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Zusammenfassung

Die Arbeit beinhaltet die Suche nach dem Higgs Boson, welches vom Standardmodell der
elektroschwachen Wechselwirkungen vorhergesagt wird, und die Messung der Z Boson
Paarproduktion in Elektron-Positron Annihilationen.

Nach dem Higgs Boson wird in allen experimentell relevanten Endzustanden in Daten
gesucht, welche in den Jahren 1999-2000 mit dem L3 Detektor am Speicherring LEP
bei Energien bis 209 GeV genommen wurden.

Es wurde kein Signal fiir die Erzeugung von Higgs Bosonen gefunden. Die
beobachteten Kandidaten sind mit den Untergrundereignissen vertraglich.

Neue untere Grenzen fiir die Masse des Higgs Boson wurden auf 95% Vertrauen-
sniveau bestimmt:

my > 112.0 GeV

Wird dieses Ergebnis mit den Analysen der anderen LEP Experimente kombiniert, ergibt
sich:
my > 114.1 GeV.

Die Paarproduktion von Z Bosonen ete™ —ZZ, wird fiir Schwerpunktsenergien zwis-
chen 200 und 209 GeV analysiert.

Der Wirkungsquerschnitt ozz wird sowohl fiir alle sichtbaren Z Zerfallsmoden als
auch speziell fiir Z Zerfalle in b-Quarks gemessen.

Das Ergebnis ist fiir Schwerpunktsenergien von 205 GeV und 207 GeV:

0772(205.1 GeV) = 0.867035 £0.07 pb (SM : 1.07 pb),
072(206.8 GeV) = 1.2170124£0.10 pb (SM : 1.08 pb),

Die Messwerte sind in Ubereinstimm}mg mit der Vorhersage im Standard Model (SM).
Fir den Prozess ete™ — ZZ — bbX, 04, ,ix ist das Ergebnis:

Oz bix(206.2 GeV) = 0.23 & 0.09 = 0.02 pb.

Auch dieser Wert stimmt mit der Vorhersage des Standardmodells von 0.30 pb sehr gut
iiberein.

Aus der Analyse der Z Paarproduktion werden Grenzen fiir FEichbosonen-
Selbstkopplungen ZZZ und ~ZZ, welche im Standard Model verboten sind, abgeleitet.
Auf 95% Vertrauensniveau ergibt sich:

0.41
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—0.48
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0.56
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Fiir die Bestimmung dieser Grenzen werden auch altere Daten bei niedrigeren LEP
Energien benutzt.
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Abstract

The first part of this thesis is devoted to the search for the Higgs boson predicted by the
Standard Model (SM). By the introduction of this particle into the theory, the masses of
bosons and fermions can be explained. The search is performed in channels characterised
by quarks and leptons in the final state. The analysis uses data taken during the years
1999-2000 with the L3 detector at the Large Electron Positron collider LEP.

The observed candidates are consistent with the expectation from Standard Model back-
ground processes. Evidence for Higgs boson production is not found. New mass limits
were determined superseding previous mass limits established by L3 and other experi-
ments.

A lower mass limit of

my > 112.0 GeV

is derived at the 95% confidence level. Combining this result with the limits, obtained
by three other LEP experiments, a lower mass limit of

my > 114.1 GeV.

was set on the SM Higgs boson.

The second part of this thesis contains results on the pair-production of Z bosons
in ete” collisions at LEP at center-of-mass energies between 200 and 209 GeV. The
cross section of this process is measured both for all Z decay modes and for final states
containing b quarks. The ZZ cross section oz for the two values of averaged center-of-
mass energies, 205 GeV and 207 GeV, is found to be:

072(205.1 GeV) = 0.86703% +0.07 pb (SM : 1.07 pb),
072(206.8 GeV) = 1.217012 £0.10 pb (SM : 1.08 pb),

in good agreement with the expected cross section in the Standard Model, reported in
parentheses.

These analyses can also be interpreted in terms of the NC02 ansatz, which describes
the production of two Z bosons by means of the t-channel ™) exchange:

opy 2(205.1 GeV) = 0.847032340.07 pb (SM : 1.05 pb),
o0 0%(206.8 GeV) = 1.20701840.10 pb (SM : 1.07 pb),

The result for the cross section for ete™ — ZZ — bbX, 0y, 1ix is:

Opz vix(206.2 GeV) = 0.23 4 0.09 = 0.02 pb.



in agreement with the Standard Model prediction of 0.30 pb.
Limits on triple couplings between neutral gauge boson, forbidden in the Standard
Model, are derived at 95% confidence level:

—042 < ff < 041
—046 < fZ < 1.21
—024 < ff < 0.26
—048 < fJ < 0.56

Those limits include results from the previous analyses at lower center-of-mass energies.
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Chapter 1

Introduction

The topics that particle physicists study have changed as the understanding became
deeper, but the final goal behind this progression has remained the same - the attempt
to understand how the universe came into being.

Particle physics tries to answer the questions about the origin of our universe by
studying the objects that are regarded as being fundamental and the ways in which
they interact.

It started from the simplest blocks of matter - electron and nucleus and have gone
further and further in the search for the more fundamental components, which today
are regarded as leptons and quarks. Theories have been developed to structure all the
knowledge obtained from the experimental observations and to make further predictions
for future experiments to investigate.

The contemporary version of elementary particle physics, the so-called “Standard
Model”, encompasses the progress that has been made in the past half-century in the
understanding of three major interactions mediated by vector bosons - the weak, electro-
magnetic, and strong, starting from a fundamental principal, which is the requirement
to conserve certain physical quantities in space and time.

Despite the enormous success of the Standard Model the exact mechanism by which
the masses of the weakly-interacting vector bosons and the fermions are generated re-
mains uncertain. One solution of this crucial aspect of the theory is introducing a scalar
Higgs field which manifests itself in one physical particle - the Higgs boson.

The search for the Higgs boson has become the holy grail of all particle accelerators.
The discovery of the Higgs boson would complete the Standard Model.

In this thesis, Chapter 2 will introduce the Standard Model of electroweak interac-
tions and, in particular, the Higgs boson. Chapter 3 describes the Large Electron Positron
Collider (LEP) at the European Centre for Particle Physics (CERN), Geneva and the L3
detector, which were constructed to measure electroweak interactions up to the centre-
of-mass energy of about 200 GeV. Searches for the Standard Model Higgs boson were
described in the Chapter 5. The search is performed in several search channels based
on four distinct event topologies: HZ — qqqq, HZ — qqu, HZ — qql™1-(1=e, u,7)
and HZ — 7777 qq. With the exception of of the HZ — 777 qq decay mode, all the
analyses are optimised for the H — bb decay. This mode represents about 80% of the
Higgs branching fraction in the mass range of interest. The results from the different
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channels are then combined for the final consideration along the results from the three
other LEP experiments.

The high energy of the LEP accelerator allowed the study of gauge boson pair pro-
duction. In the process ete” — WHTW™ triple gauge boson couplings, a phenomenon of
non-Abelian symmetries, are predicted by the Standard Model. The process ete™ — ZZ,
where triple gauge boson couplings are forbidden in the Standard Model, is for the first
time accessible at LEP.

The thesis is complemented with a cross section measurement of the process ete™ —
77. The pair production of Z boson is tested for the existence of the triple gauge boson
couplings, ZZ7 and ZZ~. The results are in agreement with the Standard Model. Limits
on the values of CP conserving and CP violating triple gauge boson couplings are given.
As for the search of the SM Higgs boson, the analyses cover all possible decays channels.

Moreover, the ZZ final state is of particular interest as it constitutes an irreducible
background for the search of the Standard Model Higgs boson.

The author of this thesis performed an analysis for the search of the Higgs boson
in the SM in the four-jet channel using the data of the years 1999 and 2000. Since the
results from the year 2000 supersede the ones from 1999 the only first ones are given.
The measurement of the ZZ cross section was done for the four-jet topology using the
data from 2000. Furthemore, the author has developed the new resolution functions for
the error matrix parametrisation which is used in the kinematic fit, based on the study
of two-jet events; performed tests and cross-checks for prooving the significance of the
Higgs boson candidate observed in Hv channel with the highest signal over background
ratio .



Chapter 2

The Theory

An idea is not responsible for
the people who believe in it.

Theoretical physics is the instrument to structure physical objects and interactions
between them, to understand and explain experimental observations in a large scope
and to make hypotheses and predictions to be tested by experiments. Each theory can
be evaluated by the range of it’s validity and accuracy in describing experimental facts.

2.1 The Standard Model

The Standard Model [1] describes strong and electroweak interactions starting from a
fundamental principal, which is the requirement to conserve certain physical quantities
in space and time.

The electroweak Standard Model established by Glashow, Salam and Weinberg [2] is
an example of a relativistic gauge field theory. Quantum theory of strong interactions is
denoted as Quantum Chromodynamics (QCD) [3] and based on the SU(3) color group.

The electroweak Standard Model is a non-Abelian theory based on the SU(2) x U(1)
group. The generators of the group are the three components of the weak isospin T and
the hypercharge Y. They are related to the electromagnetic charge in the following way:

Q=T;+Y. (2.1)

Parity violation is introduced by grouping left-handed and right-handed particles in
different weak isospin multiplets. Left-handed fermions are grouped in doublets whereas
right-handed fermions are singlets. Table 2.1 summarises the fermions of the Standard
Model.

2.1.1 Gauge Field Theory

A successful concept in describing the interactions of elementary particles is given by
gauge theories. Gauge theories are guided by the idea of symmetry. Requiring the invari-
ance of physical properties under local gauge transformations naturally introduces the

3



4 2.1 The Standard Model

Fermions Generation Isospin | Hypercharge | EM Charge

1 2 3 T Y Q

Ve Vi Uy 1/2 —1/2 0
Leptons < ¢ )L ( K )L < T )L —1/2 —1/2 -1

€eRr MR TR 0 -1 -1

u c t 1/2 1/6 2/3
awie (3 ), (2), ()

d’ . s . b’ . —1/2 1/6 -1/3

Uur CRr tr 0 2/3 2/3

dR SR bR 0 —1/3 —1/3

Table 2.1: Multiplet and quantum number assignments for the fermions in the Stan-
dard Model. The prime indicates that the weak eigenstates of the quarks are not their
mass eigenstates. The quark mixing is described by the Cabibbo-Kobayashi-Maskawa
matrix [4]. The indices L(R) denote left(right)-handed fermions.

interaction of fermions (Spin — % particles) by the exchange of gauge bosons (Spin — 1
particles). Let us briefly discuss some examples of gauge symmetries.

Global Abelian Symmetry U(1)

The simplest example [5] is a global gauge symmetry leading to charge conservation. It
is expressed as the invariance of the Lagrangian with respect to transformations of the

type:

U - U=
S

where e is the charge of the particle described by the field ¥ and 7 is an arbitrary number
independent of space-time coordinates of the particle. Not only the electric charge, e,
but other charges as well (baryonic charge B, leptonic charge L, etc.) may play the part
of the above charge. The group of these phase transformations is called U(1).

Various transformations of the group U(1) commute. Such groups are called Abelian.
If the parameter 7 is independent of spatial coordinates and time, the group is called
global.

Gauge Transformations

In particle physics, the idea of gauge invariance has been elevated to a requirement for a
field theory to be considered viable. In contrast to the previous example, we require now
local gauge invariance, which means that 7 is a function of the space x, and in Quantum
Electrodynamics (QED) the Lagrangian, £, for an electron field (with charge e), ¥(x)
must be invariant under a transformation of the type:

U(x) — W' (x) = e P (x), (2.2)
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The Lagrangian:
- - 1
L =V~y"D,¥(x) - mU¥ — ZFWFWv (2.3)
with
Fo = 0A,—-0,A, and
D, = (9 +1ieAy),

will stay the same. This is obtained by adding to the differential operator 0, a vector
field A,,, which is identified with the photon. Indeed, the relevant terms transform as:

U(x) — e ey (x)
U(x) — U(x)elne
A, — AL+ 0m(x) (2.4)
D, U(x) — e "D, ¥ (x)
Fo. — Fu.

It is also clearly seen that the mass term for the photon, lm%A“AH, would not leave £

2
invariant, since

A AR — A AP 4 2A,0"n(x) + 0,n(x)0"n(x). (2.5)

So, if we require the Lagrangian to be gauge invariant, then the photon must remain
massless.

2.1.2 Lagrangian for Strong, Weak and Electromagnetic Forces

Now we will try to construct a Lagrangian that incorporates the interactions and prop-
erties of all known fundamental particles.
Each of the three generations, listed in Table 2.1, has a color SU(3)¢ triplet of quarks,
qred
q= qgreen , (26)

blue
q

a left-handed SU(2)y, lepton and quark doublets, I, and ¢f

lL:<V> and qi:<u2> (2.7)
¢/ /L

where ¢ stands for red, green, blue, and corresponding right-handed singlets, e, up, and
di. The three forces carrying bosons are represented by the hypercharge field, B,; the
three component weak field, WL (where i = 1,2,3); and the eight component strong color
field, cju (where j = 1,2,...8).

The product of the three symmetries of the Standard Model, SU(3)c®SU(2),@U(1)y,
requires us to redefine the derivative operator 9, such that we can make gauge invariant

interaction terms: ,

g

D, =0, + igfiw; +ig'YB, +iSNG, (2.8)
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where g, g’.g” and 7, Y, N are the coupling constants and generators of the
SU(2)1, U(1)y and SU(3)¢ gauge groups, respectively. The matrices 7 and M correspond
to the three Pauli spin matrices! and the eight Gell-Mann matrices. By definition, if a
particle lacks the charge of a given group, then the term corresponding to this group in
D, disappears. As an example, for the leptons with no color charge the last term in D,
is zero when D,, is contracted with a lepton field.

So, this part of the Standard Model Lagrangian which does not contain any scalar
field can be expressed in a following way:

1 1 W and B
L= — ZB‘WB“‘” — ZWWW“” kinetic energy
and self-interaction
1 G gluon kinetic energy
2 M and self-interaction

left-handed electro-weak
currents for leptons

and quarks; gluon-quark
interaction

+ TLiy“DulL + ariv" Doy,

right-handed electro-weak

n eriv*D er+ - currents for leptons (2.9)
ugiv*Dyug + dgiv*D,dg and quarks; gluon-quark ’
interaction

where the antisymmetric field tensors, Fiw, G, and HLV, are
Wi, = 9,W, —9,W, + ge"Wl Wi
B, = 0,B,—-0.B, (2.10)
j o j j 1 eklj ~k 11
G, = 0.G,-0,G, +gT7G.G,
and €¥* is a completely antisymmetric Levi-Cevita symbol and fi¥! are the antisymmetric
structure constants of SU(3). The terms gejkiWLWllj and g” fkle;lely predicts self-coupling
of gauge bosons which is a feature on non-Abelian gauge groups. There are no terms
corresponding to the weak vector boson masses since they would be of the form m*W, W#
and would not transform into themselves under local SU(2)y, rotations, e 277 There
are also no fermion mass terms because they would be of the form —mW¥W¥ and would also
break the SU(2);, invariance. Thus all the particles must be massless in order to ensure
Equation 2.9 to be gauge invariant. This is in direct conflict with the observations, so

we have to introduce the so-called Higgs mechanism, which we describe in detail in the
next Section.

!The non-commuting Pauli spin matrixes have the following form:

(01N o (0 =i\ 5 (1 0
T<1 0>’T<i 0)’T 0 —1)°



2.2 The Higgs Mechanism

2.2.1 Abelian Higgs Model

The central question of electroweak theory is: “How keep the Lagrangian £ gauge invari-
ant with massive gauge bosons?” The measured values, my = 80 GeV and my = 91 GeV,
are far from zero and cannot be considered as small effects. To see that this is a problem,
we consider a U(1) gauge theory with a single gauge field, the photon. The Lagrangian
is [6]

1

L=~ FuF", (2.11)

where

F,, = 0,A, — 0,A,. (2.12)

As it was discussed in a previous Section, local U(1) gauge invariance requires that the
Lagrangian is invariant under the transformation:

A() = Au(x) = 9n(x) (2.13)
for any 1 and x. Suppose we now add a mass term for the photon to the Lagrangian,

1 1
L= —7FuF"+ §m2AuA“. (2.14)

It is easy to see that the mass term violates the local gauge invariance. It is thus the
U(1) gauge invariance which requires the photon to be massless.

Now we can extend the model by adding a single complex scalar field with charge
—e which couples to the photon. The Lagrangian is now,

1
£ == FuF"+ | D,6 [ =V (o) (215)

where

D, = 0,—1ieA,
Vi) = o +M(lo[?)* (2.16)

V(¢) is the most general renormalizable potential allowed by the U(1) gauge invariance.
This Lagrangian is invariant under global U(1) rotations, ¢ — €%¢, and also under
local gauge transformations:

AM(X) - AM(X)_GMH(X)
o(x) — ele"(x)gb(x). (2.17)

There are now two possibilities for the theory. If 2 > 0 the potential has the shape
shown in Figure 2.1. and preserves the symmetries of the Lagrangian. The state of
lowest energy is that with ¢ = 0, the vacuum state. The theory is simply quantum
electrodynamics with a massless photon and a charged scalar field ¢ with mass pu.
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Figure 2.1: Scalar potential with pu? > 0.

Figure 2.2: Scalar potential with > < 0.

The alternative scenario is more interesting. In this case pu? < 0 and the potential
can be written as:

V(o) =—1ullo]” +A(l ¢ [*)?, (2.18)

which has so-called “Mexican hat” shape shown in Figure 2.2. In this case the minimum
energy state is not at ¢ = 0 but at

N Y G
<@ >= Vo (2.19)

< ¢ > is called the vacuum expectation value (VEV) of ¢. Note that the direction in
which the vacuum is chosen is arbitrary, but it is conventional to choose it to lie at the
real part of ¢. The VEV then clearly breaks the global U(1) symmetry.

It is convenient to rewrite ¢ as

i

<=

¢

1
et (v (2.20)
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where x and h are real fields with VEVs equal zero. If we substitute this expression back
into the original Lagrangian, the interactions in terms of the fields with VEVs equal to
zero can be found,

1 2,2
L= — JFuLF" —evAnd'x + %AMA“
1 2 21,2 1 I
+ 3 (9,00"h + 2p%h?) + 500"
+ (h, x interactions). (2.21)

This equation describes a theory with a photon of mass my = ev, a scalar field h with
mass-squared —2u% > 0, and a massless scalar field y. The mixed y—A coupling is
confusing, however. This term can be removed by making a gauge transformation:

, 1
A=A, - gaux. (2.22)

After performing such gauge transformation the y field disappears from the theory and
we say that it has been “eaten” to give the photon mass. This is called the Higgs
mechanism and the  field is called a Goldstone boson [7]. In the gauge of Equation 2.22
the particle content of the theory is a massive photon and a scalar field h with mass my,
which we call a Higgs boson.

The Higgs mechanism can be summarised by saying that the spontaneous breaking
of a gauge symmetry by a non-zero VEV results in the appearance of a scalar particle,
the Higgs boson, a mass term of the vector field A and in the disappearance of a Gold-
stone boson and its transformation into the longitudinal polarisation component [8] of
a massive gauge boson.

2.2.2 Higgs Mechanism in the Standard Model

It is now straightforward to obtain the Weinberg-Salam model of electroweak interac-
tions [2]. The Weinberg-Salam model is an SU(2)p, x U(1)y gauge theory containing
three SU(2)r, gauge bosons, WL,i =1,2,3, and one U(1)y gauge boson, B, with kinetic
energy terms, given in Eqn. 2.9. Coupled to the gauge fields is a complex scalar SU(2)

doublet, P,
ot
o = ( 40 ) (2.23)

2
9

with a scalar potential given by

V(@) = p? | dto [ +A (| df ) (2.24)
with A > 0. This is the most general renormalizable and SU(2)y, invariant potential
allowed.

Just as in the Abelian model in the previous section, the state of minimum energy
for 4?> < 0 is not at ® = 0 and the scalar field has a non-zero VEV. The direction of
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the minimum in SU(2)y, space is not determined since the potential depends only on the
combination ®'®, and we arbitrarily choose

<®>:%<8>. (2.25)

With this choice the scalar doublet has U(1)y charge, Yo = 1 and the electromagnetic
charge, as given in Eqn. 2.1. Therefore,

Q<d>=0. (2.26)
Electromagnetism, described by a subgroup of

is unbroken by the scalar VEV.

It is now straightforward to see how the Higgs mechanism generates masses for the
W and Z gauge bosons in the same fashion as a mass was generated for the photon in
the Abelian Higgs model of the previous section. The contribution of the scalar doublet
to the Lagrangian is,

L, = (D*®)"(D,®) — V(®) (2.28)
where )
D, =0, + i%r W, + i%B“Y. (2.29)

In unitary gauge there are no Goldstone bosons and only the physical Higgs scalar re-
mains in the spectrum after the spontaneous symmetry breaking has occurred. Therefore
the scalar doublet in unitary gauge can be written as

<q>f>:%<vﬂh>. (2.30)

which gives the contribution to the gauge boson masses from the scalar kinetic energy
term of Equation 2.28,

\%

30 (o 3em,) (1), (231

The physical gauge fields are then two charged fields, W*, and two neutral gauge bosons,
7 and ~, obtained as:

1

W, = ﬂ(wﬁiwi)
g EButeW)
VeZ +g?
AH M (2.32)
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The gauge bosons obtain masses from the Eqn. 2.31:

1
my = Zg2V2
1
my = (¢’ +e")v
my = 0. (2.33)

Since the massless photon must couple with electromagnetic charge, e, the coupling
constants define the weak mixing angle Oy,

e = gsinfy
e = g cosby. (2.34)

Again, it is instructive to count the degrees of freedom after the spontaneous sym-
metry breaking has occurred. We began with a complex scalar SU(2);, doublet & with
four degrees of freedom, a massless SU(2)y, gauge field, W;, with six degrees of freedom
and a massless U(1)y gauge field, B, with two degrees of freedom, a total of 12. After
the spontaneous symmetry breaking there remains a physical real scalar field h with one
degree of freedom, massive W and Z fields with nine degrees of freedom, and a massless
photon - two degrees of freedom. We say that the scalar degrees of freedom have been
“eaten” to give the W* and Z gauge bosons their longitudinal polarisation components.

Fermion Masses

The SU(2) Higgs doublet can also be used to give the fermions mass. The gauge invariant
Yukawa coupling to the Higgs boson to the up and down quarks is:

Ed = —)\d(_]L(I)dR —+ h.C., (235)
where qp, is SU(2)y, doublet. This gives the effective coupling
1, - 0
_)\d%(uL, dr) < vih ) dgr + h.c. (2.36)

which can be seen to yield a mass term for the down quark if we make the identification:

mav/2

A = 2.37
d o (2.37)
In order to generate a mass term for the up quark we use the fact that ®° = —irn®* is
an SU(2);, doublet and we can write the SU(2);, invariant coupling

Cu = —)\qu(I)CUR + h.C., (238)

which generates a mass term for the up quark. Similar expressions can be used to generate
mass terms for the charged leptons. Since the neutrino has no right-handed partner, it
remains massless.

For the multi-family case, the Yukawa couplings, Aq and A, become Ng x Ng matri-
ces (where Ng is the number of families). Since the fermion mass matrices and Yukawa
matrices are proportional, the interactions of the Higgs boson with the fermion mass
eigenstates are flavour diagonal and the Higgs boson does not mediate flavour changing
interactions.
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Determination of the Vacuum Expectation Value

The parameter v can be estimated from the p decay, © — et,v,, illustrated in Figure
2.3. The interaction strength of the muon decay in the Fermi theory is measured very

Vi
W
€ Figure 2.3: The Feynman diagram for the de-
cay of the muon.
Ve

accurately to be Gp = 1.16639 x 107> GeV 2 and can be used to determine v. Since the
momentum carried by the W boson is of order m,, it can be neglected in comparison
with mw and we make the identification

GF . g2 o 1

— N 2.39
/3 s, 2 (2.39)

which gives the result

v = (V2Gp) Y2 = 246 GeV. (2.40)

The couplings of the Higgs boson to fermions and gauge bosons are completely deter-
mined in terms of coupling constants and fermion masses. The potential of Equation 2.24
had two parameters, p and A\. We can trade these for:

2

2 _
VT Tan
my = 2viA (2.41)

There are no remaining adjustable parameters and so Higgs production and decay can
be computed unambiguously in terms of the Higgs mass alone.

2.2.3 Problems with the Higgs Mechanism

Many theorists firmly believe that the Higgs mechanism cannot be the entire story
behind electroweak symmetry breaking. The basic reasons are:

e The Higgs sector of the theory is trivial (A — 0 as the energy scale — oo unless
the Higgs mass is in a very restricted range [8]).

e The Higgs mechanism doesn’t explain why v = 246 GeV.
e The Higgs mechanism doesn’t explain why fermions have the masses they do.

e Loop corrections involving the Higgs boson are quadratically divergent and
counter-terms must be adjusted order by order in perturbation theory to cancel
these divergences. This fine tuning is considered by most theorists to be unnatural.



13

The most compelling argument against the simplest version of the Standard Model is
the quadratically divergent contributions to the Higgs boson mass which arise when
loop corrections are computed [8]. At one loop, the quartic self-interactions to the Higgs
boson generate a quadratically divergent contribution to the Higgs boson mass which
must be cancelled by a mass counterterm. This counterterm must be fine tuned at each
order in perturbation theory.

In light of the many objections to the simplest version of the Higgs mechanism several
alternatives were considered. One proposal is that the electroweak symmetry be broken
dynamically by a mechanism such as technicolor has been widely discussed [9]. Another
alternative to the standard model Higgs mechanism is that the Standard Model becomes
sypersymmetric. The electroweak symmetry is still broken by the Higgs mechanism, but
the quadratic divergences in the scalar sector are cancelled automatically because of the
expanded particle spectrum of the theory and so the model is no longer considered to be
unnatural. It this thesis the phenomenology of the Higgs boson occurring in supersym-
metric models will not be discussed. The theoretical underpinning of supersymmetric
models has been presented in details by Ramond [10].

2.3 Restrictions on Higgs Boson Masses

In this section restrictions on the mass ranges of the Higgs bosons resulting from general
theoretical considerations and precision measurements of electroweak parameters are
discussed.

2.3.1 Theoretical Bounds on the Higgs Boson Mass

In this section we discuss some theoretical constraints on the Higgs boson mass. These
constraints can often be evaded by postulating the existence of some new physics which
enters into the theory at a mass scale above that of current experiments, but below the
Planck scale, Mp = 1/1/Gyx ~ 10¥ GeV where Gy ~ 1073 GeV~2 is the gravitational
constant. Assuming the Standard Model to be valid up to the Planck scale both upper
and lower bounds on the Higgs boson mass can be derived.

Triviality

Bounds on the Higgs boson mass have been deduced on the grounds of triviality [11], [12].
The basic argument goes as follows: Consider a pure scalar theory in which the potential
is given by

V(@) = p? | 10 | +A(| @TP |)?, (2.42)
where the quartic coupling is
2
m
A=—1 2.43

This is the scalar sector of the Standard Model with no gauge bosons or fermions. The
quartic coupling, A, changes with the effective energy scale Q due to the self interactions
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to the scalar field:
dA B 3)\2

dt  4n?
where t = log (Q?/Q3) and Qg is some reference scale (which is often taken to be v in
the Standard Model). Equation 2.44 is solved, as:

(2.44)

t 1 3, (¥

@ = v e (a)
_ A(Qo)

S )

472

(2.45)

Hence if we measure A\ at some energy scale, we can predict what it will be at all other
energy scales. From the last equation we see that A\(Q) blows up as Q — oo with A(Qo)
fixed and positive. This phenomenon is called the Landau pole. Regardless of how small
A Qo) is, A(Q) will eventually become infinite at some large Q. Alternatively, A(Q) — 0
as Q — 0 with A\(Qg) > 0. Without the A®* term of Equation 2.42 the theory becomes
a non-interacting theory at low energy, termed a trivial theory.

To obtain a bound on the Higgs mass we require the quartic coupling to be finite,

1
—— >0 2.46
where A is some large scale where new physics enters in. Taking the reference scale
Qo = v, and substituting Equation 2.43 gives an approximate upper bound on the Higgs
mass,
9 8mv?

LAY log(A2/v?)

Requiring that there be no new physics below the GUT scale?, 106 GeV [8], yields the
approximate upper bound on the Higgs boson mass,

(2.47)

my < 160 GeV. (2.48)

As the scale A becomes smaller, the limit on the Higgs mass becomes progressively
weaker and for A ~ 3 TeV, the bound is roughly myg < 600 GeV. This picture is valid
only on the level of the one loop evolution equation 2.44. For large A higher order or
non-perturbative corrections to the evolution equation must be included [14].

Everything so far is for a theory with only scalars. The physics changes when we
couple the theory to fermions and gauge bosons. Since the Higgs coupling to fermions
is proportional to the Higgs boson mass, the most relevant fermion is the top quark.
Including the top quark and the gauge bosons, Equation 2.44 becomes [15]:

dA 3 3
— = 120 4+ 6X - A7 — 3A¢ — =A(3g” + ) + —(2¢" + (g% + ¢”)? 2.49

2Theoretical calculation and low energy measurements shows that at the energy scale ~ 104 + 1016
the three gauge couplings approach each other, so this scale is considered as the starting point of the
Grand Unification Theories (GUT) [13]
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where ) is the top Yukawa coupling:

A = m;v/2 (2.50)

A%

and my is the mass of the top quark.
For a heavy Higgs boson, A > g, g, ¢’, and the dominant contributions to the running
of \ are:

dA A 3
— = 12\ + 6)7 — =(3g> +¢7)| . 2.51
There is a critical value of the quartic coupling A which depends on the top quark mass,
1 1
Ao = §(3g2 +g”) — §A§. (2.52)

The evolution of the quartic coupling “stops” when A = A, [16]. If my > m§; = /2A.v
then the quartic coupling becomes infinite at some scale and the theory is non-
perturbative. If we require that the theory be perturbative (i.e., the Higgs quartic cou-
pling be finite) at all energy scales below some unification scale ~ 10'® GeV then an
upper bound on the Higgs mass is obtained as a function of the top quark mass. To
get a numerical value from the Higgs mass limit, the evolution of the gauge coupling
constants and the Higgs Yukawa coupling must also be included. For my = 175 GeV this
bound is my < 170 GeV [16]. If a Higgs boson were found which is heavier than this
bound, it would require that there be some new physics below the unification scale.

Vacuum Stability

A bound on the Higgs mass can also be derived by the requirement that spontaneous
symmetry breaking actually occurs [17]; that is,

V(v) < V(0). (2.53)

This bound is essentially equivalent to the requirement that A remains positive at all
scales A (if A becomes negative, the potential is unbounded from below and has no state
of minimum energy). For small A, Equation 2.49 becomes,

dA 1 3
— = =3¢ + —(2g" + (g% + g7)? ] : 2.54
Solving this and requiring A(A) > 0 gives the bound on the Higgs boson mass,
2 2
2 v s 3 4 2 212 A

A more careful analysis along the same line as above [18] using a 2 loop renormalization
group improved effective potential® and the running of all couplings yields, provided the
Standard Model be valid up to scales of order 10! GeV,

my > (130.5 + 2.1(m;/GeV — 174))GeV. (2.56)

3The renormalization group improved effective potential sums all potentially large logarithms,

log(Q?/v?)
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If the standard Model is only valid up to 1 TeV the previous limit transfers to
my > (71 4 .74(m;/GeV — 174))GeV. (2.57)

When A is small (a light Higgs boson) radiative corrections from the top quark and
gauge couplings become important and lead to a lower limit on the Higgs boson mass
from the requirement of vacuum stability, A(A) > 0. If \ is large (a heavy Higgs boson)
then triviality arguments, (/\(LA > 0), lead to an upper bound on the Higgs mass. The
allowed region for the Higgs mass form these considerations as a function of the scale of

new physics, A is shown in Figure 2.4.

800.0

600.0 |

Landau pole

m,, (GeV)

200.0

Potential bounded from below

10° 10" 10
A (GeV)

Figure 2.4: Theoretical limits on the Higgs boson mass as function of the energy scale.
The allowed region is shaded. The region above the solid line (labelled Landau pole) is
forbidden because the quartic coupling becomes infinite. The region below the dot-dash
line is forbidden because the quartic coupling is negative, causing the potential to be
unbounded from below.

0.0
10°

6 15

10

If the Standard Model is valid up to 10'® GeV, then the allowed region for the Higgs
boson is restricted to be between about 130 GeV and 170 GeV. A Higgs boson with a
mass outside this region would be a signal for new physics.
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2.3.2 Limits from Indirect Searches

The electroweak precision measurements performed at LEP and elsewhere can be used
to estimate the SM Higgs boson mass. This is achieved by fitting the electroweak ob-
servables and taking radiative correction into account which describe the exchange of
the virtual Higgs bosons as shown in Figure 2.5.

The radiative corrections exhibit a logarithmic dependence on the Higgs boson mass.
Many observable quantities that are sensitive to the SM radiative corrections have been
measured with high accuracy. The picture that emerges is summarised in Figure 2.5.
The error on the fit is currently dominated by the uncertainty on «(mgz?) which arises
from the uncertainty of the light quark contribution to the photon vacuum polarisation

A (m3) [19]:
a(0)

1 — Aag(m3) — Aaf?) (m3) — Aty (m3)

(2.58)

o(m7) =

A serious problem for the determination of Aﬁi)d (m2) is the low energy contribution of the
five light quarks u, d, s, ¢ and b which cannot be reliably calculated using perturbative
QCD. In a first approach, this is solved by an integration of the experimentally measured
hadronic cross section of ee™ data. In a second approach, the cross section of the process
ete” — hadrons in non-resonant regions is parametrised using QCD predictions. In the
low energy part, additional input from hadronic 7 decays is used. If one fits now the

H

/ ! 1 5) 1

\ | ) Al oq =
\ ! % —0.02761+0.00036 i
\ / 1 L ---0.02738+0.00020 1
W/\/\MAMM/\N |
Z/W Z/W ] _

[aV]
Ef i
H i
// e ~ \\ 2 _ ]
/ ‘\ i
AANAANAANANAANANAANAANAAAAAS g
Z/W Z/W ] i
0 Excluded ~./ . Preliminary
20 100 400

m,, [GeV]

Figure 2.5: The Higgs enters via loop corrections (left) into the electroweak fits. The
Higgs mass can be derived by fitting the electroweak observables measured at LEP and
at other accelerators(right).

electroweak data measured by the experiments at LEP and by the SLD collaboration [20)]
combined with the measurements of my from UA2 [21], CDF [22] and DO [23], the top
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quark measurements from CDF [24] and DO [25] and with the measurements of the
neutrino-nucleon neutral to charged current ratios from CCFR and NuTeV [26], one
obtains [27]:

my = 88733 GeV. (2.59)

This is graphically illustrated in Figure 2.5. The electroweak data clearly prefer a light
Higgs which could be well in the reach of LEP. The one-sided upper limit at 95% confi-
dence level is 196 GeV.

Clearly, despite of all the interesting estimates on the Higgs boson mass made by
theorists or indirect mass limits derived from measurements using the Standard Model
the direct measurement remains the most convincing step to confirm or to rule out the
existence of the Higgs bosons.

2.3.3 Limits from Direct Searches

Before this thesis was started, there was a lower limit on the mass of the Standard Model
Higgs boson of 95.2 GeV, which was obtained by the combination of the search results
from the 4 LEP experiments [28] up to a centre-of-mass energy of 189* GeV.

This limit is significantly higher than the lower limit on the Higgs boson mass from the
theoretical predictions, given by Eqn. 2.57, assuming the SM validity only up to 1 TeV.

4The author of this thesis also participated in these data analysis.
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2.4 Higgs Production at LEP

Since the Higgs boson coupling to the electron is very small, ~ m,/v, the s-channel
production mechanism, ete~ —H, is minute and the dominant Higgs boson production
mechanism in eTe™ annihilations in the energy range of ~ 100 GeV is the associated
production with Z, the so-called Higgs-strahlung, ete™ — Z* — HZ, where the electron
and the positron annihilate into a virtual Z boson which then emits a Higgs boson, as
shown in Figure 2.6

et

Figure 2.6: Higgs-strahlung: The Higgs Boson
is produced together with a Z Boson

With increasing centre-of-mass energy two more diagrams start to contribute a sizable
production rate, the WW and the ZZ fusion diagrams in Figure 2.7.

e

€ €

Figure 2.7: WW and ZZ fusion diagrams: They are suppressed by an additional power
of the electroweak coupling with respect to the Higgs-strahlung process.

2.4.1 Cross sections
Higgs-strahlung

At LEP, the cross section of the process ete~ — HZ, neglecting the width of the Z,
is [29]:

702 A iz + 1222][1 + (1 — 4sin® 6y)?)

(et — HZ) =
g(ete” — HZ) 192s sin Oy cos® fy (1 — m3 /s)?

(2.60)

where

S 52

(2.61)
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.. —— m,=90 GeV
ee ->HZ ———- m,=100 GeV
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Figure 2.8: Born cross section for
eTe™ — HZ as a function of center of
mass energy.
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The cross section as a function of /s for the different values of the Higgs boson mass is
shown in Figure 2.8. It is apparent that the cross section increases rapidly with increasing
energy close to the threshold and so the best chance to find the Higgs boson is obtained
at the energy just above the production threshold.

The angular distribution of the Higgs boson from the e™e™ — HZ process is:

1 d 8m3
? N)\%Izsin29+% (2.62)

odcosf

so that at high energy the distribution approaches

1 do

_ ~ Q1 2
—Teosg " Sn 6. (2.63)

Higgs Boson Production from Vector Boson Fusion
At higher energies the WHW ™~ and ZZ fusion processes become important:

efe” — WTW v — Huw

ete™ — ZZeTew — Hete™ (2.64)
These production channels give a small contributions to Higgs production at the present

LEP energies because of the two W (or Z) boson propagators [30], [31].
The fusion cross sections are found [32] to be:

fem - VV - IH) = FmV/ /
olee” — — 1IH) DL T —X)/mv)

(V2 + a2)’f(x, y) + dv2aze(x, )| (2.65)

where

2x 1+2x 2+x 1 w
f = — — — - _log(1
(x.) (yg o 2)(1+ og(1+)
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1 —
N zu
v2 14w
X 2+X 1 w
= = — =) [—— —log(1
) = (=254 257 5) (1o - e +0)
o = L;mfﬁ (2.66)

and v, = a. = V2 for ete™ — WtWvi — Huw and ve = —1 + 45sin? y, a, = —1 for
ete™ — ZZeTew — HeTe . The vector boson fusion cross section as a function of /s
are shown in Figure 2.9.

10 T T T T T
m,=100 GeV

c (pb)

L . Figure 2.9: Higgs boson production in
S T ee->He'e eTe™ collisions as a function of center of

: / -
10°F —=-- -
’ ee ->Hvwv mass energy for my = 100 GeV.
10'4 1 1 1 1 1
100 350 600 850 1100 1350
Vs (GeV)

The ZZ fusion cross section is an order of magnitude smaller than the W W~ fusion
process due to the smaller neutral current couplings. At center-of-mass energies covered
by LEP the Higgs-strahlung is the dominant Higgs boson production mechanism, but
at large /s the cross section for fusion starts to prevail and becomes dominant with the
increasing of /s.

The cross section for the Higgs-strahlung and the fusion processes as a function of
the Higgs boson mass at /s = 206.6 GeV, a typical center-of-mass energy of the last
LEP running period, are both shown in Figure 2.10 where the width of the Z is taken
into account.

2.4.2 Higgs Branching Fractions

In the Higgs sector, the Standard Model is extremely predictive, with all couplings,
decay widths, and production cross sections given in terms of the unknown Higgs boson
mass.

Decays to Fermion Pairs

The dominant decays of a Higgs boson with a mass below the WHW~ threshold are into
fermion-antifermion pairs. In the Born approximation, the width into charged lepton
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pairs is [8]:
Gpm?
F(H—117) = Ly (2.67)

427

where ) = (/1 —4m?/m% is the velocity of the final state leptons. The Higgs boson
decay into quarks is enhanced by the color factor N, = 3 and also receives significant
QCD corrections,

_ 3GFIH(2}1

qq) = 4\/§7T

4 oy
e <1 + g?AQCD) , (2.68)

I'H —

where the QCD correction factor, AF“P, can be found in Reference [33]. The Higgs
boson clearly decays predominantly into the heaviest fermion kinematically allowed.

The branching fractions for the dominant decays to fermion- antifermion pairs are
shown in Figure 2.11.

The decrease in the H — ff branching fractions at my ~ 150 GeV is due to the turn-
on of the WTW~* decay channel, where W* denotes a virtual W. For most of the region
below the WHW~ threshold, the Higgs decays almost entirely to bb pairs, although it is
possible that the decays to 777~ will be useful in the experimental searches.

Decays to Gauge Boson Pairs

The Higgs boson can also decay to gauge boson pairs. At tree level, the decays H —
WHW~ and H — ZZ are possible, while at one-loop level the decays H — gg, vy and Z~y
occur.

The decay widths of the Higgs boson to physical WTW ™ or ZZ pairs are given by [§]:

3
V9I—rw(l —rw+ Zr%\,)

3
GFIHH

87/2

'H—-WW") =
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Higgs Branching Fractions to Fermion Pairs

Figure 2.11: Branching fractions
of the Standard Model Higgs boson
to fermion-antifermion pairs, including
QCD radiative corrections.

Higgs Branching Fraction

3
11‘%)

Gpm%
F(H—>ZZ) = \/1—1‘2(1—1‘2—'—

o (2.69)

where 1y = 4m? /m¥.

Below the WHW~ and ZZ thresholds, the Higgs boson can also decay to vector
boson pairs VV*, (V = W%, Z), with one of the gauge bosons being off-shell. The widths,
summed over all available channels for V* — ff are [34]:

4
. gimyy 40 160 ) (mz)
T(H - 77%) — 7— Do+ 22, 7 (22
M =22 = 00801 = sy)on ( 39w W)
* 3g4mH mvy
P(H—WW) = Mg <m—H> (2.70)

where sy = sin’fw and

47 13 1
Fix)= — |1—x2|(—x—7+ )—3(1—6X2+4X4)|1n(x)|
1—8x2+20x? | (3x*—1
+ 3 ] cos <72X3 ) ) (2.71)

These widths can be significant when the Higgs boson mass approaches the real WHW—
and ZZ thresholds. The WW* and ZZ* branching ratios grow rapidly with increasing
Higgs mass and above 2myy the branching fraction for H — WTW~ is close to 1. The
decay width to ZZ* is roughly an order of magnitude smaller than the decay width to
WW* due to the smallness of the neutral current couplings as compared to the charged
current couplings.

The decay of the Higgs boson to gluons arises through fermion loops [30],

Gra’m3
T'(H— gg) = 6Z\f ! IZ 1/a(7g) (2.72)



24 2.4 Higgs Production at LEP

where 74 = 4m?/mf; and Fy5(7y) is defined to be
Fi/o(1q) = =274 [1 4+ (1 — 7)f(7)] - (2.73)

The function f(7,) is given by
2
.1 .
f(r,) — {sm (,/1/7'?)} ) zf T, > 1 (2.74)

with
Ty =1+4/1-1, (2.75)

In the limit in which the quark mass is much less than the Higgs boson mass (the relevant
limit for the b quark):
2m? m
F —log? <—q) : 2.76
/2 — m2, 0g g ( )
A Higgs boson decaying to bb loop will therefore be extremely narrow. On the other
hand, for a heavy quark, 7, — oo, and F/5(7,) approaches a constant:

4
Fij2 = —3 (2.77)

It is clear that the dominant contribution to the gluonic decay of the Higgs boson is
from the top quark loop and from possible new generations of heavy fermions.
For the decay H — ~v at lowest order, the partial width is [35]:

Oz2GF
I'H — = 711’13 Nci 2F1 Ti 2 2.78
(H = 7) = [ iy | Y NaQIF ()| 2.78)
where the sum is over fermions and W* bosons with Fy /5(7) given in Equation 2.27 and

Fw(tw) =2+ 3w [1 + (2 — 7o)f(7w)] - (2.79)

Here 7w = 4m%;/m%, N¢; = 3 for quarks and 1 otherwise, and Q; is the electric charge
in units of e. The function f(7) is given in Equation 2.74. The H — ~v decay channel
probes the possible existence of heavy charged particles. The H — ~~ branching fraction
rises with increasing my and peaks at around 2 x 1073 for my ~ 125 GeV, as shown in
Figure 2.12. Above this mass, the WW* and ZZ* decay modes are increasing rapidly
with increasing Higgs mass and the vy mode becomes further suppressed.

The decay H — Z~ is not useful phenomenologically, so we will not discuss it here.
The complete expression for the branching ratio can be found in Reference [36]. From
the Higgs boson decay widths discussed before, at the LEP energy above 200 GeV the
range of Higgs boson masses covered is ~ 100 GeV. At these masses only H — bb and
H — 777~ decay modes contribute to the search.
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Figure 2.12: Branching fractions of
the Standard Model Higgs boson to
gauge boson pairs.
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The Total Higgs Boson Width

The total Higgs boson width for a mass less than my ~ 200 GeV is shown in Figure 2.13.
Below around my ~ 150 GeV, the Higgs boson is quite narrow with I'y < 10 MeV. As the
WW* and ZZ* channels becomes accessible, the width increases rapidly with I'y ~ 1 GeV
at myg ~ 200 GeV.

2.4.3 Standard Model Processes

Two Photon Interactions

This is the process with the highest cross section in eTe™ interactions at the present
LEP energies. Its cross section as a function of center-of-mass energy, /s, is shown in
Figure 2.14. It leads to a four-fermion final state due to the virtual exchange of two
photons.
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ol f Figure 2.14: T'wo photon interaction

The electron and positron get slightly scattered in this process loosing only a small
fraction of their initial energy and very often they vanish undetected through the beam-
pipe. The fermion pair which is observed in the detector has therefore a small energy
and can be easily separated from the Higgs boson signal. This process has only little
impact on the Higgs search.

For the generation of two photon events the program PHOJET [37] was used.

Two Fermion Final States

The process ete™ — qq(7) , shown in Figure 2.15, has the second highest cross section.
This is a relevant background source. After the annihilation of an electron and a positron

et q
Figure 2.15: The process ete”™ — qq(v) . In
7y the case of initial state radiation the event is un-
balanced if the photon escapes unobserved the
detector.
e q

into a virtual Z or v, a fermion-antifermion pair arise. The most important two-fermion
production is the one leading to a quark anti-quark pair in a final state since it has a
high cross section of ~ 90 pb at the center-of-mass energies around 200 GeV.

The quark anti-quark pair hadronise and we observe usually two jets in the detector.
The radiation of gluons by the quark or anti-quark can lead to additional jets. The jets,
originated by gluons, have usually smaller energies and the specific angular distributions
which can be used to separate them from the Higgs boson signal.

In the case, where the initial state electron and/or positron radiate photons, it is
possible to reduce the effective centre-of-mass energy in such a way that a real Z bo-
son is produced. This is called the radiative return to the Z. The photons escape
undetected, in most of these cases, down the beam pipe. Therefore, these events are
characterised by an energy imbalance where the missing momentum vector points along
the beam direction. For the generation of ete™ — qq(7y) events the Monte Carlo pro-
gram KK2f [38] is used. Other final states, corresponding to this process were generated
using the PYTHIA [39] program.
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W-pair Production

The production of W-pair events is realised in lowest order by three Feynman diagrams,
the s-channel v and Z boson and the t-channel v, exchange, as shown in Figure 2.16. The
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Figure 2.16: The background process ete™ — WTW~™ — {fff . In lowest order three
diagrams contribute to the cross section.

W bosons can decay into a quark-antiquark pair, for example W — ud or ¢§, creating
four jets similar to the Higgs boson signal. To separate events form the W-pair decay
one can effectively use the detection of B hadrons in the jets originating from the Higgs
boson and kinematic variables.

For the generation of the WW background the Monte Carlo generator KORALW [40]
was used which takes the three Feynman diagrams presented in Figure 2.16 into account.
Contributions from other diagrams are small, which is verified using the four-fermion

generator EXCALIBUR [41].

Neutral Current Four Fermion Reactions

Neutral current four-fermion reactions can also be generated using EXCALIBUR. This
program is used for the measurement of the resonant ZZ production cross section which
will be described in detail in Chapter 7. For the background modelling in the Higgs

e+ q, g,l/ e+ q, g,l/
Z — —
q,¢,v Z q,¢,v
Z q, gu v " e+
e Q7 77 v e e

Figure 2.17: Examples for ZZ and Zee production.



28 2.4 Higgs Production at LEP

search PYTHIA was used taking into account the NC02 approximation® (in the following
referred to as ZZ) and single Z production (in the following called Zee). ZZ background
is especially severe for the SM Higgs search as it may lead to the same final states as
HZ production and is kinematically very similar. It is shown in Figure 2.17).

Figure 2.18 summarises the production cross section for the processes listed above.
For the comparison purpose, the SM Higgs boson production cross section for the Higgs
boson with a mass of 114 GeV is also shown (dashed line).
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Figure 2.18: Cross section for the background processes from the Standard Model.

5At the lowest order, Z pair-production proceeds via two t-channel Feynman diagrams with an
internal electron leg (right diagram in Figure 2.17). Considering the Z decays into fermions, this process
is conventionally denoted as NCO02, from the acronym of the neutral-current production mechanism of
the four-fermions and the number of diagrams.



Chapter 3

The Experiment

3.1 The LEP Machine

The design of the CERN Large Electron Positron collider [42,43], LEP, started in 1976
and by 1978 the aim was to build an eTe™ machine with a cost-optimised energy of about
90 GeV /beam and luminosity £ ~ 103'¢m=2s71. The energies of the machine supposed
to be extended by exploiting radio-frequency (RF) cavities to a theoretical maximum of
about 130 GeV /beam.

The main physics goal was to to test the Standard Model and possibly go beyond it
by making precision measurements at the Z peak. It was also foreseen to do searches for
new particles, like Higgs bosons or SUSY particles.

The accelerator was constructed inside a closed loop tunnel with a circumference
of about 27 km at a mean depth of 100 meters. The schematic view of LEP is shown
in Figure 3.1. The circumference was chosen to optimise the energy of the collider and
the investment and running costs. Crucial considerations were the synchrotron radiation
energy losses and the cost of the tunnel construction. With a circumference of 27 km
the energy needed to replenish the energy loss due to synchrotron radiation is reduced
to a manageable 220 MeV per turn at /s = 90 GeV.

The collider consists of eight bending sections, each 2840 m in length, and eight 490
m straight sections. The bending sections contain the 3304 dipole magnets which steer
the beams around the ring. Four of the eight straight section house the large detectors
ALEPH [44], DELPHI [45], L3 [46-56] and OPAL [57], as shown in Figure 3.1.

Two of the straight sections contain radio-frequency cavities which are used to accel-
erate the beams from injection energy to collision energy and to compensate synchrotron
radiation losses. On either side of each detector, there are super-conducting quadrupole
magnets which compress the beams for increased luminosity.

The LEP ring is actually the last component of a five-step acceleration process that
begins with a pair of 200 MeV and 600 MeV linear accelerators (LINACS), as depicted
in Figure 3.2. These LINACS provide the initial beam particles - electrons and positrons
which are then injected into the Electron-Positron Accumulator ring (EPA). The EPA
collects these particles into bunches and transfers them into the Proton Synchrotron
(PS), which has been modified to accelerate the electron and positron beams from 600
MeV  to 3.5 GeV. Similarly, the Super Proton Synchrotron (SPS) has been altered

29
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Figure 3.1: The LEP storage ring showing the four interaction points with the ALEPH,
DELPHI, L3 and OPAL experiments.

to enable it to receive these 3.5 GeV beams, accelerate them to 20 GeV and inject
them into LEP. Once the 20 GeV beams have been extracted from the SPS, they are
accelerated to the working beam energy by a system of 128 RF copper cavities. The
rotation frequency of the (=~ 10'?) stored particles is 11 kHz. Thus, in a typical 12 hour
running period, each particle will have circulated through the vacuum chamber about
500 million times. This necessitates a very low pressure in the beam-pipe — about 10~
Torr during operation with beam — in order to minimise losses to beam-gas collisions.

Two different acceleration schemes were used. In the first, electrons and positrons
were arranged in 2 X 4 bunches along the LEP ring. The distance between two bunches,
i.e. the time difference between two potential collisions was 22 ps. In the second scheme,
the so-called bunch train regime, the bunches were replaced by trains of up to 4 smaller
bunchlets, which have had a distance of 250 ns in time. Therefore, collisions may occur
more frequently than in the first scheme. For operation of LEP at the Z peak, the bunch
train scheme leads to an increase in luminosity. For running at higher energies, there are
usually only 4 bunches used. The total current at high energies amounts 5 to 6 mA at
the beginning of the fill.

In the first phase, 1989-1995, LEP was running at a center-of-mass energy close
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Figure 3.2: Overview of the LEP injector system.

to the mass of the neutral gauge boson Z. The data collected were used for precise
measurements of Standard Model parameters on the Z resonance as well as for the
search for new particles.

Starting from autumn 1995 the copper cavities were replaced by superconducting
ones and the center-of-mass energy was continuously increased. In 1996 a center-of-mass
energy above the threshold of W*-pair production was reached allowing the precise
determination of important parameters such as mass, coupling and branching fractions
of the W* bosons. Next opens the Z boson pair production channel, ete™ — ZZ, and
LEP entered new energy domain for the search of the Higgs Boson, expected in the
Standard Model and new particles, representing the new physics.

3.2 The L3 Detector

The L3 detector, shown at Figure 3.3, is a general purpose detector with special emphasis
on the precise energy measurement of photons, electrons and muons along with the good
overall energy resolution and nearly hermetic solid angle coverage (99% of 4r).
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Figure 3.3: Perspective view of the L3 detector.

It is the largest of the four detectors at LEP (14 m long by 16 m wide) and made
up of several complementary sub-detectors arranged in a radial layers surrounding the
interaction point. The entire detector is enclosed within a 7800 ton, 0.5 T solenoidal
magnet that allows for muon track curvature measurements over a long track length.
The inner sub-detectors are contained within a 32 m long, 4.45 m diameter steel tube
which both supports the detector and preserves its overall alignment relative to the
beam. The arrangement of these sub-detectors within the support tube is shown in
Figure 3.4. The following sections provide a brief description of the magnet and each
detector component, working outwards from the beam pipe to the muon chambers.

3.2.1 The L3 Coordinate System

The L3 coordinate system, as used consistently throughout this thesis, is centered at
the collision point with the z-axis aligned along the direction of the electron beam. The
other two axes form a right-handed coordinate system with the y-axis directed vertically
upwards and the z-axis pointing horizontally towards the center of the LEP ring. Polar
angles are always measured from the z-axis (0 = 0°) while azimuthal angles are always
measured from the positive z-axis (¢ = 0°) in the direction of the positive y-axis.
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Figure 3.4: Left side of the inner sub-detectors within the L3 support tube. Electron
- positron beams collision occurs within the beam pipe at the intersection of the dot-
dashed lines.

3.2.2 Magnet

The L3 magnet is the largest conventional electromagnet ever built. Octagonal in shape,
it consists of a coil of 1100 ton of aluminium plates arranged into 28 40-ton packages
which are bolted together. The total length of the coil is 11.90 m with a 5.93 m inner
radius. The flux return yoke is made of soft iron with 0.5% carbon content. 1100 tons
of steel form the self-supporting structure of the poles, providing the rigid support and
reference frame for the 5600 tons of iron that makes up the flux return in the poles and
the barrel. Additionally, each pole includes two 340 ton half-doors which allow access to
the muon chambers. A water-cooled thermal shield is located inside the coil to protect
the detectors.

With 30 kA of current in the coil, the longitudinal magnetic field in the central region
of the detector is 0.5 T. The field inside the support tube has been mapped out using
a system of Hall probes, while the field in the outer region is measured by groups of
magnetoresistors mounted on the muon chambers. Five NMR probes are also used to
monitor the absolute value of the field. Since 1994, the magnet doors are equipped with
copper coils and magnetised as part of the forward-backward muon system.
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3.2.3 Silicon Microvertex Detector

The Silicon Microvertex Detector (SMD) [52], shown in Figure 3.5 is the innermost sub-

Figure 3.5: Perspective view of the
Silicon Microvertex Detector. Overlap
regions between the inner ladders are
clearly seen.

detector of L3, located right outside of the LEP beam-pipe. Installed in 1993, it was
designed to enhance the accuracy of track coordinate measurements of the L3 detector
near the collision point.

The length of the SMD is 30 cm which yields a polar angle coverage of 22° < 4 < 158°.
SMD consists of two radial layers of silicon sensors arranged into ladders located 6 cm
and 8 cm away from the z-axis. Adjacent inner ladders have a small (about 10%) overlap
region, and outer ladders are positioned inside the support structure with their readout
strips tilted 2° with respect to the inner ones. Each of the layers has 12 ladders, which
are made up of two electrically independent half-ladders. The half-ladder consist of two
silicon sensors. Each of the sensors is 70 mm long, 40 mm wide and made from 300
pm thick high purity n-type silicon. On one side (junction side) of the sensors there are
implantation strips every 25 um with a readout pitch of 50 pm. They run parallel to
a beam axis and allow therefore the determination of the r-¢ coordinate. On the other
side the implantation strips are arranged perpendicular to the junction side strips with
a pitch of 50 um. The readout pitch is 200 pym for 0.53 < |cosf| < 0.93 and 150 pm
for | cosf| < 0.53. These strips are used for the z measurement. The outer surface of
each ladder provides measurements in the r-¢ plane with an intrinsic accuracy of 7.5
pm while the inner surfaces measure the z-coordinate with an intrinsic accuracy of 14.3
pm [58].

The SMD is a potentially valuable tool for measuring displaced vertices associated
with short-lived B hadrons containing b quarks improving the performance of the b-
tagging, as described in Section 4.3.4.

To monitor possible displacements of the SMD with respect to the TEC, a Capacitive
Displacement Monitoring System (CDMS) and a Laser System were installed in the
detector.
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3.2.4 Central Tracking Chamber

The central track detector measures charged particles trajectories along their first half-
meter of flight trough L3. The multicomponent detector consists of a time-expansion
chamber (TEC) which provides tracking in r — ¢, surrounded by the Z-chamber which
measures the track z-coordinate as shown in Figure 3.6 and a forward tracking chamber
(FTC) in the end-cap region.

PSF Fibres
Figure 3.6: Perspective view of the

Inner Cathode Plane Central Tracking Detector.

= Outer Cathode Plane
Beryllium Pipe

The main goal of the Central Tracking Detector is to measure the momentum of the
charged particles and together with the Silicon Detector to identify the primary and the
second vertices. It also determines the impact point of the charged particles on other
detectors and determines at trigger level the number of reconstructed tracks originating
from the interaction point.

Time Expansion Chamber

The heart of the Central Tracking Chamber - the Time Expansion Chamber (TEC) [46]
- is located between the SMD and Z-chamber. Due to size constraints imposed by the
electromagnetic calorimeter, the TEC has only a modest lever arm of 31.7 cm. This
necessitates excellent spatial resolution in order to achieve the design goal of charge
identification for 50 GeV particles at 95% confidence level. A drift chamber design which
follows the time expansion principle was therefore chosen. The chamber is subdivided
in azimuthal sector. A homogeneous low-field region, covering most of each sector, is
combined with a high-field region near the anode plane in the center of each sector. The
slow drift velocity in the low-field region yields good timing resolution while secondary
ionization in the high-field region creates an avalanche resulting in a large signal. The
electric field lines are perpendicular to the anode plane. The time difference of this signal
to the beam crossing determines the distance to the ionization produced by the charged
particle in the chamber gas.

A low diffusion gas mixture of 80% CO, and 20% iCyHyo at 1.2 bar (drift velocity
~ 6 pm/ns) is used. The chamber is divided into a 12 sector inner chamber and a 24
sector outer chamber, as depicted in the left drawing of Figure 3.7:
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Figure 3.7: Left: r-¢ view of the central tracker consisting of SMD, TEC and the Z
detector. Right: drift field in the TEC.

The electric field forces the electrons to drift toward the anode wire plane arranged radi-
ally at the center of each sector. The right drawing of Figure 3.7 shows the arrangement
of the wires in one 30° slice of the detector, along with some details of the electric field
configuration. Flash Analog to Digital Converters (FADC) are used to sample the anode
pulses in order to achieve a ~ 50 pum average single wire spatial resolution.

The inner TEC sectors have 8 anode wires while the outer sectors have 54, giving
a maximum of 62 coordinate measurements, or so-called hits, along the track in the
transverse plane. Left-right track ambiguities are resolved by matching inner and outer
sectors. Given the known magnetic field, a particle’s charge and transverse momentum
can be determined by fitting a circular arc to these hits. Two of the wires in each inner
sector and nine in each outer sector are read out in charge division mode. The signals
at both ends of a wire are compared to supply information on the z-coordinate of the
track with a resolution of about 2 cm.

Z Chamber

More accurate z-coordinate information is obtained from the Z chamber [50] which
consist of two cylindrical multi-wire proportional chambers that cover the outer cylinder
of the TEC. All the particles with the polar angle between 42° and 138° will pass through
this chamber. This detector operates in with a gas mixture of 80% argon, 16% CO, and
4% CH,. Signals are read out by cathode strips aligned at £69° and 90° with respect
to the z-axis, giving a measured z-coordinate resolution of 320 ym and a double track
resolution of 7 mm. Z chamber is also used for bunch-tagging.

The Forward Tracking Chambers

The forward tracking chambers [46] extend the coverage given by the Z chamber down
to 8 = 9.5° on either side. Installed in early 1991, the FTC provides extra coordinate
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measurements in the x — —y plane at a fixed value of z. These chambers operate in
drift mode with a gas mixture of 61.5% argon and 38.5% ethane. The anode wires are
inclined by 5° and 95° with respect to the z-axis, measuring the x and y coordinates of
an isolated track to an accuracy of 150 pm.

3.2.5 Electromagnetic Calorimeter

The Electromagnetic Calorimeter (ECAL) [47] is designed for the measurement of pho-
tons and electrons with superior energy and spatial resolution over the energy range from
~ 100 MeV to 100 GeV. It consists of about 11,000 bismuth germanate (BisGe3Oq5 or
BGO) crystals arranged in a pointing geometry and grouped into two half barrels and
two end-caps surrounding the central tracking chamber, as shown in Figure 3.4. BGO
is an especially useful material for electromagnetic calorimetry, forming a dense, clear
lattice that serves both as a showering material and a scintillating medium. It has a
density of 7.13 g/cm? and a radiation length of 1.12 cm, making it an excellent choice
for high-precision measurements in a compact environment. Indeed, the 21.4 radiation
length thickness of the BGO barrel crystals provides nearly complete absorption of most
electromagnetic showers. In addition, the favourable light yield (~ 28007/ MeV) and
peak emission wavelength of 480 nm make photodiode feasible. Each crystal has two
1.5 cm? photodiodes glued to its rear face and is coated with a 40 to 50 pum thick layer
of highly reflective paint in order to obtain uniform light collection efficiency.

Each crystal is 24 cm long and shaped like a truncated pyramid with the front and
back faces measuring approximately 2 x 2 cm? and 3 x 3 cm?, respectively, as it shown
in Figure 3.8:

Carbon fiber wall (0.2 mm) To ADC

} Xenon lamp fibers
E’ BGO crystal E’ = Figure 3.8: A BGO crystal. The front
e face of 2 x 2cm? points to the interac-
24cm Photodiode tion point. The scintillation light is col-
lected by two photodiodes on the rear
face.

They are arranged within a carbon fiber composite support structure with 200pm thick
cell walls and a 10 mm thick cylindrical stepped inner tube attached to a weight-bearing
conical funnel on both ends. The area where two half barrels join is additionally rein-
forced by a 500um thick steel membrane.

Charge-sensitive amplifiers, mounted directly behind each crystal, enhance and shape
the photodiode signals before feeding into analog-to-digital converter (ADC). The tem-
perature is monitored by 1792 sensors placed on front and back crystal faces. In addition,
crystal transparency is measured by a xenon light system which injects pulses into the



38 3.2 The L3 Detector

back of each crystal via a network of optical fibres. The energy resolution is 5 % at 100
MeV and less than 2 % at energies larger than 1 GeV [59].

The 7,680 crystals making up the barrel cover the polar angular range 42° < 6 < 138°
while the 1,527 crystals in each end-cap cover the regions 9.9° < 0(180° — ) < 36.8°.
The gap in polar angular coverage is the result of a 12.8 cm displacement of the end-
cap along the z-axis from the original design position in order to accommodate the
spatial requirements of the central track detector. It is filled with the lead-scintillating
fibre calorimeters (SPACAL) [53], which consists of 24 modules (bricks) containing a lead
structure filled with scintillating fibres. The scintillation light is collected by phototriodes
glued on the rear site of the bricks. The resolution of the SPACAL is 15% at 45 GeV.

3.2.6 Scintillation Counters

The scintillator system [55] consists of 30 single plastic counters forming a barrel and
2 x 16 pad counters in the end-caps. They are located between the electromagnetic
and the hadron calorimeter to provide time of flight information. The time resolution is
about 800 ps in the barrel and 1.9 ns in the end-caps. The scintillation counters therefore
allow the discrimination of cosmic muons which pass near the interaction vertex. If LEP
operates in the bunch train mode they are used to tag the bunchlet.

3.2.7 Hadronic Calorimeter

The hadron calorimeter (HCAL) [48] surrounds the electromagnetic calorimeter and
works in combination with it to measure the energy of hadrons using the total ab-
sorption technique. although hadrons generally lose some part of their energy in the
electromagnetic calorimeter, they deposit the greater part of it via nuclear interactions
in the uranium and brass plate absorbers that made up the HCAL. These interactions
result in low-energy particle showers that are detected by the proportional wire chambers
interleaved with the absorber.

The hadron calorimeter consist of a barrel, subtending the polar angular range of
35° < 6 < 145° and two end-caps, which extend the angular coverage to a range of
5.5° < # < 174.5°, as shown in Figure 3.9: The hadron calorimeter covers 99% of the 4w

Hadron end cap
Electromagnetic
end cap

Electromagnetic
Barrel

Figure 3.9: Perspective view of the
Hadron Calorimeter.
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solid angle.

The 216 ton HCAL barrel is composed of 144 modules arranged in 9 rings of 16
modules each. The longitudinal cross-section of the HCAL is illustrated in Figure 3.10:
5 mm thick absorber plates, made of depleted uranium, are interleaved with 5.6 mm
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Figure 3.10: Side view of the Hadron
Calorimeter.
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thick proportional wire chambers to make up a module. The three inner rings are made
up of modules, containing 60 layers, while the other six rings are built of modules with
53 layers each. A particle originating from the primary vertex will traverse 3.5 — 5.5
nuclear interaction lengths (free path between collisions) as it passes through the HCAL
barrel.

The wire chambers operate in a proportional mode and are filled with a gas mixture
of 80% argon and 20% CO,, providing a gain of ~ 10* at 1.6 kV. Each chamber layer
is oriented with its wires perpendicular to the previous layer in 6 — ¢ plane. The barrel
contains 7968 proportional chambers with 370,000 wires.

The two HCAL end-caps are formed of six modules each, with these modules being
grouped into one outer (HC1) and two inner (HC2, HC3) rings. The construction of the
endcap modules is similar to that of the barrel. The HC1, HC2 and HC3 rings contain
77, 27 and 23 layers, respectively. In contrast to the barrel modules, these layers are
oriented in the x—y plane with alternating stereo layers rotated by an angle of 22.5°. The
thickness of the absorber plates increases in the outer layers of each module to optimise
the absorption power for the available space with minimal loss of resolution. In case of
end-caps a particle from the interaction point will pass through 6 = 7 nuclear interaction
lengths. The hadron jet energy resolution of the calorimeter is (55/ \/E—l—S)%, where E
is measured in GeV. The direction of the jet axis can be measured with a resolution of
about 1.5°.

Muon Filter

The muon filter, mounted on the inside wall of the support tube, suppresses the flow
of secondary particles produced in the hadron calorimeter and serves to guarantee that
hadrons do not enter the muon chambers. It consists of 6 layers of 1 cm thick brass
absorber plates followed by an additional 5 layers of 1.5 cm thick plates. It adds 1.05
absorption lengths to the hadronic calorimeter.
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3.2.8 Muon Spectrometer

The Muon Spectrometer [49, 56] is installed in the region between the support tube
and the magnet, covering the polar angular range of 36° < 6 < 144°. It is protected
from the magnet coil by an active thermal shield and consists of two octagonal ferris
wheels attached to the support tube, as depicted in Figure 3.11. The sixteen independent

~ 86 t complete

=~ 86 t complete

Figure 3.11: Perspective view of the Muon Spectrometer.

octants (8 per 86 ton wheel) form the muon spectrometer. Each octant contain 3 detector
layers: the outer layer (MO) resides just inside the coil, the inner (MI) layer is located
just outside the support tube and the central (MM) layer lies in between. Five precision
“P” drift chambers (2 each per MO and MM and 1 per MI) and 6 “Z”-chambers (4 each
per MO and 2 per MI) make up each octant.

The “P”-chambers are designed to give a highly accurate measurement of track
coordinates in the bending plane. Each chamber contains about 3,000 wires, 320 of
which are sense wires, in a gas mixture of 61.5% argon and 38.5% methane, giving a
drift velocity of 50 pm/ns. The sense wires are grouped to give either 16 or 24 coordinate
measurements per cell, as it shown in Figure 3.12, each with a resolution of 110 pym to
250 pum depending on the distance from the sense wire.

The “Z”-chamber comprise two drift cell layers with a half-cell relative offset that
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allows resolution of left-right ambiguities. The gas mixture of 91.5% argon and 8.5%
methane provides an average drift velocity of 30 ym/s and the single wire z-coordinate
resolution is ~ 500 pm.

Using the muon chamber coordinate measurements in conjunction with the measured
magnetic field, the momentum resolution has been measured to o(Epeqm/pu) = 2.5% at
45 GeV.

In 1994, the angular coverage of the muon spectrometer was extended to the angular
region of 22° < 6 < 158° by inclusion of the forward-backward muon chambers. These
drift chambers consists of 3 additional layers, one mounted inside and two - outside of
each of the magnet doors. Each layer comprises 16 chambers with 4 sense wires per cell
giving an average spatial resolution of 200 pm. The gas mixture is the same as in the
“P”-chambers. In the extended angular region from 22° to 36°, the momentum resolution
is o(pr)/pr ~ 20% and is limited by multiple scattering in the one meter thick magnet
doors.

3.2.9 Luminosity Monitor

A precise knowledge of the luminosity is very important for the main part of the mea-
surements made at LEP. The luminosity is determined with high precision by measuring
the rate of low angle Bhabha scattering, ete™ — eTe™ (). This well-understood in the
framework of QED process is strongly peaked at low angles and serves as a virtually
background free reference for luminosity determination [60]. The luminosity monitor [54]
measures Bhabha events using two cylindrically symmetric BGO arrays combined with
a tracking system for accurate impact point position measurement. In 1993, the origi-
nal wire chamber trackers were replaced by more accurate silicon detector, denoted by
SLUM in Figure 3.4.

The two luminosity monitors are symmetrically located 2650 mm downstream of the
interaction point on either side. Each finely segmented calorimeter contains 304 BGO



42 3.2 The L3 Detector

crystals, all 26 cm long, covering the polar angle range of 24.93 < 6(7—6) < 69.94 mrad.
The crystals are grouped in 8 rings, all of which are aligned to the z-axis. The energy
resolution of these BGO arrays has been measured at better than 2% at 45 GeV.

Each silicon detector consists of two layers measuring radial coordinates and one
layer measuring ¢ coordinates. These three layers are made up of 16 partially overlap-
ping wafers and total of 4096 readout strips. With this configuration, the luminosity
is currently known to an accuracy of 0.2%, with most of the error coming from the
theoretical uncertainty in the Bhabha cross section.

3.2.10 Trigger

The L3 trigger system performs a rapid analysis of the response of the various subdetec-
tors at each bunch crossing in order to record interesting physics events. About 100 ms
is required to fully digitise all L3 subdetector signals and write an event to disk or tape.
The goal is to minimise the dead time that results from writing information from bunch
crossings with no detected particles, or from background events caused by beam-gas,
beam-wall interactions, synchrotron radiation or detector noise. The trigger system is
divided into three levels of increasing complexity. Each of the three levels applies several
selection criteria.

Level-1 Trigger

The Level-1 trigger takes individual information from the subdetectors and based on
five separate triggers: track information from the TEC (inner and outer TEC triggers),
energy deposits in the calorimeters (energy trigger), scintillator hits (scintillator trigger),
energy deposits in the luminosity monitor (luminosity trigger) and tracks in the muon
chamber (muon trigger). A positive result from any of the five causes the fine digitisation
to commence for analysis by the subsequent levels. Level-1 produces a typical trigger
rate of less then 8 Hz.

Calorimeter Trigger is designed to select events which deposit energy in the elec-

tromagnetic or hadronic calorimeters. The input consist of the analog sums of groups of
BGO crystals, grouped into 32 ¢ x 16 # blocks and hadron calorimeter towers, grouped
into 16 x 11 blocks for layers of less than ~ 1 absorption length and 16 x 13 blocks for
deeper layers. An event is accepted if the BGO energy exceeds 25 GeV in the barrel
and endcaps, or 8 GeV in the barrel only, or the total calorimetric energy exceeds 25
GeV in the barrel and endcaps or 15 GeV in the barrel alone. The cluster threshold is 6
GeV, or 2.5 GeV for clusters in spatial coincidence with a track from the TEC trigger.
The main source of background for this trigger is electronic noise. The trigger rate is
typically 1 <+ 2 Hz.

Scintillator Trigger is used in level-1 to trigger on high multiplicity events. Events
with at least 5 hits spread over 90° are selected. This trigger is practically background
free and the trigger rate is typically 0.1 Hz.

Muon Trigger selects events with at least one penetrating charged particle. An
event is selected if hits in the muon chambers can be formed into a track with transverse
momentum greater than 1 GeV. At least 2 P-layers and 3 Z-layers are required. Cosmic
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muons are rejected by requiring one good scintillator hit within 15 ns of the beam
crossing. A 1 Hz trigger rate is typical.

Luminosity Trigger processes signals in the same way as the calorimeter trigger.
An event is selected if any of the following criteria are met: two back-to-back depositions
with > 15 GeV, total energy on one side > 25 GeV and on the other > 5 GeV, or total
energy on either side > 30 GeV. For the normal beam conditions the typical trigger rate
is 1.5 Hz.

TEC Trigger selects events with charged tracks. Tracks are required to have a
transverse momentum of more than 150 MeV, and an event is selected if at least two
tracks are found with acolinearity less than 60°. The TEC trigger rate is generally around
1 Hz, but during bad beam conditions it can increase by several Hz.

Level-2 Trigger

The level-2 trigger attempts to reject background events, passed through the level-1.
At this level, more time can be spent analysing an event without incurring additional
dead-time and signals from different subdetectors can be correlated. Level-2 is effective
removing calorimeter triggers due to electronic noise, and TEC triggers due to beam-gas
and beam-wall interactions. Events that produce more than one level-1 trigger are not
rejected by level-2. After level-2 the trigger rate is typically less than 6 Hz.

Level-3 Trigger

This trigger performs a more detailed analysis of events that pass the previous two
levels. Results of the fine digitisation are used, so more precise thresholds can be set
for the calorimetry, further reducing electronic noise. Muon triggers are required to
fall within more stringent 10 ns scintillator coincidence, reducing background from the
cosmic muons. Tracks selected by the TEC trigger are correlated with at least 100 MeV
of energy deposition in the calorimeters and are checked for quality and for a common
vertex. Events that produce more than one level-1 triggers are not rejected by level-3.
Overall trigger rate after the level-3 is generally around 3 Hz.

All events passing the trigger level-3 decision are written to disk being then input for
the off-line reconstruction program. Furthemore, the raw data are copied to a tape to
ensure the possibility of a rerun of the reconstruction.
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Chapter 4

Data and Monte Carlo Samples

4.1 Data Sample

This dissertation uses data, collected with the L.3 detector during the year 2000 at several
center-of-mass energies.

Data from the year 1999 were also analysed to search for SM Higgs boson production,
but the results from the year 2000 supersede these results, so they are not quoted in
this thesis. However, several systematic studies of general importance were done with
the data sample from year 1999. For Z pair production studies only data from the year
2000 were used. A detailed discussion about these data and Monte Carlo can be found
in the Chapter 7.

The data from the year 2000 are grouped into seven samples corresponding to effec-
tive center-of-mass energies of 202.8, 203.8, 205.1, 206.3, 206.6, 208.0 and 208.6 GeV.
Table 4.1 summarises the integrated luminosities corresponding to these samples:

Vs((GeV) | 202.8 | 203.8 | 205.1 | 206.3 | 206.6 | 208.0 | 208.6
[Lpbh| 27 7.6 | 681 | 66.9 | 63.7 | 8.2 0.1

Table 4.1: The effective center-of-mass energies and corresponding integrated luminosi-
ties.

4.2 Monte Carlo Samples

The Higgs boson production cross sections and branching fractions are calculated using
the HZHA generator [61]. Efficiencies are determined on Monte Carlo samples of Higgs
events, generated using PYTHIA [39]. As it has been shown in the Section 2.4, the
Higgs production cross sections and efficiencies depend on +/s. Samples of Higgs events
have been simulated at each center-of-mass energy shown in Table 4.1. Higgs events
are simulated with the mass of the Higgs boson between 100 and 120 GeV, in steps of
1 GeV. For each Higgs boson mass and each search channel, between 2000 and 10000
events were generated, depending on the search channel.

45
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The estimates of the Standard Model background, as discussed in Section 2.4.3, rely
on the following Monte Carlo programs: KK2f [38] for ete™ — qq(y) . KORALW [40]
for ete™ — WHTW~ PHOJET [37] for two-photon processes (ete” — ete qq) and
EXCALIBUR [41] for other four-fermion final states. The number of simulated events
for the dominant backgrounds is at least 100 times the number of collected data events
for such processes to minimise statistical fluctuations.

4.3 Simulation and Reconstruction

The process of simulation can be separated on the several steps. The first step is the
generation of the events, where the physics processes are modelled using Monte Carlo
events generators. As the output, we have an event with a number of particles with their
energy-momentum vectors.

The next step is the simulation of the detector response on these particles, using
the GEANT [62] and GHEISHA [63] programs which take into account the effects of
multiple scattering, energy loss and showering in the detector as well as the interaction
with the magnetic field. At the end of the simulation, the events are available in the
same format as the real data recorded in the detector. This is the digitised information
of the response for the individual sub-detectors.

The final step is when simulated and real data events are then reconstructed using
the same reconstruction code which combines the individual sub-detector information,
such as wire hits or crystal amplitudes into tracks and energy clusters. For the simulated
events, time-dependent imperfections of the detector, such as dead wires or crystals are
taken into account in order to make the simulation as realistic as possible.

The evolution of hadronic final states as e.g. Figure 2.15 can be subdivided into
four different phases; beginning from the production of the quarks to the formation of
stable particles, which will be detected by the experimental apparatus. These phases
correspond to different time and length scales [64]. At the stage of the electroweak
phase, which corresponds to 107! m, a quark anti-quark pair(s) and a number photons
are produced.

In the next, perturbative QCD, phase (10717 m) gluon radiation may proceed. The
momentum transfer between the quarks and gluons is rather large corresponding to
small interaction distances and relatively small values of the strong coupling constant,
as. This perturbative phase of QCD stops when the momentum transfer becomes too
small (~GeV) and thus the coupling constant is too large to allow further perturbative
steps. The resulting particles from this phase are quarks and gluons and are called final
state partons.

The process to build colourless hadrons from quarks, called hadronisation or frag-
mentation, starts at the non-perturbative QCD phase (107! m). Since there is no theory
which describes this phase completely models have to be introduced. The models are
characterised by many parameters, which are not based on an underlying consistent
theory but which are mostly empirically motivated [65].

During the particle decay phase (> 107 m) ustable hadrons decay forming in most
cases mesons which are then registered by the detector. Many of these decays are well un-
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derstood from measurements in low-energy experiments. But in case of heavy-flavoured
hadrons still some uncertainties remain due to the fact that not all decay modes have
been measured with high precision. Several models for the fragmentation process have
been proposed in the last years: independent jet models [66], string fragmentation mod-
els [67,68] and cluster fragmentation models [69-72].

The string model has been implemented in the Monte Carlo JETSET [73] and has
become the model commonly used to describe ete™ annihilations to hadrons in recent
years. String models are based on the idea that, if the primary quarks move apart,
a color flur tube (string) stretches between them. As soon as the potential energy is
high enough to build a qq pair, the string tears into two parts. The quarks and anti-
quarks from adjacent breaking can then form mesons. Although well founded on the
QCD, the model still contains many parameters controlling transverse and longitudinal
momentum, baryon production, etc. However, energy and momentum are conserved at
each step in the string fragmentation. Baryon production is included by the production
of diquark pairs at some of the string breaks.

The final hadrons are usually contained in a small cone in space which follows the
direction of the original parton. These bundles of particles are called jets.

The energy of a hadron entering the calorimeter, E, can be expressed as a function of
the energy deposited in the electromagnetic and hadronic calorimeters [74]. This function
is usually a linear sum:

E=A"Eum + B - Epaq, (4.1)

where the weighting factors A and B have to be determined experimentally.

The estimation of the energy of a particle from the energy deposited in the calorime-
ters goes in the following way. First, raw signals in the calorimeter are grouped into
clusters consisting of energy depositions in neighbouring cells. Then calibration factors,
denoted as G-factors, are used to transform these raw signal into the energy of cluster.
Thus, the energy of a cluster can be expressed in a following way:

with the sum running over the detector regions where the cluster has deposited its
energy. These regions are defined to take into account the non-homogenius structure
and inperfections of the detector. The momenta of the muon tracks as measured in
the muon chambers or tracks momenta measured in TEC is optionally included. The
G-factors are determined using data sample of eTe~ — hadrons and comparing the
detector response with center-of-mass energy.

4.3.1 DURHAM Jet Clustering Algorithm

The DURHAM algorithm [75] is a method of clustering deposits of energy in the de-
tector into larger units, called jets. It uses all possible energy measurements of a given
object (momenta of the tracks measured using the Central Tracking Chamber and SMD,
clusters of calorimetric energy or momentum measurements from the muon chambers).



48 4.3 Simulation and Reconstruction

Individual objects, or clusters of energy, are joined into a pseudo-particle by the require-
ment to all objects to have a value of the parameter

min(Ef, E?)
E2

vis

Y = (1 — cosby) (4.3)
to be below some predefined cutoff value Y.,;. Here E; and E; are the energies of particles,
8 is the opening angle between them and E is the total visible energy in the event.
In this way, the DURHAM scheme merges pairs of objects until the smallest Y;; at the
current iteration exceeds some predefined cutoff value Y y.

For example, for the four-jet final states the value of Y., where the configuration of
the pseudo-particles changes from three jets to four jets is called Y2,. It is this parameter
of the DURHAM algorithm, that is used to define the four-jets nature of the event in
the analysis. In the analyses with the final states containing two-jets the value of Yy
where the configuration changes from two jets to three, Y2, is used.

4.3.2 Kinematic Fit

The purpose of the kinematic fit is to improve the di-jet mass resolution by utilising the
four constraints from momentum and energy conservation.

For the hadronic jets the measurements of the energy and the angles are obtained
from the application of the clustering algorithm. Since it is expected that the jet mass will
be proportional to the jet energy, the number of free parameters for the jets is restricted
to three. The parameters are chosen to be the energy and the polar and azimuthal angles
¢ and 6 of the jet. Thus in an 4-jet event we have twelve measured parameters. They
are not independent and must obey energy and momentum conservation:

SE = VA

i o= 0 (4.4)

where E; is the energy of the jets, and p; is their momentum. The jet parameters are
varied to minimise a x? function defined in the following way:

X = (\7 - \A/O)TVAV_l(\7 — \70)7 (4.5)

where V is the vector of varied quantities, \70 is the vector build from their measured
values and W is the global error matrix. It is assumed to be diagonal, meaning that
the measurement of the jet parameters are uncorrelated. The error parametrisation is
discussed in detail in the next Section.

A fit performed with these 4 constraints we denote 4C fit hereafter. Again, different
final states require different constraints. The improvement of the di-jet mass resolution
on the example of the reconstructed Higgs boson mass with the Higgs boson hypothesis
of 110 GeV at /s = 207 GeV is shown in Figure 4.1 As we can see from this figure, the
4C fit improved the Higgs boson mass resolution by a factor of about 2.
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Figure 4.1: Example for the Higgs boson mass resolution improvement after imple-
menting 4C fit to the reconstructed four-jet final state. The distribution of the invariant
mass of the two jets coming from the Higgs boson before 4C fit (left) and after 4C fit
(right). A Monte Carlo sample with a Higgs boson mass of 110 GeV is used at /s =
207 GeV.

Depending on the specific analysis there will be additional constraints and the im-
plementation of the fit may differ. In four-jet events there are six ways we can select a
jet pair and three ways we can combine them into two di-jets. In general, there is no way
to determine which of these partitions is correct. Therefore, we must take into account
all the allowed partitions and choose the di-jet pairing which has the smallest y? tested
with a certain assumption.

The 4-jet analysis at high energy eTe™ collisions can be associated with the following
approaches:

e One unknown and one known mass, as in HZ search. There are six ways to
select which two jets correspond to the Z. We therefore have to make six fits and
choose the fit with the smallest y?, given the additional constraint that requires
the reconstructed di-jet mass equals the known Z mass.

e Two unknown, but equal masses, as in HTH~ searches but also in WHW~—
and ZZ final states. We have one additional constraint in this case that the two
di-jet masses are equal. Then we need to perform three permutation, one for each
di-jet partition, and choose either the fit with smallest y2, or accept all partitions
which have an acceptable x?, lower than some threshold value x?2., chosen for each
particular case.

e Two unknown masses, as in hA searches. In this case we have only the 4C
fit - four constraints from momentum and energy conservation. We make one fit
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and use the reconstructed jets to calculate the invariant masses of all six possible
di-jets. In an hA search all three pairs of di-jet masses must be used.

To remove the background from the WTW~ and ZZ events in the HZ search we also
make fits to the events with two additional constraints from the two known masses. If
one of these fits has a small x? the event will probably be a background event.

4.3.3 The Resolution Functions of Jet Measurement in the L3
Detector

Here a detailed study of the jet resolutions [76] of the L3 detector as functions of the
energy, the polar and azimuthal angles of the jets is presented using Monte Carlo events
fully simulated in the detector. The dependencies of the resolutions are parametrised
in two dimensions and then used in the constrained kinematic fit, discussed in the
previous section. The results obtained in variables essential for the boson pair production
and, especially, for the Higgs boson search are compared to the ones from the standard
resolution functions. For example, the mass of the two jets assigned to the Higgs is
considered.

Resolutions

The resolutions of the jet energy FE, the jet polar angle © and the azimuthal angle
¢ follow in the ideal case Gaussian distributions characterised by a width o;, where ¢
denotes F, O or ¢.

To obtain o;, a fit with a Gaussian is performed to the distributions of the differences
of angles, A© and A¢, and jet energies, AF, defined as:

A@ — @gen _ @7"66

A¢ — ¢gen _ gbrec
Egen _ Erec
AE — W (46)

where the quantity with the superscript “gen” refers to the generated partons and the
quantity with “rec” refers to the reconstructed jet parameters.

Two examples for such distributions of the polar angle difference, A©, and the energy
difference, AF, are shown in Figure 4.2. Distribution for the azimuthal angle difference,
A, looks very similar to the polar angle difference distribution. Since the A®© distribu-
tion is only poorely described by a single Gaussian a superposition of two Gaussian is
used. A narrow one describes the bulk of the distribution and a wide one covers the tails.
In average the fraction of events in the narrow Gaussian is about 80%. The width of the
narrow Gaussian is taken as the resolution. The distributions of the energy resolution 4.6
are fitted as a superposition of a single Gaussian and a polynomial of second order to
account for the tails.
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Figure 4.2: Example for a fit to the resolution of the polar angle with the two Gaussian
approach (left) and of the energy with a Gaussian and a polynomial of the second order

(right).

Monte Carlo samples

For the resolution studies event samples of the following processes are used:

efe” — Z°/y" —dqa(y)
efe” — WTW™ — qqlv

The events are generated using the PYTHIA and KORALW programs, and passed
through the full L3 detector simulation. The total numbers of events are ~ 2.5 - 10° for
ete” — qq(y) and ~ 1.5-10° for ete™ — WTW~ in the centre-of-mass energy range
between 192 and 208 GeV.

Event Selection

The signature of the events used in this analysis is two well separated jets with or without
an isolated lepton. For events of ete™ — qq(7y) the energy deposited in the detector,
E,;s, must be about the centre-of-mass energy, 1/s. The effective annihilation energy, \/E/
must be near /s, and the jets must be almost back-to-back. In events of efe™ — WHW~
with one W decaying leptonically some energy is lost due to the neutrino. The invariant
mass of the two jets must be consistent with the W mass. Events with a topology different
from two-jet are further suppressed by the requirement of small values of YL, where Y
is the jet resolution parameter for which an event goes from two-jet to three-jet topology
using the DURHAM clustering algorithm described in Section 4.3.1.

The cuts applied for the selection of each channel are listed in Table 4.2.

In addition, to ensure clean di-jet samples, only two high energy partons are allowed
on generator level. Furthermore, W decays into 7 lepton are not accepted.
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Variable Cut value for qq | Cut value for WHW~
Eyis/\/'s > (.82 -
Aplanarity > 2.8 rad > 0.5
Acolinearity > 2.8 rad > 0.5
Yo3 < 0.025 < 0.035
S’/S > 0.91 -
di-jet mass - € [60.0:100.0]

Table 4.2: Selection cuts for ete™ — qq(vy) and and ete”™ — WTW™ channels.

Using these two processes allows to cover the range of jet energies between ~ 20
GeV (lowest from ete™ — WTW™) up to /s/2 (highest from ete™ — qq(v) ). This is
illustrated in Figure 4.3, where the parton energy for ete™ — qq(v) andete™ — WTW~
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Figure 4.3: Parton energy distribution for WW~ (left) and qq (right) final states.

events is distributed.

Angular and Energy Dependence of the Resolutions

The energy resolution of the L3 sub-detectors depends on the energy, with different
functional form for each sub-detector. Hence we expect also an energy dependence of
the resolutions for the jet measurements on the energy. The structure of the L3 detector,
shown in Figure 4.4, is not homogeneous in ©. Hence, a dependence on the polar angle
O is also expected.

First, the polar angle © is subdivided in slices, as shown in Figure 4.4. For each
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slice the quantities defined in Equations 4.6 are distributed and fitted. The width of the
Gaussians, g;, where 7 is ©, ¢ or F, is then displayed as function of ©.

Figure 4.4: The layout of L3 detector
and the slices in ©.

Figure 4.5 shows 0g, 04 and o as function of © using events from eTe™ — qq(7y) .
Smoothly varying dependences are found. The last plot in this Figure, d), shows og
as a function of © as obtained from the efe™ — qq(y) and ete™ — WHTW~ samples
separately. The dependences show the same shape but the function for ete™ — WHW~
is shifted to larger values, pointing to a dependence of the © resolution on the jet
energy. This is clearly seen in Figure 4.6, where the energy dependence of 0g, 0, and o
is displayed. The distributions of Figures 4.5 and 4.6 are fitted with parametrisations
R,(0) and R,(F), with = O, ¢, E/, which hereafter are called the resolution functions.

Comparison with Control Data

A comparison of the dependence of the energy resolution on © between data and Monte
Carlo is done using a clean event sample of ete™ — qq(y) events from the year 2000

vs_p.
data taking. The quantity AE = Qf?” is distributed for slices in © as defined in

Figure 4.4. Each distribution is fitted with a Gaussian. The dependence of the width,
og, on the polar angle © is shown in Figure 4.7. The distributions from data and Monte
Carlo events agree well within the statistical uncertainties.

A comparison of the angular resolution is less straightforward. The resolution in ¢
is expected to effect the shape of the aplanarity distribution. The acolinearity distribu-
tion may be affected by both the ¢ and © resolutions. A comparison of the aplanarity
and acolinearity distributions for di-jet events from data and Monte Carlo is shown in
Figure 4.8.

The agreement is very good, giving confidence that the resolution functions derived
from Monte Carlo describe the detector response.
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Figure 4.5: The dependence of the resolutions in a) ©, b) ¢ and ¢) E on the polar
angle © using ete™ — qq(vy) events. d) shows the dependence of the resolution in © as
function of © for eTe™ — qq(vy) and ete™ — WTW™ separately.

Two dimensional Parametrisation

In order to obtain a proper description of the jet resolution as function of the energy and
the polar angle, two dimensional parametrisations are constructed. These new resolution

functions, denoted as Rg (0O, E), Ry(0, FE) and Rg(0, E) are defined as:
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where = denotes O, ¢ or F and N, is a normalisation factor. To obtain this factor a
two-dimensional fit is performed. This procedure consists of two steps. First, a “grid” of
a 6x6 matrix of the distributions defined in Equation 4.6 with six bins in energy and six
bins in © is created. Each distribution is then fitted as described in the one-dimensional
case. The values obtained for the width in each field of the grid, ¢9"¢(0, E) and its error,
§09"4(O, E), are then used to minimise the quantity

6 Nm Rm @z Rm E.) — grid i, \\2
2 = Z( (©:) gcg .])‘ og"(i, j))
ooz (i, 7)?

1,J z

by varying the normalisation factor /V,. Bin-center corrections were taken into account.
The two-dimensional resolution functions obtained in this way are shown in Fig-
ure 4.9. Their parametrisation in terms of © and E reads:

1.3664 10.861
V10+ E?2 1.0+ E?

Ro(©,E) = 51.726- ( — 0.0022766) X
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Figure 4.8: Aplanarity and acolinearity between two jets for data and Monte Carlo.

(0.22386

~gur +0-0655- O — 0.016299 - ©F — 024935) (4.7)
fl

0.74759 0.484
E) = 46. . — .0094
R4(0, E) 6.500 < oy 00w 398) X
0.018577
(T +0.0095581 - O, — 0.0095483> (4.8)
1l
0.14971 35.5
Ru(©,E) = 8.547- 11176

5(0, E) 8 ( = tiorm )x

<0.033657- CE g)“ + 0.1091) (4.9)

where Oy =0 ifO© < Zand Oy =7-0if O > 7.

Application to the analysis

The parametrisation of the resolution functions is applied in the L3 software which
performs the constrained kinematic fit. With the properly constructed error matrix in
the fitting routine we expect to improve the quality of the fits. A sample of Monte
Carlo events of the process ete”™ — ZH with My = 110 GeV is used. After a loose 4-jet
selection the events are subject of two kinematic fits (see Section 4.3.2) imposing energy
and momentum conservation and, as a fifth constraint, forcing the two di-jet masses to
be equal (first fit) and the invariant mass of the two jets assigned to the Z decay to the
mass of the Z (second fit).

A first check, whether the errors of the jet measurement are properly described, is the
shape of the x? probability, P(x?), distribution of the fits, which is expected to be flat. In
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Figure 4.9: Two-dimensional resolution function parametrisation for ©, ¢ and E.

Figure 4.10 can be seen that the P(x?) distribution obtained with the implementation of
the new parametrisation has a less steep slope than the P(x?) distribution obtained from
the old L3 standard fitting software which is also shown in Figure 4.10. Moreover the
fraction of events in the bin near P(x?) = 0 become less with the new parametrisation.
This enhancement near zero is expected due to the tails in the resolutions not described
by a single Gaussian but also from wrong jet combinations.

The distributions of the invariant mass obtained in the first and second fit is shown
in Figure 4.11.
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Figure 4.10: Probability of 4C (energy and momentum conservation) fit x* and 5C
(4C + additional constraint on the Z boson mass) x? using events of ete™ — ZH. The
center-of-mass energy is 206.6 GeV and the mass of the Higgs boson, My=110 GeV.
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Figure 4.11: Mass for the 5C fit imposing equal mass constraint and Higgs mass after
5C fit with the constraint on the invariant mass of two jets assigned to the Z to be equal
to mass of the Z boson using events of ete~ — Z H. The center-of-mass energy is 206.6

GeV and the mass of the Higgs boson, My=110 GeV.

The same distributions are also shown using the standard software. For both mass
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distributions the new parametrisation of the resolution functions enhances the fraction
of events in the peak region by 3 <+ 5%.

4.3.4 B-tagging

Equation 2.68 shows that the Higgs boson decays predominantly into the heaviest
fermion kinematically allowed. For the Higgs boson mass range covered by LEP the
heaviest fermion is the b-quark (see Figure 2.11). Therefore, one of the most important
analysis steps in the search for Higgs boson is the tagging of b-quarks.

Hadrons containing the b-quark have relatively longer lifetime than many hadrons
containing ¢ or light quarks. Typical lifetimes and decay lengths of the b hadrons and
other particles that can contaminate the sample of b-tags are shown in Table 4.3. At LEP

Particle Lifetime (ps) | Typical boost v | Decay length vGcr (mm)
V5 =912 GeV VS=91.2 GeV

B* 1.65 + 0.04 6 3.0
B 1.56 + 0.04 6 2.8
B 1.54 + 0.07 6 2.8
b baryon 1.22 + 0.05 5.5 2.0
b hadron | 1.564 + 0.014 6 2.8
D* 1.057 + 0.015 12 3.8
DO 0.415 + 0.004 12 1.5
D;t 0.467 + 0.017 11.5 1.6
AE 0.206 4+ 0.012 10 0.6
T lepton 0.291 + 0.02 25.5 2.2
K? 89.27 £+ 0.09 6 160
A° 263 £ 2 2.5 197

Table 4.3: Lifetimes and decay lengths of b hadrons and other particles. The calculation
of the typical boosts assumes that the average energy carried away by the hadron is
< g = Enadron/ Eveam >~ 0.7 for the b hadrons, ~ 0.5 for the ¢ hadrons and ~ 0.07 for
the light flavored hadrons [77]. The row in boldface shows the typical decay lengths to
which an inclusive b-tag, such as the one used in the Higgs searches, would be sensitive.

energies this corresponds to the decay length of a few millimetres which is a resolvable
distance thanks to the TEC and especially, to the SMD sub-detectors. The b-tagging
primarily relies on the decay length information of tracks produced in the collisions. It
can be seen from the Table 4.3 that with the typical decay length of 1 mm c-hadrons
represents the main source of background for b-tagging. On the other hand, the b-
hadrons are characterised by smaller boosts, v, in comparison with hadrons composed
of ¢ quarks. Typical value of the boost for the BY at /s = 91.2 GeV is 6, when for
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the DY this value is 12. Smaller boosts and larger masses of b-hadrons will result in a
larger angles between the direction of the b-hadron flight and momentum vectors of the
decay products. Other hadrons are either very short lived, decaying practically at the
production vertex, or have enough long lifetime to pass through the detector before they
decay. Exceptions are K and A hadrons, with the lifetimes of 7(K) = 89.3 ps and 7(A)
= 263 ps and on average decay at distances of about 150 — 200 mm from the production
point. Identified K,’s and A’s are removed from the list of tracks used in the b-tagging
procedure.

The detailed description of the 1.3 b-tagging technique can be found in References [77,
78]. In this thesis the main principle is highlighted. The first step of the procedure is
the eTe™ interaction primary vertex reconstruction. The primary vertex reconstruction
starts from the average of 200 eTe™ collisions or fill vertex which is a measure of the
position of the LEP beam spot. The procedure of the beam spot size calculation and
the primary vertex coordinates determination is discussed in details in Appendix A. In
the plane perpendicular to the beam direction (i.e., the x — y plane) the beam spot is of
elliptic shape!, and the primary vertex is constrained to the beam spot envelope. The
beam spot position along the beam direction (z - axis), however, is large, o, ~ 7 mm,
compared to the attainable resolution from the tracking information alone and therefore
is not used in the constraint. The next step after the the primary vertex reconstruction is
the determination of the track decay length along the axis of the jet to which it belongs.
The distance between the primary vertex and the crossing point of the track and the jet
axes defines the decay length for the track. This distance is projected onto r—¢ and s—z,
where the s — z plane is defined as the dimension orthogonal to the r — ¢ plane where
the projected helical trajectory of a track in the solenoidal magnetic field traces out a
straight line. The decay lengths in two planes, L., and Lg,, are calculated as illustrated
in Figure 4.12. These are signed quantities: the decay length is positive if the track
crosses the jet axis in the supposed direction of flight; conversely, the decay length is
negative if the crossing takes place in the propagated opposite direction of the jet. Using
decay lengths in two planes L., and Lg, and their error matrix, the weighted average
decay length, L, is formed. The decay length significance, S = L/oy,, are constructed
for different categories of tracks depending on the availability of SMD and Z-chamber
information. Figure 4.13 shows the significance S distribution for the category of tracks
with both SMD hits (two space points) in data taken at center-of-mass energy /s = 91

GeV. The negative side of the distribution is due to finite resolution of the detector.
While for the light quarks the decay length significance distribution is symmetric with
respect to zero, the ¢ quarks distribution has a shift asymmetry to positive values and
the b quarks give rise for the clear excess at the positive side of the distribution.

In the final step of b-tagging, the decay length information for the tracks is com-
bined to form variables characterising the b-quark content of a jet, a hemisphere and a
whole event. The combination uses the probability P(S) that a given track with decay
length significance S has originated from the primary vertex. In order to have a function
describing this probability, the left side of the significance distribution is used, as it cor-

IThe elliptic shape of the beam spot is due to the combine effect of focusing and synchrotron
radiation, which induces a spread of the beam particles momenta.
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Figure 4.12: The definition of the tagging variable in the r — ¢ plane, L, 4 (left) and
in s — z plane, Lg,, (right).

responds to the sample of zero lifetime tracks. These probability functions are different
for different categories of tracks. Values of P;(.S), i = 1, nyqe for all tracks in the event
are combined into P,,.n:s variable. Events with clear lifetime information have values of
P.yents close to zero. The event b-tagging variable is related to P.yenss, as:

DBtag = _log(Pevents)- (410)

The distribution of the discriminant Dp,, for hadronic events in 1999 data at /s = 91

GeV and Monte Carlo for b- , c- and light quarks are shown in Figure 4.14. This Figure
also illustrates the discriminating power of this variable in terms of tagging efficiency
and purity.

To further improve the b-tag performance, a neural network [80] is used. It exploits
in addition to the discriminant above, which is the most powerful variable, information
about possibly reconstructed secondary vertices and their track multiplicity, the invariant
masses at the primary and secondary vertices, momenta of inclusive leptons and jet shape
variables, such as the jet velocity and the sphericity [81]. The neural network output
spectrum for calibration data taken at the Z peak in 1999 can be seen in Figure 4.15.

The tracking and b-tagging performances are tuned using 4 pb~! of calibration data
collected at /s ~ my.
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Chapter 5

Search for the Standard Model
Higgs Boson

In chapter 2 the production and the decay of the Standard Model Higgs boson at
highest LEP energies was discussed in detail. In this thesis the following channels are
investigated:

e HZ — bbqq
e HZ — bbvw
e HZ — bbl*tl~ and HZ — 777 qq .

The first channel is studied by the author of this thesis. For the second channel the
various cross checks of the analysis using control data, are also done by the author. The
principal analysis of the second channel and the other channels, covered by my colleagues
from the Higgs Working Group [82] are presented here for sake of completeness. For
each of these channels a dedicated selection has been performed putting emphasis on
the particular signature of the given final state. With the exception of the HZ — 7t77qq
decay mode, all the analyses are optimised for the H — bb decay. The general analysis
procedure and special analysis techniques are described below.

5.1 Analysis Procedure

All the search channels are analysed in three stages. First, a high multiplicity hadronic
event preselection is applied to reduce the large background from two-photon processes,
while preserving most of the Higgs boson signal. In a second stage, a kinematic fit is
performed which takes into account energy and momentum conservation as well as the
constraint that the jet or lepton pair arising from a Z decay has an invariant mass equal
to mass of the Z boson, my.

At the next step, topological and kinematical variables together with b-tag variables
are used either to construct an event likelihood or fed into a neural network depending
on the search channel, to further discriminate between signal and background events. A

65
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b-tag variable is calculated for each hadronic jet, as described in Section 4.3.4. The event
b-tag variable is then obtained as a combination of the b-tag variable for each hadronic
jet. The b-tagging performance for the high-energy data is verified with samples of
ete™ — qq(v) events [83]. The efficiency for tagging light flavoured hadrons is verified
with WFW~ — qqlv events.

The last part of the analysis is the construction of a final discriminant for each
topology, is described in the Section 5.1.3. It is built from a combination of the event
likelihood, or the neural network output, with the reconstructed Higgs boson mass,
obtained from the kinematic fit. For each Higgs boson mass hypothesis, the final dis-
criminant is computed for the data and for the expected background and signal. The
distributions of the final discriminants are then used to calculate a quantity evaluating
the compatibility of the data with the signal, as described in the Chapter 6.

5.1.1 Preselection

The basic goal of this step is to get rid of obvious background events, significantly reduc-
ing further processing time. Cuts are placed on a set of variables to suppress background
events which are very dissimilar from the signal. Although this is technically the simplest
step, it removes the majority of background events and maintains a very high signal ef-
ficiency for a broad range of possible signals. The set of variables and cut values used
in the preselection stage differs for each search channel and will be discussed in detail
further, for each channel separately.

5.1.2 Cut Optimization

In contrast to the preselection step, where the cuts were chosen “by hand”, this step
meant to simultaneously remove some “human bias” and to choose the optimal set
of cuts that gives the best performance of the analysis. A set of variables, in general
different from the preselection variables, are chosen which have some distinguishing
power between signal and the background events remaining after the first round of cuts.
All the cuts on these variables are independently varied by a computer program that
uses MINUIT [84] to reach the minimum of the minimisation function, discussed below.
When this function is estimated to be near its minimum value, the cut values are noted.

5.1.3 The Final Discriminant

In this step of the analysis, after the selection, the most discriminating variable is used
to evaluate the existence of a signal. In some channels the most discriminating variable
after the applied selection is used as the final discriminant, in some channels several
most discriminating variables are combined to form the final discriminant. For exam-
ple, in the 7177 qq channel, the mass of the tau pair, calculated by constraining the
invariant mass of the two other jets to my, is used as the final discriminant. In four-jet
analysis the final discriminant is constructed as combination of several variables using a
binned likelihood technique [85]: for each event class j = (WW, qq(v) , ZZ,HZ), proba-
bility density functions fj(x;) are derived from Monte Carlo, where x; denotes a certain
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variable,which has discriminating power between the signal class and the background
classes. The probability of an event to belong to the event class j, based solely on the
value of the variable x;, is then defined as

fiba) (5.1)

plxi) = S fi(xi)

where k runs over all classes.

Finally, the individual probabilities are combined into a likelihood. The likelihood
that an event belongs to the signal class Fyyz is given by the following equation:

HipHZ Xj
oy = J05) 5
> Hipk(x)

where k runs over all event classes and i over all variables considered. The denominator
in Equation 5.2 ensures that the value of Fyy lies between zero and one. By including
the mass information, this final discriminant becomes mass dependent and needs to be
recalculated for every Higgs mass hypothesis that is made.

5.1.4 Interpretation of Observed Data

At this stage we have a final discriminating variable and we know its performance on
Monte Carlo. Here we apply the same optimised cuts and build the same final variable
for the collected data. In Chapter 6 we define a confidence level that represents the
consistency between the actual data and a signal in the presence of background. This is
done over the range of possible Higgs boson masses, which represents our “scan” over
the data.

5.2 The HZ — bbqqchannel

The Hqq analysis aims to select events with four jets, two of which contain b hadrons,
while the other two must be consistent with the decay of Z boson. Background from the
Standard Model processes, as we discussed in Section 2.4.3, comes mainly from q final
states with hard gluon radiation, WTW~ and ZZ events, especially those where one of
the Z bosons decays into b quarks.

First, a high multiplicity hadronic preselection is applied, requiring at least 15 tracks
and 50 calorimetric clusters. The energy deposited in the detector, so-called visible en-
ergy E,i, must be greater than 70% and not exceed 125 % of the center-of-mass energy.

Leptonic decays of the bosons from gauge boson pair production are suppressed by
the requirement on the energy of an isolated electron or muon to be less then 40 GeV.
Additionally, events with an isolated photon of more than 20 GeV energy are rejected.
However, it will only work if the photon came into detector, rather than down the beam
line.

In case where a photon is emitted down the beam pipe, or when a neutrino is pro-
duced, there will be less energy left in the detector. Momenta of clusters are defined
considering each of the energy clusters in the detector as a vector with its total energy
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as its magnitude and having the same direction as the cluster’s location relative to the
interaction point. If all the energy is captured in the detector, the energy vectors should
sum to zero. If they do not, one may consider the missing energy vector to be the vector
which needs to be added to make the energy vector sum zero.

The parallel energy imbalance is the component of the missing energy vector along the
beamline, and hence cutting on this variable eliminates much of the radiative return to
the Z events with photons escaping in the beam pipe. We require this quantity to be less
than 20 %. The perpendicular energy imbalance, as the component of the missing energy
vector perpendicular to the beam-line, points to the presence of energetic neutrinos in
the event. We are interested only in the four-jet final state of Hqq, so we cut out these
and other events containing neutrino, requiring the energy imbalance perpendicular to
beam direction be less than 25 %.

Remaining 2-jet events are further suppressed by rejecting events with Y%, < 0.002,
where YT, is the jet resolution parameter for which an event goes from four-jet to three-
jet topology using the DURHAM algorithm. The Y2, parameter can be considered as
a measure of how well the charge tracks and calorimetric clusters are divided into four
jets. The Hqq events are much cleaner four jet events than, for instance, qq events, which
can have two large jets and two small ones due to the gluon radiation.

Additionally, a measure of the angular uniformity of the energy distribution, the
spherocity, defined as follows:

4 (ZipTi)min ?
r_ (2 AT a.nymin
5= (W i | pi | ) (5:3)

where p; is the momentum of the ith detected particle and pr; the transverse momentum
with respect to the direction which minimises Ypr;, is required to be greater then 0.07.
Events from ete™ — qq are usually two-jet events, so the spherocity for these events is
lower than for signal events.

Background originating from two-photon interactions is further suppressed by the
requirement on the cosine of polar angle of event thrust vector, | cos Ot |,}, not to exceed
value of 0.95.

Events passing the preselection are then forced into four-jet topology using the
DURHAM clustering algorithm and a kinematic fit imposing energy-momentum con-
servation is performed. The numbers of expected background events and selected data
events are given in Table 5.1.

After the preselection the most discriminating variables are combined into one dis-
criminant which is then used to select events into the final sample. This discriminant,
Lyyz, is constructed using the binned likelihood technique, introduced in Section 5.1.3.
Two kinds of variables are used to calculate Lyz. These are first topological and kine-
matic event characteristics, presented in Figures 5.1 - 5.2:

IThe Thrust T of an event is:
(EipH,i)max

T = 2
i | pi |

(5.4)

where p; is the momentum of the ith detected particle and p); the parallel component momentum with
respect to the direction which maximises ¥;p) ;. This direction is called Thrust azis.
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Data set (GeV) 204 | 205 | 206 | 207 | 208 | 209
WW 32.9 | 298.1 | 287.0 | 273.7 | 34.7 | 0.42
qq 12.9 | 112.2 | 110.5 | 102.7 | 13.2 | 0.16
77 3.1 ] 283 | 273 | 26.2 | 1.1 | 0.01
Total background | 48.9 | 438.6 | 424.8 | 402.7 | 49.0 | 0.6
Data 60 | 422 | 454 | 419 | 49 0

Table 5.1: Expected number of background events and the number of selected data
events after the preselection. Signal selection efficiency is about 90 % for Higgs boson
masses greater than 95 GeV.

number of tracks, Ntrk : at the present LEP energies the mass difference between
Higgs boson and the gauge bosons Z and W has several observable consequences.
First, a larger mass particle will produce more charged particles as it decays, since
it has more energy to produce the particles from. Thus, the average number of
charged tracks should be higher for HZ than for ZZ or WHW~;

max

maximal jet triplet boost, 77}, : the maximum three-jet boost obtained from the
four possibilities to construct a different one-jet against three-jet constellation in
a four-jet event [86]. For any boson pair production vy, is small as the third jet
comes from the oppositely flying boson and the overall three-jet system is slowed
down. However for the case of QCD where significant fraction of three-jets come
from the same quark leg this is not so small. Thus %5, can be used effectively

triple
for reducing QCD background;

logarithm of jet resolution parameter, In YY), : this variable still has a discriminat-
ing power after being used at the preselection level,

event b-tag : HZ sample according to our selection should always contain at least one
bb pair, so we expect event b-tag to be higher for the signal events. Of the weak
isospin doublets, the W boson is far too light to decay to tb. Its hadronic decays
are thus limited to ¢§ and ud?. On the other hand, the Z decays to bb roughly 15%
of the time [79]. Thus, 28% of ZZ events should contain at least one b.

maximal jet energy difference, AE™** : Four jet events with gluon radiation,
ete” — qqgg tend to have a higher maximum jet energy than real HZ events,
because the gluons will carry off only a small fraction of the total energy, leaving
most of energy in the quark jets. Real four-jet events should divide the center-
of-mass energy more evently into four bits. On the other hand, HZ events should
have a higher minimum jet energy than qqgg events, since the weakest jet in qqgg
is usually due to a gluon and probably contains less than 10% of the full center-of-
mass energy. This makes maximal jet energy difference much smaller for HZ events
than for qqgg events;

2Tt is theoretically possible to produce b quarks from quark-mixing effects in W decays, but this
effect is negligible.
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the sum of the largest and the second largest di-jet boosts among three possi-
ble combinations, yrar3 [86]: this variable is also very useful to control QCD back-
ground;

event sphericity, S , defined as:

3 (Zip%‘,i)min

§="=
2 % | pi?

(5.5)

where p; is the momentum of the ith detected particle. pr; is the transverse mo-
mentum with respect to the direction which minimizes the sum of the squares of
the transverse momenta pr;. The sphericity is close to 0 for “back-to-back” events
and close to 1 for events where the particle momenta are distributed uniformly
over the whole solid angle.

Second, the dijet masses and the cosine of the production polar angle assuming the
production of a pair of bosons, cos ©.p, are exploited. For the scalar Higgs boson pro-
duction this distribution is uniform, while for the vector bosons it is different. This set
of variables mainly controls the gauge boson pair production.

Four jets can be combined to three different dijet pairings. The invariant masses of
both dijet systems are compared with the expectation from the ZZ and WtW~ final
states allowing to identify backgroung from these channels. After the 4C fit for each
of three possible dijet pairings a compatibility with the hypothesis of gauge boson pair
production is tested by considering the following quantities:

Xow = (Zi—2mw)*/ot,, +AY/03R,,.

Xoz = (Ti—2mg)°[od,  +AY/oR (5.6)

where Y; and A; are di-jet mass sum and di-jet mass difference of the i*" pairing. The
quantities os,, yw and oa,, w are the di-jet mass sum and di-jet mass difference reso-
lutions. These resolutions are estimated from Monte Carlo [83] and found to be 4.1 and
10.0 GeV for ZZ events and 4.0 and 6.0 GeV for WTW™ events, respectively. They
are also found to be independent on /s in the range considered in this thesis. The y?
probability, Pog(x?), is then calculated and the jet combination with the best Pyg(x?)
for either ZZ or WHW~ hypothesis is chosen. The distribution of the Pog(x?) is shown
in Figure 5.2. For this di-jet pairing the polar production angle, ©yp, is reconstructed.
Figure 5.3 displays the cosine of polar production angle of the boson.

At the next step, a 5C kinematic fit imposing energy and momentum conservation
and the requirement of equal di-jet masses is performed with all 3 possible permutations
of di-jet combinations.

The combination with the best x? is taken and the invariant mass, Msc, determined.
After this fit, most of the W W~ background peaks at the W boson mass, around 80.41

GeV [79], the background from the Z pair production peaks close to the Z mass, m,
91.187 GeV [79], while the HZ events are mostly located at /s/2, being nicely separated
from background events, as can be seen in Figure 5.3.
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In addition, the compatibility of each event with the probed Higgs boson mass hy-

pothesis is tested by considering the following quantity:

(5.7)
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Figure 5.2: Distributions from the \/s = 207 GeV data and the Higgs boson mass
hypothesis of my=110 GeV, used for the selection likelihood construction: maximal
jet energy difference (top left), the sum of the largest and the second largest di-jet
boosts (top right), the event sphericity (bottom left). The bottom right distribution
corresponds to the logarithm of Pog(x?) for gauge boson pair production and used for

the final discriminant construction.

The resolutions oy, and oa,, are determined from Monte Carlo as functions of the
mass of the Higgs boson for each center-of-mass energy [83]. The typical values for these
resolutions at /s = 207 GeV and the Higgs boson mass hypothesis of 110 GeV are: ~ 3



73

oY

:?t

%

%)
KRR

85
XX,
0203
X
QAL

1 SLRZRHLRILSS

BRI ISR 197! B,
B I IRIIIILIKRRLIKRKY 10 RIS
1 R RRSLRILLLRIILLLRKKS ] R RIILRRHLLKNA]
TRRRS SRS RERKRS LR RAILRLRHLRL RS
10 KRN SRR S GEHRRARHRRLHRIIAXHIILHRK)
R IIRIIIIILLIIIIILKKS 1| ORI LRIIILLIRRS
B s [ BEEsssssssssssssisnss
SRR 1 0 RRIRIILRIILRHLRIRRKN
R R A R A o R AR B SS e s e e s se st eecer cese ol

0 01 0.2 03 04 05 0.6 0.7 08 09 1 20 30 40 S0 60 70 80 90 100 110
cos(0,,) M., M, =M,
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hypothesis of mp=110 GeV, used to construct the Final Discriminant: Cosine of polar
production angle of the boson (left) and the mass from the 5C fit imposing energy
and momentum conservation with the additional constraint on the equal di-jet masses

(right).

for oy, and ~ 16 for oa,,. The jet pairing with the best x? is chosen.

The distributions of the variables used to construct Lyyz, shown in Figures 5.1 - 5.3,
nicely demonstrate the discriminating power, as difference in the shapes of the signal
and the background samples.

Events are selected into the the final sample if the value of Lyy is greater than a
certain threshold, which is optimised for each center-of-mass energy and each Higgs boson
mass hypothesis. After the cut, the selection likelihood Ly still has the discriminating
power and can be used further for the construction of the final discriminant.

From these events now the final discriminant, FDyy, is constructed. At the first step
the events are classified into three categories depending on the ranking of the values of
b tags of the two jets assigned to the Higgs boson. The first category contains events
where none of these jets has the highest b-tag value. The second category is composed of
events where one of these jets has the highest b tag value. The third category contains
events where the two jets assigned to the Higgs boson have the highest b tag values.

The quantity log(P(x%y)), the b-tags of the individual jets and the event category
characteristic are combined to FDgy using the likelihood technique. The distributions
of these variables are shown in Figure 5.4.

Since the Higgs boson mass hypothesis enters the Equation 5.7, the final discriminant,
FDgyz, becomes mass dependent and must be recalculated for each Higgs boson mass
hypothesis. As an example, the final discriminant distribution for a Higgs boson mass
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hypothesis of 110 GeV at /s = 207 GeV is shown in Figure 5.5.
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5.3 The HZ — bbr channel

The HZ — bbuvw search [82] is based on the selection of events with two jets containing
b hadrons, with large missing energy and with missing mass consistent with my. In the
first step of of the analysis, high multiplicity hadronic events are selected and forced into
two jets using the DURHAM algorithm. The di-jet invariant mass must exceed 40 GeV.
These requirements reduce contributions from two-photon interactions, while retaining a
significant fraction of hadronic events from eTe™ — qq(y) and W-pair production. These
backgrounds are then reduced by requiring the visible mass to be less than 140 GeV and
the mass recoiling against the hadronic system to lie between 50 GeV and 130 GeV.

Events from ete™ — qq(y) are further suppressed by requiring the longitudinal
missing energy to be less than 0.6+/s and the missing momentum vector to be at least 16°
away from the beam axis. The energy in the forward luminosity calorimeter is required
to be below 20 GeV. The acolinearity is required to be smaller than 65°. The distribution
of the event b-tag after the above cuts is shown in Figure 5.6. A loose cut requiring the
event b-tag to be larger than 0.5 is then applied, without further significant loss of signal
efficiency. After this set of cuts, there are 123 events in data, while 130 are expected
from the background processes with 4.3 and 1.3 events expected for my = 110 GeV and
my = 115 GeV, respectively.

A kinematic fit imposing four-momentum conservation and requiring the missing
mass to be consistent with my is performed to compute the reconstructed Higgs boson
mass from the two jets. The distributions of the reconstructed Higgs mass and the missing
mass are depicted in Figure 5.7: Then a mass independent neural network [87] is used for
the HZ — bbui analysis, similar to one described in detail in the References [88] and [89].
The output of the neural network is then combined with the reconstructed Higgs mass to
build the final discriminant. In the HZ — bbr# analysis the final discriminant is called
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Figure 5.6: The b-tag distribution for
the events selected in the HZ — bbuvv
search channel. The points represent the

data collected as /s > 206 GeV [82].
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Figure 5.7: Distributions of the reconstructed Higgs mass after applying the 1C kine-
matic fit(left) and the missing mass, reconstructed from the measured quantities (right).
The points represent the data collected as /s > 206 GeV. The open and hatched his-
tograms are the expected backgrounds. The dashed line is the expected Higgs boson
signal with myg = 115 GeV, scaled by a factor of 30 [82)].

Purity, defined in the following way:

Ps. .
Purity = ——2t . (5.8)
Ps,; + B,
PSi,j = PSZ- XPSj X Og,
Pbi,j = Pbi X ij X Oy,

P, = P + Pywi+ Pzz + etc.

3
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where ¢ and j stands for the variables to be included into the final discriminant con-
struction, Ps, ; and B, ; are the probabilities of an event to belong to the signal or to the
background hypothesis, respectively. o4 and o}, are the cross sections for the signal events
and for the corresponding background hypothesis. The probability of event to belong
to the background P, is a composition of probabilities, obtained from the comparison
with the different background classes. Distributions of the neural network output and
the final discriminant are shown in Figure 5.8 compared to the expectation from the

2 E
10 = ]
] 1 s=206 GeV bin t Dua
14 2 N Hwv
] 103 . M=115GeV .
N : | ] all bked
e 10 5
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Figure 5.8: Distributions of the neural network output (left), where the points represent
the data collected as /s > 206 GeV. The open and hatched histograms are the expected
backgrounds. The dashed line is the expected Higgs boson signal with my = 115 GeV,
scaled by a factor of 30. The final discriminant for the same data (right) [82].

Standard Model processes. General agreement between data and the expected contribu-
tion from Standard Model background is observed in all the distributions. At the final
discriminant plot the most significant Hvv candidate is seen at the right, signal-like, side
of the Purity distribution. The signal over background ratio is 0.7 for the Higgs boson
mass hypothesis of 115 GeV.

5.3.1 Cross-checks

The most significant candidate in efe~ — HZ — bbrw channel was recordered by
the L3 detector on the 16th of October 2000. This event was found after the ALEPH
collaboration had reported about an excess of Higgs candidates in the four-jet final
state. For the first time in the history of the SM Higgs searches at LEP an event with
such a high signal over background ratio was found in the channel different from the
four-jet one. That is why this event become a subject of particular interest not only in
the LEP community. The region where this Hvo event is measured, cos @iyt = 0.77,
corresponds to the gap region between the barrel and end-cap calorimeters, filled with
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the lead-scintillating fibre calorimeters (SPACAL), as shown in Figures 3.4 and 4.3. The
event is shown in Figure 5.9 in the y — z projection.

Figure 5.9: The ete™ — HZ — bbvv
event candidate.

In order to be sure that this event is not faked by a detector imperfectness several
variables were studied and compared between data and Monte Carlo samples. The jet
energy measurement in this region of the L3 detector has been extensively studied and
checked. A selection of the two-jet events, similar to the one, discussed in the Chap-
ter 4.3.3 and modified to fulfill the major criteria of Hvv selection has been performed
and several control distributions were then constructed for the data, collected in year
2000, versus the SM prediction. The main point of interest were the energy resolution
and the angular distributions of the two jets in the presence of the large missing mo-
mentum. Figure 5.10 shows the jets energy distribution in the SPACAL region of the L3
detector and the absolute value of the cosine of the jet polar angle 6. The resolution of
the jet energy measurement were studied in the particlar regions of the detector, where
the main cone of the jets are located. The resolution for data and Monte Carlo events
is shown in Figure 4.7.

All these distributions demonstrate a good agreement between data and Monte Carlo,
showing no anomaly for this particular region of the L3 detector. This verifies that in
the transition between the barrel and end-cap calorimeters, the jet energy measurement
is understood and reliable, supporting the weight assignment used in the estimation of
the Higgs boson signal.

5.4 The HZ — bblTl- and HZ — 7777 qq channels

The signatures for the Hete™ and Hu™ i~ processes are a pair of high energy electrons or
muons with an invariant mass compatible with my and two hadronic jets with b quark
content. In H7"7~ events the tau pair invariant mass must be also compatible with
my. For these events, the mass resolution is worse than in the other HI"1™ channels due
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Figure 5.10: The jets energy distribution in the SPACAL region of the L3 detector
and the absolute value of the cosine of the jet polar angle 6.

to the missing neutrinos from the 7 decays. Events with the Higgs decaying into tau
leptons, 7777 qq, have similar signature to the Hrt7~ events, with the difference that
the hadronic jet mass must be compatible with my and that the b-tag content of the
event is reduced.

The analysis [82] requires high multiplicity events. In the Hete™ and Hutp~ anal-
yses two well identified electrons or muons are also required. In the tau analyses, tau
leptons are identified either by their decay into electrons or muons, or as an isolated low-
multiplicity jet with one or three tracks and unit charge. The identified leptons must
have a large opening angle and must be well isolated from the hadronic jets.

For all HIT1™ selections, the invariant mass of the leptons after a kinematic fit im-
posing four-momentum conservation must be consistent with my within a mass range
depending on the mass resolution. In the 777~ qq selection the mass of the two hadronic
jets after kinematic fit must be consistent with my.

After HIt1™ selection, 18 events are observed with 16.7 expected from the back-
ground process and 1.7 or 0.32 signal events expected for myg = 110 GeV or 115 GeV,
respectively. After the 7777 qq selection, 8 events are observed with 7.8 expected from
background and 0.66 or 0.15 signal events expected for my = 110 GeV or 115 GeV, re-
spectively. The distributions of the di-lepton mass and the reconstructed Higgs mass
in the Hete™ and Hu"p~ channels are shown in Figure 5.11. The distributions of the
reconstructed Higgs mass in the Hr*7~ and 7777 q channels are shown in Figure 5.12

In the HIT1™ selection, the di-jet mass after the fit is combined with the b-tag values
of the two jets, to form the final discriminant. For the 77~ qq selection, the mass of the
tau pair, calculated by constraining the invariant mass of the two other jets to mg, is
used as the final discriminant.
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Figure 5.11: Distributions of the di-lepton mass (left) and the reconstructed Higgs
mass in the Hete™ and Hut = channels. The points are data and the open and hatched
histograms are expected backgrounds. The dashed line is the expected Higgs signal with
my = 115 GeV, scaled by a factor of 30 [82)].
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Figure 5.12: Distributions of the reconstructed Higgs mass in the Hrt7~ (left) and
7T77qq (right) channels. The points are data and the open and hatched histograms are
expected backgrounds. The dashed line is the expected Higgs signal with mpy = 115 GeV,
scaled by a factor of 30 [82)].



Chapter 6

Interpretation of the Results

In the previous chapter the analyses and the results of the searches for the Standard
Model Higgs boson were presented. No hint of a signal was found. In this chapter the
results of the individual search channels are combined. As the expected signal is quite
small, a possible deviation from the background expectation may only become apparent
in the combination of all channels.

6.1 The Confidence Level

The method described in Ref. [90,91] is employed to calculate the confidence level that
the signal is absent, allows also to evaluate the presence of a signal. The procedure is
described in the following.

First, a binned likelihood based on Poisson statistics is constructed, using the final
discriminants distributions for the individual search channels at the different center-of-
mass energies discussed above:

e T € B (550 4 by ) Nk

L(s+Db) = 1;[ 1;[ 1;[ N, : (6.1)

Here, k = 1..] runs over all investigated centre-of-mass energies, 7 = 1..n; over the search
channels and ¢ = 1..my; over the bins of the distribution of a given channel j at the
center-of-mass energy k. The variables s;;i, bijr and N;j, represent the expected signall,
the expected background and the number of observed candidates for the individual
analyses, respectively. The total number of expected signal events, s, is given by:

s = Z Z Z Sijk- (6.2)

The background and signal expectations, b;;;, and s;;, are fixed to their Monte Carlo
predictions. Then we consider two hypotheses: the background-only hypothesis, which

LAt this point, we take advantage of the fact that the Standard Model predicts the signal cross
section as a function of the Higgs boson mass.

81



82 6.1 The Confidence Level

assumes no Higgs boson to be present in the mass range investigated, and the sig-
nal+background hypothesis, where a Higgs boson is assumed to be produced.

A global quantity, -2InQ), allowing to classify the experimental result between the
background-like and signal 4+ background-like situations is then constructed in a follow-
ing way:

L(s+b)

—2InQ =—-2In £(0)

(6.3)

which can be written as:

N

—2InQ =2 (S—Zniln(1+%)> (6.4)
i=1 i

where now i stands for the i-th bin of the final discriminant of each search channel and

each center-of-mass energy, n;,s; and b; are the number of observed events, of expected

signal and of expected background, respectively. N is the total number of observed events,

S corresponds to the total number of signal events expected.

To set the scale for -2InQ, a large number of Monte Carlo experiments is generated,
separately for the background-only and signal+background hypotheses, and separately
for each myg. The test-statistics, derived in the following way takes into account ex-
perimental details such as detection efficiencies, signal-to-background ratios, resolution
functions, and provides a single value for a given model hypothesis (e.g., the test-mass
my in the Standard Model). The resulting distributions of -2InQ(my) are normalised
to become a probability density functions, and integrated to form the confidence levels
CLy(mp) and CLgyp(mp). The integration starts in both cases from the background-like
end and runs up to the experimental result -2InQppserveq; thus CLy(my) and CLg,y, (my)
express the probabilities that the outcome of an experiment is more background-like
or less signal+background-like, respectively, than the outcome obtained from data. The
calculation of confidence levels is illustrated in Figure 6.1.

When performing a search with small expected signal rates, it may happen that the
observed number of candidates is far below the expected background level. In such cases
the limit may extend beyond the range of sensitivity of the search. To prevent apriori
such unphysical, but formally valid, results from occurring, we consider the ratio:

CLs+b
CLs =
CLy,

(6.5)

as a conservative approximation to the signal confidence obtained in the absence of
background. The 95% CL lower limit for the SM Higgs boson mass is defined here as
the lowest value of the test mass my which yields CLg(my) = 0.05.

The quantity 1 — CL,, is an indicator for a possible signal: a SM Higgs boson with
true mass mgy would produce a pronounced drop in this quantity for myg ~ mg. Values of
1—CL, <5.7%x1077(1 — CLy, < 2.7 x 1073) would indicate a 50 (30) discovery. Back-
ground fluctuations may also produce such a drop, allowing for some my a “discovery”
beneath the expected experimental sensitivity. In analogy to the definition of CLg, an

additional quantity:
1 —CLy
1-CLy) =—1— 6.6
(1= CL = g (6.6)
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Figure 6.1: An example of the probability distributions for the test statistic -2InQ)
for background-only and signal+background gedanken experiments. This defines the
confidences C'Ly, C'Lgyy, and CLy.

is defined to incorporate information about signal sensitivity into the discovery estimator.

The above test-statistic makes the most efficient use of the information available in
a search result in a manner similar to the way the concept of maximum likelihood gives
the most efficient estimators of parameters in a measurement.

If values of -2InQupserved (and thus the integration bounds) are obtained by sub-
stituting data with the Monte Carlo simulations of the real experiment, the average
expected confidence levels < 1 — CL, > and < CLg > are obtained. Of particular in-
terest are < 1 — CLy, > from simulated signal + background experiments and < CLg >
from simulated background — only experiments, since these indicate the expected ranges
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of sensitivity of the available data set for discovery and exclusion, respectively.

6.2 Combining All Search Channels

After the selection described in the previous Chapter, only events in bins of the final
discriminant with s/b > 0.05 are retained. The number of selected events in all the search
channels are shown in Table 6.2 for the data, the background and the Higgs signal for

Vs =203 —209 GeV Mass hypothesis

myg = 110 GeV | myg = 115 GeV
Selection Np N Ng | Np N Ng
Hqq 19 515 11.7] 12 94 L8
Hvo 13 10.7 3.3 5) 3.3 0.66
Hete™ 0 066 058 0 038 0.14
Hyut 0 038 045| 0 026 0.11
Hrtr™ 0 053 019 1 0.14 0.03
17 qq 3 23 051 0 0.84 0.15
Total 65 66.1 16.7| 18 143 2.9

Table 6.1: The number of observed candidates (Np), expected background (Ng) and
expected signal (Ng) events for the data collected by L3 in the year 2000, after a cut on
the final discriminant corresponding to a signal-to-background ratio greater than 0.05.
This cut is also used to calculate the confidence levels.

two Higgs boson mass hypotheses: my = 110 GeV and my = 115 GeV. The number of
signal events includes cross-efficiencies from other channels, fusion processes and charm
and gluonic Higgs decays.

Figure 6.2 shows the observed -2InQQ compared to the expectation for the
“background-only” and the “signal-background” hypothesis, as a function of the Higgs
boson mass, my, for each of the search channels. An observed value of -2InQ larger than
the median 2 expected value for the background indicates a deficit of events with respect
to the expected background while an observed -2In(Q) value below the median expected
background value indicates an excess. Good agreement between the observation and the
expected background is observed in most channels within one standard deviation from
the background expectation. A slight excess of events above one standard deviation from
the background is observed in the Hrv search channel for my above 100 GeV. The ob-
served and expected log-likelihood ratio -2In(Q for all channels combined as a function
of my is shown in Figure 6.3.

The most significant candidate for my = 115 GeV is a Hvv event. It has a recon-
structed Higgs boson mass of 115 GeV and it was recorded at /s=206.4 GeV. The
kinematic properties of this event were described in detail in Reference [92].

?median is the “middle” of the probability distribution, when half of the probability lies above and
half lies below this value.
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Figure 6.2: The log-likelihood ratio, -2InQ), as a function of the Higgs mass hypothesis,
my, for the search channels a) Hqq, b) Hvv [82], ¢) HIT1™ [82] and d)rt7 qq [82].
The solid line shows the observed -2In(). The dashed line shows the expected median
value of -2InQ for the “background-only” hypothesis. The dark and the light shaded
bands show the 68% and 95% probability intervals centered on the background expected
median value. The dotted line is the median expected value for the “signal+background”
hypothesis.

6.3 The Statistical and Systematic Uncertainties

The statistical and systematic uncertainties on the signal and background expectations
are included in the calculations of the combined confidence levels. Statistical uncer-
tainties on the background and signal predictions, arising from the finite number of
generated Monte Carlo events, are evaluated to be up to 8% for the background and 4%
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Figure 6.3: The log-likelihood ratio, -2InQ), as a function of the Higgs boson mass
hypothesis, my, for all the search channels combined. The solid line shows the observed
-2InQ). The dashed line shows the expected median value of -2In(Q) for the “background-
only” hypothesis. The dark and light shaded bands show the 68% and 95% probability
intervals centered on the background expected median value. The dotted line is the
median expected value for the ‘“signal+4background” hypothesis [82].

for the signal. The systematic uncertainties are derived using a similar procedure to the
one adopted in previous Standard Model Higgs searches [93]. The following sources of
systematic errors are considered:

Energy Scale: A global energy shift of £2% corresponding to the maximal error in the
calibration method [94] was applied leading to the uncertainty on the number of
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background events from 3% to 10% above and beyond the HZ kinematic threshold.
The uncertainty on the number of signal events varies from 2% to 3% above and
beyond the HZ kinematic threshold.

Background Normalisation: Following the suggestion of the LEP ZZ working group,
the following uncertainties on the background cross section are assumed: 2% on
WW and 5% on qqvy, ZZ and Zee.

Simulation of Selection Variables: The systematics effects potentially originat-
ing from event selection variables are estimated with the event reweighting
method [95]. For each variable a weight depending on the value of the variable
is introduced to bring the simulated distribution in agreement with distribution
observed in data. The corrections to the estimated background and signal are then
determined and added in quadrature for all variables. This results into an un-
certainty on the number of background events between 1% and 10% and on the
number of signal events between 2% and 5% above and beyond the HZ kinematic

threshold.
Luminosity Error: The relative uncertainty in the luminosity measurement is 0.3%.

Theoretical Signal Uncertainty: Theoretical error on the Higgs boson production
cross section due to uncertainties in my and ag [96], amounts to ~ 0.1%. Theoretical
error on the Higgs boson decay branching fractions constitutes 1% [97].

B-tag Related Systematics: The systematic effect due to b-tagging is studied using
independent reference samples as described in Section 4.3.4. Good agreement be-
tween data and Monte Carlo is found in the spectrum of the jet b-tag variable and
the related systematic error is estimated to be negligible.

Overall Systematic Uncertainty: Assuming that systematic errors from different
sources are uncorrelated total systematic uncertainties are estimated to range from
6% to 15% on the number of background events and from 3% to 6% on the number
of signal events above and beyond the HZ kinematic threshold.

The statistical uncertainty is uncorrelated from bin to bin in the final discriminant
distributions and has little effect on the confidence level. Bins of the final discriminant
distributions with a s/b ratio below 0.05 are not considered in the calculation of the
confidence levels, as they degrade the search sensitivity once systematic uncertainties
are included in the calculation.

6.4 Mass Limit

The confidence level for the “background-only” hypothesis 1 — CLy, and the confidence
level for the signal hypothesis CLg as a function of my are shown in Figure 6.4. The results
of the L3 Standard Model Higgs boson searches at lower center-of-mass energies [93,98]
are included in the calculation of these confidence levels. Values of my below 107 GeV
are excluded in the Standard Model with a confidence level greater than 99.5%.
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Figure 6.4: a) The background confidence level 1 — CLy, and b) the signal confidence
level, CLg, as a function of the Higgs boson mass hypothesis, my, for all the search
channels combined. The data collected at 189 < /s < 202 GeV [98] are also included
in the combination. The solid line shows the observed value. The dashed line shows the
median expected value in a large number of simulated “background—only” experiments.
The dark and light shaded bands show the expected 68% and 95% probability intervals
centered on the background expected median value. The observed lower limit on the
Higgs boson mass is set at 112.0 GeV, with an expected median value of 112.4 GeV, at
the 95% confidence level [82].

The observed lower limit® on my is 112.0 GeV at the 95% confidence level, for an
expected lower limit of 112.4 GeV. This value improves upon and supersedes previously
published limit [98]. For my = 112.0 GeV, where CLy is 5%, the background probability
1 — CLy, is 40%. For my = 115 GeV, the background probability is 32%. The previously
published background probability estimates [98] are consistent with the final result pre-
sented here, given in the size of the uncertainties affecting the signal and background
estimate in the vicinity of the kinematic limit.

6.5 The LEP-wide combination

The combination of the results from the four LEP experiments [99] has been done in
the same way as described above. Figure 6.5 shows the quantity —21n Q) as a function of
the test-mass for the present combination of LEP data. The expected curves and their
spreads are obtained by replacing the observed data configuration by a large number of
simulated event configurations.

3This limit was obtained using the published version of four-jet analysis. The observed lower limit
on the Higgs boson mass my for the combination, made with the analysis performed by the author and
described in this thesis is 112.3 GeV.
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Figure 6.5: Observed and expected behaviour of the likelihood ratio —2In(Q as a
function of the test-mass my, obtained by combining the data of all four experiments.
The solid line represents the observation; the dashed/dash-dotted lines show the median
background(signal+4background) expectations. The dark(light) shaded bands around the
background expectation represent the £1(42) standard deviation spread of the back-
ground expectation obtained from a large number of background experiments. The dot-
ted line is the result of a test where the signal from a 115 GeV Higgs boson has been
added to the background and propagated through the likelihood ratio calculation [99)].

There is a minimum in the observed —21InQ at my = 115.6 GeV (maximum of the
likelihood ratio Q) indicating a deviation from the background hypothesis. The minimum
coincides with the signal+background expectation for the same test-mass. The value of
—2InQ at myg = 115.6 GeV is —2.88.

Another feature in Figure 6.5 is a persistent tail in the observation towards lower
test-masses where the observed curve stays away from the prediction for background.
This is interpreted as being due to a large extent to the experimental resolution. A test
has been performed where the signal expected from a 115 GeV Higgs boson was injected
in the background simulation and propagated through the likelihood ratio calculation at
each my value. Although the resulting curve (dotted line) reproduces the main feature
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of the observed tail*, a local excess of events due to statistical fluctuations can also
contribute to the tail [100].
In Figure 6.6 the likelihood test is applied to subsets of the data, from individual
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Figure 6.6: Observed and expected behaviour of the test statistic (—21n Q) as a func-
tion of the test-mass my obtained when the combination procedure is applied to the
data sets from single experiments [99] (see Figure 6.5 for the notations).

experiments and final-state topologies. In the vicinity of myg = 115 GeV, the signal-like
behaviour only originates from the ALEPH data and is concentrated in the four-jet
final state. One should note that none of the four experiments, taken separately, have
the statistical power to distinguish between the background and the signal+background
hypotheses at the level of two standard deviations for a test mass of 115 GeV (see the
intersection of the signal+background curve with the lower edge of the light-shaded
bands). Among the final-state topologies, only the LEP combined four-jet channel is
sufficiently powerful to do so.

4For a Higgs mass of 115.6 GeV, the outcome would follow closely the dotted curve, slightly dis-
placed, so that its minimum coincides with the signal+background expectation (dash-dotted curve) at
my = 115.6 GeV.
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6.5.1 Contributions from single events

The likelihood ratio —21In @ is built up from individual event weights In(1 + s/b). The
20 candidates with the highest weights at my = 115 GeV are listed in Table 6.2. Some
of these candidates are discussed in detail in Ref’s [101], [92], [93], [102] and [103]. For

| | Expt E.,, Decay channel | m}° (GeV) In(1+ s/b) @115 GeV |

1 | Aleph 206.7 Hqq 114.3 1.73
2 | Aleph  206.7 Hoq 112.9 1.21
3 | Aleph  206.5 Hqq 110.0 0.64
4 | L3 206.4 Hvo 115.0 0.53
5 | Opal  206.6 Hqq 110.7 0.53
6 | Delphi 206.7 Hqq 114.3 0.49
7 | Aleph  205.0 Lept 118.1 0.47
8 | Aleph  208.1 Tau 115.4 0.41
9 | Aleph  206.5 Hqq 114.5 0.40
10 | Opal  205.4 Hqq 112.6 0.40
11 | Delphi 206.7 Hqq 97.2 0.36
12 | L3 206.4 Hqq 108.3 0.31
13 | Aleph  206.5 Hoq 114.4 0.27
14 | Aleph  207.6 Hqqg 103.0 0.26
15 | Opal 205.4 Hvo 104.0 0.25
16 | Aleph  206.5 Hqq 110.2 0.22
17 | L3 206.4 Hvo 110.1 0.21
18 | Opal 206.4 Hvo 112.1 0.20
19 | Delphi  206.7 Hqq 110.1 0.20
20 | L3 206.4 Hvo 110.1 0.18

Table 6.2: Properties of the 20 candidates contributing with the highest weight
In(1+s/b) to —2InQ at myg = 115 GeV. The experiment, center-of-mass energy, de-
cay channel, the reconstructed mass and the weight at my = 115 GeV are listed. This
list is obtained requiring s/b > 0.2 or In (1 + s/b) > 0.18 at my = 115 GeV. The corre-
sponding expected signal and background rates are 8.8 and 16.5 events, respectively [99].

the events of each experiment with the highest weight at my = 115 GeV, the evolution
of In(1+ s/b) with test-mass is shown in Figure 6.7. Due to the experimental resolution,
candidate events with a given reconstructed mass are seen to have sizeable weights for
a range of test-masses, with the maximum weight being for test-masses close to the
reconstructed mass.

The distribution of event weights for the test-mass fixed at myg = 115.6 GeV is shown
in the upper part of Figure 6.8 (log,, s/b is plotted for better visibility). For the purpose
of this figure, a cut at s/b > 0.01 has been applied. The upper right plot shows the
integrals of these distributions, starting from high values of s/b. The data prefer slightly
the signal+background hypothesis over the background hypothesis although the separa-
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Figure 6.7: Evolution of the event weight In(1+ s/b) with test-mass my, for the events
with the largest contributions to —21In() at my = 115 GeV. The labels correspond to
the numbering in the first column of Table 6.2 [99)].

tion is weak. The two plots in the lower part show the corresponding distributions for a
test-mass chosen arbitrarily at my = 110 GeV. The data show clear preference for the
background hypothesis in this case.

6.5.2 Bounds for the Higgs boson mass and coupling

The ratio CLg as a function of the test-mass, shown in Figure 6.9, is used to derive a lower
bound for the SM Higgs boson mass [104]. The test-mass corresponding to C'Ls = 0.05
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Figure 6.8: Left hand side: expected and observed distributions of log0s/b for a test-
mass of my = 115.6 GeV (upper part) and 110 GeV (lower part). White/shaded his-
tograms: expected distributions for the background/signal; points with error bars are
data. Right hand side: the integrals, from right to left, of the distributions shown
in the plots on the left hand side. Dash-dotted/dotted lines: expected for back-
ground /signal+background [99)].

defines the lower bound at the 95% confidence level. The expected and observed lower
bounds obtained for the SM Higgs boson mass are listed in Table 6.3. The current lower
bound from LEP is 114.1 GeV at the 95% confidence level. There is an excess which can
be interpreted as production of a Standard Model Higgs boson with a mass higher than
the quoted limit. It is concentrated mainly in the data sets with centre-of-mass energies
higher than 206 GeV. The likelihood test designates 115.6 GeV as the preferred mass.
The probability for a fluctuation of the Standard Model background is 3.4%. This effect
is mainly driven by the ALEPH data and the four-jet final state.
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Figure 6.9: Confidence level CLg for the signal+background hypothesis. Solid line:
observation; dashed line: median background expectation. The dark/light shaded bands
around the median expected line correspond to the +1/42 standard deviation spreads
from a large number of background experiments [99)].

| Expected limit (GeV) Observed limit (GeV) |

ALEPH 114.2 111.5
DELPHI 113.5 114.3
L3 112.4 112.0
OPAL 112.6 109.4
| LEP | 115.4 114.1 |

Table 6.3: Expected (median) and observed 95% CL lower bounds on the SM Higgs
boson mass, for the individual experiments and for all LEP data combined [99].



Chapter 7

Measurement of the Cross Section
of eTe™ — 77

Resonant ZZ production is an important process to be studied at LEP as it offers
a further test of the Standard Model of the electroweak interactions in the neutral
gauge boson sector at energies never attained before. Measurements of the cross section
differing from the expectations of the SM could signal the existence of new physics.
In the Standard Model a pair of Z bosons can be produced via exchange of a virtual
electron in the t-channel, as depicted in Figure 7.2 (conversion). Contributions from
triple neutral gauge boson couplings are forbidden in the SM. A measurement of these
couplings different from zero would indicate new physics phenomena. Therefore, a search
for anomalous triple neutral gauge boson couplings is performed.

The most general ZZV vertex (V = Z or 7, where the V subscript corresponds to an
anomalous coupling ZZV) for on-shell Z’s, shown in Figure 7.1 is given by [105]:

Zo(q1)

Vu(P) Figure 7.1: The most general Feynman
graph for the anomalous ZZV vertex.
Z5(q2)
2
a S — 1y . a a : o
Loz (ai, a2, P) = 2 . [l 17V (g PPghe) if 7V e gy — %)p} - (7.1)
z

The vertex function vanishes at s = m3, because of gauge invariance for V=v, and Bose
symmetry for V = Z. The interactions come from dimension-six operators. CP invariance
forbids a non-zero f#%V and parity conservation requires fZ2V = (. If at least one of
the final Z bosons are off-shell, five other couplings are possible. They are, however,
proportional to q*> — m%. Assuming on-shell production of a pair of Z bosons, only four
couplings fVi may be different from zero. At tree level these couplings are zero in the

Standard Model.

95
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Furthermore, resonant ZZ production constitute an irreducible background for the
search of the Standard Model Higgs boson.

The experimental investigation of the Z pair-production is made difficult by its rather
low cross section in comparison with competing two- and four-fermion processes. Apart
from W pair production, the most severe backgrounds comes from QCD processes.

The measurement of the cross section for the particular case of Z pair-production
and decay into at least one b quark pair is also performed.

7.1 Data and Monte Carlo samples

The data were collected in the year 2000 by the L3 detector at LEP at the centre-of-mass
energies of 200, 202, 204, 205, 206, 207, 208 and 209 GeV, and amount to an integrated
luminosity of 217 pb~!. For this analysis data at the center-of-mass energies less than
205.5 GeV and greater than 205.5 GeV are put together and denoted as 205 GeV and
207 GeV data, respectively, hereafter. The corresponding integrated luminosities are: 78
pb~! at 205 GeV and 139 pb~! at 207 GeV.

The EXCALIBUR [41] Monte Carlo is used to generate events belonging to both the
signal and the background neutral-current four-fermion processes.

Background from fermion-pair production is modelled using KK2f [38] for ete™ —
qq(y) , KORALZ 4.02 [106] for efe”™ — ptu=(y) and ete” — 7777 (y) and BH-
WIDE [107] for ete™ — ete (). Background from charged-current four-fermion pro-
cesses is generated with EXCALIBUR for ev.qq and [Tyl 7 with 1 = e, u, 7 and
KORALW 1.21 [40] for on-shell W pair-production. Contributions from two photon
processes are modelled by PHOJET [37] for efe” — ete qq and DIAG36 [108] for
ete” —efe 1M1,

The L3 detector response is simulated using the GEANT program [62], which takes
into account the effects of energy loss, multiple scattering and showering in the detector.
Time dependent detector inefficiencies, as monitored during data taking period, are
reproduced in simulations.

7.2 Signal Definition

Other neutral and charged current reactions can also result in a four fermion final state
not distinguishable from ZZ — fff’f’, the signal definition needs therefore some expla-
nation. The ZZ signal is defined using ete™ — fff’f’ events generated with the EX-
CALIBUR Monte Carlo event generator which takes all possible interference diagrams
between initial and final state fermions from the several production mechanisms, as de-
picted in Figure 7.2, into account. Phase space cuts on the generator level are applied
to define the region where both Z bosons are produced on-shell. The masses of the gen-
erated fermion pairs with the same flavour in the final state, M(fif;) and M(f;f;), are
required to be in the range between 70 and 105 GeV as shown in Figure 7.3 [109].

In the final states with four fermions of the same flavour, it is required that, at least
for one of the two possible fermion pair combinations this requirement on the invariant
mass of the fermion pair is fulfilled. The final states utidd and c¢s3 can also result from
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Figure 7.2: Topologies Feynman diagrams for the ete™ — fff'f’ process. The curly
lines represent any allowed gauge boson (B =+, Z°, By, By, Bs = Z°, v, W¥*).

the process eTe™ — WTW~. To minimise the contribution of such events the masses of
the fermion pairs susceptible to come from W decay are required to be either smaller
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than 75 GeV or larger than 85 GeV, as demonstrated in Figure 7.4 [109].
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Events with electrons in the final state are rejected if | cos 6, |> 0.95, where 0, is the
electron polar angle. With these generator cuts the resulting cross sections for the ZZ
signal for 207 GeV center-of-mass energy are given in Table 7.1.

Events which did not fulfil the signal definition criteria are considered as background
and denoted as non-ZZ background hereafter.

7.3 Analysis Procedure

All visible final states of the Z pair decay are investigated with criteria similar to the
Higgs boson analysis, described in detail in Chapter 5, but modified to follow the different
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77 — o(pb) || ZZ — o(pb) || ZZ — o(pb) || ZZ — o(pb)
utui 0.01845 || uadd 0.03448 || utice 0.03084

LS 0.03901 || utibb 0.03901 || dddd 0.02553

ddce 0.03901 || ddss 0.04923 || ddbb 0.04923 || ¥ qiqiq;q; | 0.51702
ccce 0.01845 || ccss 0.03448 || ccbb 0.03901

S558 0.02553 || ssbb 0.04923 || bbbb 0.02553

UV, 0.01792 || uuv,w, 0.01687 || uuv, v, 0.01687

ddv,z, 0.02264 || ddv,, 0.02133 || ddv, i, 0.02133

CCleTe 0.01792 | ccv,, 0.01687 || cev, 7, 0.01687 || S qiqsi; | 0.29922
SSVeVe 0.02264 | ssv v, 0.02133 || ssv, v, 0.02133

bbv7, 0.02264 || bbv,v, 0.02133 || bbu, 7, 0.02133

utiete~ 0.00979 || wap™p~ 0.00900 || uart7— 0.00900

ddete” 0.01207 || ddutp~ 0.01136 || ddr*7- 0.01136

ccete” 0.00979 || ceptp~ 0.00900 || cer 1~ 0.00900 | > Gl L | 0.15995
ssete” 0.01207 || ssptp~ 0.01136 || sSTT7~ 0.01136

bbete™ 0.01207 || bbu*p~ 0.01136 || bbr 7~ 0.01136

ete Vel 0.00497 || ete v, | 0.00521 || ete v i | 0.00521

W vee | 0.00521 || gt v,p, | 0.00430 || ptpoveny | 0.00492 || S vz | 0.04425
T T Vel 0.00521 || 7t7 v, | 0.00492 || 7t7 v, | 0.00430

ete"ete” | 0.00251 || ete ™ | 0.00316 || ete 777~ | 0.00316

phrpptpe 1 0.00199 || ptprtr [ 0.00262 || 7ot | 0.00199 | Y IITLLT | 0.01543

Table 7.1: Cross sections calculated with EXCALIBUR for the ZZ signal at 206.80 GeV
center—-of-mass energy. Total cross section is 1.079 pb. agy = 0.119 is included for the
vertex correction, but not for QCD background.

characteristics of the signal topology, which manifests e.g. in a larger boost of the Z
bosons since the Higgs boson is expected to be heavier. All selections are based on the
identification of two fermion pairs each with a mass close to the Z boson mass. The
fully hadronic channel is studied by the author of this thesis and the other channels
covered by my colleagues from the ZZ Working Group [110] are presented here for sake
of completeness.

7.3.1 The ZZ — qqq'q Channel

The selection of ete™ — ZZ — qqq'q’ [111] has to cope with the large QCD and W pair
production backgrounds. As for HZ final state, there are four-jet background processes
with larger cross section, like efe™ — WTW™ or ete™ — qqgg. First, to retain the
majority of boson pair production events and remove a large fraction of background
events arising from radiative return to Z, events from two photon processes, Zete™ and
W and Z leptonic and semi-leptonic decays, a preselection of high-multiplicity hadronic
events with large visible energy and small missing energy is applied. At least 20 good
tracks and 50 calorimetric clusters are required. The visible energy must not exceed 135%
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and be greater than 75% of the centre-of-mass energy. Events must be well balanced, so
the energy imbalance perpendicular to the beam direction must be less than 20% and the
energy imbalance parallel to the beam energy must not exceed 26% of the visible energy.
No identified electron or muon with an energy above 40 GeV in the event is required to
suppress W pair production with one of the bosons decaying leptonically. In addition,
events with an isolated photon of more than 25 GeV energy are rejected. The events
passing this preselection are forced to four jets using the DURHAM algorithm [75] and
then a constrained fit imposing four-momentum conservation is performed to improve
the di-jet mass resolution.

The ZZ events from the signal MC selected and the contribution from ete™ —
WHW~ and efe™ — qq(y) Monte Carlo simulations along with the number of events
selected in data are given in Table 7.2.

data set (GeV) 205 207

77 33.5 61.2

non — 27 5.1 11.7
WHW- 389.6 646.8
qq(y) 127.9 277.0
Total background 522.5 935.5
Total expected 556.0 996.7
Data 550 1047

Table 7.2: Expected number of signal and background events and the number of selected
data events after preselection. Signal efficiencies are larger than 80% for each of the data
sets.

After the preselection the four jets are combined to three different di-jet pairings.
For each of the three di-jet pairing the compatibility with the the hypothesis of Z pair
production is tested by considering the quantity:

Xoz = (55 — 2my)° /0% + Al/oR |

where ¥; and A; are di-jet mass sum and di-jet mass difference of the i pairing and the
quantities oy, and oa,, are the di-jet mass sum and di-jet mass difference resolutions,
estimated from Monte Carlo. The pairing with the smallest value of x%, is chosen. For
this pairing the sum of the invariant masses of the di-jet systems EM%M?; is shown in
Figure 7.5. Only events with EM?}M% above 165 GeV are accepted to suppress a large
part of the W-pair production.

At the next step the invariant masses of the di-jet systems are compared to the
expectation from the WTW~ final states allowing to identify background from this
channel. The quantity x3y is constructed in a same way as x%, but with respect to the
W boson mass. The corresponding EM}’%IM}’? is calculated.

The most discriminating variables are combined into one discriminant using the
binned likelihood technique [85]. Eleven variables are used to calculate the likelihood
Lzz (description of the most of the variables can be found in the Higgs searches section,
in Chapter 5):
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e event sphericity, S,
e maximal jet triplet boost, Viiple,
e maximal jet energy, El

jet

e maximal jet boost, y11,
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e maximal jet energy difference between any two jets, AEZ™,

e opening angle between most and least energetic jets, Oninmax;

e Mass from the 5C fit with M; = M,, M>°

eq

e Cosine of polar angle of the event thrust vector, cos Ot
e logarithm of the jet resolution parameter, Y2,

* X7,

* Xivw

The distribution of the Mg’g , 108 Y34, Viriple; — log Probx?,, Eiei™, cos O for the events
selected as ZZ — qqq'q for the 207 GeV energy bin compared to the expectation for the
Standard Model processes, are shown in Figure 7.6 and Figure 7.7.

As it has been discussed in detail in Chapter 5.1.3, for the construction of this
discriminant each process is considered as the separate event class k (k runs over
ZZ,non — ZZ,WTW~ and qq(y) final states). For each of variables x; which has dis-
criminating power between the signal and the background a probability density function
f¥(x;) is derived from Monte Carlo. Then the probability of an event to belong to the
event class k, based solely on the value of the variable x;, is calculated. Finally, the
individual probabilities are combined into a likelihood. The likelihood Lyz for both 205
GeV and 207 GeV energy bins is shown in Figure 7.8.

Events are selected into the final sample if the value of Ly exceeds a certain threshold

which is optimised to minimise the expected error on the cross section ratio, X = %;l;j
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The cut optimization procedure will be discussed later, after introducing the final dis-
criminant construction.

The ZZ candidates selected and the contribution from ete™ — WTW~ and ete™ —
qq(y) Monte Carlo simulations along with the number of events selected in data are
given in Table 7.3.

From these events the final discriminant is constructed in two steps. In the first
step event characteristics without a b-tag information are used yielding a flavour blind



104 7.3 Analysis Procedure

vS = 207 GeV

VS = 205 GeV
10%

HEE -

Events

v
RIS o IX

o AISALISIKLLKKK PSRRI

oo ARISERIILIIELIKS TERSIRIEE
T IR SO = (020 %% te e %0 %0220
S TRRILIKRLIIRIIELLS, 7Y 0 IRRIRLIERLIEES

S RIRLIIRIIRIIKLIKEKLE, K RSTITTIIKLIELKE

B0 020200202202 20202 20 %0 Y0t tetetetetote e A R SRS

R I RIIIIILL KKK SEXLLIIBILLIIIEK
IR ERRIIRLIIERLIIEELS, 255K
0 01 02 03 04 05 0.6 0.7 08 09 1 0 01 02 03 04 05 0.6 0.7 0.8 09 1

Likelihood Likelihood

Figure 7.8: The Likelihood Lyy distribution for the signal and different background
sources for the 205 GeV energy bin (left) and for 207 GeV energy bin (right).

measurement. The logarithm of the selection likelihood after applying the cut, log(Lyzz),
Yyzi gz, the logarithm of jet resolution parameter, YIAPE and the event thrust are
combined into the final discriminant for the flavour-blind approach. In the second step
the two highest jet b tags in the event were added to the set of variables to form the
final discriminant for the b-sensitive measurement. Distributions of some of the variables
used to construct the final discriminants are shown as an example in Figure 7.9.

The final discriminants for 205 GeV and 207 GeV energy bins in the flavour-blind
measurement are shown in the Figure 7.10. Figure 7.11 shows the final discriminant
distributions for the b-sensitive case.

data set (GeV) 205 207
YA 25.0 46.7
non — 27 1.36 2.9
WHWw- 105.4 184.7
qq(y) 36.23 72.3
Total background 143.0 259.9
Total expected 168.0 306.6
Data 165 301

Table 7.3: Expected number of signal and background events and the number of selected
data events after the final selection. Signal efficiencies are above 60% for each of the data

sets.
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7.3.2 Cut Optimization

The cut optimisation procedure aims to maximise the performance of the analysis. The
measure of the performance is the expected error on the cross section. Hence a procedure
is invented to obtain the cut value on Lyz which result in the minimum of the expected
error. For each final discriminant one million “gedanken experiments” have been per-
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formed, simulating the data content in each bin according to a Poissonian distribution
given by the Standard Model signal and background expectations. In each experiment
the value of cross section ratio X was calculated using the binned log-likelihood fit de-
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scribed below. Figure 7.12 shows the distribution of the cross section ratio, X. A central
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Figure 7.12: Distribution of the fit-
ted cross section ratio imposing one mil-
lion Poisson trials for each bin in the
Final Discriminant. The central confi-
dence interval with 68.23% confidence
level is illustrated.

confidence interval of 68.23% is then calculated and upper and the lower bounds were
taken as the expected error.

The value of the expected error on the cross section as the function of the cut on the
selection likelihood is shown in Figure 7.13. The minimum of the total expected error
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Figure 7.13: The total expected error on the cross section as the function of the cut
value on the Lyz for the 205 GeV energy bin (left) and its zoomed area (right).
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is clearly seen and the value of the cut on Ly is fixed to the one, corresponding to this
minimum.

7.3.3 The qqvr Channel

High multiplicity hadronic events with more than three charged tracks and at least
15 calorimetric energy clusters are selected. The event invariant mass must exceed 50
GeV. These cuts reduce contributions from purely leptonic two-fermion final states, as
well as two-photon interactions, while keeping a significant fraction of hadronic events
from qq(y) and W-pair production These latter contributions are further reduced by
requiring the visible mass to be less than 130 GeV and the mass recoiling against the
hadronic system to exceed 50 GeV.

In addition, the transverse momentum is required to be greater than 5 GeV and the
longitudinal momentum to be smaller than 40% of the visible energy. The energy depo-
sition in the forward calorimeters must not exceed 10 GeV and the missing momentum
vector must be at least 16° away from the beam axis. No electrons, muons or photons
with energies above 20 GeV are allowed in the event and the energy in a 25° azimuthal
sector around the missing energy direction, Ebs, is required to be smaller than 30 GeV.

A total of 56.2 events satisfy the selection criteria with 25.4 and 30.8 events expected
from the signal and background Monte Carlo simulations respectively. The dominating
background is due to charged-current four-fermion processes. To separate further the
77 signal from the remaining background a neural network is constructed. The inputs
to the neural network include events shape variables, the sum of invariant and missing
masses, the mass of two jets and the total missing momentum and FEs;. The use of the
neural network increases the signal fraction in the selected sample to approximately 60%
for large neural network output values, as demonstrated in Figure 7.14 The efficiency

[ I 3 ZZ — qqvVv
[ preliminary

- Data

] zzmcC
[ Back. MC

10°

Number of events / 0.05

10

Figure 7.14: Distribution of the Neu-
ral Network output for data, Monte

Carlo signal and background events in
the qqui final state [112].

0O 0.1 02 03 04 N?\is 0.6 0.7 08 09 1

out

and the yield of this selection are reported in Table 7.4 for a cut at 0.5, while the full
spectrum is used for the cross section determination.
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Selection | Data | Signal MC | Background MC | Efficiency
qaqqq 466 71.7 402.9 62%
qqrv 48 254 30.8 49%

@t | 31 18.4 6.4 55%
R %7 6 2.0 1.7 22%
11711 2 1.3 1.3 41%

Table 7.4: Data, signal and background Monte Carlo events selected by each analysis
and their efficiencies. The numbers include data from all the center-of-mass energies
collected by L3 in the year 2000. The numbers for the qquv final state are given for the
neural network outputs larger than 0.5.

7.3.4 The qgl'l” Channel

A dedicated selection is performed! for each of the final states qqete™, qqu’pu~ and
qqr 7~ after the application of a common preselection. This requires at least five charged
tracks, 15 calorimetric clusters and a visible energy of more than 0.4,/s together with
two leptons of the same flavour.

Electrons are identified from energy depositions in the electromagnetic calorimeter
whose shower shape is compatible with those initiated by an electron or a photon. At
least one electron must have a matched track. Muons are reconstructed from tracks in
the muon spectrometer pointing to the interaction vertex. Energy depositions in the
calorimeters consistent with a minimum ionising particle (MIP) which have an associ-
ated track are also accepted as the second muon candidate. For the qqrt7~ channel
both a particle-based and a jet-based selection are performed. In the first, tau leptons
are identified via their decay into isolated electrons or muons, or as an isolated low-
multiplicity jet with one or three tracks and unit charge. In the jet-based selection, the
event is forced into four-jets using the DURHAM algorithm. Two of the jets must each
have less than four tracks. These jets are considered as tau candidates, but at least one
of them must coincide with a tau candidate defined in the particle-based selection.

In the electron and the muon channels both the lepton and the jet pair must have
an opening angle of at least 120°, tightened to 130° for taus. The invariant mass of the
jet-jet and the lepton-lepton system after performing the kinematic fit, which imposes
energy and momentum conservation, must be within 70 GeV and 120 GeV. The events
are then subject to the DURHAM algorithm requiring log Y34 to be greater than -6.0
for the electron and tau channels and -6.5 for the muon one. Furthermore, the visible
energy in the lepton channel must be at least 0.84/s and between 0.64/s and 0.94/s for
the jet-based selection.

Additional requirements are applied in the tau selection to reduce the radiative qq(~)
background rejecting events containing a photon of energy larger than 30 GeV. Semi-
leptonic WW events are rejected by requiring the transverse missing momentum to be
lower than 40 GeV in events with no identified electron or muon with energy larger that

40 GeV.

! Analysis of this channel is done by other members of the L3 ZZ working group.
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variant mass Msc after a kinematic fit
of the lepton and jet pair for the qql*1~
selected events [112].

The kinematic fit is repeated on events that pass at least one of the four selection
described above with the extra constraint of equal invariant masses for the jet-jet and
lepton-lepton systems. The distribution of the invariant mass arising from the fit, M5,
is shown in Figure 7.15. Table 7.4 summarises the yield of this selection.

7.3.5 The Il v Channel

The selection for ZZ — 171" vi is optimised for electron and muon pairs identified as in
the previous section and characterised by an invariant mass, Mj;, between 85 GeV and
95 GeV. The requirement on the associated track for electrons is dropped and MIPs are
not considered.

In the electron channel only events with a visible energy between 75 GeV and 98 GeV
are selected; this requirement is loosened to the range 65 GeV — 140 GeV for muons.
The opening angle of the two electrons must be below 160° and from 143° to 172° for
the two muons. In order to reduce the background from radiative Bhabha scattering and
purely leptonic decays of W pairs, the recoil mass to the electron pair is required to be
less than 95 GeV. The background from other resonant and non-resonant four-fermion
processes is reduced by performing a kinematic fit imposing the Z mass to the visible
pair of leptons and recalculating their four-momenta. The recoil mass, M,.., after the fit
is required to be less than 98 GeV for electrons and in excess of 84 GeV but not larger
than 98 GeV for muons. The transverse momentum has to lie in the range from 4 GeV
to 29 GeV.

The spectrum of the sum of M; and M,.., peaking around twice the Z boson mass
is used as a final variable and shown in Figure 7.16. Table 7.4 lists the efficiencies and
the yield of the selection. No contribution in the 77~ vv signal channel is expected.
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7.3.6 The 1"1"1"1- Channel

This selection is based on events with at least four loosely identified leptons of a minimum
energy of 3 GeV and the subsequent study of just one pair of them.

First a low multiplicity event preselection is applied, requiring at least two tracks
but less than 15 calorimetric clusters, with a total visible energy between 0.24/s and
1.3y/s. Electrons and muons are identified as described in Section 7.3.4. Low angle
electromagnetic showers (| cos@ |> 0.95) without a matching track are also considered
and accepted as electrons. Tau candidates are identified as low multiplicity hadronic jets
with either one or three tracks in a cone of 10° half opening angle. To reject hadronic
jets, the energy between 10° and 30° around the tau direction must not exceed half of
the energy in a cone of 10° half opening angle. To increase the selection efficiency, MIPs
are also accepted.

If there are more than four lepton candidates, the four most consistent with energy
and momentum conservation are chosen. Events are then required to have at least one
electron, muon, tau or muon-MIP pair. Low angle electrons are not considered in this
procedure. If more than one such pair is possible, the one with the invariant mass, M,
closest to the Z boson mass is chosen.

Both M;; and the recoil mass, M,.., to this selected lepton pair are required to lie
between 70 GeV and 105 GeV. The data and Monte Carlo distributions for M; + M,..
are shown in Figure 7.16. The performances of this analysis are summarised in Table 7.4.

7.4 Measurement of the 77 Cross Section

The cross section of the Z pair-production is determined using a binned maximum likeli-
hood fit to the most significative variables described above as the final variable for each
final state. In this fit the ratio X of the measured cross section to the Standard Model
one has been determined from the minimum of the logarithm of the likelihood. This



112 7.4 Measurement of the Z7Z Cross Section

quantity can be written as:

Dbin

—(X85+by) (X5 4 b )N
e S
P(XIN;,bysy) = —log [] (X5 1 by)

J

)
Nl

where j runs over the ny;,s of the final discriminants used in the fit. In the above formula
sj, b; and Nj are, respectively, the Standard Model signal and background expectations
and the data contents in the j-th bin.

The change of one half of this logarithm of the likelihood with respect to the minimum
represents the statistical error on X as it shown in Figure 7.17.

1
F§ 0.8
% Figure 7.17: Difference to the mini-
= 06 1 mum of the likelihood, whose change of
= one half with respect to the minimum
Eﬂ 0.4 1 represents the statistical error. This
< distribution obtained from the binned
0.2 - maximum likelihood fit of the final dis-
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The measured values of the ZZ cross section in the individual final states are listed in
Table 7.5.

Data set | Cross section (pb) qaqq qqrv qql*l™ I"lImwy | M1 1F]
205 GeV Measured 0.35 915 [ 0.1075:09 [ 0.11705¢ [ 0.157342 1 0.007038
Expected 0.511 0.295 0.158 0.044 0.015
207 GeV Measured 0.537517 [ 0.28T558 [ 0.187055 | 0.06700% | 0.0370 05
Expected 0.517 0.299 0.159 0.044 0.015

Table 7.5: Result of the individual cross section fits compared to the SM expectations

Assuming the Standard Model predictions for the relative weights of different chan-
nels, the ZZ cross section, oz, for the two energy points is found to be:

022(2051G€V)
022(2068G6V)

0.867023 +0.07 pb (SM : 1.07pb),

1.217019 £ 0.10 pb (SM : 1.08pb),
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in good agreement with the expected cross sections within the signal definition cuts,
reported in the parentheses. The first uncertainty is statistical and the second is system-
atic. The estimation of the systematic uncertainties is described in the next Section.

7.5 Study of Systematic Errors

The systematic uncertainties are grouped in correlated and uncorrelated sources among
the channels. The correlated sources of systematic errors are the background cross sec-
tions, the LEP energy and the energy scale of the detector. As they modify the shapes of
the investigated distributions, their effect is evaluated performing a new fit to calculate
o7z after the quantity under consideration is scaled by a factor listed in Table 7.6. An

Systematic Source Variation | dozz (pb) | 00z 15x (Pb)
Correlated sources
LEP energy 40 MeV < 0.01 < 0.01
WW cross section 2% 0.01 < 0.01
Four-jet rate 5% 0.01 0.01
Wev cross section 10% 0.01 < 0.01
Four-fermion cross section 5% < 0.01 0.01
Energy scale 2% 0.01 0.01
Theory predictions 2% 0.01 < 0.01
Uncorrelated sources
Jet resolution (qqq'q’) 2% 0.01 < 0.01
Charge multiplicity (qqq'q’) 1% < 0.01 < 0.01
B-tag (qaq'q’) see text 0.01 0.01
Bhabha background (1117vp) | see text 0.01 —
Monte Carlo statistics 2% 0.02 0.01
Lepton identification see text 0.01 0.01
Total 0.04 0.02

Table 7.6: Systematic uncertainties on ozz and 0zy_,5x-

uncertainty of 2% is attributed to the measured cross section to take into account the
difference of the assumed relative weights of the different channels, given by the EX-
CALIBUR calculation, with respect to those obtained with GRCAF [113] Monte Carlo
generator and to parametrise the other uncertainties related to their calculation.

Some sources of systematic uncertainty are uncorrelated among the channels and
modify the shapes of some of the discriminating distributions. For the qqq'q’ selection
these are the jet resolution, the charged track multiplicity and the b-tag, and their
effect is presented in Table 7.6. The jet resolution includes a variation of £2° on the
jet direction. A variation of the b-tag discriminant of +2% models possible systematic
effects and includes uncertainties in the Monte Carlo description of b-hadron jets.

Three additional sources of systematic uncertainty, uncorrelated among the channels,
are considered: the Monte Carlo statistics of the signal and the background event samples
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and the agreement between data and Monte Carlo. The latter comprises normalisation
differences as derived from the comparison of data and Monte Carlo samples several
times larger than the final ones, obtained by relaxing some selection criteria. It also
includes differences in the shape of the distribution of the lepton identification variables
around the adopted selection requirements. All these uncertainties, listed in Table 7.7
do not affect the shape of the discriminating distributions and their effect on the total
cross section propagates as summarised in Table 7.5. The total systematic uncertainty
is the sum in quadrature of all these contributions.

Channel Systematic Source Background uncertainty | Signal uncertainty
qqqq | Monte Carlo statistics 0.8% 1.7%
qqvv | Monte Carlo statistics 4.0% 3.0%
qql™1™ | Monte Carlo statistics 4.7% 1.7%
Lepton identification 2.7% 4.1%
1"1"vi | Monte Carlo statistics 8.0% 8.0%
Lepton identification 5.0% 4.0%
117171~ | Monte Carlo statistics 21.4% 2.1%
Lepton identification 10.1% 4.3%

Table 7.7: Sources of uncorrelated systematic uncertainties.

7.6 Measurement of the ZZ — bbX Cross Section

The measurement of the b-quark content in ZZ events constitutes a sound test of the
detector capability to identify heavy particles decaying in b-quark produced in associ-
ation with a Z boson. Such a configuration is of paramount importance at LEP as it
could occur in the production of the Higgs boson. The production of the minimal or a
sypersymmetric Higgs boson would manifest via an enhancement of these events and
their study complements the dedicated search for such a process.

The investigation of the ZZ — bbX events proceeds by complementing the analyses
of the qquv and qql™1~ final states described above with a further variable describing
the b-quark content in the event. Three variables are then considered for each final
state: Msc for the qgltl™ and the neural network output for the qqu analysis together
with the b-tag evaluated for each of the two hadronic jets. The combination of each
of the sets of these three variables into a single discriminant proceeds as follows. First
the variables are mapped to achieve uniform distributions for the background. Then the
product of their observed values is calculated event by event. Finally the confidence level
is calculated for the product of three uniformly distributed quantities to be less than
the observed product. This confidence level is expected to be low for signal and flat for
background. The final discriminant is the negative logarithm of this confidence level as
shown as an example in Figure 7.18.

The investigation of the ZZ — bbqq (q = u,d,s,c,b) events proceeds in the same
way as for the ZZ — qqq'q events. However, the signal definition requires at least a
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Figure 7.18: The final discriminant distribution for a) the bbl*1~ and b) the bbvi
selection [112]. The last bin shows the overflows.

Z decaying into a b-quark pair on the generator level. The cross section calculation is
performed as above.

The final discriminant distributions for 205 and 207 GeV center-of-mass energies are
shown in Figure 7.19. The combined result? for the cross section o, 1 5x is:
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Figure 7.19: The final discriminant distribution for the signal and different background
sources for the 205 GeV energy bin (left) and for 207 GeV energy bin (right) for the b-
enhanced analysis, with the dedicated b-quark selection, Z7, — bbX.
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Oy aix(206.2GeV) = 0.23£0.09 £ 0.02 pb.

This result agrees with the Standard Model prediction of 0.30 pb. The first uncertainty
is statistical and the second is systematic. In this fit, other ZZ final states are fixed to
their Standard Model expectations.

Figure 7.20 compares these measurements and those at lower center-of-mass energies
with the Standard Model predictions.
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Figure 7.20: Measured values for the ete™ — ZZ and eTe~ — bbX cross sections and
the corresponding Standard Model prediction. Signal definition cuts implemented with
the EXCALIBUR Monte Carlo are applied and a +£2% uncertainty is associated to the
predictions.

7.7 Anomalous Couplings

The effects of anomalous couplings change both the ZZ cross section and the shape
of the final discriminant distributions discussed above. In order to calculate the im-
pact of anomalous couplings on the measured distributions in the process ete™ — fff'f’,

ZSince this process has a relatively low rate due to the the small branching fraction Br(Z— bb) it is
investigated in terms of a single luminosity averaged center-of-mass energy, equal to 206.2 GeV.
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the EXCALIBUR generator is extended [114]. The matrix elements of the Stan-
dard Model are supplemented by an additional term containing anomalous couplings,
Mac({p”}, A\, £Y) [105], where {p”} represents the phase space variables and the )\ the
helicities of initial and final state fermions. Four-fermions Monte Carlo distributions for
non-zero anomalous couplings are then obtained by re-weighting each event with the

factor
12 | (Mag ({27}, ) + Mac ('} A £2) |
IS | (Mo (77} 0) P

where My ({p”}, A) is the Standard Model amplitude for the four-fermion final states.
An average over initial state and a sum over final state helicities are carried out. Initial
state radiation is taken into account by evaluating the event weight at the center-of-
mass of the four-fermion system. Figure 7.21 displays the effect of an anomalous value

W({p'h ) =

(7.2)

10

Figure 7.21: Invariant mass after a
kinematic fit, Msc, of the lepton pair
for the qqltl™ selected events in the
analysis for the \/s = 189 GeV. The
effect of an anomalous ZZvy vertex is
also shown for a value of its couplings

f1=15[115].

Events/2 GeV

70 80 90 100
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of f] obtained by re-weighting with this technique the four-fermion Monte Carlo events
selected by the qql™l™ analysis.

Binned maximum likelihood fits to the distributions discussed above are performed
allowing each of the anomalous couplings f to vary, fixing the other three to zero.
The results of these fits are comparable with the Standard Model expectation and 95%
confidence level limits on these couplings are set [112] as:

—042 < fZ < 041
—046 < fZ < 1.21
-0.24 < f] <026
—048 < fJ < 0.56

Those limits include results from the previous analyses at lower center-of-mass ener-
gies [116], [117], [118]. These limits are still valid for off-shell ZZ production where
additional couplings are possible. The small assymetries in these limits are due to the
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interference term between the anomalous couplings diagram and the Standard Model
diagrams. Systematic uncertainties on signal and background cross sections are taken
into account in the derivation of the limits [119].

7.8 The L3 Combination

This section summarises the combination of published and preliminary results®, based
on data collected up to 209 GeV by the L3 experiment on the Z-pair cross section.
The detailed breakdown of the systematic errors for the measurements is described in
Table 7.8. All these measurements along with the Standard Model predictions are shown
in Figure 7.20.

Vs (GeV) | 077 Acstet Ayt At [ At | Ag,, | Aghat )
182.7 1038 it +0.05 +0.01 | +£0.05 | 917 +0.16
1886 |0.73 o8 +0.03 +0.02 | £0.04 | 1313 +0.15
191.6 029 4022  40.01 4+0.02 | £0.02 | £0.22 | +0.34
1955 | 1.18 =£0.24  +0.06 +0.07 | £0.09 | £0.26 | +0.22
199.5 | 125 £0.25  +0.06 +0.07 | £0.09 | £0.27 | +0.24
201.6 [ 0.95 40.38  +0.05 +0.05 | +£0.07 | £0.39 | +0.35
204.9 | 0.84 4022  +0.05 +0.05 | £0.07 | £0.23 | +0.23
206.6 | 1.20 +0.18  =£0.07 +0.07 | £0.10 | £0.21 | +0.17

Table 7.8: Z-pair production cross section (in pb) at different energies. The first column
contains the LEP center-of-mass energy, the second the measurements and the third
the statistical uncertainty. The fourth and the fifth columns list the uncorrelated and
correlated components of the systematic errors. The total systematic error is given in the
sixth column, the total error in the seventh. The eighth column lists the symmetrised
expected statistical error.

7.9 The LEP-wide Combination

This section summarises the combination of published and preliminary results, based
on data collected up to 209 GeV by the four LEP Experiments on Z-pair cross sec-
tion [120], [121], [122], [123].

Results from different experiments are combined by y? minimisation using the Best
Linear Unbiased Estimate method described in Ref. [124] and taking into account, when
relevant, the correlations between the systematic uncertainties, which arise mainly from

3For the eTe™ — ZZ — qqqq channel the analysis which is developed by the author of this thesis and
described in detail in Section 7.3.1 has the best performance among others, but for this combination a
different one was taken at the earliest stage of preliminary combination for the 2001 summer conferences.
The final combination is foreseen for the year 2002 with this analyses included.
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the use of the same Monte Carlo codes to predict background cross sections and to
simulate the hadronisation processes.

All numerical results presented in this section are defined as the NC02 [125] ZZ cross
section. The combination of results is performed using the symmetrized expected statis-
tical error of each analysis, to avoid biases due to the limited number of events selected.
The component of the systematic errors that has been considered as correlated between
experiments includes the uncertainty on the background from qq, WW, Zee and Wev
processes and the uncertainty on the b quark modelling. Summing these contributions
together, the common error ranges between 0.01 and 0.07 pb for the various experiments.

The results of the different individual experiments and the LEP averages are sum-
marised for the different center-of-mass energies in Table 7.9

NG 77 cross section (pb) x%/d.o.f.
GeV Aleph Delphi L3 Opal LEP
( D P D

188.6 | 0.671013 * | 0.60 £0.15* | 0.73%015 * | 0.807013 * | 0.70+£0.18 | 0.97/3
191.6 | 0.53793%4 | 0.55+0.34 | 0.294+0.22% | 1.137347 | 0.604+0.18 | 2.88/3
195.5 [ 0.6970% | 1.174+029 | 1.18+£0.26* | 1.19753% | 1.0440.13 | 3.23/3
199.5 | 0.701935 | 1.08£0.26 | 1.25+0.27* | 1.097035 | 1.01+£0.13 | 2.80/3
201.6 | 0.707033 | 0.87+£0.33 | 0.95+0.39% [ 0.947338 | 0.86£0.18 | 0.32/3
204.9 | 1.21703% | 1.05+£0.26 | 0.844+0.23 | 1.077338 | 1.03+£0.13 | 1.11/3
206.6 | 1.017012 ] 098+0.22 [1.2040.21 |1.077337 | 1.06+£0.11 | 0.76/3

182.7 | 0.117075 * [ 0.38 £0.18% | 0.317042 * [ 0.1270% * [ 0.23 £ 0.08 | 2.28/3

Table 7.9: Z-pair production cross section from the four LEP experiments and combined
values for the eight energies between 183 and 207 GeV. All results are preliminary with
the exception of those indicated by a “*”. A common systematic error of (0.01-0.07) pb
is taken into account in the averaging procedure.

The measurements are shown in Figure 7.22 as a function of the LEP center-of-mass
energy, where they are compared to the Standard Model expectations calculated with the
Z7TO [126] program with a £2% uncertainty [126] assigned. The YFSZZ [127] package
yields compatible estimations. The data do not show any significant deviation from the
theoretical expectations.
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Figure 7.22: Measurements of the Z-pair production cross section, compared to the
predictions of YFSZZ and ZZTO. The shaded area represent the +2%
uncertainty on the predictions.



Chapter 8

Conclusions

8.1 Higgs Searches

The Standard Model Higgs boson was searched for in 627 pb~! of data collected by the L3
detector at the center-of-mass energies E.,, > 189 GeV where ~ 139 pb~! corresponds
to the center-of-mass energies greater then 206 GeV. These data are consistent with the
expectations of Standard Model processes and no evidence of a Higgs boson signal is
observed. The negative outcome of this search was translated into mass limits.

The SM Higgs boson was searched for in the Hqq, Hvw, Hete™, Hutpu~, Hrr~
final states with H — bb decays and the HZ — 77~ qq channel, where the Higgs boson
decays onto 7777. No indication of a Higgs boson was found and a lower mass limit of

my > 112.0 GeV

is set at the 95% confidence level. This number is compared to the results of the other
LEP collaborations in Table 8.1. The results of the four LEP collaborations were com-

| | Expected limit (GeV) Observed limit (GeV) |

ALEPH 114.2 111.5
DELPHI 1135 114.3
L3 112.4 112.0
OPAL 112.6 109.4
| LEP | 115.4 114.1 |

Table 8.1: Expected (median) and observed 95% CL lower bounds on the SM Higgs
boson mass, for the individual experiments and for all LEP data combined. Results from
DELPHI and OPAL Collaborations are preliminary.

bined and a lower limit of
mg > 114.1 GeV

is derived at 95% confidence level [100].

121
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8.2 77 Production

The pair-production of Z bosons in eTe™ collisions was studied and the production cross
section is measured at center-of-mass energies up to 209 GeV. This measurement is an
unique opportunity to cross-check the Higgs analyses. In this thesis, the cross sections
for ZZ — qqqq at /s =205 GeV and /s = 207 GeV were measured to be:

077 —qaqq = 0.357035 (stat.) pb at 205 GeV,

077 qaqq = 0.537011 (stat.) pb at 207 GeV,

which is in agreement with the SM expectations of 0.511 pb at 205 GeV and 0.517 pb
at 207 GeV. Combining these results with the other channels ZZ — qqui, (T0 v,
(=00~ and ZZ — qglt e~ (£ = e, i, 7), leads to cross sections of:

o7z = 0.861537 (stat.) 4 0.07 (syst.) pb at 205 GeV,

07z = 1.211512 (stat.) 4 0.10 (syst.) pb at 207 GeV.

The Standard Model predicts values of 1.07 pb and 1.08 pb in agreement with the mea-

surement. For the combination of the results with the other experiments, the efficiencies

are recalculated for the NC02 approximation for double-resonant 7 pair production.
The investigation of the ZZ — bbX events gives us the following result for the o5, 1 ix:

0zz7—pix = 0.23 £0.09 (stat.) +0.02 (syst.) pb at 206.2 GeV,

which is in a good agreement with the Standard Model prediction of 0.30 pb.

The measurement of the cross section for ete™ — ZZ is used to search for anomalous
triple couplings between neutral gauge bosons. Limits on these couplings, forbidden in
the Standard Model, are derived at 95% confidence level:

—042 < fZ < 041
—046 < f# < 1.21
—024 < ff < 0.26
—048 < fJ < 0.56

No deviation from the Standard Model is found.

8.3 The Phantom of LEP?

The LEP combined results [128] shows a preference for a Higgs boson with a mass of
115.6 GeV. At this mass, the probability for the background to generate the observed
effect is 3.4%. Although this is far from evidence for a Higgs boson, theorists often used
it as a “working hypothesis” to think about the consequences.

Actually, what would be the impact of a Higgs boson weighting 115 GeV [129]7 It
would not just be the crowning confirmation of the Standard Model, but would also be
evidence for new physics beyond it, at a relatively low scale, potentially accessible to
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the LHC. The reason for this is the shape of the effective Higgs potential, determined
by the quartic Higgs coupling Ay. This is subject to renormalization by the top-quark
Yukawa coupling \;, as well as by the the quartic Higgs coupling Ay itself. With my ~ 175
GeV and my ~ 115 GeV, the renormalization by \; is stronger. Moreover, it tends to
decrease Ay, eventually turning it negative at a scale < 10° GeV [130]. This causes
the effective Higgs potential to become unbounded below, implying that our present
electroweak vacuum is unstable - unless some new physics is introduced at an energy
below 10% GeV.

Could this new physics be a new non-perturbative set of strong interactions, as in
technicolour or topcolour models [129]7 These generally predict large effective scalar
masses, e.g., about 1 TeV in the technicolour case [131]. In order to generate fermion
masses, one need to extend technicolour, and such models predict additional pseudo-
scalar bosons weighting ~ 100 GeV. However, these would not be produced at LEP in
association with the Z boson [132]. Therefore, technicolour has no obvious candidate for
a 115 GeV “Higgs”, and the same seems to be true for other strongly-interacting models
of electroweak symmetry breaking [133].

In any perturbative framework, one can argue that the new low-energy physics should
be bosonic, so that it may help Ay counterbalance the destabilising effects of A;. In
MSSM, the task of stabilisation is undertaken by the stop squarks.

In the MSSM the lightest neutral Higgs boson is predicted to weight < 130 GeV.
Since its mass is sensitive, via radiative corrections, to sparticle masses, one can try to
use the “measurement” my = 115 GeV to guess how heavy squarks and other sparticles
might be. To do this requires some assumption on the nature of the sparticle spectrum.
For example, if all the spin-0 sparticles are assumed to be degenerate at some high (GUT)
energy scale with a mass mg and likewise for the spin-1/2 gauginos with a common mass
my /2, one could found that my is most sensitive to mj [133]. The gluino and squark
masses would then be 2 or 3 times heavier: mz > 240 GeV and mg > 700 GeV, beyond
the reach of the TEVATRON. However, masses up to a factor three above these lower
limits are within reach of LHC, which should be able to cover all of the (mg,m;/s)
parameter region where the lightest supersymmetric particle is likely to constitute the
cold dark matter posited by astrophysicists and cosmologists [133].

8.4 Life After LEP

After the recent upgrade TEVATRON with it’s CDF and DO detectors is ready for a
data taking with Run2. What is the sensitivity of the TEVATRON experiments to a
Higgs weighting 115 GeV? From an estimate [134], shown in Figure 8.1, in order to attain
3(5) o they would need ~5 (15) fb~!. As for the prospective TEVATRON luminosity,
at the moment, 2 fb~! is “promised” by 2003. However, a road-map for reaching 15 fb~1
by 2007 has been proposed. If this is achieved, the TEVATRON may have a chance to
find the Higgs boson with my = 115 GeV.

According to CMS and ATLAS studies, as seen in Figure 8.2, the minimum lumi-
nosity required to start seeing a 115 GeV Higgs boson at 5 ¢ is ~ 10 fb™!, which may
be achieved after two years of LHC running. Since at most a few weeks of very low
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Figure 8.1: The sensitivity of the FNAL TEVATRON experiments to a light Higgs
boson, as a function of its mass [134].

luminosity collisions can be envisaged in 2006, and only 1 or 2 fb~! is anticipated in
2006, this presumably means that the LHC could hope to discover a 115 GeV Higgs
boson after the 2007 run.

There is, however, an important proviso. The LEP production mechanism, ete™ —
ZH, measures a different coupling - ZZH - from those to which the LHC is sensitive
- ttH and ~~H, with the latter being quite model-independent. The yyH coupling is
controlled by loop diagrams sensitive to virtual particles and the ttH coupling is sensitive
the ratio of VEV’s and Higgs mixing in the MSSM. Therefore the information obtained
at TEVATRON and the LHC will be complementary to that obtained by LEP, and both
sets of information will be helpful in determining whether the candidate Higgs boson
has all the expected couplings.

The long-term plans for high-energy physics at all major laboratories around the
world (NLC, JLC, TESLA, Muon Collider) depend very much whether or not there is a
light Higgs boson. All the indications from LEP precision data are that it must weight
< 200 GeV [136]. A Higgs boson in a hand would be worth two in the bush to the
NLC, JLC, TESLA and Muon Collider communities, when they approach their funding
agencies. For this they may have to wait until 2007. Until then, they and the rest of
the particle physics community may be left in suspense while LHC construction will be
finished. In the mean time we all support CMS and ATLAS in their definitive search for
the Higgs boson.
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Appendix A

Beam Spot Size Determination

The beam spot size and the relative displacement of the beam position from the nominal
one are very essential tasks for the primary and secondary vertices determination and
for the tagging of b-quarks. This chapter briefly describes the primary vertex position
calculation and beam spot size determination technique.

The basic selection, requiring 2 charged tracks in the final state, full energy in the
detector and cut on acollinearity to ensure back-to-back topology was performed, se-
lecting Bhabha and dimuon events for the calibration run on the Z-resonance events,
collected by L3 detector at year 1999 [137]. Only events from the barrel region of the
Central Tracking Chamber were investigated.

The track coordinates X;,Y;(i = 1,2) at the point of closest approach can be
parametrised as:

XZ' = Xr—(sl'SiIl(bi
Y = Y, 4 Gicosor, (A1)

where X,,Y, - coordinates of the reference point,¢; - azimuthal angle ¢ of the track 4,
9; - distance of the closest approach (DCA) of the track 7.
The primary vertex coordinates X and Y can be calculated in the following way:

X
x - XitXe
2
Y+ Y-
y - no*th (A.2)
2
For Z coordinate one obtain:
VA VA
7 = # (A.3)

where Z;p; - track 7 interception point with the beam axis in SZ plane. The DCA’s §;
of two tracks in a ete™ — ete” or eTe™ — p~ ' event can be parametrised as:

0 = 01 +0Bs
0y = 0,0 —0Bg (A.4)
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where 0,;(i = 1,2) contains the resolution effects and dpg - the distance between the
beam spot (BS) center and the event vertex. From this we can write:

51 +52 - 57"1 + 57"2
51 - 52 - 57’1 - 57’2 —+ 2535 <A5)

It follows for the variances:

0'2(51 + 52) = 02(5r1) + 02(5r2)
02(81 — 02) = 0*(6,1) + 0%(8,2) + 40*(0ps) (A.6)

The beam spot width opg = 0?(dps) can be then written as:

205 2
o T b) 4 o2(61 + 6y) A

On the other side, the beam spot width can be expressed in terms of its horizontal and
vertical components opg, and opgy:

0hs(0) = Ohs . sin’ ¢ + g, cos” ¢ (A.8)

The procedure of the beam spot determination is performed in the following steps:

1. The ¢-interval [0; 2] is divided in 12 intervals and the variances o%(d; + do) are
determined for each bin by fitting a single Gaussian to the §; 4+ d5 distributions.

2. The beam spot width opg;,i = (1,12) is calculated for each ¢-bin ¢ using the
Equation A.7.

3. The vertical and horizontal sizes of the beam spot are determined by fitting the
¢-dependence of opg using the Equation A.8, as shown in Figure A.1

For the center of the beam spot coordinates the following values were derived:

X = —0.4878 4+ 0.0012 mm
Y = —0.0286 + 0.0005 mm
Z = —2.95+0.11 mm (A.9)

And for the beam spot sizes:

0BSy = 12242 pum
OBSy = 23+4 um (AlO)

For the year 2000 data the same procedure was performed [138] for the calibration runs
at Z-peak and for the high energy data. Table A.1 summarises the values for the beam
spot size: The difference in the values of the beam spot size for the calibration runs and
the high energy data can be expressed in terms of a synchrotron radiation effects for a
different center-of-mass energies.
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Figure A.1: The beam spot size as the function of polar angle ¢ for the year 1999
Z-peak data. Dots represents the measured values, the solid line is the result of the fit
using Equation A.8. e"e™ and p"p~ final states were added together, the barrel region

only.
Beam spot size 7 peak High energy data
OBS.x 113 £2 pm 188 +4 um
OBSy 27 £3 um 42 £6 pm

Table A.1: The results for the beam spot size in terms of ogs, and ogg, for the year

2000 data.
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