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Abstract: The production of a light Standard Model Higgs boson in association with a
top-quark pair at the LHC is studied in a simulation of the ATLAS detector. The Higgs
boson is assumed to decay into bb, and the top-quark pair to decay into fvb jjb. Tagging
of all four b-jets and the full reconstruction of the final state are necessary to minimize
the combinatorial background from assigning two jets to the decay of the Higgs boson and
to discriminate the signal process from the large background from top-quark pairs with
additional jets. New methods based on likelihood techniques are investigated in order to
improve the reconstruction and the signal-background separation. They lead to substantial
enhancement of the expected sensitivity of ATLAS to the ttH® channel. Both a fast and the
full simulation of the ATLAS detector are used, and a focus is set on the study of the ATLAS
b-tagging performance and its parameterization in the fast simulation of the detector.

Further, topological searches for neutral Higgs bosons h® produced in eTe™ collisions at
LEP in the process ete™ — h%ZC are investigated using data collected at center-of-mass
energies of 183-209 GeV with the OPAL detector. These searches are based on studies of
the recoil mass spectrum of Z° — ete™ and pu+u~ events. They cover arbitrary decays of
the h” as well as the possibility that it might be stable. No indication for a signal is found
in the data and upper limits on the cross section of h%Z" production are calculated. The
results can be interpreted in general scenarios independently of the decay modes of the h°.
The examples considered are the production of a single new scalar particle with a decay
width smaller than the detector mass resolution, and, for the first time, two scenarios with
continuous mass distributions, due to a single very broad state or several states close in
mass.
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1 Preamble

The origin of mass of the fundamental particles is an unanswered question in elementary
particle physics. The most popular explanation is the Higgs mechanism, where particles
acquire mass by interacting with a scalar field which exists everywhere in the universe. The
model predicts the existence of a new particle, the Higgs boson, which should manifest itself
as the quantum of the scalar Higgs field. The Higgs mechanism completes the Standard
Model, the theory which is extremely reliable in the prediction of phenomena related to the
elementary particles and their interactions. 40 years have passed since the proposal of the
Higgs mechanism, but physicists could neither confirm the Higgs sector of the Standard
Model nor of any model beyond it. The missing ingredient is the Higgs boson, which has
escaped detection down to the present day. It can help to tell us whether the Standard
Model is a suitable theory for the processes observable at present particle colliders and
those under construction, or if nature requires a more complex description. Therefore, the
Higgs boson is the most-wanted elementary particle in physics.

This thesis presents two searches for Higgs bosons. The first part is dedicated to a
study of the Standard Model Higgs boson in the process pp — ttH? with tt — ¢vbjjb and
H® — bb. The study is based on a simulation of the ATLAS detector, which is currently
under construction at the future proton-proton collider LHC. If the mass of the Higgs boson
is below 140 GeV, it can be discovered in the ttH? channel at the LHC. In this thesis a new
method is developed to fully reconstruct the final state and to assign the decay products of
the two top quarks and the Higgs boson to their mother particles. Also, a new procedure
is studied to separate the Higgs signal from the large background. Both methods are based
on likelihood techniques and lead to substantial improvements compared to earlier studies
of the ttH?, H — bb channel. Since there are large uncertainties in the Monte Carlo
predictions of the expected background rates, an approach is proposed to measure the
background shape and rate directly in data. As the ttH? channel depends crucially on how
well ATLAS can correctly tag jets containing B-hadrons, another focus is the evaluation of
the b-tagging parameterization implemented in the fast simulation of the ATLAS detector.

The second part of the thesis is dedicated to a decay-mode independent search for
Higgs bosons in h?Z%-strahlung in models that contain a more complex Higgs sector than
the Standard Model. Data are analyzed at energies of /s > 183 GeV from the OPAL
experiment at the past eTe™ LEP accelerator. The analysis developed in this part is
unique among the four LEP experiments, in that it makes no assumptions on the decay
modes of the Higgs boson. Furthermore, the search is sensitive not only in a mass region
of the Higgs boson near the kinematic limit, like most other analyses, but in a broad mass
range between mypo = 30 GeV and mpo =~ 100 GeV. This allows for interpretation of the
results in arbitrary models, including the Standard Model, and in a model independent
way. No evidence for the presence of Higgs bosons can be found and limits are set on the
parameter space of some selected models. Advanced statistical methods are used for these
calculations, based on the likelihood ratio-method to determine confidence levels. For the
first time, limits are set on a model predicting a large number of Higgs bosons spread out
over a large mass range, and on another model which predicts a very large decay width of
the Higgs boson.
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The thesis is organized as follows:

Part

I contains a short introduction to elementary particle physics (Section 2) and de-

scribes the theoretical framework on which the studies presented in this work are based
(Section 3).

Part

IT presents the study of the production of the Standard Model Higgs boson in

association with a pair of top-quarks with the ATLAS detector at the LHC.

(¢]

Part
LEP.

Section 4 introduces to the topic and motivates the study of the ttH" channel.

Section 5 gives a brief overview of the physics goals at the LHC, and Section 6 and 7
describe the LHC accelerator and the ATLAS experiment.

Section 8 is dedicated to the ttH® channel and describes signal and background
properties, the Monte Carlo generators, and details of the simulation.

Section 9 presents two event reconstruction methods and a method to determine the
background directly from data and provides results from the fast simulation of the
ATLAS detector at low luminosity conditions.

Section 10 deals with different parameterizations of the ATLAS b-tagging performance
and their impact on the ttH? channel.

The discovery potential of the ttH? channel under high luminosity conditions is
investigated in Section 11.

In Section 12 the fast simulation is compared to the full simulation and additional
information from the b-tagging algorithm in fully simulated events is tested for us-
ability in signal-background separation.

Finally, Section 13 describes three applications of the results obtained in this thesis.

III presents a general search for neutral Higgs bosons with the OPAL detector at

An introduction in Section 14 is followed by an overview of Higgs physics at LEP in
Section 15.

The LEP accelerator and the OPAL detector are described in Section 16.

Section 17 is dedicated to a search for neutral Higgs bosons in the associated pro-
duction ete™ — h%Z0. It describes a decay mode independent analysis and presents
interpretations of the results in several models.

The results of this thesis are summarized in Section 18.
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Theoretical concepts






2 Introduction

Elementary particle physics studies the constituents of matter and the forces between
them. The knowledge gathered over decades from many measurements and theoretical
considerations was finally put together into the Standard Model of particle physics by
Glashow, Weinberg, and Salam in 1967/68. Ever since the model was found to be in
perfect agreement with experimental observations.

According to the Standard Model (sMm), matter is made of point-like particles with
spin 1/2 (fermions). They exist in pairs of three families of leptons and quarks. Altogether
there are 24 known fundamental fermions: six leptons (ve,€), (v, 1), (v7, 7) and six quarks
(u,d), (c,s), (t,b) plus their anti-particles. The leptons e (electron), u (muon), and 7 (tau)
have electric charge () = —1, the neutrinos v, v, v; are electrically neutral. The quarks
have fractional electric charge: +2/3 for u, ¢, t-quarks and —1/3 for d, s, b-quarks. Only
the particles of the first family are stable, and the world around us is composed of up- and
down-quarks, forming the nucleons, and the electron.

Interaction between particles is described by four forces: gravity which acts on all mas-
sive particles, the electromagnetic force which is present between particles with electric
charge, the strong force, interacting on quarks and gluing them together to form bound
states, and the weak force that acts on all particles. Gravity is not included in the Stan-
dard Model. On one hand it is too weak to have observable effects at energies accessible at
current particle accelerators. On the other hand there are theoretical problems in formu-
lating a renormalizable quantum field theory for gravity, the basis on which the Standard
Model is constructed. The other forces are mediated by gauge bosons of spin 1. The gauge
boson of the electromagnetic force is the photon ~. It couples to the electric charge of a
particle and is massless, so the force has infinite range. The exchange bosons of the strong
force are the gluons which couple to a quantum number called color. In total, there are
eight massless gluons. Gluons can interact with each other because they also carry color
charge (color and anti-color). A quark can have one of three color states: red, green or
blue. Unlike leptons, no free quarks have yet been observed. They are tied together to
bound states with neutral, ‘white’ color charge. States composed of two quarks, carrying
color and anti-color, are called mesons. States containing three quarks with color charge
red, green, and blue (or anti-red, anti-green, anti-blue) are called baryons. To give an
example, the proton is made of two u-quarks and one d-quark, and the net electric charge
is +1. The neutron contains one u-quark and two d-quarks, and so the neutron has no
electric charge.

The weak force is mediated by three gauge bosons W+, W, and Z°. They are very
massive, my+ = 80.4 GeV,myo = 91.2 GeV, and therefore the weak force has very small
range. The weak gauge bosons couple to quantum numbers called weak isospin, Iy, and
weak hypercharge, Yyr. The weak force distinguishes left-handed and right-handed states.
W= bosons couple only to left-handed states, Z° boson couple to both left-handed and
right-handed states. The left-handed states are grouped into doublets, where ‘u-quark-like’
particles have a component I3, = 1/2, ‘down-quark-like’ particles have I3, = —1/2. The
fundamental fermions and electroweak gauge bosons, their electroweak quantum numbers
and masses are listed in Table 2.1.
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Fermion generation Quantum numbers
! 2 3 @ u Is Yw Particle Mass
Leptons e 511 keV
Ve vy vy 0 1/2 1/2 -1 1 106 MeV
¢ /L /L T ), 1 Yo oo =12 -1 T 1.78 GeV
o e E -0 0 2 0 1545 MeV
Quarks d 5-8.5 MeV
u c t 2/3 1/2 1/ 13 c 1-1.4 GeV
( d > ( S > ( b ) _1/3 1/2 _1/2 1/3 S 0.08-0.15 GeV
g g L £ 174 GeV
a o o LA X s b 445 GeV
dR SR bR —1/3 0 0 _2/3 ~E. €
Electroweak W+t 1 1 1 0 W 80.4 GeV
gauge bosons W- -1 1 1 0 Y/ 91.2 GeV
/ 0 0 0 0 v 0
5 0 0 0 0

Table 2.1: The fundamental fermions and electroweak gauge bosons, their electroweak quantum num-
bers and masses. The quark masses are evaluated as described in [1].

The Standard Model is characterized by a high degree of symmetries. For example, the
strong force does not distinguish protons and neutrons and treats equally red, green, and
blue quarks, and if there was only the weak force, experiments could not tell the difference
between an electron and an electron-neutrino. Moreover, the second and third families of
leptons and quarks behave like a copy of the first family. However, the copies are not exact,
because the particles have very different masses. The electron has a mass of 0.5 MeV, but
the mass of the muon is more than 200 times larger, and the mass of the tau is more than
3000 times larger than that of the electron. The situation is even more extreme in the
quark sector, the top quark having a mass four to five orders of magnitude larger than the
mass of the u-quark. Although mass is a quantity with which we are most familiar in every
day life, it is the property of elementary particles least understood. In the renormalizable
quantum field theory of particle physics, explicit mass terms for the fermions and gauge
bosons are forbidden by local gauge invariance, a concept that is introduced in the next
section. In order to tackle the problem, a scalar field is introduced with a potential whose
non-vanishing vacuum expectation value breaks the electroweak symmetry. The fermions
and gauge bosons acquire masses by interacting with the scalar field. The mechanism,
pioneered by Higgs et. al., also predicts a new fundamental scalar boson, the Higgs boson
HY. The Higgs boson is the last particle of the Standard Model to be discovered. Direct
searches at the LEP experiments could not give evidence for its existence, and the legacy of
LEP is the certainty that the Standard Model Higgs boson must be heavier than 114.4 GeV
at the 95% confidence level. Searches for the Higgs boson are carried on at Fermilab’s pp-
collider, but probably it will not show up before the start of the Large Hadron Collider
at CERN. Failing to find the Higgs boson at the LHC will spoil our present picture of the
fundamental particles and forces, and new concept will have to be invented.




3 The Standard Model as a gauge theory

The Standard Model is the theoretical framework that describes the fundamental particles
and forces, except for gravity. The Standard Model is based on quantum gauge field
theory [2] and symmetries. The gauge theories are renormalizable which means that the
quantitative features of interactions between the particles can be calculated to arbitrary
precision as perturbative expansions in the structure constants, after a few parameters have
been measured at some arbitrary energy scale. The structure constants define the strength
of the couplings. The invariance of a system of particles, described by a Lagrangian £,
under continuous symmetry operations is the source of conserved quantities [3], e.g. electric
charge. Local gauge symmetries, local transformations of the wave functions representing
a particle, which leave the Lagrangian unchanged, are building blocks of the theory as they
automatically introduce interactions between particles via gauge bosons. The symmetries
that are related to a particular force form symmetry groups. The electromagnetic force
is related to the group U(1), the weak force to SU(2) and the strong force to SU(3).
Despite its power, the Standard Model in its early form was a theory of massless particles,
contradicting every-day experience. Explicit mass terms in the Lagrangian destroy gauge
invariance and make the theory meaningless. There is a way out by introducing a scalar
field with a quartic potential and by breaking the symmetry of its ground state. Since
the symmetry breaking takes place in the electroweak sector of the Standard Model, the
theory is presented here for electromagnetism and the weak forces. For a description of the
strong force see for example Refs. [4, 5] and references therein. In the following sections the
neutrinos are assumed to be massless, although recent experimental observations support
non-vanishing values for neutrino masses [6].

Quantumelectrodynamics

The first and simplest local gauge theory was quantum electrodynamics (QED), based on
the U(1) symmetry. The interaction of a spin-1/2 field ¢ (fermion) of mass my with the
electromagnetic field A, is described by the Lagrangian

‘ 1 y
ZQED =Y (Z’y“D# — mf)w — ZFMVF“ . (3.1)

The tensor of the electromagnetic field strength is F),, = 9,4, — 0,A, and the covariant
derivative is D, = 0,, — ieA,Q, where e is the electric unit charge, and @ is the charge

operator, (Q = —1 for electrons. The Lagrangian is invariant under the local transformation
Y(x) — @L(z), where A, transforms as (3.2)

1
Ay(z) — Au(z)+ gfha(m’), (3.3)

and «(z) is a local phase without relevance for observable quantities. From experiments
we know that the photon is probably massless, or m, < 2 - 1072° GeV at most. Local
gauge theory sets a more stringent requirement: The photon field A, must be massless,
because an explicit mass term of the form m%AMA“ would not transform into itself.
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Weak interactions

The charged weak currents do not distinguish left-handed charged leptons and their asso-
ciated left-handed neutrino. This suggests to group them into a doublet x; = ( Z"_) ;, Which
transforms under the symmetry group SU(2); (the simplified notation v and ¢ instead of
¥, and 1)y is used now for the spinor fields). The associated inner symmetry is the weak
isospin. The right-handed leptons remain singlets, £z. The Lagrangian

Lw = ixp Y Duxr + 1ery"Ouer (3.4)

is invariant under transformations

XL — e2 @7y (3.5)
if the derivative takes the form
Y ——1
D, =0,+ Z§TWu(ZE‘>. (3.6)

The Pauli matrices 7; are generators of SU(2) and ¢ is a coupling constant. Thus, local
gauge invariance introduces three vector fields Wy, Wo, W3. Moreover, due to the non-
abelian structure of SU(2), mass terms for the fermions are no longer allowed as they are
not gauge invariant.

The new fields W; can partially be identified with the weak gauge bosons. W; and Ws
mix to the physical W bosons:

1
+ _ 1 2
W, = ﬁ (Wu F Wu) . (3.7)
It is alluring to identify the remaining component Wg’ with the Z° boson, but the next
section will show that the situation is slightly more complicated.

Electroweak interactions

The photon emerges as the gauge boson of the group U(1)en, which operates on the wave
function of charged fermions. A similar approach does not work with the doublet yp,
because the corresponding gauge fields couple also to neutrinos which have no electric
charge, and none of the field components can be identified with the photon. Instead,
electromagnetism and weak interactions must be treated together. The idea is to add a
new group, have an additional gauge field, and then let the new field and Wg’ mix to linear
combinations with the desired properties of the photon and the Z°. In 1961 Glashow [7]
postulated a new quantum number, weak hypercharge Yy , which is related to electric
charge and the third component of the weak isospin Iyy:
Yy

Q="+ I3y (3.8)

The corresponding gauge group is U(1)y;, and a gauge transformation is given by e;, —
e2?YWep . For a common description of electromagnetic and weak interaction, SU(2); x U(1)y
is chosen as gauge group.

The Lagrangian is again given by Eq. 3.4, but the covariant derivative is now

o Y]
D, =8, + iggWM +ig'~ By, (3.9)




where ¢, ¢’ are coupling constants. The Lagrangian is invariant under local gauge trans-
formations of the form

i(a(z) T+B(x)Yw)/

XL — ¢ 2XL

ep — eP@Yw /2,
Multiplying out the derivative, the SU(2); x U(1)y Lagrangian of quantum flavor dy-
namics (QFD) reads

, 1. - Y,
Zorp = X" [lau —957" W, — 9/;/3“] XL
Y - - 1
+ epy! [i@u _ g’;VBH} er = Wi W — BB, (3.10)

where B, = 0,8, — 0,8, and W;w = @LWV — &,T/ffu + igWM X Wl,. The first two terms
describe the kinetic energy of the fermions and their interaction with the gauge fields. The
last two terms are the kinetic energy and self-interaction of the gauge fields. Out of the
four gauge fields Wu and By, the components Wi’ and B, mix, because they have the
same quantum numbers Igv =0 and @ = 0. The physical gauge fields are thus Wj, Zy,

and A, where
Wg’ _ cosfBy  sin by Z, (3.11)
B, ) \ —sinfwy cosby A, ) '

and @y is the weak mixing angle. The quanta of these fields are the gauge bosons W+,
70, and 7.

The observed coupling of the photon to fermions holds as realized in nature if in addition
to Eq. 3.8 the following relation is fulfilled:

e = gsinfy =g cosby. (3.12)

The formalism presented so far has an important drawback: It does not allow explicit
mass terms for gauge bosons and fermions. Terms of the form %M‘%VMV“, V =W=* 7% or
my ff in the Lagrangian break gauge invariance and the theory is no longer renormalizable.
Explicit mass terms of gauge bosons are disallowed in any local gauge theory, whereas mass
terms for fermions are allowed in QED, but forbidden in SU(2); due to different represen-
tations of left-handed fermions (doublets) and right-handed fermions (singlets). On the
other hand, experiments demonstrate that the gauge bosons W+ and Z° and fermions like
the 7 lepton and the top quark have large masses, and so Eq. 3.10 is not an acceptable
representation of the phenomenology observed in nature. Only the electromagnetic sector
of the U(l)Q subgroup is described correctly, since the photon is indeed massless.

The next section describes how the introduction of a new fundamental scalar field helps
in retaining the concept of local gauge invariance whilst giving mass to the weak gauge
bosons and the fermions. The necessity for a new scalar particle is also motivated by uni-
tarity conditions in W W ~-scattering: At high energies, the amplitude for longitudinally
polarized particles in the elastic scattering WTW~ — WTW™ grows indefinitely. The rele-
vant diagrams at Born-level are shown in Figure 3.1a. The terms in the amplitude growing
with the fourth power in the energy are canceled due to the non-abelian gauge symmetry,
but the s-wave amplitude still diverges quadratically in energy, Ag = s-Gr/ (877\@). The
amplitude can be prevented from diverging by diagrams with exchange of a new scalar
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Figure 3.1: Generic diagrams for elastic WHW™-scattering. a) top row: pure gauge-boson diagrams,
b) bottom row: Higgs boson exchange.

particle, see Figure 3.1b. The same argument holds for the amplitude in fermion-pair an-
nihilation ff — W+W~. The quadratic divergence appears only in theories with massive
gauge bosons since massless particles have only transverse polarization. In conclusion, the
existence of a new scalar particle is required by unitarity in theories with massive gauge
bosons.

3.1 The Higgs mechanism and mass generation

In the Standard Model, generation of mass takes place by introducing a doublet of complex
scalar fields with appropriate potential [8]. Interactions of fermions and gauge bosons with
this field manifest themselves as masses of the particles. To do so, the vacuum state of
the potential must have a smaller degree of symmetry than the Lagrangian. This is called
‘spontaneous symmetry breaking’. The following issues must be taken into account when
formulating the new Lagrangian:

o The scalar field shall couple to the gauge fields, hence it must carry non-zero hy-
percharge and weak isospin. The component that contains the vacuum expectation
value must have charge @ = 0 so that U(1), remains unbroken.

o The self-interaction must be chosen in such a way that it fits into the phenomenology,
i.e., it breaks gauge symmetry in the desired way and keeps the theory renormalizable.
Therefore, the mass dimension of the self-interaction terms must be smaller than or
equal to four.

o The representation of the scalar field must provide a sufficiently large number of
degrees of freedom to give mass to the three heavy gauge bosons and the fermions.

The simplest such representation of a scalar field is the following;:

ot D3 + 1Dy
(30) = (3 Tigr):  ®realy =taw =1 (3.13)

10



3.1 The Higgs mechanism and mass generation

V(@)

@3

Figure 3.2: The Higgs potential shown as function of two out of the four field components @;.

The appropriate extension to the Lagrangian is given by

gHiggs = (DH(I))T (D“(I)) — V((I)), where (314)
2
V@) = —pelesa (o), pu2a>0 (3.15)
1.1
D = Ou+ ig7W, + ig VB, (3.16)

The values of A and p? in the Higgs potential are free real parameters of the theory. X is
chosen positive to make the total field energy bounded from below. If 2 is chosen negative,
the potential has its minimum for ® = 0. If, instead, p? is positive, the minimum is not a
single point but a circle in the complex plane, as depicted in Figure 3.2. The field @{’gﬂ in
the minimum of the potential is given by:

| 2
min _ \/%e”, 0<6<2m (3.17)

The equations of motion are obtained by expanding the Lagrangian around the minimum,
and so one point ®V?¢ from Equation (3.17) must be fixed. The common choice is to set

f = 0, which leads to
vac /"L2 v
o1y =1/ = — 1
1,2 2\ ok (3.18)

This equations defines the vacuum expectation value v. The choice of one point from
the degenerated minimum breaks the symmetry of the potential. It can be shown that
the Higgs field must take the form ®; = v/\/2, &3 = &3 = &, = 0 (unitary gauge). Non-
vanishing values for ®o, ..., &4 would result in additional unphysical massless fields, called
Goldstone bosons, which can not be identified with existing particles [9]. The degrees of
freedom represented by the three Goldstone bosons are absorbed by the additional degree
of freedom of longitudinal polarization that the three weak gauge bosons acquire after
becoming massive. Also, the expectation value of the upper component ® must be zero
in order to leave U(1), and thus QED, unbroken. Small excitations around ®?¢ can then

be written as ) 0
b= , 3.19
7o i) (3.19)

11



3 The Standard Model as a gauge theory

with the real field H(z).
Inserting Eq. (3.19) into Eq. (3.14) gives, among many others terms, a part that reads

1 1
Fia = SO"HOH — M?H? — \wH? — 1AH% (3.20)

These terms describe a scalar Klein-Gordon field H with mass my = vV2\ and self
coupling according to the H? and H* terms (diagrams for the quartic self-coupling are
displayed in Figure 3.4). The full Lagrangian contains also products of the Higgs field with
the gauge fields, providing mass terms for the gauge bosons. Mass terms for fermions must
be introduced ‘by hand’ via Yukawa couplings Ay of the Higgs field to fermions (shown
here for the first generation of leptons and quarks):

Lrukawa = deXe®eR + AGPup + Aqq®dr + h.c., (3.21)

where q = (u,d) and ® = iry®* is the charged conjugated field which gives mass to
quarks with I{}, = +1/2.

The masses of the fundamental particles are all proportional to the vacuum expectation
value of the Higgs field:

Myt = U% (3.22)
myo = U g2+g/2
2
A
my = vl

mgpe = vV2\ = V2.
The vacuum expectation value is related to Fermi’s constant:

Gr_1  _ (\@GF) 2 246 Gev. (3.23)
V2 o 202

The Standard Model now gives an acceptable description of nature. It is a renormal-
izable quantum gauge theory with massive fermions and massive weak gauge bosons. In
total, the Standard Model contains 18 free parameters: 3 charged-lepton masses, 6 quark
masses, 4 parameters describing the CKM matrix, the Z° mass, Fermi’s constant G, the
structure constants « and ag, and the mass of the Higgs boson mgo. A possible CP-
violating strong-interaction parameter is sometimes mentioned as 19" parameter [1]. If
neutrino masses are included, at least seven more parameters are needed.

The Higgs boson H is a consequence of the mechanism which breaks electroweak sym-
metry. All its properties are precisely predicted by the model, except for the mass mypo.
The following sections describe how the Higgs boson decays and which bounds can be set
on the mass from theoretical arguments and from direct searches.

3.1.1 Decays of the Higgs boson
The coupling of the Higgs boson to fermions and the electroweak gauge bosons V' = W,Z

is set by their masses:
grmo = \/V2Gpmy (3.24)

gvvio = 21/ V2Gp mi. (3.25)

12



3.2 Mass bounds from theory and direct searches

At Born-level the decay of the Higgs boson into a pair of fermions is given by:

N.Gp 2 3
) 3.26
47T\/§mme0ﬁf ( )

PH’ - ff) =

where the color factors are N, = 1 for leptons, N, = 3 for quarks, and 8 = ,/1 — 4mfc / m?{O

is a phase space factor accounting for the velocity of the fermion in the center-of-mass
system. The branching fractions are modified by higher-order QCD and electroweak cor-
rections [10].

The decay into a pair of weak gauge bosons is given by

GF m3
1627 He

where z = m%//mQHO, oy =2 for V=W and 6y = 1 for V = Z, and By is a phase space
factor.

The decay into a pair of gluons or photons proceeds mainly via top- and bottom-quark
loops, photonic decays also via W loops. If mpo < my, then the partial decay widths can
be approximated by

Gra2(m?,) 95 TN;\ «
(H° — sV 8 (g (22 ) 2 2
(H° — gg) W mHo<+<4 =) ) (3.28)
T(H® — )—Gpio‘gm3 I (3.29)
YY) = 128\/§7TS HO 3 ctt .

The branching fractions of the Standard Model Higgs boson into fermions and gauge bosons
is shown in Figure 3.3a for Higgs boson masses between 50 GeV and 1 TeV. The decay into
bb is dominant up to myo ~ 135 GeV. Decays into 7777, cc and gg are suppressed by one
to two orders of magnitude compared to bb. Decays into yy (and Z°y) reach their largest
branching ratios of O(1072) in the range 100 GeV to 150 GeV. Above myo = 135 GeV
the decay into the heavy gauge bosons W+ and Z° becomes kinematically possible, and
for mypo > 135 GeV the decay H® — WTW™ is preferred. The decay fraction into a pair
of Z° bosons is only about half of that into a pair of W+ bosons. If myo > 2m; the decay
into tt is possible, but it never reaches the the same strength as the decays into the weak
gauge bosons (c.f. Eq. 3.24 and 3.25).

Figure 3.3b shows the total decay width of the Standard Model Higgs boson. For a mass
below ~ 150 GeV the decay width is below 1072 GeV, thus much smaller than current and
expected future experimental mass resolutions. Above 150 GeV, the width grows rapidly,
o ~ mypo>. At myo = 500 GeV the Higgs boson has a width of ~ 65 GeV.

3.2 Mass bounds from theory and direct searches

The mass of the Higgs boson is not predicted by the Standard Model, but it can be
constraint by requiring that the theory remains self-consistent.
Unitarity bounds

The introduction of a new scalar particle was motivated above by divergences in scattering
of longitudinal polarized W bosons in the high energy limit. The amplitude can be

13
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1021 T(H) [Gev]
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Figure 3.3: (a) Branching ratios of the dominant decay modes of the SM Higgs boson. (b) Total decay
width of the SM Higgs boson. All relevant higher-order corrections are taken into account [11, 12].
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Y~

k: ta vyt
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H H H H H H
Figure 3.4: Dominant diagrams for Higgs self coupling.

expanded into Legendre polynomials. In the high energy limit, the lowest order polynomial
(the s-wave amplitude) for W scattering is given by

Grm?2,
Agwave = ———=0-. 3.30
4./sm (3:30)
If the amplitude Ag ywave respects unitarity, the Higgs boson must fulfill:
2v/2
Mo < wa ~ (850 GeV)2. (3.31)
F

Similar bounds are obtained for other scattering processes, e.g., ete™ — ff, WrW—, 7070,
and they all constrain the mass of the Higgs boson to values below 1 TeV [11]. However,
these bounds should be taken with care because they are obtained from high energy limits
of perturbative expansions.

Bounds from perturbation theory and stability of the vacuum

Stronger upper and lower bounds on the Higgs boson mass can be derived from the energy
scale up to which the Standard Model should be valid without the necessity of introducing
new physics.

Figure 3.4 shows the dominant diagrams for the Higgs self coupling A. The energy
dependence A\(Q?) can be derived from the renormalization group equations. Neglecting
the graph with top-quark loops, it is given by:

A(v?)
2y _

02

There is a pole where the self coupling becomes infinite. This Landau pole is reached at
smaller energy scales A if the Higgs boson mass increases. Requiring that the self coupling
A remains finite for arbitrary values of @ implies A(v) = 0. Since A(v?) = m¥,/v? this
would result in a non-interacting trivial theory. If, instead, A is required to be finite only
up to a scale Axp where new physics sets in, equivalent to the requirement A(Axp) < 1,

the mass bound reads: )

8m2v
3InAZp/v?
However, to derive meaningful mass bounds, contributions to the Higgs self coupling from
graphs with top-quark loops and higher-order contributions must be included.

mip < (3.33)
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Figure 3.5: Theoretically allowed range for the mass of the Standard Model Higgs boson depending on

the scale A where new physics occurs. The requirement of avoiding a Landau pole provides the upper
bound and stability of the vacuum provides the lower bound [13].

Lower bounds can be obtained from considering stability of the electroweak vacuum in
the minimum of the Higgs potential. If the quartic self coupling is small, the vacuum could
take negative values due to the large top-quark Yukawa coupling. This would destabilize
the Higgs potential. Requiring A(Q?) > 0 for all Q < Anp yields a lower bound on the
Higgs boson mass which increases when the cut-off Axp grows.

The results of these considerations are visualized in Figure 3.5. It is assumed that
perturbative calculations are meaningful up to the scale Axp where new physics shows up
(just termed A in the figure). Assuming this scale is the Planck scale, Ap; = 101 GeV,
the Higgs boson mass is bound to 130 GeV < mgo < 190 GeV.

Bounds from precision measurements

The Higgs boson contributes via loop diagrams to radiative corrections of fundamental
parameters of the Standard Model, e.g., myo, I'zo, my+. Many of these parameters have
been measured with high precision, and so a global fit to these electroweak observables
with the Higgs boson mass as a free parameter sets limits on myo. Unfortunately, the
general form of the corrections is

2
A~ g (ln ey g2mHO2> , (3.34)

mMw=+ M+

so there is only weak, logarithmic dependence on mpyo in leading corrections and corrections
quadratic in mypo are suppressed by additional factors of g2. This is known as Veltman’s
screening theorem [14]: the leading contributions to the radiative corrections of the Higgs
boson mass cancel out because of SU(2) symmetry. Large uncertainties on the fitted mgpo
are the consequence. The x? of the electroweak fit is displayed in Figure 3.6, left. The
best value of the Higgs boson mass is mgto = 96fgg GeV and the 95% CL upper bound is
milt, < 219 GeV ([15], December 2003). The fitted value of mypo is very sensitive to the
top quark mass, the dependence is shown in Figure 3.6, right. The top quark mass used
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Figure 3.6: Left: the x? distribution of the global fit to parameters of the Standard Model, depending
on myo. Right: The 68% confidence level contour in m; for the fit to all electroweak data except the
direct measurement of m; [15].

in the fit for myo is my = (174.3+5.1) GeV. If my increased by just 2 GeV, the best value
for mpo would increase by approximately 18 GeV.

Bounds from direct searches

At present, the best experimental lower limit on the mass of the Standard Model Higgs
boson stems from direct searches with the four LEP experiments. The production modes
and search strategies for Higgs bosons at LEP are detailed in Section 15 of Part III. In data
from ete " -collisions at center-of-mass energies up to 209 GeV no evidence for a signal was
observed, and a lower limit mpgo > 114.4 GeV for the mass of the Standard Model Higgs
boson was obtained from the combination of data from the four experiments [16].

3.3 Extensions to the Standard Model

The Higgs sector of the Standard Model with one complex scalar doublet is the smallest
possible realization of electroweak symmetry breaking. However, a more involved Higgs
sector would also do, with no contradiction to present experimental data. A minimal
extension is obtained by adding a second complex doublet:

Py + 1Py ;7 4 1Pg
! <<1>1 + i<1>2>’ 2 <<1>5 + i@g) (3.35)

There is some degree of freedom in how the fields are chosen to couple to fermions. Com-
mon realizations are the so called ‘Type 1’ to ‘Type 4’ Two-Higgs-doublet models (2HDM)
with couplings according to the following table:

type of 2HDM

couples to Typel Type2 Type3d Typed
Down-type leptons [0 P, by P,
Up-type quarks D, P, 02 D,
Down-type quarks (o2 (o} D, d,
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3 The Standard Model as a gauge theory

The particle spectrum is obtained, like in the Standard Model, by expanding the fields ®;
and ®5 around a minimum of the potential. Only the essence is mentioned here, because
a special but very popular manifestation of a 2HDM Type 2 model is described in the next
sections. The outcome are five Higgs bosons: two neutral CP-even bosons h” and H°, one
neutral CP-odd boson AY, and two charged bosons HT and H™. In addition, there are
again three massless Goldstone bosons which represent degrees of freedom absorbed by
the longitudinal polarizations of the massive gauge bosons after spontaneous symmetry
breaking. Reference [17] discusses in more detail general 2HDMs.

3.3.1 Problems of the Standard Model

The Standard Model gives an amazingly accurate description of present experimental re-
sults, with agreement between prediction and observation at a level up to 107%. But
despite having numerous virtues, there are also some unsatisfactory issues, and the Stan-
dard Model is commonly regarded to be a low-energy approximation of a more fundamental
theory. Some deficits of the Standard Model are discussed below.

o The Standard Model leaves unexplained why the strong and the electroweak gauge
structure is SU(3)c x SU(2)1 x U(1)y with different gauge couplings and fermionic
quantum number whose values are not predicted by the model. Efforts are done to
unify the gauge groups and have only one coupling above the energy scale of Grand
Unification [18]. This is not possible in the sM because for large energy scales the
coupling constants do not meet in a single point, c.f. Section 3.3.2 and Figure 3.7.
The unification scale could be as large as the Planck scale, Ap; ~ 101 GeV.

o The mass mg of the scalar field ® is not stable against quantum fluctuations, and the
renormalization of mé is quadratically divergent. The same is true for the vacuum
expectation value of the potential, and affects therefore the masses of fermions and
gauge bosons. A cut-off must be chosen at some (large) mass scale Mx > mg where
new physics is supposed to emerge. The fact that the masses myo, myo, my= are
at the electroweak scale, but the scale for new physics is many orders of magnitudes
larger is called the hierarchy problem.

The hierarchy problem becomes crucial if one considers that the mass of the Higgs
boson is required to be at the electroweak scale (O(mw=+)) so that diagrams in
perturbation theory cancel at sufficiently low energy scales to satisfy unitarity. But
without radiative corrections, myo would be at scale Mx. To bring back myo to the
electroweak scale, the loop corrections C’M)Q( on the right-hand side of Eq. 3.36 must
almost cancel the ‘bare mass’ m%{o (Mx),

mio (my+) ~ mio(My) — CM%. (3.36)

0—26

This requires fine-tuning of parameters to an accuracy of order 1 in each order

of perturbation theory. Such extreme fine-tuning is unnatural.

o The Standard Model does not contain gravity.

3.3.2 Supersymmetry

Some of the problems mentioned before can be solved by introducing a new symmetry,
which relates fermions to bosons. Every Standard Model fermion has a bosonic partner,
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and every Standard Model boson has a fermionic partner. A new symmetry operation
is introduced which transforms a fermion into a boson and vice versa. This symmetry
unifies the particles at a fundamental level and is called Supersymmetry (susy). The
new supersymmetric particles (‘sparticles’) cannot be identified with particles from the
Standard Model, and so Supersymmetry at least doubles the particle content. Moreover,
no SUSY particle has been observed at the same mass as its SM partner, so SUSY must be
a broken symmetry. The sUSY particle spectrum is listed below for the specific case of
the Minimal Supersymmetric Standard Model (MssM), which includes two Higgs doublets
and thus five physical Higgs bosons. The partners of the charged gauge bosons and the
charged Higgs bosons mix to charginos )Zfz and the partners of the neutral gauge bosons
and CP-even Higgs bosons mix to neutralinos 2?72,37 4 For introductions to Supersymmetry
see Refs. [19, 20].

(wdes,t,b)rr (e, T)LR (Vepr)L 8 V\/'i,Hi W,Z,hO,H0 A
—_—  —

(4,d,&,58b)pr &7 Lr  (Tepr)r &  Xio Nosa  —

The MSSM introduces a new conserved quantum number, since the Lagrangian contains
only terms with even number of SUSY particles. The new symmetry is called R-parity,
which is defined as R = (—1)*BTL+25 where B is the baryon number, L the lepton
number, and S the spin, so that all SM particles have even R parity and all SUSY particles
have odd R parity. R parity conservation was originally introduced to prohibit the decay
of the proton. As a consequence of R parity conservation, SUSY particles can only be
produced in pairs, and the decay of a SUSY particle into SM particles will always include
an odd number of SUSY particles so that there is a stable lightest supersymmetric particle
(‘LsP’) which is neutral and uncolored, leaving no traces in collider detectors.

Supersymmetry naturally solves the hierarchy problem because radiative corrections
containing SUSY particles cancel the divergences originating from loop corrections with sm
particles. No artificial fine-tuning is necessary to keep the mass of the Higgs bosons at
the electroweak scale, if the SUSY mass scale is of order 1 TeV. Also, SUSY unifies the
gauge coupling constants at a scale mgysy < Apj. The running of the coupling constants
a1, a9, a3 is shown in Figure 3.7 for the Standard Model and the MssM. The gauge groups
can be embedded into a higher ‘Grand Unification’ symmetry, e.g. in SO(10), they split
into the known sM symmetry groups below the energy scale of Grand Unification. Finally,
local Supersymmetry generates a particle that has all characteristics of the graviton, and
S0 SUSY points a way to the unification of gravity and the other forces.

3.3.3 The Higgs sector of the MSSM

The MSSM is the simplest supersymmetric extension of the Standard Model. Spontaneous
symmetry breaking with just one Higgs doublet is no longer possible for several reasons:
The supersymmetric partners of the Higgs bosons, the Higgsinos, introduce gauge anoma-
lies, which can only be restored by supersymmetric partners of a second scalar doublet.
Within SUSY it is not possible to give mass to quarks with I3, = 1/2 with the help of the
charge-conjugated Higgs-field. Therefore, the Higgs sector must consist of at least two

complex scalar fields:
Hi Hj
H=(} Hy= (2. :
= () () 530
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Figure 3.7: Running of the inverse coupling constants in the SM and the MSSM [21].

The MssMm Higgs potential is given by

g2 + g/Q

V= i+ ) + S

1 *
([HL|* = |Hof*)? + g% | HY Hol”. (3.38)
There is no symmetry breaking here, because the minimum of the potential is at H; =
Hy = 0. To break SU(2) x U(1) symmetry it is essential to break Supersymmetry. One

way to accomplish this, whilst retaining a physically acceptable theory, is to introduce
‘soft breaking terms’ [22, 23, 24]:

Vo= (a2 md)|Hif2 + (42 + md) [ Hol? — pBeiy HLHS + h.c)
1 1 N
+ g(g2 +97°)(|Hy|* — [Hal?)? + 592|H1 HyP?, (3.39)
where €19 = —eo1 = 1, €11 = €29 = 0 and my, ms, uB being soft SUSY breaking mass

parameters. Non-vanishing vacuum expectation values of the neutral components of the
two Higgs doublet break the electroweak symmetry in the desired way:

iy = (). m=s(0) (3.40)

The two vacuum expectation values v; and v define one parameter of the MSSM,

tan 3 = %2 with \/v? + v3 &~ 246 GeV. (3.41)

U1

The requirement for a minimum, OV/0HY = dV/OHY = 0, reads

. +9”

et = g+ 50 02 ).
N +9”

p?+m3 = m%cotﬁ—ku(v%—v%),

4

with ﬁ@% = —Bpu. Thus, the Higgs sector is fixed by just two parameters, tan 8 and ms.
It was already mentioned in the introduction of Section 3.3 that the eight parameters

of the two complex doublets correspond to three Goldstone bosons G°, G* and five Higgs

bosons h?, HO, A%, H*. More specific, the mass eigenstates arise from mixtures of the eight
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components with the same ) and CP quantum numbers:

G~ B cos3 —sinf H?

H-) sin3 cosf3 Hl)’

GO _ 2 cos3 —sinf S(HY)

A0 sin3 cosf S(H2)

ho _ S s - sin « R(H2) — vy

HO) sina  cosa R(H}) — vl
and Gt = (G™)T, H* = (H™). The angle a describes the mixing between the CP-even

Higgs bosons and is another parameter of the model. The Born-level masses of the Higgs
bosons are obtained by expanding the potential around the minimum:

2 1 2 ﬁl% 2 2
MHi = Z g + 21)1’02 (Ul + '1)2), (342)
~ 2
m ~
M3, = o 52 (v} + v3) = Mm3(tan B + cot B) = Mjs — Mg, (3.43)
1
Mfoyo = 3 [Mgo + M2, + \/ (M3 + M2,)% — 4M2, M3, cos? 23 (3.44)

The masses of the W+ and the Z° can be read off the Lagrangian after symmetry
breaking:

7
My = Z(U%Jﬂf%)
2 12
_|_
M = T +03)
A
m = —=U
¢ ok
Ad
mg = —=v
)\’IL
my = —=v2. (3.45)

From Eq. 3.44 one can derive that myo < myo cos 203, so that the MSSM predicts at least
one Higgs boson being lighter than the Z°. But the relation holds only at Born-level and
higher-order corrections shift myo to significantly higher values. Still, the MSSM predicts
mpo < 130 GeV.

The couplings of the neutral MssM Higgs bosons to fermions and weak gauge bosons are
modified with respect to Standard Model couplings. Depending on « and g the Yukawa
couplings can be smaller or larger than the sm values. The Higgs-gauge couplings are
always suppressed. At Born-level there is no coupling between AY and gauge bosons due
to CP-invariance. The Born-level couplings are listed in Table 3.1.

Experimental constraints

The MssSM with SUSY breaking terms in the Lagrangian has more than 100 free parame-
ters, but on Born-level, all Higgs boson masses and couplings can be expressed by just two
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Table 3.1: Yukawa and weak gauge boson couplings to the Higgs boson normalized to the Standard
Model couplings.

¢ Guud Jada IVVe
COS (v sin o
MssM KO - sin (8 — o
sin 3 cos 3 (B )
sin av cos o
HO cos (B — «
SiIll 3 cos 3 (8 )
A0 tan 0
tan (8 s

parameters. The common choice of parameters is tan 5 and m 0. However, radiative loop
corrections containing top quarks or SUSY particles substantially alter the Born-level formu-
lae. In order to make comparable predictions and measurements in the MssM Higgs sector,
several benchmark scenarios have been developed in which results are given depending
on tan 8 and mpo with other MSSM parameters fixed. Out of several existing benchmark
scenarios, only two are discussed here: In the myo-max scenario the parameters are cho-
sen such that the maximum possible Higgs boson mass is obtained as a function of tan 3,
with other MSSM parameters fixed as described in [26]. These are the most conservative
assumptions on the tan 8 range for fixed values of the mass of the top quarks and the susy
mass scale. The no-mixing scenario is similar to the mjo-max scenario, but it assumes
that there is no mixing between the scalar partners of the left-handed and right-handed
top quarks.

Limits on the two scenarios in the (mo,tan 3)-plane from the LEP experiments are
shown in Figure 3.8 as 95% confidence-level exclusion contours. For the myo-max scenario,
values of tan 8 between 0.5 and 2.4 are excluded, and for the no-mixing scenario values of
tan 3 between 0.7 and 10.5 are excluded. The LHC will be sensitive to much larger areas of
the MSSM parameter space, and expected discovery contours are discussed in Section 13.3.
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Figure 3.8: Experimental constraints on the parameters space of the MSSM Higgs sector for the
myo-max and the no-mixing scenario [25].
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4 Introduction

This part of the thesis describes a study of the discovery potential of the ATLAS experiment
for a Standard Model Higgs boson in a mass range where the decay H® — bb is dominant.
As will be discussed in Section 5.6.1, to our present knowledge, this final state will only
be observable if the Higgs boson is produced in association with a pair of top-quarks. If
the mass of the Higgs boson is smaller than about 130 GeV, then ttH°, H® — bb is one of
the most promising channels to observe the Standard Model Higgs boson at the LHC [27],
and it is the only channel to measure the Yukawa coupling of the b-quark.

The ttH? channel is quite demanding. It requires excellent performance of the entire
detector and elaborate treatment in the selection of signal events: Apart from two b-jets
expected from the decay of the Higgs boson, there is an additional pair of b-jets from the
decay of the top quarks. Thus, reconstruction of the Higgs boson mass from the invariant
mass of the bb-pair suffers from combinatorics when selecting two out of four b-jets. But
the background to the ttH? signal is huge, and mass information from the Higgs boson is
an essential tool for rejecting a substantial fraction of unwanted processes.

The ttH?, H® — bb channel was already studied for the ATLAS Technical Design Report
(TDR) [27, 28]. It was shown that the signal from the Higgs boson can be observed as a
peak in the my;, mass spectrum if the combinatorial background is minimized by a full
reconstruction of the final state. The full final state reconstruction aims at minimizing
the combinatorics by assigning two of the four b-jets to the decays of the top quarks with
the help of information about the kinematics of the event. In the TDR study a significance
of signal over square root of the background, S/ VB = 5.0 for myo = 100 GeV and
S/\V/B = 3.6 for myo = 120 GeV was predicted for an integrated luminosity of 30 fb=1.

Since publication of the TDR in 1999, a lot of progress has been made in both the
theoretical prediction of signal and background properties and in the simulation of the
final detector configuration. Advanced calculations of the signal cross section and a new
Monte Carlo generator for the dominant background are available. In addition, there
were significant changes in the layout of some parts of the ATLAS detector and some
disadvantageous effects on the observability of the Higgs boson in the ttH? channel are
expected. Therefore, this analysis reviews the discovery potential of the channel and seeks
for advanced methods in the event analysis and selection.

This part of the thesis is organized as follows: Chapter 5 gives an overview of the physics
program at the upcoming LHC proton-proton collider. The next two chapters portray the
experimental environment at the Conseil Européen pour la Recherche Nucléaire (CERN).
A brief description of the accelerator is followed by an overview of the ATLAS experiment.
The main part (Chapters 8 to 13) is then dedicated to a description of the channel ttH°
with HY — bb. After a discussion of the general aspects, two event reconstruction methods
are presented. The studies include simulations of the physics processes with both a fast and
a detailed full simulation of the ATLAS detector. For the fast simulation, two scenarios with
low and high luminosity conditions at the LHC are taken into account (£ ~ 1033 cm=2s~!
and £ ~ 103 cm™2s7!, respectively). At low luminosity conditions, the study focuses on
the b-tagging performance of ATLAS, because good flavor-tagging capabilities are crucial
for the discovery of a low mass Higgs boson at the LHC.
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5 Physics goals at the LHC

The high energy and luminosity of the LHC offer unique opportunities to answer questions
from the forefront of particle physics. Hence, the ATLAS physics program is very rich,
and an extensive overview can be found in the ATLAS Detector and Physics Performance
Technical Design Report [27]. The most important topics are mentioned below with a
focus on searches for Higgs bosons.

5.1 QCD processes

Studies of QCD processes are used to test predictions from perturbative QCD and to perform
precision measurements. The strong coupling constant as can be measured at various
scales in connection with the gluon distribution. Knowledge of the parton distribution
functions (PDF) is essential for all processes at the LHC, both signals and backgrounds.
They can be determined by global fits to data from deep-inelastic scattering, Drell-Yang, jet
and direct photon production. QCD processes provide huge backgrounds to other Standard
Model processes and signals of new physics. It is therefore of prime importance to measure
and understand precisely QCD events.

Inelastic collisions (‘minimum-bias events’), underlying the processes of interest, are un-
avoidable at the high luminosity of the LHC. At design luminosity on average 23 minimum-
bias events are expected per bunch-crossing. The modeling of these events by the genera-
tors and their impact on the detector and reconstruction performance must be studied so
that the generators and detector simulation can be tuned accordingly.

5.2 Electroweak gauge bosons

The high production rate of electroweak gauge bosons allows for measurements which
supersede those from existing accelerators. The W mass is a fundamental parameter
of the Standard Model. It is related to other parameters of the theory, most notably,
corrections to the W mass depend on the masses of the top quark (~ m?) and the Higgs
boson (~ logmyo). The W mass is currently known with a precision of 39 MeV [1], and
improving the uncertainty will therefore put more stringent constraints on mgo. The aim
of the LHC is to determine the top mass with a precision of about 2 GeV (see Section 5.4,
the current error is 5.1 GeV [1]), and so my+ should be known with an error less than
15 MeV so that it is not the dominant error in the estimation of the Higgs boson mass.
To measure the W boson mass at the LHC, the leptonic decays of the W boson must be
used, and due to the neutrino only the transverse mass can be reconstructed. In one year
of data taking at low luminosity the LHC will produce about 300 million W+X, W— {v
events. The mass measurement will therefore be dominated by systematic uncertainties.

Models beyond the Standard Model may result in couplings different from those in
the Standard Model. A sensitive test to the model is provided by the measurement of
gauge boson couplings of W*, Z° and v bosons. These can be either Triple Gauge-
boson Couplings (TGC), e.g., WWv, WWZ, or Quartic Gauge-boson couplings (QGC), e.g.,
YYWW, ZyWW, ZZWW, WWWW.
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Finally, the production of Z° bosons is important for the in situ calibration of the
detector, e.g., by constraining the invariant mass of the lepton pair in Z° — ¢t/ decays
to the well-known Z° mass.

5.3 B-physics

The LHC will produce a plethora of B-hadrons. The B-physics program will focus on the
study of CP-violation in the B-system, B-oscillations, rare B-decays (e.g., Bg — KO,
Bg — p°pp, BY — ¢%up) involving flavor-changing neutral currents, precision measure-
ments of B-hadrons for confirming the Standard Model or finding hints of new physics, and
on constraining the CKM matrix angles sin 2a and sin 23. Events containing b-quarks will
be triggered at the Level 1 stage by B-decays with muons in the central region |n| < 2.4.

5.4 The top-quark

The LHC will also be a top-quark factory, producing more than 8 million tt pairs per year
at low luminosity. This provides a playground for a large variety of top physics studies.
The top quark is of special interest because it is the only fundamental fermion with a mass
at the electroweak scale. It is so heavy that it decays before hadronization can take place,
offering the unique opportunity to study the decay of a ‘bare’ quark.

If the top quark mass can be measured with a precision of about 2 GeV, the mass of
the Standard Model Higgs boson can be constrained to a level of 30% (if my=+ can be
measured to 15 MeV). Precision measurements of the top quark production cross section
and decay modes are tests of the Standard Model and deviations may point to new physics.
Moreover, pairs of top quarks, tt, are important backgrounds to many searches for new
particles, and so good knowledge of the top quark properties is mandatory.

Examination of top quark decays provides information on the CKM matrix element
Vip from a direct measurement. In the Standard Model, the top quark decays almost
exclusively into Wb. Such a measurement is also sensitive to the existence of a fourth
generation of quarks. The coupling strength of the W-t-b vertex can directly be measured
in electroweak single-top production. Searches for rare decays of the top quark may reveal
deviations from the Standard Model predictions, e.g., the decay into charged Higgs bosons
in the MSsM (t — H™b, see also Section 5.6.3) or flavor-changing neutral current decays
t — Z%, t — vq, t — gq, which are strongly suppressed in the Standard Model.

5.5 Supersymmetry and other physics beyond the Standard Model

Supersymmetry (susy) [19, 20] is a prominent extension to the Standard Model because
it solves some of its drawbacks. Discovery of sUsy signatures should be straightforward
at the LHC if SUSY exists at a scale mgusy ~ 1 TeV. Since the lightest supersymmetric
particles, which do not interact with the detector, can occur in the final state of particle
decays, SUSY exhibits itself as events with large missing transverse energy. In addition,
SUSY events often contain a considerable number of high-pr jets, multiple leptons with
same sign charge, and spherical event shape.

There are many sUSY models around, each of them introduces a set of new model pa-
rameters. It is beyond the scope of this section to give a detailed overview of all scenarios,
and the main search strategies can be found in [27]. Since it is impossible to do scans over
the whole multi-dimensional parameter space, a few benchmark scenarios were developed
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for each model, and many detailed studies were performed in ATLAS to estimate the sensi-
tivity to Supersymmetry. The main conclusion is that regardless of the model, susy will
easily be discovered at the LHC with just a few amount of data.

There are a lot of other extensions to the Standard Model to which ATLAS is sensitive.
Technicolor [29] provides breaking of electroweak symmetry without the need of the Higgs
sector, it can still generate masses for fermions and gauge bosons. Other phenomena are
mentioned here as keywords only, with more details to be found, again, in the TDR. There
are: compositeness, excited quarks and leptons, leptoquarks, new gauge bosons, majorana
neutrinos, extra dimensions, monopoles, and black holes.

5.6 Searches for Higgs bosons at the LHC

This section reports how Higgs bosons can be discovered with ATLAS in the framework of
the Standard Model and of the Minimal Supersymmetric Standard Model, MSSM.

5.6.1 The Standard Model Higgs boson

At the LHC there are four important production mechanisms for the Standard Model Higgs
boson, whose cross sections are shown in Figure 5.2:

o Gluon-gluon-fusion (Figure 5.1a): The Higgs boson is produced in the fusion of
two gluons via a heavy-quark loop. The loop is dominated by top quarks. This
production mode has by far the largest cross section over the allowed mass range
of the Higgs boson. Higher order QCD corrections are significant, e.g., gg — H(g),
gq — Hq, qq — Hg. Including next-to-leading order calculations, the cross section
is enhanced by ~ 50%.

o Vector-boson-fusion (Figure 5.1b): The Higgs boson production proceeds via fusion
of two W* or Z° bosons which were radiated off incident quarks. The quarks can
be detected as jets in the forward direction at large values of pseudorapidity. This
is the process with second largest cross section. It is about one order of magnitude
smaller than gluon fusion in the low Higgs mass region and becomes comparable for
mpgo > 800 GeV.

o Associated production WFH?, Z°H° (Figure 5.1c): The cross section for the process
where the Higgs boson is radiated off a W or a Z° boson falls rapidly with increasing
mypo. For mpo = 150 GeV the cross section of WFH? production is & 1/20 of that
for gluon fusion. However, this mode is of interest in the intermediate mass range
myo < 2myo.

o Associated production ttH? (Figure 5.1d): The production rate of the Higgs boson in
association with a pair of top quarks has a cross section about five times smaller than
W+H? production for myo < 200 GeV and becomes competitive for myo > 500 GeV.
For light Higgs bosons, ttH? production is expected to be the only mode where the
decay H? — bb is observable.

The Standard Model Higgs boson can be discovered at the LHC in the whole mass range
between the LEP 2 limit (114.4 GeV) and theoretical upper bounds (=~ 1 TeV) after a few
years of data taking. Expected significances for the discovery in various search channels
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Figure 5.1: Higgs boson production at the LHC: Dominant diagrams in leading order.
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Figure 5.2: Cross sections for Standard Model Higgs boson production at the LHC [30].
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Figure 5.3: ATLAS discovery potential for the Standard Model Higgs boson with 30 fb~! (left) and
100 fb~! (right) as of 1999 [27].

are displayed in Figure 5.3. Typically several production channels and decay modes must
be analyzed to establish a signal over usually large backgrounds. The following sections
present the search strategies for a Standard Model Higgs boson HY at the LHC. Many of
these analyses are detailed in Ref. [27].

110 GeV < myo < 130 GeV

The low mass region is difficult, and several channels must be combined to guarantee
discovery of the Higgs boson. The dominant decay mode is HY — bb, but there is no trigger
for dijet final states which would be needed to detect the direct production gg — H? — bb.
Moreover, it would be impossible in the gluon fusion to extract the signal from huge QCD
backgrounds. A trigger is needed, e.g., isolated leptons. They are provided by processes
containing W* or Z° bosons, e.g., WFH?, ZOH? and ttH® production. The channels
WH? — fvbb and Z°H® — ¢+ ¢~bb were studied in [27] with updates in [31]. It was found
that they suffer from large W*+jets and Z%+jets backgrounds, and the signal significance
is below two standard deviations with an integrated luminosity of 30 fb~!. More promising
is ttH? production in the final state fvb jjb bb. Despite the smaller cross section, tagging
of four b-jets helps to reduce backgrounds from tt-+jets, W*-+jets, and Z0+jets.

The rare decay H? — ~~ offers another possibility to look for the Higgs boson. The
branching fraction into two photons is in the order of only 1073, but thanks to the clean
and unique signature it can be observed in direct Higgs boson production via gluon fusion.
The existence of the Higgs boson is visible in the di-photon mass spectrum as a narrow
peak on top of a large but well controlled background. This channel needs good energy
and angular resolution of the electromagnetic calorimeters and good photon identification
with small fake rates of electrons and jets. Significances between three and four standard
deviations in the range 110 GeV < myo < 140 GeV are expected for 30 fb~!.

The most promising channel in the mass region up to myo = 180 GeV is the production
of the Higgs boson in the fusion of two gauge bosons, W+ or Z°. This production mode is
characterized by two opposite, high-pr jets in the forward region and little jet activity in
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the central region. The principle decay modes in this channel are H® — 7+7= — fvvlvy,
HO — 7777 — fwvhy, H® — WHW~ — fvly, and H® — WHW— — (ujj [32].

130 GeV < mpo < 180 GeV

The intermediate mass range is covered by vector-boson-fusion with H® — W+W~ and
direct production with subsequent decays H® — ZZ* and H® — WW*. Useful final states
are 27 — 4¢ and WW* — /(vlv, the leptons being electrons or muons. The decay
H® — WW* has larger branching fraction but is more difficult to detect because of the
two neutrinos occurring in the decay of the W bosons, and only transverse masses can be
reconstructed. Significances way above five standard deviations for 30 fb~! are expected
if both channels are combined.

180 GeV < myo < 1 TeV

If the Higgs boson mass is large enough to allow for the decay into a pair of on-shell Z°
bosons, the mode gg — H? — Z9Z° — 4/ is the ‘golden channel’ to discover the Standard
Model Higgs boson at the LHC. The signature of four isolated, high-pr leptons is straight-
forward to identify. The signal-to-background ratio is larger than one, and the significance
is larger than 10 in the range 180 GeV < mpyo < 500 GeV. It will be possible to observe
the Higgs boson in this channel up to a mass of 800 GeV. The width of the Higgs boson
increases rapidly with higher masses, and it dominates the experimental resolution for
myo > 300 GeV.

For Higgs boson masses above 800 GeV the signal rate is too small to be observed in
the four lepton final state. Decay modes with larger branching fraction must be used,
but they are more difficult to separate from the background, e.g., the H® — Z97° — ¢fvv
mode has a rate six times larger than the four-lepton mode, H® — W+W~ — /vjj has a
rate 150 times larger and H® — Z9Z" — ¢/jj has a rate 25 times larger. Excellent detector
performance to reconstruct missing transverse energy and W /Z°% —jj decays is mandatory
to reject the large QCD background.

At those high masses the production of the Higgs boson via fusion of two gauge bosons
becomes important and contributes to the discovery potential for heavy Higgs bosons.

Results from most recent sensitivity studies in the range mpo < 200 GeV [32] for an
integrated luminosity of 30 fb~! are shown in Figure 5.4. With 30 fb~! the Higgs boson
can be discovered with a statistical significance much larger than five standard deviations
in the mass range from 110 GeV to 200 GeV. Typically, at least two channels contribute
to the discovery which provides robustness and the possibility of cross checks between
channels. The most difficult regime is the low mass region. Several channels with either
small branching ratio or complicated final states must be combined to claim discovery.

5.6.2 Properties of the Higgs boson

Proofing whether there is a signal from a Higgs boson is the first duty of the LHC experi-
ments. Once this has succeeded, more detailed investigations about the characteristics of
the new particle must be started. Its mass, CP-quantum number, decay width, produc-
tion rate, and branching ratios will be studied. High statistics are needed for a precise
determination of these parameters and so most of the studies must be performed in the
high luminosity phase in order to reach the desired accuracy.
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Figure 5.4: ATLAS sensitivity for the discovery of a Standard Model Higgs boson in the low mass and
intermediated range as of spring 2003.

The expected precision Amygo /myo, combining ¢MS and ATLAS, is shown in Figure 5.5
for an integrated luminosity of 300 fb~! per experiment. Over almost the entire mass
range the precision is dominated by the HO — ZZ(*) — 4¢ channel and is in the order of
1072 up to a Higgs mass of 400 GeV. Above this value the precision decreases due to the
increasing decay width and is in the order of 1072 for myo = 800 GeV. To reach this
goal, the absolute energy scale must be know to 0.1%. The ATLAS goal is to determine
the lepton energy scale to even 0.02%.

Direct measurement of the width of the Higgs boson is possible for mpo > 200 GeV,
when the decay width becomes comparable to or larger than the detector mass resolution.
Figure 5.6 shows that a precision of the order of 6% can be reached with 300 fb~! in the
range 300 GeV < myo < 700 GeV.

The coupling of the Higgs boson to other particles determines the production rate and
decay ratios. The Standard Model can be disentangled from other models by verifying
that the production and decay rates are consistent with the model expectations. However,
depending on the parameters, other models may mimic the Standard Model, and devia-
tions may arise only at energies beyond the range of the LHC. The relative precision of
the production modes times branching ratios is displayed in Figure 5.7 for the low and
intermediate mass range. Assuming a 10% systematic uncertainty, the average accuracy
is about 20%.

The coupling of the Higgs boson to fermions and bosons can be extracted from the study
of production rates times branching ratios. Without further theoretical input it is only
possible to measure relative couplings for different channels. The advantage is that some
systematic uncertainties, such as errors on the luminosity, cancel in the ratios. Figure 5.8
shows the expected accuracies for the coupling to bosons and fermions.
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the combination of CMS and ATLAS with an integrated luminosity of 300 fb—! each.
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Figure 5.8: Relative precision on the measured Higgs boson couplings as a function of myo from the
combination of CMS and ATLAS with an integrated luminosity of 300 fb~! each. Left: coupling to the
Z° boson, right: coupling to fermions.

5.6.3 The Minimal Supersymmetric Standard Model

The MSsM opens up many new search channels for Higgs bosons. There are three neutral
states h?, HY and A° and two charged states HT and H™. In general, the h® is similar
to the Standard Model Higgs boson. Besides Standard Model-like production and decay
channels of the neutral Higgs bosons, one has to take into account new decay modes such
as the decay of A°/HY into Z°h® or h°h®, and decays of the charged Higgs bosons. The
couplings depend on the parameters tan 3 and mao (on Born level), and thus many final
states must be analyzed to guarantee discovery of the MssM Higgs bosons. The spectrum
of channels studied in ATLAS is rich and includes:

o h% HY A® — ~v in direct and associated production with a W* boson or a pair of
top quarks,

o h® — bb in association with tt,
o h? HO — 77Z(*) — 4¢,

o HY, A" — 7%7= (in bbH?/A° production) and tt, which is enhanced for large parts
of the parameter space because the HZZ and HWW couplings are suppressed and
even absent for A?,

o bBH? and bbA®, which is enhanced at large tan 3, followed by H, A — 7+7= ptpu~
or bb, depending on the model parameters,

o HY — hh® with hh® — bbbb, bbyy and AY — Z%h® with Z°h® — bbbb, ¢/~ bb,
ey,

o H* — 7'1/,tb,cs,cb,hO/AOVVi*7 bt*, where the charged Higgs boson is produced in
the decay t — HTb or in pp — tH* and pp — tbH*.

For purely hadronic final states (e.g., bbH?/A® — bbbb) very high jet-pr thresholds must
be set.

The predicted sensitivity to MSSM Higgs bosons is shown in Figure 5.9 as discovery
contours in the (tan 3, mzo)-plane of the Maximal Mixing Scenario [26], assuming 300 fb~?
and using analyses as of autumn 2001. The left-hand figure shows the regions in which
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Figure 5.9: ATLAS sensitivity for the discovery of MSSM Higgs bosons in the Maximal Mixing Scenario.
Values below the black curve are excluded by the LEP experiments at the 95% confidence level. Left:
observability of different production and decay channels. Right: observability of different MSSM Higgs
bosons.

different production and decay modes can be observed. Some modes are already excluded
by limits from the LEP experiments. Other modes are very powerful and can be discovered
in large areas of the parameter space, e.g., H'/A? — 7777 tth" with h® — bb, and the
h® — ~v channels. The right-hand figure demonstrates that with 300 fb~! at least one
MSSM Higgs boson can be discovered, regardless of the parameter values, and in most areas
at least two Higgs bosons are observable. Updated MSSM scans, which include results from
this thesis, are discussed in Section 13.3.
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The Large Hadron Collider (LHC) is a proton-proton collider currently under construction
at CERN. It is being built into the tunnel of the former LEP accelerator. The LHC will
accelerate two beams of protons in opposite directions in a 27 km long ring up to a beam
energy of 7 TeV. Operation with heavy ions is foreseen as well. The beams, each containing
about 3 x 104 protons, are brought to collisions at four interaction points. The design
luminosity is 1034 cm™2s~!. To keep the particles on track, the LHC will be equipped with
high-field superconducting NbTi dipole magnets (up to 8.34 T), which are operated in
superfluid helium. The main parameters of the LHC are listed in Table 6.1.

The LHC will benefit from existing accelerator facilities at CERN, namely the LINAC, the
BOOSTER, the PROTON SYNCHROTRON, and the SUPER PROTON SYNCHROTRON, Figure 6.1.
The protons are obtained from a hydrogen source, and they are pre-accelerated in the
LINAC to energies of 50 MeV. Then they enter the BOOSTER which increases the energy to
1.4 GeV. Successive acceleration of the protons takes place in the Ps and SPS to energies
of 25 GeV and 450 GeV, before they are injected into the LHC.

The particles are accelerated by an RF system which operates at a temperature of 4.5 K
and at 400.8 MHz, the second harmonic of the SPS frequency. Superconduction cavities
are used which are sputtered with a thin film of niobium. The design voltage of the RF
system is 16 MV per beam, providing an average bunch length of 7.5 cm. The bunch
spacing is 25 ns, i.e. ten RF periods.

Since two beams of particles with same charge must be accelerated in opposite directions,
two independent magnetic channels are needed. However, they will be housed in the same
yoke and cryostat system. A cross-sectional view on the LHC dipole system located inside
the cryogenic system is shown in Figure 6.2. The magnet coils are made of copper-clad
niobium-titanium cables. They are operated at 1.9 K with a current of 15000 A, and
have to withstand forces of some hundred tons per meter during ramping of the magnetic
field. There will be 1232 main dipoles and 392 main quadrupoles, the latter producing
gradients of 233 T/m. In case of quenches the stored energy must safely be released from

LIL

i EPA e+e-
proton linac linacs

Figure 6.1: The accelerator system of the LHC.
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Figure 6.2: View on a dipole system of the LHC.

the magnets. The energy is absorbed by resistors which can be switched into the circuit,
heating eight tons of steel to about 300 °C.

The LHC is the first accelerator with a vacuum system at cryogenic temperature, so that
a number of novel design requirements must be fulfilled. For instance, precaution must be
taken to protect the cryogenic system from 0.2 W/m of synchrotron radiation per beam.

Table 6.1: Main parameters of the LHC.

Quantity Value Unit
Energy at collision 7 TeV
Energy at injection 0.45 TeV
Circumference 26 658 m
Dipole field at 7 TeV 8.34 T
Luminosity 1034 em ™ 2s7!
Luminosity lifetime 10 h
Protons per bunch 1.1 x 101

Bunches per beam 2808

Nominal bunch spacing 25 ns
Distance between beams (arc) 194 mm
DC beam current 0.56 A
Energy loss per turn/proton/7 GeV 6.7 keV
Radiated power per beam/7 TeV 3.8 kW
Stored energy per beam/7 TeV 350 MJ
Stored energy in magnets/7 TeV 11 GJ
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7 The ATLAS detector at the LHC

The ATLAS detector is one of the four detectors at the LHC. The name is an acronym for ‘A
Toroidal LHC ApparatuS’. ATLAS, like CMS [33], is an omni purpose detector, designed to
explore the full physics program of the LHC. The two experiments LHCb [34] and ALICE [35]
will focus on more specific topics, i.e., b-physics and heavy ion collisions.

7.1 Introduction

Muon Detectors Electromagnetic Calorimeters
/// \ ““
\ \\ )
o \ . \\ Forward Calorimeters
s \ Solenoid \\ g

End Cap Toroid

\,
ﬁ
!

(=3

77
N

i Inner Detector ‘ ieldi
SarElionic Hadronic Calorimeters Shielding

Figure 7.1: The ATLAS detector.

A sketch of the ATLAS detector is shown in Figure 7.1. The detector has cylindrical
symmetry with a height (diameter) of 22 m, a length of 42 m, and a weight of almost
7000 tons.

The parameters of the LHC and the challenging physics program put high demands on
the components of ATLAS: A powerful tracking system is needed which can resolve even low
pr tracks in the dense environment expected at design luminosity, hermetic calorimeters
with very good energy resolution for electrons and photons, and a precise spectrometer for
measuring the momenta of muons. ATLAS will have a large acceptance in pseudorapidity.
After a brief description of the coordinate system used in ATLAS, the detector sub-systems
are described in more detail.
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7 The ATLAS detector at the LHC

The coordinate system

A cylindrical system like the ATLAS detector is naturally described by cylinder coordinates
(R, $,2), where R is the radius, ¢ the azimuthal angle and z the coordinate along the
cylinder axis. However, at hadron colliders, a more useful and common description of
highly relativistic particles uses transverse momentum pr, pseudorapidity 7, and azimuth
¢. The pseudorapidity is related to the angle 6 between a particle and the z-axis by
Equation (7.1),

n = —In(tan(6/2)). (7.1)

The trajectory of charged particles inside the uniform solenoid field of ATLAS is described
by five helix parameters. Three of these describe the velocity vector at the point of closest
approach (p.c.a) of the track to the primary vertex. The remaining two parameters, dj
and zp, are the transverse and longitudinal coordinates of the p.c.a.

7.2 The Inner Detector

The Inner Detector (ID) reconstructs tracks of charged particles and measures their momen-
tum (above 0.5 GeV) from the track’s curvature in the magnetic solenoid field of 2 T. The
ID is contained inside a cylinder of 7 m length and radius 1.15 m, covering an acceptance
of |n| < 2.5, and consists of three parts: A high resolution Pixel Detector with 123 million
read-out channels, a microstrip Semi Conductor Tracker (SCT) with 6.2 million channels,
and a Transition Radiation Tracker (TRT) made of straw tubes with 420000 channels.

The concept was chosen to meet the demands of high-precision measurements of momen-
tum and the reconstruction of vertices in an environment with a large track density. The
performance of the Inner Detector is important for the ttH?, H — bb channel because
the reconstructed tracks provide information about secondary vertices expected from jets
with b-quarks. The silicon detectors provide only a small number of space points per track
(three in the PIXEL and four in the SCT), but they are precisely known. More layers would
result in too much material and high costs. The TRT provides on average 36 points for
tracks in |n| < 2.5 with much less material involved as in the silicon detectors and at lower
costs.

The characteristics of the Inner Detector components are listed in Table 7.1.

7.2.1 Pixel detector

The pixel detector measures tracks precisely and as close to the beam pipe as possible.
This helps to identify tracks originating from secondary vertices, which is needed to tag
jets with B-hadrons.

The pixel detector is made of 1500 barrel and 700 disk modules, each of which contains
61440 pixel elements. A pixel covers an area of 400 x 50m?.

The detector consists of three layers of modules, which are arranged as shown in Fig-
ure 7.2, right. The innermost layer (B-layer) is located at a radius of 5.05 cm, Layer 1 at
8.85 c¢m, and Layer 2 at 12.25 cm. The thickness of each layer corresponds to about 1.7%
of a radiation length. On each side of the barrel pixel modules, there are three disks with
pixel modules. They are located at z = 49.5 cm, z = 58.0 cm, and z = 65.0 cm.

The silicon sensor on a module is read out by 16 chips, each of which processes infor-
mation from 24 x 160 pixels. A pixel cell acts as a diode. If a charged particle traverses
the material, it creates ionization charges in the substrate which are then collected at the
edges by an electric field.
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7.2 The Inner Detector

Figure 7.2: Left: 3D view on the pixel detector, right: transverse view on a quarter of the pixel barrel.

7.2.2 Semiconductor tracker

The Semi Conductor Tracker (SCT) is comprised of silicon microstrip modules, and pro-
vides four measurements per track in the barrel region. FKEach silicon detector covers
6.36 x 6.40 cm?, segmented into 768 strips with a pitch of 80 pm. There are four single-
sided silicon detectors on each module. On each side, two detectors are wire-bonded
together to form 12.8 cm long strips. Then two such systems are arranged back-to-back at
a 40 mrad stereo angle in order to allow for determination of the z coordinate of tracks.

In the barrel the SCT is arranged in four double-layers at radii between 30 cm and 52 cm.
They are complemented by nine disks at each side of the barrel to allow for measurement
of tracks at large . The layout of the SCT is shown in Figure 7.3.

7.2.3 Transition radiation tracker

The transition radiation tracker (TRT) provides a large number of measurements per track
(36 on average). It is build from straw tube detectors with diameters of 4 mm and maximal
length of 144 cm in the barrel. The tubes are filled with a gas mixture of 70% Xe, 20%
CO», and 10% CF,4 with a total volume of 3 m3. The sensitive element is a 30 m gold-
plated W-Re wire at the center of the straws. The barrel contains about 50000 straws
arranged in three rings with a total of 73 layers and grouped in modules with 329 to 793
axial straws, covering radii from 56 to 107 cm.

The two end-caps each consist of 18 wheels which are grouped into wheel ‘A’ (6 disks),
wheel ‘B’ (8 disks), and wheel ‘C’ (4 disks). The TRT layout is displayed in Figure 7.4.

Figure 7.3: The silicon strip detector.
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Table 7.1: Characteristics of the Inner Detector. Typical resolutions are quoted.

System  Position Area  Typ. resolution  Channels 7 coverage
(m?) o(pm) (10°)
Pixels 1 removable barrel layer 0.2 R¢p =12,z =66 16 +2.5
2 removable barrel layers 1.4 Rp=12,2 =66 81 +1.7
3 end-cap disks (each side) 04 Rp=12,2=177 26 +1.7-2.5
SCT 4 barrel layers 344 R¢ =16,z =580 3.2 +1.4
9 end-cap wheels (each side) 26.7 R¢ =16,z = 580 3.0 1.4-2.5
TRT Axial barrel straws 170 per straw 0.1 +0.7
Radial end-cap straws 170 per straw 0.32 0.7-2.5

7.3 The Calorimeters

The calorimeters primarily provide energy measurement of electrons, photons, jets, and
missing energy. They also give information about position and angle, and particle iden-
tification. There are three types of detectors: An electromagnetic calorimeter covering
the region |n| < 3.2, hadronic calorimeters in the barrel, |n| < 1.7, and in the end-caps,
1.5 < |n| < 3.2, and forward calorimeters covering 3.1 < || < 4.9. Hermetic calorimetry
and very good energy resolution for electrons and photons is essential for many searches,
e.g., for signatures of supersymmetry and for the Higgs boson discovery channels H — ~~
and H — Z7Z* — eece. Figure 7.5 shows a view on the calorimeter system. More detailed
descriptions of the different parts are given in the following sections.

7.3.1 Electromagnetic calorimeter

The electromagnetic calorimeter (EM) consists of liquid argon (LAr) as active material
with an accordion-like structure of Kapton electrodes and lead as absorber. Incoming
electrons lose energy in the lead absorbers and emit bremsstrahlung photons. Photons

Figure 7.4: The transition radiation tracker.
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Figure 7.5: The calorimeter system.

convert into electron-positron pairs, and in this way a shower cascade is initiated. The
secondary particles ionize the liquid argon. Free electrons from the ionization are drawn
off to electrodes by a high-voltage field. The calorimeter is divided into several samplings,
each has varying granularity in n and ¢, depending on the range in pseudorapidity. The
number of read-out channels is ~ 190 000. The total radiation length is larger than 24 X
in the barrel and larger than 26 X in the end-caps.

When particles enter the EM calorimeter they already penetrated through the Inner
Detector, the superconducting coil, and the cryostat which corresponds to a thickness of
2.3 Xy (for n = 0). To correct for the energy loss, a presampler precedes the EM calorimeter
over the range |n| < 1.8. The presampler consists of a LAr layer of thickness 1.1 cm in the
barrel and 0.5 cm in the end-caps. In the transition region between the barrel and end-cap
cryostat the equivalent material is ~ 7 Xo. In this region (1.0 < || < 1.6) a scintillator
slab complements the presampler.

Coverage, granularity, and segmentation of the EM calorimetry and the presampler are
listed in Table 7.2. The design goal for the energy resolution is:

OE 0.1 0.3

— = —=® —= .01.
i3 \/E@E@OO

7.3.2 Hadronic calorimeters

Hadronic calorimeters are needed to measure the energy of jets and hadronic particles
in cooperation with the electromagnetic calorimeters. The system consists of a central
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7 The ATLAS detector at the LHC

Table 7.2: Pseudorapidity coverage, granularity, and longitudinal segmentation of the electromagnetic
calorimeter and the presampler.

EM calorimeter Barrel End-cap

Coverage |n] < 1.475 1.375 < |n| < 3.2

Longitud. segm. 3 samplings 3 samplings 1.5<|n <25
2 samplings 1.375 < |n| < 1.5

25 < |n <32

Granularity (An x A¢)

Sampling 1 0.003 x 0.1 0.025 x 0.1 1.375 < |n] < 1.5
0.003 x 0.1 1.5<|n < 1.8
0.004 x 0.1 1.8 < |n] < 2.0
0.006 x 0.1 20< |n <25
0.1 x0.1 25 < |n <32

Sampling 2 0.025 x 0.025 0.025 x 0.025 1.375 < |n] < 2.5
0.1 x0.1 25 < |n| < 3.2

Sampling 3 0.05 x 0.025  0.05 x 0.025 1.5<|n] <25

Presampler Barrel End-cap

Coverage |n| < 1.52 1.5<|n < 1.8

Longitud. segm. 1 sampling 1 sampling

Granularity (An x A¢) 0.025 x 0.1 0.025 x 0.1

barrel part (|n] < 1.0) and two identical extended barrels (0.8 < || < 1.7) based on an
alternating structure of plastic scintillator plates (tiles) and iron absorbers. Traversing
particles initiate showers in the absorbers, and the secondary particles excite the atoms in
the scintillator which then emit light. The light is transmitted inside wavelength shifting
fibers to photomultipliers which convert the light into an electronic signal. At larger
pseudorapidity (1.5 < |n| < 3.2, end-cap), where large radiation density is expected, the
hadronic calorimeters are made from intrinsically radiation-hard LAr detectors).

The very forward region, 3.1 < |n| < 4.9 is covered by LAr detectors. For good hermetic
coverage the forward calorimeters are placed at about 4.7 m from the interaction point,
and so they have to deal with very high rates of radiation. They consist of three sections.
The first is made of copper and the last two are made of tungsten. The metal has longi-
tudinal channels which house rods, which are at high positive voltage, and tubes which
are grounded. The gaps are filled with LAr which serves as active material. The presence
of the forward calorimeters allows for detecting jets at large 7, which is important, for
instance, for Higgs searches in the weak-boson fusion channels, and for measurement of
missing energy.

The characteristics of the hadronic and forward calorimeters are specified in Table 7.3.
The design goal for the energy resolution is:

og 0.5

— = —&0.03.
E VE

7.4 The Muon Spectrometer

The muon system is an outstanding feature of ATLAS. It serves as trigger for many signa-
tures and provides measurement of muon momenta. Muons are contained, e.g., in signals
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Table 7.3: Pseudorapidity coverage, granularity, and longitudinal segmentation of the hadronic and
forward calorimeters.

Hadronic tile Barrel Extended barrel

Coverage In| < 1.0 08 < |nl <17

Longitud. segm. 3 samplings 3 samplings

Granularity (An x A¢)

Samplings 1 and 2 0.1 x0.1 0.1 x0.1

Sampling 3 0.2 x0.1 0.2 x0.1

Hadronic LAr End-cap

Coverage 1.5 < |n| <32

Longitud. segm. 4 samplings

Granularity (An x A¢) 0.1x0.1 1.5<|n <25
0.2 x0.2 25 <|n <32

Forward calorimeter Forward

Coverage 3.1<|n <49

Longitud. segm. 3 samplings

Granularity (An x Ag) ~0.2x0.2

from Higgs bosons (H — ZZ* — pupp) and in many processes predicted by models beyond
the Standard Model.

The muon spectrometer measures the deflection of muon tracks in superconducting air-
core toroid magnets. They are equipped with trigger chambers and high-precision tracking
chambers. The system covers the region |n| < 1.0, using magnetic bending by large barrel
toroids, and the region 1.4 < |n| < 2.7 using two smaller end-cap magnets which are
located in both sides of the barrel toroid. In the transition region 1.0 < |n| < 1.4 magnetic
deflection is covered by a combination of barrel and end-cap fields. The geometry of the
magnetic field is designed to be orthogonal for most of the muon trajectories. The magnet
system is shown in Figure 7.6 and the arrangement of the chambers can be seen from
Figure 7.7.

7.4.1 Muon precision system

The precision measurement of muon trajectories is realized by two types of chambers,
Monitored Drift Tubes, MDT and Cathode Strip Chambers, csc. There are three cylindric
layers in the barrel, located at radii of about 5, 7.5, and 10 m. The end-cap chambers
in the range 1 < |n| < 2.7 are located at distances of 7, 10, 14, and 21-23 m from the
interaction point.

MDTs cover most of the n range. The chambers consist of aluminum tubes with a
diameter of 3 ecm. They are filled with 98% Argon and 7% COs at a pressure of 3 bar.
The 50 pm sense wire is made of tungsten-rhenium and provides a single wire resolution
of ~ 80 pm. The total tube volume is 800 m3.

¢scs with higher granularity are used in the innermost plane and cover 2 < || < 2.7,
where large rates and background put high demands on the system. They are multiwire
proportional chambers with anode wires of tungsten-rhenium. The segmented cathode
strips and charge interpolation between neighboring strips provide good spatial resolution
of 60 pm. The total of 1.1 m? gas volume is filled with 30% Ar, 50% CO», and 20% CF,.
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7 The ATLAS detector at the LHC

Figure 7.6: The magnet system of the muon spectrometer.
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Figure 7.7: Geometry of the muon chambers.
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Table 7.4: Muon chamber instrumentation.

Precision chambers Trigger chambers
CSC MDT RPC TGC

Number of chambers 32 1194 596 192
Number of readout channels 67000 370000 355000 440000
Area covered (m?) 27 5500 3650 2900

7.4.2 Muon trigger system

Three layers of Resistive Plate Chambers, RPCs, provide trigger functionality in the barrel
region. They are situated on both sides of the middle MDT layer, and inside the outer MDT
layer. Thin Gap Chambers TGCs are used in the end-caps. They are arranged in three
layers near the middle MDT layer.

The RPCs consist of two parallel resistive plates, separated by insulating spacers. The
volume in between is filled with a gas mixture based on CoHoF4. An electric field of some
kV/mm multiplies electrons originating from the ionization of the gas by traversing muons,
via the avalanche effect. Quick response of the cells is requested for trigger purpose, and the
typical space-time resolution is 1 cmx1 ns. The design of the TGCs is similar to multiwire
proportional chambers. The cells are operated in saturation mode with a mixture of 55%
COy and 45% n-pentane, n-CsHjo. The gas volume is 16 m3. Good time resolution
of 2ns for the RPCs and 5ns for the TGCs is achieved by the electric field configuration
and small drift times due to small wire distances. The desired granularity is defined by
grouping several anode wires together, usually between 4 and 20. The combined signal
forms the trigger information. Both RPCs and TGCs provide also measurements of the
second coordinate of the trajectories.

Information about the muon instrumentation is available from Table 7.4.

7.5 Trigger and Data Acquisition

The LHC proton bunches will cross at a rate of 40 MHz. At design luminosity of 103 cm™2s72
there will be on average 23 inelastic pp collisions per bunch crossing, leading to an event
rate of almost 1 GHz. A multiple-stage trigger system is required to reduce the data to a
manageable amount and to filter for interesting events [36]. In ATLAS, the Level-1 trigger
(LvL1) performs the initial event selection and reduces the rate to less than about 75 kHz.
The LvL1 identifies regions in the detector with interesting features, so-called Regions of
Interest (Rols). Information from all Rols are combined and passed to the Level-2 trigger
(LvL2), which applies a series of optimized selection algorithms to the event. The Event
Filter (EF) processes the output from LvL2 with more sophisticated reconstruction and
trigger algorithms using tools similar to the offline software. The EF then takes the final
decision if the event is discarded or written to tape. Level-2 trigger and Event Filter form
the High Level Trigger (HLT). The output rate from the HLT is in the order of 100 Hz, and
selected events have an average size of ~ 1.5 Mbyte. The mass storage system therefore
must be capable of recording a few hundred Mbytes per second.

The selection criteria of the trigger system must be designed to cover the physics aspects
of proton-proton collision at /s =14 TeV, ranging from b-physics with low-pp tracks to
new processes with typically high-pr signatures. Thus, the online event selection must
reduce the output rate, efficiently reject fake events and background processes and guaran-
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Table 7.5: Trigger menu for physics triggers. ‘e’ stands for electron, ‘4" for photon, ‘i’ for muon,
‘7' for tau, ‘j' for jet, 'xE’ for missing transverse energy, ‘E’' for total transverse energy, ‘JE’ for total
transverse energy using only jets, and ‘i’ indicates an isolation requirement.

Selection signature Example of physics coverage

e2bi W — ev, Z — ee, top production, H — VVVV(*)/ZZ(*)7 \ANVA
2el5i 7 — ee, H — WW®) /77()

1201 W — uv, Z — up, top production, H — WW(*)/ZZ(*), W', 7’
21110 Z — pp, H =WW®) /77

7601 direct photon production, H — vy

27201 H — vy

j400 QCD, SUSY, new resonances

2j350 QCD, SUSY, new resonances

3j165 QCD, SUSY

4j110 QCD, SUSY

7601 charged Higgs

p104-e15i H— WW® /ZZ() | susy

73514+xE45 qqH(77), W — 7v, Z — 77, SUSY at large tan

j70+xET70 SUsYy

xE200 new phenomena

E1000 new phenomena

jE1000 new phenomena

246+p T~ +mass cuts  rare b-hadron decays

tee optimal acceptance for processes comprising the physics program of ATLAS. A trigger
menu, presented in Table 7.5 with typical applications, has been established to cover most
of these processes. In addition, there exist less inclusive triggers for more specialized
questions, e.g., for invisible Higgs decays, b-hadron physics, monitoring, calibration or
determination of trigger efficiencies.

7.6 Detector deferrals and impact on the physics program

When the LHC starts in 2007, ATLAS will not be complete [37]. Due to funding restrictions,
some parts of the detector will have to be deferred. The Pixel sub-detector will initially be
missing Layer 1 (the middle layer) and the TRT will not have the two end-cap ‘C’-wheels.
The Gap Scintillator will also be missing. Deferrals in the Inner Detector are shown in
Figure 7.8. Eight chambers per end-cap of the muon CSC sub-system will be staged, as
will be half of the Digital Signal Processor boards of the LAr instrumentation. Deferrals
in the High Level Trigger and data acquisition force the LVL1 trigger rate to be reduced
from 75 kHz down to 40 kHz.

The parts of ATLAS which have to be staged were chosen in such a way as to keep the
impact on the physics program small, but the impact is not negligible. Most important
are the deferrals in the trigger and DAQ, because the reduced acceptance rate leaves no
safety margin to account for the large uncertainties on the predicted rates of QCD processes.
B-physics is compromised by the Trigger/DAQ removals as there will be no trigger for b-
physics in the initial phase, and trigger threshold must be raised in general. The removal
of pixel Layer 1 degrades track and vertex reconstruction, and therefore deteriorates the
b-tagging performance. The channel ttH? with H® — bb, tt — ¢vbjjb, investigated in
this thesis, involves four b-jets, and therefore this channel is very sensitive to how well
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Figure 7.8: Longitudinal view of the top-right quarter of the Inner Detector.

ATLAS performs in flavor-tagging. Part of this thesis is dedicated to an investigation of
the impact of the reduced layout of the pixel detector on the discovery potential of the
ttHY channel (Chapter 10).

7.7 Simulation of the ATLAS detector

The physics processes that are expected at the LHC are simulated in order to investigate
the requirement to the experiments and explore their physics potential. For a realistic
description the response of the ATLAS detector to particles penetrating its components
must be simulated as detailed as possible. The simulations are based on the GEANT 3
package [38]. If a description of the detector geometry and materials is provided the
package calculates the interaction of charged and neutral particles on their flight through
the detector, e.g., multiple scattering, energy loss, electromagnetic or hadronic showering
or bending inside the magnetic field.
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Since ATLAS is a huge and complicated detector, these simulations are very CPU time
consuming, in particular for events with high particle multiplicities. On state-of-the-art
pPCs the simulation of all components takes several minutes per event. Studies of physics
channels of interest and the associated background usually require the generation and
simulation of millions of events. This is not feasible with the full simulation of the ATLAS
detector. Therefore, a fast simulation was developed (ATLFAST [39]) in which the detector
response is parametrized as functions of pr and 7. Energy and momentum of the particles
are smeared according to values which are obtained from studies of representative events
in full simulation. Since no modeling of the detector-particle interactions needs to be
performed, huge numbers of events can be processed in a short amount of time. The
fast simulation is only an approximation of the real detector, but it has been and is
being validated in many studies. ATLFAST was mainly designed to treat jet reconstruction
efficiencies, flavor labeling, resolution of missing transverse energy, and isolated leptons and
photons. A parameterization is also available of photon, electron and muon momentum
resolution, hadronic calorimeter energy resolution, the effect of the magnetic field on jet
reconstruction, and the reconstruction of helix track parameters in the Inner Detector.

Most of the signal processes which are of interest at the LHC contain jets. There are
several effects that result in reconstructed jet energies much smaller than the energy of
the original parton, they can be divided into losses due to detector effects and losses
from physics effects. Detector effects arise from non-compensating calorimeters, dead
material, mismeasurement, and missing low-pr particles swept out by the magnetic field.
Physics effects are due to fragmentation, minimal-interacting particles in the decay chains
(neutrinos), ‘out-of-cone’ losses, when particles are emitted at large distances to the jet
axis and are therefore not associated to the jet, and radiation of hard gluons which are
reconstructed as separate jets. Mass measurements can only be accurate if these effects
are compensated by calibrating the jet energy scale. In ATLFAST only the physics effects
need to be calibrated, because the detector response is not simulated in full detail. The
calibration was obtained from the dijet mass in WTHO? events with H — ufi, gg and bb.
Calibration factors Kje; = parton / p“' were derived separately for b-jets and u-jets (gluon
jets show similar behavior as b—Jets). The calibration as provided by ATLFAST is designed
to give proper mass scales but not necessarily proper energy scales.
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8 Study of the channel ttH?, H° — bb

The process ttH? with H? — bb is an important and challenging channel, and contributes
to the discovery potential for a light Standard Model Higgs boson at the LHC. The ATLAS
Technical Design Report concludes that this channel alone would account for half of the
Higgs boson discovery potential of ATLAS in the low mass range, the second discovery
channel being direct production with H® — ~v. Meanwhile, the analysis of the weak
boson fusion processes has shown that these channels have a significant contribution as
well [32]. Still, ttH? production is the only channel where the decay H° — bb can be
observed. Also, it is a benchmark channel for the overall performance of ATLAS and for
the tracking and flavor-tagging performance in particular. The ttH?, H® — bb channel is
studied in this section based on Monte Carlo simulations of the ATLAS detector.

8.1 Signal and background processes

The signal process ttH is depicted in Figure 8.1 a). At the LHC, the ttH state is produced
via gluon-gluon interaction in about 90 % and in quark-quark interaction in 10 % of all
cases.

Top quarks decay almost exclusively into Wb, and W bosons decay hadronically in
about 2/3 of all cases, and into lepton plus neutrino in about 1/3 of all cases. Table 8.1
lists the relevant branching ratios. The tt final state with the highest branching fraction
is jjbjjb. Including H® — bb this would result in a purely hadronic multi-jet final state
with moderate transverse momentum of the jets for which no trigger is foreseen in ATLAS
(c.f. Table 7.5 on page 48). To have a handle for triggering ttH° events, one requires one
top quark to decay semileptonically, leading to a final state of fvb jjb bb with 6 jets (4 of
which are b-jets), 1 lepton and missing transverse momentum. Concerning the lepton, only
electrons (e) and muons (i) are considered. The main background to the signal process
arises from QCD processes with a top-quark pair and additional jets from initial or final
state gluon radiation, Figure 8.1 b). The cross section for the tt+jets background is about
900 times larger than that of the signal. But the additional jets are by far dominated
by light flavors, so only a small fraction consists of true ttbb events. Requiring four b-
jets in the final state can effectively suppress large parts of this background. Therefore,

Figure 8.1: a) ttHO signal process, b) QCD ttbb background, c) electroweak ttbb background.
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Table 8.1: Branching ratios of top quarks and W bosons. The figures for the W boson decays are the
world averages from [1].

tt — Wb > 99.8% (sM prediction)
Wt -ty (10.68 4 0.12)% per lepton family
W — hadrons  (67.96 + 0.35)%

a high-performance b-tagging algorithm which efficiently tags b-jets and strongly rejects
non-b-jets is crucial for this analysis.

Differentiation between b-jets and jets from lighter quark flavors is possible by exploiting
life-time and decay information of the original quarks. Hadrons containing b-quarks have
substantially larger life-times than hadrons without b-quarks, so that at LHC energies b-
hadrons travel a few millimeters before decaying. With a high precision tracking system it
is possible to measure the distance between the primary interaction vertex and the decay
vertex of b-hadrons. Semi-leptonic decays of the b-quark provide another means to identify
b-hadrons by tagging soft leptons (electrons or muons). However, due to mismeasurements,
tracks from jets from lighter quarks can fake secondary vertices, or tracks from b-hadrons
may be measured with too small distances to the primary vertex, and so it is not possible
to tag b-jets with 100% efficiency without misidentifying jets from lighter quarks as b-jets.
The b-tagging approach used in this work is discussed in Section 8.3 and the algorithm
applied to fully simulated events is described in Section 12.2.

There is also a less severe ttbb background which is mediated by electroweak gauge
bosons, gg—7/v*/W—ttbb (also denoted as ‘ttbb (EW)’ in the text), Figure 8.1 c¢). The
cross section for these processes is nine times smaller than ttbb production from Qcp. More
leading-order diagrams for the signal and the ttbb background are printed in Appendix A.
Other backgrounds are negligible as long as four tagged b-jets are required. Potentially
dangerous processes may arise from W*+jets and single-top+W production, the former
having a huge cross section, the latter almost resembling the final state of the signal. The
importance of these processes is discussed in Section 9.2.5.

8.2 Monte Carlo generators and cross sections

Signal events are generated with PYTHIA 6.203 [40] for Higgs boson masses of 80 GeV
to 140 GeV in steps of 10 GeV. All ttbb background events are generated with Ac-
ERMC 1.0 [41]. ACERMC calculates the hard ttbb process based on matrix element calcu-
lations, and the events are then interfaced to PYTHIA for simulation of decays, hadroniza-
tion and initial- and final state radiation. In all cases the CTEQS5L structure functions
are used. It was argued before that tt+light jets events are another important source
of background, if the light jets are misidentified as b-jets. At the time of preparation
of this thesis no matrix element based generator for tt+mn-jets was available. The pro-
cess ttjj (+additional jets) is therefore generated with PYTHIA using the parton shower
approach [42, 43].

The cross sections for the signal process are calculated with the HQQ program [44], and
the branching ratios of HY —bb are calculated with the HDECAY program [12]. Cross
sections for the background processes are used as provided by the event generators. The
renormalization and factorization scales Q(QQCD are taken to be the same and are set to

éCD = (mg + myo/2)? for signal and ttbb background. In the case of background
events mpo = 120 GeV is used. Since this scale can not be chosen in PYTHIA, the ttjj]
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8.2 Monte Carlo generators and cross sections

Table 8.2: Inclusive signal cross Table 8.3: Monte Carlo samples and generators used in this
sections and branching ratios. analysis.

mpo O, BR(H—bb) Process Generator Cinel. Generated
(GeV) (pb) (pb) Events
100 0.84 0.82 ttHO PYTHIA 6.203 see Tab.8.2 1M
110  0.66 0.79 gg— ttbb AcerMC 1.0 8.1 2M
120 0.52 0.70 qq — ttbb ACERMC 1.0 0.5 2M
130 0.42 0.56 gg—7Z/v/W— ttbb  ACERMC 1.0 0.9 1M
140 0.34 0.37 ttij PYTHIA 6.203 474 19.3M

cross section is calculated with the default setting QéCD = (mf + pQT), where pp is the
transverse momentum of the scattering process. The leading-order cross sections and the
number of generated Monte Carlo events are listed in Tables 8.2 and 8.3.

Higher order corrections

The predicted leading order cross sections for the ttH signal process and the relevant
background processes are subject to large uncertainties from the choice of the renormaliza-
tion and factorization scales. This indicates significant contribution of higher order QCD
corrections, and next-to-leading order calculations can help to reduce the scale dependence
of the cross section predictions. The ratio between leading order and next-to-leading order
cross sections is usually termed K,

onto(pp — ttH)

K := — .
oLo(pp — ttHO)

(8.1)

Virtual and real O(a?) corrections to the parton level processes qg — ttH° and gg — ttH°
have been calculated in Refs. [45, 46]. The results are shown in Figure 8.2 and 8.3 for
a Higgs boson mass of 120 GeV. For a central factorization and renormalization scale
i = my + myo/2 the cross section is enhanced by 20% when NLO corrections are taken
into account. The scale dependence of the ttH? cross section is significantly reduced with
the NLO result.

A B B B ELAL AL H L LA 1400 . S
\ o(pp — 1 +) [1] : o(Pp — T+ ) {1
103 ) Vs=14TeV 1 1200 | Vs=14Tev 1
[ N H=m o+ M2 ] M,, = 120 GeV
\\ ___ LO 1000 r \\\ Mo =m +M,/2 7
AN —— NLO 4 [ S N e}
N 1 800 |- IR —NLO 1

D 1 600 |

-4 200 [ ]

P U TP I R B B o L " " PR . R R
160 180 200 220 240 260 02 05 1 2 5

M,, [GeV] Wiy

P R N R
80 100 120 140

Figure 8.2: Leading order and next-to-leading or- ~ Figure 8-_3: Scale dependence of the production
der cross sections for pp — ttHO [45]. cross section [45].
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8 Study of the channel ttH°, H* — bb

In contrast to the ttHY signal process, there are so far no higher order corrections avail-
able for the tt+jets background. Consequently, no K-factors are applied in this analysis.
Concerning the signal, this leads to conservative results, because for the central scale
= myg + mpo/2 used in this study the K-factor is larger than 1.

8.3 Characteristics of signal and background processes

This section discusses some properties of the signal and background processes. Figure 8.4
shows ppr- and n distributions of the lepton, b-jets and light-quark jets at generator level
before any cuts.

a) and b) pr and 7 of the lepton: the mean value of the transverse momentum is 57 GeV
in ttH®, 53 GeV in ttbb, and 50 GeV in ttjj events. The shape is very similar for
signal and background events, except for a slightly more pronounced tail in ttH"
events. The 7 distribution has an RMS of ~ 1.4 for all three processes.

c¢) and d) pr and 7 of b-jets from decays of the top quarks: the mean value of the transverse
momentum is 78 GeV in ttH?, 75 GeV in ttbb, and 71 GeV in ttjj events. Again,
the pr distribution of ttH? events has a slightly more pronounced tail. The RMS of
the n distribution is the same as for Figure b).

e) and f) pp and n of b-jets originating from the decay of the Higgs boson and from
gluon radiation, respectively: These distributions can only be shown for the matrix
element based ttH? and ttbb processes. The mean value of the transverse momentum
is 71 GeV in ttH® and 38 GeV in ttbb events. The pr distribution in signal events
is a bit softer as that of b-jets from top-quark decays. The much softer pr spectrum
in ttbb events and the n distribution with larger contribution of the forward region
reflects the different origin of the bb-pair in ttbb events.

Figures 8.5 and 8.6 show event displays of a fully simulated and reconstructed signal
event ttH® — pwb jjb bb. The generated Higgs boson mass is mpo = 120 GeV. Figure 8.5
is a projection to the xy-plane, which is perpendicular to the beam axis. The top figure a)
gives a view on the complete detector. One observes a reconstructed muon track in the
lower left quarter of the muon system. Energy depositions in the calorimeters are shown
as light rectangles. The electromagnetic calorimeter is labeled ‘LAr’, and the hadronic
calorimeter is labeled ‘Tile’. In the Inner Detector only the reconstructed tracks are shown.
Figure b) zooms into the Inner Detector and shows both hits and the reconstructed tracks.
The large number of hits reveals the position of the detectors: One can see three pixel
layers (‘PIXEL’) and four silicon strip layers (‘scT’). The large number of hits in the
TRT makes possible to visually identify tracks even without reconstruction. In this display,
reconstructed tracks are shown only if they have a transverse momentum larger than 1 GeV.
Figure 8.6 shows the same event in the pz-plane, where p is the radial distance of a point
to the beam axis in the xy-plane. The total view a) offers more details of the components
of the muon system (MDTs, RPCs, and €SCs). Figure b) magnifies the calorimeters and the
Inner Detector.

8.4 Simulation, reconstruction and b-tagging procedure in the fast simulation

In the fast simulation, ATLFAST, no interaction of particles with the detector, no particle
reconstruction and no particle identification is simulated. Instead, the four vectors of the
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Figure 8.4: Characteristic pr and 7 distributions in signal and background events.

stable particles, produced by a Monte Carlo generator, are smeared according to energy
and momentum resolutions obtained from studies with the full simulation of the detector.
The bending of the ¢ angle of charged particles due to the magnetic field is simulated for
particles with pr > 0.5 GeV.

To simulate calorimeter clusters needed for the reconstruction of jets, ATLFAST uses a
simplified geometry of the calorimeters cells. The granularity is 0.1 x 0.1 in 7 x ¢ for |n| <
3.2 and 0.2 x 0.2 in 3.2 < |n| < 5.0. No distinction is made between the electromagnetic
and the hadronic calorimeters. The transverse energy of all undecayed particles, except
for neutrinos and muons, are summed up in the calorimeter cells corresponding to the
directions of the particles.

The 1 X ¢ matrix is then scanned for cells with transverse energy Er > 1.5 GeV. They
are used as seeds for clusters. Cells around a seed in a cone AR < 0.4 are summed up. If
the total energy inside the cone is above 5 GeV, the system of cells is marked as cluster.
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8 Study of the channel ttH°, H* — bb

Figure 8.5: Event display of a simulated ttH® event in the xy-plane.




8.4 Simulation, reconstruction and b-tagging procedure in the fast simulation
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Figure 8.6: Event display of a simulated ttH® event in the pz-plane.
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8 Study of the channel ttH°, H* — bb

Clusters are associated to electrons, photons, and muons if AR/ /,—cluster < 0.1. The
particles are marked as isolated if they have |n| < 2.5, pr > 5 GeV, if there is no additional
cluster in a cone AR < 0.4, and if the energy Er of cells inside a cone of AR < 0.2
around the particle is less than 10 GeV. ATLFAST does not include efficiencies for the
reconstruction of electrons, photons, and muons. A reconstruction efficiency of 90% is
therefore assumed in this work (this is the value commonly used within ATLAS).

Clusters not associated to the generated and smeared electrons, muons or photons are
used as seeds for jets. The energy of non-isolated muons which fall inside the cone of
AR < 0.4 is added to the jet-candidate. The jet is kept if it has transverse energy
E7p > 10 GeV, where Er = E -sinf. Jets with |n| < 2.5 are labeled as b-jets or c-jets if
there is a b-quark or c-quark with pp > 5 GeV (after final state radiation, FSR) inside a
cone with AR < 0.2.

The components of the missing transverse momentum, pi"s® PSS

z o and py"*, are reconstructed
from the sum of isolated electrons, photons, muons, and jets, unassociated calorimeter
clusters and cells not used for cluster reconstruction.

The flavor-labeling procedure described above does not reflect the expected flavor-
tagging performance of ATLAS. In data, algorithms based on the lifetime-information
of heavy quarks will be used as well as soft-lepton tags. These algorithms have limited
efficiency to tag true b-jets, and they will erroneously tag light-quark jets and c-jets as
b-jets. This behavior is simulated by randomly tagging b-labeled jets with an efficiency ey,
and mistagging light jets and c-jets with efficiencies of €; = 1/R; and ¢, = 1/R.. Usually,
a fixed efficiency ey, is chosen as working-point and associated rejections factors R; and R
are used which were obtained from full simulation studies. The parameter set commonly
used in ATLAS is e, = 60%,R; = 100,R, = 10, and these values were also applied in
the TDR study, Ref. [28]. Therefore, this set of parameters is used as reference point in
Section 9 to compare the results of this thesis to the earlier analysis. More advanced pa-
rameterizations are investigated in Section 10. They are derived from performance studies
with the latest detector layout and include pr-dependent rejection factors R; and Re.
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9 Reconstruction of the final state

The channel ttH? with H® — bb was considered for the first in ATLAS time in Ref. [47].
Events with three or four b-tagged jets were selected and some straightforward pr and
n cuts were applied. All possible combinations of two b-jets were taken into account.
The signature from the Higgs boson would appear as a mass peak in the combinatorial
spectrum of invariant bb masses. This procedure results in rather small purities of b-
jets from the decay of the Higgs boson in the bb mass distribution: the combinatorial
probability of finding the two correct b-jets from all four b-jets is (3)_1 ~ 17%. In reality,
the probability is even smaller in the presence of additional b-jets, e.g., if a light-quark jet
is mistagged as b-jet. Some refined procedures were tried, e.g., by choosing the two b-jets
with smallest pr, but only little improvement was gained. The work concludes that a full
reconstruction of the final state would be needed to reduce the combinatorial choices by
assigning two of the b-jets to the decays of the top quarks.

Partial and full event reconstruction was first implemented in Ref. [28]. It was demon-
strated that four b-tagged jets and full reconstruction are needed to observe a pronounced
peak in the my, spectrum and to keep the tt+jets background under control.

The final-state reconstruction of [28] is reviewed in Section 9.1 using updated and new
Monte Carlo generators, and more sophisticated methods are developed in Section 9.2.

Parton-Jet matching

There is no direct link between the generated partons (the ‘Monte Carlo truth’) and the
reconstructed jets and leptons. In order to gather information about correct jet pairing
it is therefore necessary to match the partons to the jets. This is done via a simple AR
matching criterion: For each parton the jet with the smallest distance AR is matched to
the parton, and a jet is matched to only one parton. The distance AR must be less than
1.0. If no associated jet exists within AR < 1.0 then no parton-jet matching is possible.
For all the six initial quarks in signal events (2 b-quarks from the Higgs boson decay, 3
quarks from the hadronic top-quark decay, and 1 b-quark from the semileptonic top-quark
decay) an associated jet can be found in 78% of all cases.

It should be noted that this procedure can lead to incorrect assignment if the direction of
the jet differs significantly from that of the initial parton, e.g., if after final state radiation
of gluons the decay products of the parton are reconstructed by the jet finder as several
jets. As a matter of fact the quoted 78% efficiency for the parton-jet matching is high
compared to the efficiency for single jet reconstruction given in the ATLFAST manual [39]
(around 80%, but for AR < 0.4). This indicates that there is a substantial amount of
incorrect parton-jet associations due to the relatively high jet multiplicity from initial
state radiation (I1SR) and final state radiation (FSR).

9.1 ‘TDR’ analysis of the fvb jjb bb final state

The same event reconstruction procedure as in Ref. [28] was applied in order to achieve an
adequate comparison between the TDR results and the present situation with new Monte
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9 Reconstruction of the final state

Figure 9.1: a) Feynman diagram for the signal process, including decays and additional gluon radiation.
b) Sketch of reconstructed objects.
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Figure 9.2: Left: Number of jets with pt > 20 GeV after jet calibration. Right: Number of b-tagged
jets using e, = 60%, R. =10, R; =100. The histograms are normalized to Unity.

Carlo generators and updated cross sections. This procedure is referred to as the ‘TDR
method’ in the following (although some of the cut values are different from those in the
TDR analysis). It aims at reconstructing the complete final state of the event to minimize
the combinatorial background when assigning two of the four b-jets to the Higgs boson
decay. The TDR method consists of three steps: A preselection, the reconstruction of the
ttH? —ttbb final state, and cuts on the reconstructed top quark and Higgs boson masses.

9.1.1 Preselection

A preselection is applied to select only events which are compatible with the signal topology
of four b-jets, two non-b-jets and one lepton. This preselection reduces the size of the
background event samples, primarily the tt+jets events. The preselection requires

o at least 1 isolated lepton (¢ = e or p) with transverse momentum p$. > 25 GeV,
p5 > 20 GeV and pseudorapidity || < 2.5,

o at least 6 jets with pr > 20 GeV and |n| < 5,
o at least 4 of these jets must be tagged as b-jets.

After the preselection the signal to background ratio is enhanced by a factor of 50.
In addition to jets originating from the hard process, there can be jets from initial- or
final-state gluon radiation, Figure 9.1 a). This increases the combinatorial problems when
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Figure 9.3: Resolution of the reconstructed neutrino momentum (left: x-component [same for py],
right: z-component) in ttH events with myo = 120 GeV. The distributions are shown for events after
the reconstruction of the final state where one solution for p? has been chosen. The histograms are
normalized to Unity.

assigning the objects reconstructed in an event to the hard-process particles, Figure 9.1 b).
Figure 9.2 shows the number of jets with pr > 20 GeV and the number of jets tagged as
b-jets for signal events and the main backgrounds. In signal events, the mean number of
jets with pr > 20 GeV is 7.5.

The next step is the reconstruction of the two W bosons, W — fv and W — jj. After
that two out of all b-jets are assigned to the two top quark decays by a minimization
procedure which involves the reconstructed W bosons and the b-jets. The Higgs boson in
signal events is reconstructed from the remaining b-jets.

9.1.2 Reconstruction of W— fv

To fully reconstruct the leptonic W decay, one needs to reconstruct the four-vector of the
neutrino momentum (the neutrino mass is neglected, m, = 0, so that E, = |p,|). In
contrast to p; and py, which are identified with piiss and pgliss, one cannot measure p; in
the detector, because the momentum along the z-direction of the initial state is unknown.
Instead, it can be calculated by constraining the invariant mass of the lepton-neutrino
system to the W mass. In the rare case of two or more isolated leptons the one with
the largest value of pr is chosen. Hence, the missing part of the neutrino momentum is

obtained by solving Equation 9.1 for p?.

2
mive = (Ey + Ep)* — (0% +p§)* — (0 +pY)" — (0% +p})*. (9.1)

Solving this equation results in 0, 1 or 2 solutions:

2 2 2 2 : .
B = mbee = (B =g = gl = pl7) + 2l 4 2,
niss) 2 miss) 2
oo L Bt + BN 5 + (2ptpp™)” — (2E4ppi=) 02)
1,2 - a5 2 2 . .
’ 2 B —pt
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Figure 9.4: Distribution of the invariant jet-jet mass for non-b-jets with p; > 20 GeV in ttH events
with mye = 120 GeV. The dashed histogram shows the contribution for the correct jet-pair found by
the parton-jet matching. The full histogram is normalized to Unity.

No solution can be found if there is a significant mismeasurement of p%liss or of the jet

energies and momenta. Events are kept only if there exists at least one solution. This
condition is satisfied for about 75% of the events in signal and background. For almost
all of these events there are two solutions, and both are kept for further evaluation in the
top quark reconstruction.

The resolution of the reconstructed neutrino momentum is shown in Figure 9.3 for p
and p? for fully reconstructed signal events. A Gaussian is fitted to the peak of the
distribution, and a width of ¢ = 15.9 GeV is obtained for p;,Y and o = 20.7 GeV for
p>. The resolution for p? is worse because its calculation introduces measurement errors
from six variables (Ej, pmiss, pryniss, Py, py, ;. neglecting the natural width of myy+). One
observes large tails from events where the wrong out of the two solutions for p? was chosen
in the process of the top quark reconstruction (cf. section 9.1.4).

9.1.3 Reconstruction of W— jj

To reconstruct the hadronic W decay, a list of jet-pairs is established. Only jets which
are not tagged as b-jets, and which have pr > 20 GeV are taken into account. In the
list, only jet-pairs with mj; = my= £ 25 GeV are kept. For all jet-jet-pairs which fulfill
these requirements, the jet four-momenta are rescaled with a single factor so that mg;
equals myy+. In about 20% of the signal events no jet-pair candidate can be found that
passes these requirements. These events are rejected. Figure 9.4 shows the invariant jet-
jet masses for all pairs (without constraining the invariant mass of the jj-candidates to
the W mass). On average there are 2.5 jet-pairs in signal events that lie inside the mass
window, 3.0 such pairs for the irreducible ttbb background and 1.6 pairs for the reducible
ttjj background. The jet multiplicity in the ttjj events is smaller since in PYTHIA only
the top quark pair is produced in the hard process, and additional jets emerge from the
parton shower which produces ‘softer’ jets with smaller pr and larger pseudorapidity. In
ttbb events, generated with ACERMC and interfaced to PYTHIA, these jets are produced
in addition to the final state with two top quarks and two b-quarks.
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Figure 9.5: Difference AR between the generated and the reconstructed W bosons. The definition of
‘correct’ in the right-hand plot is such that the solution for pZ which is used in the reconstruction must
be the one which is closer to the generated p?. The distributions are normalized to Unity.

At this stage the complete list of jet-pairs inside the acceptance window is kept, and
the decision which pair is chosen for the reconstruction of the hadronic W decay is made
in the process of the top quark reconstruction (cf. next section).

The angular difference AR between the generated and the reconstructed W bosons is
shown in Figure 9.5 for the leptonic and the hadronic W decay.

9.1.4 Reconstruction of two top quarks

After reconstruction of the leptonic W decay, and building the list of jet-pair candidates
for the hadronic W decay, one needs to find the appropriate b-jets from the decay of the
top quark. This is done simultaneously for both top quarks by finding the combination
of one charged lepton, the solution for p?, two b-jets and two non-b-jets from the list of
jet-pairs which minimizes

A% = (mfyb - mt)z + (mjjb - mt)z. (9.3)

After this procedure two b-jets, two non-b-jets, the lepton, and one of the solutions
for p? are selected for the top quark decays. The top quark masses are identified with
the invariant masses of the fvb and the jjb system. The distributions of mj;, and my,y,
are shown in Figures 9.6 and 9.7. The resolution of the top quark mass reconstruction is
obtained from a Gaussian fit in the range 160-190 GeV. The values are oy, = 8.6 GeV
and o35, = 7.7 GeV in signal events with myo = 120 GeV. Similar resolutions are obtained
for other masses of the Higgs boson and for the background processes. The tails of the
distribution are dominated by events with incorrect pairing. Such events are rejected by
requiring that the reconstructed top quark masses lie in the range my £ 20 GeV.

The angular difference AR, between the generated and the reconstructed top quarks is
shown in Figure 9.8 for the semileptonic and the hadronic top quark decay.

Since two of the b-jets are now assigned to the top quark decays, the remaining b-jets
can be assigned to the Higgs boson candidate. In the rare case that more than two b-jets
are left, the two with highest py are chosen.
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9.1.5 The reconstructed myp spectra

The Higgs boson mass for myo = 120 GeV, reconstructed from the two remaining b-jets,
is shown in Figure 9.9. For the background the reconstructed myy, spectra are shown
separately for each contribution in Figure 9.10.

In signal events, the my,, spectrum shows a peak near the simulated Higgs boson mass,
but it reveals also large tails from events where the wrong b-jets are chosen. A Gaussian
is fitted to the peak in order to determine the value and resolution of the reconstructed
Higgs boson mass. This is accomplished by fitting a combination of a polynomial and an
exponential function, to account for the combinatorial part, plus a Gauss function for the
peak, see Equation 9.4. The fit is applied in the mass range 10 GeV < myp;, < 300 GeV.

fit function = (ap + a1z + ang) 7" 4 Gauss(Ag, o, mi) (9.4)

The fits are shown in Figure 9.11 for Higgs boson masses of 80, 100, 120, and 140 GeV,
and the fit parameters describing the Gaussian part are listed in Table 9.1. One thing to
notice is that the peak appears at slightly lower masses than the generated mass. The
shift is 4%-8%, depending on myo. This behavior can be attributed to a non-optimal jet
calibration within ATLFAST and is investigated further in Section 9.1.5.2. The width of the
peak is 10.6 GeV for mygo = 80 GeV and increases to 15.2 GeV for mgo = 140 GeV. The
distribution of the QcD ttbb background clusters at masses below 90 GeV while the ttbb
(Ew) background peaks at the Z° mass. To reject background, a mass cut is introduced
to select only events around the signal mass peak. Thus, the selection becomes dependent
on the signal mass hypothesis. Selected events must lie within m%to + 30 GeV, where mgto
is the position of the mass peak from Table 9.1.

The figures of reconstructed masses show as dashed lines the fraction of events with
correct assignment of the reconstructed particles to the original partons. For a single top
quark, the correct b-jet is found in about 50% of all cases. The two correct b-jets from the
decay of the Higgs boson are found in about 27% and corresponds to the fraction of events
in which the correct b-jets are found for both top quarks. This purity is larger for events
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Figure 9.9: The reconstructed Higgs boson mass for mye = 120 GeV. The distribution is normalized
to the rate of expected events for £ = 30 fb~!. The dashed line indicates the fraction of events where
both b-jets actually stem from the Higgs boson decay.
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Figure 9.10: The reconstructed my, spectra for the background contributions. The distributions are

normalized to the rate of expected events for £ = 30 fb~1.
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Figure 9.11: Fitted mass spectra of signal events for TDR reconstruction for myp =
80,100, 120,140 GeV. The thick line is the resulting fit to the complete spectrum in the range
10 GeV < myp, < 300 GeV. The two thin lines show the fits to the combinatorial permutations
(dashed histogram) and to the correctly reconstructed events (Gaussian-shaped histogram with thin
line). The fit parameters pO0—p6 correspond to the parameters in Equation (9.4) in the same order.

Table 9.1: Results for the parameters describing the Gaussian part of Equation 9.4 in signal events.

TDR method, low luminosity

mypo(GeV)  mil (GeV) Ami (GeV) o(GeV) Ac(GeV)
80 76.9 0.3 10.6 0.3
90 85.7 0.3 13.1 0.4
100 93.9 0.4 14.4 0.5
110 103.3 0.4 14.5 0.6
120 111.0 0.6 17.0 0.9
130 120.5 0.5 15.8 0.6
140 130.4 0.5 15.2 0.5
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Figure 9.12: Number of choices in the TDR event reconstruction. The histogram is normalized to
Unity. Events with more than 200 choices are accumulated in the last bin.

inside the myp;, window and amounts to about 50% for the b-jets assigned to the Higgs
boson candidate. These numbers should be compared to the purities one would get if no
reconstruction of the final state were done: The probability of selecting two correct b-jets
out of four b-jets is 1/6 ~ 17% which is much less than 27% obtained after reconstruction.
Nevertheless, this figure seems to be small, but one has to keep in mind that the situation
is complicated by possible mistag of light jets from the decay of the W boson or from
gluon radiation and by the ambiguity in the solutions for the neutrino momentum. The
total number n, of choices to find the b-jets for the top quark decays, the light jets for the
hadronic W decay and the solution for p? is given by

nb—jet!

Neg = 7
¢ (nb_jet — 2)!

*Njj5  Nsol, (9.5)
where ny,jer is the number of b-tagged jets in the event, n;; is the number of jet-pair
candidates for the hadronic W decay in the acceptance window, and ng, is the number
of solutions for p? (usually two). Most events have four b-tagged jets which leads to a
series of nj; - 24 possible choices. Some events have five b-tagged jets which gives n;; - 40
possible choices. The spectrum of choices is shown in Figure 9.12. While in most of the
events there are 24 possibilities, there is a substantial fraction with more than 100 possible
choices.

The sum spectra of all backgrounds and a signal from a 120 GeV Higgs boson are shown
in Figure 9.13, normalized to expected event rates for an integrated luminosity of 30 fb=1.
The signal sits on the shoulder of a much larger background distribution. Obviously, even
a modest increase in the prediction of the background rate would complicate establishing
the signal peak.
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Figure 9.13: The sum of the reconstructed my, spectra for signal and background normalized to the
rate of expected events for £ = 30 fb~!.

9.1.5.1 Combinatorics in the reconstructed mass spectra

The shapes of the reconstructed mass spectra are significantly different from the distribu-
tions at parton level. This is not only due to effects from the detector energy and mass
resolution. An important role plays the misidentification of light jets as b-jets and the
incorrect association of b-jets from the decay of the Higgs boson to the hadronic and the
semi-leptonic top quark decay. These two effects have a big impact on the shape of the
background.

In order to investigate this issue the ttbb background and the signal are studied in more
detail. The samples are divided into two complementary subsamples:

1. A subset where at least on light jet is misidentified as a b-jet or at least one b-jet is
misidentified as a light jet (‘fake jets’).

2. A subset with correct identification of the jet flavors (‘true jets’).
This sample is further split into two subsets

a) with correct association of the b-jets and light jets to the top quark decays
(‘correct pairing’),

b) with at least one incorrect association (‘wrong pairing’).

The resulting distributions are plotted in Figure 9.14. There is a significant shift towards
higher masses due to the contribution of events with fake jets, which make about 40% out
of all events. This fraction has of course a strong dependence on the b-tagging performance,
and the numbers given here are valid for €, = 0.6, R; = 100, R, = 10.

The fraction of events with ‘true jets’ follows closer the shape of the original partons,
although the tail to higher masses is more pronounced due to incorrect jet pairing. The
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Figure 9.14: The main ttbb background and the contribution with true jets, fake jets, and correct
pairing. The histograms are normalized to the expected rate for £ = 30 fb—1.
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for a 120 GeV Higgs boson is very narrow and is not shown. The histograms are normalized to the
expected rate for £ = 30 fb~!.
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fraction of events with correct pairing is only about 32% of the events with true jets, but
it is close to the parton distribution.

For the signal the effect of fake jets and incorrect pairing is less distinct, but nevertheless
visible in larger tails and as an accumulation of events on the left side of the peak as shown
in Figure 9.15.

This overall shift to higher masses of the background and the broadening of the signal
distribution has a negative impact on the signal to background ratio in the region of the
Higgs boson peak. The fraction of fake jets can be reduced by selecting a b-tag with
higher rejection power against light and c-jets, but this is always at the cost of efficiency
for finding true b-jets. As will be shown in Section 10.1 the choice of e, = 60% is optimal
in terms of S/\/E

9.1.5.2 Jet calibration and impact on reconstructed masses

The reconstructed mass of the Higgs boson, my,,, peaks at 4%8% smaller values than the
simulated mass. For instance, for a simulated mass myo = 120 GeV the peak appears at
~ 111 GeV. The reason for the shift is the jet calibration in ATLFAST which gives good
results for light jets, but too small energies for b-jets in ttH? events.

Figure 9.16 stresses this point. The first two rows show the invariant mass of jet-
pairs from hadronic W* decays and of b-jet-pairs from the decay of the Higgs boson
before and after jet calibration, normalized to the generated masses. To clean the samples,
only jets were used with parton-jet matching in AR < 0.2. The invariant jj-mass is
centered around 1.0 after calibration, but the invariant bb mass has its mean at 0.93. One
can conclude that the calibration of b-jets, derived from rather clean W*H? events [39],
slightly underestimates the b-jet energy in the more crowded environment of ttH? events.
A different approach to optimize the b-jet calibration is performed in Ref. [48] using
ttHO and ttbb events and Neural Networks. The study applies isolation cuts of AR > 0.7
around jets in order to clean the samples. The improvement is rather small, still. Applying
the same isolation requirement AR > 0.7 to the analysis described in this section gives
somewhat better reconstructed masses of the Higgs boson, with a mean of 0.97 (bottom
row of Figure 9.16). However, the more stringent isolation reduces the selection efficiency
significantly and the resulting significances are not acceptable. Therefore, the current
analysis stays with the jet calibration implemented in ATLFAST.

9.1.6 Results for the TDR reconstruction method
The steps of the classical analysis are briefly summarized in the following:

1. selection of events with >1 isolated lepton, at least 6 jets, 4 of which are tagged as
b-jets,

2. reconstruction of the neutrino four-vector,
3. establishing a list of non-b-jet pairs with |mj; — my=+| < 25 GeV,

4. finding the combination of p?, 4 b-jets and 2 non-b jets which gives invariant masses
My and myj, closest to my, keeping only events with [mg, — m¢| < 20 GeV and
Imijn —mye| < 20 GeV.

5. calculating myp, of the remaining b-jets with largest pr and keeping events with
Imft — mypo| < 30 GeV.

71



9 Reconstruction of the final state

§ 012 a) Mean 0.9069 § 012 b) Mean 1.004
o r k2| r
% o1k RMS 0.2209 B o RMS 0.2244
5 [ 5 [
c o0sf c oo0sf
il N ° N
g r g r
S 006 S 006
w r w r
.04 004
002 002
Ok 1 1 I 1 ok 1 1 I I I
0 02 04 06 08 1 12 14 16 18 0 02 04 06 08 1 12 14 16 18
m../m,,,, uncalibrated m./m,,, calibrated
1 1]
s it Q) Mean 0.8424 g of d) Mean 0.9344
Nl + bl L
5 r RMS 0.2444 5 C RMS 0.2387
& 0.08[ & 008l
G [ K<} [
5 C S goef
= 006 2 o006
5 5 %
Iy [ i [
004 0.04-
002 0.02}
ol 1 I I ! I ok I I I I 1
0 02 04 06 08 1 12 14 16 18 0 02 04 06 08 1 12 14 16 18
m,,/m, 0, uncalibrated my,,/m, o, calibrated
g 0Mr g oM
2 . e) Mean 0.8674 2 . f) Mean 0.9654
? o012 ? 012
S r RMS 0.1809 5 r RMS 0.1784
E 01F 3 oaf
1<} u G u
c - c L
S oosf S oo
5 F 5 |
I 006 L 006f
0.04; 004
o.oz; ovoz;
C: it Il Il Il Il y— c: . il Il Il Il Il
0 02 04 06 08 1 12 14 16 18 0 02 04 06 08 1 12 14 16 18
My,/M, 0, Uncalibrated, AR; > 0.7 my,/M,,0, calibrated, AR;® > 0.7

Figure 9.16: Comparison of jet calibration for light-jets and for b-jets. Signal events with myo =
120 GeV are used.

The efficiencies and the number of expected events for a luminosity of 30 fb=! for these
steps of the analysis are reported in Table 9.2 and 9.3 for the selection of a Higgs boson
with a mass of 120 GeV. The signal efficiency is 0.9%, and 28 signal events and 193
background events are expected after three years of running at low luminosity (10 fb~!
per year). The irreducible ttbb background accounts for 69% of the total background (for
the b-tag parametrization described in Section 8.4).

The results for other Higgs boson masses are given in Table 9.4 for myo = 80 GeV
to mpo = 140 GeV. Although the existence of a Standard Model Higgs boson below
114.4 GeV has been ruled out by the LEP experiments at the 95% confidence level [16],
the signal efficiency and expected background rates for masses below this limit are of
interest for scans of the parameter space in models beyond the Standard Model, e.g., in
the Minimal Supersymmetric Standard Model. Such a scan, using results from this work,
is described in Section 13.3. The significance for a 120 GeV Higgs boson is S/ VB =20
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Table 9.2: Efficiencies after each step of the analysis for myo = 120 GeV. The relative efficiencies with
respect to the previous step are given in parenthesis.

Cut ttH(120)  ttbb(Qcp) ttjj ttbb(EW)
(%) (%) () (%0)

1¢ and 6 jets 46.2 36.9 154 34.7

4 b-jets 38(81) 1.5( 4.0) 0.01 (01) 1.5( 4.3)

2 tops reconstructed 2.3 (60.0) 0.9 (59.8) 4.7x 1073 (45.6) 0.9 (59.2)

my, inside mass window 1.8 (79.2) 0.7 (76.8) 3.1 x 1073 (65.3) 0.7 (77.7)

Mpp, inside mass window 0.9 (49.0) 0.2 (26.0) 1.0 x 1072 (34.1) 0.2 (30.1)

Table 9.3: Expected events after the steps of the analysis for myo = 120 GeV and £ = 30 fb~!.

Cut ttH°(120)  ttbb(Qcp) tt3] ttbb(Ew) > Bkg
14 and 6 jets 1471 27802 661783 2701 692 286

4 b-jets 119.1 1100.7 441.3 116.7 1658.7
2 tops reconstructed 71.5 658.9 201.2 69.1 929.2
my inside mass window 56.6 505.9 131.3 53.7 690.9
mpp inside mass window 27.8 131.2 44.7 16.6 192.5

Table 9.4: Expected events for the analysis of Higgs boson masses between 80 GeV and 140 GeV for

an integrated luminosity of 30 fb—1.

mpo (GeV) 80 90 100 110 120 130 140
o (%) 075 082 084 08 0.8 087 091
ttHO 784 646 505 392 278  17.7 9.3
tthb (Qcp) 1553 150.3 1465  137.8  131.2 1234  113.9
tjj 577  57.1 542 486 447 414 380
tthb (EwW) 16.7 173 175 171 166 154 139
total bkg.  229.7 2247 2182 2035 1925 180.2  165.8
S/VB 5.2 4.3 3.4 2.7 2.0 1.3 0.7
OPoisson 4.9 4.1 3.2 2.6 1.9 1.2 0.6

and falls rapidly for higher masses due to both the decreasing ttH° cross section and the

smaller branching ratio H—bb. In Table
and as Poissonian significances opojsson-
the program UWStatTools [49].

9.4 the significances are expressed both as S/ VB
The Poissonian significances are calculated with
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Table 9.5: Settings and inclusive cross sections in the TDR and the current analysis. The tt+jets
stands for tt with additional jets of any flavor, including ttbb. In the TDR analysis, ttbb events are
generated with PYTHIA, and in ‘this analysis’ the AcerMC generator is used.

TDR this analysis
PDF CTEQ4L CTEQSL
Q4cp (m? +p%)  (my+mpo/2)?, except tt+jets
Generators PYTHIA 5.7 PYTHIA 6.2
ACERMC 1.0
ttHO (100)  1.20 pb 0.84 pb
ttHO (120) 0.72 pb 0.52 pb
tt+jets 600 pb 491 pb
ttZ —ttbb 0.57 pb
ttbb (EW) 0.89 pb

9.1.7 Comparison with results from the TDR

The results obtained in this analysis are different from those in the ATLAS Detector and
Physics Technical Design Report (TDR). In this section the changes in the ttH, H—bb
channel with respect to the TDR analysis [28] are described. The focus in the TDR analysis
is on a Higgs boson mass of 100 GeV, and so the same mass is used in this comparison.
Further on, the cut on my, is applied to a central value of mpo = 100 GeV, and not
around mft .

Changes have taken place in the cross section calculations, in the Monte Carlo generators
and detector simulation, and in the preselection.

9.1.7.1 Cross sections

The TDR cross sections were calculated with CTEQ4L parton density functions. The change
to the CTEQSL PDFs results in a general decrease of the cross sections by about 20%. The
leading order cross sections show a strong dependence on the choice of the QQQCD scale.
The TDR analysis used the default choices in PYTHIA (which in general depend on the
process) whereas the scale in the current analysis is set to Q?QCD = (my + mypo/2)?, with
the exception of the ttjj background where the PYTHIA default is used as well. The signal
cross sections and branching ratios for H—bb are now taken from dedicated programs,
HQQ [44] and HDECAY [12], which give more accurate results.

The cross sections quoted in the TDR were obtained for the leptonic decay of one W
(¢ = e or u) and arbitrary decay of the other W. They are normalized to the inclusive
cross sections and are compared in Table 9.5 to the numbers of the cross sections from
Tables 8.2 and 8.3.

9.1.7.2 Monte Carlo generators

In both analyses the signal events and the reducible ttjj background are generated with
PYTHIA (version 5.7 and 6.2). In the TDR the irreducible QcD ttbb background and
electroweak ttZ events are generated with PYTHIA, whereas these samples are generated by
ACERMC in the current analysis. Significant changes are expected for the ttbb background
in particular, because the parton shower approach in PYTHIA tends to underestimate this
background. Figure 9.17 demonstrates that the events generated with the matrix element
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Table 9.6: Cuts in the TDR and in the cur-

TDR this analysis .
rent analysis.

Preselection

1lepton  ppr,>20 GeV  pp, > 25 GeV
pr, >6GeV  pr, >20 GeV

In| < 2.5 In| < 2.5
> 6 jets pr > 15 GeV  ppr > 20 GeV

Table 9.7: Width of reconstructed masses
obtained from fits to ttH events with myo =
100 GeV and for a b-tag performance of

In| <5 In| <5 ep = 60%, Rc = 10, R; = 100.
four b-jets In] < 2.5 |n| < 2.5
Cuts on reconstructed masses TDR__this analysis
Meub mi £ 20 GeV Omy,, (GeV) 8.6 8.5
Mijb m¢ £ 20 GeV T, (GeV) 9.8 7.6
mMpp myo £ 30 GeV Omyy, (GeV)  16.1 14.4

calculations in ACERMC have a slightly harder pr spectrum of the b-jets, and a higher
multiplicity of jets, shown here for jets with pr > 20 GeV.

The TDR analysis takes into account only the resonant contribution from ttZ —ttbb
events. In this analysis the full contribution from electroweak gg—Z/~*/W— ttbb pro-
cesses is used which are available with the advent of the ACERMC generator.

9.1.7.3 Reconstruction and event selection

The same reconstruction procedure is used for the TDR and the current analysis, but
different pr cuts are applied to account for the increased trigger thresholds in ATLAS. The
changes are summarized in Table 9.6.

Table 9.7 compares the properties of the reconstructed top-quark and Higgs boson
masses in ttH? events with myo = 100 GeV. The same mass resolution is achieved for
the reconstruction of the semi-leptonic top-quark decay. A slightly better resolution is
observed for my;, and my, with the current analysis due to an updated parametrization
in the jet calibration [50].

The total selection efficiencies cannot be compared directly since the TDR analysis starts
from a wider set of decay modes (one leptonic W decay is required with arbitrary decay
of the other W). Thus, the efficiencies of the mass cuts on mg,p, mjjn, and my, in the
selection for a 100 GeV Higgs boson are compared here.

Table 9.8: Efficiencies of the mass cuts in the TDR and in the current analysis.

Meyh, Mijb Mpb

in mass window

in mass window

TDR
ttHO (100) 38% 44%
tt-+jets 23% 25%
this analysis
tfo) (100) 48% 51%
ttbb (QCD) 46% 28%
ttjj 30% 39%

The efficiencies of the my,1, and mg, cuts are 30% larger (relative) in the current analysis
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than in the TDR analysis. This increase in the efficiency corresponds to the smaller width of
the reconstructed top-quark masses (Table 9.7). Since topological and kinematic properties
of the irreducible background generated by ACERMC are much closer to the ones of
the signal process, the efficiency of the ttbb background is almost the same as for ttH?
events. A better mass resolution of myy, yields also higher efficiency for the myy, cut, most
significant in the case of the ttjj background.

Finally, the TDR analysis selects 61 signal events and expects 150 events from background
(dominated by 130 events from tt+jets). With the current analysis 49 signal events and
211 background events (159 events from ttbb) are expected. These numbers refer to the
selection for a 100 GeV Higgs boson with a cut mgo + 30 GeV on myy,. The significant
increase in the background arises from the more reliable prediction of the irreducible ttbb
background based on matrix element calculations and from the inclusion of the complete
ttbb background mediated by weak gauge bosons. The loss in signal events is due to
smaller cross sections obtained with the CTEQ5SL parton distribution functions.

9.1.8 Conclusions on the TDR reconstruction method

It has been shown that with the current knowledge the sensitivity of the channel ttHO,
H—bb is smaller than the results given in the TDR. For myo = 100 GeV the expected
significance is 3.4 compared to 5.0 in the TDR. For myo = 120 GeV the expected signifi-
cance is 2.0 compared to 3.6 in the TDR. These changes are due to a more precise estimate
of the irreducible ttbb background and changes in the cross section for both signal and
background with the introduction of the CTEQ5L structure functions and the choice of a
different default Q(QQCD scale.

It has also been noted that the influence of the light-quark jet rejection and the jet
pairing on the reconstructed distributions of my,y, is significant. The jet pairing is studied
in the next section, where new methods are developed to reconstruct the final state and
to improve the separation of the signal from the background.
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9.2 Improved analysis

This thesis concentrates on possible improvements of the reconstruction and analysis proce-
dure in the ttH° channel. An investigation of the ATLAS b-tagging performance is subject
of Ref. [51]. Three fields for optimization of the reconstruction seem to be promising:

Neutrino reconstruction: As described in section 9.1.2, about 25% of all events are lost
because the z-component of the neutrino momentum and therefore the semileptonic
top quark decay can not be reconstructed. A method to determine or approximate
p7, if the calculation from Equation 9.1 fails, could recover these events.

Jet pairing: The jet multiplicity in both the signal and background events is high, and so
is the number of combinatorial choices to match six jets to the decay products of the
two top quarks and the Higgs boson. More details can be found in Section 9.1.5 on
page 68. With the TDR reconstruction method the two b-jets assigned to the Higgs
boson actually stem from the Higgs boson decay for only 27% of the reconstructed
signal events in the whole my}, mass range. This is still an improvement considering
the fact that without the reconstruction of the top quarks the probability to select
the correct b-jets out of all b-jets is much less than 17%. For events inside the
mass window m%to + 30 GeV the correct b-jet fraction increases to about 50% in
the TDR method. An improved jet pairing would sharpen the signal peak and bring
the background shape closer to the true shape where the bulk of the distribution is
located at masses below 80 GeV, cf. Figures 9.14 and 9.15.

Final event selection for events inside the my, acceptance window: The cut on myp re-
duces the background by 70-80% (depending on myo). This is to be compared to a
loss in the signal efficiency of about 55%. Exploring differences in the event topol-
ogy for the events surviving this mass cut may provide further means to discriminate
signal from background.

9.2.1 Top quark reconstruction

The same preselection as described in section 9.1.1 is used.

The problem that pZ can not be calculated arises for those 25% of the events, where the
measured transverse mass of the lepton-neutrino system is larger than the W mass. This
happens mainly due to a significant mismeasurement of piiss or p;niss. For such events
(denoted in the following as events with no solution, ng, = 0) the neutrino and the lepton
are close in the z-direction but separated in x and y. For events with ng, > 1 the situation
is vice versa, as is depicted in Figure 9.18.

To recover events with ng, = 0 the approximation p;, = pj is made (collinear approxima-
tion). To constrain the invariant mass my, to the W mass, the neutrino four-momentum
is scaled so that my, = myw=. The resolution of p? after scaling is shown in Figure 9.19.
This procedure increases the efficiency for the reconstruction of the leptonic W decay to
100%. Only a small degradation of the mass resolution of the reconstructed semileptonic
top quark decay is observed. Including the events with ng, = 0 the resolution degrades
from 8.6 GeV to 9.1 GeV.

9.2.2 Jet pairing

In the TDR method the combination which minimizes the expression A = (myg,p, — mt)2 +
(msj — m¢)? is chosen in order to find the correct jets from the top-quark decays. This
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9 Reconstruction of the final state

recipe only makes use of the invariant top-quark masses and does not take into account
additional information like, for example, spatial distances between jets.

The jet pairing can possibly be improved by using additional information from the event
topology. The most promising variables are

1. mjj: the invariant mass of the pair of light jets from the hadronic W decay,

2. myjp: the invariant mass of the two light jets and one b-jet from the hadronic top
quark decay,

3. AR(4,b): the distance in R between the lepton and the b-jet assumed to originate
from the same top quark,

4. my,p: the invariant mass of the lepton, the reconstructed neutrino and one b-jet
coming from the semileptonic top quark decay,

5. AR (b,jj): the distance in R between the b-jet and the system of light jets from the
hadronic top quark decay,

6. Z(j,j): the angle between the two light jets from the hadronic W decay,

These variables are shown in Figure 9.20. The reference distributions are created from
signal events for correct and all wrong combinations of the jet pairing. If there is more
than one solution for p? the one which minimizes |myg,p, — m¢| is selected. In the analysis
for each possible combination a pairing likelihood is calculated from these distributions,
and the combination with the highest likelihood is chosen. The likelihood technique is
explained in Appendix B, and the distribution of the likelihood output pLH for correct
and wrong combinations in signal events is displayed in Figure 9.21. Events are kept
only if pLH > 0.7 to assure a good quality of the jet pairing. If both distributions are
normalized to Unity (not shown in Figure 9.21) the normalized pLH distribution of the
correct pairing is dominating over the distribution of wrong pairings for values larger than
0.7. The efficiency for this cut is about 88% for the ttH? signal and the ttbb backgrounds,
and about 70% for the ttjj background.

The likelihood method is compared to the TDR method in Figure 9.22 and in Table 9.9.
With the likelihood method the peak of the top quark masses is being reconstructed at
slightly lower masses, and the width increases by about 2.0 GeV. However, the purity of
the jet pairing is higher for the likelihood reconstruction (the purity P° given in Table 9.9
refers only to the b-jets in the top quark decays). This means that the simple matching
criterion used in the TDR method introduces a small bias in the mass distributions towards
the expected top quark mass. As a consequence, no cut is applied on the reconstructed
top quark masses any longer, thus gaining another 20% of efficiency. On the other hand,
loosening cuts on the reconstructed masses could introduce additional backgrounds which
do not contain a pair of top-quarks. This issue is discussed in section 9.2.5.

The likelihood output distributions have a sharp peak at 0 for wrong combinations
and at 1 for correct combinations. Nevertheless, the gain in purity with the likelihood
pairing is rather small (a few percent). This can be explained by the large number of
wrong combinations. The absolute normalization in Figure 9.21 is arbitrary, but the
relative normalization between correct and wrong combinations is conserved. For 64% of
the selected events there exists a wrong combination with a likelihood higher than the
one of the correct combination. In most of these cases the superior wrong combination
has one b-quark from the Higgs boson decay assigned to the top quark decay and vice
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technique for signal events with myo = 120 GeV. Each histogram is normalized to Unity.
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9.2 Improved analysis

Table 9.9: Peak position m, resolution o, efficiency &, and purity P of the b-jets of the reconstructed
top quarks for signal events with mye = 120 GeV. Events from the whole myy, spectrum are used. e is
the efficiency to calculate pZ,. ¢j; is the efficiency to find at least one jj-candidate inside the acceptance
window my £ 25 GeV. No such acceptance window is used in the likelihood method.

Method < Myeyp > Oowb Esol 'Pfl,b < myjp > Tijb £j5 le}b
(GeV)  (GeV) (%) (%)  (GeV)  (GeV) (%) (%)
TDR 174.6 8.6 74.8 49.9 174.7 7.7 80.2 48.2%

Colin. approx.

172. 10.4  100. 4. 173. 10.4  100. 49.
likelihood 72.9 0 00. 54.6 73.8 0 00 9.8%

versa. The correct pairing is then the one with second highest likelihood. Nevertheless,
the analysis benefits from the likelihood pairing method, because the sequent cuts on
mjj, Mgy, and my;, are replaced by a single cut on the pairing likelihood. This enhances
the efficiency of the selection by almost 20% as mentioned above, and increases slightly
the amount of correct pairing after all cuts. The sum spectra of all backgrounds and
the signal is shown in Figure 9.23 for an integrated luminosity of 30 fb='. Figure 9.24
gives a comparison of the reconstructed my;, between the TDR method and the collinear
approximation with likelihood pairing in events from the signal, the irreducible ttbb and
the reducible ttjj background. The two methods lead to similar results, but the improved
method reconstructs a bit less events in the high mass tail which corresponds to the slight
increase of the reconstruction purity (c.f. Table 9.9).

Figure 9.25 shows fits to the reconstructed myy, spectrum for myo = 80, 100, 120, and
140 GeV, and the fit parameters for all masses are listed in Table 9.10. On average, the
width of the peak in the myy, distribution is about 0.5 GeV broader with the likelihood
based pairing.
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Figure 9.23: Reconstructed masses in the improved analysis. The sum of the reconstructed my, spectra
for signal and background normalized to the rate of expected events for £ = 30 fb~1.
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Figure 9.25: Fitted mass spectra of signal events in the improved reconstruction for myo =
80,100, 120,140 GeV. The thick line is the resulting fit to the complete spectrum in the range
10 GeV < myp, < 300 GeV. The two thin lines show the fits to the combinatorial permutations
(dashed histogram) and to the correctly reconstructed events (Gaussian-shaped histogram with thin
line). The fit parameters p0—p6 correspond to the parameters in Equation (9.4) in the same order.

Table 9.10: Results for the parameters describing the Gaussian part of Equation 9.4 in signal events.

Improved method, low luminosity

mpo(GeV)  mif (GeV)  Amft (GeV) d(GeV) Ac(GeV)
80 75.8 0.2 11.9 0.3
90 84.5 0.2 13.6 0.3
100 92.3 0.3 15.5 14
110 101.1 0.3 16.3 0.5
120 110.7 0.4 15.1 0.5
130 120.3 0.4 15.1 0.4
140 128.4 0.4 16.2 0.4

85



9 Reconstruction of the final state

9.2.3 Final event selection

A final event selection is applied after the reconstruction of the top quarks to events which
are within the acceptance window my, = m%to 430 GeV. The selection makes use of a set
of variables for which differences in the shape between signal and background are observed.
However, these differences are rather small, and cutting on each variable separately would
reduce the efficiency by too much. Therefore, the variables are combined into a likelihood,
and a cut is applied only on the likelihood output. The variables used for the final event
selection are:

1. mpp: the invariant mass of the two b-jets assigned to the Higgs boson, which has a
peak in signal events and a fading shape in background events,

2. An(tpear, bb): the difference in pseudo rapidity between the bb-system and the re-
constructed top quark nearest in AR.

3. cos B, : the cosine of the decay angle of the two b-jets associated to the Higgs boson
in the rest frame of the bb-system, making use of different decay distributions of
spin-0 (Higgs boson) and spin-1 particles (gluons),

4. An(b,b): the difference in pseudo rapidity between the two b-jets associated to the
Higgs boson. In background events these b-jets are expected to be less central,

5 m.

. my,: the combination with the smallest invariant mass my, out of the six combina-
tions which are possible when selecting two b-jets out of four b-jets.

6. mgg: the combination with the second smallest invariant mass myp, out of the six
combinations which are possible when selecting two b-jets out of four b-jets,

7. ¢, — ¢r,: the difference in phi between the reconstructed top quarks,

8. pgl + pfﬁ: the sum of the transverse momenta of the reconstructed top quarks, which
is slightly higher in signal events due to the emission of the massive Higgs boson.

These variables are shown in Figure 9.26 for the signal ttH°, the irreducible ttbb, and the
reducible ttjj background. A 3-class likelihood is used to combine the distributions into a
single output (there is no separate class for the ttbb (Ew) background).

The output distributions of the final likelihoods, fLH, for a 120 GeV signal and for the
irreducible ttbb and the reducible ttjj background are shown in Figure 9.27. A cut is
placed at 0.35, and only events with a likelihood above this threshold are selected. The
position of the cut is optimized for the best value of S/v/B. The sum of the likelihood
distributions for all backgrounds and the signal is shown in Figure 9.28 normalized to the
expected event rate for a luminosity of 30 fb~!.

The likelihood input distributions are determined separately for each Higgs boson mass.
The optimal position of the likelihood cut is also explored for each mass separately, but it
turns out that a cut at 0.35 is optimal for all masses between 80 and 140 GeV.

The efficiency of this cut in the selection for a 120 GeV Higgs boson is 85% for the signal
and 63% for the total background. This reflects in a relative increase of the significance
by 8% after the cut on fLH. Figure 9.29 shows the reconstructed my,, for signal and
background events in the acceptance window mpgo + 30 GeV before and after the final
likelihood. An improvement in the signal to background ratio is visible after the cut on
fLH.
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Figure 9.29: The distribution of my,, for events inside the acceptance window mﬂf + 30 GeV before
and after the final likelihood. The histograms are normalized to the expected rate for £ = 30 fb™1.

Table 9.11: Efficiencies after each step of the improved analysis for mye = 120 GeV. The relative
efficiencies with respect to the previous step are given in parenthesis.

Cut ttH(120)  ttbb(Qcp) ttjj ttbb(EW)
(%) (%) (%) (%)

10+6j(4b) 3.8 1.5 0.01 1.5

2 tops reconstructed 3.3 (88.0) 1.3 (87.2) 0.01 (69.7) 1.3 (85.9)

mpp inside mass window 1.7 (50.9) 0.3 (26.6) 2.3 x 1073 (33.5) 0.4 (31.4)

FLH> 0.35 1.5 (85.6) 0.2 (64.9) 1.4x 1073 (61.2) 0.3 (66.9)

Table 9.12: Expected events after each step of the improved analysis for myo = 120 GeV and
L£=30fb1

Cut ttHY(120)  ttbbh(Qcb) tt3j ttbb(Ew) > Bkg
14+6j(4b) 119.1 1100.7 441.3 116.7 1658.7
2 tops reconstructed 104.8 959.8 307.6 100.2 1367.6
mpp inside mass window 53.3 255.3 103.0 31.5 389.8
fLH > 0.35 45.6 166.0 63.1 21.0 250.2

9.2.4 Results for the improved analysis

The efficiency and number of expected events for each consecutive step of the improved
analysis are given in Tables 9.11 and 9.12 for the selection of a 120 GeV Higgs boson. The
average overall gain compared to the TDR method amounts to about 45% in S/v/B. The
results for Higgs boson masses between 80 and 140 GeV are summarized in Table 9.13.
The significances for the observation of the signal, expressed as S/v/B, are plotted in
Figure 9.30 versus the Higgs boson mass in the range mpgo = 100-140 GeV. Curves
are shown for the TDR method and the improved likelihood reconstruction methods as
discussed in sections 9.1 and 9.2. A clear improvement in the expected significances with
the collinear approximation and the likelihood methods can be observed compared to the
reconstruction procedure used in the TDR. For a 120 GeV Higgs boson the significance
can be raised by 45% from 2.0 to 2.9. In addition to the significances obtained with the
analysis presented in this thesis, also the original numbers for myo = 100 GeV and mypo =
120 GeV from the TDR are shown. There the expected significances where 5.0 and 3.6.
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Table 9.13: Signal efficiency and expected events in the improved analysis for £ =30 fb~! and for
various Higgs boson masses.

myo (GeV) 80 90 100 110 120 130 140
v (%) 128 136 135 134 132 125  1.21
tEHO 136.9 1107 862 651 456  28.2  15.0
tfbb (Qcp) 2113 2062 198.0 1855  166.0 1469 1317
ttjj 1042 1009 873 763 631  50.9  40.9

ttbb (Ew) 230 245 246 237 210 179 156
total bkg. 3385  331.65 309.9 2855 250.1 2157  188.2

S/VB 7.4 6.1 4.9 3.9 2.9 1.9 1.1
OPoisson 7.0 5.7 4.6 3.7 2.7 1.8 1.0

The comparison with the current status for the TDR reconstruction method (significances
of 3.4 and 1.9) stresses the large impact of the choice of the parton distribution functions
and the Q? scale, and the more precise description of the irreducible ttbb background.
To illustrate the effect of the smaller cross section, the numbers from the TDR have been
scaled according to the CTEQ5L structure functions and the choice QZQC p = (my+mpo/2)?
but with the same composition of the background (i.e., the complete tt+jets background
is generated with PYTHIA). One observes a degradation of the expected S/v/B by about
20%. The remaining difference between the scaled TDR numbers and the results from
the TDR reconstruction method in this analysis arises from the higher jet multiplicity and
the harder pr spectrum of the ttbb background estimated with the ACERMC generator
instead of PYTHIA, and from the inclusion of non-resonant electroweak ttbb background.

The evolution of the expected signal and background events, the signal to background
ratio, the purity of correct reconstruction, and the significances are detailed in Table 9.14
for the selection of a 120 GeV Higgs boson. Both the pairing likelihood and the final
likelihood increase the fraction of events where the correct b-jets are assigned to the decay
of the Higgs boson. The signal to background ratio is enhanced from 0.14 to 0.18 with the
final likelihood. The significance is enhanced with each step of the improvements. The
collinear approximation increases the significance by 15%. Replacing the TDR reconstruc-
tion method by the pairing likelihood gains another 16%. The final likelihood enhances
the significance by 8%. The total improvement on the significance is 45%.

9.2.5 Discussion of mass cuts in the improved analysis

The improved analysis benefits mostly from an increased efficiency due to the collinear
approximation and the introduction of likelihoods in the jet-pairing and in the final event
selection. In the likelihood jet-pairing there is no a-priori restriction on the invariant
mass of the jet-pair candidate supposed to originate from the hadronic W decay. It is left
to the pairing likelihood to find the best combination out of all possible ones. The cut
pLH > 0.7 ensures that events are rejected if no combination is found that resembles the
characteristics of events with a top-quark pair.

No cut on the reconstructed top-quark masses is applied, since the fraction of correctly re-
constructed events after all selection steps is found to be comparable to or even higher than
the purity of the TDR reconstruction method. Figure 9.31 shows the reconstructed hadronic
W and the two top-quark masses in the improved analysis for events with pLH > 0.7 (i.e.,
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Table 9.14: Consecutive changes for the steps of the improvements. The table shows the purities, and
the expected number of events for £ = 30 fb™! in the selection for a 120 GeV Higgs boson. Py is
the purity that the correct b-jets are assigned to the decay of the Higgs boson (‘all’ for events from
the whole mass spectrum, and ‘window' for the events in the mass window around the expected signal
mass peak).

TDR TDR col. approx. col. approx
method + col. approx. + pairing LH + pairing LH + final LH
Py all 27.2% 27.1% 28.9% 28.9%
Pypy window  50.4% 50.1% 50.7% 53.5%
tfH_0 (120) 27.8 35.8 53.4 45.6
ttbb (QcD) 131.2 167.8 264.7 166.0
ttjj 44.7 54.9 106.7 63.1
ttbb (EW) 16.6 21.1 32.6 21.0
total bkg. 192.5 243.8 404.0 250.1
S/B 0.14 0.15 0.13 0.18
S/vV/B 2.0 2.3 2.7 2.9
OPoisson 1.9 2.2 2.5 2.7
m 6
\7 C 7 Resultsfrom TDR
- = AN TDR scaled
(f) 5_ ............................................................... ‘ TDR reconstruction method
- Y Likelihood reconstruction
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Figure 9.30: Expected significances for £ = 30 fb~!. See the text for an explanation of the 'TDR
scaled’ values.
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9 Reconstruction of the final state

before the myp cut and the final event selection), including the true distributions. The
masses mjj, Mgy, and mjj, are reconstructed at the expected masses myy+ and my. Only
small tails are observed, and they are not significantly larger than in the TDR reconstruction
method which includes cuts on mj;. This indicates that the pairing likelihood reconstructs
the top quark masses in a reliable way and that it is robust against possible blur from the
collinear approximation or from including the whole mj; mass range.
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Figure 9.31: Reconstructed masses in the improved analysis. The dashed histograms show the frac-
tion of events with correct reconstruction. The histograms are normalized to the expected rate for

L£=30fb"1

Nevertheless, there is no explicit cut requiring that the reconstructed masses my,1, and
mjjp are close to the expected top mass. All events with a lepton, missing transverse
momentum and six jets of which four are tagged as b-jets might be reconstructed, and it
is not obvious that background processes not containing a pair of top-quarks are negligible.
Thus, it is verified with W+jets and tW events if those backgrounds need to be taken into
account.

W-jets events are very unlikely to pass the preselection requirement of six jets and four
b-jets, but this process has a huge cross section of o X BRyw_.¢, = 14470 pb. The required
number of b-tagged jets can be reached with real b-jets from gluon splitting or fake b-jets
from the mis-tag of light jets. A control sample of 60 million W+jets event is generated
with PYTHIA.

Single top events have a much smaller cross section o X BRyw—zjb = 11pb, but the
event topology is closer to the required one with two top-quarks. In particular this is
true for the process gb—tW, where there is a top-quark and a W boson in the final state,
and only one additional (fake) b-jet is necessary to mimic the final state of a pair of
top-quarks. But still three mistagged jets are necessary in total for tW events to pass
the preselection cuts. About 275k tW events are generated with ONETOP [52] and 100k
events with TOPREX [53].

Since up to four mistagged light jets are needed in the W-jets events in order to survive
the preselection cuts, the size of the Monte Carlo sample would be reduced by several
orders of magnitude after applying the b-tagging procedure from ATLFAST. Instead, a
random mis-tag is applied to the W-jets and tW events, so that each event contains four
b-tagged jets. The events are reweighted (c.f. Section 12.3) to correspond to a b-tagging
performance with e, = 0.6, R; = 100, R; = 10. The full chain of reconstruction and
selection is then applied to these events. Figure 9.32 shows the reconstructed masses mj;,
and my,, in tW events with W—jj, t— fvb after reconstruction of the complete final
state. Since there is only one top quark, the attempt to reconstruct a second top quark
results in a very broad mass distribution. Hence, single top events are unlikely to pass the
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Figure 9.32: Reconstructed masses in tW events with W—jj, t— fvb. The histograms are normalized
to the expected rate for £ = 30 fb~1.
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cut on pLH. The distribution of the pairing likelihood output is displayed in Figure 9.33.
Only 29% of the tW events fulfill pLH > 0.7 to be compared to an efficiency of 89% for
the signal and events from the irreducible ttbb background. The final likelihood selection
provides further means to suppress this kind of background (Figure 9.34). The efficiency
to pass the cut fLH > 0.35 is 27% and thus only one third of the efficiency for backgrounds
with two top quarks.

After all steps of the improved analysis the expected event rate for the W+jets and tW
process for £ = 30 fb~! is below the level of one event. Both ONETOP and TOPREX give
comparable results for single-top events. This small number is mainly due to the fact that
the required number of b-labeled jets can only be reached from mistagged light- or c-jets.
Even if the mis-tag rate was two or three times higher than the selected R; = 100, R, = 10,
these backgrounds are still negligible compared to the other backgrounds.

This section has demonstrated that despite of omitting cuts on mj;, my,p, and my;, the
improved analysis reconstructs and selects correctly events with two top-quarks. Processes
with only one or no top-quark have a negligible contribution and can clearly be identified
with both the pairing likelihood and the final likelihood.

9.3 Conclusions on the reconstruction and selection methods

In Section 9.1 the channel ttH?, H® — bb was reinvestigated. With a more precise pre-
diction of the irreducible background and updated cross sections for the signal and the
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9 Reconstruction of the final state

background the significance of this channel is considerably smaller than the expectations
in the ATLAS TDR. Therefore, an attempt was made in Section 9.2 to improve the recon-
struction and analysis procedure, leading to a substantial enhancement in the expected
significances. On average, the expected S/ v/ B with the improved selection is 45% higher
than with the TDR method. The proposed improvements to achieve this enhancement are

1. a collinear approximation if the equation for p? can not be solved,
2. a likelihood for the jet pairing,
3. a final likelihood for events inside the mypp, mass window.

The collinear approximation recovers 25% of the events, while the width of the recon-
structed semileptonically decayed top quark increases by only 0.5 GeV. The pairing
likelihood combines several kinematic variables into a single likelihood output. The jet
combination with the highest likelihood is taken to be the correct combination. Instead of
cutting on three masses mj;, mj;,, and my,1, there is only one cut on the pairing likelihood
to ensure that events with two top quarks are reconstructed. The efficiency for this cut is
around 88%, and the efficiency for a successful reconstruction of two top quarks and two re-
maining b-jets is augmented by 50%. It has been demonstrated that background processes
not containing a pair of top quarks, like W*+jets or single top events, are not dangerous
as they have small likelihood values. In total, the collinear approximation and the pairing
likelihood lead to an increase of the mass resolution of the reconstructed top masses, from
about 8 GeV with the TDR reconstruction method to about 10 GeV. However, the purity
of correctly reconstructed events is slightly better than in the TDR reconstruction and the
significance is increased by 35%. One should also keep in mind that the TDR reconstruction
method biases the reconstructed top quark masses to the mass my used as input in the
minimization procedure, Equation 9.3. The final likelihood explores differences between
the signal and background process for events inside the my;, mass window around the
hypothetical Higgs mass. The efficiency of the cut on the final likelihood distribution is
85% for the signal and 64% for the background. The significance is increased by 8% by
this cut. The aforementioned numbers hold for myo = 120 GeV.

9.3.1 Comparison with results from the CMS collaboration

The cMSs collaboration has also investigated the channel ttH?, H — bb and obtains a
significance of S/v/B = 5.3 for myo = 115 GeV and £ = 30 fb~!, using a K-factor of
1.5 [54]. The ATLAS analysis, presented in this thesis, yields S/v/B = 2.4 with the TDR
reconstruction method and for the same mass of the Higgs boson. The source of the
large difference between the discovery potential at ¢MS and ATLAS was studied in detail
in Ref. [55]. Therefore, only a brief summary is presented here.

Although the cMS analysis has a different strategy in reconstructing the final state, the
largest impact could be traced back to different assumptions on the cross sections:

o CMS uses CTEQ4L structure functions which give 20% larger cross sections than the
newer CTEQSL structure functions used in ATLAS.

o cMS applies a K-factor of 1.5 to the ttH? signal and the ttZ background, ATLAS
does not apply K-factors. According to Section 8.2 and Refs. [45, 46], a value of 1.5
appears to be too optimistic.
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o Different Monte Carlo generators and different Q?QCD scales are used in CMsS and AT-
LAS. It was pointed out before that the calculation of cross sections is very sensitive
to choice of the QéCD scale if no higher-order corrections are implemented.

o The pr and 7 cuts which are applied in the cMs analysis to the ttbb background at
generator level seem to underestimate the irreducible background. Only the resonant
contribution of the ttZ background was considered, whereas the ATLAS analysis takes
into account also the non-resonant part.

If the cMs cross sections and K-factors are used in this thesis, the TDR reconstruction
methods results in comparable significances to the cMs values (ATLAS: S/VB = 4.8,
cMs: S/ VB = 5.3, this comparison does not take into account the more complete set
of background processes in ATLAS). These numbers are even surpassed if the likelihood
analysis is applied.

9.4 Systematic uncertainties

The analysis of the ttH? channel suffers mainly from the large uncertainty in the prediction
of the background from top quark pairs with additional jets. The leading-order cross sec-
tion calculation is very sensitive to the choice of the Q(QQCD scale. This indicates significant
contribution from higher order corrections which are not available at present. Therefore,
it is essential to measure the rate of the tt+jets background from real data and to tune the
Monte Carlo generators accordingly. For an extraction of the ttH® signal peak in the my,,
mass spectrum it is likewise important to know the shape of the background, especially
that of the ttbb background. It was emphasized in section 9.1.5.1 that the shape is influ-
enced to a large extend by the rate of mistagged jets and the quality of the jet pairing to
identify the correct decay products of the top quarks. In the following, a recipe is derived
how to measure the tt+jets background in the ttH® channel.

9.4.1 Determining the shape

The first step is to determine the shape of the background. If this is done from the data,
no or only little contribution from the ttHY signal is allowed. To do so, the preselection
described in Section 9.1.1 is applied to the tt+jets sample but with the following change:
Instead of selecting events with at least four tagged b-jets, only events with exactly two b-
jets are selected. The parametrization e}, = 0.6, R; = 100, R = 10 is used. The efficiency
for this selection is 18.5% for ttH" events, and the ratio of ttH? to tt+jets events after this
modified preselection is 2.7 x 1073,

Two non-b-jets with pr > 20 GeV are chosen by random and are labeled as b-jets. This
sample is denoted as ‘ttjj’ in the following. Then the top reconstruction in the ‘ttjj’ sample
is done in the usual way, and the my), mass spectrum is calculated from the remaining
two b-jets. In Figure 9.35 this spectrum is compared to the myy, spectrum obtained in the
default selection from tt+bb events (true and fake, generated by PYTHIA). Although the
shapes are similar the peak region 20 GeV < myp < 125 GeV is not well described by the
ttjj control sample, and the spectrum cannot be used directly as an estimate for the ttbb
background mass spectrum (the background in the selection for myo = 120 GeV would
be underestimated by 8.5% in the cut window myp £+ 30 GeV). Therefore, a calibration
function C' is introduced to normalize the my,, distribution from the ttjj control sample

to the myy, spectrum from the ttbb sample: C' = H},EEE / Hﬁ%jb, where HffLE’E' and Hrtfﬂlfb are
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Figure 9.35: Comparison of the mass spectra in the analysis for the fvbjjbbb final state and in the
control sample with the fvbjjbjj final state. In both cases the events are generated with Pythia only.
The histograms are normalized to Unity.
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the histogrammed mass spectra. The shape can then be determined by measuring from
data the mass spectrum in a control sample of events with two b-jets and at least four
additional non-b-jets and multiplying the obtained spectrum by the calibration function
C. This method is less sensitive to the modeling of the background in the MC generators
since only the ratio of the shapes is used. The expected statistical error for the procedure
for 30 fb~! of collected data can be estimated as follows: In the whole my), mass range
there are about 58 000 events expected for the ttjj control sample. The efficiency for the
mass cut |mpp, — myo| < 30 GeV is &~ 28% which leads to a relative statistical uncertainty

for the cut of A
<5> ~ 1%. (9.6)
€ stat.

The contamination from ttH° signal events inside the mass window is only 4 x 1074

9.4.2 Absolute normalization

The absolute normalization for the background can be determined in this analysis from the
mpp mass spectrum in side-bands were a negligible amount of signal events is expected.
The side-bands with mp, < 50 GeV and my, > 250 GeV are chosen, based on the
distribution of the myp spectrum of signal events with myo = 120 GeV. Due to the tails
of the reconstructed myy, in signal events (see Fig. 9.9) it is not possible to choose side-
bands which are completely signal-free and have sufficient statistics in the background
samples at the same time. For £ = 30 fb~! and mpo = 120 GeV there are 10.5 signal
events and 245 events from the total background expected in the chosen side-band.

The myy, spectrum (measured from the data as described in the previous section ) can
then be normalized to contain Npyg,,, = Nstgbb / aggj events, where Nst]gbb is the number of
events in the side-bands my}, < 50 GeV and mypp, > 250 GeV in the ttbb distribution, and
EEEJ is the fraction of events in these side-bands in the my,;, mass spectrum obtained from
the ttjj control sample.

The accuracy of the absolute normalization will be dominated by the statistical error
of Ng,. From Monte Carlo simulation and the TDR reconstruction method one expects

Ny, ~ 245 events in the ttbb sample for £ = 30 fb~!, and about 20000 events in the
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side-bands of the my,;, mass spectrum of the ttjj control sample with g, = 33%. This
leads to a total statistical error of

) ~ 6.5%. (9.7)
stat.

It was mentioned before that there is a small contribution from the signal process in
the side-band my, < 50 GeV and mypp > 250 GeV. So the measured background cross
section is systematically too high in the presence of the signal. For myo = 120 GeV this

introduces a systematic uncertainty:
AN
() ~ 4%, (9.8)
N sys.

9.4.3 Conclusion on systematic uncertainties

In the beginning of data taking, the systematic uncertainties in the ttH?, H — bb channel
will be dominated completely by the imperfect knowledge of the tt+jets background. There
are large uncertainties in the theoretical predictions from Monte Carlo generators as long as
higher order calculations are not available. Therefore, it is important to get an estimate of
the background directly from the data. While this is straightforward for the normalization,
some Monte Carlo information is still necessary for the determination of the shape. With
the two methods described above it should be possible to measure the background to an
accuracy of better than 10% with 30 fb=!.

In the following, the impact of systematic uncertainties in the background prediction is
investigated. Only the errors from the absolute normalization are considered here, since
they are much larger than the estimated uncertainty from the determination of the shape.
The statistical component of 6.5% is independent of the Higgs boson mass, but it varies
with the luminosity, (AN /N)stat. ~ 1/v/£. Thus, for the improved likelihood reconstruc-
tion method, which has higher efficiency, the statistical error will reduce to 4.5%. The
systematic component of 4% does depends on the amount of expected signal events, hence,
it depends on myo. The shape of the signal distributions in the side-bands is dominated
by wrong combinatorial choices, and this shape is almost independent of the Higgs boson
mass. Therefore, the efficiency of the requirement ‘mp, < 50 GeV or my, > 250 GeV’
is taken to be the same as for myo = 120 GeV. The systematic shift of 4% due to the
presence of signal events in the mass side-bands is then scaled according to the expected
signal rates after full reconstruction of the final states.

The total uncertainty is obtained by adding (AN /N )stat. and (AN /N)gyst. in quadrature.
The program from Ref. [49] is used to incorporate the uncertainty into the Poissonian
probability functions, following the ‘Cousins & Highland’ approach described in [56] and
generalized in [57, 58]. Table 9.15 shows the resulting uncertainties and compares the
expected Poissonian significances with and without a systematic uncertainty in the TDR
method and the improved analysis for £ = 30 fb~!. The values of S/ VB are listed, too
(calculated without systematics uncertainties).

The figures demonstrate that uncertainties between 5% and 12% on the background
have a dramatic impact on the expected significances, which decrease by &~ 20% to 50%.
This scenario is still optimistic, because no additional uncertainties are taken into account,
e.g., systematic uncertainties from the imperfect knowledge of the detector, from b-tagging,
and uncertainties on the signal prediction. Hence, for the ttH" channel with H? — bb to
contribute to the discovery of a light Standard Model Higgs boson at the LHC, it will
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Table 9.15: Comparison of significances S/\/E and opoisson Without systematic uncertainties and in-
cluding systematic uncertainties on the background prediction. The uncertainties are calculated for
L =30 fb~ 1.

TDR method

mpo (GeV) 80 90 100 110 120 130 140
S/\VB 52 43 34 27 20 13 07
OPoisson 49 41 32 26 19 1.2 06
Agyst. 12.1% 10.6% 9.4% 85% 7.6% 7.0% 6.7%
Syst. OPoisson 24 22 1.9 17 13 09 05

Improved method

myo (GeV) 80 90 100 110 120 130 140
S/VB 74 61 49 39 29 19 11
OPoisson 70 57 46 37 27 1.8 1.0
Agyst. 11.1% 95% 81% 71% 6.1% 53% 4.8%
Syst. poisson 32 29 27 24 20 14 08

be necessary to understand very well the detectors and to have precise predictions for
the signal and background rates obtained from data or from improved calculations which
include higher order corrections.
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The results in Sections 9.1 and 9.2 are derived using a b-tag parameterization of e, = 60%
and constant rejection factors R; = 100,R. = 10. Jets are tagged or mistagged as b-
jets on a random basis corresponding to the constant efficiencies ey, ec = 1/R;, and
ej = 1/Rc. This is clearly a simplified model of the ATLAS b-tagging performance, not
taking into account pr and 717 dependences or recent changes in the detector layout. In the
real experiment the discriminating variable which distinguishes between b-jets and non-
b-jets is built from impact parameter significances of tracks in the jets (and additional
information, depending on the algorithm). This quantity and the precision with which it
can be measured depends on the jet’s transverse momentum and on the direction of the
jet in the detector. Consequently, R; and R are not at all constant, but functions of pr
and 7. A realistic simulation of the ttH?, H® — bb channel therefore needs an adequate
parameterization of the b-tagging performance within the fast simulation of the ATLAS
detector.

The quality of b-tagging depends on the performance of the Inner Detector Tracker (ID
tracker), and on the performance of the Pixel Detector in particular. The design of this
detector has undergone several changes since the Technical Design Report in 1999: the
radius of the innermost layer (b-layer) was increased from 4.3 cm to 5.0 cm, the radius
of Layer 1 decreased from 11.0 cm to 8.85 cm, and the radius of Layer 2 decreased from
14.2 cm to 12.25 cm. Tilt angles and pixel pitches were modified, the sensor thickness
grew from 150 pm to 200 pm, and the number of wheels was reduced from four to three.
Modifications affect also the sCT and TRT. The material budget of the Inner Detector in
terms of radiation length increased due to a more detailed description of the layout in the
simulation. There is also an important change in the layout of the pixel detector in the
LHC starting phase: Due to restricted resources, ATLAS will start with one layer of the
pixel detector missing, the second barrel layer and the second wheel on both sides will
be deferred as well. The staging of some parts of ATLAS and its impact on the physics
potential is discussed in [37].

In Reference [51] extensive studies have been performed on the ATLAS b-tagging poten-
tial, considering the present detector layout. In addition, new b-tagging parameterizations
have been evaluated for ATLFAST at low luminosity conditions. The study takes into ac-
count the current detector layout with all pixel layers (‘complete’ layout) and with only
two layers (‘reduced’ layout). The TDR layout is also available (‘perfect’ layout). For
each layout a pr dependent parameterization is derived from the full simulation and re-
construction of several processes, using an impact-parameter based b-tagging algorithm.
The largest set of parameterizations is available from W¥H? events with leptonic decay
of the W* and H? — bb, uti, cc. WHH? events provide a rather clean sample of b-jets (or
u, c-jets). Contrary, the signal channel of this work, ttH° with main background from tt,
contains at least six jets, so that the jets are much less isolated. The event displays in
Figure 10.1 reveal this issue. The b-weight of a jet, used for flavor-tagging, is calculated
from the impact parameter significances of its tracks, and can be disturbed by other jets
which are close by. A parameterization from W*H? events only would therefore not be
adequate to simulate the expected b-tagging performance in ttH? and tt events. To ac-
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a) b)

Figure 10.1: Event display of a) W¥H? — fvbb and b) ttH® — fvbjjbbb as seen by the SCT and the
Pixel Detector (from [59]).

complish this task, the b-tagging conditions were investigated in [51] in fully simulated
ttH? and tt events as well, and special sets of parameterizations were obtained. A param-
eterization in both pr and n was not possible due to lacking statistics in the Monte Carlo
samples. A two-dimensional parameterization will be prepared in the future when larger
fully simulated Monte Carlo samples are available.

In the following sections the pp-dependent parameterization, provided by the authors
of Ref. [51], is applied to the ttH° analysis. The parameterization covers several detector
layouts. It describes the ‘perfect’, the ‘complete’, and the ‘reduced’ layout, includes module
and chip inefficiencies, with and without including the effect of low luminosity pile-up and
from WFHC and ttH? /tt events. In this way it is possible to monitor the changes and to
compare the results to those obtained from the simple ppr-independent parameterization
used in Sections 9.1 and 9.2. The b-tagging is done in such a way that the efficiency ey,
is kept at a constant level over the pr range and the rejections R; and Re are determined
for nine non-equidistant bins in the whole pr range. Examples for the rejection factors
are shown in Figure 10.2. Compared to the constant rejections R; = 100 and R, = 10,
one observes considerable smaller rejection against light jets in the range pr < 60 GeV,
which provides a source for an increased fake rate in the reducible tt+jets background.
The rejection against c-jets is 50%—-20% smaller than the assumption in the TDR analysis.

Table 10.1 details the conditions from which the different configurations are deduced.
Configuration ‘() corresponds to the parameterization commonly used in ATLAS and in
Sections 9.1 and 9.2. The next set (A to C2) stems from WTH events and does not take
into account the effect from event pile-up. The B-sets are available for different efficiencies
ep and allow for a scan for the optimal value of e}, maximizing the expected statistical
significance of finding a signal over the background. Most of the configurations include
the effect that 1% of the modules and 2% of the chips are expected to be inoperable.
A two-dimensional b-tagging algorithm with impact-parameter information in the plane
perpendicular to the beam pipe was used (‘2D’ in the ‘b-tag’ column). The configurations
A’ to C’ include the effect from low luminosity pile-up. The ‘D’ and ‘E’ sets account for a
larger z-pitch of the pixels. A pitch of 400 microns will eventually be used in ATLAS. ‘D2’
and ‘E2’ incorporate a three-dimensional b-tagging algorithm which in addition makes use
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Figure 10.2: Rejections R; and R. as functions of p7 of the jet as obtained from the full simulation of
ttHO /tt events.

of the z-information of the track impact parameters. Finally, configurations F and G stem
from ttH°/tt events. These sets do not include pile-up or inefficiencies.

For all configurations listed in Table 10.1 the complete analysis chain is repeated for
the TDR reconstruction and the improved analysis in the mass range 80 GeV < mypo <
140 GeV.

Table 10.1: The detector configurations used for the new b-tagging parameterization. If not mentioned
otherwise the z-pitch of the pixels in the b-layer is 300 um.

Configuration  Layout €b module/chip b-tag
(%) inefficiencies
0 TDR 60% — R; =100, R, = 10
from W+HC, no pile-up
A perfect  60% — 2D
B1 complete  50% 1% /2% 2D
B2 complete  60% 1%/2% 2D
B3 complete  70% 1%/2% 2D
B4 complete  80% 1%/2% 2D
C1 reduced  60% — 2D
C2 reduced  60% 1%/2% 2D
from W*HO, low luminosity pile-up
A perfect  60% — 2D
B’ complete  60% 1% /2% 2D
C reduced  60% 1%/2% 2D
from W*HO, low luminosity pile-up, 400 um pitch
D1 complete  60% 1%/2% (0.5%/1%) 2D
D2 complete  60% 1%/2% (0.5%/1%) 3D
E1l reduced  60% 1%/2% (0.5%/1%) 2D
E2 reduced  60% 1%/2% (0.5%/1%) 3D
from ttH®/tt, no pile-up
F complete  60% — 2D
G reduced  60% — 2D
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10.1 Optimal working point

The choice of the working point for the b-tagging algorithm is a compromise between
high efficiency for identifying true b-jets and high rejection factors against udsg-jets and
c-jets. If ey, is large, then also the probability of mistagging light- and c-jets is large. On
the other hand, requiring high rejections R; and R results in small efficiencies ey,. The
optimal working point is defined to maximize the expected significance S/v/B.

Figures 10.3 and 10.4 show the significances S/v/B for b-tagging efficiencies &}, between
50% and 80% (configuration B1 to B4) for all available masses of the Higgs boson. In
all cases the significance is maximized for e, = 60%, justifying the choice of e}, in the
previous chapters. Table 10.2 presents the result of the scan in more detail, by showing
the selection efficiency, the purities of the b-jet assignment to the top quarks and the Higgs
boson, and the expected event rates for signal and background processes. As expected,
the reconstruction purities are higher for smaller efficiencies €,. But the efficiency enters
in the total selection efficiency by powers of four, and so a value of ¢, = 50% does not
yield the best significance. Stepping through the efficiencies from e, = 50% to e, = 80%
the signal expectation increases roughly by factors of two. The increase for the irreducible
ttbb background is a bit larger but comparable to the signal. In contrast, the reducible
ttjj background grows three times faster than the signal with increasing e,. The signal
over background ratio, S/B, decreases almost linearly with increasing ey,.

10.2 Significances with different detector configurations

On pages 106-112 graphical and numerical results for the parameterization from different
detector configurations and event samples are shown. The b-tagging efficiency is 60% in
all cases. In the graphical representations the changes are expressed as relative changes
of S/v/B with respect to configuration ‘0’ (TDR detector). Tables 10.3 and 10.4 contain
details for all configurations in the analysis for mypo = 120 GeV. Tables 10.5 and 10.6
specify for all masses and configurations the significances S/v/B. For the sake of clarity,
the graphs are divided into three categories:

Category I: Stepwise approach from a perfect detector to the realistic situation with pile-
up and inefficiencies. Both the complete and the reduced (initial) detector layouts
are used. The parameterization is deduced from W+H? events (Figs. 10.5 and 10.6).

Category II: Comparison between parameterizations from W*H? and ttH?/tt events
(Figs. 10.7 and 10.8).

Category III: Improvement of 3D b-tagging over 2D b-tagging (Figs. 10.9 and 10.10). The
parameterization is derived from W*H? events.

In general, the figures show that the decrease in significance for the TDR method is almost
independent of the mass of the Higgs boson. For the improved method a stronger mass
dependence is observed, and smaller masses mpo are more affected than larger masses. In
the following, the three categories are discussed for myo = 120 GeV.

Category 1

Application of the ‘perfect’ detector layout, but with pr-dependent R; and Re, gives a
decrease of ~ 20%. Inclusion of pile-up reduces the significances by another 3%. With

102



10.2 Significances with different detector configurations
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Figure 10.3: Significances for different b-tagging efficiencies using a parameterization for the ‘complete
layout’ (configuration B1-B4) in the TDR reconstruction method.
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Figure 10.4: Significances for different b-tagging efficiencies using a parameterization for the ‘complete
layout' (configuration B1-B4) in the improved reconstruction method.
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10 Results with new b-tag parameterizations

Table 10.2: Expected events for an integrated luminosity of 30 fb~! and reconstruction purities for
the assignment of b-jets. Numbers are given for the complete layout without pile-up, with 1%/2%
module/chip inefficiencies and for various efficiencies &y,.

TDR-Method

Configuration B1 B2 B3 B4

£b 50% 60% 70% 80%
eeero (%) 0.47 1.03 2.03 3.51
Pl (win) 57.8 53.3 48.6 37.6
P) ., (win) 59.5 57.1 54.4 46.9
P%OHM; (all) 25.0 22.0 18.8 13.7
Pho_yp (win) 47.1 43.3 38.2 29.2
ttHO 14.8 32.9 64.7 111.6
ttbb (Qcp) 75.4 196.4 461.9 1104.7
ttjj 38.7 280.9 1557.7  9400.6
tthb (Ew) 9.4 23.4 52.3 115.4
total bkg. 123.5 500.7 2071.9  10620.7
S/B 0.12 0.06 0.03 0.01
S/VB 1.33 1.47 1.42 1.08
OPoisson 1.22 1.41 1.39 1.07

Improved method

Configuration B1 B2 B3 B4

£b 50% 60% 70% 80%
eeero (%) 0.77 1.75 3.52 6.67
Pl (win) 60.8 55.2 49.5 37.2
Pfyb (win) 65.6 63.5 60.0 53.3
P%O_)bg (all) 26.6 23.1 19.5 14.1
PIgI"—»bB (win) 47.7 43.4 38.2 29.3
Pho_yp (LH) 50.4 46.5 41.1 31.2
ttHO 24.2 55.6 111.8 212.0
ttbb (QcD) 93.2 265.1 658.0 1818.4
ttjj 46.3 357.2 2073.9  14986.9
tthb (EW) 12.2 30.9 72.3 179.1
total bkg. 151.7 653.2 2804.2  16984.4
S/B 0.16 0.08 0.04 0.01
S/VB 1.97 2.18 2.11 1.63
OPoisson 1.84 2.11 2.08 1.62
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10.2 Significances with different detector configurations

the ‘complete’ layout including inefficiencies but no pile-up the significance changes by
24% w.r.t. the reference configuration ‘()’. Effects from pile-up bring a further decrease
of 2%-3%. The ‘reduced’ layout, which represents the ATLAS detector in the starting
phase, leads to 28%—29% smaller significances, and again the addition of pile-up changes
the result by 2%-3%. Thus, with the initial detector, the significances are expected to be
smaller by about one third compared to the simulation of a perfect detector and simplified
parameterization of the b-tagging performance.

Category 11

The parameterization from ttH?/tt events is available only without pile-up and ineffi-
ciencies, and so the performance is compared to the same detector conditions in W*HO
events. The parameterization from ttH°/tt events gives ~ 3% better results than the pa-
rameterization from W*H? events. This behavior may contradict the expectations, since
ttHY/tt events have much larger track multiplicities than WTH events. But it is shown
in Ref. [51] that b-jets from ttH® and tt events have slightly larger pr than b-jets from
WHHO events (mpo = 120 GeV) and a more central 7)-distribution. This results in fewer
multiple-scattering and an improved b-tagging performance. Furthermore, the ttH°/tt
samples were ‘cleaned’ by an isolation requirement to the jets in order to build the likeli-
hood reference distributions.

Category III

These configurations shed light on the effect of a modified size of the pixels in the b-layer
(300 pm versus 400 pm) and the improvement of a three-dimensional b-tagging algorithm
over a two-dimensional algorithm. The graphs ‘300 pm’ denote the simulation with 400 pm
pitch in Layer 1 and Layer 2 and 300 pm pitch in the B-Layer. Module/chip inefficiencies
of 1%/2% are assumed. Unification of the pixel modules implies also 400 pm pixels in
the B-Layer. A small degradation is expected from the increased z-pitch. On the other
hand, it is then possible to select the best modules for assembly of the B-Layer, and less
inefficiencies are expected. Therefore, the simulation was performed assuming smaller
inefficiencies of 0.5%/1% for the innermost modules. The graphs ‘400 pm’ demonstrate
that the degradation of the 400 pm pitch is compensated by higher quality of the B-Layer
modules, and the significances are even better by about 2%.

Figures 10.9 and 10.10 also show that a three-dimensional b-tagging algorithm, which
includes information from the impact parameter along the z-direction can enhance the
performance significantly. Although at the time of writing the 3D-btag was in a preliminary
stage, one can expect that it can compensate for much of the drop in significance [51].

An interesting result of these studies is the expected degradation of the b-tagging per-
formance of the reduced detector layout, with those parts of the detector deferred as
described in Section 7.6 (most important the second pixel layer and one disk), and the
impact on the discovery potential of the ttH? channel. I turns out that with the staged
detector the reducible ttjj background increases by 20%-30%. Since ttjj is not the main
background, this has a moderate effect on the expected significances which is decreased
by 4%-7%, depending on the parameterization used. An additional 8%-15% amount of
data is needed to compensate the detector deferrals. However, it should be noted that the
parameterization from ttH® /tt events includes neither inefficiencies nor pile-up, and larger
discrepancies between the complete and the reduced layout are expected if these effects
are included.
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10 Results with new b-tag parameterizations

TDR method
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Figure 10.5: Category |—Significances relative to the ‘perfect layout’ (configuration (}) for the TDR
reconstruction method.
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Figure 10.6: Category |—Significances relative to the ‘perfect layout’ (configuration {}) for the improved
analysis.
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Figure 10.7: Category Il—Significances relative to the ‘perfect layout’ (configuration @) for the TDR
reconstruction method.
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Figure 10.8: Category Il—Significances relative to the ‘perfect layout’ (configuration @) for the im-
proved analysis.
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10 Results with new b-tag parameterizations

TDR method
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Figure 10.9: Category |ll—Significances relative to the ‘perfect layout’ (configuration @) for the TDR
reconstruction method.
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Figure 10.10: Category lll—Significances relative to the ‘perfect layout’ (configuration () for the
improved analysis.
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10 Results with new b-tag parameterizations

Table 10.4: Improved analysis: Expected events for an integrated luminosity of 30 fb~!, the selection of a 120 GeV Higgs boson, and different detector

configurations.

Improved method

Configuration 0 A C1 C2 A’ B’ C D1 D2 El E2 F G
evgmo (%) 143 166 199 180 170 176 184 173 150 1.80 1.54 163 1.66
ﬁmw 63.1 57.3 56.5 544 56.5 548 53.7 557 614 546 60.5 58.6 57.9
Pl 67.6 645 641 629 640 634 625 636 664 630 66.0 649 64.5
ﬁmol&m (all) 289 244 236 223 238 229 219 234 271 224 263 249 244
ﬁwolcm (win) 50.9 45.2 443 425 444 43.0 41.8 43.7 48.6 427 478 459 453
Pro_pp (LH) 53.5 481 474 456 474 459 448 46.8 51.7 457 509 49.1 484
ttHO 45.6  52.7 542 572 541 56.1 583 550 479 56.8 49.0 51.7  52.7
ttbb (Qcp) 166.0 235.5 2521 284.2 250.6 271.9 294.1 260.9 187.5 278.6 198.3 225.2 235.8
ttjj 63.1  246.9 309.6 444.4 293.5 384.1 4949 3344 1059 4235 136.3 2153 266.2
ttbb (EW) 21.0 28.2 29.7 32.5 29.3 31.7 33.9 30.5 23.4 32.5 24.2 27.1 28.4
total bkg. 250.1 510.6 591.4 761.1 573.4 6877 8229 6258 316.8 734.6 358.8 467.6 530.4
m\/\w 2.88 2.33 2.23 2.07 2.26 2.14 2.03 2.20 2.69 2.09 2.59 2.39 2.29
OPoisson 2.74 225 216 201 218 2.07r 197 213 257 203 248 230 2.21
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10.2 Significances with different detector configurations

Table 10.5: Significances for the different b-tagging parameter sets.

TDR method
myo (GeV) 80 90 100 110 120 130 140
Configuration Significance S/v/B
TDR, R; =100, Rc = 10
0 52 43 34 28 20 13 0.7
from W*HC, no pile-up
A 41 34 27 22 16 11 06
B1 34 29 23 18 13 09 05
B2 38 32 25 20 15 10 05
B3 3.7 31 24 20 14 10 05
B4 29 23 19 15 11 07 04
C1 39 32 26 21 11 1.0 06
C2 36 30 24 19 14 09 05
from W*HO, low luminosity pile-up
A 40 33 26 21 15 10 06
B’ 38 31 25 20 15 10 05
C’ 36 29 23 19 14 09 05
from W*HO, low luminosity pile-up, 400 um pitch
D1 39 32 26 21 15 10 05
D2 47 39 31 25 18 12 0.7
E1 37 30 24 19 14 09 05
E2 45 37 30 24 18 12 0.6

from ttH®/tt, no pile-up

41 35 27 22 16 11 0.6
40 33 27 21 16 10 06

Q=
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10 Results with new b-tag parameterizations

Table 10.6: Significances for the different b-tagging parameter sets.

Improved method

myo (GeV) 80 90 100 110 120 130 140

Configuration Significance S/vB
TDR, R; =100, Rc =10
0 74 61 49 39 29 19 11
from W*H?, no pile-up
A 56 4.7 38 31 23 16 09
B1 49 40 32 25 20 13 08
B2 52 43 35 29 22 15 08
B3 51 42 34 28 21 15 038
B4 41 33 27 22 16 1.1 0.6
C1 53 44 36 29 22 15 09
C2 50 4.1 34 27 21 14 038
from W*HC, low luminosity pile-up
A 54 45 3.7 3.0 23 15 09
B’ 52 43 35 28 21 14 038
C 50 4.0 33 27 20 14 038
from W*HO, low luminosity pile-up, 400 ym pitch

D1 53 44 36 29 22 15 09
D2 6.6 55 45 36 27 18 1.0
E1l 50 41 34 28 21 14 1.0
E2 6.3 52 43 34 26 1.7 0.9

from ttH /tt, no pile-up

F 5.7 47 39 32 24 16 09
G 55 45 37 30 23 15 09
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11 The high luminosity scenario

This chapter describes the potential of the ttH? channel under high luminosity conditions
using the ATLFAST simulation.

11.1 Performance of detector and reconstruction
At the LHC design luminosity of 104 cm™2s~! on average 23 minimum-bias events will be
overlaid with a physics event of interest. This pile-up of events degrades the energy and
momentum resolution of the detector sub-systems and affects the reconstruction of tracks
and calorimeter clusters. The performance of ATLAS in high luminosity conditions was
studied in fully simulated events and parameterized in ATLFAST [39].

To account for the larger background the trigger thresholds must be raised. This reflects
in higher pr cuts in the preselection of events in the ttH? analysis: The pp-threshold are
raised from 20 GeV to 30 GeV for jets, and from 25 GeV to 30 GeV for electrons. The
minimal pr for muons can be kept at the level of 20 GeV. Since the track resolution is
worse at high luminosity, the b-tagging efficiency is expected to decrease from 60% to 50%
for the same rejection factors Ry =100 and R, =10.

11.2 Reconstruction and selection at high luminosity

The two methods of reconstructing the top quarks, described in Chapter 9.1 and 9.2, are
applied to the events simulated with high luminosity conditions using the tighter cuts
described above.

The reconstructed top masses in signal events for the TDR and the improved reconstruc-
tion method are displayed in Figure 11.1, and results from a fit to the mass distributions
are given in Table 11.1. The resolution for the reconstructed top masses is on average
1.7 GeV worse than at low luminosity.

At masses of the Higgs boson between 80 GeV and 100 GeV the fits for low luminosity
and high luminosity give similar values for the width of the signal peak within the errors.
For myo > 100 GeV the signal peak becomes a bit broader under high luminosity condi-
tions. Some example signal spectra and the fit parameters for the TDR and the improved
reconstruction method are shown in Figures 11.2 and 11.3 and in Tables 11.2 and 11.3.

Taking into account the general decrease in the mass resolutions, the cuts on the re-
constructed masses are loosened. The acceptance window for the jj-candidates is changed

Table 11.1: Resolution of the reconstructed top quarks at low and at high luminosity for the TDR and
the improved reconstruction in ttH® events with myo = 120 GeV.

‘TDR’ reconstruction Improved reconstruction

low lumi  high lumi low lumi high lumi
gijp (GeV) 7.7 9.2 10.4 134
oo (GeV) 8.6 9.3 10.4 12.1
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11 The high luminosity scenario
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Figure 11.1: Reconstructed top masses in high luminosity conditions in ttH? events with myp =
120 GeV. Top row: TDR reconstruction method, bottom row: improved reconstruction method.

from 20 GeV to 25 GeV. The window for the reconstructed top quark masses is increased
from 20 GeV to 23 GeV. The cut on myy, is loosened from m%tg +30 GeV to m%to +45 GeV
to account for the decreased resolution at higher myo. The changes of these cuts enhance
the reconstruction efficiency to similar values as the reconstruction at low luminosity. The
new mass cuts are summarized in Table 11.4.

The efficiencies in the steps of the analysis and the reconstruction purities are given in
Table 11.5 for the TDR method and in Table 11.6 for the improved method. The efficiency
after preselection (requiring one lepton and six jets of which four are b-tagged), is about
one third of the efficiency at low luminosity due to tighter pr cuts and a reduced b-tagging
efficiency of 50%. The efficiency for reconstructing two top quarks is the product of the
probability to find solutions for the neutrino momentum and the probability to find at least
one jj-candidate inside the mj; mass window. As a result of the generally worse resolutions
at high luminosity, these two probabilities are smaller than for the low luminosity case,
and the chance of successfully reconstructing two top quarks is reduced by a factor of
1.3. The efficiency of the cut on the reconstructed top-quark masses is similar to the low
luminosity case, due to the increased mass cuts. The efficiency for the myy, cut is higher at
high luminosity because the cut window is increased considerably from 30 GeV to 45 GeV.
This window was chosen to compensate for the smaller efficiency of the preselection cuts
and to keep sufficiently large enough statistics for the final likelihood selection for events
inside the mass window.
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events for TDR reconstruction for mype =

80,100, 120,140 GeV. The thick line is the resulting fit to the complete spectrum in the range
10 GeV < myp, < 300 GeV. The two thin lines show the fits to the combinatorial permutations
(dashed histogram) and to the correctly reconstructed events (Gaussian-shaped histogram with thin
line). The fit parameters pO0—p6 correspond to the parameters in Equation (9.4) in the same order.

Table 11.2: Results for the parameters describing the Gaussian part of Equation 9.4 in signal events.

TDR method, high luminosity

muo(GeV)  mil (GeV)  Amft (GeV) o(GeV) Ac(GeV)
80 78.1 0.8 10.4 0.9
90 87.3 0.8 12.4 0.9
100 96.2 0.9 16.9 1.2
110 103.6 0.9 16.5 1.3
120 112.8 0.9 18.5 1.1
130 121.3 0.9 18.7 1.2
140 126.2 1.0 20.3 1.3
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Figure 11.3: Fitted mass spectra of signal events for improved reconstruction for mpyo =
80,100, 120,140 GeV. The thick line is the resulting fit to the complete spectrum in the range
10 GeV < my, < 300 GeV. The two thin lines show the fits to the combinatorial permutations
(dashed histogram) and to the correctly reconstructed events (Gaussian-shaped histogram with thin
line). The fit parameters p0—p6 correspond to the parameters in Equation (9.4) in the same order.

Table 11.3: Results for the parameters describing the Gaussian part of Equation 9.4 in signal events.

Improved method, high luminosity

mpo(GeV)  mi (GeV)  Amft (GeV) a(GeV) Ac(GeV)
80 78.5 0.5 12.5 0.7
90 86.6 0.5 14.5 0.7
100 94.5 0.6 17.7 0.8
110 101.1 0.6 19.9 0.9
120 109.0 0.6 20.5 0.8
130 118.0 0.8 20.9 1.1
140 123.4 0.9 24.7 1.4
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11.2 Reconstruction and selection at high luminosity

Table 11.4: Changes in the mass cuts used in the TDR reconstruction method (The cut on myy, is also
used in the improved analysis).

high lumi  low lumi

mi; 25 GeV 30 GeV
Mijb 20 GeV 23 GeV
Myvb 20 GeV 23 GeV
Mpb 30 GeV 45 GeV

Table 11.5: TDR reconstruction method at high luminosity: Efficiencies after each step of the analysis
for myo = 120 GeV. The relative efficiencies with respect to the previous step are given in parenthesis.

Cut ttH?(120)  ttbb(Qcb) ttjj ttbb(EW)
(%) 0 (%) (%)

14, 6 jets (4b) 1.2 0.5 3.1x 1073 0.5

2 tops reconstructed 0.6 (46.6) 0.2 (45.5) 1.0x 1072 (33.3) 0.2 (45.7)

my inside mass window 0.4 (78.6) 0.15 (73.2) 0.7 x 1072 (67.4) 0.16 (74.8)
myp inside mass window 0.3 (61.0)  0.06 (37.5) 0.3 x 103 (45.8) 0.07 (41.3)

Table 11.6: Improved reconstruction method at high luminosity: Efficiencies after each step of the
analysis for myo = 120 GeV. The relative efficiencies with respect to the previous step are given in
parenthesis.

Cut ttH(120)  ttbb(qQcD) ttjj ttbb(EW)
(%) (%) (%) (%)

14, 6 jets (4b) 1.2 0.5 3.1x 1073 0.5

2 tops reconstructed 0.95 (79.5) 0.36 (77.3) 2.0 x 1073 (62.7) 0.4 (76.7)

My, inside mass window ~ 0.62 (65.1) 0.14 (39.5) 1.0 x 1073 (23.6) 0.15 (42.8)

FLH> 0.35 0.54 (87.9) 0.09 (66.8) 0.6 x 103 (61.2) 0.11 (70.3)

The reconstruction purity for b-jets is compared to the low luminosity values in Ta-
ble 11.7. The purities are listed for events in the whole my spectrum (‘all’), for events
inside the myy, window (‘win’) and, in the case of the improved method, after the cut on
the final likelihood (‘fLH’). The purities at high luminosity are worse by only about 5%
for b-jets associated to the top quarks and for b-jets from the decay of the Higgs boson
considering events from the whole mass spectrum. The purity for b-jets from the Higgs bo-
son for events inside the my,p, window is 10% worse at high luminosity (which corresponds
to a relative decrease of about 20%). This is mainly due to the relaxed my,y, cut.

Finally, Tables 11.8 and 11.9 lists the expected event rates for high luminosity conditions
for the TDR and the improved method. The assumed integrated luminosity is 100 fb=!
which corresponds to one year data taking at design luminosity. The significances S/ VB
are very similar to the values obtained in Table 9.4 (page 73) and Table 9.13 (page 90) for
three years at low luminosity (£ = 30 fb=!). Figure 11.4 shows a graphical representation
of expected significances for £ = 100 fb~! and £ = 300 fb~! at high luminosity conditions
and for £ = 30 fb~! at low luminosity conditions. With 300 fb~! the significance S/v/B
is larger than five for myo < 120 GeV.
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11 The high luminosity scenario

Table 11.7: Reconstruction purities for b-jets in signal events with myo = 120 GeV. The TDR and
improved reconstruction method are compared at high and low luminosity.

Purity le}b (all) Pibjb (win) Pé’l,b (all) ngb (win) PSB (all) PﬁB (win) Pé’B (fLH)

(%) (%) (%) (%) (%) (%) (%)
High luminosity
TDR 48 56 47 57 27 42 —
Improved 47 56 54 63 28 41 44
Low luminosity
TDR 48 61 50 62 27 50 —
Improved 50 63 55 68 29 51 54

Table 11.8: The TDR reconstruction method at high luminosity conditions. Expected events for the
analysis of Higgs boson masses between 80 GeV and 140 GeV for an integrated luminosity of 100 fb~!,

mpo (GeV) 80 90 100 110 120 130 140
eviro (%) 017 020 022 024 027  0.27  0.281
ttHO 60.6  52.1 44.7  36.5 28.4 18.6 10.4
tthb (Qep)  143.8  143.9 1435 1422  141.0 137.0 135.0
ttjj 47.1 471 452 458 458 458 458
tthb (Ew) 14.5 15.5 16.0 16.6 17.1 16.9 16.5
total bkg.  205.4  206.5 204.7 204.6  203.9 199.7 197.3
S/\VB 4.2 3.6 3.1 2.6 2.0 1.3 0.7
OPoisson 4.0 3.4 3.0 2.4 1.9 1.2 0.7

Table 11.9: The improved reconstruction and analysis method at high luminosity conditions. Expected
events for the analysis of Higgs boson masses between 80 GeV and 140 GeV for an integrated luminosity
of 100 fb~1.

myo (GeV) 80 90 100 110 120 130 140

eggno (%) 0.37 0.41 0.46 0.51 0.54 0.55 0.57
ttHO 128.2  108.5 93.0 77.5 57.7 37.5 20.8
tgbf) (qcp) 2189 229.0 2339 244.7  231.2 2269  209.1
ttjj 98.8 1052  109.1 106.5 92.3 83.9 80.0

ttbb (Ew) 233 263 271 290 279 278 266
total bkg.  341.0  360.5 370.1  380.2 3514 338.6 315.7

S/VB 6.9 5.7 4.8 4.0 3.1 2.0 1.2
OPoisson 6.5 5.4 4.6 3.8 2.9 1.9 1.1
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11.2 Reconstruction and selection at high luminosity
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Figure 11.4: Significances 5/\/§ for Higgs masses between 100 and 140 GeV. Results for 30 b1
at low luminosity conditions are compared to results at high luminosity conditions for 100 fb~! and
300 fb 1.
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12 Full simulation

The results in the preceding sections are obtained with the fast simulation of the ATLAS
detector. The fast simulation with ATLFAST allows for generating a huge number of events
with modest computing power. In contrast, the full GEANT 3 [38] based detector simulation
and event reconstruction are very CPU time consuming so that only a few hundred thousand
Monte Carlo events can be simulated in a reasonable amount of time. Nevertheless, some
issues must be studied in full simulation, since some quantities are not available in ATLFAST
or implemented in a simplified way (e.g., reconstruction of tracks, b-tagging).
The study with fully simulated events serves two purposes:

1. re-evaluation of the parameterized fast simulation of the ATLAS detector with the
latest detector layout,

2. investigation of the ttH? channel with an impact parameter based b-tagging algo-
rithm.

Fully simulated events in the ttH? channel were already used in the TDR study in 1999,
but only for signal events and using ‘perfect’ b-tagging e}, = 100%, Rj = Rc = co. In the
context of the ATLAS data challenges (DC 1) [60] in 2002, fully simulated and reconstructed
ttH? events were produced with four times more statistics (20 k events) and for different
detector layouts. In addition, fully simulated background events are available, too. The
data challenges are a collaboration-wide effort to validate the ATLAS computing and data
model, the software suite, and to ensure the correctness of the technical choices to be
made. In later stages the integration into the GRID computing context [61] will be made.
The new b-tagging parameterizations described in Section 10 offer the chance to apply
b-tagging algorithms to the fully reconstructed events and to compare with the results
with the parameterization of the fast simulation.

Another interesting question is whether information from a fully simulated b-tagging
can be used to improve the background rejection of misidentified tt+light jets events.

Table 12.1 details the data sets used for this study. The ‘initial’ detector is subject
to deferrals described in Section 7.6 and has only two pixel layers. The ‘full’ detector
describes the final layout of ATLAS, except for the pixel detector which is simulated with
two and three pixel layers.

Table 12.1: Data samples for the full simulation study.

Process Run  Size Detector

ttHY 2308 20k initial
ttH® 2310 20k  full, 2 layers
ttHY 2311 20k  full, 3 layers

tt+jets 2309 100 k initial
tt+jets 2312 20 k  full, 2 layers
tt+jets 2313 20k  full, 3 layers
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12 Full simulation
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Figure 12.1: Distribution of the jet transverse momentum in samples used in sections 8 to 11 and
samples from the ATLAS data challenges. The events are processed with the fast simulation, and the
histograms are normalized to Unity.

12.1 Processing fully simulated events

In the reconstruction and analysis chain, events from full simulation are treated in the
same way as those from fast simulation. There is only one extra step. Before applying
the jet-calibration from ATLFAST an additional calibration is applied to the energy of fully
reconstructed jets in order to compensate detector effects (e.g., gaps, non-compensation)
which are not apparent in the fast simulation. Therefore, before applying the jet calibration
from ATLFAST, an additional calibration is applied to compensate detector effects [62].

There is a complication when comparing fully simulated events with those from the fast
simulation. The full simulation events from the ATLAS data challenges were generated
with different settings in PYTHIA. The multi-interaction scheme was changed to the one
that is used by the CDF collaboration to model minimum bias events. The new scheme
assumes a varying impact parameter and hadronic matter overlap ([40], PYTHIA switches
MSTP (82)=4, PARP(82)=2.2). The effect from this change is an increase in the multiplicity
of low-pr jets, most prominent in tt events, as can be seen from Figure 12.1. Hence, a
larger amount of tt events is expected to survive the selection cuts, and it will be difficult
to compare the expected event rates and mass distributions of the DC 1 samples with those
obtained in previous sections. Therefore, the DC 1 samples are also processed by ATLFAST,
so that fast and full simulation can be compared with the same events.

The full reconstruction does not yet provide lepton identification and proper calibration
of the missing transverse momentum. Therefore, electrons, muons, and p?iss are taken
from the fast simulation. Although a complete treatment using only full simulation and
reconstruction would be preferable, the described procedure still gives meaningful results,
since the performance of the ttH channels is dominated by the quality of reconstruction
and b-tagging of the six jets.

The study of fully simulated events is done in two steps. First, the fast and full simu-
lation are compared in terms of mass resolution and efficiencies of the cuts used in the
analysis (Section 12.4). Three detector layouts are used in order to compare the detector
performance in the initial phase with the one of the ‘complete’ detector. The fully simu-
lated events are also reconstructed using an impact-parameter based b-tagging algorithm
described below.

In the second step the additional information from the ‘b-ness’ of a jet, provided by the
b-tagging algorithm, is explored in order to reduce further the reducible ttjj background.

All studies involving fully simulated events are carried out with the TDR reconstruction
method. The statistics of the samples is not large enough to allow for proper generation
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12.2 The b-tagging algorithm
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Figure 12.2: Definition of the impact parameter.

of reference histograms needed for the likelihood reconstruction and analysis. In principle,
the reference histograms used in previous sections could be applied. But since fully simu-
lated background events are available from the PYTHIA generator only, and are generated
with different settings, affecting pr and multiplicity distributions, non-optimal results are
expected.

12.2 The b-tagging algorithm

This section describes the algorithm which is used for b-tagging in the full simulation
samples [59]. It takes advantage of the lifetime of B-hadrons contained in b-jets. B-
hadrons decay at a certain distance from the primary vertex, so that tracks originating
from the decay have a non-zero distance of closest approach, dy, to the primary vertex.
Charm-jets also contain lifetime information, but not as distinct as b-jets.

The impact parameter of a track with respect to the jet axis is defined by (Figure 12.2)

a0 — +|d0| if d() sin(qﬁj — (25) >0
07 —ldo| if dpsin(¢; — ¢) < 0.

The impact parameter is weighted by its error combined with the beam spread opeam-
The new quantity is called impact parameter significance Sg,:

ao
[ ~+2 2 '
Jao + Oheam

The distribution of the significances of tracks in b-jets, c-jets, and u-jets is shown in Fig-
ure 12.3. Tracks in b-jets have a tail at larger values of the impact parameter significance
which is more prominent than for c-jets or light jets. A weight function w is calculated
from the track significances:

n
w= Z Inwj,
j=1

Sap =
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12 Full simulation
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Figure 12.3: Distribution of impact parameter significances in ttH? events simulated with the complete
detector layout.

% 10" —Db-jets
R T T Cc-jets
Y F .
© + i | u-jets
5
.8 10-2
@®
-
LL
10°
-4 L velodhn by
10-10 5 0 5 10 15 20 25 30
Jet weight
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12.3 b-tagging and normalization of fully simulated tt events

where wj = f,(S4,)/ fu(Sao), and fp, fu are the normalized distributions of the impact
parameter significances. The sum runs over all tracks in the jet. The resulting distribution
of weights (Figure 12.4) discriminates nicely between the jet flavors, with b-jets having
large and u-jets having small weights. A cut is then applied at a certain value wy. Jets
with w > wy are tagged as b-jets. The choice of w;, defines the efficiency e}, and rejection
factors against light- and c-jets. In this analysis a jet is tagged as b-jet if w > 2. This
corresponds to an average efficiency of e, = 0.6.

12.3 b-tagging and normalization of fully simulated tt events

The tt samples contain mainly ttjj events and only a small fraction of true ttbb. The
sample is therefore strongly reduced by the requirement of four b-tagged jets. In the
studies with fast simulation a sample of 20 M ttjj events was generated. These statistics
are not available with full simulation, the samples listed in Table 12.1 contain 20k or 100 k
events. Applying a b-tagging algorithm would therefore yield very small Monte Carlo
statistics and large statistical errors for the tt background (after all cuts less than 10
Monte Carlo events would remain): For example, with e, = 0.6, R; = 100 the probability
for a ttjj event to survive the cut N = 4 is P = 0.6% - 0.012 = 36 - 10~® (assuming the
jets jj are u, d, s or g-jets). To enlarge statistics, in events with less than four b-jets, the
light and c-jets are mistagged until the total number of b-tagged jets is at least four. The
jets are chosen randomly, but they must lie in || < 2.5. In the case of full simulation, the
fake b-jets must also be given a jet weight. The weight w is chosen randomly according to
the probability density function of w > 2 for light jets and c-jets as shown in Figure 12.4,
and the jet weights correspond to the detector layout of the sample. Events where jets are
mistagged with this procedure are called forced,-jets in the following, because they are
forced to contain n b-tagged jets.

The forced,-jets must be normalized properly, taking into account the efficiencies of
b-tagging and mistagging. The normalization weight A" must be calculated for each event,
because the probability of containing at least four b-tagged jets (either true b-jets or
misidentified light or c-jets) depends on the number of b-jets, light jets and c-jets in the
event. The normalization factor is the sum of probabilities of all possible combinations
to find n b-tagged jets, provided there are Ny, b-jets, N, c-jets and INj jets of other
flavors, a (constant) b-tag efficiency ey, and rejection factors R. and R;. If R; and R. were
constant, the combinatorial multiplicity could simply be taken into account with binomial
coefficients. But in the general case the rejection factors are functions of the pr of the jet.
Hence, the rejection probability is different for each jet and the total probability must be
calculated explicitly for each possible combination:

Nevent = R&ot(NbaNj7Ncan - Nb)
Ny

= Py(Np,i) x Pie(Nj, Ne,n — i),
1=0

where

Pb(Nbai) =

7 N\

(=~

N . .
,b> x el x (1 —ep)Ne7t,

ch(Nj,NC,m): Pj(Nj,k) XPC(NC,m—k‘),

i

0
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12 Full simulation

Table 12.2: Test of the normalization procedure. Expected events for £ = 30 fb~! and the selection
for myo = 120 GeV after preselection (‘pre’), after reconstruction of the myy, spectrum (‘all’), and inside
the my, mass window (‘win’).

Process ttij tt+jets ttHO

‘default’ pre all win pre all win pre all  win

ATLFAST b-tag 456.9 131.3 447 1260.2 459.7 133.3 119.1 56.6 27.8
forced s+ forced;  445.3 143.2 46.1 1183.1 4574 137.2 114.8 57.7 29.1

Aver. (%) -25 9.1 31 —61 —05 3.0 —3.6 18 44
Process ttjj tt+jets ttHO
‘initial’ pre all win pre all win pre all  win

ATLFAST b-tag  2338.9 690.8 216.9 3430.0 11326 356.1 149.1 68.1 31.8
forced 4+ forceds 2253.7 730.0 233.5 3376.0 1170.1 367.6 146.6 72.1 35.3
Avel. (%) —-3.6 5.7 7.7 —1.6 3.4 3.2 -1.7 59 113

and (x = j or ¢)

% (1 - Rzl(l)) if r=0,

=0
e 1— e if 1>0,
C%b. [{SECI'_O[mb. Rm(s)} {tgcl'_o[mb. ( R-T(t)) }]

where the last sum runs over all possible combinations to choose 7 jets out of N, jets, s
runs over the set of jets selected for that very combination, and ¢t runs over the set of jets
not selected in that combination.

It is sufficient to generate two sets, forced, and forceds, because the probability to
find more than five b-jets is negligible. The normalization procedure is tested with three
high-statistics samples from the fast simulation: ttjj (contains no ttbb), tt+jets (both
ttjj and ttbb), and ttH® with myo = 120 GeV. Each sample is reconstructed with the
TDR reconstruction method, first using the default ATLFAST b-tagging, then forcing each
event to contain four and five b-jets with the method described above. Two b-tagging
parameterizations are used: The ‘default’ with e}, = 0.6, Rc = 10, R; = 100, and the pp-
dependent parameterization for the initial layout derived from ttH"/tt events. The results
are listed in Table 12.2. In general, the agreement between the procedures is better than
10%. In the tt+jets sample, which is relevant for the results in the full simulation study,
the agreement is even at the 5% level. In conclusion, the approximation of ‘forcing’ the
events to the desired number of b-tagged jets with proper normalization gives acceptable
results compared to the default random-tag procedure.

Px(Nmar) =

12.4 Comparison between fast and full simulation

This section compares the steps of the reconstruction and analysis and mass resolutions
in fast and fully simulated events.

12.4.1 Simplified b-tagging

In order to compare fast and full simulation without the influence of different b-tagging
procedures, the simplified, random b-tagging with e, = 60%, R; = 100, R = 10 is applied
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12.4 Comparison between fast and full simulation

Table 12.3: Left: Reconstructed masses and resolutions in fast and full simulation. A simplified b-
tagging is used as described in the text. Right: Efficiencies in the steps of the reconstruction. The
relative efficiencies with respect to the previous step are given in parenthesis. The efficiencies marked
with an asterisk are given with respect to the preselection (1¢, 6 jets (4b)) and are not taken into account
separately in the cumulative efficiency, since they are included in the cut ‘2 tops reconstructed’.

10
ttH R2308+2310+2311 ot ot ol
Fast Full (%) (%)
msjn 1746 +£0.2 175.1+£0.2 14, 6 jets(4b) 3.9 3.5
Omy, —~ 69+02 74402 Sol. for W — v exists* 2.8 (72.8) 2.5 (71.5)
My 1742403 1747402 my; candidate* 3.2 (81.9) 2.8 (30.3)
oo, 9.4+0.3 7.9+0.2 2 tops reconstructed 2.3 (60.1) 2.0 (56.7)
o maser wreas ke o 10
insi window 0. . . .
Oy, 203425  225+48 bb

to the signal samples, run 2308, run 2310, and run 2311. Since tracking is not important
with the simplified b-tagging, the three runs are combined to increase the statistics.

Table 12.3 shows results of fits to the reconstructed top quark and Higgs boson masses.
The width of the fully hadronically decaying top quark and the Higgs boson is a bit broader
for fully simulated events. The resolution of the semileptonically decaying top quark is
slightly worse in events simulated with ATLFAST. There is no significant difference between
fast and full simulation in the peak position of the top quark masses. However, the peak in
the my,y, distribution in fully simulated events is closer to the generated Higgs boson mass
compared to events from ATLFAST. This difference can be explained by the additional
jet calibration mentioned in Section 12.1 which must be applied in the full simulation to
account for detector deficiencies. Since the calibration to compensate for physics effects
under-estimates the jet energies, as discussed in Section 9.1.5.2, one can conclude that the
additional full simulation calibration over-estimates the energies. In total, over- and under-
estimation almost cancel, and the mass peak is reconstructed close to the expected mass.
The calibration issue is not so distinct in the top quark masses, because the reconstruction
forces them to be as close to my as possible (c.f. Equation 9.3 on page 63).

The comparison of the cut efficiencies reveals no significant difference between fast and
full simulation. Slightly smaller efficiencies of mass cuts can be attributed to the larger
widths of mj;, and myy,.

12.4.2 Realistic b-tagging

In this section the b-tagging algorithm described in Section 12.2 is applied to fully simu-
lated ttH? and tt-+jets events. Three samples are investigated: events simulated with the
full detector layout and three pixel layers (‘full 3L’), the full layout with two pixel layers
(‘full 21"), and the initial detector layout.

Table 12.4 shows the results from fits to the reconstructed masses of the top quarks in
ttH? and tt+jets events and to the peak of the reconstructed Higgs boson mass in ttH°
events. The mass spectra are displayed in Figures 12.5 to 12.9. In general, there is agree-
ment between full and fast simulation in the peak position and width of the reconstructed
masses of the top quark. In fully hadronic decays of the top quarks, involving three re-
constructed jets, one observes again a slightly broader width in fully simulated events.
Although one would expect some correlation between the mass resolution and the detector
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12 Full simulation

Table 12.4: Reconstructed masses and resolutions in fast and full simulation for three detector layouts.

ttH R2308 (initial) R2310 (full, 2L) R2311 (full, 3L)
Fast Full Fast Full Fast Full
Mijb 175.4+03 174.3+03 174.6+£0.2 174.5+0.3 17454+0.3 1754+0.3
Tmg, 7.14+0.3 6.9+0.3 6.4+0.2 7.5+0.3 6.8 +0.3 7.94+0.3
Mevh 1744 +04 1745+04 173.5+04 173.2+04 175.24+0.5 174.24+0.3
Trmpun 9.54+0.5 8.5+0.4 9.5+0.5 9.7+0.6 7.9+0.3 8.44+0.4
M, — — 111.1£20 1142422 1055+3.7 111.2+3.0
Tmpp, — — 15.1£2.3 189+ 3.9 23.0+4.9 19.0+4.2
tt+jets R2309 (initial) R2312 (full, 2L) R2313 (full, 3L)
Fast Full Fast Full Fast Full
Mijb 17444+0.2 1745+03 173.3+£0.5 174.7+0.5 1746+0.5 174.0+0.7
T, 8.24+0.3 8.7+0.4 8.3+0.8 7.9+0.7 7.9+0.7 8.1+0.7
Meuh 173.7+0.3 1742+04 173.9+£06 174.7+1.0 174.24+0.5 1759+0.5
T 9.4+0.3 9.3+04 99+1.0 11.0+1.2 82+04 7.7+0.5

Table 12.5: Efficiencies after each step of the selection for mye = 120 GeV with fast and fully simulated
ttHO and tt events. The relative efficiencies with respect to the previous step are given in parenthesis.
The efficiencies marked with an asterisk are given with respect to the preselection (1¢, 6 jets (4b)) and
are not taken into account separately in the cumulative efficiency, since they are included in the cut
‘2 tops reconstructed’.

ttHY events

Detector Initial Full, 2L Full, 3L
Cut Fast Full Fast Full Fast Full
(%) (%) (%) (%) (%) (%)
14, 6 jets (4b) 5.0 4.6 5.0 4.7 4.7 5.1
Sol. for W — (v exists® 3.7 (74.0) 3.4 (74.0) 3.7 (74.1) 3.5 (74.3) 3.4 (73.0) 3.7 (73.5)
my; candidate* 4.0 (80.3) 3.6 (79.2) 4.1 (82.0) 3.7(79.2) 3.7 (79.6) 4.0 (79.4)
2 tops reconstructed 3.0 (60.7) 2.6 (57.5) 3.0 (60.5) 2.8 (58.7) 2.7 (58.3) 3.0 (58.3)
my, inside mass window 2.3 (76.7) 2.1 (77.6) 2.4 (80.1) 2.1 (76.7) 2.2 (78.8) 2.3 (78.8)
myp inside mass window 1.1 (46.1) 0.9 (42.7) 1.2 (48.5) 1.0 (48.5) 1.0 (46.2) 1.1 (47.5)
tt-+jets events
Detector Initial Full, 2L Full, 3L
Cut Fast Full Fast Full Fast Full
(%) (%) (%) (%0) (%) (0)
14, 6 jets (4b) 0.02 0.01 0.02 0.01 0.02 0.01
Sol. for W — fv exists®  (73.9) (73.8)  (75.6) (73.8)  (76.0) (74.7)
my; candidate® (82.8)  (80.3) (8L.2) (80.5)  (80.0) (82.0)
2 tops reconstructed (61.2) (59.4) (60.4) (59.6)  (60.6) (60.2)
my inside mass window (76.1) (74.3)  (81.3) (74.1)  (80.4) (72.3)
My inside mass window (31.1)  (34.1)  (34.4) (29.3) (29.7) (36.5)
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12.5 Background reduction with information from b-tagging

‘completeness’ in the sequence initial layout — full 2. — full 3L, the fitted widths rather
reveal a statistically fluctuating behavior and larger events samples are necessary to make
a clear statement about this dependence. Only my;, in signal events shows a tendency of
improving mass resolution if the amount of material in the Inner Detector is reduced due
to detector deferrals.

In signal events the peak of the reconstructed my,, spectrum could not be fitted in the
sample simulated with the initial detector layout due to ill-behaving statistical fluctuations
near the peak region. The remaining two samples show that in fully simulated events the
peak of the myy, distribution is reconstructed at larger values and closer to the simulated
Higgs boson mass. This observation was already discussed in the previous section. The fit-
ted widths are comparable with those obtained with high statistics samples in Section 9.1.5,
but suffer from quite large statistical errors.

The absolute and relative efficiencies of cuts in the steps of the reconstruction and
selection are listed in Table 12.5. The relative efficiencies, written in parenthesis, show
agreement between fast and full simulation. The overall selection efficiency is smaller in
fully simulated events, and a significant discrepancy shows up in the tt+jets samples. For
these events, only relative efficiencies are listed after the preselection. The difference is
introduced by the preselection cuts, requiring one isolated lepton and six jets of which four
are tagged as b-jets. The lepton is taken from the fast simulation in both cases, so the
difference must originate from the jet reconstruction. A significant difference is observed
in the number of reconstructed jets in fast and full simulation, refer to Figure 12.10. A
smaller number of jets is reconstructed in fully simulated events, which explains the smaller
efficiency of the cut ‘Nje; > 6’. The impact on the preselection efficiency is more distinct in
tt-+jets events, since the probability of mistagging at least two light jets as b-jets depends
strongly on the total number of jets. The reason for the smaller jet multiplicity can be
traced back to different thresholds of the minimal pr for jet reconstruction in fast and full
simulation. Jets were reconstructed in ATLFAST if they have a transverse momentum larger
than 10 GeV, and in the full simulation if the transverse momentum exceeds 12 GeV. For
a proper comparison of the jet multiplicities in fast and full simulation, the py threshold
should be smaller in the full simulation, since the energy reconstruction suffers from
additional detector effects which are not simulated in ATLFAST. On the other hand, the
threshold has an impact only on jets with relatively small p7, and the agreement is much
better if only jets with pr > 20 GeV are counted, the minimal py required in this analysis
(Figure 12.11). However, in the simulation chain light jets are mistagged as b-jets before
energy calibration, and the calibration factors for b-jets are larger than those for light jets.
Thus, mistagged light jets are more likely to pass the pr threshold of 20 GeV, and so the
preselection efficiency is influenced also by the multiplicity of jets which have transverse
momentum slightly below this threshold.

12.5 Background reduction with information from b-tagging

The fast simulation labels jets as being b-jets, c-jets or light jets, but it does not tell the
level of ‘b-ness’. In contrast, the real b-tagging algorithm used in full simulation calculates
a continuous weight for each jet. A jet is marked ‘b-jet’ if the weight w is above a chosen
threshold. The value of the threshold is determined by the requested b-tagging efficiency.

The jet weight provides additional means to suppress the reducible ttjj background. ttjj
events, where the additional jets do not originate from b-quarks, can only survive the
preselection cuts if at least two light or c-jets are mistagged as b-jets. Such jets generally
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Figure 12.9: Mass distribution of reconstructed t — fvb decays in tt events (R2313).

have smaller weights than true b-jets.
A new variable 2 is constructed in order to discriminate the ttjj background further.
is the sum of weights of the four b-jets assigned to the decays of the top quarks and the

Higgs boson,
Q= Z wi.

i=bt, ,bty,
bi,u,b2.H
The distribution of  for ttH? and tt+jets events is shown in Figure 12.12. To investigate
if this variable can be used to improve the sensitivity, the efficiency of a cut on € for ttH°
and tt+jets events is determined for many positions of the cut. Then the following two
assumptions are made: The efficiency of the cut is the same for the ttH? signal and the
ttbb background (£1), the efficiencies are the same for the TDR reconstruction method and
the improved reconstruction and selection method. The efficiency e for tt+jets events is
corrected for the fact that the fully simulated tt+jets samples contain both ttjj and ttbb
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Figure 12.10: Distribution of the jet multiplicity in fast and full simulation, normalized to Unity. No
pr cut is applied, except for the jet reconstruction threshold.
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Figure 12.11: Distribution of the jet multiplicity in fast and full simulation with pr > 20 GeV, normal-
ized to Unity. All necessary jet calibration routines are applied.

Table 12.6: Comparison of expected event rates (for low luminosity and fast simulation) with and

without a cut on (2.

TDR method

Improved method

Process default xeq o Process default  xeq o
ttHO 27.8 26.0 ttHO 45.6 42.7
ttbb 147.8 138.4 ttbb 187.1 175.1
ttjj 44.7 22.8 ttjj 63.1 32.3
total bkg. 192.5 161.2 total bkg. 250.2 207.3
S/VB 2.0 2.1 S/vVB 2.9 3.0

events (efficiency €9/). The efficiencies are then applied to the results of the fast simulation
with high statistic event samples: The expected events rates for ttH", ttbb (QCcD and EW)
are multiplied by 7 and the event rate for ttjj events is multiplied by €5,. The optimal cut
maximizes S/v/B, and is found to be © > 16. This cut yields e; = 94% and g5 = 51%.
The improvements gained by applying a cut on 2 are shown in Table 12.6. Although the
reducible ttjj background is lowered by a factor of two, the significance S/v/B is enhanced
by just 4-5%. This is due to the fact that the reducible background is only a small
fraction of the total background. However, the reduction makes the sensitivity become
less dependent on uncertainties of the background prediction. Improvements in the b-
tag, e.g., the use of a three-dimensional b-tagging algorithm, may improve the sensitivity
further.

12.6 Conclusions on full simulation

In this study, fully simulated signal and background events of the ttH? channel were
investigated for the first time in ATLAS using a b-tagging performance anticipated for
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the real experiment. The fast simulation is found to be a proper approximation of fully
simulated events in terms of mass resolutions and relative efficiencies of cuts applied in
the different steps of the selection for ttH® events.

Differences are observed in the jet energy scales and the number of reconstructed jets
with small pp. In the future, a careful adjustment of the jet pr threshold in fast and full
simulation is important to give compatible predictions of the tt+jets background rate.

The investigation of an impact-parameter based b-tagging algorithm shows that the jet
b-weight provides useful information. It can be used to reduce the remaining tt+light jets
background by a factor of two.
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13 Implication of results

This chapter presents some studies by other parties which use results from this thesis.
Brief summaries are given here, and more details can be found in the supplied references.

13.1 Measurement of the Higgs boson coupling parameters

Once a signature from a Higgs boson is discovered at the LHC and the mass is fixed, the
next task is to study in detail the remaining properties of the Higgs boson. Measurements
of the coupling parameters of the Higgs boson to fermions and bosons provide a way to test
the predictions of the Standard Model. In Reference [63] a global fit is performed based on
data from ATLAS studies of a Standard Model Higgs boson in the range mpgo = 110 GeV
to 190 GeV in order to estimate the accuracy with which the couplings can be measured.
The following channels are considered:

Gluon fusion with H? — Z°Z% W*W=* and ~+, weak boson fusion with H® — 7979,
WHW=*, 44 and 777, associated production W*H? with H® — W*W* and ~v, asso-
ciated production Z°H® with H® — ~+, and associated production ttH? with H® — ~+,
W*W= and bb. The ttH® channel provides the only direct access to the H-b Yukawa
coupling.

A 10% uncertainty is assumed for the background prediction in the ttH? channel. One
result of the study is that with 300 fb~! at high luminosity the relative branching ratio

BR(HO — bE)
BR(HO — WtW~™)

I'y/Tw =

can be measured with a precision better than 60% (Figure 13.1). The measurement of the
relative coupling is shown in Figure 13.2 for the same luminosity. A precision of 40% for
the ratio g?(H,b)/g?(H, W) can be reached for myo < 130 GeV. With some theoretical
assumptions it is also possible to measure the absolute couplings, but it turns out that the
errors on the H-b coupling are large (> 75%) even with 300 fb—1.

13.2 Determination of the CP state of a light Higgs boson

Once searches for Higgs bosons have established a signal at the LHC, it must be clarified
whether the observed states are Higgs Bosons described by the Standard Model or by
extended models. In the Standard Model there is one CP-even scalar Higgs boson, but
many extensions predict the existence of additional CP-odd scalars. In models with two
Higgs doublets each of the neutral bosons has a well defined CP quantum number, but
there are models where CP properties can mix, e.g., in models with more than two Higgs
doublets or the Complex Minimal Supersymmetric Model cmssMm [17].

The possibility of measuring the CP state of a light Higgs boson is studied in [64]. Two
issues are addressed:

1. Discrimination between pure CP-even and CP-odd quantum number,
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2. measurement of the mixing parameter « if states ® are realized with
d=H+a-A,
where H and A correspond to CP-even and CP-odd Higgs bosons.

The analysis makes use of Optimal Observables [65] in order to benefit from the full
kinematic event information which is slightly different for tth and ttA production.

The CP nature of the Higgs boson can be measured with a confidence larger than 96%
up to mpo = 130 GeV and for £ = 300 fb~!.

In case a mixed state is realized, the mixing parameter o can be measured at the 68%
confidence level for values of « in the vicinity of 1, refer to Figure 13.3. In all other cases
only upper or lower limits can be set.

o\o I_ c\o _I T T T | T T T I_ c\o T T T | T T T I_
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Figure 13.3: Confidence belts for the mixing parameter o for m, = 110 GeV (left), m, = 120 GeV
(middle), and m;, = 130 GeV (right) with the improved analysis method and £ = 300 fb~1.
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Figure 13.4: Discovery potential of the ttH® channel in the myo-max scenario (left) and the no-mixing
scenario (right). The gap at mao ~ 100 GeV and the region in the upper right corner in the right-hand
figure is not excluded by the LEP experiments.

13.3 Discovery potential for the MSSM

Supersymmetry is an attractive extension to the Standard Model, and for the special case
of the MSSM many studies have already been performed to explore the parameter space
of the model. On Born-level, the phenomenology of the MssM Higgs sector is described
by two parameters, tan § and ma, but loop corrections containing SUSY partners of the
Standard Model particles are important and introduce another five parameters. To allow
for two-dimensional graphical representations of scans over the (tan(3,mja) parameter
space, usually four benchmark scenarios are considered in which the five loop correction
parameters are fixed [26]. The results from the Standard Model ttH® study can be re-
interpreted to estimate the discovery potential of the production of either of the three
neutral MssM Higgs bosons in association with a pair of top quarks [66]. The benchmark
scenarios presented here are the myo-max and the no-mixing scenario. In the mjo-max
scenario the parameters are chosen to get the maximum possible Higgs boson mass as
a function of tan 8. The no-mixing scenario contains no mixing in the stop sector and
results typically in small masses for the lightest CP even Higgs boson h®. The parameters
tan 8 and ma for which the h?, H%, and A° can be discovered are shown in Figure 13.4 for
integrated luminosities of 30 fb~! and 300 fb—!.

In the myo-max scenario only the h® can be seen with 300 fb~!. Discovery is possible
for tan 8 < 3 and ma > 150 GeV and in a small island for tan 3 > 12 and ma between
140 GeV and 170 GeV. However, most of the discovery region is already excluded by the
LEP experiments. In the no-mixing scenario all three neutral Higgs bosons can be seen
with 300 fb~!. Observation of the h is possible in most of the parameters space between
mpo = 100 GeV and myo = 1 TeV and tan 3 between 1 and 50. The H° will show up
only if ma is between 60 GeV and 120 GeV and tan3 > 3.5. The A° can be seen only
in a small region around ma = 100 GeV and tan 3 = 1 to 2. The h” and A° can also be
seen with 30 fb~!, but in much smaller regions of the parameter space. Again, most of
the parameters for which the neutral Higgs bosons are detectable are already excluded by
the LEP experiments. The h” might be observed for large ma and tan 3, where the ttH?
channel closes a hole not covered by the LEP searches. Of course, the overall sensitivity of
ATLAS to MssM Higgs bosons is enlarged by the combination with other channels [66].
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Introduction

The Higgs boson has been haunted for extensively by the LEP experiments, and some
analyses are still to be finished three years after end of data taking. The searches cover a
wide spectrum of models, the Standard Model being the most prominent one. Exploring
Z°H° production with decays of the Higgs boson into bb and 777, the combination of
results from the four LEP experiments culminates in a lower limit of 114.4 GeV for the
mass of the Standard Model Higgs boson [16]. Searches for neutral Higgs bosons beyond
the Standard Model exist for several models:

@)

Flavor-independent searches: General Two Higgs Doublet models [17, 67] or com-
posite models predict hadronically decaying Higgs bosons, but not necessarily into
b-quarks. The four LEP experiments have conducted searches in the four-jet (qqqq),
missing energy (qqr), and leptonic (qq¢™¢~) channel, without exploiting the flavor
of the jets. A combined mass limit of 112.9 GeV is obtained [68].

Invisible decaying Higgs boson: In Majoron models [69], for some part of the parame-
ter space in supersymmetric theories, or in models with extra dimensions [70, 71, 72]
the decay of a Higgs boson into ‘invisible’ particles (e.g., neutralinos) can become
dominant. Searches are performed for acoplanar leptons or jets in the Z°HY channel
with H® —invisible and Z° — qq or Z° — ¢*t¢~. Assuming Standard Model produc-
tion cross section and exclusive invisible decays, the preliminary LEP combined mass
limit is 114.4 GeV [73].

Fermiophobic scenarios: In some Two Higgs Doublet models and in some other mod-
els the coupling of the Higgs boson to fermions is suppressed, so that the Higgs boson
decays preferentially into a pair of bosons [74, 75]. Searches have been performed for
the final states Z°HY — qqvyy, voyy, and €74~ ~~, except for the ALEPH collabora-
tion who conducted a global analysis of the di-photon state without discriminating
between Z° decay modes. Assuming exclusive decays HY — ~v, a lower mass bound
of 109.7 GeV is obtained [76].

In the MssM the h” and A° decay predominantly into bb and 777~ for most of the
parameter space. The Standard Model analyses can be used to search for h?. In
regions where the bb and 777~ modes are suppressed, flavor-independent analyses
are applied. Dedicates searches were developed to look for the CP-odd Higgs boson
in the ete™ — h°A% mode. In the m?l—max—scenario scan of the parameters of the
MSSM, the mass limits myo > 91.0 GeV and mpo > 91.9 GeV are obtained [77].

A search for light Higgs bosons h%/A°% in non-supersymmetric Two Higgs Doublet
Models, produced in the Yukawa process ee~ — bbh%/AY — bbrt7~, was per-
formed in [78]. Limits on the production cross section were set for the range of
Higgs bosons masses between 4 GeV to 12 GeV.

(All limits are valid at the 95% confidence level.)
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14 Introduction

These searches have in common that they are optimized for a particular model of the
Higgs sector, making use of specific properties of the Higgs boson in that model. For
instance, in the Standard Model and MSSM the main decay mode is h® —bb, and tools
such as b-tagging are utilized to isolate the signal from large background. If an alternative
model predicts a different main decay mode, new dedicated analyses must be developed
to explore the full sensitivity of the experiment. A step towards generalization are flavor-
independent searches [79]. Basically, these are the Standard Model searches, but the
requirement of b-tagged jets is dropped. This relaxation allows for interpretation of the
results in more general 2HDM scenarios, but the assumption is still made that the Higgs
boson decays predominantly into a pair of gluons or quarks (but not necessarily b-quarks).
Table 14.1 summarizes the status of searches for neutral Higgs bosons at LEP.

The searches for neutral Higgs bosons, which have been performed up to now, share the
assumption that the Higgs boson will manifest itself as a narrow peak on top of a broad
mass spectrum from background processes. Even if Higgs bosons decayed only into final
states to which present searches are sensitive, they could have escaped detection if they
are spread over a large mass range. This could, for instance, be due to a single Higgs
boson with a large decay width, or due to a large number of new scalar states populating
a broad mass range. Two such scenarios which are based on these ideas are introduced in
Section 15.3.

Therefore, all present Higgs searches are limited in the sense that they do not allow for
interpretations in an arbitrary scenario. This is due to the restriction to specific decay
modes and narrow mass peaks. These limitations lead to the idea of a much more general
search for new scalar bosons, independent of any assumptions about the decays or the
mass distribution. The advantage is that only one analysis needs to be developed, and
the results can be interpreted in an arbitrary model. Such an analysis is presented in this
part of the thesis.

Table 14.1: Status of combined searches for neutral Higgs bosons at LEP. Limits for the MSSM are
obtained from representative scans. See the quoted references in the text for details.

Analysis ALEPH DELPHI L3 OPAL LEP combined LEP status
Standard Model 111.5 114.3 112.0 112.8 114.4 final

Flavor-independent 109.3 109.6 111.6 1094 112.9 preliminary
Invisible Higgs 114.1 113.0 107.6  107.0 114.4 preliminary
Fermiophobic Higgs 104.5 104.3 104.7  105.3 109.7 preliminary
h® (Mssm) 89.6 89.7 83.2 79.3 91.0 preliminary
AY (MssMm) 90.0 90.7 839  80.6 91.9 preliminary
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15 Higgs physics at LEP

This chapter discusses the production modes and phenomenology of Higgs physics at LEP
at center-of-mass energies /s > mgzo (‘LEP 2).

15.1 The Standard Model Higgs boson

The main production process for neutral Higgs bosons at LEP 2 is the associated production
ete™ — ZOHY, where the Higgs boson is radiated off a virtual Z° boson (‘Higgs-strahlung’,
Figure 15.1 left). The fusion processes eTe™ — viH and eTe™ — eTe™H have only a very
small contribution (Figure 15.1 right).

e z° e > Y (eh
W (Z°%

______ R
W (29

) H 5 w Tv(e)

Figure 15.1: Production modes for neutral Higgs bosons in eTe™ collisions. Left: Higgs-strahlung,
Right: Vector boson fusion.

At Born level, and neglecting the width of the Z°, the cross section for Higgs-strahlung
in the Standard Model is given by ([80])

A+ 12m2, /s

(1 —m%o/s)Q’

G%méo
967s

(v2 +v2) A1/2

e

oz = (15.1)

where /s denotes the center-of-mass energy, v, and v, the vector and axial-vector coupling
of an electron to the Z° boson, and A = (1 — mZHO/s - m%o/s)2 - 4m%{0m%0/32 is a phase-
space factor. The finite width of the Z° boson and radiation of photons in the initial state
have considerable impact on the cross section [10], whereas the width of the Higgs boson
in the mass range accessible at LEP is below 3 MeV for mpgo < 100 GeV and can safely
be neglected in Equation 15.1. The cross section is depicted in Figure 15.2 as a function
of myo for fixed /s (left-hand figure), and as a function of /s for some fixed masses
mpo (right-hand figure). Figure 15.2, left, shows the cross section with and without the
effect of 1SR and the finite Z° width. 1SR enhances the cross section for small Higgs boson
masses, and reduces it at larger myo. The finite Z° width dilutes the kinematic edge at
mpo = /5 — Mmyo, which is a sharp cut-off if one assumes a vanishing Z° width. The
smaller picture zooms into the mass region of the kinematic limit. Although the cross
section for ZYH® production decreases rapidly above the kinematic limit, the cross section
for WTW~ and Z°Z° fusion is nevertheless almost one and two orders of magnitude
smaller, respectively.
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Figure 15.2: Left: Cross section for Higgs boson production as a function of mye at /s = 189 GeV.
Right: Cross section for Higgs boson production as a function of /s for some masses myypo.

The spin-parity quantum numbers of the Higgs boson define the angular distribution
of the Z° and H? boson in the Higgs-strahlung process. At high energies the Z° boson is
produced with longitudinal polarization, and due to the 0" spin-parity of the Standard
Model Higgs boson, the angular distribution follows the (sin?§ 4 const.) law:

do
d cos

7~ Asin? 0 + 8m2, /s, (15.2)

where A is the phase space factor from Equation 15.1, so that the distribution becomes
flat in cos @ at the kinematic threshold (myo +mgo)? = s, where A = 0.

The branching fractions into fermions and bosons of the Higgs (see Figure 3.3 in Sec-
tion 3.1.1) and the Z° boson determine the topologies in which the sm Higgs boson is
searched for at LEP 2. The Higgs boson decays predominantly into bb (BR(H® —bb)
2 80% for 2my < mpo < 100 GeV). The second largest branching fraction with ~ 9% is
HY — 777, The Z° boson decays into qq (=70%), vi (~20%), and £¢~ (~10%). Accord-
ingly, the main search channels are the four-jet channel (Z° — qq, H® — bb (=~ 85%), total
fraction 60%), the neutrino channel (Z° — v, HY — bb, 17%), the 7-channel (Z° — qq,
HY - 7t7~ and Z° — 777 H® — bb, 9%), and the lepton channels (Z° — eTe™ /utpu~,
HY — bb, 6%).

15.2 The Higgs sector in Two-Higgs-Doublet Models

Common extensions to the minimal Higgs sector of the Standard Model are general Two-
Higgs-Doublet models [67] with five Higgs bosons h?, H’, A, H* and H~. In this work,
only the production of the lightest neutral CP-even Higgs boson, h”, and the CP-odd Higgs
boson, AV, is discussed, because the production of the heavier H? at LEP is kinematically
allowed only for a very small range of the parameter space. The h® is produced in Z°h°-
strahlung, like the Standard Model Higgs boson, but with a cross section suppressed by
a factor sin?(8 — «). The A° can only be produced in association with the h® in the
pair production process ete™ — h%AY (or in Yukawa production). The cross section is
reduced by a factor cos?(3 — o)\ with respect to Standard Model Z°H® production, where
A = A(s,myo, mp0,myo) is a phase space factor accounting for the suppression of the P-
wave cross section near the threshold. The bosons h® and A° decay mostly hadronically
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15.3 Continuous Higgs scenarios

or into 7777, but the dominant quark flavor depends on the model parameters o and S.

The couplings relative to the Standard Model couplings as functions of « and [ are:

cos & - sin o
h” — bb ~ —

sin 3’ - cos 3’

Searches for Z°h° are the same as for Standard Model Z°H® and the flavor-independent

analyses. In addition, the process Z°h? — Z°A%A°. followed by A? — bb is considered for

those parts of the parameter space where the A is light enough to allow for the decay

h? — AOAC, In pair production, the channels hYA® — bbbb, hYA® — 77qq (and vice versa),

and h°A% — A9A9A0 — bbbbbb were studied [81].

A e ~cot3, AY—bb~tanf. (15.3)

h? — cc ~

15.3 Continuous Higgs scenarios

Models predicting smooth and wide-spread mass distributions for the signal process instead
of a peak have so far not been subject of research at the LEP experiments and present
searches do not exclude these models. Two scenarios with continuous mass distribution,
on which limits will be put in Section 17.3.2 for the first time, are described below.

15.3.1 The Uniform Higgs scenario

This model, as described in Ref. [82], assumes a broad enhancement over the background
expectation in the mx mass distribution for the process ete™ — Z%X. This enhancement
is due to numerous additional neutral Higgs bosons hY with masses ma < m(hy) < mp,
where ma and mp indicate the lower and upper bound of the mass spectrum. The squared
coupling, g%oh?, of the Higgs states h) to the Z° is modified by a factor k; compared to the
Standard Model Z°H° coupling: Q%Oho =k;- Q%oho .

If the Higgs states are assumed to be closer insgllass than the experimental mass resolu-
tion, then there is no need to distinguish between separate k; (Figure 15.3). In this case
the Higgs states and their reduction factors k; can be combined into a coupling density
function, K (m) = dk/dm. The model obeys two sum rules which in the limit of unresolved
mass peaks can be expressed as integrals over this coupling density function:

/dmf((m) =1 (15.4)
0
/dmk(m)m2 < md, (15.5)
0

where K (m) > 0 and mc is a perturbative mass scale of the order of 200 GeV. The value
of m¢ is model dependent and can be derived by requiring that there is no Landau pole
in the Higgs boson self-coupling up to a scale A where new physics occurs [82]. If neither
a continuous nor a local excess is found in the data, Equation 15.4 can be used to place
constraints on the coupling density function K (m). For example, if K(m) is assumed to
be constant over the interval [ma, mp] and zero elsewhere,

- {1/(mB—mA) for ma <m < mp

K(m) = (15.6)

0 elsewhere,

then certain choices for the interval [ma, mgp] can be excluded. From this and from
Equation 15.5 lower limits on the mass scale m¢ can be derived.
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Figure 15.3: Sketch of mass distributions in the Uniform Higgs scenario.

15.3.2 The Stealthy Higgs scenario

This scenario predicts the existence of a new hidden scalar sector with additional SU(3)¢ %
SU(2)1xU(1)y singlet fields (phions). The phions would not interact via the strong or
electro-weak forces, thus coupling only to the Higgs boson [83]. Therefore, these singlets
would reveal their existence only in the Higgs sector by offering invisible decay modes to
the Higgs boson. The width of the Higgs resonance can become large if the number of
such singlets, IV, or the coupling w is large, thus yielding a broad spectrum in the mass
recoiling against the reconstructed Z°. The interaction term between the Higgs boson and
the additional phions in the Lagrangian is given by

W

ﬁnteraction = _m@2¢T¢a (157)
where ¢ is the Standard Model Higgs doublet, w is the coupling constant, and ¢ =
(¢1,...,¢n) is the N-plet of the new phions. An analytic expression for the Higgs width
can be found in the limit N — oo:

w?v?

P e — 15.8
* 327‘('TTZH7 ( )

Cu(mu) = Tsm(mn)
where v is the vacuum expectation value of the Higgs field. This expression is obtained
by setting other model parameters to zero, including the mass of the phions [83]. The
cross section for the Higgs-strahlung process can be parameterized by the Standard Model
cross section for Z°H? production modified by a Breit-Wigner distribution (a more detailed
expression is given in Equations 9 and 10 of Reference [83]):

vsr T(H® — §)

mZo + siD(HO — all)?)’

U(e+e*—>Z0+E) = /dSIO'(e+e——>ZoHO)(SI)7T (( (15.9)

where s; is the invariant mass of the decay products of the Higgs boson, I'(H? — F) is the
invisible decay width of the Higgs boson into phions, and I'(H? — all) is the total decay
width. The differential cross section do/dE] is illustrated in Figure 15.4.

In section 17.3.2.3 limits are derived on the Stealthy Higgs model which can be compared
to expected limits from dedicated H? — invisible searches, which are estimated in Ref. [83]
for the same scenario. By simulating signal spectra for different Higgs widths 'y, limits
are set in the w-my plane in the large N limit.

146



15.3 Continuous Higgs scenarios

More stringent limits can be obtained from an analysis that is dedicated to the search
for an invisibly decaying Higgs boson with large decay width, currently being performed

using OPAL data at center-of-mass energies above mgyo [84].
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Figure 15.4: Differential cross sections in the Stealthy Higgs scenario [83].
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16 The experiment

This chapter describes the accelerator and the experimental setup which recorded the data
analyzed in this part of the thesis.

16.1 The LEP accelerator

The Large Electron Positron Collider LEP at CERN was operated from 1989 to 2000. The
ring was 27 km in circumference and resided about 100 m below the surface. The electron
and positron beams were brought to collision at four interaction points with the experi-
ments ALEPH, DELPHI, L3, and OPAL (Figure 16.1). From 1989 to 1995 the accelerator was
operated as a Z%-boson factory, with center-of-mass energies around 91 GeV. Being on
the Z%-resonance, it was possible to study the production and the decays of the Z°-boson
with high statistics. After this LEP 1 phase the energy was increased step-by-step. Pairs
of W* bosons were produced after reaching /s = 161 GeV, and the study of Z°-pairs
was feasible at energies above /s = 183 GeV. The highest energy of /s = 209 GeV was
reached in 2000.

The LEP physics program consisted of electroweak precision measurements at the Z°
resonance (LEP 1), accurate measurement of the W* boson mass, its branching ratios and
triple gauge boson couplings, the study of Z'-pair production, searches for signatures of
physics beyond the Standard Model, and, of course, the search for Higgs bosons in the
context of the Standard Model and in many other models.

16.2 The OPAL detector

The OPAL detector is an Omni Purpose Apparatus for LEP [85] (the present tense is used
here, despite of the fact that OPAL doesn’t exist any more). The different components of the
detector measure the energy and momentum vector of the particles which are produced in
ete -collisions. The OPAL-detector measures 12 m in length, has a diameter of 10 m, and
weights 3 000 tons. The detector is built concentrically around the beam pipe. It consists
of parts to measure tracks from charged particles, a time-of-flight counter, calorimeters
for energy and shower measurements, and a muon system. OPAL uses a right handed
coordinate system. The z axis points along the direction of the electron beam and the
x axis is horizontal pointing towards the center of the LEP ring. The polar angle @ is
measured with respect to the z axis, the azimuthal angle ¢ with respect to the x axis.
OPAL is shown in different views in Figures 16.2 and 16.3.

The detector is made of a cylindrical central part (barrel, | cosf| < 0.72) and the cylinder
caps or end-caps (|cosf| 2 0.72). The innermost part of the barrel consists of the central
tracking system, which is located inside a 4 bar pressure vessel. A 0.435 T solenoid field
makes possible the measurement of the direction and momentum of tracks and particle
identification via dE/dz. The tracking system serves also to reconstruct the primary vertex
and secondary vertices. Outside the tracking system there is a time-of-flight counter, which
is used as event trigger, for particle identification, and to reject cosmic particles penetrating
the detector. Next are the electromagnetic and hadronic calorimeters which measure

149



16 The experiment

LAKE GENEVA

— 9

CERN Prévessin

.-
-
-

-

- POINT =
| Sisie ool e _@ ------
' ! e T

,q —

==> e’ Electron
= ¢ Positron

Figure 16.1: The LEP accelerator with the four experiments ALEPH, DELPHI, L3, and OPAL.

the energy and position of electrons and photons and hadronically decaying particles,
respectively. The calorimeters are surrounded by the muon system, which covers the
angular region up to |cos 6| < 0.82.

The end-caps house special forward detectors in order to measure particles which travel
at small angles to the beam axis, as well as electromagnet and hadronic calorimeters and
muon detectors in a region down to 47 mrad. Luminosity detectors monitor the delivered
particle flux. In the following, the components of the OPAL detector are explained in more
detail:

o The innermost part of the central tracking system, in close contact to the beam pipe,
consists of a silicon microstrip detector (SI) with two layers of silicon counters.
They have a resolution of 13 pym along the beam direction, and 5 pm in the r-¢
plane. The vertex detector (CV) is a cylindric drift chamber with a length of 1 m
and a diameter of 47 cm. There is an inner and an outer layer with 36 cells each.
In the twelve innermost layers the sense wires are parallel to the z-axis, and in the
outer six layers there are stereo wires with in inclination of 4° with respect to the
wires of the inner layers. The track resolution is 50 pm in the r-¢ plane. Next is
the jet chamber (CJ) with good spatial resolution and the ability to measure the
energy loss dE/dx of tracks. The jet chamber extends to 4 m in length and 3.7 m
in diameter. It is divided into 24 sectors, which are separated by a plane of anode
wires. 159 sense wires per sector collect the charge from traversing charged particles.
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Figure 16.2: A survey of the OPAL detector.

For 98% of the 47 spatial angle a track leaves a signal in at least eight wires. The
space coordinates from a particle are reconstructed from the known positions of the
sense wires, drift time and charge measurement. The transverse momentum and the

sign of the charge can be determined from the curvature of the track in the magnetic
field. The resolution of the transverse momentum is given by

% ~2% ®0.15% - pr  (pr in GeV). (16.1)
T

The energy loss in the gas of the detector is calculated from the charge signal of
consecutive wires. Particle identification is possible from the known expected energy
loss of a given particle. The accuracy of the track measurement along the z-direction
is enhanced by the z-chambers (CZ), surrounding CJ and CV. The z-chambers are
composed of 24 drift chambers with a length of 4 m, a width of 40 cm, and a thickness

of 5.9 cm. Each cell is divided into eight sub-cells with wires perpendicular to those
of the track chambers.

The time-of-flight system, located outside the pressure vessel, is formed from 160
scintillating counters with a length of 6.84 m. They are read out by photomultipliers.
The system serves as event trigger and for measuring the time-of-flight of particles
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Figure 16.4: Energy resolution of ECAL and momentum resolution of the central tracking system.

from the interaction point. The time resolution is about 300 ps in the barrel region
and 3 ns in the end-cap time-of-flight scintillators.

o The electromagnetic calorimeter measures the energy of electrons and photons
in a range between some MeV and some hundred GeV by means of Cerenkov light
which is emitted in electromagnetic showers. A total of 9440 lead-glass blocks cover
98% of the angular region in the central region (EB) and the end-caps (EE). The
active area of one block is about 10 x 10 cm?. The amount of material corresponds
to 24.6 radiation lengths. In the barrel, the blocks point to the interaction region,
and have spatial resolution of ~ 1 cm. The energy resolution is given by

%E ~ 3% @ 1\%‘) (E in GeV). (16.2)
Figure 16.4 shows the energy resolution of the electromagnetic calorimeter and the
momentum resolution of the tracking system. The resolution is dominated by the mo-
mentum measurement for electrons below 26 GeV, and by the energy measurement

above 26 GeV.

The presence of the pressure vessel and the magnet cause particles to shower already
before reaching the ECAL. Therefore, a presampler (PB and PE) was installed in
front of the ECAL to correct for the energy loss and to improve the discrimination
between neutral pions and photons and between electrons and hadrons. In the barrel,
it consists of streamer tubes, and in the end-caps of multi-wire chambers.

o The hadronic calorimeter around the ECAL measures the energy of hadrons and
is used in the identification of muons. It is divided into the a barrel part (HB), an
endcap part (HE), and a pole-cap part (HP). The HCAL is a sampling calorimeter
with alternating layers of streamer tubes and iron. The diameter in the barrel is 1 m,
and it serves also as return yoke for the magnetic field.
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For accurate reconstruction of hadronic energy depositions information from HCAL
and ECAL must be combined, because the ECAL has a thickness of 2.2 hadronic inter-
action lengths. The pole-cap calorimeters, built from similar multi-wire proportional
chambers as the ones in the presampler, are used to measure energy depositions at
small angles | cos | = 0.91 up to | cos | = 0.99.

The hadronic calorimeter is enclosed by muon detectors (barrel: MB, end-caps:
ME). They measure position and direction of particles that have not been absorbed
by all other detectors (equivalent to 1.3 m of iron). In the central region, there are
110 drift chambers with a length of 1.2 m and a thickness of 90 mm. Large-size
streamer chambers, covering a total of 2 x 150 m? and located at both ends of OPAL
perpendicular to the beam axis, form the endcap muon detectors. Identification of
muons is a result from the association of information from the muon system, hits
in the outer layers of the hadronic calorimeter, and tracks measured in the inner
detector.

Special forward detectors are installed in the end-caps to detect activity at very
small angles (40 bis 150 mrad) to the beam axis (Figure 16.5). Parts of it are also
used to determine the luminosity with small-angle Bhabha scattering.

The forward detector (FD) is a system of 35 layers of lead and scintillators with
24 radiation lengths, completed by a presampler. The energy resolution is op/E ~
17%/v/E. Proportional chambers and drift chambers measure the position and di-
rection of charged particles.

The Gamma Catcher (GC) is a ring-shaped sandwich of lead and scintillators with
seven radiation-lengths, which measure photons and electrons with energy above
2 GeV.

A silicon-tungsten calorimeter (SW: tungsten plates and double-sided silicon-
strip counters) is used to measure Bhabha events at very low angles. With their
help, the luminosity can be determined with an accuracy of 0.2%.

A so called MIP-plug was installed in the region 200 mrad—43 mrad to measure
minimal ionizing particles. It consists of four layers of plastic scintillators of 1 cm
width.

Track parameters

The tracks of charged particles in the solenoid field is described by a helix, which is
parameterized by five parameters. OPAL uses the following track parameters:

(¢]

o

o

k| = (2p)~L: p is the curvature of the track in the projection to r-¢.

dp: radial distance of the vertex to the point of closest approach (p.c.a) of the track
to the vertex in the r-¢ plane.

zp: z-coordinate of the track at the p.c.a.
tan A = cot @, 0 is the polar angle of the track.
¢o: Azimuthal angle of the tangent to the track at the p.c.a.
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Figure 16.5: The components for detecting particles at small polar angles.

The track parameters in cartesian coordinates are then given by

ey = 1.5-107%|B./k|,
Px = Dy COS o,
Dy = p:cy'SinﬁbOv
Pz = DPay-tanA.

16.2.1 Event simulation

The physics processes are simulated on computers in order to study the properties of signal
and background and to find optimal cuts to separate both. The first step of simulation
consists of calculating the four-vectors of the outgoing particles in the wanted process for
a great many of events, which is done according to theoretically predicted distributions
of angles and energy. In hadronic events fragmentation of quarks and gluons into jets is
simulated as well. As a second step, one simulates the flight of the particles through the
detector. This is done with the GEANT 3-based GOPAL [86]. This program emulates the
interaction of the transversing particles with the different materials in the components of
OPAL. The response from the subdetectors serves as input to the same event reconstruction
software which is used for real data. The output events can be handled in the same way
as real data, but in addition it contains information about the true values of the generated
particles (‘tree-information’). This is useful, for example, to compare reconstructed with
generated quantities and to determine the resolution of, e.g., reconstructed masses.

16.3 Data sets and Monte Carlo samples

The analysis is based on data collected with the OPAL detector at LEP during the runs in
the years 1997 to 2000 at center-of-mass energies between 183 and 209 GeV (LEP 2). The
parts of the detector relevant for the analysis were required to be fully functional (CJ, EB,
EE, HS, HT, HP, MB, ME, FD, SW). The integrated luminosity used is 605.9 pb~!, as
detailed in Table 16.1.
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Table 16.1: Overview of the analyzed integrated data luminosities.

Year 1997 1998 1999 1999 1999 1999 2000 2000
NG 183 189 192 196 200 202 202-206 206-209

[L£dt (pb~l) 56.1 1777 28.8 732 742 365  83.1 132.4

To estimate the detection efficiency for a signal from a new scalar boson S and the
amount of background from SM processes, several MC samples are used. Signal events
are simulated for masses from 30 GeV to 110 GeV in a large variety of decay modes
with the HZHA [87] generator. The signal efficiencies are determined for all possible de-
cays of a Standard Model Higgs boson (quarks, gluons, leptons, photons), for the decays
into ‘invisible’ particles (e.g., Lightest Supersymmetric Particles) S° — y{x? as well as
for ‘nearly invisible’ decays, S° — x9x!, where the xJ decays into a x{ plus a photon
or a virtual Z°, and for decays S — AYA® with A® — c¢, gg or 7777, where A° is the
CP-odd Higgs boson in supersymmetric extensions of the Standard Model. For simula-
tion of background processes the following generators are used: BHWIDE [88], TEEGG [89]
((Z/7)* — ete (7)), KORALZ [90], KK2F [91] (both uTpu~(v) and 7777 (7)), JETSET [92],
PYTHIA [92] (qq(7)), GRCAF [93] (four-fermion processes), PHOJET [94], HERWIG [95], and
Vermaseren [96] (hadronic and leptonic two-photon processes). For all Monte Carlo gener-
ators other than HERWIG, the hadronization is done using JETSET. The luminosity of the
main background Monte Carlo samples is at least four times the statistics of the data for
the two-fermion background, 50 times for the four-fermion background and five times for
the two-photon background. The signal Monte Carlo samples contain 500-1000 events per
mass and decay mode. The generated events are passed through a detailed simulation of
the OPAL detector [86] and are reconstructed using the same algorithms as for the data.
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17 Search for S°ZY

In this chapter searches for new neutral scalar bosons S°, e.g., Higgs bosons, with the OPAL
detector at LEP are described. The new bosons are assumed to be produced in association
with a Z° boson via the Bjorken process ete™ — S°Z° (‘SU-strahlung’). Throughout the
chapter, S° denotes, depending on the context, any new scalar neutral boson, the Standard
Model Higgs boson H(S)M or CP-even Higgs bosons h” in models that predict more than
one Higgs boson.

17.1 Introduction

The analyses are based on studies of the recoil mass spectrum in Z° — ete™ and ptpu~
events. They are sensitive to all decays of S” into an arbitrary combination of hadrons,
leptons, photons and invisible particles, and to the case of a long-lived S° leaving the
detector without interacting. The analyses are applied to 605.9 pb~! of LEP 2 data collected
at center-of-mass energies in the range of 183 to 209 GeV. To cover the low mass range,
this analysis is complemented by a similar work that analyses LEP 1 data [97]. In 1990
OPAL performed a decay-mode independent search for light Higgs bosons and new scalars
using 6.8 pb~! of data with center-of-mass energies around the Z° pole [98]. Assuming
the Standard Model production cross section, a lower limit on the Higgs boson mass of
11.3 GeV was obtained. The full data set of the LEP 1 on-peak data are re-analyzed in
[97] in order to extend the sensitive region to signal masses up to 55 GeV. Including the
data above the Z° peak (LEP 2) with results from this work enlarges the sensitivity up to
mgo ~ 100 GeV. The SY mass range between 30 and 55 GeV is covered by both the LEP 1
and the LEP 2 analysis.

The results are presented in terms of limits on the scaling factor k, which relates the S°Z°
production cross section to the Standard Model (sm) cross section for the Higgs-strahlung
process:

ogogo =k - O'HgMZo(mHgM =mgo), (17.1)

where it is assumed that k does not depend on the center-of-mass energy for any given
mass mgo. Since the analysis is insensitive to the decay mode of the S°, these limits can be
interpreted in any scenario beyond the Standard Model. Examples of such interpretations
are listed in the following.

o The most simple case is to provide upper limits on the cross section or scaling factor
k for a single new scalar boson independent of its couplings to other particles than
the Z°. It is assumed that the decay width is small compared to the detector mass
resolution. In a more specific interpretation, assuming the S°Z° production cross
section to be identical to the Standard Model Higgs boson one, the limit on k£ can

be translated into a lower limit on the Higgs boson mass'.

'Dedicated searches for the Standard Model Higgs boson by the four LEP experiments, exploiting the
prediction for its decay modes, have ruled out masses of up to 114.4 GeV [16].
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Figure 17.1: Event displays of simulated signal events in the electron (top figure) and muon channel
(bottom figure).
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17.2 Decay-mode independent searches for eTe™ — S0Z°

o For the first time, limits are given not only for a single mass peak with small width,
but also for a continuous distribution of the signal in a wide mass range. Such
continua appear in several recently proposed models, e.g., in the Uniform Higgs
scenario and the Stealthy Higgs scenario described in Section 15.3.

17.2 Decay-mode independent searches for ete~ — S0Z°

The event selection is intended to be efficient for the complete spectrum of possible S°
decay modes. As a consequence it is necessary to consider a large variety of background
processes. Suppression of the background aims at using no information from the particular
decay of the S°. The decays of the Z° into electrons and muons are the channels with
highest purity and best mass resolution for myo, and therefore they used in this analysis.
They are referred to as the electron and the muon channel, respectively. The signal process
can be tagged by identifying events with an acoplanar, high momentum electron or muon
pair with myy ~ myo. The term ‘acoplanar’ is used for lepton pairs if the two leptons
are not consistent with forming a single plane with the beam axis. Figure 17.1 visualizes
the topology of simulated signal events eTe™ — Z°H? in the electron and muon channel.
The event displays are generated with the Higgs boson decaying hadronically. Figure 17.2
gives a diagrammatic representation of the signal process.

Many of the standard processes at LEP 2 are background to the Z°S° signal. They can
be divided into several classes. Some classes can easily be suppressed by applying cuts
on variables in which signal and background are clearly distinguishable. Some classes
resemble the signal and are difficult to cut on efficiently. The relevant background classes
are described in the following, and typical cross sections are listed in Table 17.1 on page 160:

o Two-fermion processes with initial state radiation (Figure 17.3). The cross section
for two-fermion processes is enhanced, if the effective center-of-mass energy after
radiating one or more photons in the initial state is equal to my 0. The Z° boson is
then on its mass shell, and the system of decay products of the Z° is imbalanced due
to the radiated photon(s).

o In the electron channel, an additional background arises from the t-channel process
ete™ — ete™. The cross section is large compared to the two-fermion s-channel
process, but the usually small scattering angle provides a way to cut on this back-
ground.

o Some background processes with four fermions in the final state are shown in Fig-
ures 17.4-17.6. Z%-pair production with at least one Z° decaying into e*e™ or utpu~
is irreducible since the leptons are daughters of an on-shell Z° boson, whereas in
W-pair production with both W— ¢v the leptons originate from different mother
particles, and so the invariant £T¢~ mass is generally not equal to the Z° mass.

o In two-photon processes (Figure 17.7) the electron and positron are scattered at very
small angles. The cross section is large but the scattering angle is often not large
enough for both electrons to leave the beam pipe and reach the detector.

To identify the signal process and reject background, the analysis proceeds as follows:
It starts with a preselection of events that contain at least two charged particles identified
as electrons or muons. A particle is marked as an electron or muon, if it is identified by
at least one of the two methods:
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Figure 17.6: Four-fermion process from FSR. Figure 17.7: Two-photon process.
Table 17.1: Cross sections for background processes at selected center-of-mass energies. The ete™ ()

cross section is obtained for an angular cut 12.5 < 6 < 167.5°. The 2-photon cross section is defined
in [99].

NG 183 GeV 189 GeV 200 GeV 206 GeV
o (pb) (pb) (pb) (pb)
ete” () 628 596 532 502

w e (7) 8.5 8.0 7.5 7.0
(%) 8.4 8.0 74 6.9
4-fermion 72.1 70.3 83.4 81.3
2-photon 1827 1843 1876 1961
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17.2 Decay-mode independent searches for eTe™ — S0Z°

o The standard OPAL procedures for electron and muon identification [100]. These
routines were developed to identify leptons in a hadronic environment. Since the
signal events contain primarily isolated leptons, a second method with a higher
efficiency is also used:

o A track is classified as an electron if the ratio E/p is greater than 0.8, where p is
the track momentum and E the associated electromagnetic energy. Furthermore the
energy loss dE /dx in the central tracking chamber has to be within the central range
of values where 99% of the electrons with this momentum are expected. Muons are
required to have F/p < 0.2 and at least three hits in total in the muon chambers
plus the last three layers of the hadronic calorimeter.

The average efficiency and purity of the combined lepton identification are determined in
a control sample of collinear di-lepton data events: One lepton is required to be identified
by the procedures described above, and then the fraction of events is measured which
have another identified lepton opposite to the tagged lepton. In these samples the average
efficiency (purity) for muons is 97% (94%), and for electrons it is 90% (90%).

The two tracks must have opposite charge and high momentum. The selection requires
Ey > 0.22-/s, B3 > 0.11-4/s for electrons and p; > 0.22-4/s, p2 > 0.12-,/s for muons,
where F1, p1 and Ea, pa are the energy (measured in the ECAL) and momentum of the
lepton with the higher and lower momentum, respectively.

The two leptons must be isolated from the rest of the event. The isolation angle ajs, of
a lepton candidate is defined as the maximum angle for which the energy FEcone contained
within a cone of half-angle ajs, around the direction of the lepton at the vertex is less than
1 GeV. FEcone is the energy of all tracks and electromagnetic clusters not associated to
the lepton candidate within the cone, excluding the energy of the lepton itself. Leptons
at small angles to the beam axis (| cosf| > 0.9 in the electron channel and | cos | > 0.94
in the muon channel) are not used due to detector inefficiencies and mismodeling in this
region. These cuts also serve to reduce the background from two-fermion and two-photon
processes. Lepton candidates inside a 0.3° azimuthal angle to the anode planes of the jet
chamber are ignored since they are not well described in the detector simulation. If more
than one electron or muon pair candidate with opposite charge is found, the pair with
invariant mass closest to myo is taken as Z° decay products.

The backgrounds to the S ¢T¢~ signal are suppressed as described below. The cuts are
listed in Table 17.2 and the number of events after each cut is given in Table 17.3. The
distributions of the cut variables in data and Monte Carlo are shown in Figures 17.8 and
17.9 for data taken at /s = 183-209 GeV.

o The semileptonic decays of b- or c-mesons provide a source of leptons which can
be misidentified as direct Z° decay products, e.g., in events Z°Z° — qg¢t¢~ or
WTW™ — qq'fv. This background is reduced by requiring the leptons to be isolated
from the rest of the event. One of the isolation angles of the two lepton candidates
must be greater than 15° and the other one must be greater than 10°.

o The selection requires the invariant mass myy of the lepton pair to be consistent with
the Z° mass. Due to the limited detector mass resolution, invariant masses within
myo +8 GeV and myo + 10 GeV are accepted for the electron and the muon channel,
respectively.
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17 Search for S°Z0

o The dominant background at this stage originates from leptonic Z° decays with

photon radiation in the initial state so that the effective center-of-mass energy of the
electron-positron pair after photon emission is close to the Z° mass (‘radiative returns’
to the Z° pole). These background events are characterized by an acolinear and
sometimes acoplanar lepton pair and one or more high energy photons. Such events
are rejected by a photon-veto: if there is only one cluster in the electromagnetic
calorimeter not associated to a track and the energy FEnass of the cluster exceeds
60 GeV, then the event is rejected. Events with two tracks and more than 3 GeV
energy deposition in the forward calorimeters (covering the polar angle region 47—
200 mrad) are also vetoed.

In two-photon processes, where the incoming electron and positron are scattered at
low angles, usually one or both of the electrons are undetected. Events of this type
usually have large missing momentum with the missing momentum vector, pumiss,
pointing at low angles to the beam axis. In (Z/v)* — eTe™,u"u~ events with
initial-state radiation the photons usually remain undetected at low angles. The
requirement | cos 0(Pmiss)| < 0.95 reduces background from these two sources.

In (Z/v)* — eTe™,u"pu~ events without initial or final state radiation the leptons
are produced in a back-to-back topology. These events are rejected by cutting on
the acoplanarity angle ¢, which is defined as ™ — @open, Where @open is the opening
angle between the two lepton tracks in the plane perpendicular to the beam axis.
The cut is ¢, > 0.15—0.20 rad (depending on the center-of-mass energy).

In the remaining background from two-photon processes and (Z/v)* — ete™, utu~
with initial-state radiation the leptons carry considerable momentum along the beam
axis. These events are rejected by requiring |pf + p3| < 50 GeV where p; are the
z-components of the momentum of the two lepton candidates.

After these cuts a total of 54 events remain in the data of 183-209 GeV in the channel
7% — ete™, with 46.9 4 0.6 (stat.) & 3.3 (syst.) events expected from sM background (the
evaluation of the systematic uncertainties is described in section 17.2.2). In the channel
70 — ptu, 43 events remain in the data with 51.64-0.3 (stat.) £2.6 (syst.) expected from
sM background. The quoted statistical errors denote the errors from the limited Monte
Carlo statistics only. The statistical error of the expected background rates is v/46.9 ~ 6.9
in the electron channel and +/51.6 &~ 7.2 in the muon channel. The signal efficiency is
at least 24% in the electron channel and at least 30% in the muon channel for S° masses
between 30 and 90 GeV.
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Table 17.2: A summary of the selection criteria.

70 —ete”, ptu~

0. Preselection

1. Isolation of lepton tracks

2. Invariant mass of the lepton pair

Photon veto

Acoplanarity

S Ot W

Polar angle of missing momentum vector

Momentum in z-direction

see text
max(Qiso, s Qisoy ) > 15°
min(aisol,aiwz) > 10°
|Mete— — Mygo| < 8 GeV
M+ - — mgo| < 10 GeV
see text

¢q > 0.15-0.20 rad
pi + P3| < 50 GeV

| cos O(Pmiss)| < 0.95  for pmiss > 5 GeV

Table 17.3: Cutflow table: Number of selected events after each cut. As an example the efficiencies
for the signal process S°Z° — bb /¢t ¢~ are also given. The efficiencies are the luminosity-weighted
average of the values at 183-209 GeV.

/5 = 183-209 GeV

Cut Data Total 2-fermion  4-fermion 2-photon Signal
bkg. (mgo=90 GeV)
Electron channel
Preselection 27708  28183.5 27720.0 378.0 85.5 49.1%
Lepton isolation 24176 24803.9 24410.6 314.3 79.0 42.1%
My 708 639.1 547.9 73.0 18.2 37.7%
Photon-veto 470 477.1 393.8 67.9 15.4 37.7%
| cosOp,.... 118 106.3 57.4 45.7 3.2 34.8%
Acoplanarity 67 63.1 254 37.2 0.5 28.7%
lp? + P3| 54 46.9 12.8 33.7 0.4 28.7%
Muon channel
Preselection 3042  3115.6 2818.8 212.2 84.6 64.7%
Lepton isolation =~ 2866  2948.5 2669.5 195.9 83.1 55.7%
My 803 842.4 733.3 88.5 20.7 49.3%
Photon-veto 575 629.3 532.0 80.9 16.4 49.3%
| cosOp,.... 111 101.5 45.8 52.3 3.4 45.5%
Acoplanarity 66 72.0 26.7 44.3 1.0 37.5%
IpF + P3| 43 51.6 12.2 38.6 0.8 37.5%
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Figure 17.8: Cut variables for Z° — e*e™ at /s = 183209 GeV. The OPAL data are indicated by
dots with error bars (statistical error), the four-fermion background by the light gray histograms and
the two-fermion background by the medium gray histograms. The signal distributions from a 30 GeV
SO are plotted as dashed lines and those from a 100 GeV S° as dotted lines, respectively. The signal
histograms are normalized to 10 and 100 times of the Standard Model Higgs-strahlung cross section,
respectively, and show the decays S® — gg. Each variable is shown with the cuts applied before the cut
on this variable is done, respecting the order of cuts in Table 17.3. The arrows indicate the accepted
regions.
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Figure 17.9: Cut variables for Z° — y*p~ at /s = 183209 GeV. The OPAL data are indicated by
dots with error bars (statistical error), the four-fermion background by the light gray histograms and
the two-fermion background by the medium gray histograms. The signal distributions from a 30 GeV
SO are plotted as dashed lines and those from a 100 GeV S° as dotted lines, respectively. The signal
histograms are normalized to 10 and 100 times of the Standard Model Higgs-strahlung cross section,
respectively, and show the decays S® — gg. Each variable is shown with the cuts applied before the cut
on this variable is done, respecting the order of cuts in Table 17.3. The arrows indicate the accepted
regions.
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17 Search for S°Z0

Figure 17.10 shows the efficiency versus the S” mass at /s = 202-209 GeV for some
example decays as well as the minimum efficiencies which are used in the limit calculation.
The efficiencies for 183-202 GeV have similar values for mgo < 100 GeV. For the lower
center-of-mass energies the efficiency decreases faster for higher masses due to kinematic
effects, primarily the cut on the acoplanarity angle. Figure 17.11 shows the recoil mass
spectrum for both channels summed from 183-209 GeV. The recoil mass squared is
calculated from

2
m?ec = (\[ - EM) - p?[a (172)

where Ey = Ey, + Ey, and py = |py, + De,| are the energy and the momentum sum
of the two lepton tracks, and /s is the center-of-mass energy. The momentum sum is
calculated from the track momentum of the Z° decay products in the muon channel and
from the track momentum and energy deposition of the electrons in the electromagnetic
calorimeter in the electron channel. For electrons the momentum p’is calculated from the
energy, weighted by the respective momentum component: p$ = E - p;/|p]. This accounts
for the fact that the energy of electrons can be measured with smaller error than the
momentum at high energies (c.f. Figure 16.4). Due to the limited energy and momentum
resolution, the calculated value of m2_. can be negative. Thus, the recoil mass is defined

rec

— 2 — 2
as Myee = /My for me,. > 0 and myee = —y/—m,. for mg,. < 0..

17.2.1 Correction on background and signal efficiencies

The analysis makes use of a veto on activity in the forward calorimeters (see description
of the photon veto). In data the veto could be triggered by randomly-occurring collisions
of beam electrons with the beam-pipe walls or residual gas molecules inside the beam-
pipe, or from detector noise. These effects are not modeled by the Monte Carlo. Thus,
in all channels a correction is applied to the number of expected background events and
the signal efficiencies. The correction factor is derived from the study of random beam
crossings. The fraction of these events that fail the veto on activity in the forward region
is 3.1%. Since the veto is applied only to events with two tracks, the corrections on the
expected background in the actual analyses are typically only 1.8-3.5%. For the signal
efficiencies the full correction is applied to the decay channels where appropriate.

17.2.2 Systematic uncertainties

Apart from statistical errors, there are systematic uncertainties which occur from imperfect
modeling of Monte Carlo events. In the event generation, higher order corrections must
be neglected at some level, and in the simulation the detector can not be simulated in
every detail. These effects introduce imponderabilities to the prediction of signal and
background properties. In this section several sources of uncertainties are studied.

o The systematic uncertainty of the lepton identification efficiency is studied in a
control sample of events with two collinear tracks of which at least one is tagged as
an electron or muon. The systematic uncertainty is obtained from the difference of
the identification efficiencies for the other track between data and Monte Carlo.

o The tracking systematics are studied by changing the track resolution? in the Monte
Carlo by a relative fraction of 5% in dy and ¢ and by 10% in zg, x and cot #, which

2dy is the distance between the vertex and the point of closest approach of a track to the vertex in the
r—¢ plane, zo is the z-coordinate of the track at this point, and & is its curvature.
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Figure 17.10: The efficiency versus the S° mass at /s = 202-209 GeV for a subset of decay modes of
S% a) in the Z° — e*e™ and b) Z® — u*u~ channel. The minimum efficiencies which are used in the
limits are given as well. For the other LEP 2 center-of-mass energies the signal efficiencies are similar.
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Figure 17.11: The recoil mass spectrum from 183-209 GeV a) for the decays Z° — e*e™ and
b) for Z° — pTu~. OPAL data are indicated by dots with error bars (statistical error), the four-
fermion background by the light gray histograms and the two-fermion background by the medium
gray histograms. The dashed lines for the signal distributions are plotted on top of the background
distributions with normalization corresponding to the excluded cross section from the combination of
both channels.
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corresponds to the typical difference in the resolution of these parameters in data
and Monte Carlo. The difference in signal and background expectation compared
to the one obtained from the unchanged track resolution is taken as the systematic
uncertainty.

o The reconstruction of the energy deposition in the electromagnetic calorimeter and
the momentum in the tracking system of the lepton candidates is investigated with
the help of the mean values Z4y; and Zp;c of the distributions of p and E from
the collinear lepton pair control sample for data and Monte Carlo expectation. The
analyses are repeated with the cuts on p and E being changed by the difference
|Zdat — Tarc]. The deviations in the number of expected events compared to the
original cuts are taken as the systematic uncertainties.

o The uncertainty from the lepton isolation angle g, is studied in a control sample of
WHTW™ — qqfv events. The isolation of the lepton is compared in data and Monte
Carlo. The cut on ajg is then varied by the difference of the mean of the data and
the Monte Carlo distributions of the control sample.

o Correct modeling of photon radiation is a crucial ingredient of the decay-mode in-
dependent searches. In the muon channel two different Monte Carlo generators are
used for the two-fermion background, and the difference between the background
prediction of the two generators is taken as the systematic uncertainty of the photon
modeling. For the electron channel only one generator is available. Here, the uncer-
tainty is determined from the comparison of the number of events in the data and
Monte Carlo sets in a side band of the distribution of the lepton pair invariant mass
where no signal is expected. This test is dominated by the statistical uncertainties
of the side-band sub-sample.

o The four-fermion Monte Carlo samples do not account for low mass resonances (e.g.,
p,w, P, J/1). Also, the electromagnetic coupling constant aey, is taken to be con-
stant instead of depending on the momentum transfer ¢2. To correct for the two
effects a weight w is calculated from the recoil mass against the lepton system [101].
Each event contributes with its weight w;. The uncertainty from this reweighting is
assessed to be 50% of the change of the expected background after switching off the
reweighting.

The evaluation of the systematic uncertainties at each single center-of-mass energy is
limited by Monte Carlo statistics. Therefore, they are investigated for the total set of
Monte Carlo samples with /s = 183-209 GeV. A detailed overview is given in Table 17.4.
The uncertainties are assumed to be uncorrelated and the individual contributions are
added in quadrature for the total systematic uncertainty.

Modeling of the radiative returns has a large impact on the total systematic uncertainty,
both in the electron and the muon channel. In the electron channel the uncertainty
from the isolation angle criterion and in the muon channel the uncertainty of the muon
identification efficiency are also significant.

The numbers of expected background events, broken down by the different center-of-
mass energies, are listed in Table 17.5 for the channels Z° — efe™ and Z° — putpu~.
The numbers include systematic errors discussed above and the statistical error from the
limited Monte Carlo samples. Also the number of expected events from a 30 GeV Standard
Model Higgs boson is shown.
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Table 17.4: Systematic uncertainties for the background rate and signal efficiency. The relative
uncertainties in the signal are shown for mgo = 60 GeV.

electron channel muon channel
Source

Bkg. Sig. Bkg. Sig.
Electron/muon-ID  1.3% 1.3% 2.8% 2.8%
Energy 1.2% 1.5% 1.9% 1.3%
Isolation angle 4.3% 2.8% 1.7% 2.0%
Trk. resolution 2.2% 1.3% 2.2% 1.1%
ISR/FSR 4% 23%  —
Qlem 0.4% — 0.2% —
Luminosity 0.2% — 0.2% —
Total systematics  7.0% 3. 7% 5.0% 3.8%
MC Statistics 3.1% 0.9% 1.7% 1.0%

Table 17.5: Summary of selected data events, background Monte Carlo and signal expectation for
a 30 GeV Standard Model Higgs boson in the decay-mode independent searches. The first error is
statistical and the second error is systematic.

Vs (GeV) Data Total 2-fermion  4-fermion 2-photon Signal
bkg. (mgo=30 GeV)

Electron channel

183 7 3.6+£0.1£0.3 1.4 2.1 0.1 0.91 +0.02 £+ 0.03
189 18 13.7£0.4+£1.0 4.2 9.5 0.0 2.42 +0.04 £+ 0.09
192 0 2.2+0.1+£0.2 0.7 1.5 0.0 0.37£0.01 £ 0.01
196 6 5.7+£0.2+0.4 2.0 3.7 0.0 0.87£0.01 £ 0.03
200 4 4.840.24+0.3 1.2 3.5 0.1 0.81 +0.01 +0.03
202 5 2.5+0.1+0.2 0.6 1.9 0.0 0.39£0.01 £ 0.01
202206 5 5.0£0.2+0.4 0.7 4.2 0.1 0.86 +0.01 = 0.03
206-209 9 9.440.3+0.7 2.0 7.3 0.1 1.34£0.02 + 0.05
> 54 46.9 £0.6 = 3.5 12.8 33.7 0.4 7.97+£0.06 + 0.25
Muon channel
183 5 4.440.1+0.2 1.6 2.7 0.1 1.20£0.01 + 0.05
189 9 13.7+0.1 £ 0.7 4.0 9.5 0.2 2.96 +0.03 £ 0.11
192 2 2.5+0.1+0.1 0.6 1.9 0.0 0.46 +0.01 £ 0.02
196 6 6.1£0.1£0.3 1.2 4.7 0.2 0.96 +0.01 = 0.04
200 5 5.7+0.1+0.3 1.3 4.3 0.1 0.89 £0.01 £ 0.03
202 3 29+0.1+0.1 0.6 2.3 0.0 0.43 +0.01 = 0.02
202-206 9 6.0+0.1+0.3 0.9 5.0 0.1 1.00£0.01 +0.04
206-209 4 10.3+0.1 £0.5 2.0 8.2 0.1 1.53£0.02 = 0.06
> 43 51.6 £0.3 £ 2.5 12.2 38.6 0.8 9.43 +0.06 £ 0.37
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17.3 Results

The results of the decay-mode independent searches are summarized in Table 17.5, which
compares the numbers of observed candidates with the background expectations. The total
number of observed candidates from all channels combined is 97, while the Standard Model
background expectation amounts to 98.5+0.7(stat.)£6.0(syst.). For each individual search
channel there is good agreement between the expected background events and observed
candidates. As no significant excess over the expected background is observed in the data,
limits on the cross section for the Bjorken process eTe™ — SYZ° are calculated.

The limits are presented in terms of a scale factor k, which relates the cross section
for S°Z° to the Standard Model one for the Higgs-strahlung process eTe™ — H,,Z° as
defined in Equation 17.1. The 95% CL upper bound on k is obtained from a test statistic
for the signal hypothesis, by using the weighted event-counting method described in [102]:
In each search channel, given by the different center-of-mass energies and the Z° decay
modes considered, the observed recoil mass spectrum is compared to the spectra of the
background and the signal. The latter is normalized to ¢ - BR.- L - k - 0gozo, where € is the
minimum signal detection efficiency out of all tested decay modes, BR is the branching
ratio of the Z° decay mode considered in this channel and £ is the integrated luminosity
recorded for that channel. The efficiencies for arbitrary S° masses are interpolated from
the efficiencies at masses for which Monte Carlo samples were generated. Every event in
each of these mass spectra and each search channel is given a weight depending on its
expected ratio of signal over background, s/b, at the given recoil mass. For every assumed
signal SY mass these weights are a function of the signal cross section, which is taken to be
k times the Standard Model Higgs cross section for the same S mass. Finally, from the
sum of weights for the observed number of events, an upper limit k% for the scale factor
is determined at the 95% confidence level.

The systematic uncertainties on the background expectations and signal selection effi-
ciencies are incorporated using the method described in [56].

The limits are given for three different scenarios:

1. Production of a single new scalar S°.
2. The Uniform Higgs scenario.
3. The Stealthy Higgs scenario.

In order to extend the sensitivity region to S° masses below ~ 55 GeV, the results of
this work are combined with results from a similar search which uses data from the Z°
peak (LEP 1). The LEP 1 analysis is described in Ref. [97], and the weighted event-counting
method described above is applied to combine the results.

17.3.1 Production of a single new scalar S°

In the most simple interpretation of the combined results from the LEP 1 and LEP 2 search,
a cross-section limit is set on the production of a new neutral scalar boson S° in association
with a Z° boson. To calculate the limit, the mass distributions are used which are shown
in Figure 17.11 and in Figure 4 of Ref. [97] for OPAL data, the expected background and
the signal.

Figure 17.12 presents the limits obtained for scalar masses down to the lowest generated
signal mass of 1 keV (in the LEP 1 search). They are valid for the decays of the SY into
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Figure 17.12: The upper limit on the scale factor k on the cross section for the production of a new
scalar boson in the Higgs-strahlung-process (solid line). The dot-dashed line represents the expected
median for background-only experiments. Both limits are calculated at the 95% confidence level. The
dark (light) shaded bands indicate the 68% (95%) probability intervals centered on the median expected
values. For masses mgo < 1 GeV the limits are constant. The lowest signal mass tested is 107° GeV.

hadrons, leptons, photons and invisible particles (which may decay inside the detector) as
well as for the case in which the SY has a sufficiently long lifetime to escape the detector
without interacting or decaying. The observed limits are given by the solid line, while the
expected sensitivity, determined from a large number of Monte Carlo experiments with
only background, is indicated by the dotted line. The shaded bands indicate the one and
two sigma deviations from the expected sensitivity. Values of k£ > 0.1 are excluded for
values of mgo below 19 GeV, whereas k > 1 is excluded from the data for mgo up to
81 GeV, independently of the decay modes of the S® boson. This means that the existence
of a Higgs boson produced at the Standard Model rate can be excluded up to this mass
even from decay-mode independent searches. For masses of the new scalar particle well
below the width of the Z°, i.e. mgo < 1 GeV, the obtained limits remain constant at the
level of k%, = 0.067, and kg;z’p‘ = 0.051. Due to peculiarities of the analysis of LEP 1 data,
which are detailed in [97], a decay of the S? into invisible particles plus photons can lead to
a reduced sensitivity in the mass region where the sensitivity of the analyses is dominated
by the LEP 1 data. If, of all things, ‘invisible+photons’ happens to be the dominant decay
mode, the limits for mgo < 55 GeV as shown in Figure 17.12 have to be modified.

The discrepancy between the expected and the observed limits is within one standard
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Figure 17.13: Exclusion limits for the Uniform Higgs scenario at the 95% confidence level. All mass
intervals (ma, mg) within the area bordered by the dark line are excluded from the data. The shaded
area marks the mass points which are expected to be excluded if there were only background. The
light gray curves indicate isolines for several values of mc. All intervals (ma, mg) to the right of each
isoline are theoretically disallowed from Equation 15.5. By definition, only intervals (ma, mg) right to
the dashed diagonal line are valid, i.e. ma < mg.

deviation for masses below 52 GeV and for masses above 82 GeV. The deviation of about
two sigma in the mass range 52-82 GeV is due to a deficit of selected data events in the
recoil mass spectrum of both the electron and muon channels.

17.3.2 Limits on signal mass continua

In this section limits are set on two scenarios described in Section 15.3 which predict
continuous, wide-spread signal mass distributions.

17.3.2.1 The Uniform Higgs scenario

Signal spectra are simulated for the Uniform Higgs scenario for a constant coupling density
K = dk/dm = constant over the interval [ma, mp] and zero elsewhere. Both the lower
mass bound mp and the upper bound mp are varied between 1 GeV and 350 GeV (with
the constraint ma < mg). In a similar way to the previous section an upper limit is
obtained on the integral in Equation 15.4.
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Figure 17.14: Exclusion limits on the perturbative mass scale m¢ for constant K. The solid line
represents the limits obtained from the data, and the dotted line shows the expected limit if there were
only background. Values for mc below the lines are excluded by this analysis at the 95% confidence
level.

Figure 17.13 shows the mass points (ma,mp) for which the 95% CL limit on [ dm K is
less than one. These are the signal mass ranges ma < myo < mp which can be excluded

assuming a constant K.

If ma = mp, then the signal spectrum reduces to the mass distribution of a single
boson. Excluded points on the diagonal ma = mp are therefore the same masses as in
Figure 17.12 for which k < 1. The horizontal line illustrates an example for excluded mass
ranges: The line starts on the diagonal at ma = mp = 35 GeV and ends at mp = 99 GeV.
This value of mp is the highest upper mass bound which can be excluded for this value
of ma. All mass ranges with an upper bound mp below 99 GeV are also excluded for
ma = 35 GeV. The highest excluded value of mg = 301 GeV is achieved for ma = 0 GeV.

Using the two sum rules from Section 15.3.1, lower limits on the perturbative mass scale
mg can be derived. For each excluded value of ma the highest excluded value of mp is
taken, and the lower bound of m¢ is determined according to Equation 15.5. The excluded
mass ranges for mc, assuming a constant K, are shown in Figure 17.14.
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17.3 Results

Table 17.6: Bin-wise measurement of K for the mass range 0-100 GeV with Am = 10 GeV. To fit
a theoretical distribution K to these values, the correction matrix C from Table 17.7 must be applied
first.

Measurement of K in bins of 10 GeV width

Bin 1 2 3 4 ) 6 7 8 9 10

Mass (GeV) 0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90 90-100

K x 103 2.1 —-24 —-4.9 —-2.8 —-7.1 5.8 —-33.5 —45.2 —18.6 200.2
(GeV™)

A(K)gpar. x10° 2.9 44 4.8 6.4 143 237 217 305 669  166.4
(GeV™)
A(K)gys x10° 0.9 0.9 0.6 0.5 1.3 3.3 4.5 7.0 16.5 374
(GeV™h)

17.3.2.2 Bin-by-bin limits

The limits presented in section 17.3.2.1 are specific to the case where the coupling density
K is constant in the interval [ma, mp] and zero elsewhere (Eq. 15.6). The data can
also be used to exclude other forms of K (m). To provide practical information for such
tests, K (m) is measured in mass bins with a width comparable to the experimental mass
resolution. The typical resolution of the recoil mass in the LEP 1 analysis varies between
1 and 5 GeV in the mass region between 10 and 55 GeV. In the LEP 2 analysis the width
is between 3 and 15 GeV for recoil masses between 20 and 100 GeV. The width becomes
smaller at higher recoil masses. The results of the measurement of K(m) are given in
Table 17.6 together with the corresponding statistical and systematic uncertainties.
From these measured numbers of K(m), one can obtain upper limits on the integral
[dm K(m) for any assumed shape of K(m) using a simple x? fitting procedure. To
account for mass resolution effects, a correction matrix C' is provided (Table 17.7). In
order to test a theory which predicts a certain distribution of K (m) in the 10 measured

bins from Table 17.6, written as a vector K = (K'l, ey I~(10>, the values ¥ must first be

corrected with the help of the matrix C'. Then the corrected vector &/ = CR can be fitted
to the measured values. In the fit the systematic uncertainties, which are small compared
to the statistical errors, can be assumed to be fully correlated bin-by-bin.

17.3.2.3 The Stealthy Higgs scenario

Limits on the Stealthy Higgs scenario are set by simulating the reconstructed spectrum of
a Higgs boson with a width according to Equation 15.8 and Ref. [83]. Since no generator
is available which can handle a very large decay width of the Higgs boson in a consistent
way, the shape of the broad spectrum B(z) is constructed from the sum of spectra from
the available signal Monte Carlo with small decay width in a large mass range. Each
spectrum is weighted according to the corresponding cross section, modified by a Breit-
Wigner function to account for the large decay width and multiplied by the selection
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17 Search for S°Z0

Table 17.7: Correction matrix for mass resolution. For a given theory to be tested with a distribution
of K values in the 10 mass bins, i = (Rl ..... Km), the vector i has to be multiplied by the matrix

C to account for mass resolution effects. The corrected vector &' = C& can then be fitted to the
measured values of K from Table 17.6.

0.33 0.04 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00
0.41 053 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00
0.17 0.27 0.11 0.04 0.01 0.00 0.00 0.00 0.00 0.00
0.09 0.11 0.14 0.17 0.05 0.01 0.00 0.00 0.00 0.00
0.00 0.05 0.17 0.21 0.28 0.09 0.01 0.00 0.00 0.00
0.00 0.00 0.16 0.20 0.27 0.34 0.11 0.01 0.00 0.00
0.00 0.00 0.11 0.14 0.16 0.29 0.37 0.09 0.01 0.00
0.00 0.00 0.10 0.10 0.10 0.15 0.25 0.43 0.06 0.00
0.00 0.00 0.09 0.07 0.07 0.08 0.11 0.27 0.46 0.03
0.00 0.00 0.09 0.07 0.05 0.04 0.06 0.11 0.32 0.32

e
Il
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s=91, 183- 209 Gev — Observedexcludedreglon

T=200 GeV “"(CL=95%)
' ~F=100 Gev

=50 GeV

\
I 11 1 1 I 1 1 1 1 I 1 1 1 1

1 1 1 1

=25 GeV

y
1 1 1 1 I 1 1 1 1 I

0090720 30 40 50 60 70 80 60

m, (GeV)

Figure 17.15: Excluded parameter regions for the simplified Stealthy Higgs scenario at the 95%
confidence level. The solid line marks the region which is excluded from the data. The shaded area
marks the region which would be excluded if the data corresponded exactly to the background-only
prediction. The dashed lines indicate the Higgs width depending on my and w.
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efficiency of the signal mass for that spectrum:

B(z) =Y BW(My,T,m;) x ogm(mi) x £(m;) x Sp, (), (17.3)

m;

where BW(Mj,T', m;) is the Breit-Wigner function at m; with central value My and width
', osm(m;) is the Standard Model cross section for Z°H? production of mass m;, £(m;) is
the selection efficiency for that mass, and Sy, () is a function which describes the signal
shape of mass m;. For a given coupling w the width I' can easily be calculating using
Equation 15.8.

The excluded regions in the w-my parameter space are shown in Figure 17.15. To
illustrate the Higgs width according to Equation 15.8, for a given mass my and coupling
w ‘isolines’ for some sample widths are added to the plot. The vertical edge in the exclusion
contour at my = 81 (62) GeV in the observed (expected) limits reflects the detector mass
resolution in Am: For a fixed mass my the exclusion power is the same for all couplings
w that yield I'y < Am, and the limits for w — 0 reproduce the limits for a single narrow
SY in Figure 17.12. The maximal excluded region of the coupling w is achieved for masses
around 30 GeV, where w can be excluded up to w = 2.7. For lower masses the sensitivity
drops due to the rapidly increasing width of the Higgs boson, and for higher masses due
to the decreasing signal cross section.

17.4 Conclusions

Searches for new neutral scalar bosons S° decaying to hadrons of any flavor, to leptons,
photons, invisible particles and other modes have been performed based on the data col-
lected at /s = 183 to 209 GeV by studying the recoil mass spectrum of Z° — ete™, utp~
in S9Z° production. No significant excess of candidates in the data over the expected Stan-
dard Model background has been observed. Therefore, upper limits on the production
cross section for associated production of S° and Z°, with arbitrary S° decay modes, were
set at the 95% confidence level. To do so, the results of this work were combined with
another decay-mode independent search applied to LEP 1 data. Upper limits in units of the
Standard Model Higgs-strahlung cross section of £ < 0.1 for 1 keV < mgo < 19 GeV and
k < 1 for mgo < 81 GeV were obtained. In further interpretations, limits on broad contin-
uous signal mass shapes to which previous analyses at LEP had no or only little sensitivity
were set for the first time. Two general scenarios in the Higgs sector were investigated:
A uniform scenario, when the signal arises from many unresolved Higgs bosons, and a
Stealthy Higgs model, when the Higgs resonance width is large due to large Higgs-phion
couplings.

Thanks to the generality of the decay-mode independent searches, the combined LEP 1
and LEP 2 limits could already be used in other interpretations to fill gaps were no other
direct search is sensitive, e.g., in the low mass range of CP violating MSSM scenarios [103],
and for setting limits on non-standard HZZ couplings, when the Higgs boson decays ex-
clusively into 777~ [16].
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18 Summary

Searches for Higgs bosons play an important role at past and present particle accelerators
and motivate the planning and construction of future accelerators, e.g., the Large Hadron
Collider or a new Linear Collider. At present, the best limit on the mass of the Standard
Model Higgs boson is available from the LEP experiments which seized taking data in the
year 2000. Non-observation of the sM Higgs boson motivated the investigation of more
exotic scenarios, but the mechanism of mass generation is still unclear.

Current experiments, with sensitivity for Higgs boson masses in the vicinity of or above
the LEP limits, are located at the Fermilab pp Tevatron collider. However, with the
expected integrated data luminosity it will be difficult to observe a Higgs boson of mass
115 GeV before the LHC starts in 2007. The LHC is a machine for Higgs discovery. It will
be possible to observe a Standard Model Higgs boson in the whole mass range between the
LEP limit of 114.4 GeV and the mass scale of 1 TeV where new physics is likely to show
up. The LHC experiments are also sensitive to models with more complex Higgs sectors
and to alternatives to the Higgs mechanism.

This thesis presented two search strategies for Higgs bosons, one for a Standard Model
Higgs boson with the ATLAS experiment at the future LHC collider, and the other a very
general search for new scalar bosons with the OPAL experiment at LEP.

18.1 Study of ttH® with H? — bb with ATLAS

The first part of the thesis described a simulation of the production of the Standard
Model Higgs boson in association with a pair of top quarks. If the mass myo is below
~ 135 GeV, this will be the only channel to observe the dominant decay H® — bb at
LHC. This channel gives an important contribution to the overall discovery potential
for a light Higgs boson. Furthermore, it is an important benchmark channel for the b-
tagging performance of ATLAS. In this thesis, ttH production was studied using new
and more precise Monte Carlo generators and a realistic parameterization of b-tagging
in ATLAS. It was demonstrated that earlier studies led to too optimistic results in terms
of significances S/ V/B. Therefore, an improved reconstruction and selection method was
developed, which is based on multivariate likelihood techniques. The new analysis results
in a substantial improvement of the observability of the sm Higgs boson in the ttH
channel with significances being 45% larger on average compared to the method used
in earlier studies. This result is also important for the potential of the ttHY channel
in MSSM Higgs boson searches. For the first time, the full simulation study included also
background processes. It was shown that it is possible to improve the signal to background
separation further by using additional information from the b-tagging algorithm. Since
the background prediction in the channels suffers from large theoretical uncertainties, a
method was developed to measure the background shape and rate from data and using
only little information from Monte Carlo generators. With this procedure the background
can possibly be described with an uncertainty of less than 10% with £ = 30 fb—'.
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18 Summary

18.2 Search for S°Z9% with OPAL

At LEP, there were numerous searches for neutral Higgs bosons, not only in the context of
the Standard Model, but also in the MSSM and more exotic scenarios. They all searched
for a mass peak at the kinematic limit and in particular decay modes of the Higgs bosons.
If there are new particles not foreseen in the Standard Model to which the Higgs boson
can decay to, or if the Higgs boson has a broad mass distribution, it could have been
missed by earlier searches. This motivated the search with LEP 2 data presented in the
second part of this thesis. This analysis is the most general search for Higgs boson or other
new scalar bosons carried out at LEP, because it makes no assumptions about the decay
modes. The new bosons can be produced in association with a Z° boson, and information
is used only from the recoil momentum and decay products of the Z° to separate a possible
signal from backgrounds. In addition, the analysis was designed to have high efficiency
over a broad mass range so that the search is also sensitive to the case of scalar bosons
with a large spread in mass. No hint for the presence of a signal was found, and limits
on several models were set. The results were combined with an analysis of LEP 1 data in
order to enlarge the sensitive mass regions. Due to their generality, the searches allow for
interpretations in arbitrary models. Three models were chosen to set limits: The case of
the Standard Model Higgs boson, which yields a limit of mpgo > 81 GeV, and two models
with broad continuous signal mass shapes, which have never been studied experimentally
before. Finally, the results from the decay-mode independent searches were provided as
measurements in bins of the recoil mass spectrum so that they can easily be used to set
limits on any other model were new scalar bosons are radiated off a Z° boson in ete™
collisions and for which no dedicated searches exist.

Decay-mode independent searches for the Higgs boson will not be possible at hadron
colliders, but they will be powerful tools at a new linear collider. Studies in the TESLA
Technical Design Report [104] conclude that a Higgs boson that couples to the Z° boson,
in almost any conceivable extended Higgs boson scenario, can be observed at TESLA in
ZHO production through the recoil mass method, independent of its decay.
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A Feynman diagrams for signal and background
in the ttH? channel

Diagrams generated by MADGRAPH [105, 106, 107].

Figure A.1: The 15 Feynman leading-order diagrams for the ttH° signal.
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A Feynman diagrams for signal and background in the ttH? channel

2 2

Figure A.2: A subset of the 38+7 Feynman leading-order diagrams for the gg,qg — ttbb background.

Figure A.3: A subset of the 72 Feynman leading-order diagrams for the gg—Z/v*/W—ttbb back-
ground.
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B The likelihood technique

The aim of a likelihood selection is to separate ng.e different classes of events. Several
input variables are combined into a single output variable. The output variable has better
discrimination power between the event classes compared to subsequent cuts on each of
the nyar input variables. For an event class j the distribution of each variable ¢ follows
a probability density function f7(x;). The probability p](x;) of an event with value z; in
the variable 7 to belong to class j is given by

~ £} (1)
pz(xl) - nCléZlSS Zj ’

The distributions fij (x;) must be normalized. One can normalize to the expected cross
section for each class, [ f{(z;)dx; = o7, or to Unity, [ f/(x;)dz; = 1 (the latter is used in
this thesis). For a class j the several variables are combined into a single event quantity
Pi(z1,...,7p,,.):

Nvar

Pj(xlﬂ e "/L‘nvar) = Hp:z(‘/'vl)
=1

This quantity is normalized to Unity:

; P J (561 A )
L1, .., Tn,,) = S .
( " ) Z;Lgiss pi (xl? ttt xnvar)
If all input variables for a given class are uncorrelated the likelihood £7 (1, ..., Ty, ) is the

probability of an event to belong to class j. If the variables are correlated, the likelihood
can still be used to discriminate between several classes, but it can no longer be interpreted
as a probability.

A cut is then applied, and an event is selected to belong to class j if the likelihood
LI(x1,. .., T, ) is above the threshold £ .. The choice of the cut determines the selection
efficiency and purity.
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