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Abstract

This is a study of the exclusion and discovery potential for the h® and A° Minimal
SuperSymmetric Model Higgs bosons, at LEP2, using the DELPHI detector.
Three different center-of-mass energies are examined; 175, 192 and 205 GeV. Full
simulations of signal and background data are used throughout the analysis.

A search for h®A® — bbbb is prepared, and the expected backgrounds are
established. Exclusion and discovery limits are calculated and presented in plots
of the total number of observed bbbb events.

It’s shown that the lower mass bounds on h® and A® will be greatly increased

at LEP2.
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Chapter 1

Introduction



The Standard Model has been very successful in predicting new particles, and has
given us much insight in the forces controlling the interactions between elementary
particles.

The Standard Model still has many unknown parameters, mostly due to its
missing mass predictions. In fact, the Standard Model prefers zero mass parti-
cles. Since some particles obviously have masses, the Higgs mechanism[l] was
introduced to allow this. The Higgs mechanism also brought a new boson, the
Higgs boson (H), into the Standard Model. This boson makes up the universal
Higgs field, which some particles couple to, thereby gaining masses, and others
don’t (like the photon).

Since the Standard Model doesn’t give any physical understanding of the
mass aspect, and becomes problematic at high energies, many scientists have
looked for alternative theories. During the 30 years since its creation some of the
most promising new theories have been expansions of the Standard Model into
supersymmetric versions (like the Minimal Supersymmetric Model). The Minimal
Supersymmetric Model contains heavy superpartners to all the Standard Model
particles, and it has a much richer Higgs sector. This Higgs sector contains 5
bosons; h?, HY, A%, H*, and 2 free parameters. These are often chosen to be tan 3
and m 4o for reasons of simplicity. tan 3 is the ratio of the vacuum expectation
values, vy /vy, and m 4o is the mass of the pseudoscalar Higgs boson. The Minimal
Supersymmetric Model is presented in much more detail in later Chapters.

None of these Higgs bosons have been seen yet, and this analysis was originally
intended to look for 2 of them, h® and A° at LEP2. (LEP2 is the enhanced
version of the Large Electron Positron Collider (LEP) at CERN, operating from
96). Since processes involving single Higgs bosons (h°Z°) would become serious
backgrounds to a search for only h®A° they have been included as signal. This
weakens the analysis as a pure Minimal Supersymmetric Model search, since HZ°
and h°Z° can’t be distinguished, but is necessary to get sufficient statistics. After
all, finding any Higgs boson will be a success.

Doing a Higgs search is a long process, and this is a very short summary of how
it’s done in this thesis: First, the Minimal Supersymmetric Model is presented.
Then, the different Higgs bosons and parameters are described. Special emphasis
is put on mass bounds on the h® boson. Second, the signal and background
production modes and cross sections are presented. Decays and topologies are
also studied. Then a small description of the data simulation process is presented,
followed by the main analysis. The simulated data are examined and cuts made.
Using these cuts, the final backgrounds are calculated, and plots showing the
regions of possible discovery or exclusion of the h® and A° Higgs bosons are
shown.

This analysis is one of several[2] future Higgs searches using the DELPHI
detector at LEP.



1.1 Previous Higgs Searches

According to the Particle Data Group[3], the Standard Model Higgs boson has
been excluded up to a mass of 58.4 GeV with a confidence level of 95%. This
limit has been set by LEP and has been pushed up a little (765 GeV[4]) during
94-95. LEP has now reached a saturation point and more data won’t raise the
exclusion limit anymore. Searches for the Standard Model Higgs boson at low
energies has been done in many ways[5] to no avail.

In the Minimal Supersymmetric Model case, things get more complicated be-
cause the increased number of bosons and free parameters open new possibilities
for Higgs boson production, and new ways for the bosons to escape detection.

For some values of tan 3 and m 40 the cross section for h°Z° is smaller than
the Standard Model HZ® cross section and the h® is therefore not excluded as
high as the Standard Model Higgs boson. h° has been excluded (with 95% CL)
up to a mass of 44 GeV with tan 3 bigger than 1.

The AY is only produced in pair production together with a h® at LEP. Since
it might be accompanied by a heavier h®, their pair production can be impossible
even for small A® masses. This is why the A° only has been excluded up to 22

GeV (for tan 3 between 50 and 1).

1.2 The LEP Accelerator

The Large Electron, Positron (LEP) accelerator at CERN was built during the
end of the eighties in a 27 km long circular tunnel, mainly to produce Z%s. It’s
the worlds biggest colliding beam ete™ accelerator and its beam energy is around
45.5 GeV, giving a CMS energy of 91 Gev, optimized for Z° production.

The LEP collider houses four experiments, each with its own detector. The
four experiments are: DELPHI, ALEPH, L.3 and OPAL.

During the last 5 years these four detectors (experiments) have collected data
at LEP. Millions of Z%s have been produced and many high precision measure-
ments have been made. The confirmation of the 3 fermion families is maybe the
most important.

The potential for new discoveries at LEP is exhausted and the next phase
(LEP2) of the project has already started. The LEP accelerator will be equipped
with new superconducting RF-cavities, doubling the beam energy. The exact
number of cavities finally installed is an economic question and is unknown today.

This thesis treats 3 different energies; 175, 192 and 205 GeV, to help deciding
which energy to go for. It’s shown later in this thesis that the highest possible
energy is preferred in the Higgs search, but due to the low et,e™ masses syn-
chrotron radiation becomes a major problem around CMS energies of 200 GeV.
192 Gev (phase IV, Table 1.1) is therefore likely to be the final energy. Table 1.1
shows the different phases for the building of LEP2. Two types of cavities are
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mentioned, Cu are the old Copper cavities from LEP, and SC are the new su-

perconducting cavities. Maximum beam energies require months of calibration
and won’t be reached until the final phase is built (probably IV). Phase IV will
probably be finished during 1998.

Phase Cavities Loz E-beam .,
(Cu + SC) | (em™2s71) (GeV)
I1 (120 +192) | 8.2 x 10* 90.4

la | (52 +224) | 11.6 x 103 91.5
b | (52 +240) | 10.6 x 107 93.4
IV | (52+272) | 10.0 x 10 96.5
XI | (52+304) | 9.4 x 107 98.7
X2 | (04336) | 9.8 x10% 100.5
Y | (0+352) | 9.6x 107 101.7
Z | (0+384) | 5.5 % 10% 104.2

Table 1.1: Some possible phases of LEP2.

1.3 The DELPHI Detector

Each of the four experiments at LEP are run by several hundred scientists. Scien-
tists and students from the Norwegian universities are participants in the DEL-
PHI experiment[6] (Fig. 1.1). It was built parallel to the LEP accelerator and
finished (improvements are still made) during 1989. It’s a standard barrel de-
tector with 2 end caps and a superconducting solenoid to generate a 1.2 Tesla
magnetic field. The field turns the charged tracks into helices which are vital for
determining particle momenta.

Since the collisions at LEP generate a great variety of particles a versatile
detector is needed. This is why DELPHI is designed with so many different
detector parts.

The design and assembly of a barrel detector is of course not trivial, cracks are
bound to exist where the parts are connected. It’s desired to not give particles a
chance to follow these cracks out of the detector and thereby go undetected. The
cracks therefore shouldn’t go parallel to the particle tracks. At DELPHI they do,
causing much frustration and reduced statistics.

A short description of the most important DELPHI parts:

Vertex Detector (VD) A multi layer silicon detector very close to the interac-
tion point. It gives high precision measurements of charged tracks and their
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impact parameters (described later in great detail). The VD has been en-
hanced several times and is widely used, especially for B-physics and Higgs
hunting.

Time Projection Chamber (TPC) Used for measuring the curvature of the
tracks inside the magnetic field. The curvature is used for calculating par-
ticle momenta and determining charges. The TPC is a drift chamber filled
with gas.

Ring Imaging Cherenkov counter (RICH) Used for determining particle ve-
locities. (The velocity, v, together with p and ¢ from the TPC is used for
particle identification). It’s a very complicated design based on Cherenkov
radiation and has had many problems in the past. It has however been run-
ning steady during the last 2-3 years. The RICH contains several different
gases.

High density Projection Chamber (HPC) Electromagnetic calorimeter, u-
sed for determining e™.e™ and v energies. The HPC is also filled with gas.

Hadron Calorimeter (HCAL) Used for measuring Hadron (p,n and 7% most-
ly) energies, and for separating p’s from hadrons. The HCAL is a combi-
nation of iron layers and gas detectors.

Muon Chambers Used for identifying muons, . These are drift chambers.

Forward ElectroMagnetic Calorimeter (FEMC) These are the electromag-
netic calorimeters located in the end caps of the detector. The FEMC uses
lead-glass for the energy measuring.

Forward Chamber A (FCA), and B (FCB) These are tracking and trigger-
ing devices located in the end caps. FCA is a streamer chamber and FCB
is a drift chamber, both are filled with gas.

STIC,SAT and VSAT Used for measuring Luminosity through Bhabbha scat-
tering. These are electromagnetic calorimeters. The SAT (Small Angle
Tagger), has been replaced by the STIC (Small Angle Tile Calorimeter),
Fig. 1.1.

From these descriptions it’s obvious that DELPHI is a very complex detector.
The main problem is to keep the right mixture and temperature in all the different
gases of the detector. However, since the VD is the most essential part of a search
for Higgs bosons, and DELPHI has a very good VD, it doesn’t have any major
handicaps for a Higgs search at LEP2.
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Figure 1.1: The DELPHI detector.



Chapter 2

Higgs Bosons of the Minimal
Supersymmetric Model



The Standard Model has been very successful in many ways, but some problems
are still left. Many theorists feel that a final theory should incorporate all forces,
unifying them into one at a sufficient energy (the GUT scale ~ 10'® GeV). Such
a theory is called a Grand Unified Theory, or GUT. The Standard Model isn’t a
GUT, and has other shortcomings too. Why are left-handed fermions in SU(2)
doublets and right-handed ones in SU(2) singlets? Why three colours? Why
is electric charge quantized? How many generations are there? Why do the
Cabibbo-Kobayashi-Maskawa (CKM) angles and the weak mixing angle have the
values they do? These questions might never be answered, but their solutions
aren’t found in the Standard Model.

2.1 Motivation for Going Beyond the Standard
Model

Haber and Kane shows in Ref. [7] that if one calculates radiative corrections to
the mass of the Higgs boson of the Standard Model, eg. from a fermion loop in
the propagator, one has a loop integral of the form:

apl TR —my
/d P - mf

for a Higgs of momentum K. This diverges quadratically for large P, indepen-
dently of K, so it gives a correction dm? ~ A? where A is the scale beyond which
the low energy theory no longer applies. For some Higgs mass of the order of a
few TeV, the Higgs self-coupling gets too strong, and we shouldn’t be observing
the apparently successful perturbation theory at low energies. Since corrections
larger than this mass scale are equally unphysical, we expect the new physics to
give an effective cutoff scale below a few TeV. In fact, the Higgs vacuum expecta-
tion value, which determines my and, in principal, the fermion masses, is about
250 GeV, and it’s this number that needs a fundamental explanation. Which
mechanism can prevent the Higgs from becoming superheavy? (which it can’t be
in the Standard Model).

Several approaches have been used to produce this low Higgs mass, Tech-
nicolour and supersymmetry being the best studied. Technicolour is however
very hard to work with and predicts low mass technipions (below 25 GeV) which
haven’t been seen. Supersymmetry goes to a higher symmetry to eliminate the
quadratic divergence, and does so very successfully.

It’s useful to restate the above arguments in a more theoretical manner for
clarity. Let p9 be the scale at which SU(2)xU(1) (electroweak) breaking takes
place. We assume that the Standard Model is the low energy approximation
of some more fundamental theory which becomes relevant at a scale py (The

GUT scale). We calculate the mass of the Standard Model Higgs boson using
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the fundamental theory. This produces the scale dependent mass parameter
evaluated at the fundamental scale 1. The relevant quantity at low energies is
the running mass evaluated at the electroweak scale, p15. These two quantities
are related by an equation which has the schematic form|[8]:

I
i) = mi(m) + Cg* [ dk + Rg* + 0(g"), (2.1)

Ho

where ¢ is a coupling constant, C' is dimensionless and R grows almost logarith-
mically with gy as g3 — oo. The term proportional to C diverges quadratically
when gy — oo. This equation illustrates the theoretical problems described
above. First, in order that m7(u2) < pi, one has to fine-tune the parameter
m3; (1) extremely accurately to cancel the second term in Eq. (2.1) which is of
order p?. This is called the fine-tuning problem. It has also been referred to as
the naturalness problem; clearly the “natural” value for m7; () is a number of
order ui. A related problem is the hierarchy problem; Why is py < 117

These problems are solved in supersymmetry by introducing supersymmet-
ric partners to all the known particles. These are in principal similar in mass
and quantum numbers, except for their spin, which is shifted by one-half. When
these partners are included in the calculation all quadratic divergences disappear
(C = 0 in Eq. (2.1)). This happens because certain Feynman diagrams can-
cel when introducing superpartner loops accompanying the loops of the normal
particles. The extra minus sign that goes with any fermion loop, plus the super-
symmetric relations between masses and couplings, removes the quadratic Higgs
mass divergence, and the need for an unnatural fine-tuning of parameters.

Since such superpartners haven’t been seen yet, they must have higher masses
than their normal partners, ie. the symmetry is broken. C' # 0, but might still
be small enough to work things out. As long as effects of supersymmetry become
relevant by a scale of py ~1 TeV (ie. new supersymmetric particles have masses
below or equal to yq), naturalness is preserved. Our problems aren’t solved if
this scale is above 1 TeV. This scale is called; The supersymmetry breaking scale,
Mg, and is set to 1 TeV throughout this thesis.

To sum it up: The fine-tuning problem indicates physics beyond the Stan-
dard Model, and supersymmetry is a good solution. Supersymmetry implies a
spectrum of new particles with masses below, or equal to, 1 TeV. The lightest of
which should be around myy.

Another interesting aspect of supersymmetry is the possibility to incorporate
gravity. Supersymmetric transformations are intimately tied up with space-time
ones, giving hopes of incorporating gravity into a final Supersymmetric Grand

Unified Theory.
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2.2 Supersymmetric Models

Before introducing the theoretical aspects of the Minimal Supersymmetric Model,
some things should be mentioned about supersymmetric models in general.

First, a supersymmetric model needs two Higgs doublets (The Standard Model
has one) to give masses to both up-type and down-type quarks and leptons. In
addition, a multiplicatively conserved quantum number called R-parity is in-
troduced. All ordinary particles are assigned a R-parity of +1, and all their
supersymmetric partners are given a R-parity of -1. Formally, one can define the
R-parity of any particle of spin j, baryon number B and lepton number L to be
R = (=1)¥*3B+L_ This has important consequences; Supersymmetric particles
must be produced in pairs, and there must exist a “ground-state” supersymmet-
ric particle. This lightest supersymmetric particle must be stable since R-parity
isn’t conserved if it decays into only ordinary particles. Such a particle is a good
candidate to the missing dark matter in the universe.

R-parity doesn’t put any constraints on this analysis since the h® and A° aren’t
supersymmetric particles. Their supersymmetric partners are called Higgsinos.

2.2.1 The General Two-Doublet Model

A more thorough look at the theory can be found in Refs. [5, 9].

First, a general look at the two-doublet Higgs model is presented. This pro-
duces the 5 Higgs bosons and their quantum numbers. Then the model is reduced
to the Minimal Supersymmetric Model, which limits the number of free parame-
ters and constrains the possible Higgs boson masses.

The doublets of the general two complex doublets model look like this:

() ed) e

Using these doublets and the fact that the most general gauge invariant Higgs
potential must respect the discrete symmetry ¢, <> —¢4 in order to avoid Flavour-
Changing Neutral Currents at tree level, the Higgs potential takes the form:

V(b é2) = M(d]or — v)? + Na(ghdn — v3)?
+As[(o] o1 — v}) + (o) — v3)]?
+)\4[(¢J{¢1)(¢;¢2) - (ler@bz)(ﬁb;rﬁbl)] (2.3)
+As[Re(ldz) — v1vg cos €2
+)\6[[m(¢1¢2) — vyvzsiné]?

This potential has eight Higgs fields, or degrees of freedom; A;(z = 1,...,6) and
the vacuum expectation values vy and vs.
The Vacuum Expectation Values;

0 0
v =<y >= ( v )7 vy =< Py >= ( yeié )
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minimize the potential for arbitrary positive parameters A;(z = 1,...,6) and arbi-
trary phase £. This potential with spontaneously broken symmetry is analogous
to the Standard Model potential.

For sin¢ # 0, the CP symmetry of the Lagrangian is broken due to the phase
€. This leads to large CP violation, in contradiction to measurements, thus, £
is set to zero. (In the Standard Model, CP violation can be incorporated by
introducing a CP violating phase in the CKM matrix).

The Higgs spectrum is obtained by expanding the Higgs fields around their
minima. Three Goldstone bosons are identified by their derivative couplings
to the gauge fields. Performing the expansion of the gauge invariant terms in
the Lagrangian £ =|D,é1|* + |[Du¢o* +... with the covariant derivative D, =
(0, — g7 W, —1g'TX,), the gauge boson masses and an orthogonal basis of the
neutral gauge boson mass eigenstates are obtained. The resulting gauge boson
masses are given by:

2 92

2 cos? Oy’

miy = (0 + o) T my =0, my = (v + )
where g = =—%—. Thus, the quadratically summed vacuum expectation val-

ues(VEV) must be equal to the VEV of the Standard Model. The ratio of the
VEV defines a key parameter;

(2.4)

v
tan 3 = 2
"

H° and h® mix through the following mass-squared matrix:

M = 41)%()\1 + )\3) + U%)\g, (4)\3 + )\5)1)11)2 (2 5)
o (4)\3 + )\5)1)11)2 41)%()\2 + )\3) + U%)\g, )

Diagonalization introduces a second key parameter; The neutral mixing angle, a.
Physical Higgs boson masses for 2 charged Higgs bosons, HE, and 3 neutral
Higgs bosons, h?, H® and A° are obtained:

m?’{:{: = )\4(7)% + U%)v m2AO - )‘G(U% + U%)v
m%[%o = %[Mn + My, £+ \/(Mn — My2)? + 4 M3,

The convention mgo > mpoe is adopted.

(2.6)

Thus, the mass spectrum, which is derived from the gauge invariant CP-
conserving Higgs potential with spontaneously broken symmetry, consists of five
physical Higgs bosons. Of the eight initial Higgs fields (or degrees of freedom)
three are Goldstone bosons which are absorbed (“eaten”) by W# and Z°; as in
the Standard Model. This leaves 5 Higgs fields(bosons) in the two-doublet model
and only 1 Higgs field(boson) in the one-doublet Standard Model.

Instead of the one free parameter of the Standard Model Higgs sector, the
general two-doublet model has six free parameters; Four Higgs masses, myzx,
m 40, Myo, Mpo, the ratio of the vacuum expectation values, tan 3, and the neutral
mixing angle, a. These six free parameters in the Higgs sector leaves the general
two-doublet model with very little predictive power.
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2.2.2 Allowed Higgs Boson Production Modes of the Gen-
eral Two-Doublet Model at LEP2

The charge conjugation, C', parity, P, and total angular momentum, JJ, quantum
numbers of the Higgs bosons allows us to identify the possible Higgs production
mechanisms at LEP2. The J¥¢ quantum numbers are 1~ for the photon, 17~
for the Z° and 1~ for the W#. (7 isn’t defined for charged particles (W*). These
quantum numbers must be conserved during the Higgs production process.

Applying the parity and charge conjugation operators to the Higgs fields, the
following quantum numbers are assigned, J¢:

o A% 07—, Pseudoscalar, but transforms as a scalar.

e H° and h° 0. Scalar.
e H* 07(JP). Scalar, again C isn’t defined for charged particles.

The CP-odd nature of A° forbids its bremsstrahlung emission off the Z° or
the W*. Furthermore, the interactions Z° — h°h® and Z° — A°AC are forbidden
by Bose statistics (the 7Z wave function is antisymmetric, while Bose statistics
requires a symmetric wave function for the AA state). The only remaining inter-
actions for the Higgs production, at LEP2, are:

e The Bjorken process: 7Z* — H°Z%, h°Z°.
e Neutral pair production: Z* — H°A®, hYA°,

e Charged pair production: Z* — HTH™.

2.2.3 The Minimal Supersymmetric Model

As mentioned before, the general two-doublet model has too little predictive
power to be of much interest to experimentalists, so further constrains are applied.
The Minimal Supersymmetric Model is born.

Two Higgs fields, analogous to the ones in Eq. (2.2), are introduced:

[ [ o
Hl_(@‘)’ Hz_(cé%)

The supersymmetry breaking terms in the Lagrangian are constrained in or-
der not to destroy the main motivation for supersymmetry, the cancellation of
the quadratic cut-off contributions to the Higgs boson mass. The required can-
cellation relates the gauge boson couplings to the Higgs couplings and results in
the experimentally relevant mass relations between the five Higgs bosons.

The scalar potential, V, which describes the bosonic Higgs sector is derived
from the superpotential, W (for more info on the superpotential see Refs. [5]
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and [9]). After adding soft supersymmetry breaking mass terms and rearranging
the terms to recover the form of the potential of the general two-doublet model
,Eq. (2.3), the bosonic Higgs potential in the Minimal Supersymmetric Model is
given by:

V= (mi+ [p ) HHY + (mi+ ) Hy Hy
—mi,(e;; Hi H + htc.) o o (2.7)
+5(g* + g H{ Hy + Hy" H3)? + 507 | Hi* Hy

Hence, the same five physical Higgs fields, which are identified in the general two-
doublet model, are expanded around their VEV. The comparison of the above
supersymmetric Higgs potential with the potential of the general two-doublet
model leads to constraints on the six A degrees of freedom of the general model:

)\1 — )\2

As=2(g*+97%)— XM

)\4 = 2)\1 — %glz

)\5 = )\6 = 2)\1 — %(92 + g/2)

(2.8)

The last relation assures CP conservation, since the complex phase ¢ of the general
two-doublet model can be absorbed by a field redefinition.
Relations for the m; parameters are also found by comparison with the two-
doublet potential:
2

mi = = | 2008 — bt

mi = — | +2x0f — Lt

mi, = —sv102(g” + ¢ — 4\1)

By combining equations (2.8), (2.6), (2.5) and (2.4), some very important
mass relations are derived:

qu:t = mio + m%/V

Mo po = 3lm% +my £ \/(mio + m%)? — dm7m?, cos? 2]

(2.9)

In addition, the neutral mixing angle, o, can be computed using:

2 2

_ 2 2
cos 2a = —cos 2[3 (M) , sin2a = —sin20 (mfoi—l_mgo)

mHO _mho mHO _mho

By going from a general two-doublet supersymmetric model to the Minimal
Supersymmetric Model the number of free parameters is reduced from six (four
masses, tan 3 and «) to two. The parameters m 40 and tan 3 have been considered
the most convenient choice by the theorists, and have therefore been adopted in
this thesis.

The m 4o-tan § region analyzed in this thesis is:

o m € {0,400 GeV}
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e tan € {1,60}

The mass relations presented in Eq. (2.9) have some very important implica-

tions for Higgs searches at LEP2 and LHC;

Mpy+ 2 Mw, Mo 2> Mz, M40 = Mo
mpo < my |cos20|< my

If myo 1s indeed below my chances of discovery at LEP2 are very good.

The upper bound on mjoe is however raised by radiative corrections. Since the
supersymmetry isn’t perfect (because the particles and their superpartners are
degenerate in mass), the particle and superpartner loop diagrams (of the Higgs
boson mass corrections) don’t cancel completely. These corrections have been
calculated to the second order, and are especially strong for h® (mje is raised).
They stem mainly from top quark loop diagrams, and grow as the fourth power
of the top mass, and the logarithm of the ratio of the supersymmetric top mass
to the top mass[10].

In addition, these radiative corrections include several obscure parameters
without any clear physical interpretation. Such as, the trilinear soft breaking
term A, and the supersymmetric Higgs mass parameter ;1. These terms determine
the mixing between the left and right handed supersymmetric tops, which again
affects the upper limit on the h® mass. This mixing is proportional to (A —
taﬁﬁ), and influences the h® mass and the neutral mixing angle, «, significantly.
Three A, p combinations have therefore been examined for each FK.,;. These
combinations are presented in each exclusion and discovery plot in Chapter 7.

The supersymmetry breaking scale, Mg, also enters the corrections and is

taken to the maximum acceptable; 1 TeV, in all plots. The masses of the left-
and right-handed top superpartners are also maximized, ie. set to Mg. This is
done to study the effects of large radiative corrections to the h® mass. The choices
of A and u are motivated in the same way. (The top mass has been set to 175
GeV throughout this analysis). In the worst case scenario the upper limit for
mpo is raised from my (on tree level) to ~ 130 GeV.

The three A, combinations used in this thesis produce these upper limits

for myo (within the tan 8 € {1,60},m40 € {0,400 GeV} region):
1. A=p=0; mp <115 GeV. No left-right supersymmetric top mixing.

2. A= Mg, p = —Mg; myuo < 120 GeV. Large mixing in the low-tan 8
region.

3. A = V6Ms, p = 0; myo < 130 GeV. Large mixing in the high-tan 3

region.

A three dimensional plot of mye with A = g = 0 is shown in Fig. 2.1. The plot
looks quite similar for the other A and g combinations, with the plateau at a

higher level. (More on A and g can be found in Refs. [5, 10, 11]).
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The chosen m 4o-tan 3 region isn’t arbitrary. The upper limit on m 40 is based
on the fact that very little changes in the myo plot (Fig. 2.1) and in the cross
section plot(Fig. 3.3) beyond this limit. The upper limit on tan  is motivated by
the need to keep the running Higgs fermion Yukawa couplings finite at all energy
scales [10]. Contrary to the m 40 case, going beyond the upper tan 5 limit alters
the myo plot significantly. A “ridge” rises along the left edge (m 40 =100-150
GeV) of the plateau when going to high tan 3. The h® mass increases by 15-30
GeV when going from tan 3 = 60 to tan 8 = 400 along this ridge. The h® mass
is constant at the right edge (m40 = 400 GeV) of the plateau. (The ridge is
smallest and at lowest m 40 in the A = g = 0 case). This ridge isn’t seen in the
cross section plot, because the h®A° cross section is zero in the m 40 region of the
ridge at LEP2 energies.

The lower limit on m 40 is obvious, while the tan 3 limit of 1 needs more
explanation. In supergravity model building, a large ¢t quark Yukawa coupling is
used to trigger SU(2)xU(1) breaking in the low-energy theory[12]. This leads to
the result that tan § > 1. It has also been noted[13] that with a large top mass,
certain types of models, when evolved from a large mass scale to the weak scale,
yield consistent solutions with fairly large tan 3 values. In general, tan 3 = 1 has
been accepted by most theorists as the lower limit.

2.3 Grand Unified Theories

As mentioned in the beginning of this Chapter, most theorists believe that the
final theory should be a Grand Unified Theory. One of the first requirements of
a Grand Unified Theory is the convergence of the three gauge couplings, a;(i =
1,2,3) at some scale Mgyr. Using the LEP measurements of the Standard Model
gauge couplings, Eq. (2.10), and then scaling up towards the Planck Scale (10
GeV) shows a convergence of the couplings around Mgpr ~ 10'® GeV in the
Minimal Supersymmetric Model case, Fig. 2.2. No convergence is seen in the
Standard Model case. This difference stems from the different particle content of
the models.

These plots, Fig. 2.2 do however assume that no new particles appear between
the supersymmetry breaking scale of one TeV and the GUT scale of around 10'¢
GeV. Such new particles will change the slope of the curves at their relevant scale,
and can easily destroy the nice Minimal Supersymmetric Model plot. In addition
another larger symmetry is needed to prevent the minimal supersymmetric gauge
couplings from diverging above the GUT scale. (see Ref. [4] for more on this).

The Standard Model gauge couplings and sin 0y, have these values at the
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Standard model GUT SuperSymmetric GUT

IN(Q/M,) In(Q/M,)

Figure 2.2: Lowest order comparison of the gauge coupling convergence of the
Standard Model and Minimal Supersymmetric Model.

weak scale (My):

a1(Mz) = 3cos2 €W(1271.éj:0.1)
ay(Mz) = 5= 9W(127 55o1) (2.10)
( z) = 0.118 £+ 0.006

sin? Oy (M) = 0.23186 4 0.00034

In addition to looking at the converging gauge couplings (bottom-up ap-
proach) it’s possible to construct Grand Unified Theories and examine their im-
plications on the electroweak scale. This is called a top-down approach.

At the GUT scale the weak mixing angle, sin® Oy (Mgy7), is exactly 3/8. The
predictions for sin® @y at the electroweak scale (calculated to the lowest order)

are; For the Standard Model GUT:

15
sin” Oy (M) = = + §ﬁ ~ 0.203

a3

And for the Supersymmetric GUT:

sin? Oy (My) = — + —— ~ 0.230

1
5 1bas
The fine-structure constant, «, is around 1/128 at the electroweak scale. The
measured value of sin? Oy (Myz), Eq. (2.10), is 0.23186 & 0.00034. Again, super-
symmetry behaves better than the Standard Model.

In this Chapter several problems indicating physics beyond the Standard

Model have been presented, and supersymmetry has some of the best solutions
to these problems. This explains the increased interest in supersymmetry lately.
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Chapter 3

h'” and A" Production Modes and
Decays at LEP2
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Since the Minimal Supersymmetric Model has five Higgs bosons as opposed to
the single H in the Standard Model, the number of processes containing Higgs
bosons is greatly increased. Theoretically the H°, HT and H™ are too heavy
for LEP2, so this analysis concentrates on h® and A°. While there is only one
main production mode in the Standard Model, the Bjorken process|[14] (Fig. 3.1),
there are two in the Minimal Supersymmetric Model; The Bjorken process and
pair production (Fig. 3.2). The rest of the production processes[5] are neglected
here due to their small cross sections.

H,HONO "~

Figure 3.1: The Bjorken process.

Figure 3.2: Higgs boson pair production.

3.1 Signal Cross Sections
The tree level cross section for ete™ —h%7Z9 is:
ohoz0 (tree level) = sin?(3 — a)op.,, 70, (3.1)

where oy, 70 is the Standard Model cross section[5].
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The tree level cross section[5] for ete™ —h9A° is:

oo 40 (tree level) = 5 cos’ (3 — a)B’0 50,5, (3.2)

where B is a phase space factor.
The full tree level expression[15] for oo 40 is:
g* cos? (3 — a)(8sin® Oy — 4sin® Oy + 1) [(s + m? —m?)? — dsm?]/?
1536 cos? Oy $2[(s —m%)2 + 7%m%]

oo 40 (tree) =

These cross sections don’t include Initial State Radiation (ISR) which reduces
them considerably for high Higgs masses. Good approximations of the cross
sections, with ISR included, are given by these expressions[16]:

. (mpo + mZ°)2]0.115

S

opozo = 0.938[1 oo z0(tree level) (3.3)

Amj )o-118
s

Both cross sections, o0 40 and o0 20[17], with [SR[16] and second order correc-

tions[11] to myo and a, are found in Fig. 3.3. (04040 to the left and oj040 at the
bottom of the plot).

opoa0 = (1 — oo a0 (tree level) (3.4)

3.2 h’ and A’ Decays

Knowledge of particle decays are of course vital to identify unstable particles.
Since h® and A% are thought to “give” particles masses by coupling to them,
particles with big masses have big Higgs couplings. These couplings are propor-
tional to the squared masses of the decay particles, making bb the major decay
mode, since the top quark is too heavy for LEP2. The supersymmetric particles
aren’t included as decay modes since none has been observed. The photino (%),
probably the lightest supersymmetric particle, has been excluded up to 15 GeV
(CL=90%)[3]. Supersymmetric decay modes would also make this analysis too
complicated.

The decay widths for y (=h°, A%) are[5]:

_ 9 4m§ ’
T(x = qq) = 3emgm, £l — —F] (3.5)
X
we  x=h° q=up-type quark
£ = 2,22% x =h° qg=down-type quark - { 3/2 x :hO0 o g*
cot? 3y =A% q=up-type quark 1/2 x=A 32wmy,

tan?3 y =AY, q=down-type quark
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Figure 3.3: The h’A° and h°Z° cross sections in the m 4o-tan 3 plane for E,,,s =
192 GeV. Mg =1 TeV,and A =p = 0.
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Equation (3.5) also applies to lepton final states if the colour factor of 3 is
removed. Neutrinos couple as up-type quarks and e,;z and 7 couple as down-type
quarks. The neutrinos have very small couplings, if any at all, due to their small
(maybe zero) masses. The 7 is the only lepton with considerable Higgs couplings.

3.3 Signal Topology

The most important decay modes of h® and A° at LEP2 are 77 and bb, because
7.7 ~ 6% and 7,; ~ 93% for both h® and A° in most of the m 4o-tan 3 region.
The only exception is when tan 3 ~ 1, then 7 .z becomes comparable to 7 ,-.

Since tagging 7’s at DELPHI is much harder than tagging b’s, and as much
as 86% of the h°A° pair productions end up as bbbb, this analysis is specialized
in recognizing bbbb events.

Fig. 3.4[18] is made directly from a simulated HZ° — bbbb event (using
Pythia[19] and Jetset[20]) and therefore contains all the tracks of the event. The
momentum of each particle is given by their length (1 mm=1 GeV). Fig. 3.5 shows
a generated h®A® — bbbb event. The three layers of the DELPHI Vertex Detector
are shown, with the particle tracks in the x-y plane (z=beam axis). There’s 5
cm between the vertex and the inner layer. This event went through the whole
simulation procedure (Fig. 5.1), and shows the tracks as seen by DELPHI. The
dashed tracks are neutral and are therefore not affected by the magnetic field,
whereas the solid lines are charged and thereby bent by the B-field.
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Chapter 4

Background Processes at LEP2
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The main backgrounds for Higgs hunting at LEP2 are:
o etem =7°7°
o ete™ = /1|70 — ff
e efe” - WHW-

The Feynman diagrams for these processes are found in Figures 4.1 to 4.4.
ete” - WTW~ has two important production modes at LEP2.

In about 75% of the v*/7* /7° events a very hard ISR photon lowers the E.,,,
to the Z° mass, producing an on-shell Z°. This process is called “Radiative return
to 7”7, and whether the hard photon goes in the beam pipe or the barrel, it’s
easily removed by the cuts. In the remaining 25%, there’s no hard ISR photon
and the Z° is virtual (Z*), with a mass of around E.,,;. These events are a much
more dangerous background to this analysis than the on-shell Z%’s. For simplicity
the v*/7Z*/7° background is referred to as the ff background throughout this
analysis.

Figure 4.1: The ete™ — ff annihilation diagram. In most cases at LEP2 the
initial v is very energetic and lowers the F.,, to the Z° mass.

ff is included here because it has a big cross section and sometimes produces
more than 2 jets. These extra jets might come from gluon bremsstrahlung or
wrong jet reconstruction. These cases can be very similar to the signal and
demand special attention.

4.1 Background Cross Sections

The background cross sections are generally much bigger than the signal cross
sections, making effective cuts essential to this analysis. Table 4.1 shows the cross
sections for the main backgrounds at each energy analyzed in this thesis. They

are calculated by Pythia[19] with ISR included.
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Ecms O-ff Ow+w-— | 07070

(GeV) | (pb) | (pb) | (pb)
175 175 15 0.5
192 134 18 1.2
205 111 18 1.5

Table 4.1: Total background cross sections.

4.2 Background Topologies

50% of the WT W~ events decay to hadrons and none of them produce bbbb events.

Most of this background can therefore be removed by a strong B-tag[21] cut.
15% of the ff events are bb making this background harder to remove than

W+W~. The ff events do however seldom produce the extra jets needed to make

them similar to the signal.

The biggest background turns out to be Z°Z° due to the irreducible bbbb final
state. Each Z° has a 15% branching ratio to bb and the chances for both Z%’s to
decay into b pairs in the same event is 2.3%. These 2.3% are impossible[2] to
distinguish from the signal and in addition some of the events where only 2 b’s

are produced pass the cuts.

Figure 4.2: The ete™ - W*TW~ annihilation diagram.
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Figure 4.3: The ete™ —Z7°7Z° conversion diagram.

Figure 4.4: The efe™ -=WTW~ conversion diagram.
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Chapter 5

Simulation of Events
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At accelerators like LEP the processes studied are far too complex to be analyzed
by hand like the bubble-chamber pictures were in the 50’s and 60’s. The rate
and number of events have also increased a lot.

To spot Z°’s, W’s and Higgs bosons, their decay products and topologies have
to be known. (Seeing the bosons themselves is extremely unlikely due to their
short average lifetimes of 107%°s or less). When operating at LEP energies, the
number of decay particles easily surpasses 50, giving infinite topology possibilities
for the event. Every process still has a “most probable” topology though, with
certain characteristics. Recognizing a process is therefore equivalent to finding
its special topological attributes.

Unfortunately there are nearly always processes with similar topologies to the
process looked for. These processes are called backgrounds (irreducible if totally
similar). The process looked for is called the signal.

Because of the complexity of the events, special features of signals and back-
grounds are often impossible to calculate or predict precisely. This is why good
simulations are crucial to separate signal from background. By simulating events,
one knows what one deals with and can easily compare signal and background
system parameters. (The value of the parameters vary for each event, so one stud-
ies distributions from many events). A qualitative understanding of the processes
is still needed to pick the interesting parameters to compare.

The parameter distributions showing the biggest differences between the sig-
nal and the background are chosen, and optimal cut values are found. These cuts
are mostly simple, requiring a parameter to be above or below some constant
value (found from simulation). Two-dimensional graphical cuts are also common
if two parameters turn out to be correlated. This improves the efficiency of the
cuts.

5.1 DELPHI Simulations

The raw data from DELPHI are processed by the DELANA[22] software which
produces final DST’s[23] (Data Summary Tapes). The DST’s contain many sepa-
rate events, and each event normally has many tracks. There are several program
packages for reading DST’s, this analysis uses PHDST[24].

Tracks are made from aligned detector hits and all detector hits are connected
to a track (if possible). The information from the hits, connected to the track, is
used for finding its energy, momentum, charge etc. The number of hits and their
alignment determines the errors in these track parameters.

The procedure for simulating events is quite similar. Instead of getting raw
data from DELPHI, physics simulator programs (PYTHIA[19] and JETSET|[20]
in this analysis) are first used to produce all the particles and their momenta.
Then a detector simulator program (DELSIM[25]) is used to simulate DELPHI’s
response to the event. The data from DELSIM is of the same format as real
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@ Event record

DELANA Track reconstruction

RAW DATA

DELSIM

DELPHI PYTHIA/JETSET

Real data Physics ssmulations

Figure 5.1: Data processing at DELPHI. Pythia, Jetset, Delsim and Delana are
all computer programs.

DELPHI data and is analyzed in the same way.

Simulating and analyzing data is very time consuming, so data straight from
the physics simulator are often used to get a qualitative impression of which
cuts to use. Most cuts in this analysis are obtained in this way, straight from
PYTHIA data. Since a lot of information and resolution is lost in the detector,
full simulations are still needed for the final cuts.
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Chapter 6

Analysis and Cuts
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As mentioned in earlier Chapters, the main topology of a h°A° event is bbbb. A
significant excess of these events at LEP2 will therefore lead to the conclusion
that a Higgs signal is seen.

The different cut parameter distributions in this Chapter are presented for
(Bepms = 192 GeV): ff, WHW=, 7°7° hoZ° and hA° with m 4 = 80, mye = 78
GeV. Most of the distributions are quite similar for E.,s = 175,205 GeV, and
other myo, m 0 combinations. Distributions for 175 and 205 GeV are presented
where necessary. The cuts are optimized for a mixture of all the available h®A°
datasets (Table 7.1), but only maec = 80, my = 78 GeV is presented here for
simplicity. The cuts aren’t based on the h°Z° signal at all, but the h°Z° cut
parameter distributions are shown for clarity. The h® mass used in the h%Z°
signal is 80 GeV, since 78 GeV data aren’t available. The 2 GeV difference is
negligible.

The efficiency of the h?ZO search is increased to 20%(tripled) by expanding it
from a bbbb search to a bbgq search. This is done by using mass reconstruction

techniques[26] to check if the invariant mass of the gg pair matches that of the
7°. Details of the bbqq search at DELPHI are found in Ref. [2].

The mass reconstruction technique has its limitations though. When myo is
around mzo the Z°Z° background becomes very big, and when dealing with h®A°
the many possible mass combinations make things quite complicated. In addition,
at high tan 3(> 30) the width of the h® and A® bosons becomes significant. (The
width of both bosons becomes ~ 10 GeV at tan # = 60). This might make it

very hard to find peaks in the invariant mass distributions of a hYA° search.

Should a h°A° signal be seen in the bbbb channel, determining the h® and
A® masses will be urgent, so some sort of mass reconstruction analysis must be
done. An analysis of this kind treating a few m 40, mpo points and operating at
efficiencies around 20% is presented in Ref. [2].

To make a complete and optimized Higgs search, the different analyses for
h°A% and h°Z° must be combined, which is partly done in Ref. [2].

All the available data at E.,s = 192 GeV (see next chapter for details) are
used throughout this chapter. However, to remove leptonic events from the back-
ground distributions, only events with 10 or more tracks are presented in the
distribution plots. These leptonic events are often neutrino events, with zero
tracks, creating uninteresting peaks in the extremities of the distribution plots.
In addition, the M1 vs. M2 scatter-plot (Fig. 6.12) only has 1000 of each back-

ground to limit the number of points on the plot.

The efficiencies of the cuts are nearly similar for all energies if other distribu-
tions (175, 205 GeV) aren’t mentioned or discussed.
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Figure 6.1: A typical B decay. PV is the Primary Vertex. The BT decay generates
a secondary vertex.

6.1 The Quest for bbbb Events

The most important tool for selecting B-events is the B-tagging [21]. This is
however not enough to remove the background sufficiently. Additional properties
of the event have to be examined to remove all of the reducible background, such
as; the number of jets and B-jets in the event, deposits in the electromagnetic
calorimeters, energy of the most energetic jet, conservation of momentum and
energy in the event, and finally a look at invariant masses. This Chapter contains
thorough information on all these properties of signal and background, and the
cuts used in the analysis.

6.1.1 B-Tagging

The b-quarks, after being pair produced by h® or A® decays, pick up seaquarks
to form B-hadrons. Since these B-hadrons contain a b-quark they have “bottom-
ness”. Strong decays require conservation of bottomness, energy and mass, and
the B-hadrons have no such decay modes available. This forces them to decay
through a flavour changing current, or weak decay. The same thing happens when
h°, A% or Z° decays to c or s-quark pairs creating charmed or strange hadrons. All
these hadrons have different average lifetimes, which can be used to distinguish
them. For example, the strange mesons (K’s) have average lifetimes of ~ 107®s
(K2 ~ 107'%), while the charmed mesons (D’s) have lifetimes between 0.5 and
1 107?s. The bottom mesons (B’s) have mean lifetimes of ~ 1.5 x 107'%s. All
these lifetimes are picked from Ref. [3], and are typical for weak decays.

When these energetic mesons decay, a multitude of secondary particles is
created. These, in addition to the fragmentation particles produced directly at
the vertex, form the jets (Fig. 3.4). The lifetime of the original meson determines
the displacement of the jet vertex, and heavy mesons have “broader” jets than
light mesons. In Fig. 6.1 a B decay is shown, with the secondary vertex (jet
origin) beginning where the B decays. PV is the primary Vertex, ie. the collision
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Figure 6.2: Description of the Impact Parameter.

point of the et and e™.

The B-tagging method[21] used in this analysis, is heavily based on the impact
parameter. The impact parameter of a track is the shortest distance between
the PV and the extension of the track past the PV. Fig. 6.2 shows the impact
parameter of a track belonging to a jet (77) and of a track not belonging to the jet
(77). The 7t has a positive impact parameter because the extension of the track
passes “in front” of the PV. If the 7~ passing the jet is mistaken as part of the jet,
it gets a negative impact parameter because it passes “behind” the PV. Another
way to determine the sign of the impact parameter is to look at the angle between
the direction of the jet axis and the impact parameter. Impact parameters with
angles less than 90°, to the jet axis, have positive impact parameters, and [P’s
with higher angles are negative.

In an event where all tracks are from the primary vertex, the impact param-
eters are distributed around zero due to the limited resolution of the detector,
multiple scattering and errors in the track reconstruction. The idea is to use this
distribution to find a track’s probability of being from the PV. When combining
these track probabilities for a group of tracks, their combined chance of being
from the primary vertex can be studied.

Making an impact parameter distribution with tracks only originating from
the PV is the first goal. Unfortunately, all real samples are contaminated by
tracks not originating from the primary vertex, so a trick is needed. Somehow
the distribution of positive IP’s must be obtained, because only tracks with pos-
itive IP’s are studied in the final analysis (tracks with negative IP’s are ignored).
The contamination in the samples are mostly correctly reconstructed tracks from
secondary vertices (like B-jets), having positive impact parameters. The contam-
ination is therefore concentrated on the positive side of the IP distribution. If one
assumes that the distribution of the pure sample (only tracks originating from
the PV) is equal for both negative and positive impact parameters, the negative
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distribution can be flipped to make the positive distribution. A positive distribu-
tion function can therefore be produced directly from the negative distribution.
This function is fitted to the negative distribution for LEP2, and its integral is
normalized to one(Fig. 6.3). It’s very dependent on the detector resolution and
is therefore called the “resolution function”. Only tracks with negative IP’s be-
tween 0 and —2 mm are used to make this function. Tracks with smaller IP’s
than —2 mm are too badly reconstructed to be of any use.

To find the probability that a track originates from the primary vertex, P(ip),
the resolution function is integrated from the IP of the track, and up to 2 mm.
Tracks with IP’s above 2 mm are ignored. As seen in Fig. 6.3, these integrals
drop rapidly for high impact parameters. Their values are always between 0 and
1, since the total integral of the resolution function is normalized to one.

After PV origination probabilities are calculated for a group of tracks (event,
jet etc. ), they are combined statistically into one single probability for that
group. This combined probability is called the “N-track probability”, and it
tells the probability that the chosen group of tracks originate from the primary
vertex (0 <N-track prob. < 1). A small N-track probability means that most of
the tracks examined probably aren’t from the PV, ie. they are from secondary
vertices, most likely B-mesons. In general, the N-track probability of an event is
inversely proportional to the number of B-jets in it.

The N-track probability is calculated using this statistical formula:

N-1 —1In 7 N .
Py =1 Q II =[] P(ip)
7=0 J- =1

When only tracks with positive IP’s are used (as in this analysis), Py is called
the positive N-track probability, or Probp.

The distributions of the positive N-track probability are found in Fig. 6.4.
Fig. 6.5 shows the same distributions below 107%.

The chosen cut for Probp is:

e Probp< 1077 for all energies

This cut is extremely hard on non-B events, especially WTW™ events.
The resulting percentage of events left, after only this cut, is found in Ta-

ble 6.1.

6.1.2 Jet Reconstruction

To find out more about the event it’s necessary to examine its jets and their
characteristics. Two different algorithms are often used for jet reconstruction

at ete™ colliders, JADE and LUCLUS. Both are part of the JETSET program
package[20].

41



0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

mm

Figure 6.3: The distribution of the negative impact parameters between 0 and
—2 mm, and the fitted resolution function. The negative distribution has here
been flipped around the y-axis to simulate the positive distribution of tracks
originating from the Primary Vertex.

| Probp < 1077 |
hOAC [ hOZ0 [ Z2°72° | ff | WHW™
% left | 49.7 [ 192 ] 5.0 [18] 0

Table 6.1: Percentage of events left after the Probp cut, for the data at F.,,; = 192
GeV.
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The LUCLUS algorithm starts by picking the highest momentum particle as
the first cluster (jet). Then it checks the d;; values of the other tracks, ie. their
angular distance, given by:

¥ ~ |p2 X p]| (61)
| pi + il

If this value is below a predetermined value, d;,;,, the tracks are connected,
and their combined momentum (added vectorially) is treated as the new cluster.
This process is repeated for the remaining unassigned tracks, until all tracks are
assigned to a cluster, and all clusters are separated by at least d;.;,. A higher
d;oin, produces therefore fewer jets. Isolated tracks often become their own cluster
(jet) using this algorithm.

The only difference between JADE and LUCLUS is the way they calculate
the angular distance between tracks. The distance measure for LUCLUS, d;;, is
given in Eq. (6.1), and the distance measure for JADE, y;;, looks like this:

QEZE](l — COS (9”)

VLS

where E,;, is the total visible energy of the event. The JADE equivalent of d;.;,
is called ;o4

The JADE algorithm is a little better at finding the right number of jets,
whereas LUCLUS gives better jet directions and energies[27]. LUCLUS can still
reproduce the right number of jets almost as good as JADE if a good d;,;,, value is
chosen. This is why LUCLUS is used throughout this analysis, except in the B-jet
reconstruction, which is done internally in the B-tagging program package[21],
using JADE with y;,,, = 0.01.

The best value for d;,;, depends mostly upon the energy, and for LEP2 ener-
gies, djoim, = 5 GeV turns out to be a good choice [28]. Using the right d;,;, value
is especially important for separating 2-jet and 4-jet events (ff, bbbb).

The distributions of the number of jets, N, are found in Fig. 6.6.

The chosen cut for Nje, is:

o N, > 3 for all energies

This cut removes a lot of ff events. The resulting percentage of events left,
after only this cut, is found in Table 6.2.

6.1.3 B-Jets

As shown earlier, the signal topology is typically a bbbb event, which is very
rare among the background events. The next step, after jet reconstruction, is
therefore to look for B-jets. These are often broad, many-particle jets, coming
from a secondary vertex.
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Figure 6.6: The number of jets in each event. Here shown for E.,,, = 192 GeV.
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‘ Njets>3 ‘
LOAO [ 1070 | 2970 | [f | WA W-
% left | 86.8 | 65.5 | 48.3 | 5.1 47.5

Table 6.2: Percentage of events left after the N, cut, for the data at £, = 192
GeV.

Each jet identified by JADE is required to satisfy three criteria, to be classified
as a B-jet:

1. The combined Positive N-track Probability (Probp) of all tracks in the jet
must be less than 0.05, because broad and offset jets have small Probp’s.

2. The number of tracks in the jet must be equal to, or higher than 3, because
B-jets often have high multiplicity.

3. The Energy of the jet must be equal to, or higher than 5 GeV, because jets
with less energy are poorly defined at LEP2.

Many different values were tried to optimize the above criteria.

This analysis uses a rather simple approach to classify B-jets, more sophisti-
cated methods are under development. These methods incorporate particle types
and charges.

The number of jets in each event, passing these criteria, reflects the true
number of B-jets in the event quite well.

The distributions of the number of B-jets, Nﬁts, are found in Fig. 6.7. The
internal jet reconstruction in the B-tagging program package[21] is used, ie. JADE
with Yjoin = 0.01.

The chosen cut for Nﬁts is:

o NB

i2is > 2 for all energies

This cut is very hard on all backgrounds. The resulting percentage of events
left, after only this cut, is found in Table 6.3.

| N > 2 |
LOAO [ 1070 | 2970 | ] | W W-

% left | 54.8 | 149 | 3.5 | 0.3 0.3

Table 6.3: Percentage of events left after the Nﬁts cut, for the data at F.,,, = 192
GeV.
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6.1.4 The Energy of the Main Jet

When h® and A° are produced together at LEP2, nearly all the available energy
is “absorbed” by them and make up their masses, especially in the mpo 4+ m 40 =
E...s region. This leaves the Higgs bosons with no momentum. These “resting”
bosons decay into ff (mostly bb), each fermion with equal momentum and energy
(from conservation). Each boson should therefore produce two back-to-back jets
with equal energy (%mbos(m).

For lower mass Higgs bosons (mpo + myo < FEeps), there’s enough energy
left after the h®A° production to give them a considerable momentum. When
these boosted bosons decay, the jets have different energies in the detector rest
frame. The forward jet being the most energetic. The case of both jets being
perpendicular to the boost direction, and thereby getting equal energy, is very
rare since these Higgs bosons decay isotropically.

The energy of the jet with highest momentum (Fy) is therefore ~ %mboson in
the myo + myo & K., case, and higher when mpo +m40 < F.s. This produces
narrower £/, distributions in the first case than in the second. F; in case one also
tends to be a little lower.

Since F; depends on the center-of-mass energy, its distribution is shifted to-
wards higher energies for E.,, = 205 GeV, and lower energies for E.,,, = 175
GeV (compared to 192 GeV). This is why different cuts are needed for each
energy.

For the Z°7Z° and WTW~ backgrounds, the situation is quite similar. This is
however not the case for the ff background. Here there’s a very boosted system
if a hard « is radiated (radiative return to Z°), or two jets with high momenta if
no hard « is radiated. The quarks creating these jets might also radiate gluons
to create more jets.

All these different possibilities result in a broader F; distribution for ff than
for all the other signals and backgrounds, Fig. 6.8. While the low-energy tail in
the ff distribution is quite harmless to this analysis, the high-energy tail contains
some dangerous background events. The cut is done in the high end of the F;
distribution to remove this high-energy tail.

The FE; distributions are shifted towards higher energies for higher center-of-
mass energies. This effect isn’t very interesting or surprising, so distributions are
only shown for 192 GeV, like in the previous cuts.

To show how higher Higgs masses tightens and shifts the h°A° E; distribution,
mgo = 90, myo = 87 GeV (E.pns = 192 GeV) has been included in Fig. 6.8. The
variations for h°Z° are much smaller, since m o is constant.

The distributions of E; (two h®A° combinations) are found in Fig. 6.8.

The chosen cut for £y is:

o B <UE,., —83GeV

The resulting percentage of events left, after only this cut, is found in Ta-
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ble 6.4. The extra hYA° mass combination (mg = 90, mue = 87 GeV) isn’t
included in this table.

| By <75 GeV |
hOA® [ hOZ° [ Z°7° | ff [WTW-
% left [ 97.7 [ 98.2 | 97.4 | 88.0 | 97.6

Table 6.4: Percentage of events left after the F; cut, for the data at F.,,; = 192
GeV.

6.1.5 Electromagnetic Deposits

One of the most significant features of the ff background is a hard v (or several)
often seen together with the fermions, in the event. This is the Initial State
Radiation photon(s).

These photons mostly leave the detector undetected, through the beam pipe.
This is seen as lost zzmomentum (beam pipe direction) and lost energy in the
event. Few jets are produced, and the observed momentum and energy is badly
conserved in the event. These cases are removed by other cuts in this analysis.

A few of the photons have bigger § angles, ie. they pass through the electro-
magnetic calorimeters of DELPHI (not the beam pipe). 6 is the angle between
the tracks and the beam pipe. At low 8 the ~’s are seen in the STIC, which is
located near the beam pipe on both sides of the interaction point, Fig. 1.1. At
higher #’s they’re seen in the Forward EM Calorimeter (FEMC), located in the
end cap. And at the highest §’s they're detected by the High Density Projection
Chamber (HPC), located in the barrel.

In addition to the 4’s leaving big energy deposits in the EM calorimeters, the
ff might be eTe™, which also leaves big EM calorimeter deposits. Especially if
no initial ISR photon is radiated (ete™ shares all the energy).

The WH*W~ and Z°Z° backgrounds might also produce hard e*’s through
direct decays (WE —etu,, Z° —ete™). These hard v’s and e*’s coming from the
backgrounds aren’t seen in the signal, and their energies rise with higher F.,,;.

Fig. 6.9 shows the distributions of Emcamax, the biggest energy deposit in the
HPC or FEMC. The high-energy ’s and e*’s are only seen in the backgrounds.
This cut removes this high-energy tail. These distributions are stretched out for
Eens = 205 GeV and shrunk for K., = 175 GeV, so different cuts are needed
for each energy.

Emcamax doesn’t include the STIC, since all the background events with

high-energy STIC deposits are removed by other cuts. This isn’t the case for the
HPC and FEMC.
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The chosen cut for Emcamax is:
o Emcamax< 0.22F.,,

The resulting percentage of events left, after only this cut, is found in Ta-

ble 6.5.

‘ FEmcamax< 42 GeV ‘
hOAC% | hOZ° | Z°Z° | ff | WTW~—
% left | 99.8 | 96.9 | 93.1 | 90.5 89.0

Table 6.5: Percentage of events left after the Emcamax cut, for the data at
Fems =192 GeV.

6.1.6 Conservation of Momentum and Energy

One of the most fundamental principles in physics is conservation of momentum
and energy. This of course also applies to the events studied at LEP2.

If p and F are badly conserved in an event this indicates that high-momentum
tracks have gone undetected, or neutrinos are involved. High-energy neutrinos
might come from all the backgrounds, and high-momentum tracks going unde-
tected are mostly seen in ff events (y’s going down the beam pipe).

To only examine conservation of both momentum and energy, combining all
tracks is the best. The routine used here (PUFIT[26]) is however created to han-
dle many kinds of situations, like reconstructing invariant masses of jet systems
etc. , so all events are first reconstructed into 4 jets, using LUCLUS.

Forced jet reconstruction into 4 jets isn’t very different from normal recon-
struction. First LUCLUS picks out 4 “main” tracks, then all other tracks are
connected to their nearest main track (jet). The distance measure is the same as
in the jet reconstruction Section, Eq. (6.1). After all tracks have been assigned
to a jet, the new jet direction (momentum) is calculated. Each track is then reas-
signed to its nearest jet (using the last calculated jet directions). This procedure
is iterated until no tracks change jets during reassignment.

These 4 jets are then treated as single tracks, and a fit for conservation of p
and F in the event is performed. Distributions of y*’s of this fit (y2,) are found
in Fig. 6.10. Comparing them directly is possible since all the fits have the same
number of degrees of freedom.

The difference between the 7Z°7Z° and WHW~ backgrounds reflects that W+
decays more often to neutrinos than Z°.

The difference between h°Z° for m;o = 80 and mje = 90 GeV, both shown in
Fig. 6.10, arise from the fact that these events have different topologies. The case
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with myo = 80 tend to have more jets in the forward direction, ie. more tracks
along the beam pipe, causing a worse (bigger) \7,,. The same effect isn’t seen in

hYA°.

The chosen cut for x7 , is:
o X7, <0.27FE.,;

The resulting percentage of events left, after only this cut, is found in Ta-

ble 6.6. The h°Z° percentage is for m;o = 80 GeV.

‘ X?,?ot < 52 ‘
hOAC [ hOZ0 [ Z°7° | FF | WFW-
% left | 89.8 | 62.2 | 48.5 | 19.5 44.2

Table 6.6: Percentage of events left after the \? . cut, for the data at F.,s = 192
GeV.

6.1.7 Invariant Masses

The last cut used in this analysis looks at the invariant masses of the two jets
produced by a forced 2-jet reconstruction.

The invariant masses of these 2 jets are calculated by LUCLUS, using the
transverse momentum in the jet. The mass of the jet with biggest momentum is
baptized M1, and the mass of the other jet is called M2.

The jet topology for all signals and backgrounds can roughly be summed
into 3 different cases, illustrated in Fig. 6.11. Case 2 and 3 applies to the ff
background and case 1 to the signals and the rest of the backgrounds. ff comes
from an initial v*, Z* or Z°, and the rest are from 2 initial bosons. I, and I, are
jets coming from initial particle 1 or 2.

Since all the bosons in the signals and backgrounds are heavy (80-90 GeV),
and are produced in pairs, little of the K., is left for giving them momentum.
The jets produced by these “resting” bosons are therefore back-to-back, as in case
1, Fig. 6.11. When forcing case one into 2 jets, the jets on the left side become
one, and so does the jets on the right side. These 2 jets, with masses M1 and
M2, are nearly always made up of one [; jet and one I, jet.

In most cases the jet reconstructed from [; and I, on one side (left, in
Fig. 6.11), has higher invariant mass (spread) than the jet on the other side.
The jet with biggest spread and invariant mass (left) is often the jet with biggest
momentum. This is why M1 tend to be bigger than M2.

In case 2 (ff) the  often goes into the beam pipe, and only two jets remain.
LUCLUS reconstructs these, and since they’re not mixtures of several jets, their
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Case 1 Case 2 (ff): Case 3 (ff):

Extrajet

Figure 6.11: The 3 most common topology cases.

spread and masses are small compared to those of case 1. These events (case 2)
are however removed by other cuts.

The real strength of this M1 vs. M2 cut is that it removes many case 3 events
that survive all the other cuts. These are ff events where no hard ISR v is
emitted. The extra jets in Fig. 6.11 may come from gluon bremsstrahlung, or
jet splitting arising from bad jet reconstruction. Since the gluons are radiated
by the ff pair, their momenta tend to be aligned to those of the initial fermions
(11). This often gives the 2 jets reconstructed from case 3 less invariant mass
than those reconstructed from case 1.

The distributions of M1 versus M2, are shown in Fig. 6.12. The cut is shown
as a line, everything outside it is removed. It’s done graphically because this is
more efficient than separate cuts, which would be the same as using a square box
in the graphical cut. The cut is optimized for a mixture of all the available h®A°
datasets at each energy (like all the other cuts), and is mainly introduced to deal
with case 3, ff background.

The h®°A° distribution is made up entirely of case 1 events.

The h°Z° plot has a concentration of events at low M1 and M2. These are
events where Z° decays to viv (20%), giving the events only 2 jets (from h®). This
produces the small M1’s and M2’s, as in case 2 events. The 10% of the events
where Z° decays into charged leptons are also found in the lower left corner,
although a little smeared by the leptons.

The ff plot has a huge concentration of events in the lower left corner, these
are the case 2 events (75%). The rest are case 3 events, and their distribution
has a great impact on the shape of this graphical cut.

The WHW~ background produces 2 charged leptons and 2 v’s in around 10%
of the cases. These are found in the lower left corner if they have 10 tracks or
more. Around half of the remaining WTW~ events produces 2 quarks, 1 charged
lepton and 1 v. The 2 quarks are from the same W. The charged lepton is added
to one of the jets, raising the invariant mass a little. This is why the lump at
low M1 and M2 is more smeared for WFW~ than for h°Z°. The last 50% of the

W+HW~ events are standard case 1 events with 4 quarks.
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The Z°7° background creates 4 leptons in 10% of the cases. These are found
in the lower left corner if they have more than 9 tracks. 30% of the remaining
7°7° produce qqui. These events are also found in the low mass corner. 16%
of the remaining Z°Z° include 2 charged leptons and 2 quarks. These also have
small M1 and M2, but they’ll smear the lump, as in WTW~ and h°Z°. The last
54% are qqqq, ie. standard case 1 events.

Because the M1’s and M2’s in case 3 events of the ff background are very
sensitive to the F.,;, the graphical cut has to be “pushed” up to higher M1’s and
M2’s for higher energies. Since the M1 vs. M2 plots for the signals, and other
backgrounds, doesn’t vary much for the different energies, this “raising” of the
cut reduces the efficiency for high energies.

The h®A° and ff plots, with cuts, are shown for all energies in Fig. 6.13.
All the available ff data are used. The h°A® and ff on top of Fig. 6.13 are
E.n, = 175 GeV, below are the plots for E.,, = 192 GeV, and at the bottom,
E..s = 205 GeV. The raising of the cut is clearly seen in this figure.

To make the plots in Fig. 6.13 more informative, the case 3 events from the
ff background are extracted by two cuts. First, the x2, < 0.27FE.,, cut to
remove events with 4’s down the beam pipe, and then the N;., > 3 cut to assure
extra jets. The plots show the h°A° and ff events left after these two cuts. (In
addition, the events are still required to have more than 9 tracks).

The graphical cut for E.,; = 205 GeV, in Fig. 6.13, might seem a bit too
hard compared to 175, 192 GeV. This is however necessary because, in addition
to the raising of M1 and M2 in ff, more ff events survive the other cuts at
Eens = 205 GeV. The combination of the reduced efficiency of the other cuts,
the bigger Z°Z° cross section, and the raising of M1 and M2 for ff, makes this
hard graphical cut necessary for E.,s = 205 GeV.

The h? A° masses are (78,80) for 175 and 192, and (87,90) for E.,., = 205
GeV.

The resulting percentage of events left, after only this cut, is found in Ta-

ble 6.7.

‘ M1 vs. M2 ‘
hOAC% | hOZ° | Z°7Z° | ff | WTW~—
% left | 90.6 | 64.1 | 48.7 | 9.4 50.5

Table 6.7: Percentage of events left after the graphical cut, for the data at E.,,s =
192 GeV.
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6.2 Summary of Cuts

Values extracted after jet reconstruction to any number of jets:
Probp Positive N-track probability of the event (B-tag[21]).
Njets Number of reconstructed jets (LUCLUS[20], djzin = 5 GeV).

NZE  Number of jets with probp< 0.05, #tracks> 3 and £ > 5 GeV (JADE[20],

Jets

Yjoin = 0.01).
E; Energy of the jet with highest momentum (LUCLUS, dj;,, = 5 GeV).
Emcamax Biggest energy deposit in the EM calorimeters (FEMC or HPC).
Values extracted after forced 4-jet reconstruction (LUCLUS):
X2, x* of the energy, momentum conservation fit of the event (PUFIT[26]).
Values extracted after forced 2-jet reconstruction (LUCLUS):
M1 Invariant mass of the jet with highest momentum.

M2 Invariant mass of the other jet.

‘ Cuts applied at

| 175 GeV | 192 GeV | 205 GeV |

Probp < 107? 107? 107?

Nijets > 3 3 3

Nﬁts > 2 2 2

Ei (GeV) < 61 75 86

Emcamax (GeV) < 38 42 45

Xbot < 47 52 55
Plus graphical cut in M1 vs. M2

Table 6.8: Summary of all the cuts at different energies.
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Chapter 7

Results
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After establishing the cuts, they must be put into action. This Chapter first
presents the signal efficiencies, and then the backgrounds.

In addition to the background data presented in the previous Chapter, data
at other nearby energies have been included. This is done to reduce the statistical
errors.

All simulated data in this analysis are created by PYTHIA and JETSET,
except for (ete™)ff where the DELPHI generator TWOGAM]29] is used.

7.1 Signal Efficiencies

The signal efficiencies with statistical errors for all the available signal datasets
are presented in Table 7.1. (The h? masses are calculated with A = u = 0). All
the sets contain from 998 to 1000 events, except the last h°Z° set (K., = 205
GeV), which only contains 193 events. The statistical errors are given by this
formula:

€l —¢)
\/N )

where N is the number of events in each dataset and ¢ is the efficiency of the

(7.1)

g, =

cuts.

The hOAoieﬂiciencies are very good, while the h%Z° efficiencies can be tripled
by doing a bbgq search instead of a bbbb search, as mentioned in the previous
Chapter.

7.2 Backgrounds

In this Section all the analysed backgrounds are presented. These include the
three main energies and some nearby energies. New backgrounds are also pre-
sented. These can however hardly be called backgrounds, since none of their
events pass the cuts.

The background data at the three main energies (175, 192 and 205 GeV) are
all produced using the last version of DELSIM (V96), while the rest are generated
with an older DELSIM version (V94). The biggest difference between them is in
the Vertex Detector. The 96 VD is a little longer, and has end caps, making it
better than the 94 configuration. This is mostly seen in the B-tagging, where the
VD is vital.

7.2.1 Background Errors

Using simulated background data at nearby energies reduces the statistical er-
rors significantly, but it also increases the systematical errors, since the data are
generated with different DELSIM versions. The reduction of statistical errors is
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Signal m4o tanf mpo | efficiency
(GeV) (GeV) (%)
175 GeV
h%A° 70 3 61 | 28.2+1.4
70 10 69 | 28.7+1.4
80 3 67 | 265+ 1.4
80 10 78 1323+£1.5
85 3 70| 31.2+1.5
ho7Z° 80 | 5.6+0.7
85| 6.7£0.8
192 GeV
h%A° 80 3 67 | 31.0£1.5
80 10 781345+ 1.5
90 3 73| 32.8+1.5
90 10 87134.0+£1.5
95 3 76 | 345+ 1.5
ho7Z° 80| 6.2+0.8
85| 6.2+0.8
90 | 6.5+£0.8
95| 6.3£0.8
100 | 6.3+0.8
205 GeV
h%A° 90 3 73129.0+1.4
90 10 87 132.1+£1.5
95 3 76302+ 1.5
95 10 92 130.0+14
100 3 78 130.8+ 1.5
105 2 70 1303+ 1.5
ho7Z° 90 | 5.9+0.7
100 | 6.5+0.8
105 | 5.6 +£0.7
110 | 6.3+1.8

Table 7.1: Signal efficiencies with statistical errors.

63



often bigger than the increased systematical errors, since the differences in ener-
gies and VD configurations are small compared to the big amount of additional
simulated data obtained by including the 94 data. The 94 data are only included
where the amount is big enough to make a significant improvement in statistical
errors.

Since the systematical errors in this analysis are very hard to approximate,
they’ve been omitted completely. The biggest problem concerning the system-
atical errors is the lack of real data, and the great amount of work needed to
approximate them. Another complication is the improvements done on the de-
tector every year, which also influences the systematical errors.

The statistical error for each of the backgrounds is:

/ N,
Opg = k Nb(l — Fb),

where k is the expected number of events for the given integrated Luminosity
(fLdt = 300, 500 pb~') divided by the number of simulated events, N;. N, is
the number of events passing the cuts.

After calculating statistical errors for each background, they’re all summed
up to find the total statistical error, like this:

_ 2 2 2
Otot = \/Uzozo +Uff+UW+W—

7.2.2 Applied Cuts

Presenting the efficiency for each cut separately, like in the previous Chapter, is
quite interesting, but it’s their combined efficiency that counts. The sequence of
the cuts is very important for each cut’s efficiency. Still, all cuts presented here
remove some background, even when being last in the sequence. Tables 7.2 to
7.4 presents the background and signal events left after each cut, for each energy.
The h® and A® masses are given, in GeV, in the parentheses. The numbers in
each row are the events left after the cut presented in the same row, and the
cuts follow the same sequence as in the previous Chapter. The first row is the
available simulated events (# simulated), ie. no cut applied.

7.2.3 Total Backgrounds

The total backgrounds are presented in Tables 7.5 to 7.7. The efficiencies are
the number of events passing the cuts divided by the total number of Simulated
events. The integrated Monte Carlo (MC) luminosity is the integrated luminosity,
J Ldt, needed to produce the given number of simulated events.

When nearby energies are included, the total number of events, and the total
number of events passing the cuts, are added into a total efficiency.

The WtW~ errors at E.,, = 175 and 192 GeV are estimated by letting one
event pass the cuts.
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| Eps = 175 GeV |

Cut hYA° | ho7° | 797° ff | WrwW-
(78, 80) | (80)

#Simulated 1000 | 1000 | 1500 | 33860 5020
Probp < 1072 480 | 164 53 583 4
Nijets > 3 438 | 119 28 31 3
Nﬁm > 2 353 60 8 3 1
b < 61 GeV 335 60 6 3 0
Emcamax < 38 GeV 335 60 6 2 0
Xbos < 47 327 59 6 1 0
M1 vs. M2 323 56 6 0 0

Table 7.2: The number of events left after each cut at £.,,;, = 175 GeV.

| Eeps = 192 GeV |

Cut hOAY | ho7Z° | 7°7° ff | Wrw-
(78, 80) | (80)

#Simulated 1000 | 1000 | 8650 | 39860 10910
Probp < 1072 497 | 192 | 432 735 1
Nijets > 3 449 | 136 | 301 52 1
Nﬁm > 2 357 4| 124 7 0
b < 75 GeV 352 71| 122 5 0
Emcamax < 42 GeV 352 711 119 5 0
2, < 52 348 | 64| 117 1 0
M1 vs. M2 345 62 113 1 0

Table 7.3: The number of events left after each cut at £.,,;, = 192 GeV.
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| Eps = 205 GeV |

Cut hYA° | ho7° | 797° ff | WrwW-
(87,90) | (90)

#Simulated 998 | 1000 | 1000 | 36650 5000
Probp < 1072 492 | 198 44 603 3
Niets > 3 461 | 145 32 37 1
Nﬁm > 2 369 72 12 6 1
Ey < 86 GeV 367 72 12 5 1
Emcamax < 45 GeV 366 72 12 4 1
X2, < 55 355 65 11 4 1
M1 vs. M2 321 59 10 2 1

Table 7.4: The number of events left after each cut at £.,,;, = 205 GeV.

Background o E..s Efficiency MC [Ldt | Expected events
(pb) | (GeV) (pb™) | fLdt =500 pb~*

7°7° 0.46 175 6/1500 3260 0.9+04
ff 175 170 0/26940
175 0/33860
180 1/22280

1/83080 470 1.14+1.1
WTW- 15 170 0/1070
175 0/5020
180 0/17020

0/23110 1540 040.3
Wer 0.65 170 0/1000
175 0/2750
180 0/1000
0/4750 7310 0
ZPete~ 6.7 170 0/1000
175 0/2700
180 0/1000
0/4700 700 0
‘ Total background 204+1.2

Table 7.5: The total background at F.,,, = 175 GeV.
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Background o E..s Efficiency MC [Ldt | Expected events
(pb) | (GeV) (pb™) | fLdt =300 pb~*
7°7° 1.22 192 113/8650 7090 48+ 0.4
ff 134 190 1/63260
192 1/39860
2/103120 770 0.8+0.6
WTW- 18 190 0/11210
192 0/10910
0/22120 1230 040.2
Wer 0.83 190 0/1000
192 0/1000
0/2000 2410 0
Zlete~ 6.7 190 0/1980
192 0/3220
0/5200 780 0
(ete™)ff 25 | 190 0/5900
192 0/11250
0/17150 690 0
‘ Total background 5.6 +0.7

Table 7.6: The total background at K., = 192 GeV.
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Background o E..s Efficiency MC [Ldt | Expected events
(pb) | (GeV) (pb™) | fLdt =300 pb~*
7°7° 1.47 205 10/1000 680 44+1.4
ff 111 200 1/18450
205 2/36650
210 1/14550
4/69650 630 1.9+1.0
WHW-— 18 200 0/2110
205 1/5000
210 0/2400
1/9510 530 0.6 £0.6
Wev 1.0 200 0/1000 1000 0
ZPete~ 7.3 200 0/970
205 0/1490
210 0/990
0/3450 470 0
‘ Total background 6.9+ 1.8

Table 7.7: The total background at F.,,; = 205 GeV.
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7.3 Exclusion and Discovery Limits

After having found the signal efficiencies and backgrounds, the exclusion and
discovery limits must be determined. Since the minimal supersymmetric Higgs
sector has 2 free variables (at the tree level), m 40 and tan(, the limits must be
presented in 2 dimensional plots.

The limits are calculated from the backgrounds, their errors, and the ex-
pected [Ldt. They are calculated with the prescription agreed on by all the
LEP experiments[30] (exclusion= 95% CL, discoveryas 5/bg). The limits are
presented in Table 7.8. The number of observed events has to be below, or equal
to, the exclusion limit for an exclusion, and above, or equal to, the discovery limit
for a discovery. This means that if the number of observed events at F.,,, = 175
GeV is 10, it’ll be too high to exclude a signal and too low to be sure of a sig-
nal. If 7 events are observed, they can be excluded as background, and if 15 are
observed it’s time to open the Champagne bottles.

To put it short; When the number of observed events passes the exclusion
limit, it can no longer be treated as a fluctuation of the background, and when
it reaches the discovery limit, a signal is surely seen.

The observed numbers of events are integers, and since the calculated limits
aren’t, rounding has to be done. If an exclusion limit of 13.5 is calculated this
means that 13 observed events is an exclusion and 14 isn’t. The exclusion limits
must therefore be rounded down. If on the other hand a discovery limit of 13.5
is calculated, this means that 14 observed events is a discovery and 13 isn’t. The
discovery limit must therefore be rounded up. All the limits in Table 7.8 have
been rounded in this manner.

The number of observed events is the signal plus the background. The back-
grounds are considered known, and the signal is given by:

Signal = €}0 A0 ¥ O}0 40 */Ldt—l— €1070 X 00 70 */Ldt

Since the h°A°% and h°Z° efficiencies for the different mass combinations of
mpo and m 40 are quite similar, average efficiencies can be used for each energy.
This opens the chance to exclude or discover many m 40, mpo combinations with
only one set of cuts.

The average efficiencies, €po 40 and €050, with statistical errors, are given in

Table 7.8. They are calculated by adding all the datasets, found in Table 7.1, for
each signal at each energy, and by using Eq. (7.1).

7.3.1 Exclusion and Discovery Plots

Figs. 7.1 to 7.6 show the exclusion and discovery contours in the distributions of
the observed (signal4+background) number of events. These distributions depend
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Ees JLdt | Background | Exclusion | Discovery €40 A0 €40 70

(GeV) | (pb7™h) (Observed) | (Observed) (%) (%)
175 500 20+1.2 7 15 294+0.6 | 6.2+0.5
192 300 5.6+ 0.7 12 22 33.4+£0.76.3+0.3
205 300 6.9+ 1.8 14 25 304+0.6|6.0+04

Table 7.8: The exclusion, discovery limits, and average efficiencies with statistical
errors for h°A° and h°Z°.

only upon m o and tan 3 on the tree level, but many other parameters are in-
troduced in the loop corrections. As mentioned earlier, it was agreed to plot the
exclusion and discovery contours with m 4o between 0 and 400 GeV, and tan 3
between 1 and 60. The contours just become straight lines when going above
these limits.

Since many unknown parameters appear in the loop corrections (this analy-
sis includes 1 and 2 loop corrections), three different combinations of the most
important correction parameters are plotted. Mg is kept at 1 TeV, while A and
i are varied between extremities.

Since the backgrounds are constant over the m 4o-tan 3 plane, the only varia-
tion in the plots comes from the signal. And, since the efficiencies and integrated
luminosities also are constant over the m 4o-tan 3 plane, the variation in the plots
arise solely from variations in the h®A° and h°Z° cross sections. As seen in
Fig. 3.3, 40 40 1s biggest for small m 40 values and o040 is biggest for small tan 3
values. The distribution of the observed events is similar to the sum of o0 40 and
opozo, with the latter being suppressed by a factor of 5 due to lower efficiency.

In the exclusion plots, the filled areas (m 40, tan # combinations) to the left
of, and below the contours, produce enough signal to push the observed number
of events above the exclusion limit. If the limit isn’t passed, no signal is seen and
these regions can be excluded.

In the discovery plots, the filled areas (m 40, tan 8 combinations) to the left
of, and below the contours, produce enough signal to push the observed number
of events above the discovery limit. A discovery is therefore possible in these
regions.

When examining these plots closer one might be surprised that while the
excluded regions of the exclusion plots increase with higher energies, the regions
in the discovery plots decrease. This happens for several reasons; First, the cross
sections of h°A% and h°Z° cover greater areas in the m4o-tan 3 plane at higher
energies (192, 205 GeV), but their values in the low m 4o-tan 3 regions decrease
when compared to 175 GeV. Second, the discovery limits for 192 and 205 GeV
are considerably higher than that of 175 GeV. Third, the integrated luminosity

70



at 192, 205 GeV is smaller than that of 175 GeV.

The consequence is that the exclusion limits for 192 and 205 GeV are low
enough to benefit from the increased cross sections at higher m 0 and tan 3,
while the discovery limits are too high to benefit from this increase. Instead the
discovery regions suffer from lower integrated luminosity, and lower cross sections
in the low m 4o-tan 3 region, at 192 and 205 GeV.

To make the exclusion limit for the h mass clearer, a m 40-mjo plot is included,
Fig. 7.7. This includes the excluded region at each energy and the unphysical
region for the h® mass. The excluded regions are calculated with A = y = 0
and the unphysical region is above the h® mass calculated with tan 3 = 60 and
A= \/ng, o = 0.

Similar plots for other A and p combinations, and for the discovery limits,
aren’t included because within these plots h® can’t be excluded or discovered in
the high-m o region. No exclusion or discovery limit on mjo can therefore be
obtained, for the whole m40 € {0,400 GeV} region, from these plots, except
from the trivial mj;o > 0 limit.
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Figure 7.1: The exclusion plot for E.,s = 175 GeV. The integrated Luminosity
is 500 pb™!, and Ms =1 TeV.
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Figure 7.2: The exclusion plot for E.,s = 192 GeV. The integrated Luminosity
is 300 pb™!, and Ms =1 TeV.
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Figure 7.3: The exclusion plot for E.,s = 205 GeV. The integrated Luminosity
is 300 pb™!, and Ms =1 TeV.

74



(o2}
o

tan(3
5 &

30

20

| | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | |
1
0 50 100 150 200 250 300 350 400

m, (GeV)

Figure 7.4: The discovery plot for E.,s = 175 GeV. The integrated Luminosity
is 500 pb™!, and Ms =1 TeV.
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Figure 7.5: The discovery plot for E.,s = 192 GeV. The integrated Luminosity
is 300 pb™!, and Ms =1 TeV.
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Figure 7.6: The discovery plot for E.,s = 205 GeV. The integrated Luminosity
is 300 pb™!, and Ms =1 TeV.
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Chapter 8

Conclusion
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As mentioned in the beginning of this thesis, the h° is excluded (95% CL) up
to a mass of 44 GeV (without radiative corrections, ie. A = u = 0), and A° is
excluded up to a mass of 22 GeV[3].

8.1 Final m  and mj Limits at LEP2

The m 40 exclusion limits obtained, for all A, combinations, from full LEP2
simulations, are:

o 82 GeV at F.,s; = 175 GeV. (Kinematical limit = 87 GeV).
e 83 GeV at F.,s = 192 GeV. (Kinematical limit = 96 GeV).

e 85 GeV at F.,s = 205 GeV. (Kinematical limit = 102 GeV).

The m 40 discovery limits obtained, for all A, u combinations, from full LEP2
simulations, are:

o 75 GeV at E.,., = 175 GeV.
o 70 GeV for tan # > 1.3, and 60 GeV for tan g < 1.3, at E.,s = 192 GeV.

o 65 GeV for tan § > 4, and 0 GeV for tan 3 < 4, at F.,s = 205 GeV.

The myo exclusion limits obtained for A = p = 0, from full LEP2 simulations,
are:

e 79 GeV at E,,,, = 175 GeV.
o 82 GeV at E,,,, = 192 GeV.
o 82 GeV at E,,,, = 205 GeV.

For the other A, i combinations, and for the discovery plots, no me limit can
be set in the whole m 40 € {0,400 GeV} region.

The m 40 limits are strongly dictated by o040 which falls to zero before m 40
reaches %Ecms, in the tan 3 > 10 region. This happens because m 40 ~ myo and
opozo & 0 in this high-tan 3 region.

For tan 3 < 10 the h®A° cross section drops at an even quicker rate, Fig. 3.3.
This region is however covered by h°Z°.

So, while the myo limits can be raised even further through a dedicated h°Z°
search (bbqq), the m 4 limits can only be raised significantly by going to higher
energies.

Since opo 40 drops much quicker when going to higher m 4o than oj0z0 does
when going to higher tan 3, increased [Ldt expands the low-tan 3 regions much
more than the high-tan 3 regions in the exclusion and discovery plots, Figs. 7.1 to

80



7.6. Even with a huge rise in [Ldt, the “hole” just right of the kinematical limit
for oj040, at high tan 3, isn’t excluded. The same is seen when combining data
from the 4 different experiments, which is, in effect, the same as quadrupling the
JLdt.

If gauge, Yukawa coupling unification, and spontaneous electroweak symmetry
breaking[2, 31] are required simultaneously, the Minimal Supersymmetric Model
is reduced to the Constrained Minimal Supersymmetric Model. This theory has
a more restricted parameter space than the Minimal Supersymmetric Model, and
it favors a tan 3 value of 1.5 or 47. As seen in the exclusion plots, the lower value
of tan # can be excluded for A = p = 0 at all energies.

In the Minimal Supersymmetric Model the upper limit for mo is around 130
GeV. Currently favored grand unified models however prefer a h° mass below 100
GeV([31], which might be accessible at LEP2 with E,_,,; = 192 GeV, a high [Ldt
and the combined results of the 4 experiments.

The Standard Model Higgs mass limit is improved from 65 GeV[4] to around
Eepms — 100 GeV, at LEP2[2].

If no signs of Higgs bosons are seen at LEP2, the next chance to find them is
at LHC. The E.,s = 14 TeV at LHC is enough for the discovery or final death
of the Higgs bosons.

8.2 Possible Improvements to the Analysis

The classification of B-jets is very simple in this thesis, and can probably be
improved by looking at jet-charge and the particle content of the jets. In addi-
tion, the B-tagging program[21] version used in this thesis doesn’t look at the z
information from the Vertex Detector. This is included in newer versions of the
B-tagging and should increase efficiency a little.
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