracking devices (CT, see Section
3.2). The angular resolution of the calorimeters is limited by their granularity; only in the case of
high energy electrons the calorimeter resolution is comparable with those of the central tracking
devices [54]. The energy carried by neutral particles can only be measured in the calorimeters,
however, to avoid double counting in the measurement of charged particles energy, the energy
of the calorimeters clusters coming from charged tracks has to be removed. This could be
naively done just counting only the clusters not associated to any track. However, due to the
possible overlapping between the clusters from neutral and charged particles, this procedure can
lead to wrong results. The correction algorithm used by OPAL is the Matching Tracks (MT)
[64] algorithm. To find the matching between tracks and clusters, the tracks reconstructed in
the CT are extrapolated to the ECAL and HCAL. Through the extrapolation it is possible
to separate the energy depositions associated to tracks, from those which are not associated
to any track. The latter clusters are treated as the energy depositions of photons with mass
zero. For the clusters associated to tracks the energy is corrected with the following method:
at first the average expected energy deposition is calculated, according to the momentum and
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the polar angle of the track. If the measured energy deposition is significantly greater than
the expected, the measured energy is decreased to the expectation value, and the object is
treated in the following as a photon. If the measured energy is smaller than the expected, the
energy deposition is cancelled by the list of the objects, and the associated track is treated as a
charged particle. After this procedure one obtains neutral particles with zero mass, and charged
particles, for which the pion mass is assumed.

4.3 Jet finding

The primary quarks eventually present in the event topologies described in Section 3.3 produce,
through the fragmentation process, bundles of particles in the detector, the so-called jets. Tracks
and calorimeter clusters measured in the detector (in the following the denomination “objects”
will be used for both of them) have to be grouped into jets to reconstruct the 4-momentum of
the primary quarks. The algorithm which has been used in this work is a combination of the
Durham [55] and JADE EO [56] algorithms. The object association procedure consists of the
following steps:

e For each pair (4,7) of objects the following quantity is calculated:

p _ 2-min(E}, E7) - (1 — costj)
Yij = B2

VLS

(4.1)

where FE;, E; are the energies of the two objects, 0;; is the angle between their directions,
and FE,;s is the total visible energy of the event. The quantity yi?- is the so-called “dis-
tance”, or “jet-resolution” used by the Durham algorithm [55], as the superscript denotes.
Neglecting the masses, the numerator corresponds to the invariant mass of the two objects
scaled by the smaller of the energy ratios E;/E; and E;/E;. In the limit of small angles
0;;, the numerator of yi? corresponds to the relative transverse momentum of one object
with respect to the other. The object pair with the minimum value of yi’? in the event
is associated to form one new object, whose 4-momentum is the sum of the two objects

4-momenta: p, = (p!, + pJ,).-

e The previous step is iteratively repeated until the number of objects has reached a given
value, or until the value of the minimal distance yi? has become larger than a given
threshold y.,;- While in the former case the number of final jets is obviously fixed, in the
latter case this number is variable. In the analysis of the process eTe™ — ZZ — qgqq we
have chosen to fix the number of jets to 4, ending the iterative association procedure when
this number of objects (jets) has been reached.

e The procedure described up to now can have limited performance when many low-energy
objects, for example secondary tracks from particle decays or clusters from hadronic in-
teractions in the ECAL, are reconstructed in the event. In fact the jet-finding, combining
objects which have the smallest distance according to 4.1, tends to start from small mo-
mentum tracks or clusters. The cross-talk between the reconstructed jets may be affected
by these association scheme for the small energy objects. Thus, after the previous iterative
procedure has determined the 4-momenta pit of 4 reference jet, a second re-association
iteration follows, in which each object is reassigned to the jet whose distance to the object
is minimal. During this second iteration the 4-momenta of the reference jets are kept con-
stant. They are recalculated at the end of the re-association procedure, when all objects
have been reassigned to the reference jets. Different ways to calculate this re-association
distance have been tested [57]. The performance has been evaluated in terms of jets angu-
lar resolution and mass resolution, for example in ete™ — WW — qqqq events. The best
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performance has been obtained when using the JADE EQ distance [56]:

2. Bl E]o-bjed - (1 — cosb;j)
E2

vis

J _
Yij =

(4.2)

where now EZ °* is the reference jet energy (i = 1,4) is the energy of the j-th object,
and 0;; is the angle between the reference jet and the object. E,;; is again the total visible
energy of the event.

object
) EJ

4.4 Kinematic fits

The jet energy and angular resolution, and thus the primary boson mass resolution, can be
further improved performing constrained kinematic fits of the jet momenta. In kinematic fits,
the jet momenta reconstructed by the jet finding algorithm are corrected, varying them inside
the range of their experimental errors in such a way, that particular constraints coming from
physics assumptions are fulfilled. The 3-vectors p of the jets are corrected in the fit, while the
jet energies are re-calculated on the basis of the jet masses. The method used to perform the fits
is that of Lagrange multipliers (see for example [58]), which consists of minimising a x? defined
as:

=@ -9V @@ -5+ 22X fF) (4.3)

where § is a vector containing the measured 3-vectors of the 4 jets, o’ contains the fitted 3-
vectors (thus both p'and '’ are 12-dimensional vectors in case of 4 jet events), f (p')=01isaset
of K constraint equations depending on the fitted 3-vectors '’ and X is a K-dimensional vector
of additional fit parameters, the Lagrange multipliers, introduced to implement the constraints
in the fit. The minimisation problem can be solved iteratively, by using a Taylor expansion of
the constraint equations, as shown for example in [58].

The number of degrees of freedom of the fit is given by:

NDOF = Nmeas - Nfz't + K. (4'4)

where Ny;; is the number of fitted quantities, Npeqs is the number of measured quantities, and
K is the number of constraint equations. For most of the fits used in the analysis presented
here, Nytit = Npeqs, so the number of degrees of freedom is given by the number of constraints
K.

The kinematic fits, which are relevant for the ete™ — ZZ — qqqq analysis, are the following:

e 4C-fit Energy and momentum conservation are required to be fulfilled. This means that
the constraint equations are given by:

4 4
Y Ei=+vs and Y 5=0 (4.5)
i=1 ]

and NDOF =4.

e /s’ fit. The hypothesis, that a photon is emitted along the z-axis before the ete~
interaction (Initial State Radiation) is tested. An additional unmeasured quantity p}
figures in the fit together with the measured jet 3-vectors. As the energy and momentum
conservation constraints are required to be fulfilled, the number of degrees of freedom is
3. The invariant mass of the fitted jets is called Vs Tt corresponds to the effective center
of mass energy of the eTe™ interaction, and can be used to reject the “radiative returns”
described in Section 3.3.
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e 5C-fit To test the hypothesis of the production of a pair of bosons with the same mass, the
requirement that the two di-jet masses are equal is added to the energy and momentum
conservation constraints. So in this case the constraint equations are the same of the
4C-fit, plus the additional one:

M(jetl, jet2) = M(jet3, jetd) (4.6)

and Npor = 5. In this case, there are 3 possible ways of combining the 4 jets in pairs.
The fit is performed for all 3 combinations, and the best one is chosen with a statistical
method which will be described in the following sections.

e 6C-fit To test the hypothesis of production of a pair of W bosons, the following constraint
is added to the 5C-fit:

M (jetl, jet2) = M(jet3, jetd) = Myy. (4.7

In this case both di-jet masses are required to be equal to the W mass. The number of
possible di-jet combinations in this case is also 3. This kind of fit can be used for example
as a veto against W pairs.

The improvement of the mass resolution provided by the kinematic fits is shown in Figure 4.1,
where the mass reconstructed in ete~ — ZZ — qqqq events without performing any kinematic
fit (just after the correction of the jet energies), is compared to the masses reconstructed after
4C and 5C kinematic fits.

The x? resulting from the kinematic fits represents a test of the goodness of the hypothesis
under which the fit was performed.

4.5 Identification of b-quarks

The identification of b-quarks is a fundamental tool to reject WW background. In fact, while
the branching ratio of the decay Z — bb is about 15%, the branching ratio of the decay of a W
boson in a quark-antiquark pair containing a b-quark is about 0.2%.

In the fragmentation process of a b-quark, b-hadrons are produced, which have an average
lifetime 7 ~ 107'2s. At LEP2 energies this lifetime corresponds to a mean path A\ = ¢8y7 ~
2mm. Thus the identification of jets originated by b-quarks is based on the search for decay
vertices displaced from the primary interaction vertex; this search is mainly relying on the precise
reconstruction of the track hits in the Silicon Microvertex Detector, the OPAL subdetector
closest to the eTe™ interaction point.

Another characteristic of the b-quark jets is that the b-hadrons decay semileptonically, i.e. as
B— lvX with | = e or u, with a branching ratio of about 21%. Thus, high-P; lepton tagging can
be also exploited to identify b-quarks jets. Besides, b-hadrons tend to produce high-multiplicity
and high mass jet topologies. These features are almost independent from the b-hadron lifetime,
so they can be separately exploited, in particular to reduce the background from long-lived c-
hadrons, and then combined with the lifetime tagging. In the following the OPAL b-tagging
algorithm will be described. The algorithm, exploited in the selection of the events in which at
least one Z is decaying in a bb pair, is a jet-wise algorithm, i.e. the reconstructed objects in
an event are forced in a pre-defined number of jets, and the b-tagging is applied to each jet. A
more general and detailed description of the OPAL b-tagging can be found in [59, 60].
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Figure 4.1: Reconstructed mass in ete~ — 77 — qqqq events, without kinematic fits (con-
tinuous line), after the 4C-fit (dashed line), and after the 5C-fit (dotted line). For the mass
reconstructed without any fit and the 4C-fit mass, the average of the two Z masses is plotted.

4.5.1 Lifetime tagging

Secondary vertex tagging

The relevant quantity in the tagging of secondary vertices is the decay length significance [/oy,
defined as the distance [ between the secondary vertex and the primary interaction vertex,
divided by its error o;. In the calculation of the error o; both errors on the primary and on
the secondary vertex measurement are taken into account. A combination of two algorithms is
exploited to tag secondary vertices. These are the so-called Tear-down and Build-up algorithm:

e Tear-down algorithm: a vertex is fitted using all tracks of a given jet. The track giving

the largest contribution to the x? is then excluded from the fit and the fit is repeated. The
procedure is repeated until the y? has become less than 4 or the number of the remaining
tracks is two. The key point of the tear-down algorithm is the high multiplicity from the
secondary vertex; but, if the track multiplicity of the primary vertex is higher than that of
the secondary, the algorithm tends to tag the primary vertex and fails to tag the secondary.
To reduce the number of primary tracks and increase the relative rate of secondary tracks
in the jets, sub-jets are formed inside each jet, using the CONE algorithm [61]. The CONE
algorithm consists in summing the energy of the objects contained inside a cone around
each track of the jet. The cone is defined by:

VAG + A2 < R (4.8)

where R is a parameter which can be tuned (in this work R = 0.50 was chosen). If the
total energy of the objects (tracks and ECAL clusters) inside a cone is greater than e =7
GeV, then a sub-jet is formed out of the objects.
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e Build-up algorithm: here a scheme opposite to the tear-down algorithm is followed.
The tracks with high impact parameter significance d/c4 in the r — ¢ plane are considered
as seed-tracks. Each pair of crossing seed tracks in a jet is considered as a seed vertex.
The combination of each track in the jet with each of the seed vertices is then tested, and
the three-tracks combination giving the best x? is taken as a new seed vertex, if the x?
probability is bigger than 1%. The procedure is repeated until there are no more tracks
in the jet, or until no combination with a x? probability greater than 1% is found.

Sub-jet formation with the CONE algorithm is introduced to reduce the number of tracks from
the primary vertices and keep most of those coming from b-hadron decays. In order to further
separate the tracks likely to come from b-hadrons, a track-by-track discriminator is built, to
define the priority of the tracks in a given sub-jet. Only tracks having high priority in a given
sub-jet are used in the secondary vertex fitting. The priority of each track in a sub-jet is
calculated using an Artificial Neural Network (ANN), whose input variables are:

e the absolute value of the impact parameters both in the r — ¢ and r — z planes;
e the track momentum;

e the track transverse momentum with respect to the sub-jet axis;

e the track direction with respect to the beam axis

The output of the priority-ANN is shown in Figure 4.2, together with a schematic description
of successive vertex finding algorithm, which can be described as follows: the tracks of a sub-jet
are then ordered according to the priority P4y, calculated using the ANN. Using the first 6
tracks (or all the tracks of the sub-jet if they are less than 6) a vertex candidate (seed vertex)
is formed with the tear-down algorithm. The tracks used to form the seed vertex are called
seed tracks; the choice of using the first 6 tracks comes from the results of optimisation studies.
Using this procedure, only one seed vertex per sub-jet is formed.

The next step uses the possible residual tracks: they are sorted according to the distance to
the seed vertex, then the vertex fit is repeated adding the residual tracks one by one starting
with the nearest one. If the new vertex has a small enough X2, the new vertex replaces the
original seed vertex; the procedure is iteratively repeated like in the build-up algorithm.

The vertex significance s = [/o;, where [ is the distance of the vertex from the primary
vertex and oy is its error, is translated into a secondary vertex likelihood Lgy/, which is calculated
depending on the vertex multiplicity and on the direction of the sub-jet. The probability densities
f for b-, c- and uds-quarks as a function of the significance s and of the vertex multiplicity are
calculated in three zones of the detector: |cosf| < 0.75, 0.75 < |cosf| < 0.9 and |cosf| > 0.9,
where 0 indicates the polar angle of the sub-jet direction. In fact the forward region of the
detector has a worse reconstruction performance than the central region. The secondary vertex
likelihood is then calculated as:

£7(s) (4.9)

Loy = . . _
VT ) + £ (s) + £ (s)

where fgl " is the b-flavour probability density for the vertex multiplicity n in the detector region
1, with significance s. If in a jet more than one secondary vertex is found, the one with the
highest Lgy is chosen. The distribution of Lgy is shown in Figure 4.4.(a) for data and Monte
Carlo, where the Monte Carlo sample has been subdivided according to the quark flavour to
evidentiate the discriminating power of Lgy .

A second discriminating variable is calculated to improve the robustness of the secondary
vertex tagging. This variable is the reduced secondary vertex likelihood Rgy which is calculated
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Figure 4.2: Schematic view of the secondary vertex tagging, through the ordering of the cone
tracks. The bottom plot shows the distribution of the priority-ANN

as follows: from the vertex used for the calculation of Lgy the track with the highest impact
parameter significance d/oy is removed, and the vertex is fitted again. Rgy is then calculated
in the same way as Lgy. For b-hadrons, this so-called reduced vertex is expected to have about
the same decay length significance of the secondary vertex previously found; in the case of light
quarks, a single wrongly reconstructed track may lead to a fake high decay length significance.
The reduced likelihood Rgy would be in such a case not affected. The distribution of Rgy is
shown in figure 4.4.(b) for data and Monte Carlo.

Impact parameter tagging

The tagging based on the track impact parameters is very important to increase the efficiency of
the lifetime tagging for those jets in which no secondary vertex can be reconstructed. The impact
parameter tagging constructs a single-track likelihood from the probability density function
(p.d.f.) of the impact parameter significance S = d/oy for different quark flavors. While for
the priority-ANN used for the vertex tag the absolute value of the impact parameter was used
as an input, in this case the impact parameter is considered with its sign. If the track point of
closest approach to the primary vertex is in the hemisphere, where also the jet axis is, then the
impact parameter is positive, otherwise is negative. The distribution of the impact parameter
significance in the plane r — ¢ is shown in Figure 4.3 for data and Monte Carlo.

Both the impact parameters in the 7 — ¢ and r — z plane are used .

! The use of the 3-dimensional impact parameter has been tested to give worse performance than the use of
the two projected impact parameters.
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Figure 4.3: Distribution of the impact parameter significance for the calibration data at /s =
M taken in the year 2000. The points are the OPAL data, the histograms are the Z — qq MC,
where the double-hatched histogram refers to uds-quarks, the hatched histogram to c-quarks,
and the open histogram to b-quarks.

The combination of the two informations is done according to the formula:

N’"¢ er
Fo=T1 o879 - I1 f2z(S72) (4.10)
=1 =1

where q=uds, ¢ or b denotes the quark flavour, fgqj and fi* are the p.d.f., of the impact parameter

significances S; ¢ and S7% in the plane r¢ and rz respectively, for the flavour q. The S; ¢ and Si?
are the impact parameter significances in the r¢ and rz plane respectively. The first product
runs over all tracks having good track quality in the r¢ plane, N,4, while the second runs over
all tracks having good track quality in the rz plane, N,.,; for the definition of the track quality
criteria see Appendix A, Section A.1 and A.2.

The resulting Fy is the relative likelihood for the quark flavour q. The final impact parameter
likelihood L;p is calculated as:

Ry Fy,

L =
" RoFy + ReFe + Ryds Fugs

(4.11)

Where the R, are the relative branching ratios of the hadronic Z decays Ry = %. The

distribution of Lp is shown in Figure 4.4.(c).

As for the secondary vertex likelihood, a reduced impact parameter likelihood is calculated,
to avoid that a single track with high impact parameter significance, due to wrong reconstruc-
tion, could lead to a fake b identification. The reduced impact parameter likelihood Rrp is
calculated as Lrp, but excluding the track having the highest impact parameter significance.
The distribution of R;p is shown in Figure 4.4.(d).



52 4. Event reconstruction at OPAL

Lifetime Artificial Neural Network

The secondary vertex likelihoods and the impact parameter likelihoods are combined in a single
lifetime discriminant, through an Artificial Neural Network. The input variables for the Lifetime-
ANN are the following:

1. Lgy: secondary vertex likelihood

2. Rgy: reduced secondary vertex likelihood
3. L;p: Impact Parameter likelihood

4. Rip: reduced impact parameter likelihood

The distribution of the four input likelihoods are shown in Figure 4.4, while the resulting output
of the lifetime-ANN is shown in Figure 4.5.

4.5.2 Lepton tagging

A powerful variable to discriminate b-quarks from c-quarks is the transversal momentum p; of
the leptons (electrons or muons) from semi-leptonic decays of b- and c-mesons. The lepton p; is
calculated with respect to the direction of the sub-jet which contains the lepton track. Leptons
which do not belong to any sub-jet are not used. The p; spectra of tagged electrons and muons
are shown in Figure 4.6 for data and Monte Carlo.

Although the efficiency is in this case limited by the semileptonic branching ratio (which
is about 21%), the combination of the lepton tag with the lifetime tag helps in improving the
purity of the tagging.

The OPAL lepton ID is described in [62]; besides those of the lepton ID, additional require-
ments imposed are:

e the lepton track must have at least two hits in SI;

e the track momentum must be greater than 2 GeV (electrons) or 3 GeV (muons).

4.5.3 Jet kinematic tagging

Because of the higher multiplicity of b-hadron decays and of the high mass of the b-hadrons, the
jets originating from the fragmentation of b-quarks have in average a more spherical shape than
those originating from the other quarks. The shape of a jet (or, more in general, of an event)
can be characterised through the eigenvalues of the normalised energy-momentum tensor, which

is defined as: N
 Ya=1 P55/ |Pal

0ij = N -
Ya=1|Pal
where the sum runs over all jet tracks and energy clusters of the jet, and the three-momenta

are calculated in the jet’s reference system. If A; (with i = 1,2,3 and A; < Ay < A3) are the
eigenvalues of the tensor @, then the so-called C-parameter is defined as [63]:

with 4,5 =1,2,3, (4.12)

C = 3()\1 . AQ + )\2 . )\3 + Al . )\3) (413)

The value of the C-parameter, which is ranging from 0 to 1, tends to be larger for jets which are
more spherical. The eigenvector corresponding to the eigenvalue A3 is the so-called sphericity-
axis of the jet.

Three discriminating quantities are combined in a jet kinematic tagging Artificial Neural
Network. These quantities are:
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Figure 4.4: Summary of the four likelihoods used as input for the lifetime-ANN; (a): secondary
vertex likelihood; (b): reduced secondary vertex likelihood; (c): impact parameter likelihood;
(d): reduced impact parameter likelihood. The light-grey histograms show the MC distributions
for uds-quarks, the dark-grey histograms show the MC distributions for c-quarks, while the open
histograms show the MC distribution for b-quarks. The points are the OPAL calibration data
taken in the year 2000 at /s = My
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Figure 4.5: The distribution of the lifetime-ANN. The light-grey histogram shows the MC
distribution for uds-quarks, the dark-grey histogram shows that for c-quarks, while the open
histogram shows the distribution for b-quarks. The points are the OPAL calibration data of the
year 2000.
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Figure 4.6: Distribution of the transversal momentum, with respect to the sub-jet direction, of
the identified electrons (left) and muons (right). Shown is a comparison of the Z — qq MC
with the calibration data taken in the year 2000: light-grey histogram for uds-quarks, dark-grey
histogram for c-quarks, open histogram for b-quarks, while the points are the OPAL data.
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1. the number of tracks and energy clusters in the central part of the jet. All tracks and
energy clusters contained in a 0.4 rad cone around the jet axis are counted.

2. The angle between the jet axis in the laboratory system and the jet sphericity axis in the
jet reference system.

3. The C-parameter of the jet, calculated using all the tracks and energy clusters contained
inside a 1.5 rad cone around the jet axis.

4.5.4 b-tagging discriminant

The three rather independent tagging variables lifetime ANN, lepton-p; and jet-kinematic ANN
are combined in a single b-tagging discriminant, using an unbinned likelihood method. The final
b-tagging output L;; for a single jet, combining the b-tagging quantities is given by:

Ry - fh- fl - f&
Rb'fg'f]l;'fl])c+RC'fct'fcl'fck+Ruds'féds'flllds'flllcds

Ljer = (4.14)

where R, is the Z branching ratio to the flavour q as already defined in section 4.5.1, and fé’l’k
are the probability densities for each of the three quantities (lifetime, lepton and jet kinematic
tag) corresponding to the flavour q (where q=b,c,uds). The result of the combination is shown
in Figure 4.7 for data and Monte Carlo.
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Figure 4.7: Output of the combined b-tagging likelihood. In the upper plot, the light grey
histogram shows the distribution of the likelihood for uds-quarks, the dark grey histogram shows
the distribution for c-quarks, and the open histogram shows that for b-quarks. The points are
the OPAL calibration data taken in the year 2000 at /s = My. The lower plot shows the ratio
between data and MC as a function of the likelihood value.



5. Measurement of the eTe~ —ZZ cross section at
OPAL.

This chapter will describe in particular the selection of the fully hadronic ZZ events. The
selection of the ZZ — qqgbb events, which exploits the identification of b-quarks, will be discussed
in more detail. The combination of the ZZ — qgbb with the flavour independent ZZ — qqqq
selection, and the combination of the two fully hadronic selections with the results of the other
decay channels selections, for the measurement of the eTe™ —ZZ cross section will be also
described.

5.1 Signal definition

The ZZ cross section is defined as the contribution to the total 4-fermion cross section from the
NCO02 Z-pair diagrams. All efficiencies and other results which will be given in the following are
with respect to these Z-pair processes. Contribution from all other 4-fermion states, including
the interference with NC02 diagrams, are considered as background. When using generators
which include all 4-fermion diagrams, like for example grc4f, an event weighting method has to
be used to define whether a generated event belongs to the signal or to the background. The
method used is based on the probability, for each event, of the that the event has been originated
by the NC02 diagrams. This probability is defined as:

|IMncoz|?
‘ M4fermi0n | 2

where M pycgo is the NC02 matrix element, while M fermion iS the matrix element calculated
using the full set of 4-fermion diagrams. Thus, the signal is defined by reweighting each 4-fermion
event by the factor Wi g2, while the 4-fermion background is defined by the re-weighting factor
1—Wncoz ! The set of libraries described in [53], based on the grc4f matrix elements, has been
used in this analysis for the calculation of the event weights.

In case event generators which include only a particular subset of diagrams are used (for ex-
ample YFSzz, which includes only the NC02 diagrams), no event reweighting is usually necessary
to define signal and background.

Whco2 = (5.1)

5.2 Analysis strategy

The process ete™ — ZZ — qqqq leads to a 4-jet final state. An example of an event, as
reconstructed in the OPAL detector, is shown in Figure 5.1, where a ZZ — qqqq Monte Carlo
event at 1/s=200 GeV is shown. The relevant background classes are 4-fermion events, in
particular the process ete™ — WW — qqqq, and 2-fermion events of the type ete™ — (Z/y)* —
qq- As seen in Section 3.3, the signal cross section is much smaller than the background cross
sections. This requires the development of a selection based on a statistical method (i.e. a
likelihood selection), rather than a cut-based selection.

! The interference between the NC02 and the other 4-fermion diagrams can be calculated as the difference
between 1 — Wnco2 and the weight relative to all 4-fermion but the NC02 ones.
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Run:event 12177: 52562  Ctrk(N= 54 Sump=108.0) Ecal(N= 73 SurE=129.1)
Ebeam 99.95 Vix ( -.04, .06, .42) Hcal(N=33 Sumf= 46.2) Muon(N= 0)

o)

Figure 5.1: A ete™ — ZZ — qqqq event reconstructed in the OPAL detector. The event is a
Monte Carlo event at /s = 200 GeV

The event characteristics which can be exploited to discriminate the signal from the back-

ground are the following:

e Rejection of W pairs. The flavour-independent selection can only exploit the difference

between the invariant masses of the quark-antiquark pairs, which in case of W pair pro-
duction peak at Mw ~ 80.4 GeV, while in case of Z pair production peak at My ~ 91.2
GeV. Due to the mass resolution of the detector, and to the natural widths of the W and
Z bosons (which are ~ 2.0 and ~ 2.4 GeV respectively), the discrimination between WW
and ZZ events is particularly difficult, and W pairs represent the main background for the
flavour independent ZZ — qqqq selection.

On the other hand, the branching ratio for the decay of the W boson in a pair of quarks,
one of which is a b-quark, is ~ 0.2%. On the contrary the Branching Ratio for the decay
Z— bb is about 15% [12]. Thus, the identification of b-quarks (the b-tagging algorithm
described in Section 4.5) allows to reduce significantly the W pair background for the
signal events of the type ZZ — qgbb. This consideration suggests the development of a
dedicated selection for this decay channel.

qq rejection. The events of the type ete™ — qq(ny) (n > 1), the so-called radiative
returns to the Z (see Section 3.3) can be easily rejected through a cut on the effective ete™
center of mass energy. If the process occurs without initial state radiation, the final state
quark and anti-quark are produced back to back; the event is then a two-jet event, and
can be rejected exploiting the distributions of variables sensitive to the shape of the event
(the so-called event-shape variables, which will be described in the following).

The ete™ — qq events followed by the radiation of one or more gluons by the final state
quarks (for example the so-called gluon-splitting, see in Figure 3.8.(c)), lead to event
topologies more similar to the 4-jet signal. Such events can also be rejected by the use of
event-shape variables in the selection.
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5.3 Preselection

A set of preselection cuts, common to both the ZZ — qqqq and ZZ — qgbb selections, is per-
formed to remove the background event topologies which have very small similarities with the
signal. This allows a better rejection power for the background topologies which more simi-
lar to the signal, by using a likelihood selection following the preselection. The preselection
consists of a series of cuts on kinematical and event shape variables, and is designed to have
a high efficiency for the ZZ — qqqq events, while reducing significantly the number of events
from the main background classes and from the other ZZ decay channels. The following cuts
are performed as preselection for the 4-jet channels:

1. Hadronic final state. The event must be classified as an hadronic final state (see
Appendix B, for the details of the classification). The cuts on the number of energy objects
and on the total and polar angle-balanced energy, allow to remove almost completely the
fully leptonic final states and the two-photon events.

2. Effective center of mass energy Vs’ > 0.7 - \/s. The process (Z/7)* — qq takes
place, for about 3/4 of the events, after the radiation of a photon in the initial state. The
production of a qQ pair after initial state radiation, leading to a center of mass energy
closer to the Z-pole (the so-called radiative return to the Z) has in fact a much larger cross
section than the full-energy process (by a factor ~6).

In case of initial state radiation, the effective center of mass energy of the ¢q system,
denoted as Vs’ is significantly less than the actual ete™ center of mass energy. It is
possible to determine v/s' in two ways. In the first method the biggest energy deposition
in the electromagnetic calorimeter not associated to any track is assumed to be the radiated
photon, and the effective center of mass energy is calculated as v/s' = ((v/5—E,)? —1372)1/ 2,
In the second method, it is assumed that the photon is emitted along the direction of the
beam-pipe and can’t be observed in the detector. The effective center of mass energy Vs’
is then determined by the kinematic fit described in Section 4.4. Both methods are applied
to each event, and the smallest of the two /s’ values is used to perform the preselection

cut Vs’ > 0.7- NE

3. 4-jet final state: Yy3 > 0.003. To remove 3-jet-like events, mainly coming from qq
production followed by gluon radiation, a cut on the jet-resolution parameter y,3 is applied.
Y43 is calculated according to the DURHAM algorithm, as described in Section 4.3. w43
represents the DURHAM “distance” between the two closest jets after the event has been
constrained in 4 jets. So its value it’s expected to be smaller for events which have a
topology more similar to a 3-jet event than to a 4-jet one.

4. C-parameter: C > 0.27. The C parameter, calculated as shown in Section 4.5.3,
Equation 4.13 2 gives an estimate of the sphericity of the event, i.e. of the uniformity of
the distribution of the reconstructed objects over the full solid angle. A 2-jet event with
two almost collinear jets has a value of the C' parameter close to zero, while a 4-jet event
tends to have higher values of C.

5. At least two good tracks per jet. This cut is performed to reject the events in which a
jet is constituted by a single photon or by a single lepton track. The cut is mostly effective
against semileptonic decays of W pairs, i.e. WW— gql*v.

2 In Section 4.5.3 the C parameter was calculated using tracks and clusters of a single jet only, but its definition
is the same when referring to a whole event, with the only difference that the energy and momentum tensor 4.12
is calculated using all the objects of the event.
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6. P(x?) of the kinematic fits. The hypothesis of energy and momentum conservation
is tested through the 4C and 5C kinematic fits, which have been described in Section
4.4 The 4C fit is required to converge, and is required to have P(x?) > 10719, The
ete” —ZZ hypothesis is tested performing the 5C fit, where in addition to energy and
momentum conservation the masses of the two jet pairs are required to be equal. The fit
is applied in turn to all three possible combinations of the four jets, and is required to
have P(x2?) > 107! for at least one combination.

A comparison between data and Monte Carlo for the preselection variables is shown in the
Figures 5.5 and 5.6; the two figures contain the distributions at center of mass energies of 200
and 205 GeV, respectively?. The data distributions are compared with the distributions obtained
from Monte Carlo events generated at the center of mass energy corresponding to the data.
The number of events selected in data, the total expected number of events, and the number of
events expected from each event class, are summarised in the Tables 5.1 and 5.2. The agreement
between data and Monte Carlo is in general good and the differences are compatible with the
statistical errors. The efficiency of the preselection for the ZZ — qqqq signal events is about
85%, while the 4-fermion and 2-fermion backgrounds are reduced to ~30% and ~2% of their
initial amount, respectively.

5.4 Jet pairing

In 4-jet events, under the hypothesis that the four jets are originated by a pair of Z bosons,
there are three possible combinations for associating the four jets to the two bosons. Finding
the correct association between jets is essential to determine correctly the four momenta of the
primary bosons. The method used in the 4-jet ZZ analysis is a likelihood method. A jet-pairing
likelihood is calculated on the basis of reference variables which are sensitive to the correct
pairing of the Z. The likelihood developed for this analysis is flavour-independent: this means
that no b-tagging information is used for the pairing; due to this choice, the likelihood pairing
can be used both by the flavour-independent analysis and by the ZZ — qgbb analysis.
The variables used as reference for the jet-pairing likelihood are:

e The mass resulting from the 5C fit, the kinematic fit where the two jet pairs are constrained
to have the same mass (see section 4.1)

e The x? probability of the 5C fit

e The difference between the two di-jet invariant masses, calculated using the jet momenta
resulting from the 4C fit.

The reference distributions of the pairing likelihood variables are shown in figure 5.4. They are
generated using eTe™ — ZZ — qgqq Monte Carlo events which are passing the preselection. For
each of the three combinations, the likelihood is calculated as:

)
Hi:1,3 Pcorrect
Hi:1,3 Pcorrect + Hi:1,3 Pwrong

Lpairing = (52)

where the products run over the three reference variables, and P? .. and P‘f;,rong are the proba-

bilities, calculated from the reference distributions in figure 5.4, that the combination is correct
or wrong respectively.

3 The data sets used for the plots are subsets of the data taken in the years 1999 and 2000, when ete™ the
center of mass energy was increased from 192 to 208 GeV.
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V5 =192 GeV £ =29.1pb~!
Cut | Data || Total MC | 4-fermion  qq | ZZ not qgqq ZZ — qqqq Efficiency (%)
1 3008 2924.5 535.9 2368.2 9.1 11.3 99.8
2 1051 1012.2 318.6 677.4 5.1 11.1 97.4
3 325 315.7 219.8 83.5 2.1 10.4 91.3
4 321 309.1 219.4 77.3 2.1 10.3 90.8
5 273 261.8 191.8 59.2 0.7 10.0 89.0
6 269 253.0 188.4 54.0 0.7 9.9 87.3
Vs =196 GeV L = 75.4pb™ "
Cut | Data || Total MC | 4-fermion qq Z7 not qqqq ZZ — qqqq Efficiency (%)
1 6954 7212.8 1401.2 5751.1 26.9 33.6 99.8
2 2465 2554.6 832.7 1675.4 13.6 32.9 97.6
3 859 816.0 570.2 209.1 6.0 30.8 91.3
4 845 799.5 569.4 193.5 5.9 30.7 91.0
5 731 678.1 497.7 148.6 2.0 29.8 89.4
6 707 653.9 489.3 133.2 1.9 29.5 87.5
Vs =200 GeV £ =T77.7pb™ "
Cut | Data || Total MC | 4-fermion qq Z7 not qqqq ZZ — qqqq Efficiency (%)
1 7111 7134.1 1457.9 5608.3 30.2 37.6 99.8
2 2529 2551.5 860.1 1639.9 14.8 36.7 97.3
3 849 830.0 587.2 202.2 6.5 34.1 90.3
4 841 815.0 586.3 188.4 6.4 34.0 90.1
5 716 693.1 512.2 145.8 2.1 33.0 88.4
6 682 669.9 502.8 132.4 1.9 32.7 86.6
Vs =202 GeV £ = 36.6pb "
Cut | Data || Total MC | 4-fermion qq ZZ not qqqq ZZ — qqqq Efficiency (%)
1 3384 3282.5 686.1 2563.6 14.5 18.2 99.8
2 1213 1179.9 404.8 750.3 7.1 17.7 97.2
3 396 389.8 276.3 94.0 3.2 16.4 89.7
4 394 382.7 275.9 87.3 3.1 16.3 89.5
5 349 323.0 240.7 65.6 1.0 15.8 87.7
6 339 3124 236.2 59.6 0.9 15.6 85.7
Table 5.1: The table refers to the analysis of the data taken in the year 1999, and shows

the number of events after each preselection cut, at the different ete™ center of mass energies
analysed. The expected number of events is derived from the Monte Carlo simulation, and
is normalised to the integrated luminosity in data. The last column shows the efficiency for
77 — qqqq events.
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Figure 5.2: The preselection variables at /s = 200 GeV. (a): V/s'; (b): Ya3; (c): the C-parameter;
(d): the x? probability for the 5-C kinematic fit, constraining energy and momentum conserva-
tion, and the two di-jet masses to be equal. The dark-grey histograms show the distributions
for 77, — qqqq events, the grey histograms for ZZ not decaying in four quarks; the light-grey
histograms show the distributions of qq background events, while the open histograms those of
4-fermion background events. The points are the OPAL data, and the error bars indicate the
statistical error.

Out of the three possible combinations, the one which is giving the highest likelihood value
is chosen to be the correct one. The rate of correct pairings obtained with this method is slightly
depending on the center of mass energy; the differences are mainly due to the Lorentz-boost of
the Z bosons, which is increasing as /s increases.



5.4. Jet pairing 63
ﬂ L I L I L I T 1T 7T I L L I L I |_ 9 ] T 17T I T 17T I T 17T I T 17T I LI I T 17T I T 17T I T
% — 1 % < 1 4-fermion
o] = 6,43 _ .

z ; 10 ] 2ferm|on_ B
— B ZZ not qqqq

10 -

100

Lol

il

180, 200

120 140 160
Vs (Gev)

(a)

N. of events

10 -

B ZZ _qqqq

YAS

(b)

10 4

o

lllHl

14 -12 -1

-6 ,
log,,P(x") (5C fit)

0 -8 4 2 0

()

Figure 5.3: The preselection variables at /s = 207 GeV. (a): V/s'; (b): Yus; (c): the C-
parameter; (d): the x? probability for the 4-C kinematic fit, constraining energy and momentum
conservation. The Monte Carlo histograms are divided in subsamples as in Figure 5.2. The
points are the OPAL data, and the bars indicate the statistical error.

An alternative method to determine the correct pairing would be to choose the combination
which gives the highest y? probability. The likelihood method results anyway, as it exploits also
the mass information, in a higher rate of correct pairings. The results at each center of mass
energy are summarised in Table 5.3, for the likelihood pairing and for the x? probability pairing.
In the analysis presented here, the likelihood method, giving a better performance, has been

used.

As the reference distributions include only ZZ — qqqq events, the pairing efficiency is opti-
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Vs =205 GeV £ = 80.2pb !
Cut | Data | Total MC | 4-fermion qq ZZ not qqqq ZZ — qqqq Efficiency (%)

1 7061 6868.0 1510.3  5282.6 33.4 41.7 99.8
2 2528 2533.6 893.6 1583.6 15.8 40.6 97.1
3 855 838.9 598.8 195.5 7.3 37.3 89.2
4 836 823.9 597.9 181.6 7.3 37.2 89.0
5 727 697.0 520.5 138.4 2.1 36.0 87.2
6 702 672.5 509.3 125.6 2.0 35.6 85.3

Vs =207 GeV £ =133.3pb !
Cut | Data | Total MC | 4-fermion qq ZZ not qqqq ZZ — qqqq Efficiency (%)

1 | 11185 11415.4 2510.2 8780.4 55.95 69.3 99.8
2 4049 4159.4 1461.4 2605.3 254 67.2 96.8
3 1416 1380.7 986.5 320.5 11.9 61.8 88.9
4 1394 1355.7 984.9 2974 11.8 61.6 88.8
5 1196 1153.2 861.7 228.4 3.4 59.7 86.9
6 1155 1113.5 843.7 207.4 3.2 59.1 85.1

Table 5.2: The table refers to the analysis of the data taken in the year 2000, and shows
the number of events after each preselection cut, at the different et e~ center of mass energies
analysed. The expected number of events is derived from the Monte Carlo simulation, and is
normalised to the integrated luminosity in data. The last column shows the efficiency for the
77 — qqqq events.

NZ) Correct pairings (%)
Likelihood method | P(x?) method
192 81.8+0.4 66.41+0.5
196 80.3+0.4 66.2+0.5
200 79.5+£0.4 66.1+0.5
202 78.5+0.4 65.9£0.5
206 78.1+£0.4 66.1+0.5

Table 5.3: Rate of correct pairings for the different center of mass energies examined in this
analysis. The results of the likelihood method are compared to those of the maximum-P(x?)
method.

mised for the signal, and not for the background; thus, the output value of the pairing likelihood
can be also used as a signal discriminating variable.

5.5 Event selections

In order to maximise the sensitivity to the Z pair production cross section, the fully-hadronic
selection is split into two channels: an inclusive selection which accepts all final state quark
flavours and which is based mainly on the di-jet mass information; a second selection specialised
for ete™ — ZZ — qgbb events exploits the identification of b-quarks in the final state (b-tagging,
see in Section 4.5) along with more relaxed kinematic selection criteria. The ZZ — qgbb selection
will be described in more detail, while the flavour-independent selection will be shortly discussed
in Section 5.8.
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Figure 5.4: Reference distribution of the variables used for the calculation of the ZZ jet-pairing
likelihood. The histograms are computed using ete™ — Z7Z — qqqq Monte Carlo events. The
full-line histograms show the distributions in case the correct pairing is chosen. The dashed-
line histograms shows the distributions in case of the wrong pairings. FEach of the two wrong
pairings is entering the histogram with weight 0.5, such that the number of entries in the reference

distribution is the same in the case of correct and wrong pairings.
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5.6 ete~ — ZZ — qgbb Likelihood selection

A likelihood method (see Appendix C), is applied in order to classify the events remaining after
the preselection as background events from Z/y* — qq, or four-fermion processes, or ZZ — qgbb
signal events. To select signal events, eight quantities which provide a good separation between
the three event classes, are used. The background reference distributions for qq events were
generated by PYHTIA [45], while for the 4-fermion background events produced with grc4f with
pure hadronic decays were used. The signal reference distributions included ZZ — qgbb events
generated by YFszz[44]. For the analysis at each value of the ete™ center of mass energy, the
reference distributions are generated using Monte Carlo samples at that energy.

The first two likelihood variables exploit the possibility of identifying the b-quarks in a
77 — qgbb event. They are calculated in the same way as the jet-wise b-tagging discriminant
described in Section 4.5: the probability B; that the jet ¢ originated from a primary b-quark,
modified by the weight factors for the different flavour composition of the background, is given
by:
wng
+ w.P, Cz + wy P, If )

B; =

Wyds P, 'st

(5.3)

where Pg, P(f and Pé 4s are the probabilities that the jet i comes from a b-quark, c-quark or uds-
quark respectively. The weight factors w have been set, in this analysis, to wp = we = Wygs = 1.
Out of the four B; values, the two highest, ordered by jet energy, are used as likelihood variables
(in the following they will be denoted by B; and By). The other six likelihood variables exploit
the different kinematics and event-shape of each event class.

In detail, the eight quantities input to the likelihood are:

1. The b-tagging discriminant Bj.
2. The b-tagging discriminant Ba.

3. The logarithm of Y43, the jet resolution parameter, calculated according to the DURHAM
algorithm. A cut on this variable has been already applied in the preselection (see Section
5.3)

4. The C-parameter. Also on this variable a preselection cut is applied.

5. The output of the jet pairing likelihood, as described in Section 5.4: the largest likelihood
value of the three possible jet combinations in the event. As for the reference distributions
just ZZ events are used, its value is a good discriminating variable against both 4-fermion
and qq background. It should be noticed that among the reference variables for the pairing
likelihood there is the output of the 5C fit. This is therefore not used in the likelihood for
the event selection.

6. The logarithm of the x? probability of the 6C-fit, in which in addition to energy an
momentum conservation, both di-jet masses are constrained to be equal to the W mass.
Signal events, failing the W mass constraint, are expected to result in an higher x? (smaller
P(x?)) for the 6C fit, than W pair events. This variable is thus intended as a veto against
4-jet events from W-pairs.

7. The total multiplicity of charged tracks in the event. Jets from b-quarks tend in fact to
have an higher multiplicity than the jets from light quarks (see Section 4.5.3)

8. The variable |cosfy, — c0slqq|, where Oy, is the opening angle between the two jets with
highest b-tagging discriminants B, and 4q is the opening angle between the remaining
two jets. In the case of the ZZ — qgbb signal, this variable is expected to have values
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Vs (GeV) || Data | Total MC Background Signal Efficiency (%)
4-fermion 2-fermion (qq) | ZZ — qgbb
192 3 2.6 0.3 0.6 1.6 36.5
196 12 7.8 1.0 1.6 4.7 36.8
200 8 8.5 1.0 1.7 5.3 37.7
202 2 4.0 0.5 0.8 24 34.8
205 7 7.3 0.8 1.5 5.0 33.4
207 13 12.2 2.3 2.5 8.4 334

Table 5.4: Results of the ZZ — qgbb selection at /s from 192 to 207 GeV. The statistical and
systematic errors on these results will be discussed in the following, and given in Table 5.6.

closer to zero than in case of the background. In ZZ events, the two angles are expected
to be similar as both di-quark pairs come from a Z. In case of the qqgg) background, two

b-quarks may eventually be originated by the gluon splitting g— bb, leading thus to a
different distribution of the opening angle between the two b-quarks.

The first two likelihood variables (the C-parameter and y3) are the same used for the prese-
lection, and their distributions are shown in Figures 5.2 and 5.3. The distributions of the other
likelihood variables are shown in the Figures 5.5 and 5.6, for data and Monte Carlo at /s =200
GeV and /s =207 GeV respectively. The distributions for the other center of mass energies are
similar to these, and are not shown.

The likelihood output distributions of the ZZ — qgbb selection are shown in Figure 5.7 and
5.8, for year 1999 and year 2000 data, respectively, where again data and Monte Carlo are
compared. Events with a likelihood greater than 0.8 are selected. The value of the cut has been
chosen in such a way that the product of the efficiency e times the purity p is maximal*. The
contribution of a single channel selection to the statistical error on the the total cross section is
in fact proportional to 1/,/€-p.

The mass distribution of the events selected after the likelihood cut is shown in Figure
5.9. The plots show the mass resulting from the 5C-fit, where the pairing has been chosen
using the likelihood method described in Section 5.4. The results of the ZZ — qgbb selection
are summarised in Table 5.4 for the different values of /s for which the analysis has been
performed.

After the likelihood cut, the number of 4-fermion background events of the type ete™ — qqqq
is reduced by a factor ~100; the 4-fermion background of the type ete™ — qqgll is even more
significantly reduced (by a factor ~500), and contributes to about 20% of the total 4-fermion
background.

As can be seen in Table 5.4, the most important contribution to the background after the
likelihood cut comes from qq events, even if only ~0.04% of those events are passing the likelihood
cut. Other 2-fermion contributions are negligible.

5.7 Systematic uncertainties

A series of checks have been performed in order to assess the systematic uncertainties of the
measurement; they are listed in the following.

The efficiencies of the selections and the expected number of background events are inferred
from the Monte Carlo simulation; thus, eventual systematic errors may come from differences

* The purity of the selection is defined as p = N5 /(N +Np), where N, (IV;) is the number of signal (background)
events after the likelihood cut
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Figure 5.5: Likelihood variables for the ZZ — qgbb selection at /s=200 GeV. The points are
the data, the dark-grey histograms are the Z7 — qdbb signal events, the gray histograms are
the ZZ events except Z7 — qdbb, the light-gray histograms are the q background events, while
the open histograms are the 4-fermion background events.
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Figure 5.6: Likelihood variables for the ZZ — qgbb selection at \/s=207 GeV. The points are
the data, the dark-grey histograms are the 77 — qdbb signal events, the gray histograms are
the ZZ events except ZZ — qdbb, the light-gray histograms are the qg background events, while
the open histograms are the 4-fermion background events.
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Figure 5.7: The distributions of the likelihood discriminants for the selection of 7Z7Z — qgbb
events; (a): /s =192 GeV; (b): /s =196 GeV; (c): /s=200 GeV; (d): /s =202 GeV. The
points are the data, while the histograms show the Monte Carlo expectations, normalised to
the integrated luminosity of the data. The vertical line and the arrow show the position of the

likelihood cut applied to select ZZ — qgbb events.

between the data and the Monte Carlo modelling of the physical process and of the detector
resolution. The method to determine the systematic uncertainties of the measurement, consists,
in general, in varying the modelling of the Monte Carlo simulation, and taking the corresponding
variation of the results of the selection as systematic error. The variation of each parameter is
done inside a range roughly corresponding to the experimental resolution on the parameter. In
this way, the systematic error on the signal efficiency and on the number of expected background
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Figure 5.8: The distributions of the likelihood discriminants for the selection of 7Z7 — qgbb
events; (a): data and Monte Carlo at /s =205 GeV; (b): data and Monte Carlo at 207 GeV.
The points are the data, the histograms show the Monte Carlo expectations, normalised to the
integrated luminosity of the data. The vertical line and the arrow show the position of the
likelihood cut applied to select ZZ — qqgbb events.

events is determined.
The relevant effects which have been studied and quantified are the following:

Kinematic fits

The Monte Carlo description of the jet energy and angular resolutions influences the distribution
of the x? probability resulting from the kinematic fits, and thus the event selections.

The influence of possible mismodelings in the Monte Carlo parametrisation of the jet energy
resolution has been estimated by applying an additional gaussian smearing of all simulated jet
energies by 5%. This smearing corresponds to about 60% of the actual jet energy resolution.

Similarly, the dependence on the parametrisation of the angular resolution of the jets has been
verified by smearing both polar and azimuthal angles of all simulated jets by 1°, corresponding
to about 70% of the jet angular resolution of the OPAL detector.

Model dependence of signal and background simulation

This effect can be estimated choosing alternative models for the generation of signal and back-
ground events. Differences between the Monte Carlo models used could for example be originated
by differences in the treatment of the radiative corrections to the process under examination
(e.g. the description of initial state radiation).

The set of generators which have been used in this analysis, as reference and as alternative
model, has been described in Section 4.1. For each class of events, the selection results obtained
using alternative generators are compared to the reference one, and the difference is assumed as
systematic error on the number of selected events for the class.
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Figure 5.9: Mass distributions of the events selected by the ZZ — qgbb selection. Shown is
the mass resulting from the 5C-fit. Figure (a) and Figure (b) show the distribution for the
data taken in the year 1999 (at \/s=192-202 GeV) and in the year 2000 (at \/s=202-209 GeV)
respectively. The data are compared to the distributions from the Monte Carlo simulation; the
Monte Carlo samples at each value of \/s are normalised to the integrated luminosity in the
data.

Fragmentation scheme

The quark fragmentation model used for the generation of the reference samples is the Lund
string fragmentation as implemented in PYHTIA/JETSET[45]. As alternative was used the cluster
fragmentation model as implemented in HERWIG[48]. To assess the systematic error introduced
by the fragmentation model alone, the comparison was done between samples of each event class
having the same sets of primary quarks 4-vectors; in this case the only differences between the
reference and the alternative samples are caused by the fragmentation model.

Track resolution and secondary vertex tagging

The description of the track resolution in the Monte Carlo simulation is of fundamental impor-
tance for the correct modelling of the b-tagging performance in the simulation. The comparison
of the Monte Carlo simulation with the high-statistic calibration data samples (at /s ~ My)
taken in the years 1999 and 2000, shows that the resolution for the track parameters k., ¢g, dp,
tan\ and z° is better than 5%. Thus the systematic uncertainty is determined by smearing
the track parameters by +£5%. The smearing is performed at the same time for £ and ¢, and
for dy, tan) and 2z;%. The smearing of the first set of parameters corresponds to the smearing
of the track impact parameter in the r — ¢ plane, while smearing the second set corresponds to
smearing the impact parameter in the r — z plane.

5 The definition of the track parameters in OPAL has been discussed in Section 3.2.
6 The smearing is actually performed by increasing (or decreasing) by 5% the difference between the recon-
structed and the generated track parameters.
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The bigger of the variations induced by the two smearings of +5% is taken as systematic
error on the measurement of the impact parameter on each of the two planes, r — ¢ and r — z.

Microvertex detector efficiency

The Silicon Microvertex Detector is the OPAL subdetector which is most relevant for the iden-
tification of b-quarks. Systematic effects arising from the modelling of possible inefficiencies of
the detector were assessed by randomly dropping, before the track reconstruction in the Monte
Carlo simulation, 1% of the hits on the r — ¢ plane and 3% of the hits on the r — z plane.

b and c quark fragmentation functions

The fragmentation functions of the b and ¢ quarks describe the energy spectrum of the hadrons
originating by the primary quark. This spectrum has a direct influence on the output of the
b-likelihood described in Chapter 3, as hadrons with higher energy decay on average after a
longer path (the mean path is A = ¢y7, 7 being the lifetime of the hadron), thus making easier
the identification of a secondary vertex. The modelling of the b and ¢ fragmentation functions
affects only the ZZ — qqbb selection, which is exploiting the b-tagging information.

To assess the uncertainty, the simulated events are reweighted according to the measured
energy of the hadrons. The weights vary the energy of the hadrons by +1.1% and +1.7% in
average, for b and c jets respectively [66, 67]. The energy of the hadrons was varied in both
directions, and the biggest of the two corresponding variations induced on the analysis results
was taken as systematic error.

Charged particle multiplicity of b jets

The average B-multiplicity, i.e. the number of charged particles that on average come from the
decay of a B-hadron, has been measured to be ng = 4.955 +0.062 [66]. To check the systematic
error arising from the knowledge of ng, the events are reweighted in such a way that the value
of ng is varied inside its experimental error. As for the fragmentation functions, the variation
is done in both directions, and the biggest effect is taken as systematic error.

The contributions to the systematic error on the efficiency and on the expected background
are summarised in Table 5.5, for the two values of the center of mass energy /s=200 GeV and
V/$=206 GeV.

As can be seen from the table, the most important contributions to the total systematic
error come from the b-tagging and the Monte Carlo modelling, while the contribution of the jet
resolution is relatively small.

5.8 The flavour independent selection

Here the flavour independent selection will be briefly described, while the description of its
combination with the ZZ — qgbb selection will be described with more detail in the following
sections.

The first step of the event selection consists of the preselection cuts already described in
Section 5.3. Then, as for the ZZ — qgbb selection a likelihood discriminant is calculated. The
variables used as reference for the likelihood are based exclusively on the reconstructed di-quark
masses and the event shape:

1. The output value of the jet pairing likelihood described above in Section 5.4.

2. The difference between the smallest and the largest jet energy after the 4C kinematic fit.
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Systematic errors at 1/s=200 GeV

‘ Effect H Efficiency ‘ Background ‘
‘ Monte Carlo Statistic H 1.9 ‘ 6.9 ‘
r — ¢ smearing 0.8 4.7
r — z smearing 14 3.3
r — ¢ hit drop 1.6 0.7
r — 2z hit drop 1.5 1.5
B multiplicity 0.6 0.3
B fragmentation 3.4 1.6
C fragmentation 0.6 0.7
‘ Total b-tagging H 4.4 ‘ 6.3 ‘
Jet angle smearing 0.2 1.1
Jet energy smearing 1.7 1.8
‘ Total jet resolution H 1.7 ‘ 2.1 ‘
‘ Monte Carlo model H 3.0 ‘ 8.1 ‘
\ Total error | 56 | 105 |

Systematic errors at 1/s=206 GeV

‘ Effect H Efficiency ‘ Background ‘
‘ Monte Carlo Statistic H 2.1 ‘ 7.9 ‘
r — ¢ smearing 1.9 7.7
r — Z smearing 14 2.2
r — ¢ hit drop 0.6 6.9
r — 2z hit drop 0.4 2.4
B multiplicity 0.8 14
B fragmentation 2.1 1.7
C fragmentation 0.5 1.1
‘ Total b-tagging H 3.4 ‘ 11.1 ‘
Jet angle smearing 0.7 0.8
Jet energy smearing 1.1 0.1
‘ Total jet resolution H 1.3 ‘ 0.8 ‘
‘ Monte Carlo model H 2.5 ‘ 11.6 ‘
\ Total error | 44 | 161 |

Table 5.5: Summary of the contributions, in %, to the systematic error on the signal efficiency
and on the number of background events. The contributions studied are subdivided into those
affecting the b-tagging performance, those connected to the jet resolution, and those coming
from the Monte Carlo modelling of the physics processes.
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3. The matrix element at leading order for the QCD process Z/v* — qqgg for the most
probable jet-parton assignment, i.e. the combination which is resulting in the biggest
value of the matrix element.

4. The corresponding matrix element for the process WW— qqqq.
5. The visible center of mass energy v/s'.

6. The angular variable jung = E4(1 — cosfi2cosfi3cosbas)/Ecp where Ej is the smallest of
the four jet energies, and 6;; are the opening angles between jets ¢« and j, with the jets
ordered by energy.

7. The smallest difference between the obtained 5C-fit mass and the PDG mass of the W
boson, for the two jet pairings with the smallest mass differences between the two jet pairs.

8. The absolute value of the sum of the cosines of the polar angles of the four jets, which
tends to be large for events with unobserved particles along the beam direction.

The performance of the flavour independent selection is mainly limited by the WW background,
which can’t be easily rejected exploiting the b-tagging, as in case of the ZZ — qgbb selection.
The efficiency of the selection is about 32%, while the purity is about 30%. The agreement
between the observed and the expected number of events is in general good, at the various
values of /s at which the analysis has been performed.

For the analysis of the year 2000 data (i.e. at /s ~205 GeV and /s ~207 GeV), the cut
on the likelihood discriminant has been modified in order to increase the purity of the selection,
slightly decreasing the efficiency.

5.9 Combinations of the selections

The two selection algorithms described above lead to two overlapping event samples. In order
to calculate the cross section, the samples are splitted into three non-overlapping subsamples,
defined as follows:

1. The exclusive qqqq sample, which contains events which are selected by the ZZ — qgqqq
selection, but not from the ZZ — qgbb one.

2. The exclusive qgbb sample, which contains events which are selected by the ZZ — qgbb
selection but not from the ZZ — qqqq one.

3. The overlap sample, which contains the events which are accepted by both selections.

The number of events selected in data and Monte Carlo, at the different values of /s, is sum-
marised in Table 5.6, for the three fully-hadronic subchannels. The contribution of each event
class to the total number of expected events is also shown in the table.

5.10 Fit of the ete~ —ZZ cross section

The results from all ZZ decay channels are combined in a likelihood fit to the total cross section.
The number of expected events p. is calculated according to the formula:

He — 077 * Bzgz, - Lint * €chan + Mback (54)

where o7z is a common cross section for all channels, Byy is the Standard Model Branching Ratio
of Z7Z to the channel under consideration, Ly is the integrated luminosity in data, €cha, is the
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V=192 GeV
Selection Nops Ngps Nzy Tot. bgnd. | 4-fermion qq
qdqd and qgbb | 27 | 17.6+1.4 || 3.8+£0.2 | 13.8+1.4 9.0 4.8
qdbb and qaqq | 2 | 0.93+0.11 || 0.524+0.03 | 0.42+0.10 0.17  0.25
qgbb and qqqq 1 1.68+0.12 || 1.21£0.05 | 0.47+0.11 0.16 0.31
V=196 GeV
Selection Nops Ngps Nzy Tot. bgnd. | 4-fermion qq
qdqd and qgbb | 38 | 42.143.3 || 10.3+0.5 | 31.8+3.3 21.5 10.3
qgbb and q4qq | 4 3.13+0.32 || 1.89+0.11 | 1.24+0.30 0.45 0.79
qgbb and qqqq 8 4.69+0.35 || 3.31+0.14 | 1.384+0.32 0.59 0.79
V=200 GeV
Selection Nops Ngps Nzy Tot. bgnd. | 4-fermion qq
qqqq and qdbb | 26 32.442.5 9.14+0.5 23.3+2.4 16.5 6.8
qgbb and qdqq 6 4.33+0.39 || 2.73+0.13 | 1.60+0.37 0.65 0.95
qgbb and qqqq 2 4.26+0.29 || 3.16+0.12 | 1.1040.26 0.37 0.73
V=202 GeV
Selection Nops Ngps Nzy Tot. bgnd. | 4-fermion qq
qqqd and qgbb | 22 | 21.5+1.7 || 5.440.3 16.141.7 10.3 5.8
qulg and qqqq 2 1.544+0.14 || 1.03+£0.06 | 0.51+£0.12 0.30 0.21
qgbb and qqqq | O 2.21+0.15 || 1.63+0.07 | 0.59+0.14 0.25 0.33
V=205 GeV
Selection Nops Ngps Nzy Tot. bgnd. | 4-fermion qq
qdqq and qdbb | 36 24.84+2.0 7.940.4 16.8+1.7 11.4 5.4
qdbb and qdqq | 3 | 4.214+0.38 || 2.61+0.12 | 1.60+0.36 0.48 1.12
qgbb and qqqq | 4 3.11+0.21 || 2.44+0.11 | 0.67+0.16 0.31 0.36
V=207 GeV
Selection Nyps Ngspr Nzz Tot. bgnd. | 4-fermion  qq
qdqq and qdbb | 36 41.24+3.3 13.2+0.7 28.0+3.0 19.0 9.0
qgbb and qgqq 7 7.001+0.64 || 4.35+0.25 | 2.65+0.62 0.79 1.86
qgbb and qgqqq 6 5.17+0.35 || 4.06+£0.17 | 1.11+0.26 0.52 0.59

Table 5.6: The table shows the results of the ZZ event selections for the fully hadronic channels.
Nyys 1s the number of events selected in data, Ngps is the number of events expected in the
Standard Model, derived by the Monte Carlo simulation. Nzyz is the number of expected ZZ
events, while Ny, is the total number of expected background events. The last two columns
show the composition of the background. The errors include contributions from the common
systematic errors.
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efficiency for the decay channel. The efficiency and the number of expected events are derived
from the Monte Carlo simulation, while the luminosity is measured as described in Section 3.2.

The expected number of events is modelled by a Poisson distribution, i.e. the probability to
observe ngns events is given by:

lu'gobs

Tobs!

P(ngps, pre) = € He - (5.5)
The Poisson distribution is then convolved with Gaussian distributions to account for uncer-
tainties in the efficiencies and the expected background. A summary of the results for all ZZ
decay channels, in terms of selected number of events in data and expected number of events
from the Monte Carlo simulation can be found in [52].

The results of the cross section measurement are shown in Figure 5.10. The measured values
of the cross section, with their statistical and systematic errors, are the following:

077(192 GeV) = 1.1370:38(stat.)T9:43(syst.) pb (5.6)
077(196 GeV) = 1.19790-27(stat.)"3:19(syst.) pb (5.7)
072(200 GeV) = 1.09732(stat.) T35 (syst.) pb (5.8)
077(202 GeV) = 0. 0410 37 (stat.) 7999 (syst.) pb (5.9)
072(205 GeV) = 1.07732%(stat.) 339 (syst.) pb (5.10)
077(207 GeV) = 1.077023(stat.) ™09 (syst.) pb (5.11)

The measurements are in good agreement with the Standard Model expectation, and at each
center of mass energy, the error is dominated by the statistical component. In order to check
the consistency of the results with the Standard Model, one can allow the branching ratio of Z
bosons to b quarks, BR(Z— bb, to be a free parameter of the fit at each of the energy points.
The results are shown in Figure 5.11, where the results are compared to the measured value from
LEP1 data. Combining all energies, the average value is 0.19640.032, which is in agreement
with the the LEP1 measurement of 0.151+0.001 [12].
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Figure 5.10: The results of the ZZ cross section measurements. The dark grey band shows
the prediction of the YFSzz[44] Monte Carlo; the width of the band represents the theoretical
uncertainty of ~ 2%. The points are the preliminary OPAL measurements; the error bars show
the total error, while the horizontal segments identify the statistical error.
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Figure 5.11: Determination of BR(Z— bb) from ZZ events. The line shows the measured value
from LEPI data. Only statistical errors are shown. At 183 GeV the ZZ samples were too small
to allow a meaningful measurement to be obtained.
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6. Fit of the anomalous neutral triple gauge couplings

In this chapter the fit of the neutral triple gauge couplings, using the selected ZZ events, will be
described. As described in Chapter 2, the anomalous yZZ and ZZZ couplings induce variations
of the total ete™ —ZZ cross section and of the kinematics of the final state. The kinematics
is completely described by the five angles shown in Figure 2.7, and by the invariant masses of
the two Z’s. The couplings could be thus determined, for example, through a binned maximum
likelihood fit of the distributions of these quantities. A fit of a 7-dimensional distribution would
be however very difficult, as it would require the generation of a huge number of reference
Monte Carlo events, and an accurate study of the selection efficiencies all over the phase-space.
In the first analysis of the ete™ —ZZ process at OPAL [68], where data at /s =183 GeV
and 1/s=189 GeV had been analysed, a binned maximum likelihood fit of the differential cross
section do/d(cosfz) was performed to derive limits on the anomalous couplings; in the analysis
of the data at /s >192 GeV (i.e. the data collected during the years 1999 and 2000) the method
of optimal observables, which allows to fully exploit the kinematic information of an event, has
been used. The fit method and the results will be described in this chapter.

As seen in Section 2.4.3, possible new physics would show up, at LEP2 energies, as a deviation
mainly of the real part of the anomalous couplings from the expected zero value. The effects
of new physics on the imaginary part of the couplings are at these energies negligible. For this
reason, only the results relative to fit of the real part of the couplings will be described in this
chapter.

6.1 Optimal observables

The effective Lagrangian introduced in Section 2.3.2, Equation 2.20, is linear in the anomalous
couplings f), f& (where V = 7 or Z). Thus, the differential cross section do/d2 is parabolic
in the anomalous couplings at any point of the phase space Q (where the phase space point
is defined by the 4-momenta of the four fermions in the final state), i.e. the differential cross
section can be written as [69]:

T (@.@) = SO@ + 3 ais £ Y oS0 @) (6.1)

=1 i,j=1

where & corresponds in this case to the set of 4 couplings f7 5", while 5O, SO and S@ are
function of the phase space only. If one assumes that only one coupling «; is different from 0,

the 6.1 becomes: o

dQ
Denoting with Mgy, the Standard Model matrix element for the eTe™ —ZZ process, and with
My p the New Physics matrix element (see in Section 2.3.2), for the functions S (Q), S()(Q)
and S@(Q) one can write:

=7 (@, 05) = SOQ) + ;M (Q) + 252 () (6.2)

1

SOQ) o« IMsu? SD(Q) x 2- Re(Mgnr - M%) S (Q) o [ Mypl?

where the proportionality factor is a phase-space factor common to the three functions.
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The so-called first and second order optimal observables O, Os are then defined as:

o) = sPw)/sO @) (6.3)
0@ = sP)/s©) (6.4)
and the differential cross section 6.2 can be rewritten as:
do s () s (9)
- o —  g0) . e B 4 2, M —
70 (Q, ;) SY(Q) (1 +a; SO (0) + o 5O(Q) (6.5)
= SO@ - (1+a-0(©) +a? - 0P () (6.6)

The factor S(®(Q) (i.e. the Standard Model differential cross section) does not depend on the
anomalous couplings. The differential cross section as a function of the anomalous couplings can
be thus parametrised through the optimal observables. For each event, the optimal observables
contain already the full kinematic information on the couplings. It is then possible to use them
instead of the seven phase-space variables necessary to describe a ZZ final state (see in Chapter
2).

This can be shown as follows, for the case in which only one coupling « is assumed to be
non-zero: having determined the set of phase-space variables (2 for each event of a set of data
events Npgtq, the most likely value of the couplings « is the one that maximises the Mazimum
Likelihood Function:

NData
Liai) = [ (%) + S (@) + 252 (). (6.7)
k

The value o that maximises the function L(a) can be easily calculated from the differentiation
of the logarithm of the Likelihood Function:

dot, B Nim SO () + 2005 () _ (6.8)
da 7 T 22 SON(Q) + apSD( Q) + 3SD () .

B NDZW O () + 200D () 1+ 0 (6.9)
— 14 ao@(l)(Qk) + a%(’)(Z)(Qk) . |

This expression depends only on the optimal observables, which thus contain already the com-
plete information on the couplings. A maximum likelihood fit of their distributions would than
provide the same sensitivity as a maximum likelihood fit of the 7 phase-space variables.

Already the mean values of the optimal observables are functions of the anomalous couplings,
and can be used, for small deviations of «; from zero, to fit them in a way simpler than a
maximum likelihood fit. This can be shown as follows: Equation 6.8 can be expanded in a
Taylor series around the value a = 0, obtaining thus the following relation:

— —(1)2 —
0" _ap- @ —2.0y +a2- . Lo, (6.10)
For small values of the couplings the higher order terms can be neglected.
Instead of determining the value ag from the Equation 6.10, i.e. through the measurement

of the mean values @(1) and 5(2), the expected mean values of the observables as a function
of the anomalous couplings can be inferred from the Monte Carlo simulation. The functions
E[0W](a) and E[0P)](«), which in the following will be called Calibration Curves, allow the
determination of the value ap through the solution of equations of this kind:

oY — E[0M)(ag) = 0. (6.11)
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Technically, the solution to this equation is found by minimising the a x? function of the form:

Nowe (@1 (0) — B[OV (94))(a))?

X2(a) _ Z — (6.12)
k

where o represents the error on the mean value @. This point will be discussed in more detail
in the rest of this chapter.

To calculate the optimal observables, the ete™ —ZZ differential cross section is computed
using the matrix element of the YFszz [44] generator!. From the matrix element the functions

SO Sz-(l) and SZ-(]?) can be calculated. In case of the fully hadronic channel, it is not possible
to distinguish between fermion and anti-fermion; thus, the three functions are averaged over all
the possible combinations. For the calculation of the matrix element, the jets 4-vectors resulting
from the 4C-fit (see Section 4.4) are used.

An example of the distributions of the first and second order optimal observables is shown
in Figure 6.1, for ZZ signal events selected by the ZZ — qqqq exclusive event selection. In the
figure, the distributions of the observables for non-zero values of the coupling fZ are shown, for
two different values of the coupling. In the following section the calculation of the observables,
and of their mean values as a function of the anomalous couplings will be described in more
detail.

0.2 i TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT \\\\‘\\\Jj 0'2 i TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT \\\\77
0475 4 z = 0175 E
] — ff=+1.0 - ] — fS=+1.0 ]
0154 e ff=—1.0 015 1 e ff=—1.0 —
0125 - 0.125 =
01 - 0.1 —
0.075 = 0075 - g
0.05 - 0.05 =
0.025 - 0025 -
07””"“”HHHHHH“““““7"—\““\““ 07H‘wH‘w“‘w“‘w“‘w‘”w"‘w“‘-‘-;""‘“\‘"‘""‘?
05 -04 03 -02 -0 1 02 03 04 05 0 025 05 075 1 125 15 175 2 225 25
001fg2 00212

(a) (b)

Figure 6.1: Distributions of the first order (a) and second order (b) optimal observables relative
to the coupling fZ, at /s = 207 GeV. The solid line histograms show the distributions for

2 = +1.0, while the dashed line histograms show the distributions for fZ = —1.0. In the plots,
the histograms are normalised such that their integral is 1.

! The Yrszz event generator provides, given the four vectors of the four fermions in the final state, the

te~ —ZZ matrix element at Born level.

e
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6.2 Calibration Curves

The expected mean values as a function of the anomalous couplings (the so-called calibration
curves), can be obtained from the Monte Carlo simulation, by reweighting the events:

0N (o = Zens 0@ )0 (@) _ fa)
i(eapected) EE"uents w(Q’ ai) g(ai)

(6.13)

where the sums run over the selected events in the signal and background samples.

The weights w({2, @;) contain a factor which reweights the Monte Carlo statistic to the
statistic in the data. This factor is given by the ratio of the integrated luminosities of the data and
the Monte Carlo sample considered: Lpar4/Larc- For the signal sample, a second factor is then
needed to reweight the distributions of the optimal observables to the distributions corresponding
to a given value of the coupling «;. If the signal sample has been generated with Standard
Model couplings (a; = 0), this factor is given by |[M(, a;)[?/|Msar(Q)[?, where M(Q, ;) is
the matrix element including the anomalous interaction, and Mg/ (2) is the Standard Model
matrix element. As the background doesn’t depend on the anomalous couplings, this second
factor is equal to 1 for the background samples?.

Thus, since the event weights are either constant (in case of background), or parabolas as
function of the «; (in case of signal), the functions f(«;) and g(a;) in the 6.13 are parabolas as
function of ;. To get an analytic expression of the calibration curves, it is sufficient to evaluate
these functions at three different points.

The calibration curves obtained using the ZZ — qgbb selected events, at Vs =207 GeV are
shown, as an example, in figure 6.2. The observed mean value in data is also shown for each of
the observables, together with its statistical error.

6.3 Cuts on optimal observables

As discussed in the previous sections, the calibration curves are calculated using only Standard
Model Monte Carlo samples. As signal samples are reweighted to the values of the anomalous
couplings, this could result in large statistical uncertainties for the events belonging to sparsely
populated regions of the phase-space. For example, events with one of the Z’s in the low-mass
region are enhanced for non-zero values of the anomalous couplings; this phase-space region is
sparsely populated by Standard Model signal events. Events belonging to it (eventually because
of mis-reconstruction of the boson 4-momenta) get high statistical importance when reweighted
using matrix elements including non-zero anomalous couplings. An example of this effect is
shown in Figure 6.3, referring to the second-order optimal observables. It should be noticed in
addition, that in general the ZZ event selections are optimized to select events in which both
Z’s are on-shell. Thus, the efficiency for events with one or both Z’s in the off-shell (low-mass)
region is quite poor.

Another reason to apply cuts on the optimal observables distributions is, that the reliability
of x? fits is only granted in case of Gaussian, or approximately Gaussian distributions. To avoid
being affected by eventual tails, one can set some loose cuts on the OQO’s values.

A first criterium to choose the cut values can be the optimization of the sensitivity. The
expected limits on the anomalous couplings, obtained using different cuts are compared, and
those giving the best results can be choosen.

Another criterium, which was used in this analysis, is to check which values of the observables
correspond to the sparsely populated regions of the phase space. The cuts are placed accordingly,
taking care that the fraction of events cut doesn’t exceed a certain value (~3%).

% For the 4-fermion background sample, the weight w(€, ;) in the Equation 6.13 must be multiplied by the
reweighting factor discussed in Section 4.1, needed for the signal definition.
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Figure 6.2: Calibration curves at /s = 207 GeV, for the coupling f%. Shown are the calibra-
tion curves for the first order observables. (a): exclusive ZZ — qqqq channel, (b): exclusive
77 — qgbb channel. The horizontal solid line shows the expected mean value, the dashed lines
the expected +1 o bounds, while the dotted lines show the observed mean value in the data.

6.4 Correction for the center of mass energy

The Monte Carlo samples used to calculate the calibration curves don’t have the same center of
mass energy as the data. For the 1999 data, the measured center of mass energy is about 400
MeV smaller than the energy set in the simulation (the exact values are reported in Table 6.1)3.
In a similar way, the calibration curves for the fit of the year 2000 data have been calculated
using Monte Carlo samples at /s = 206 GeV, while the two luminosity-weighted energies in
data are /s = 204.9 GeV and /s = 206.6 GeV.

On the other hand, as shown in Figure 6.4 the calibration curves depend on the center of
mass energy (in fact, as described in Section 2.3.2, the anomalous amplitudes are proportional
to s%/2).

It is thus necessary to apply a correction to the calibration curves to take into account
the /s difference between data and Monte Carlo. The correction is performed on the basis of
the expected mean values of the optimal observables for vanishing anomalous couplings. The
dependence of the mean values on the center of mass energy can be described by a parabola in
/s (see in [69]), i.e. by an equation of the form:

VR =a+b-Vate (VA (6.14)

The parameters of the parabola are determined, for each coupling, by a fit to the expected mean
values?. The calibration curves can be consequently corrected by the constant amount:

¢= g(ﬁmeasured) - f(\/gMC) (6'15)

3 1In fact the Monte Carlo samples were generated before the data were taken, thus before the actual beam
energy was exactly known

4 The comparison between the mean values at different center of mass energy can be performed under the
constraint that the cuts on the optimal observables are the same at each +/s.
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Figure 6.3: Distributions of the second order optimal observables, for the coupling f,. The two
upper plots show the distributions in linear scale, the lower two in logarithmic scale.

As an example, for the optimal observable measuring fZ, the parabolic fit to the mean values
as a function of /s is shown in Figure 6.5.

As can be seen in Figure 6.4, not only the expected mean value of the observables at Standard
Model couplings, but also the shape of the calibration curves depends on 4/s. In fact the
sensitivity to the anomalous couplings, as already seen in Chapter 2, increases with the increasing
ete™ center of mass energy.

Thus, the correction applied should vary as a function of each coupling. As shown in [69],
this effect is very small, and it is taken into account in the determination of the systematic
uncertainties.

6.5 Fit of the anomalous couplings

Using the calibration curves obtained from the Monte Carlo simulation and the measured mean
values of the optimal observables in data, a x? variable can be constructed:

—(k —(k _ — (1 — (1
() = 303 (0 = Oy (@) (Va1 (O ey — Oy () (6.16)
k=11=1
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| Measured /s (GeV) | /s in Monte Carlo (GeV) |

Year 1999
191.594+0.04 192
195.534+0.04 196
199.5240.04 200
201.63+0.04 202
Year 2000
204.940.1 205
206.6+0.1 207

Table 6.1: Measured center of mass energies (first column), and center of mass energies used
in the Monte Carlo simulation of the signal and background processes. For the analysis of the
data collected during the year 2000, only Monte Carlo Samples generated at \/s=206 GeV were
used, while the two values reported in the table represent the labels which will identify the two
energy points in the following of the chapter.
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Figure 6.4: The calibration curves for the exclusive qgbb channel, for three different center of
mass energies. In Figure (a) the first order calibration curves are shown, in Figure (b) the second
order ones.

where the subscripts (obs) and (exp) denote the observed and expected mean values, while (k)
and (/) are the order of the optimal observables. The matrix V is, for a single channel at a
single center of mass energy, the 2 x 2 covariance matrix which describes the statistical and
systematical uncertainties on the mean values:

V= Vvstat + Vsyst (617)

Minimising the x? in Equation 6.16 gives the measured value of the anomalous coupling «;.
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Figure 6.5: The mean values of the optimal observables of first order (a) and second order (b),
as a function of the center of mass energy /s, for Standard Model couplings. The points are
the mean values from the Monte Carlo, the error bars show the statistical error on the mean
values, while the curves show the parabolic functions used for the correction of the calibration
curves. The plots refer to the observables for the coupling fZ.

The statistical covariance matrix

The statistical covariance matrix Vg could be in principle determined using the values of the
optimal observables in data. Due to the low statistics resulting from ZZ event selections, the
elements of the covariance matrix would in this case suffer from large statistical fluctuations.
To avoid this, the expected covariance matrix can be used, calculated from the events selected
in the high-statistics Monte Carlo samples, and rescaled to the number of selected events in
the data. In principle, the covariance matrix depends on the anomalous couplings. However,
it has been shown in studies of the process ete™ — WTW™ that using a coupling-dependent
covariance matrix can lead to biases, especially in case of low-statistic samples [69, 19]. In this
analysis, the covariance matrix was calculated for the expected Standard Model couplings (i.e.
for vanishing anomalous couplings).
The form of the statistical covariant matrix elements, rescaled to the data statistics, is:

1 1 1
(Vatat it = 7 <Ewi (S moPol - o (Swol Suof))). @

where Ny, indicates the number of events in data and the w; are the reweighting factors
described in Section 6.2.

The systematical covariance matrix

The systematic covariance matrix Vs can be determined by comparing the calibration curves
obtained after systematic variations with the reference ones. The differences in the mean values
of the observables at Standard Model couplings (i.e. vanishing anomalous couplings) are taken
as estimates of the systematic error originating from each effect, and the resulting errors are
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summed in quadrature to get the total error. More in detail, if @fgi (i) is the reference

(N)

calibration curve for the N-th order observable for the coupling «;, and @i(vw) () is the one
where a systematic variation has been applied to the Monte Carlo, the systematic error, related
to a single effect, on the expected mean value is given by:

Ak Ak Ak
AD(0) = O, (0) = Do) (0) (6.19)

The elements of the covariance matrix are then given, assuming 100% correlation among the
first and second order observables, by:

Vagsthi = > ADF(0) - a0 (0). (6.20)
syst. effects

The systematical variations which have been examinated for the hadronic channels are those
described in Section 5.7; an extensive study on all effects for the ZZ — qgbb channel has been
carried out in [69]. The relevant effects, which have been finally taken into account for the fully
hadronic channels and for their combination with the other channels are the following:

e The jet energy and angular resolution. The optimal observables are calculated on the basis
of the event kinematic, i.e. of the 4-momenta, of the reconstructed jets, in particular the 4-
momenta resulting from the 4C-fit (see Section 4.4). Thus, a possible source of systematic
effects could be the jet energy and angular resolution assumed in the kinematic fits. As
already discussed in Section 5.7, to assess this systematic effect, the jet energy is smeared
by 5%, and the jet angles are smeared by 1 degree, both in # and ¢, and the kinematic
fits are performed again®.

e The systematic effect arising from the Monte Carlo modelling of signal and background
has been evaluated comparing the reference Monte Carlo samples with those generated
using alternative models, as already discussed in Section 5.7.

Similar effects were studied for the channel involving leptons, and the systematic errors connected
to the modelling of the detector resolution and to the Monte Carlo modelling of the physics
processes were also taken into account (see in [52]).

6.6 Simultaneous fit of two couplings

In case two anomalous couplings o; and o are assumed to be simultaneously non-zero, then the
differential cross section is given by:

do
d_Q(Qaaiaaj) = S(O) (Q)

+ay - SZ-(l)(Q) +a;- SJ(-U(Q)
+a? - SZ(ZQ)(Q) + oz? . SJ(?(Q) + o - SZ(JQ)(Q)
= SO@Q) -1+ &0 () + ;0 (@)

+at - 0(Q) + o - O (@) + ey - O () (6:21)

So in this case, besides the two observables relative to each of the couplings, another observable
O3 appears in the differential cross section. This observable is originating from the interference

5 The energy smearing corresponds to about 60% of the energy resolution, while the angular smearing corre-
sponds to about 70% of the angular resolution.
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Figure 6.6: Calibration surfaces for the exclusive qgbb channel at /s = 207 GeV. The first (a)
and second (b) order observables relative to the pair of couplings (fJ, f5Z) are shown.

between the anomalous amplitudes corresponding to the two couplings «; and «;. However, the
2-dimensional fits which will be presented in this work study only the pairs of couplings (fy, f#)
and (fJ, f#) i.e. pairs of couplings with the same behaviour under CP transformation®. In this
case the observables of same order are fully correlated, as they differ just by a constant factor
69]: | | )

01(Q) = 0] (Q) 05() = c20%(2) = 304 (Q). (6.22)

This can be explained by looking at the helicity amplitudes introduced in Section 2.4.1, and
shown in Equation 2.22.

In case the fit is performed assuming that two couplings may vary at the same time, calibra-
tion surfaces in the space of the two couplings have to be determined, instead of the calibration
curves of the 1-dimensional case. The reweighting of the events to get the calibration surfaces
is done in a way similar to the 1-dimensional case (Equation 6.13), but now the mean value of
the observables will depend on two couplings:

ZEvents w(Qa Qs aj)oz(N) (Q) _ f(ai’ aj)
EEvents w(Qa A,y aj) g(Oéi, aj)

7A(N)
Oi(ewpected) (ai7 aj) =

. (6.23)

The functions f(«;, ;) and g(oy, ;) are now two-dimensional paraboloids, and they have to be
evaluated at six different points to get an analytic expression.

In Figure 6.6 two examples of calibration surfaces are shown. They are the calibration
surfaces for the first and second order observables for the pairs of couplings (f7, fZ), at \/s = 207
GeV, for the exclusive qgbb channel. The x? fit is performed in a way similar to the 1-dimensional
case; the x? is now given by:

2 2
A (k Ak 1y (Al Al
X (i o) =D (Oz('(o)bs) - z('(e)wp)(aiaaj)) V™ w (Oz(()obs) - Oz(()exp) (aiaaj)) (6.24)
k=11=1

6 As for the 1-dimensional case, the fit is limited to the real part of the couplings.
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Where V is the covariance matrix including both statistical and systematical errors. As two
observables for each coupling are fitted, the covariance matrix has in this case dimensions 4 x 4.

6.7 Combination with the event rate likelihood

The optimal observables are only sensitive to the event kinematic, while the information from
the total event rate is not taken into account in the x? fit to the mean values. Thus, the result
of the fit must be combined with the information contained in the number of observed events
in data Ng.,- To do this, a likelihood function is calculated, corresponding to the probability
of observing N4, events when the number of expected events is Nezp(@), calculated assuming
a Poisson distribution for the total number of events:

B Nezp(o_z)Ndata . efNemP(&)
)
Ndata!

(6.25)

where the number of expected events Negp(&) depends on the anomalous couplings. The com-
bination with the y? resulting from the optimal observables fit can be done as follows [58]:

Xiot(@) = x*(@) — 2 - InL(@). (6.26)

where a single combined y? is calculated. This x? can be easily turned in a log likelihood:
Lot = 5 * Xior-

6.8 Optimal observables for the fully hadronic channels

As discussed in Chapter 5, the events satisfying the two selections ZZ — qqqq and ZZ — qgbb are
divided into three non-overlapping classes: the exclusive ZZ — qqqq, the exclusive ZZ — qgbb,
and the overlap i.e. the class containing the events satisfying both selections.

Examples of the distributions of the first and second order optimal observables for the cou-
pling fZ are shown in Figures 6.7 and 6.8. The calibration curves are calculated separately for
the three classes; the Figures 6.7 and 6.8 show the distributions of the first and second order
optimal observables, for the two exclusive channels, at /s = 207 GeV. As can be seen in the
plots, and as discussed in Chapter 5, the exclusive ZZ — qqqq channel is affected by a much
bigger amount of background than the exclusive ZZ — qgbb.

In Figure 6.2, examples of the calibration curves obtained from the events passing the fully
hadronic selections are shown. In the figure, the expected Standard Model mean value is also
shown for each observable, together with the observed mean value in the data, which is then
used to perform the fit.

6.9 Systematic uncertainties

The x? calculated as in Equation 6.16 and 6.24, where the covariance matrix V includes both
statistical and systematic uncertainties, can be extended to the case of Nipq, channels and Ny,
center of mass energies. In this case, the covariance matrix is given by a N x N matrix, with
N = 2 Nepan - Nems, as 2 observables (first and second order) are entering the fit for each
channel at each center of mass energy. The covariance matrix is computed as described in the
previous sections, and the systematic errors are assumed to be fully correlated between channels
and energies.
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Figure 6.7: Distributions of the optimal observables for the events passing the exclusive
Z7Z — qqqq selection, at /s = 207 GeV. The two upper plots show the first-order observ-
ables and the two lower plots the second order observables, for the two couplings f] and fJ
respectively.

6.10 Fit results

The results of the 1-dimensional fit combining all ZZ decay channels, after the combination of
the optimal observables with the event rate likelihood, are shown in Table 6.2. In this case, only
one coupling at a time is assumed to be non-vanishing.

The table shows, for each coupling, the 95% confidence level lower and upper limit, corre-
sponding to a change in the log likelihood of 1.92 from the minimum value. The results have
been obtained combining all ZZ decay channels and all center of mass energies. The fit using the
optimal observables was applied only to the data collected in the years 1999 and 2000 (i.e. at /s
from 192 to 208 GeV). For the data at /s = 183 GeV and /s = 189 GeV, a binned maximum
likelihood fit to the differential cross section was used instead of the optimal observables fit, as
described in [68].

The likelihood curves are shown in Figure 6.9 for the four real parts of the anomalous
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Figure 6.8: Distributions of the optimal observables for the events passing the exclusive
ZZ — qabb selection, at /s = 207 GeV. The two upper plots show the first-order observ-
ables and the two lower plots show the second-order observables, for the two couplings f] and
f3, respectively.

‘ Coupling H 95% C.L. lower limit ‘ 95% C.L. upper limit

Il -0.55 0.64
I -0.97 0.31
fZ -0.36 0.36
fZ -0.36 0.36

Table 6.2: The table shows the 95% confidence level limits on the anomalous neutral triple
gauge couplings. These results include all ZZ decay channels and all center of mass energies.
For /s = 183 GeV and /s = 189 GeV the binned maximum likelihood fit described in [68] was
used instead of the optimal observables method.
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couplings. The figure shows the log likelihood (i.e. 1/2 times the x?) resulting from the optimal
observables fit and the log likelihood from the event rate information. The solid line is the sum
of the two log likelihoods.
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Figure 6.9: The negative log likelihood as a function of the four anomalous couplings. The dotted
line is the log likelihood from the cross section information, the dashed line is the one from the
optimal observables analysis, and the solid line is the sum of the two. The 95% confidence level
limits correspond to a change in the log likelihood of 1.92 from the minimum value.

The fit can be extended to the case of two non-vanishing couplings, as described in Section
6.6, and limits can be derived on pairs of couplings. The constraint from the event rate can be
calculated for two non-zero couplings as well. The resulting 95% confidence level contours in the
f4 and f5 plane, including both optimal observables and cross section constraints, are shown in
Figure 6.10.

The results of the fit agree with the Standard Model expectation, which corresponds to
vanishing anomalous couplings. The 95% confidence level limits obtained are O(101).

The OPAL results have been also combined with the results obtained by the other three
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Figure 6.10: The 95% Confidence Level contours, corresponding to a change of 3.0 in the log
likelihood from the minimum, for (a): the f# — f] plane and (b): the fZ — f] plane. The
expected Standard Model value is located at (0,0), while the star shows the location of the
minimum. The results are obtained including all the ZZ decay channels and all the energies,
and including also the OPAL data taken at /s = 183 GeV and at /s=189 GeV [68].

LEP experiments; the results of the combination are also in agreement with the Standard Model
expectations. A detailed description of the combination and the results can be found in [70].
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7. The TESLA Linear Collider

This chapter will give a general description of the projected future Linear Collider TESLA, and
of the planned detector layout. Then the physics processes which are relevant for an analysis
of the scattering of massive vector bosons will be introduced. The Monte Carlo generators and
the detector simulation used to perform the analysis will be also presented.

7.1 Introduction

Due to synchrotron radiation, the idea of a circular eTe™ storage ring of the kind of LEP can
not be extended to build an accelerator of this type able to operate in the TeV range. In a
storage ring in fact, the energy loss per turn is proportional to the fourth power of v = E/m,
and linear in 1/r.

The energy region beyond the reach of LEP2 can thus only be explored by linear colliders.

TESLA (TeV Energy Superconducting Linear Accelerator) is a project for a linear electron-
positron collider; a proposed site for its construction is DESY-Hamburg (Deutsches Elektronen-
Synchrotron). In Figure 7.1 the design of the project is shown. The collider is designed to be 33
Km long, and it consists of two accelerating branches for electrons and positrons respectively,
with a collision point in the center. The electrons produced by the source (on the left side of the
picture) are pre-accelerated and cooled in the damping ring. The electrons, packed in bunches,
are then driven to the main linear accelerator branch. The electrons needed for the XFEL' are
extracted at the point of the accelerator where they have an energy of about 50 GeV, while the
remaining electrons are accelerated up to the final energy. The electron beam is also used for
the production of the positron beam, which is at its turn pre-accelerated, damped, and then
driven to the linear accelerator. The accelerating cavities are superconducting, in order to limit
the energy consumption of the system. The beams can reach an energy of up to 400 GeV,
thus leading to an eTe™ center of mass energy of 800 GeV. The main parameters of TESLA
are summarised in Table 7.1, for /s = 500 GeV and /s = 800 GeV, and compared to the
corresponding LEP2 parameters.

x-ray laser o
N\ ﬁ@
linear / .
electron source accelerator linear accelerator
® [
g +
= : : = 3~
Pl —~
o ﬁ
‘\ T N positron M )
damping ring positron source preaccelerator

damping ring

aux. positron and
2nd electron source electron-positron collision

high energy physics experiments

Figure 7.1: Design of the TESLA Linear Collider. The full length of the accelerator is 33 Km.

! The XFEL (X-ray Free Electron Laser) is a coherent X-ray source which exploits the syncrotron radiation of
the beam extracted from the TESLA accelerator. The XFEL can perform a wide range of researches in natural
sciences, like for example atomic and molecular physics, plasma and condensed matter physics, or materials
science.
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\ Parameter | TESLA 500 | TESLA 800 [ LEP2 |
C.o.m. Energy (GeV) 500 800 200
Luminosity (cm 2s~ 1) 3.10% 5-10% 6 - 1031

Beam size x,y (nm) 553 , 5 391, 2 3.-10°,8-10°

Bunch spacing (ns) 337 187 22000

Bunch length (mm) 0.3 0.3 10
N./bunch 2.1010 1.4-10% 4.5-10'

Table 7.1: Some of the operating parameters for TESLA at 500 GeV and 800 GeV, compared
to the corresponding parameters of LEP2.

7.2 The TESLA detector

The TESLA detector will have to deal with a large dynamic range in particle energy, complexity
of final states and signal-to-background ratio. The physics requirements affect four main detector
benchmarks which must be substantially better than at LEP: i) track momentum resolution,
ii) jet flavour tagging, iii) energy flow measurement, iv) hermeticity. The detector design for
ete™ physics up to ~1 TeV has been evolving during two series of workshops; large detector,
lower magnetic field and small detector, higher magnetic field options were compared, and the
large version was found to have better overall performance because the tracking can be more
precise and efficient, the effective calorimeter granularity is better being further away from the
interaction point, both electromagnetic and hadronic calorimeters can be inside the magnet coil,
and the sensitivity to long-lived particles is increased. Figure 7.2 shows the detector layout. The
detector is described in detail in [40]; here its components will be briefly presented.

The Tracking System must satisfy the requirements of optimal momentum resolution
(A(1/p;) = 5-1075(GeV)~! in the central region), very high b- and c-tagging capabilities,
very good pattern recognition capabilities and minimal amount of material. The layout of the
tracking system is shown in Figure 7.3, and its components are the following:

The Vertex Detector is the subdetector closest to the interaction point. For the vertex
detector there are three proposals among which the detector technology has to be chosen: a CCD
(Charge-Coupled Device), CMOS pixels and hybrid pixel sensors. The design of both CCD and
CMOS options foresees a first cylindrical layer as close as possible to the interaction point (the
radius of ~15 mm is defined by the machine), followed by 4 additional layers. The 4 outer layers
can reconstruct the tracks in a stand-alone way, while the hits in the inner layer are used to refine
the track extrapolation to the interaction point. The inner three layers extend to |cosf|=0.96,
with 5-layer coverage to |cosf|=0.9. The design of the hybrid pixel sensor option foresees, due
to the higher thickness of a single layer, a 3-layer cylindrical detector, complemented by forward
layer and disks extending the polar acceptance to small angles. The three-hit coverage extends
up to |cosf| = 0.995.

The Time Projection Chamber (TPC) is the main tracking detector. The TPC is made
of a gas-filled drift volume with the readout electronic placed at the end-caps. As the drift gas
is the only material of the detector, the multiple scattering contribution to the resolution is
negligible. In addition, the TPC allows the measurement of the specific ionization dE/dz which
is used for particle identification. The outer radius of the TPC is 1.7 m; the length of 5 m allows
a good reconstruction of tracks produced with small polar angles. The single-point resolution is
160 pm in the r — ¢ plane and 1 mm in the z-direction.

The Forward Chambers (FCH). Particles produced at small polar angles do not cross
the TPC in its full radial length, leading to a worse momentum resolution. To compensate this
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Figure 7.2: View of one quadrant of the TESLA Detector. Dimensions are in mm

effect, two tracking detectors with high resolution (50 pm) are placed in correspondence of the
TPC end-caps, implemented as 6 layers of straw-tubes chambers. These forward detectors, are
also designed to measure showers originating between the tracking system and the calorimeters,
in particular in the TPC end-caps.

The Silicon Intermediate Tracker (SIT) is placed between the vertex detector and the
TPC. Tt consists of two silicon-strips detectors with spatial resolution of ~ 10 pm, which are
placed at radial distances from the interaction point of 16 cm and 30 cm. The purpose of
this subdetector is to reconstruct decay vertices of long-lived particles which decay between the

Vertex Detector and the TPC, and to generally improve the momentum resolution.

The Forward Tracking Disks (FTD) are also placed inside the TPC inner radius, on both
sides of the Vertex Detector. Each of them is built of seven disks. The FTD improves the track
reconstruction in the small polar angle zone. The four inner disks are Silicon-Pixel-Detectors,
while the outer three are Silicon-Strips. Their resolution is about 25 ym.

The Calorimeter System must ensure the reconstruction of jet (parton) four-momenta
with high resolution, to be able to cope with the many physics signatures which will show up as
complex hadronic final states. The system must be hermetic down to small polar angles, have an
excellent energy and angular resolution, and have a good time resolution to avoid event pile-up.
This strategy is best realized in a dense and hermetic sampling calorimeter with a very high
granularity, where it is possible to separate the contributions of the different particles in a jet
and measure their four-momenta. The calorimeter system consists of the following subdetectors:
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Figure 7.3: The layout of the TESLA tracking system. In the figure, one quadrant of the system
is shown.

The Electromagnetic Calorimeter (ECAL) for which two possible solutions are fore-
seen: a very high granularity 3D calorimeter, based on tungsten absorbers and silicon pads,
transversely segmented into readout cells of approximately 1 cm?, or a so-called shashlik sam-
pling calorimeter, equipped with lead and scintillator plates and with a transversal segmentation
of about 3x3 cm?. The ECAL resolution assumed in the physics studies which will be presented
in this work is:

olf) 0% _ 6y (7.1)
E  VE(GeV)
as resulting from prototypes tests and simulation studies.

The Hadronic Calorimeter (HCAL) is placed behind the ECAL, inside the supercon-
ducting coil generating the 4 T magnetic field. Also for the HCAL two approaches have been
studied, a tile sampling calorimeter of moderate segmentation (5x5 cm? in the inner layers
increasing to 25x25 cm? at the outer radius), with stainless steel and scintillator plates, or a
highly segmented calorimeter with digital readout and with cells of approximately 1 cm?. The
latter solutions foresees stainless steel plates as absorber, while the detecting medium can be
made of resistive plate chambers or wire chambers. The HCAL energy resolution which has
been assumed in this work, and which comes from simulations of hadronic showers and detector
response is:

o(E) 40%
B JEGeV) + 4% (7.2)
As already pointed out, excellent hermeticity of the detector is needed for many physics
studies. The acceptance of the ECAL+HCAL system reaches a polar angle of about 80 mrad.
The calorimetric coverage is completed by two devices in the very forward region on both sides
of the interaction point. Both devices are at the same time a part of a masking system shielding
the detector from backgrounds, the Instrumented Mask whose layout is shown in Figure 7.4.
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Figure 7.4: The design of the instrumented mask, with the forward angle calorimeters. The
LAT and LCAL calorimeters are integrated into the tungsten shield of the mask.

The two devices placed in the Instrumented Mask are:

The Low Angle Tagger (LAT), designed to provide an accurate measurement of electrons
up to the nominal beam energy of 400 GeV. Its design foresees a tungsten sampling calorimeter,
with silicon detectors as active elements. The beamsstrahlung background (e*e™ pairs originat-
ing from the beams) is relatively small, the typically deposited energy per bunch crossing being
of the order of a few GeV. The detector covers the polar angle region between 23 mrad and 83
mrad.

The Luminosity Calorimeter (LCAL), serving both as fast luminosity monitor and as
low angle calorimeter. It will be placed at a distance of 220 cm on both sides of the interaction
point, between radii of 1.2 cm and 6.2 cm from the beam line. As a luminosity monitor, the
detector will measure the amount of beam induced background particles. About 2 - 10* ete™
pairs on each side, corresponding to over 20 TeV of energy per bunch crossing, hit the LCAL. As
a calorimeter, the LCAL will measure electrons in the region between 5 mrad and 28 mrad. Due
to the measurement uncertainties connected with to the subtraction of the large background,
which are still under study, the conservative choice of not including the LCAL in the simulation
studies presented here was taken.

7.3 Physics processes at the TESLA Linear Collider

The TESLA Linear Collider will have the possibility of operating over a wide range of center
of mass energies, from /s ~90 GeV up to /s =800 GeV. TESLA will be in fact able to make
dedicated runs with high luminosity at low energies, close to the Z resonance (the so-called
GigaZ mode) and above the threshold for WTW™ production, i.e. the same energies of the
LEP1 and LEP2 physics programs. This will allow to measure the electroweak mixing angle
and the W boson mass with much higher precision than at previous colliders.

On the other hand, one of the main aims of the TESLA physics program is to firmly establish
the electroweak symmetry breaking as mechanism for the generation of the masses. If a Higgs
bosons exists, TESLA will be able to measure its properties with high precision, and check
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whether the observed Higgs boson has the profile predicted by the Standard Model. At TESLA
it will be possible to measure with high precision the Higgs mass, the production cross section,
the branching ratios to quarks, leptons and bosons and the Yukawa coupling to the top quark.
A precision of 50(70) MeV on the mass of a 120(200) GeV Higgs will be for example achievable,
while the branching ratios will be measured with a precision of a few percent [40].

However, at high center of mass energies, some alternative new physics beyond the Standard
Model may emerge, ranging from supersymmetric theories to theories in which the symmetry
breaking is generated by new strong interactions. The latter alternative model, which foresees
a new strong interaction between the W and Z bosons at high energies, has been described in
Chapter 2. An experimental study of this scenario will be treated in the following of this work.

The signal and background processes which are relevant for an analysis of the scattering of
W and Z bosons will be presented in the following of this chapter, together with a description
of the Monte Carlo generators and of the detector simulation tools which have been used to
perform the study.

7.4 VYV — V'V scattering processes

The scattering subprocesses VV — V'V occur, in ete™ collisions, through the Feynman diagrams
which have been introduced in Section 2.5.5 (see also in Figure 2.14).

Each of the two bosons decays into a fermion-antifermion pair, so the final state is a 6-fermion
final state. Only the final states in which the two bosons are decaying each to a quark-antiquark
pair have been taken into account in the analyses presented in this work. This means that the
final states for the signal processes are involving four quarks and two leptons. The corresponding
6-fermion final states branching ratios are the following:

BR(WTW™vi — qgqard) = 46.9% (7.3)
BR(ZZvv — qaqqrr) = 48.9% (7.4)
(7.5)

The signature in the detector is therefore 4-jet plus missing energy and transverse momentum,
due to the two neutrinos, with the invariant masses of the two jet pairs peaking in correspondence
of the W or Z boson mass, according to the process.

7.5 Signal definition

In the analyses presented here, the signal is constituted by the doubly-resonant diagrams shown
in Figure 7.5, where the denomination “doubly-resonant” denotes the fact that the two di-quark
pairs are both originating from the decay of a W or a Z boson. Other diagrams leading to the
same 6-fermion final states are considered as background; a set of examples of such background
diagrams is shown in Figure 7.6.

The study of 6-fermion processes requires the use of a dedicated generator, able to deal
with the huge number of diagrams leading to the given final state, and with the complexity of
the phase-space. As an example, the total number of diagrams corresponding to the process
ete™ — voudcs is 212.

The generator used in this analysis to simulate 6-fermion events is WHIZARD [71], which
generates eTe” —6-fermion events taking into account, for the matrix element calculation, all
the Feynman diagrams leading to a given final state, and their interference. The signal processes
have thus to be defined applying, at generator level, the following cuts on the ete™ — qqqqrv
phase space:
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Figure 7.5: Feynman diagrams for the two signal processes involving the scattering subprocesses
WW—WW and WW—ZZ. The two bosons present in the WWuvv and ZZvv final states decay
in two fermion-antifermion pairs, so the final state is a 6-fermion final state.

2my —12 GeV < mg, +mz, < 2my + 12 GeV
img, —m2,| < 20 GeV
myy, > 100 GeV

where V' denotes a boson, méq
pairs. The mass m,, is the invariant mass of the two neutrinos; the cut on m,, is applied to
remove the contribution of diagrams involving the production of a Z boson followed by the decay
7— vi.

Figure 7.7 shows the distribution, at generator level, of m,,,, obtained after having applied the
first two cuts. The Z peak is evident and not contributing to boson-boson scattering processes.
As can be seen in Figure 7.7.(a), after the mass cuts defining the WWwvv signal the peak is
more pronounced. In fact the cross section for the process efe™ — WTW™Z, is higher than the
one for the process ete™ — ZZZ, due to the higher probability for the radiation of W boson
off an electron, and to the vertex v/Z — W1TW~Z, which is allowed in the Standard Model.
On the contrary, vertices of four neutral gauge bosons are forbidden in the Standard Model, as
explained in Chapter 2.

and mgq are the invariant masses of the two quark-antiquark

7.6 Background processes
The relevant background classes can be subdivided into three main classes of events:

e 6-fermion events. To this background class belong all processes leading to a 6-fermion
final state, and in particular to states of the type qqqqr7, qqqger and qgqgee excluding
the VV — V'V scattering process defined as signal. Thus a huge number of diagrams
contributes to the production of 6-fermion events; some examples of such diagrams have
been shown in Figure 7.6.
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Figure 7.6: The figure shows some of the 6-fermion processes which lead to qqqquv final states
and which constitute a background for the signal processes shown in Figure 7.5. Only processes
involving hadronic decays of the bosons present in the event have been taken into account.

The events of the class qqqger are produced mainly through YW fusion diagrams shown
in Figure 7.8.(a); here the scattering YW — ZW leads to a 4-jet plus missing energy
signature, similar to the signal topology. The incoming electron (or positron) radiates off
a photon and is thus scattered with a very small azimuthal angle. Thus, as it will be
shown in the following, the forward coverage of the detector is a fundamental issue for the
identification and rejection of this event class.

The same considerations apply to the qqqgee background events, which are mainly pro-
duced through the Feynman diagram shown in Figure 7.8.(b). In this case both electron
and positron radiate off a photon and are scattered in the very forward direction.

Together with the forward coverage of the detector, another fundamental issue for the
rejection of the 6-fermion background is the detector resolution in the reconstruction of
the boson masses; an optimal resolution allows in fact to separate W from Z bosons and
thus identify the class which the event is belonging to.
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Figure 7.7: Distribution of the vv invariant mass in qqqqrv events after the mass cuts defining
the WTW~vi (a) and the ZZvi phase space regions. The normalisation of the vertical scale is
arbitrary.

e 4-fermion events. This event class has been already presented in Section 3.3, as it is one
of the most relevant physics event classes at LEP2. The dominant contributions come from
the production of W and Z pairs (the CC03 and NC02 diagrams introduced in Chapter 3).
As it will be discussed in the following, the cross sections for these processes are some order
of magnitudes bigger than the signal cross sections; in particular, the fully hadronic decay
channels of the WW and ZZ events may constitute a potentially relevant background.
These events however are characterised by having a vanishing missing momentum, thus
being easily rejectable through cuts on the visible energy and momentum. In case the
4-quarks are generated through WW and ZZ production after Initial State Radiation, the
missing momentum is not vanishing, but it’s mostly pointing in the forward direction. The
forward coverage of the detector becomes then an important issue for the rejection of this
background.

e 2-fermion events. Also the 2-fermion event class has been already described in Section
3.3, when discussing the LEP2 physics events. The cross section for the process et e™ — qq
is also some orders of magnitude bigger than that for the signal. Anyway, as for the 4-
fermion background, the eventual missing momentum due to Initial State Radiation is
directed along the beam pipe. This allows to easily reject the 2-fermion background
through cuts on the visible energy and on the direction of the missing momentum.

e tt events. At the TESLA Linear Collider operating at 1/s=800 GeV, the production of
top-antitop pairs will be kinematically allowed (the mass of the top quark is m; = 174.3
GeV [12]). The top-quark decays in a b-quark plus two other fermions, as shown in Figure
7.9. Therefore, the process e e~ — tt is actually leading to a 6-fermion final state of the
type bbf;fof3f;. The decay channel which constitutes a relevant background for the qgqgro
and qqqqgev signals is the channel tt — bbqq'lv, as the event topology resembles in this
case the 4-jets plus missing energy signal. Due to the high cross section, the rejection of
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Figure 7.8: Two of the most important processes contributing to the 6-fermion background.
(a): Feynman diagram for the process ete™ — W¥Zev — qqqgeTv through YW fusion; (b):
Feynman diagram for the process ete™ — WTW~ete™ — qgqgete™ (note that the decay of
the two bosons in quark-antiquark pairs is not represented in the diagrams).

this background process has to be carefully optimised. The characteristic of the tt events,
which can be exploited in the eTe™ — WTW v — qgqqr event selection, is the presence
of two b-quarks in the final state. Thus, the tagging of the jets originating from b-quarks
may be used, in case of the ete™ = WTW v — qqqquv selection, as a veto against the
tt background. As the Z boson decays into a bb pair with a branching ratio of about 15%,
the same veto can not be applied in case of the eTe™ — ZZvi — qqqqrv selection. In this
case however, another characteristic of the tt events, which can be exploited as a veto, is
the presence of an isolated lepton in the event.

7.7 Beam Polarisation

As discussed in Section 7.2, at the TESLA Linear Collider it will be possible to operate with
polarised electron and positron beams. The foreseen polarisations are P =80% for electrons
and Py = 40% for positrons, where the polarisations are defined as follows:

NL _NE p. = NE NI
NL 4 NE + = NL {NE -
€ € 6+ E+

P_ =
I - L(R) . . L(R) .
n these definitions, N,2™ is the number of left- (right-) handed electrons, and N, ™ is the
number of left- (right-) handed positrons. As W bosons are coupling to left-handed electrons
and right-handed positrons, a process involving one e~ — W™ v vertex will be enhanced, with
respect to the case of unpolarised beams, by the factor:

NE NL — NE
e e e [

This factor is the ratio between the probability N2 /(NZ + N2 ) of having a left-handed electron
in case the beam is polarised, and the probability 1/2 of having a left-handed electron in case
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Figure 7.9: Feynman diagram for the production of a tt pair, and its decay into 6 fermions.

the beam is not polarised. The same consideration applies to the radiation of a W boson off a
positron, thus if also a et — W vertex is involved in the Feynman diagram for the process
the total enhancement factor is given by:

f=(1+P)-(1+P) (7.7)

This is the case of the two signal processes ete™ — WTW v — qqqqui and ete™ — ZZvv — qqqqrv.
For the ete™ — W¥Zerv — qdqgeTr process, which is dominated by the YW fusion subprocess,
shown in the diagram in Figure 7.8.(a), the enhancement factor is f- = (1+ P_) for the diagram
with a positron in the final state (the W™ is radiated off the electron) and f, = (1 + Py) for
the diagram with an electron in the final state (where on the contrary a W7 is radiated off a
positron).

A smaller contribution to the ete™ — W*Zer — qgqgeTv process comes from the ZW —
ZW scattering subprocess, where, instead of a 7, a Z is radiated off the electron or the positron.
The vector and axial couplings of the Z to electrons are:

1

cy = IP—2sin’0y Q. = —5+ 2sin0y ~ —0.014 (7.8)
1

ca = I3=—§ (7.9)

thus the coupling is almost of purely axial type. This means that the same scaling factor as for
the YW fusion diagrams holds for the diagrams with ZW — ZW scattering.
Thus the enhancement factor for the qqqger cross section will be:

1+P. 14+P P_+P

2 2 2

(7.10)

The qgqqgee background is almost not modified by polarisation. The contribution of the

ete™ - WTW~ete™ — qqqgete™ diagram in Figure 7.8.(b), which corresponds to the subpro-
cess vy — WTW™, and which is largely dominating the other diagrams, is not modified. There
are diagrams, leading to the qqqqee final state however, in which the W’s both originate from
the same fermion line. The contribution from this kind of diagrams increases by the factor
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14 (P- + P;)/2, but the effect on the total qgqgee cross section is rather small (see in the
following, in Table 7.2).

The same kind of considerations can be repeated to derive the scaling factors of the 4-fermion,
tt and qq cross sections. The cross sections, calculated using the set of Monte Carlo generators
discussed in the following Section 7.8, will be listed in the following Table 7.2.

7.8 Monte Carlo generators

The following set of Monte Carlo generators has been used for the simulation of the physics
processes:

e 6-fermion: when considering all tree-level Feynman diagrams contributing to the am-
plitude of an ete™ —6-fermion process, and their interference, the matrix elements may
become very complicated (as in general up to O(10%) diagrams may contribute), and
the structure of the final state phase-space very difficult to handle. The event generator
WHIZARD[71], combines known packages for generating matrix elements with a program
which is able to sample a generic phase space, integrate the cross section and generate
events. The matrix element generator used in this analysis is O’Mega [72], which can deal
with final states with six particles, and which includes the terms of the Electroweak Chiral
Lagrangian describing the VV — V'V scattering in the matrix element calculation. The
phase-space integration and the event generation are performed by WHIZARD?.

Besides that, WHIZARDcan generate events assuming polarised e* beams.

e 4-fermion, tt, qq: the events of these classes have been generated using PYHTIA [45].
For tt events, PYHTIA simulates also the decay of the tt pair in six fermions.

For all event classes, the fragmentation and hadronization were simulated using JETSET [47],
implementing the Lund string fragmentation model (see also Section 4.1).

7.9 Cross sections

The cross sections calculated using the Monte Carlo generators described in the previous section

are shown in Table 7.2. The table shows the cross sections for the two signal classes and for

the background classes®, with no beam polarisation and with the beam polarisations foreseen at

TESLA. As can be seen in the table, the 6-fermion processes which have the highest cross section

are those leading to qqqger and qqqqee final states. The dominating contributions to these final

states come from the process ete™ — W*Zev — qgqge¥r andete - WTW-ete™ — qgqgete
respectively.

The cross sections for the other background processes, i.e. tt, 2-fermion and 4-fermion are
some order of magnitudes higher than the signal ones. However, the event topologies of these
background processes, discussed in the previous sections, and the optimal detector resolution
allow to reject these background classes almost completely, as will be shown in the following
chapter.

7.10 Detector simulation

To simulate the response of the TESLA detector, a parametric Monte Carlo has been used,
SIMDET V3.1 [74]. This means that the reconstructed objects (tracks and energy clusters) are

% For the phase-space sampling and integration, WHIZARD makes use of the VAMP [73] integration program.
8 Each of the two signal classes represents a background for the other one.
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Channel osm (fb) osum (fb)
no polarisation | P,- = 80%
P,+ = 40%
Signals
ete™ - WTW v — qqqaui 3.4 8.6
ete”™ — Z7Zvv — qqqqui 1.7 4.3
6-fermion background
ete” — qqqqry (background) 3.5 5.5
qqqger 24.5 39.2
qgqgee 225 286
ete” > tt - X 344 619
4-fermion and 2-fermion background

ete”™ — Z7 — qqqq 168 302
ete” > WTW™ = qdqq 2340 5900
ete” = qq 5100 9180

Table 7.2: Standard Model cross sections of signal and background processes at /s=800 GeV.
The signal processes are defined through the phase-space cuts described in Section 7.5. The sec-
ond column shows the cross sections for unpolarised beams, while the cross sections in the third
column are calculated assuming a 80% e~ polarisation (left-handed) and a 40% e* polarisation
(right-handed). The qq background doesn’t include the ete™ — tt class, whose cross sections
are separately reported in the table.

not derived from a full simulation of the detector, but are computed by smearing the generated
4-momenta, of the objects in the event. The smearing parameters have been derived by a full
GEANT [51] simulation of the TESLA detector (the package BRAHMS [75]), and are functions
of the particles 4-momenta. The setup of the detector is the one presented in Section 7.2, and is
the one which has been used for the set of physics performance studies presented in the TESLA
Technical Design Report [40].

As discussed in the previous sections, the detector issues which are particularly relevant for
the V'V scattering analyses are the mass resolution (i.e. the jet energy and momentum resolu-
tion) and the forward detector coverage. The detector performance with respect to the mass
resolution can be estimated in terms of the separation power of W bosons from Z bosons, us-
ing ete™ - WTW v — qqqquy and ete™ — ZZvv — qqqqry events at /s=800 GeV (after
applying the signal definition cuts to remove the non-resonant 6-fermion background contribu-
tions). In Figure 7.10 the reconstructed masses after the detector simulation are shown, for
the two classes of events. The plot shows the excellent separation of the two contributions; the
resolution for the invariant qq mass is about 4%.

The forward coverage of the detector is another important issue for the measurement of the
missing momentum and for the tagging of forward electrons, for example in qqqger and qgqgee
events. As seen in Section 7.2, the very forward coverage of the TESLA detector is guaranteed by
the Instrumented Mask, which includes the Low Angle Tagger (LAT) and the Lumi Calorimeter
(LCAL), covering up to a polar angle # = 5 mrad. In this study however the conservative choice
of using detector instrumentation up to 23.5 mrad (so only the LAT) was adopted, thus avoiding
the results to be affected by uncertainties on the machine background. The acceptance of the
LAT and of the LCAL for qgqqgee events is shown in Table 7.3.



110

7. The TESLA Linear Collider

160

140

120

100

80

60

Figure 7.10: Reconstructed qq invariant masses after the detector simulation. In the histogram
the two qQq masses are plotted versus each other, for WWvv and Z Zvv events which satisfy the
signal definition described in Section 7.5

N. of tagged e

w/o Mask | +LAT | +LAT+LCAL

Event fraction (%)

0
>1
2

63
37
6

49
51
11

36
64
19

Table 7.3: The table shows the fraction of qqqqgee events in which 0, 1 or 2 electrons can tagged,
without the instrumented mask (second column), including the instrumented mask with the
LAT only (third column), and including the instrumented mask with both LAT and LCAL. The
fractions are computed assuming 100% tagging efficiency.
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LAT | LAT — T LAT | LAT
23.5mrad (TDR) 235 mrad

Cos(ee!ectron) Cos(ee!ectron)

Figure 7.11: Distribution of the electron polar angle in case of (a): qqqqev events and (b): qqqqee
events. The distribution in the very forward section of the detector is shown in the plots. The
vertical lines indicate the position of the inner borders of the detectors of the Instrumented
Mask: the Low Angle Tagger (LAT) and the Lumi Calorimeter (LCAL). Concerning the LAT,
two different lines show the detector border assumed in this study (23.5 mrad) and the detector
border foreseen in the final TESLA detector design (27 mrad) [40].
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8. Strong Electroweak Symmetry Breaking and Quartic
Couplings at TESLA

8.1 Introduction

In this chapter an experimental study of the sensitivity of the TESLA Linear Collider to sig-
nals of Strong Electroweak Symmetry breaking will be presented. The TESLA detector, and
the physics processes relevant for an analysis of the scattering of W and Z bosons, have been
introduced in Chapter 7. This chapter will describe a Monte Carlo study of the analyses of
the processes ete™ — WTW v — qqqqry and ete™ — ZZvv — qqqqry, for a center of mass
energy /s = 800 GeV and with beam polarisations 80% and 40% for the electron and positron
beam, respectively. The event generators used, and the cross sections for the single event classes,
have been already discussed in the previous chapter.

The first part of this chapter will describe the two event selections, giving in particular
more details on the ete™ — ZZvi — qqqqui selection. All the relevant background processes,
discussed in Section 7.6, have been taken into account, and the expected error on the cross
section measurement has been optimised.

The second part of the chapter will treat the estimate of the expected sensitivity to the
coefficients of the Electroweak Chiral Lagrangian (see in Section 2.5.2). The sensitivity was
evaluated through an extended maximum likelihood fit of the differential distributions resulting
from the event selections. The expected limits on the coefficients «; can be translated into
the expected TESLA sensitivity to new physics scales connected to the Strong Electroweak
Symmetry Breaking.

8.2 Analysis strategy

The strategy of the analysis is similar for the two selections of the ete™ — WTW v — qqqqui
and eTe” — ZZvi — qqqqr events. Due to the smaller cross-section, a likelihood-based selec-
tion has been developed for the ZZvv channel, while the WWuwvwv selection is a cut-based one.
The ZZvv selection will be described in more detail here, while a summary of the main WWuvv
selection cuts will be given.

8.3 efe” — ZZvi — qqqquriy Event selection
Event reconstruction and preselection
The selection of the eTe™ — ZZviv — qqqqr events can be outlined as follows:

e The first step of the selection consists of forcing the tracks and clusters of the event in
four jets, using the Durham algorithm [55] (see also in Section 4.3 for a description of the
algorithm).

e The ZZvv hypothesis is then tested via a kinematic fit to the jet 4-vectors, forcing the
two jet pairs to have the same mass. As this is the only constraint applied, the fit is
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called 1C-fit (due to the presence of the two neutrinos in the final state in fact, the energy
and momentum conservation constraints can not be applied). The kinematic fit is in
this case not as crucial as for the OPAL experiment (see in Section 4.4) to improve the
mass resolution. Since the Z bosons can decay as Z — bb, and the B-hadrons may decay
semileptonicallly, neutrinos may be present in the jets which are originated from the b-
quarks. In this case, the kinematic fit can compensate the loss in resolution deriving from
the unmeasured momentum of the neutrinos.

e As in case of the OPAL ZZ analysis (see in Section 5.4), the pairing of the four jets has
to be chosen out of 3 possible combinations. The method used is a likelihood method
similar to the one described in Section 5.4. For each combination a likelihood probability
is calculated, whose inputs are the mass resulting from the 1C-fit, the y? probability of
the fit, and the difference between the two reconstructed di-jet masses. The reference
distributions are filled using ZZvv signal events, and the two classes are given by the right
and the wrong combinations, respectively.

The combination giving the highest value of the likelihood is chosen to be the correct one.
This method gives a rate of correct pairings of 93%. The much better performance of
the likelihood pairing with respect to the results of similar the OPAL analysis (where the
pairing is correct for ~80% of the events), is due mainly to the much better resolution of
the TESLA detector.

A preselection is applied, consisting of a series of cuts mainly aiming to significantly reduce the
4-fermion, qq and tt background classes. The preselection cuts are the following:

o 200< Epnss <650 GeV: Ep,;ss denotes in this case the event missing energy. This cut
selects the range of values of the missing energy expected from the signal events. It
is mostly effective against the 4-fermion and the qq background classes, from which no
missing energy is expected. The visible energy for events of these background classes may
actually be smaller than the ete™ center of mass energy, in case the interaction takes place
after initial state radiation. To cut these events another preselection cut on the direction
of the missing momentum is applied.

e [cos(fp,...)| < 0.99: a cut on the cosine of the polar angle of the missing momentum is
applied to remove 4-fermion and qq events which take place after the radiation of a photon
by one of the initial state particles, with the photon going unobserved along the beam-pipe
(i.e. being produced at a polar angle smaller than 23.5 mrad)

e |cos(0py,...)| <0.99: a cut on the cosine of the polar angle of the most energetic charged
track is applied in order to remove events with high energetic electrons in the very forward
direction. Thus, this cut removes mainly the events of the qqqger and qqqgee background
classes, for which the electron can be tagged in the detector (see in Table 7.3).

e at least two charged tracks in each jet are required: this cut is mainly intended to reject
events with leptons, like for example those in which the W or Z bosons decay leptonically,
or ete™ — tt background events, followed by the decay tt — bbqqlv.

e in order to further reduce the tt — bbqgly background, an event is rejected if one of the
four most energetic charged tracks is isolated. A charged track is considered to be isolated
if the sum of the energies of the objects (tracks and clusters) in a 10 degrees cone around
the track is less than 2 GeV.
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Likelihood selection

After the preselection cuts, a likelihood discriminant is calculated, out of the following input
variables:

1. The mass resulting from the 1C-fit described above.

2. The jet pairing likelihood described in the previous section. In fact, the reference distri-
butions for the jet pairing likelihood are built using only signal events, so the likelihood
value can be used also as a sensitive variable for the separation of the signal from the
background.

3. Myecoir: the recoil mass, which is defined as My ecoit = 1/ E2 ... — P2

s ) isss Where Epn;q and
Pp,iss are the event missing energy and momentum.

4. |cos(0p

m

;so)|: the cosine of the polar angle of the missing momentum.

5. |cos(0pg,,..)|: the cosine of the polar angle of the most energetic charged track in the
event.

6. Einqe: the energy of the most energetic charged track in the event.

The distributions of the variables used as input for the likelihood calculation are shown in
Figure 8.1 for the different classes of events. The distribution of the likelihood discriminant
for the different event classes is shown in Figure 8.2; the events with a likelihood value greater
than 0.84 are selected. The cut has been optimised in such a way that the product of the
efficiency times the purity is maximal, i.e. such that the error on the cross section measurement
is minimal. The mass distribution of the selected events is shown in Figure 8.3. The figure shows
the reconstructed mass of the two qq pair (thus, the plot is filled with two entries per event),
where the pairing has been chosen with the likelihood method. For the signal events which are
passing the likelihood cut, the rate of correct pairings increases to ~99%.

In order to increase the purity of the selection, a further cut on the two di-quark reconstructed
masses can be applied. The two masses are required to satisfy the condition:

85 GeV < Mgz < 100 GeV (8.1)

The results of the ZZvv selection are summarised in Table 8.1. The table shows the number of

expected events after all cuts for each of the examined classes, assuming /s = 800 GeV, 1000
fb~! of integrated luminosity and e~ and et beam polarisations of 80% and 40%, respectively.
This value of the integrated luminosity corresponds to approximately 2 years of data taking
at TESLA. The expected relative error on the cross section measurement Ao /o is 2.8%. This
result can be compared with the expected error in case of no polarisation of the beams, for the
same integrated luminosity: in this case the expected error would be Ao /o = 3.2% [76].

8.4 etem —» WTW v — qgqgr Event selection

The ete™ - WTW v — qqqqr event selection will be here only shortly described, more
details can be found in [76].

The jets are reconstructed using the LUCLUS algorithm [45]. The scheme of this algorithm
is similar to the DURHAM scheme described in section 4.3 and in [55] but the distance measure
between the objects ¢ and 7 is in this case given by:

4|pi ? |7 |*sin® (055 /2)
(17l + |951)
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Figure 8.1: Distributions of the likelihood variables used as input for the calculation of the ZZvv
likelihood. The events which are used to fill the distributions are those passing the preselection

cuts.

where the p;, p; are the momenta of the two objects, and 6;; is the angle between them. The
two objects with the smallest relative distance d;; are joined to one (i.e. their 4-momenta are
added) if d;; is smaller than a parameter dj,n. The parameter djq, was set to 7 GeV. Only



8.4. ete™ - WHW ww — qqqquy Event selection 117

gqggvv Signal

i . qdqggee 5

10t -~ qqqqev RN
- tt |
}ﬁ == qgaqvv background !

Events

10 -

101

IN Y. AN] I AN N I IN A
A SRV IRN AN N SN ALY AN NN AL AN N W A AN N BN LN N N AR AN N N SN AN 1N WA RN A 1N MY AR A N WA AL AN N WAV ARN AN N BN AL AN N A A

O 01 02 03 04 05 06 07 08 09 1
ZZvv likelihood

Figure 8.2: Distribution of the likelihood discriminant for the ZZvv selection. The distributions
for signal and background events are shown in the plot. The vertical line shows the position of
the cut on the likelihood value. All events with a likelihood greater than 0.84 are selected.

‘ Event Class | Number of events | Efficiency (%) |
Signal
| efe” — ZZvi — qQqqry | 2168410 \ 50.7 \
Background
qqqqrv 17445 1.3
qaqgev 993+20 2.5
qqgqee 250+60 9.1072
| efe™ - WW,ZZ — qqqq | negligible | <107® ]
\ efe” >t X \ 143420 | 2-107 |
‘ ete™ — qq ‘ negligible ‘ <1073 |

Table 8.1: Results of the selection of ete™ — ZZvv — qqqquiv events. The table shows the
numbers of events expected from each channel, at /s = 800 GeV, and assuming 1000 fb~' of
integrated luminosity. The last column shows, for signal and background processes, the fraction
of events which are passing the selection.

events with three, four or five jets are selected. Each event is then forced in four jets, and
the jet-pairing is chosen, out of the three possible combinations, in such a way that the product
| M;; — My | -| My — My | is minimal, where M;; and My, are the di-jet invariant masses resulting
from each combination, and Myy is the mass of the W boson. To suppress two- and four-fermion
background and contamination from ZWW events with the Z decaying invisibly, the transverse
energy in the event Eyqns is required to be between 150 GeV and 600 GeV and the recoil mass,
defined as described in Section 8.3, to be above 200 GeV. To reduce background classes leading
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Figure 8.3: Distribution of the qq masses for the events passing the cut on the likelihood
discriminant of the ZZvv selection. Both reconstructed masses are filling the histogram, which
has thus two entries per event. The two vertical lines show the position of the final mass cuts.
All events with both di-jet masses included in the range between 85 and 100 GeV are selected.

to isolated leptons, in particular tt, the number of charged tracks per jet is required to be greater
than 2.

The tt background class is also strongly reduced by rejecting the events with more than 1
tagged b-jet. In fact, the main part of the tt background comes from the events in which the
tt pair is decaying as: tt — bbqglr. The purity of the b-tagging has been parametrised as a
function of the jet energy according to the parametrisation described in [77], The efficiency is
fixed at 80%, and for the vertex detector a 2 cm CCD option is chosen. This cut, rejecting events
with more than 1 tagged b-jet, is also effective for the rejection of 6-fermion events involving
the production and decay of at least a Z boson, i.e. ZZvv and WZev events'.

To remove the background events coming from other 6-fermion final states, in particular
those from WWee and WZer processes, a cut on the missing momentum is necessary. As
already discussed for the ZZwvv selection, the characteristics of these background classes is the
missing momentum from the electrons, which are mostly lost in the beam pipe. Thanks to the
excellent hermeticity of the TESLA detector, these background classes can be strongly reduced
by a cut requiring PJW W' > 40 GeV, where PYW W denotes the transverse momentum of the boson
pair (i.e. the event transverse momentum).

A further cut to remove combinatorial background and events with Z bosons requires both
reconstructed boson masses to be above 60 GeV and below 88 GeV. Two of the selection variables
on which cuts are applied, namely the recoil mass and PQYV W are shown in Figure 8.4. The
results of the analysis are shown in Table 8.2, in terms of expected number of events (for an
integrated luminosity of 1000 pb~!) and efficiency. The expected relative error on the cross

! The Branching Ratio of the decay Z— bb is in fact about 15% [12]
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Figure 8.4: Distributions of two of the variables used for the ete™ — WTW v — qqqqui
selection, for signal and background event classes. Figure (a) shows P)¥W | the event transverse
momentum, while Figure (b) shows the event recoil mass. Only the events passing the cut
PYMW > 40 GeV are used to fill the histograms in Figure (b).

section measurement Ao /o is 1.7%. As for the ZZvv selection, this result can be compared with
the expected error in case of no polarisation of the beams, for the same integrated luminosity:
in this case the expected error would be Ao /o = 2.0% [76].

‘ Event Class | Number of events | Efficiency (%) |
Signal
| ete” > WTW v — gaqav | 5077423 \ 58.8 |
Background
qqqqrv 50948 5.2
qaqger 1728434 4.4
qqgqee 257457 9-1072
‘ ete” - WW,ZZ — qqqq ‘ negligible ‘ <1073 ‘
\ efe” 5 tt 2 X \ 444475 | 6-1077 |
‘ ete” = qq ‘ negligible ‘ <1073 |

Table 8.2: Results of the selection of ete™ — WTW ~vir — qgqqr events. The table shows the
number of events expected from each channel, at \/s = 800 GeV, and assuming 1000 fb~! of
integrated luminosity. The last column shows, for signal and background processes, the fraction
of events which are passing the selection.
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8.5 Fit of the SU(2). custodial couplings

As discussed in Chapter 2, the processes
ete™ — ZZvv — qqqqry and ete™ - WTW v — qqqqui (8.3)

(corresponding to the scattering subprocesses WW—7ZZ and WW—WW) are sensitive to values
of the coefficients a4 and a5 of the Electroweak Chiral Lagrangian different from the expected
Standard Model value of zero, and thus to possible signals of SEWSB. The signatures of strong
interactions of the W and Z have been described in Section 2.5.5. They are, in general, changes
of the total cross section and of the average polarisation of the final state bosons with respect to
the Standard Model expectation. This means that the angular distributions of the bosons and
of their decay products vary, for non-zero values of the couplings, with respect to their Standard
Model expectations. Besides, the impact of the strong interaction terms rises with the center
of mass energy of the V'V — V'V scattering subprocess. Thus, the distribution of the invariant
mass of the two bosons in the final state is also sensitive to the coefficients a4 and as.

The sensitivity to the anomalous couplings a4 and a5 is determined by using the total cross
section and the differential distributions of the following kinematic variables:

1. |cosfyy 7|: where Oy 7 is the production polar angle of the two bosons.

2. |c050;ecay|: where 6., is the polar angle of the decay products in the reference frame
of each boson. No discrimination between quarks and anti-quarks has been done in this
analysis.

3. Myy: the invariant mass of the two bosons.

Thus, two entries per event, one for each of the reconstructed bosons, fill the fitted distributions.

The sensitivity is determined through an Extended Maximum Likelihood fit to the distribu-
tions expected from a 1000 fb~! Standard Model sample with as = a5 = 0. For each bin, the
likelihood probability associated to a given point in the (a4, as) space is given by the Poisson
probability of observing N{?,ZCVI events if Ny (ou,as) are expected (where the indices ijk denote
the bin in the 3-dimensional differential distributions):

Nijk(aa, )NS’“M
Pk (s, 05) = ik ]\/A'L;’Mi e Nijk(aa,05) (8.4)

The likelihood probability as a function of the couplings is then given by the product over all
bins of the probabilities Py (4, as):

L(a4,a5) = Hﬂjk(a4,a5) (8.5)
ijk
The number of expected events, includes both signal and background events which are passing
the event selection.

As the Electroweak Chiral Lagrangian is linear in the couplings «; (see Section 2.5.2), the
total cross section, like the differential cross section at any given point of the 6-fermion phase
space is given by an hyper-paraboloid in the (a4, as) space. Thus, to determine the number
of signal events expected in any bin of the differential distributions, it is sufficient to generate
Monte Carlo samples for six different values of the couplings and then fit the number of events
in each bin with an hyper-paraboloid in the (a4, as) space. Thus Njji (o4, as5) can be in such a
way analytically calculated.

The point in the (ay, as) space where the likelihood reaches its maximum value, corresponds
to the fitted value of the parameters. The sensitivity of the coupling measurement can be
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estimated calculating the 68% and 90% confidence level limits on the parameters, corresponding
to —AlogL = 1.15 and —AlogL = 2.3, where AlogL is the negative variation of the logarithm
of the likelihood with respect to the maximum value.

It can be interesting to study the improvement of the sensitivity obtained by including each of
the differential distributions in the likelihood fit. Figure 8.5 shows the results of the fit applied
to the events selected by the WWwvr and ZZvv selections, when using only the total event
rate, and when successively including the differential distributions. As can be seen, fitting also
the distributions of the three kinematical variables permits to exclude the second intersection
between the allowed regions, which appears when looking just at the total cross section. The
results of the fit for the two analyses, and their combination, are shown in Figure 8.6. The
combination is performed summing the two logl. distributions; possible correlated systematics
between the two analysis have not been taken into account at the moment.

The following section will summarise the results of the fit in terms of the sensitivity to the
Electroweak Chiral Lagrangian coefficients and to the scales of new physics.

Strong Electroweak Symmetry Breaking Scales

The limits obtained by the combination of the results of the ete™ - WYW v — qqqqry and
ete” — ZZvv — qgqqu analysis are shown in Table 8.3. The table shows the expected limits
obtained assuming that only one coupling is non-vanishing. The limit values correspond to the
68% confidence level intervals, i.e. to the value Ay? = 1.

As seen in Section 2.5.2, the coefficients of the Electroweak Chiral Lagrangian are related to
the scales of new physics through the relation:

2
a (v
1672 <A;‘> ) (8:6)

where v=246 GeV is the Fermi scale. The expected sensitivity to the couplings a; can thus be
translated into the sensitivity to scales of new physics (i.e. strong interactions of the W and Z
bosons). The results are also shown in Table 8.3.

TESLA Results
1000 b~ 1, P,- = 80%, P+ = 40%
Coupling H Lower limit ‘ Upper limit H New physics scales
o -1.1 +0.8 A}=2.9 TeV
Qs -0.4 +0.3 Af=4.9 TeV
LHC Results [33]
100 fb~1
Coupling H Lower limit ‘ Upper limit H New physics scales
oy -0.2 +1.7 A}=2.3 TeV
as -0.4 +1.2 Af=2.8 TeV

Table 8.3: One dimensional expected lower and upper limits limits, at 68% confidence level,
on the Strong Electroweak Symmetry Breaking parameters a4 and as, and the corresponding
expected sensitivities to new physics scales. The table compares the results of this work, i.e.
the limits expected at the TESLA Linear Collider, with the results expected at LHC for an
integrated luminosity of 100 fb~* [33]. The TESLA limits are computed assuming an integrated
luminosity of 1000 tb~1 at 1/s=800 GeV, with beam polarisation of 80% and 40% for the electron
and positron beam, respectively.
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Figure 8.5: Expected 90% confidence level limit contours on the couplings a4 and as, obtained
by using in the fit: (a) the total cross section alone, (b) including the differential distribution
in the bosons polar angle (c) including the differential distribution in the bosons and the decay
fermions polar angles (d) including also the differential distribution in the invariant mass My .
The shaded areas represent the allowed region, the rest of the (a4, a5) space is excluded at 90%

confidence level.
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Figure 8.6: Expected limit contours in the (a4, as) plane, obtained by the two analyses. Figure
(a) shows the results of the two analyses separately, while figure (b) shows their combination.
The continuous lines represent the 68% confidence level contours (corresponding to —AlogL =
1.15), while the dashed lines are the 90% confidence level limit contours (corresponding to
—AlogL = 2.3).

The table also compares the results of this work with those expected at the LHC proton-
proton collider [33]. The LHC results are those expected from the analysis of 100 fb~! of data.
The integrated luminosity of 1000 fb~! considered in this work corresponds to approximately
two years of TESLA data taking at /s =800 GeV.

The expected limits on a4 and a5 can be compared with the indirect limits obtained from
precision measurements at the Z-pole and at low energy, reported in Table 2.5. As can be seen
comparing the values, the direct measurement allows to put much stronger constraints than the
indirect ones.

As seen in Chapter 2, Section 2.5.2, the largest value of the new physics scales A for the
chiral expansion to be valid is ~3 TeV, corresponding to values of O(1) of the Chiral Lagrangian
coefficients. The sensitivity of the TESLA linear collider is thus sufficient to reveal possible
Strong Electroweak Symmetry Breaking signals.

It should also be noticed that the results have been obtained by looking only at the fully
hadronic channels. The combination with all other boson decay channels would improve the
statistics of about a factor two. Besides that, the limits scale with the integrated luminosity
approximately as o 1/v/L.
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9. Summary

In the first part of this thesis, the study of Z boson pair production in ete™ collisions with the
OPAL detector at LEP has been presented. The data analysed have been taken in the years 1999
and 2000, at center of mass energies ranging from 192 to 208 GeV. The event selection for the
fully hadronic decay channel, i.e. for events of the type eTe™ — ZZ — qqqq has been outlined.
In particular, the selection of events of the type ete™ — ZZ — qgbb has been described in
more detail. This selection exploits the identification of the b-quarks to reduce significantly the
amount of background from WW events.

The measured cross sections, combined for all ZZ decay channels, are in agreement with the
Standard Model expectation, and read:

077(192 GeV) = 1.137035(stat.) 533 (syst.) pb
077(196 GeV) = 1.1970:27(stat.) ™09 (syst.) pb
072(200 GeV) = 1.097323(stat.) 009 (syst.) pb
072(202 GeV) = 0.9470-37(stat.)T3:99 (syst.) pb
077(205 GeV) = 1.070-2%(stat.) T30 (syst.) pb
072(207 GeV) = 10773 (stat.) T35 (syst.) pb

The method of optimal observables, which allows to combine the full kinematic of each recon-
structed event in a set of observables with optimal sensitivity, has been used to fit the vZZ
and ZZZ anomalous couplings, on the basis of the selected ete™ —ZZ events. The Standard
Model forbids vZZ and ZZZ couplings at tree level. As no deviation from the Standard Model
expectation (i.e. vanishing anomalous couplings) was observed, limits on the couplings have
been set. The 95% Confidence Level limits, obtained by combining the results of all ZZ decay
channels, are the following:

Coupling 95% C.L. lower limit 95% C.L. upper limit
v

1 -0.55 0.64
g -0.97 0.31
7 -0.36 0.36
z -0.36 0.36

The second part of this work was dedicated to an experimental study of WW scattering
at the planned e*e™ Linear Collider TESLA. In case no Higgs with a mass smaller than ~800
GeV is found, the study of the scattering of massive vector bosons assumes central relevance in
studying how the breaking of the SU(2) ® U(1)y symmetry is realized. The TESLA sensitivity
to Strong Electroweak Symmetry Breaking signals in WW—WW and WW—ZZ scattering pro-
cesses has been estimated. An experimental analysis of the process ete™ — ZZvi — qgqqqv,
including the simulation of the detector response and of all relevant background processes, has
been developed, and has been described in detail in this work. A similar analysis for the pro-
cess ete™ - WTW~ v — qqqro has been also presented. Assuming 1000 fb~! of integrated
luminosity, corresponding to approximately 2 years at TESLA, and e ,et beam polarisations
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of 80% and 40% respectively, the expected errors on the cross section measurement for the two
processes are:

A

%(e+e*—>ZZV17—>q(]q(]w7) = 2.8%
Ao, . _ p— _
7(e e- > WW v — qgqave) = 1.7%

WW scattering at low energies can be effectively described by the electroweak chiral Lagrangian,
containing the Standard Model gauge interactions plus five additional 4-dimensional terms. Ex-
pected limits on the coefficients of the chiral Lagrangian have been derived from the results of a
binned maximum likelihood fit of the differential distributions of the selected ete™ — ZZvv — qqqqrv
and ete™ - WTW v — qqqqui events. The limits on the oy, as coefficients, and the corre-
sponding new physics scales which the TESLA Linear Collider is expected to be sensitive to,
are listed in the following table: These limits scale approximately as oc 1/ VL, and have been

TESLA Results
1000 fb— L, P,- = 80%, P,+ = 40%
‘ Coupling H Lower limit ‘ Upper limit H New physics scales ‘
oy -1.1 +0.8 A}=2.9 TeV
as -0.4 +0.3 Ai=4.9 TeV

obtained considering only the hadronic decay channels of the W and Z bosons. Including the
other decay channels would improve the statistics by about a factor of two.

As seen in the first chapter of this work, in absence of resonances which are lighter than ~3
TeV, one expects from dimensional analysis, in a strongly interacting symmetry breaking sector:
A} ~3 TeV. So this work shows with realistic simulations, that the TESLA experiment can probe
the parameters of a strong electroweak symmetry breaking sector.
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A. OPAL quality criteria of tracks and energy clusters.
Multi-hadronic final states.

A.1 Tracks quality criteria

Good tracks must have at least 20 hits in the Jet Chamber, and the number of hits must be
at least 50% of the maximum possible number of hits according to the track polar angle. The
track parameters must satisfy the following conditions: dy > 2.5 cm and zg > 40.0 cm. The
transverse momentum of the track must be at least 0.12 GeV. The polar angle must be in the
range |cosf| < 0.985.

For the reconstruction of secondary vertices, these further requirements are applied to the
tracks: p > 0.5 GeV, dp < 0.3 cm and o4, < 0.1 cm.

A.2 Energy clusters quality criteria

Energy depositions in the electromagnetic calorimeter (ECAL-clusters) must satisfy the following
criteria: (a) in the barrel £ > 0.1 GeV and at least one block per cluster; (b) in the endcaps
E > 0.25 GeV and at least 2 blocks per cluster.

The quality criteria for the energy depositions in the hadronic calorimeter are instead the
following: in the barrel and in the endcaps E > 0.6 GeV and in the poletips E > 2.0 GeV.

The energy depositions in the detectors close to the beam axis must satisfy the following
conditions: Forward Detector (FD) E > 1.5 GeV; Gamma Catcher (GC) E > 5.0 GeV, Silicon-
Tungsten Calorimeter (SW) E > 0.5 GeV.
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B. OPAL selection of hadronic final states

The criteria used to select hadronic events are based on energy clusters in the electromagnetic
calorimeter and the charged track multiplicity, and have been developed for the selection of
hadronic events at center of mass energies /s > 130 [64].

Clusters in the barrel region are required to have an energy of at least 100 MeV, and clusters
in the endcap detectors are required to contain at least two adjacent lead glass blocks and to have
an energy of at least 200 MeV. Tracks are required to have at least 20 measured space points.
The point of closest approach to the nominal beam axis is found, and required to lie less than
2 c¢m in the r — ¢ plane and less than 40 cm along the beam axis from the nominal interaction
point. Tracks are also required to have a mimimum momentum component transverse to the
beam direction of 50 MeV.

The following requirements are then applied to select hadronic events:

e To reject leptonic final states, events are required to have high multiplicity: at least 7
electromagnetic clusters and at least 5 tracks.

e Background from two-photon events was reduced by requiring a total energy deposited
in the electromagnetic calorimeter of at least 14% of the center of mass energy: R,;s =
> Eus/+/s > 0.14, where E ;s is the energy of each cluster.

e Any remaining background from beam-gas and beam-wall interactions is removed, and two-
photon events further reduced, by requiring an energy balance along the beam direction
which satisfies: Rpg = | > (Eeiys - €080)|/ Y. Eepys < 0.75, where 6 is the polar angle of the
cluster.
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C. Likelihood method

The aim of an event selection is to classify events into two or more classes (e.g. into signal
and background) by analysing a set of m observables with discriminating power. By using a
Likelihood method it is in general possible to obtain a better performance of the selection in
terms of efficiency and purity, than simply applying a set of cuts on the m observables.

In the likelihood method the discriminating variables are combined in a single variable,
the so-called likelihood probability. For each of the n events classes, and for each of the m
observables z;, the normalised probability density functions f/(z;) (with i = 1,m and j = 1,n)
are calculated on the basis of Monte Carlo events. The probability pf (z;) that having measured
the value z; for the observable i, the event belongs to the class 7, is given by:

)
S ) (©1)

Having measured the m variables z1,...,T,,, the likelihood for the class j is then given by the
normalised product of the probabilities for the single variables:

i H;il P{(ﬂﬂl)
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The likelihood can assume, by definition, values in the range between 0 and 1. If the m observ-
ables are uncorrelated, the likelihood L7 can be interpreted as the probability that the event
belongs to the class j. In general, the events of the class j peak in correspondance of the value
1, while events of the other classes peak close to 0.



