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Abstract

The search for the Standard Model (SM) Higgs boson is one of the most cru-
cial goals of the LHC physics program. The high center-of-mass energy (

√
s) of

the LHC enables not just to search for the SM Higgs boson at low mass, i.e. be-
tween 120 GeV − 2 ×mZ , but to extend it to much larger masses, in the range
200 GeV−1 TeV. Although a large portion of last mass range is indirectly excluded
at 95% Confidence Level (CL) by global fits to SM observables, it is crucial to
complement such indirect limits by direct searches. Further, possible extensions to
the SM can conspire to allow a heavy Higgs boson to be compatible with existing mea-
surements and latest Higgs boson-candidate discovery. My Ph.D. research activity
was focused in the H → ZZ → l±l±qq̄ analysis in the full Higgs mass range, which
has been split in: Low Mass (120 GeV−2×mZ) and High Mass (200 GeV−1 TeV),
where the crucial work was performed in the inclusion, for the first time into the
ATLAS research program, of the study of the H → ZZ(∗)→ l±l±qq̄ decay in the
Low Mass range using 2011 data recorded at

√
s = 7 TeV, principal subject of this

dissertation. Recently, taking the mentioned discover of a particle compatible with
the Higgs boson (July 4th, 2012 ) like a strong guide to continue this research using
the full available 2012 recorded data at

√
s = 8 TeV, and knowing that several

Beyond SM models (BSM), compatible with the observed ∼ 125 GeV resonance (h1)
and Electroweak (EW) fit, predict a second ’SM-like’ heavy Higgs state h2, it will
be possible to search for SM resonance in the heavy mass region (400 GeV− 1 TeV)
looking for excess with respect to the SM predictions regardless which model could
produce such excess. This is our actual research activity into the ATLAS experiment
and a view of its state of the art is included into this dissertation, as the novel tools
developed during such a studies.



Introduction

The most complex machine in the World, the Large Hadron Collider (LHC) is
starting its first long shutdown after three very fruitful years of scientific program.

Conceived and constructed with the finality to recreate the initial conditions of
the Universe and to test the Standard Model (SM) of particle physics, the most
successful theory of the modern physics, responsible to explain the behaviour of the
elementary particles and their interactions.

Since the predictions of the SM have been tested in many aspects (and by many
experiments), until some months ago remained −apparently− without experimental
evidence of one of its fundamental predictions. The mechanism responsible for the
electroweak (EW) symmetry breaking, that incorporates masses to the particles and
accurately predicts the observed interactions between them, where in its simplest
version, predicts a scalar boson that could be maybe discovered last year at CERN.

This particle, called the Higgs boson[10] knowing for been the last undiscovered
particle in the SM, and the subject of this dissertation, have been searched mainly
for the two biggest experiments at LHC, ATLAS and CMS, that, using data collected
during the 2011 (4.8fb−1) and the first part of 2012 (5.8fb−1) at center of mass
energy of

√
s = 7 TeV and

√
s = 8 TeV respectively, report the observation of a

new particle, a boson, with a mass close to 126 GeV. The discovery of a Higgs
boson-like particle have open the door not just to the SM ultimate test, but also for
the possibility to exclude −or not− theories Beyond the Standard Model (BSM).

After July 4th 2012 news [23], and due to the knowledge that the Higgs mechanism
(and its corresponding boson) is not the only theory of physics that can alter the
electroweak symmetry and produce different distinguish particles, as Supersymmetry
[33, 34] that predicts a minimum of five scalar an pseudoscalar particles in place
of the Higgs boson, or the two-Higgs-doublet (2HDM)[31] models require that an
additional Higgs doublet be added like is done in the Minimal Supersymmetric
Standard Model (MSSM)[32].

Added to the Higgs hunting, my PhD thesis reports on the search for de Higgs
boson in 4.7fb−1 proton-proton collision data recoded during 2011. The data were
collected by the ATLAS detector. The focus is on the H → ZZ → l±l±qq̄ decay
mode and the analysis uses cut-based techniques.
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Backgrounds are estimated using methods relying on both data and Monte Carlo
simulations, apart of the development of new techniques to improve the rejection of
such a background, before the Confidence Level (CL) method of statistical fitting is
used to assess the significance of the observed results.

This thesis uses the so-called natural units, a convention commonly employed by
the experimental high energy physics community where c = h/2π = 1, where c is
the speed of light and h is the Planck’s constant. Therefore, masses and momenta
are given in GeV rather than GeV/c2 and GeV/c, respectively.

This thesis is structured as follows: after a brief introduction on the theoretical
framework of the SM of particle physics adding theoretical and experimental con-
straints for the mass of the Higgs boson −including the latest LHC results−, plus a
view into Beyond SM scenarios is done in Chapter 1, the LHC complex at CERN
and ATLAS detector are described in Chapters 2.

The Chapter 3 describes the reconstruction, identification and calibration of
physics objects combining the information of the ATLAS sub-detectors. Only those
physics objects particularly relevant for this thesis are described: electrons, muons,
jets and the missing transverse energy.

The Chapter 4 describes the main Higgs searches in ATLAS split into the so-
called Low Mass range and High Mass range. The latest combination results have
been included.

In the Chapter 5 a complete overview of the H → ZZ(∗)→ l±l±qq̄ decay modes
is done. Into this chapter the description of the MC −signal and background−
processes and the data used along this thesis is done, following for the object, tools
and event selection of the H → ZZ(∗) → l±l±qq̄ low mass analysis, where was
included novel procedures −for such a range of masses− on the multi-jet background
estimation and the jet paring selection. A state of the art of its equivalent High
Mass analysis is included.

The Chapters 6 correspond to the presentation of the Results of this dissertation
for the H → ZZ → l±l±qq̄ first ATLAS analysis at Low Mass range using 2011 data.
A view into the status of the the 2012 Low and High Mass analyses are presented.

Inside the new tools applied along the thesis work, the optimization of signal
significance using a quark/gluon separation technique is described in Chapter 7.

Finally, in Chapter 8 the Conclusions are presented. An important note, the
H → ZZ → l±l±qq̄ (high and low mass) analyses using 20.7fb−1 data collected in
2012 at center of mass energy

√
s = 8 TeV is still underway; therefore no final results

can be presented in this document.
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Chapter 1

The Standard Model and
Beyond

The Standard Model (SM) of particle physics is a non-abelian gauge theory that
describes the strong and electroweak interactions.

Proposed at the end of the 60’s, it obtained many experimental confirmations
and it is the model used currently to study the high energy physics.

This chapter summarizes the relevant theoretical aspects used into the presented
analyses. Starting with a overall view of the fundamental elements of the model
-particles and forces- arriving until a description of the Standard Model Higgs boson
and the efforts to find it.

1.1 Elementary Particles

Nowadays the known physical world is described in a big proportion in terms of
fundamental matter particles and their interactions thanks to the SM. It describes
all known particles and three of the four known fundamental interactions (the
electromagnetic, weak and strong interactions). Within the SM the particles are
classified by their spin as either

• half-integer spin particles called fermions obeying Fermi-Dirac statistics. These
form the matter particles.

• integer spin particles called bosons. These particles obey Bose-Einstein statis-
tics and their exchange between the fermions describes the fundamental inter-
actions.

1.1.1 The Fermions (Matter Particles)

The fermions are categorised into two types, the quarks and the leptons. The quarks
are given a baryon number B = 1

3 . The leptons are assigned a lepton number L = 1
and do not interact strongly. Each type of fermion consists of three families or

1



2 1. The Standard Model and Beyond

generations, each of which consists of two distinct particles (often referred to as
a doublet of particles). Figure 1.2 lists the quarks and leptons and other basic
properties [5].

The first generation of quarks consists of the up (u) quark with +2 electric
charge 3 (in units of electron charge, e) and the down (d) quark with -1 electric
charge. The 3 other generations consist of a u-type and a d-type quark but are
successively heavier than the first generation. The second generation consists of the
strange (s) and charm (c) quarks while the third generation consists of the bottom
(b) and top (t) quarks. Quarks carry colour charge and as such each comes in three
distinct colour states (red, green or blue). Each doublet of leptons is composed of an
electrically charged lepton and its corresponding neutral neutrino. As with quarks,
the mass of the charged leptons in the doublet increases with generation. The first
generation consists of the electron (e) and its neutrino (νe), the second the muon (µ)
and its neutrino (νµ) and the third the tau (τ) and its neutrino (ντ ). Each quark
and lepton have a corresponding anti-particle, denoted with a bar. Anti-particles
have opposite electric charge to the corresponding particle but the same mass. In
nature quarks are only found within composite hadrons, composed of either three
quarks making a baryon or in quark anti-quark states called mesons.

Figure 1.1 Artistic representation of the fundamental forces in Nature.
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1.1.2 The Bosons (Forces and Carrier Particles)

Interactions between the fermions are mediated by the absorption and emission
of integer spin particles called bosons. This gives rise to four fundamental forces,
represented in the Figure 1.1. The electromagnetic force makes the electron bind
to nuclei and more generally, molecule formation underpinning Chemistry. It is
mediated by the photon (γ). The strong force is responsible for holding nuclei
together and is mediated by eight massless gluons (g). The weak force explains
decay and is mediated by exchange of W and Z bosons. Gravity is responsible for
galactic formation. It is the weakest of all the forces and is negligible at the energy
scales considered in particle physics.

Figure 1.2 Standard Model of Elementary Particles.



4 1. The Standard Model and Beyond

1.2 The Standard Model

The SM is a theoretical framework of quantum field theory [6] in which the ele-
mentary particles are the quanta of the underlying fields and the interactions are a
consequence of the principle of local gauge invariance. As yet attempts to incorporate
gravity using this approach have failed.

The time-line of the SM becoming an unified theory of the forces that it de-
scribes started with the development of the quantum field theory of electromagnetic
interactions, called Quantum Electrodynamics.

Subsequently in the 1960’s an electroweak theory was developed unifying the
electromagnetic and weak interactions.

Finally the electroweak theory was unified with the theory of the strong interac-
tions (Quantum Chromodynamics) giving what is understood as the SM today.

1.2.1 Quantum Electrodynamics (QED)

All quantum electromagnetic interactions consist of the interaction of charged
fermions with the quantum of the electromagnetic field, the photon. A basic form of
such an interaction, is shown in Figure 1.3.

It shows the interaction of a charged fermions, a electron pair with a photon γ
to produce a muon pair. As with all interactions, the strength is characterized by
a coupling constant associated to each vertex. The electromagnetic force couples
to electric charge and so this defines the strength of electromagnetic interactions.
This vertex corresponds to the basic building block from which all QED processes
can be represented. Complete QED processes represented in this way are called
Feynman diagrams. Feynman diagrams with the smallest number of vertices for a
given process to occur are referred to as tree-level or leading-order whereas diagrams
with a higher number of vertices are called higher order diagrams. A detailed picture
of any QED process can be obtained by summing over all possible internal states
and this corresponds to summing over all Feynman diagrams of all orders.

It is convenient to use the Lagrangian formalism to describe the interactions
of fermions within the SM, whereby such interactions can be described in terms
of an action involving a Lagrangian acting on the fermion fields. The dynamics of
non-interacting massive fermion fields is described by the Dirac equation [7] and as
such the relevant Lagrangian is the Dirac Lagrangian. In 1954 Yang and Mills[8]
proposed a framework for theories involving the exchange of vector bosons, such as
those in QED. The Lagrangian in a Yang-Mills theory is invariant under transforma-
tions that are a function of space and time. This local gauge symmetry provides an
accurate description of physical interactions and is therefore a desirable property of
the SM theories. In order to ensure this symmetry is retained, a new massless vector
field must be introduced which is identified as the photon field. This gives rise to the
QED Lagrangian which is then observed to contain interaction terms, represented by
processes such as in Figure 1.3. The requirement that the physical system remains
invariant under local gauge transformations results in the conservation of electron
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Figure 1.3 Feynman diagram of a muon pair production with a γ virtual mediator.

charge, as confirmed by experiment. A local gauge transformation in QED can be
represented as a transformation under the symmetry group U(1) corresponding to
all unitary matrices of dimension 1×1. In this way the local gauge group of QED is
called U(1). Using different symmetry groups, the same principle may be extended
to the strong and weak interactions.

1.2.2 Quantum Chromodynamics (QCD)

Quantum Chromodynamics (QCD) is the quantum field theory describing the strong
interactions. The strong force couples to colour charge, so only the coloured gluons
and quarks are involved in strong interactions. The most basic QCD interaction
vertex, involving the interaction of quarks (q) with a gluon (g) is shown in Figure
1.4. The local gauge group of QCD is SU(3)C corresponding to the unitary group
of 3×3 matrices with determinant 1. The three dimensional nature of this group is
a consequence of there being three quark colours (C) and as such the quark fields
transforming in the vector space of colour. To preserve local gauge invariance of the
Dirac Lagrangian eight massless fields must be introduced which correspond to the
eight gluons. These fields are also vector fields because the gluons have an intrinsic
colour charge.

The SU(3)C group is an example of a non-abelian group, because its generators
do not commute. This is a consequence of gluons carrying a colour charge and
leads to self interaction terms in the QCD Lagrangian. This behaviour gives rise to
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q

q
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Figure 1.4 The fundamental quark-gluon vertex of QCD.

diagrams whereby gluons are coupling to other gluons. This does not occur in QED
as photons do not carry electric charge. Two further consequences arise from this
property, making QED and QCD intrinsically different.

Asymptotic freedom refers to the fact that the strength of the strong force (i.e.
the coupling strength) increases with increasing distance. This is because in QCD
both quark anti-quark loops and gluon-gluon loops contribute to the higher order
processes. However, although quark anti-quark loops (like loops in QED) lead to a
net reduction in coupling strength with increasing distance the opposite is true for
gluon-gluon loops. Because there are more gluons than quarks, the effect from the
gluon-gluon loops outweighs that from the quark anti-quark loops and as such gives
rise to a net increase in coupling strength with increasing distance. A consequence
of asymptotic freedom is that no free quarks or gluons, unlike leptons and photons,
are observed in nature and this is why we only observe colourless hadrons in the
form of baryons or mesons.

1.2.3 The Electroweak Theory

In analogy to QED and QCD, the quantum field theory of weak interactions is
determined by requiring local gauge invariance of the appropriate Lagrangian. The
local gauge group of the weak interaction under which the Lagrangian must be
invariant is SU(2)L in the vector space of weak isospin I, where the L subscript
refers to the fact that the fermions whose interactions the Lagrangian describes are
left-handed (i.e. with intrinsic spin orientated opposite to direction of motion). All
left-handed fermions experience the weak interaction and are arranged into pairs or
fermion doublets. For the leptons these doublets consist of the same generations
shown in Figure 1.2, corresponding to the physical (mass) eigenstates. The weak
interaction does not couple to the quark mass eigenstates (i.e. u,s,d) but instead,
linear combinations of them (u′,s′,d′) which are determined by the CKM matrix[9].
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Flavour changing neutral current reactions are not allowed in the SM. In the
original formulation of the SM, neutrinos only experience the weak interaction and
so are not predicted to have a right-handed component. In 1968 Glashow, Salam and
Weinberg[1],[2],[3] successfully extended the theory of weak interactions to encompass
the electromagnetic interaction by using the gauge group SU(2)L⊗U(1)Y . Here Y is
called weak hyper-charge and is related to electric charge Q by Q = Y +I3 where I3 is
the 3rd component of weak isospin. This showed that the electromagnetic and weak
forces can be viewed as two components of a single force, called the electroweak force
at high energy. In this case preserving local gauge invariance requires four massless
fields be introduced. Mixing of these four fields gives the electroweak bosons γ, W+,
W−, Z. The non-abelian nature of the SU(2)L group gives rise to self interaction
terms and allows W (and Z) bosons to couple to each other. The U(1)Y group is
however abelian and as such the absence of photon-photon couplings in QED is
maintained.

1.2.4 Spontaneous Symmetry Breaking and the Higgs Mechanism

A combination of the theories of the electroweak and strong interactions may be
done to form a unified theory of all the fundamental forces apart from gravity. The
corresponding local gauge group is SU(3)C ⊗ SU(2)L ⊗ U(1)Y and the associated
Lagrangian, the SM Lagrangian. However as with the individual theories, the fields
which must be included in order to preserve local gauge symmetry (these are iden-
tified with the γ, W+, W−, Z and gluons) are each required to be massless. The
same is true for the fermions which under SU(2)L must be massless. Experimentally,
however, it has been shown that the W+, W−, Z and fermions are indeed massive.

The mechanism of spontaneous electroweak symmetry breaking applied to a non-
abelian theory was introduced by Peter Higgs[10] in 1964, and independently by
Robert Brout and Francoise Englert[11], and Gerald Guralnik, C. R. Hagen, and
Tom Kibble[12],[13]. It provides a solution to the massless fields. This is what is
commonly known as the Higgs mechanism.

The basic idea behind spontaneous symmetry breaking is discussed in the following
by means of adding to the theory a complex scalar field φ1+iφ2√

2 with Lagrangian
equation 1.1

L = T − V (φ) = (∂νφ)(∂νφ)− 1
2µφ

∗φ− 1
4(φ∗φ)2 (1.1)

where V (φ) is the potential and µ and λ are two free parameters. In order for
this Lagrangian to be invariant under global gauge transformations (the associated
gauge group is U(1)), i.e. symmetric under φ→ −φ, and there to exist a vacuum
state with positive and finite energy, λ must be positive. Imposing λ > 0, (Figure
1.5) two solutions for µ2 exist:

1) µ2 > 0 describes a scalar field with mass µ. φ is a self-interacting field with
coupling λ. The ground state vacuum expectation value here is φ = 0; satisfying
mirror symmetry.
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2) µ2 < 0 describes a case where the mass term has the wrong sign for φ since
the relative sign between the kinematic and the potential energy is now positive.

The potential has two minima which satisfy equation 1.1. The solution to
equation 1.1 are φ = 0 and φ = ±

√
µ
λ . The two minima are: φ = ±v, where v =

√
µ
λ .

Perturbative expansion about the minimum allows to write φ like φ(x) = v+η(x),
where η(x) represents quantum fluctuations and the field has been translated to
φ = +v. φ = −v is easily achieved through mirror symmetry.

Doing the corresponding substitution into the mentioned Lagrangian, we have:

L = 1
2(∂νη)(∂νη)− λv2η2 − λvη3 − 1

4λη
4 + const. (1.2)

Now the mass term of the field η has a correct sing,

mη =
√

2λv2 =
√
−2µ2, λ = −1. (1.3)

The higher order terms (η3 and η4) correspond to the self-interactions in η,
similar to φ4 in 1.1. This new Lagrangian gives us an accurate picture of physics for
scalar particles. It now has a mass term because of the way it was generated, i.e. φ
was expand as a function of η around the φ = +v.

Figure 1.5 The potential V (φ) = 1
2µ

2φ2 + 1
4λφ

4 for µ2 > 0, and for µ2 < 0 where
λ > 0 in both cases.

Spontaneous symmetry breaking corresponds to the choice in selecting the ground
state φ = +v. In physics, spontaneous symmetry breaking occurs when a system
belonging to a particular symmetry group goes into a vacuum state that is not
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symmetric.

Taking into account the previous statement, a look into the spontaneous breaking
of a global symmetry is going to be useful in order to describe a Lagrangian for
which the mass of gauge bosons can be generated. Repeating the above procedure
for a complex scalar field φ = 1√

2(φ1 + iφ2), which is invariant under the phase
transformation φ→ eiαφ, the Lagrangian is

L = (∂νφ)∗(∂νφ)− µ2φ∗φ− λ(φ∗φ) (1.4)

By substituting the field φ = 1√
2(φ1 + iφ2) into equation 1.4, becomes

L = 1
2(∂νφ1)2 + 1

2(∂νφ2)2 + 1
2µ

2(φ2
1 + φ2

2)2 (1.5)

After minimizing the potential, we can look at the cases λ > 0, µ2 < 0. The
minima for v(φ) exist in a plane φ1, φ2, with radius v such that v2 = φ2

1 + φ2
2, where

v2 = −µ2

λ , that translates φ to a minimum energy position.

In a simple case, lets set φ1 = v and φ2 = 0, we can expand the Lagrangian
about the vacuum in terms of the fields η and ε

φ(x) =
√

1
2(v + η(x) + iε(x)) (1.6)

that if we included it into the equation 1.4, becomes L = 1
2(∂νε)2 + 1

2(∂ν
eta)2 + µ2η2+ constant + higher orders, where the third term has the form of a
mass term for η with a mass of mη =

√
−2µ2. As for ε there is not apparent mass

term, the theory classifies it as a massless scalar Goldstone boson[14, 15, 16], that
are bosons that appear in modes which exhibit spontaneous symmetry breaking.

At this point, lets move to look at the spontaneous breaking of local gauge
symmetry, starting with the request that the Lagrangian must be invariant under
U(1) gauge transformations in φ. This is done by transforming φ → eiα(x)φ and
replacing ∂µ with a covariant derivative, Dµ = ∂µ − ieAµ. The gauge field Aµ
transforms as Aµ → Aµ + 1

e∂µα. Where Aµ couples to the Dirac particle charge −e.
Then, the Lagrangian is written as

L = (∂µ − ieAµ)φ∗(∂µ − ieAµ)φ− µ2φ∗φ− λ(φ∗φ)2 − 1
4FµνF

µν (1.7)

plus interaction terms, where v = ±
√
−µ2

λ .

Now the situation is: a massless Goldstone boson ε, a massive scalar η, and a
massive vector Aµ with their masses: mε = 0, mη =

√
2λν2, mA = ev.

By having generated a mass for the gauge field, we still need to solve de problem
relative to the generation of a massless Goldstone boson. Giving mass to Aµ, the
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number of degrees of freedom is taking from two to three, requiring that we deduce
that all the fields must not correspond to distinct particles.

Approximating φ to the lowest order in ε, i.e. φ =
√

1
2(v+η+ iε) ≈

√
1
2(v+η)ei εv .

And substituting different fields h, θ, Aµ, where h is real:

φ→
√

1
2(v + h(x))e

iθ(x)
v ; (1.8)

Aµ → Amu + 1
ev
∂µθ (1.9)

that gives to the Lagrangian the following form:

L = 1
2(∂muh)2− λv2h2 + 1

2e
2v2A2

µ− λvh3− 1
4λh

4 + 1
2e

2A2
µh

2 + ve2A2
µh−

1
4FµνF

µν

(1.10)

It is possible to see that the Goldstone boson does not appear in the equation and
the extra degree of freedom corresponds to the ability to make gauge transformations.
The Lagrangian describes two interactive massive particles Aµ and h. Aµ is a vector
gauge boson and h is a massive scalar known as the Higgs particle. With this
mathematical computation, the Goldstone boson now represents a longitudinal
polarization for the massive gauge boson, this is known as the Higgs Mechanism.

1.3 Higgs boson mass constrains

In the Standard Model (SM) there are four types of gauge vector bosons (W , Z,
photon(γ) and gluon) and twelve types of fermions (six quarks and six leptons)[1, 2,
3, 4]. These particles have been observed experimentally. At present, all the data
obtained from the many experiments in particle physics are in agreement with the
SM. We already know that the Higgs boson, according to the SM, is the responsible
for giving masses to all the particles. In this sense the Higgs particle occupies a
unique position. But the theory itself does not predict the Higgs boson mass, so,
in order to understand how the Higgs’s search have been perform during the last
decades, lets make a review of the theoretical and experimental constrains to such
a value, including the most recent LHC’s results, where the discovery of a new
Higgs-like boson have boosted this already exciting research.

1.3.1 Theoretical Constrains

As mentioned earlier, the Higgs boson mass is not predicted by the SM, nevertheless
there are several theoretical ways to define boundaries to the Higgs mass value. Such
a constrains have been classified as follow:
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Unitarity

Define as the requirement that the total scattering probability for a process, obtained
from integrating over all contributing Feynman diagrams, remains less that 1.The
theory of electroweak interaction of Fermi violates unitarity at the electroweak
scale

√
s ≈ G

− 1
2

µ because it assumes point-like interactions. The introduction of
massive intermediate bosons resolves the problem for low energy. However, certain
processes involving the longitudinal components of the vector bosons are expected to
violate unitarity at tree-level. An example of such a process is W+W− →W+W−

longitudinal scattering (see Figure 1.6) which gets contributions from Z and γ,
leading to its cross section increasing at high energy in proportion to the square
of the centre of mass energy or

√
s[28]. Unitarity can be restored by adding Higgs

exchange diagrams, establishing an upper bound on the Higgs mass of 2v
√
π ≈ 800

GeV.

where s, t are the Mandelstam variables [the c.m. energy s is the square of the sum of

the momenta of the initial or final states, while t is the square of the difference between

the momenta of one initial and one final state]. In fact, this contribution is coming from

longitudinal W bosons which, at high energy, are equivalent to the would–be Goldstone

bosons as discussed in §1.1.3. One can then use the potential of eq. (1.58) which gives the

interactions of the Goldstone bosons and write in a very simple way the three individual

amplitudes for the scattering of longitudinal W bosons

A(w+w− → w+w−) = −
[
2
M2

H

v2
+

(
M2

H

v

)2
1

s − M2
H

+

(
M2

H

v

)2
1

t − M2
H

]
(1.150)

which after some manipulations, can be cast into the result of eq. (1.149) given previously.

•

W −

W+ W −

W+

• •H
•

•
H

Figure 1.15: Some Feynman diagrams for the scattering of W bosons at high energy.

These amplitudes will lead to cross sections σ(W+W − → W+W −) # σ(w+w− → w+w−)

which could violate their unitarity bounds. To see this explicitly, we first decompose the

scattering amplitude A into partial waves a! of orbital angular momentum "

A = 16π

∞∑

!=0

(2" + 1)P!(cos θ) a! (1.151)

where P! are the Legendre polynomials and θ the scattering angle. Since for a 2 → 2 process,

the cross section is given by dσ/dΩ = |A|2/(64π2s) with dΩ = 2πdcos θ, one obtains

σ =
8π

s

∞∑

!=0

∞∑

!′=0

(2" + 1)(2"′ + 1)a!a!′

∫ 1

−1

d cos θP!(cos θ)P!′(cos θ)

=
16π

s

∞∑

!=0

(2" + 1)|a!|2 (1.152)

where the orthogonality property of the Legendre polynomials,
∫

d cos θP!P!′ = δ!!′ , has

been used. The optical theorem tells us also that the cross section is proportional to the

imaginary part of the amplitude in the forward direction, and one has the identity

σ =
1

s
Im [ A(θ = 0) ] =

16π

s

∞∑

!=0

(2" + 1)|a!|2 (1.153)

60

Figure 1.6 Some Feynman dyagramm that contribute to the W+W− → W+W−

scattering.

Triviality

Referring to section 1.2.4, the mass of the Higgs boson is given by mh =
√
−2µ2 =

v
√

2λ. This represents the leading order expression and will be modified once
higher order corrections are accounted for, examples of which are shown in Figure
1.7. These corrections give rise to divergences which can be accounted for using a
renormalisation procedure. After applying this renormalisation it becomes evident
that the Higgs self-coupling λ diverges with increasing energy scale. Assuming the
Higgs self-coupling is larger than the top quark Yukawa coupling, it varies with
energy like λ2ln(Q2). Since it is assumed that the SM is valid at all energies, λ
must be zero. This implies that the SM is valid up to a cut-off energy scale (Λ)
at which new physics will begin to appear. In order that it produces meaningful
predictions at energies below this cut-off the perturbativity of the SM theory must
be maintained and as such the Higgs self coupling must remain finite. Since the
Higgs coupling is proportional to the square of the Higgs mass, an upper limit on its
value is predicted, depending on Λ. This is called the triviality bound on the mass
of the Higgs boson. Like an example, a cut-off energy of 10 TeV the upper limit
imposed by this constraint gives a mh ≈ 500 GeV.
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Figure 1.7 Feynmann dyagramms for the three level of the self-intereracion at one
loop of the Higgs boson.

Vacuum stability

A lower constraint on the Higgs boson mass is derived by assuming the top quark
Yukawa coupling is larger than the Higgs self-coupling. This implies low Higgs
masses −mh < mt− where the coupling to top and weak bosons becomes large. In
this scenario, the Higgs potential will develop a global minimum at large energy
scales, thereby creating an unstable vacuum and preventing spontaneous symmetry
breaking. Imposing the same cut-off energy scale Λ at which the SM is valid to, a
lower constraint on the Higgs boson mass is imposed in order to maintain vacuum
stability. For a cut-off energy scale of the electroweak scale (Λ = 103) mh ≈ 70 GeV.

The combined effect of the triviality and vacuum stability requirements is shown
in Figure 1.8, showing the allowed Higgs mass window as a function of the cut-off
energy scale Λ[17], where the bands represent the upper and lower limit theoretical
uncertainties and enclose the allowed Higgs boson mass. The limits were derived
assuming a top mass mt = 175± 6 GeV and strong coupling constant αs = 0.118±
0.002.

1.3.2 Experimental Constrains: including the LHC’s July 4th 2012
discovery

Experimental constrains on the SM Higgs mass have been established in two ways,
in form of limits coming from direct Higgs searches performed at colliders like LEP
at CERN and TeVatron at Fermilab, and indirect limits, arising from precision
measurements of the electroweak parameters.

The LEP machine was an e+e− collider which was operative at CERN from
1989 to 2000. In the first phase of its operations (LEP I) it provided collision at
89 <

√
s < 93 GeV to perform precision studies on the recently discovered Z boson,

while in the second phase (LEP II) the search for the Higgs boson became one of its
main goals, and collision where recorded at increasing energy up to

√
s = 210 GeV.

The LEP machine provided data to four detector experiments: ALEPH [75], DEL-
PHI [76], L3 [77] and OPAL [78].

The main Higgs production mechanism at LEP was the Higgs-strahlung pro-
cesses, in which an Higgs boson is radiated by a virtual Z boson: e+e− → Z∗ → ZH.
And all the possible detectable decay modes of H and Z have been used in the search.



1.3 Higgs boson mass constrains 13

Figure 1.8 Theoretical upper and lower limits on the mass of the Higgs boson as a
function of cut-off energy scale Λ. The upper limits are provided by the
triviality bound and the lower limits by the vacuum stability bound.

While some initial hints of a Higgs signal with mass around 115 GeV was seen,
in the final combined result of the search for the Higgs boson performed by the
four experiments didn’t show any relevant excess, and the final result is shown
in Figure 1.9: the test statistics is −2 lnQ = −2 ln L∫Lb , where Lb and L∫ are the
likelihood of the background only and signal plus background hypotheses respectively.

From Figure 1.9 one can deduce that up to a Higgs mass of 114.4 GeV the
observed data are consistent with the background only hypothesis.

The TeVatron is a proton-antiproton collider operating in the so called RUN
II at a center of mass energy of 1.96 TeV and it has been taking data up to 2011
providing data to two detector experiments: CDF [79] and D0 [80].

The main Higgs production mechanism at the TeVatron collider was the associate
production including also the W boson (pp̄ → V H, V = W±, Z), while the main
decay channels include also the decay to pairs of vector bosons (H → ZZ∗ and
H → W+W−) because of the wider mass range accessible at the TeVatron. The
results of the combined search of CDF and D0 are shown in Figure 1.10, [81]: the
95% confidence level upper limit on the ratio of the Higgs boson production to the
SM expectation is shown as a function of the Higgs boson mass.
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Figure 1.9 Combined results of the direct Higgs search preformed by the four experi-
ments at LEP.

Figure 1.10 Combined results of the Higgs searches by the CDF and D0 collaborations.
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Figure 1.11 Variation of the χ2 of the electroweak fit as a function of the Higgs boson
mass

As can be seen the observed limit goes below unity in the interval 147 < mH <
180 GeV and therefore the presence of the Higgs boson is excluded in this mass
range with a 95% confidence level.

With only Higgs boson as the missing piece of the SM predictions, it is ob-
vious to attend to predict its mass by fitting all data within the SM framework,
having it as one of the free parameters. The variations of the χ2 of this fit to
the data collected by the LEP, TeVatron and SLC accelerators are shown in Fig-
ure 1.11. The main result of this fit is that the low mass region (compatible with
LEP and TeVatron results) is favoured, but also the high-mass region is not excluded.
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Higgs Search, and discovery of a Higgs-like particle at LHC

There are essentially four mechanics for the single production of the SM Higgs boson
at hadron collider[18]; some Feynman diagrams are show in the Figure 1.12.

The total cross sections, are displayed in Figure 1.13 for the LHC at two different
center of mass energies:

√
s = 7 TeV and

√
s = 8 TeV as a function of the Higgs

mass. Lets summarised below the main features of each production channel:

gg → H

This is the dominant production process at the LHC, up to massesMH ≈ 1 TeV. The
most promising detection channels are[19] H → γγ for MH ≤ 130 GeV and slightly
above this mas value, H → ZZ∗ → 4l± and H → WW ∗ → llνν with l = e, µ,
for masses below 2MW and 2MZ respectively. For higher masses, MH > 2MZ ,
it is the golden channel H → ZZ → 4l±, witch from MH > 500 GeV can be
complemented by H → ZZ → ννl+l−, H → WW → 4l± and −our dissertation
analysis− H → ZZ → l+l−qq̄ to increase statistics.

qq̄ → HV

The associated production with gauge bosons, with H → bb̄ and possibly H →
WW ∗ → l+νjj, is the most relevant mechanism at TeVatron[20] [gg → H →WW →
lνlν being important for Higgs masses close to 160 GeV]. At the LHC, this process
plays only a marginal role; however, the channels HW → lνγγ and eventually lνbb̄
could be useful for the measurement of Higgs couplings.

WW/ZZ fusion

This process has de second largest cross section at the LHC. For several reasons, the
interest in this process has grown: it has a large enough cross section an one can
use cuts, forward-jet tagging, mini-jet veto for low luminosity as well as triggering
on the central Higgs decay products[21] which render the background comparable to
the signal, therefore allowing precision measurements.

pp→ tt̄H

Higgs boson production in association with top quarks, with H → γγ or bb̄, can be
observed at the LHC and direct measurement of the top Yukawa coupling, as well as
an unambiguous determination of the CP violation of the Higgs boson can be possible,
in spite that pp→ tt̄H → tt̄bb̄ may be subject to a too large jet background[22].

The discovery of this new particle has been made public with a press conference
held at CERN on July 4th 2012, and it is based on the analysis and the combination
of both the 2011 and 2012 datasets, studied independently by the two collaborations
(ATLAS and CMS).



1.3 Higgs boson mass constrains 17

Figure 1.12 The most important processes for Higgs production at hadron colliders.
Gluon fusion, vector boson fusion, Associative production with W
and an example of the diagrams having associative production with
a top pair.
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Figure 1.13 Standard Model Higgs boson production cross sections at (a)
√
s = 7 TeV

and (b)
√
s = 8 TeV. Transition for VBF at MH = 300 GeV at

8 TeV is due to change from ZWA to complex-pole-scheme.

Figure 1.14 shows the evolution of the p-value [111] of the combined Higgs search
in the ATLAS experiment as a function of time (i.e. available integrated luminosity):
the dashed lines stand for the expected p-value distributions while the solid lines
represent the observed ones.

The p-value is basically the probability that, given a certain hypothesis (e.g. the
background-only hypothesis), the data have fluctuations greater than the observed
ones. The aim of such a measurement is to exclude at 5σ the background-only
hypothesis.



1.3 Higgs boson mass constrains 19

Figure 1.14 Evolution of the p-value measured in the combined Higgs boson search
by the ATLAS experiment as a function of time. 2012 results include
the full 2011 data sample combined with the amount of data collected
in 2012 (at

√
s = 8 TeV) up to the closure for the reference public

document.

Figure 1.15 Likelihood curves for the ratio µV BF+V H/µggF+tt̄H from theH → γγ,
H → ZZ∗ → 4l and H → τ+τ− channels and their combination for
a Higgs boson mass hypothesis of mH = 125.5 GeV. The branching
ratios and possible non-SM effects coming from the branching ratios
cancel in µV BF+V H/µggF+tt̄H, hence the different measurements
from all three channels can be compared and combined.
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Recently, (March, 2013) such a observation of a new particle in the search for
the Standard Model (SM) Higgs boson at the LHC, reported by the ATLAS[23]
and CMS[24] Collaborations, has been update into a combined signal strength value
for low mass resolution channels H → WW ∗ → lνlν, H → τ+τ− and H → bb̄[25].
The mass, signal strength and couplings measurements have been updated using up
to 4.8fb−1 of pp collision data at

√
s = 7 TeV and about 21fb−1 at

√
s = 8 TeV

for the two channels H → γγ[26] H → ZZ∗ → 4l[27]. The Figure 1.15 shows the
Likelihood curves for the ratio different channels and their combination for a Higgs
boson mass hypothesis of mH = 125.5 GeV.
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1.4 Beyond the Standard Model

Despite being able to explain with high precision most of the experimental data that
has been produced until now, the SM suffers from several theoretical problems:

• No dark matter candidate is provided by the SM.

• It does not explain the gravitational interaction.

• The level of CP violation is not sufficient to explain the matter anti-matter
asymmetry seen in the universe.

• It does not explain the hierarchy problem, i.e. why gravity is so weak compared
to the other interactions.

• Fine tuning is required to deal with divergences in the Higgs sector.

Because of these reasons and indeed others not discussed, it is a widely held
opinion within the scientific community that the SM is an effective theory which we
currently probe at low energy. The general theory will begin to become accessible
when the predictions of the SM start to become incorrect. More precise determina-
tion of the free parameters of the SM will allow the scale at which this happens to
be better understood.

Several beyond the SM theories exist which describe the SM predictions at low
energy. Perhaps one of the most popular is supersymmetry which suggests a new
symmetry between fermions and bosons and provides solutions to a number of the
problems associated with SM. For example its models commonly provide a dark
matter candidate and it also provides a solution to divergences in the Higgs sector.

1.4.1 Two-Higgs-Doublet models(2HDM)

In this form the SM, the Higgs mechanism constitutes only a minimal configuration
to implement the breaking of the electroweak symmetry and the generation of
particle masses. A simple extension of the SM Higgs sector is given by the addition
of a second complex Higgs doublet [152], giving rise to five Higgs bosons:

Two CP-even scalar fields h and H, one pseudoscalar A (CP-odd), and two
charged fields H±. These Two-Higgs-Doublet models (2HDM) are phenomenologi-
cally interesting since they can explain the generation of the baryon asymmetry in
the universe [8] and are an important ingredient of axiom models that are designed
to explain the dark matter content of the universe [153]. Finally, the minimal
supersymmetric SM [154] contains two Higgs doublets as well. Four different types
of 2HDMs can be distinguished, depending on the different coupling of the two scalar
fields h and H to fermions and weak gauge bosons. In type-I models all quarks
couple to just one of the Higgs doublets, while in type-II models the right-handed
up-type quarks couple to one Higgs doublet and the right-handed down-type quarks
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to the other doublet. Type-III and type-IV models differ only from type-I and
type-II models in their couplings to the leptons.

Recent detailed reviews on 2HDMs can be found in Refs. [155, 156]. Since the
discovery of the new boson at the LHC, 2HDMs have attracted much attention in
phenomenological studies [157, 158, 159, 160, 161], which provide a strong incentive
for dedicated experimental investigations in this direction. Searches for generic
2HDMs have been performed by the CDF collaboration at the TeVatron[162, 163].
The rate of the Higgs-like boson at 125 GeV in the two-photon channel provides
also constraints on 2HDMs[164], mainly reducing the parameter space of type-II
models. The analysis presented in this note investigates the possibility that the
boson observed by the ATLAS and CMS experiments at a mass of 125 GeV originates
from a Higgs boson that is part of a 2HDM. In particular, it is assumed that the
observed particle is the low mass Higgs h of the 2HDM.



Chapter 2

CERN, the LHC and the
ATLAS Experiment

Founded in 1954, the CERN laboratory sits astride the Franco-Swiss border near
Geneva. It was one of Europe’s first joint ventures and now has 20 member states.
The name CERN is derived from the acronym for the French Conseil Européen pour
la Recherche Nucléaire, or European Council for Nuclear Research, a provisional body
founded in 1952 with the mandate of establishing a world-class fundamental physics
research organization in Europe. At that time, pure physics research concentrated
on understanding the inside of the atom, hence the word "nuclear". At this moment,
the understanding of matter goes much deeper than the nucleus, and the main area
of research at CERN is particle physics − the study of the fundamental constituents
of matter and the forces acting between them.

At CERN, the European Organization for Nuclear Research, physicists and
engineers are probing the fundamental structure of the universe. They use the
world’s largest and most complex particle accelerator to study the basic constituents
of matter or the fundamental particles. The particles are made to collide together
at close to the speed of light. The process gives the physicists clues about how the
particles interact, and provides insights into the fundamental laws of nature.

The instruments used at CERN are purpose-built particle accelerators and de-
tectors. Accelerators boost beams of particles to high energies before the beams are
made to collide with each other. Detectors −like ATLAS− observe and record the
results of these collisions.

23
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2.1 The Large Hadron Collider

The Large Hadron Collider (LHC), conceptualised around a quarter of century back,
is built in a circular tunnel 27 km in circumference. The tunnel is buried around
50 m to 175 m underground. It located between the Swiss and French borders on
the outskirts of Geneva.

The first beams were circulated successfully on 10th September 2008. Un-
fortunately on 19th September a serious fault developed damaging a number of
superconducting magnets. The repair required a long technical intervention. The
LHC beam did not see beam again before November 2009. First collisions took place
on 30th March 2010 with the rest of the year mainly devoted to commissioning. 2011
was the first production year with over 5fb−1 delivered to both ATLAS and CMS.
The 2012 started with over 6fb−1 delivered by the time of the summer conferences.
Data that allowed for the announcement of the discovery of a Higgs-like particle on
4th July 2012 mentioned above.

It is a proton-proton (pp) collider, and the collision were delivered at
√
s = 7 TeV

in 2010 and 2011, while they are being collected at
√
s = 8 TeV during 2012.

One of the crucial parameters for the discovery power of a particle collider is the
instantaneous luminosity since it is proportional to the event rate dN

dt :

dN

dt
= L × σ (2.1)

Where σ is the cross section of the considered process. The instantaneous
luminosity of a particle accelerator depends on its intrinsic features:

L =
N2
p fk

4πR2 (2.2)

where Np is the number of protons in each bunch, f is the revolution frequency
of the protons in the accelerating ring, k is the number of bunches circulating in the
beam and R is the mean radius of the proton distribution on the plane orthogonal
to the beam direction.

The instantaneous luminosity delivered by the LHC in 2011 reached the value
of 3.65 × 1033 cm−2s−1 at its maximum, where the design peak luminosity was
1034 cm−2s−1. This high luminosity is reached with 1380 (2808 from the design)
bunches per beam, each of them containing 1011 protons. The bunches have very
small transverse spread, about 15µm in the transverse direction, and the longitudinal
length is about 7 cm. In the design of the LHC the bunches should have crossed
every 25 ns, giving a collision rate of 40 MHz, while the actual bunch spacing
reached in 2011 and 2012 is of 50 ns. These parameters achieved in 2011 and 2012
allowed an integrated luminosity showed in Figure 2.1.

Part of the acceleration chain and the different positions of the LHC’s experiments
are showed in Figure 2.2: after their production and an of 1.4 GeV, the Super
Proton Synchrotron raises their energy up to 450 GeV before injecting them into
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(a) Integrated luminosity recorded in 2011
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Figure 2.1 The integrated luminosity as a function of time delivered by LHC (green)
and recorded by ATLAS (yellow) in 2011 and 2012.

Feature design value actual value
beam energy [ TeV] 7 4
bunch spacing [ns] 25 50
peak luminosity [cm−2s−1] 1034 8× 1033

mean number of interaction per bunch crossing 23 20
number of bunches 2808 1380
protons per bunch 1.15× 1011 1.67× 1011

bunch transverse dimensions [µm] 15 ∼ 30

Table 2.1 Main features of the LHC. The first column contains the values as in the
LHC design, the second column contains the actual value of the features.
The actual features include both 2011 and 2012 runs

the LHC. Ones there, the protons are accelerated in the two opposite directions up
to the colliding energy of 3.5 TeV (2011) or 4 TeV (2012) per beam.

Since LHC accelerates two beams of same sign particles, two separate accelerating
cavities and two different magnetic fields are needed: LHC is equipped with 1232
superconducting magnets and 16 radiofrequency cavities which bend and accelerate
the proton beams in the two parallel beam lines in the machine. The magnetic field
used to bend such energetic proton beams is of 8.3 T and to reach such a magnetic
fields the superconducting magnets are cooled down to 1.9 K and a 13 kA current
circulates inside them.

The LHC provides collisions in four collision points along its circumference where
detector experiments located: ALICE (A Large Ion ColliderExperiment), ATLAS (A
Toroidal Lhc ApparatuS), CMS (Compact Muon Solenoid) and LHCb (Large Hadron
Collider beauty). ATLAS and CMS are multi-purpose detectors, while ALICE and
LHCb are focused on more specific studies: (See Figure 2.2) ALICE focuses on the
quark-gluon plasma produced in heavy-ions collisions1, while LHCb focuses on the
study of CP violation processes occurring in b and c hadron decays.

1The LHC is able to accelerate and collide lead ions at
√
s = 2.76 TeV per nucleon, and ions

collisions are foreseen each year in the LHC program. Not part of our actual studies.
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Figure 2.2 The LHC particles accelerator, in which it is possible to see the SPS and the
different beam’s collision points with their corresponding experiment.
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2.2 The ATLAS Detector

The ATLAS detector is one of the four main experiments recording the collisions
provided by the LHC. It is 20 m tall and 45 m long and weights more than 7000 tons.

Figure 2.3 The ATLAS Detector: all the subdetectors it is composed of are shown.

The structure has a cylindrical shape centred at the interaction point with its
axis along the beam line, and it is composed of several concentric subdeterctors
which measure different features of the particles generated in the pp collision as they
fly from the center of the detector to the outer part, as shown in Figure 2.4. From
the innermost to the outermost layer, the ATLAS experiment is composed of (see
Figure 2.3):

• An inner tracking system to detect charged particles and measure their mo-
mentum and direction.

• A solenoidal superconducting magnet providing a uniform magnetic field along
the beam axis in which the inner detector is immersed.

• An electromagnetic calorimeter to measure the energy deposited by electrons
and photons.

• An hadronic calorimeter to measure the energy deposited by hadrons.

• A muon spectrometer, that is a tracking system for the measurement of muons
as they travel throughout all the detector and are the only particles reaching
the outer part.
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• An air-cored superconducting toroidal magnet system which provide the mag-
netic field to the muon spectrometer.

Figure 2.4 Schema of the detection of the particles produced in a proton collision
while they travel through the several layers of the ATLAS detector.

In the following sections details about the structure of the subdetectors are be
given, as well as some insight about how they work and their performances.

2.2.1 ATLAS Coordinate System

The ATLAS coordinate system is a cartesian right-handed coordinate system, with
the nominal collision point as the origin (Figure 2.5), the z axis is along the beam
line and the x− y plane is the plane perpendicular to the beam line.

The x axis points to the center of the LHC ring, while the y axis goes upwards.
The azimuthal angle φ is defined around the beam axis, while the polar angle θ is
the angle from the z axis in the y − z plane. The θ variable is not invariant under
boosts along the z axis, and so instead of the θ angle the pseudorapidity2 η is used:

η = − ln
[
tan

(
θ

2

)]
(2.3)

2Actually the real boost-invariant variable is the rapidity y: y = 1
2 ln E+p cos θ

E−p cos θ . In the ultra-
relativistic limit the rapidity y can be substituted with the pseudorapidity η
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Figure 2.5 Reference system used in ATLAS.

Since at an hadronic collider the real colliding particles are the partons inside
the protons, we can say that the actual center of mass energy in unknown in each
collision: ŝ = x1 · x2 · s, where ŝ is the effective collision energy, x1 and x2 are the
fractions of momentum carried by the two colliding partons and s is the colliding
energy of the two protons.

Because of this, the total momentum along the beam axis before the collision
is unknown, while the total momentum in the transverse plane (i.e. the x − y
plane) is known to be zero and hence we can apply the momentum and energy
conservation laws only on the transverse plane (because we know what is the initial
total momentum).

For this reason transverse quantities are considered, and they will be denoted
with the "T " sub-script (e.g. pT stands for transverse momentum, that is the projec-
tion of the momentum on the x− y plane).

2.2.2 ATLAS Magnets

The ATLAS detector is equipped with two magnetic systems: a superconducting
solenoid [83], providing a magnetic field to the inner tracking system, and a system
of air-core superconducting toroidal magnets [84, 85] located in the outer part of
the detector as shown in Figure 2.6.

The solenoid covers the central region region of the detector, provides an uniform
magnetic field of approximately 2 T along the z axis bending tracks of the particles
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Figure 2.6 The magnetic system of the ATLAS detector: the inner cylinder is the
superconducting solenoid, while the external parts are the coils of the
toroid.

in the transverse plane in order to let the inner tracking system measure their
transverse momentum.

The solenoid is located between the inner detector and the electromagnetic
calorimeter and its dimensions (its width, particularly) have been optimized in order
to minimize the amount of dead material (only 0.83 radiation lengths) in front of
the calorimetric system.

The toroid is one of the peculiarities of the ATLAS detector: it is located outside
of the calorimetric system covers the region |η| < 3 (considering all its subparts),
and provides a magnetic field whose peak intensities are 3.9 T in the central region
of the detector and 4.1 T in the forward region.

The aim of such a toroid is to have a large lever arm to improve the measurement
of the muon transverse momentum, and it is built "in air" in order to minimize the
muon multiple scattering within the detector.

The ATLAS double magnetic system has been designed to provide two indepen-
dent measurements of the muon transverse momentum in the inner detector and in
the muon spectrometer, thus ensuring good muon momentum resolution from few
GeV up to the TeV scale.
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2.2.3 The Inner Detector

The ATLAS Inner Detector tracker (ID), shown in Figure 2.7, is composed by
three concentric cylindrical subdetectors. Its axis is centred on the z axis and it is
approximately 6 m long and its diameter 2.30 m, covering the region (|η| < 2.5).

Figure 2.7 The ATLAS Inner Detector tracker: the three subdetectors (the Pixel
Detector, the Semiconductor Tracker and the Transition Radiation
Tracker) are shown as well as their radial dimensions.

The three sub-detector into the ID are:

• Pixel Detector: it is composed of three layers of silicon pixels. It provides
high-precision track measurement, since the spatial resolution on the single hit
is ∼ 10 µm in the φ coordinate and ∼ 115 µm along the z coordinate.

• Semiconductor Tracker (SCT): it is the second high-precision detector of
the ATLAS inner tracker. It is composed of eight layers of silicon strips with a
spatial resolution on the single hit of 17 µm in φ and 580 µm along z. The
Pixel Detector and the Semiconductor Tracker together provide on average
eight high-precision hits per track.

• Trasition Radiation Tracker (TRT): it is composed of straw tubes cham-
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bers. The resolution of such a detector is lower than the previous one (∼ 130 µm
per straw), but it is compensated by the high number of points per track (36
on average) that it can provide.

The aim of the ATLAS ID is to measure the tracks of the charged particles
produced in the pp collision and all the related features: pT, η, φ, the eventual
secondary vertexes due to long-lived particles.

Figure 2.8 The sagitta of a track is the maximum distance between the track itself
(that is an arc of a circle) and the straight segment having the same
starting and ending points.

The momentum is measured by measuring the track curvature in the magnetic
field provided by the superconducting solenoid described in the previous section.
To estimate the expected resolution the sagitta method can be used: the magnetic
field bends the trajectory of the charged particles in the φ coordinate because of
Lorentz’s force:

~FL = q~v × ~B (2.4)

where q is the charge of the particle, ~v is its velocity and ~B is the magnetic field.
The resolution of the momentum measurement depends on many detector-related
parameters:

∆p
p2 = 8

0.3 ·B · L2 ∆s (2.5)

where B is the magnetic field expressed in Tesla, L is the lenght of the recon-
structed track expressed in meters, while ∆s is (see Figure 2.8):

∆s = ε

8

√
720
N + 4 (2.6)

where N is the number of measured points on the track and ε is the resolution
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on the measurement of the points.

From formulas 2.6 and 2.5 it is possible to see how it is crucial to have a strong
magnetic filed, an high number of points per track and a good spatial resolution on
these points in order to have a good resolution on the track pT.

2.2.4 The Calorimetric System

In an high-energy physics experiment the calorimeters are used to measure the en-
ergy of photons, electrons (the electromagnetic calorimeter), hadronic jets (hadronic
calorimeter) and the missing ET (due to undetected particles like neutrinos) which
is measured thanks to the tightness of the calorimetric system.

The ATLAS calorimeter has a cylindrical shape centred around the interaction
point with its axis lying on the ATLAS z axis. It is long about 13m and the
external radii of the electromagnetic and hadronic calorimeters are 2.25 and 4.25 m
respectively.

The ATLAS calorimeters are represented in Figure 2.9 and the absorption lengths
as a function of η are shown in Figure 2.10.

Figure 2.9 The ATLAS calorimetric system: the electromagnetic calorimeter made of
liquid Argon and Lead and the hadronic caloimeter, whose composition
varies as a function of η.

The Electromagnetic Calorimeter

The Electromagnetic Calorimeter of the ATLAS experiment covers the region up to
|η| < 3.2. The structure of the Electromagnetic Calorimeter has a special feature,
how you can see in Figure 2.11: it has an accordion structure made of lead (whose
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Figure 2.10 Amount of material in terms of absorption length in the ATLAS calori-
metric system as a function of η.

thickness varies as a function of η in order to maximise the energy resolution) which
is immersed in liquid Argon, which is the active material of the calorimeter. This
structure confers to the calorimeter very high acceptance and symmetry in the φ
coordinate.

In the central region |η| < 2.5 the radial coordinate the electromagnetic calorime-
ter has three sampling channels in order to maximize particle identification power
(see Figure 2.11).

The calorimeter is segmented in cells of variable dimensions as a function of η
as well as its thickness (> 24X0 in the central region and > 26X0 in the forward
region): in the central region the segmentation is ∆η ×∆φ = 0.025× 0.025.

The ATLAS EM calorimeter energy resolution is parametrized as:

∆E
E

= 10%√
E[ GeV]

⊕ 1% (2.7)

Where 10% is the sampling term and 1% is the constant inter-calibration term.
The η resolution is:

40mrad√
E[ GeV]

(2.8)

The Hadronic Calorimeter

The Hadronic Calorimeter covers the region |η| < 4.5, and it is realized with a variety
of techniques as a function of η like it is possible to check in Figure 2.9.

The central region (|η| < 1.7) it is made of alternating layers of iron (used as
absorber) and scintillating tiles as active material, and its thickness offers about 10
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Figure 2.11 The accordion structure of the electromagnetic calorimeter and its radial
segmentation.

interactions lengths λ at η = 0. It is segmented in ∆η ×∆φ = 0.1 × 0.1 pseudo-
projective towers pointing to the interaction point.

The "endcap" region (1.7 < |η| < 3.1) is equipped with a liquid Argon and
lead, as the Electromagnetic Calorimeter, while the forward region (3.1 < |η| < 4.5)
is equipped with liquid Argon, but the accordion structure is replaced by a con-
centric rods and tubes made of copper. This variety of materials and structures
is due to the different radiation hardness required in the different parts of the detector.

2.2.5 The Muon Spectrometer

The ATLAS Muon Spectrometer (MS) is instrumented with both trigger and high-
precision chambers immersed in the magnetic field provided by the toroidal magnets
which bends the particles along the η coordinate, and it allows to measure the muons
pT in the region |η| < 2.7 using the sagitta method described in section 2.2.3. Here
the lenght of the lever arm plays a leading role on the pT resolution. The MS is
shown in Figure 2.12.

The chambers used to reconstruct the muon track are of several types depending
on the η region, in order to face the different rate conditions present in the different
parts of the detector. In the central region (|η| < 2) Monitored Drift Tubes (MDTs)
are used. The MTD chambers are composed of aluminium tubes of 30 mm diameter
and 400 µm thickness, with a 50 µm diameter central wire. The tubes are filled with
a mixture of Argon and CO2 at high pressure (3 bars), and each tube has a spatial
resolution of 80 µm.
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Figure 2.12 The ATLAS Muon Spectrometer.

At higher pseudo-rapidity (2 < |η| < 2.7) the higher granularity of the Cathode
Strip Chambers (CSC) are used. CSC chambers are multiwire proportional chambers
in which the readout is performed using strips forming a grid on the cathode plane
in both orthogonal and parallel direction with respect to the wire. The spatial
resolution of the CSC is about 60 µm.

As shown in Figure 2.12, in the central region the MS is arranged on a three
layer −or stations− cylindrical structure which radii are 5, 7.5 and 10 m; while in
the forward region the detectors are arranged vertically, forming four disks at 7, 10,
14 and 21− 23 m from the interaction point.

The other chambers installed on the spectrometer are used for the trigger (see
next section for details). The chambers used for the muon trigger are Resistive Plate
Chambers (RPC) in the central region (|η| < 1.05) and Thin Gas Chambers (TGC)
in the forward region.

These detectors provide very high time resolution (O(ns)) even if the spatial
resolution is not so high (O(cm)).
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2.2.6 The ATLAS Trigger

The LHC is designed to provide collisions at a frequency of 40 MHz and, since the
average dimension of an ATLAS event is ∼ 1.5 MB, a recording rate of ∼ 60 TB
per second would be needed, while the current technology allows to record data at
about 300 MB/s. To deal with this environment and knowing that the interesting
physics at LHC occurs at very low rate, as shown in Figure 2.14, the events to be
recorded can be selected without loosing the relevant information.

Figure 2.13 Main structure of the ATLAS trigger system: it is made of three levels,
each improving the measurement of the previous levels also combining
informations from different subdetectors.

This selection is performed on-line by the ATLAS trigger and data acquisition
system [86]. The ATLAS trigger is designed to rapidly inspect the events detected
by the ATLAS detector and choose whether record or discard the event after having
compared its main features with a set of predefined thresholds contained in the
trigger menu. In case that the trigger decides to discard an event, then the event is
not recorded and lost forever.

The ATLAS trigger system has a three level structure: each level refines the
measurements of the previous level introducing also new selection criteria and com-
bining the information from different subdetectors, as shown in Figure 2.13.

The first level of the ATLAS trigger (L1 or LVL1) is completely hardware-based
and it makes use of only the data collected by the calorimetric system and the muon
spectrometer: the L1 trigger only looks for high-pT muons candidates or calorimetric
objects (electrons/γ, jets) by means of fast and rough measurements performed
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by ad-hoc detectors in the Muon Spectrometer (RPC, TGC) and simplified object
identification in the calorimeter.

Figure 2.14 The event rate at which interesting physics occur −referred to LHC
design parameters− and the processing time of each trigger level.

The L1 is designed to take a decision on the event in 2.5 µs and its output is a
list of so-called Regions of Interest (RoI), which are η − φ regions of the detector
in which interesting activity has been detected, and the output rate is about 100 kHz.

The second level of the ATLAS trigger (L2 or LVL2) is completely software-based.
It takes as input the RoIs provided by the L1, and refines the measurement into these
regions: data of the precision chambers are used in the Muon Spectrometer (MDT,
CSC) as well as the data from the ID, while the measurement of the calorimetric
objects is refined using higher level algorithms.

Moreover the data of the different subdetectors are combined together in order to
obtained better object reconstruction/identification (e.g. the ID and the MS tracks
are combined for the muons, ID and calorimetric informations are combined to
discriminate between electrons and photons). The L2 takes its decision in O(10ms)
and its output rate is about 3 kHz.

The third level of the ATLAS trigger (Event Filter, EF) is completely software-
based and forms, together with the L2, the High Level Trigger (HLT). At this stage
a full reconstruction of the detector is performed (the measurement is not restricted
to the RoIs), and the algorithms run at the EF are mostly the off-line reconstruction
algorithms adapted to the on-line environment. The decision of the EF is taken in
O(1s) and the output rate is about 400 Hz.
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Figure 2.15 Total trigger rates at each level of the ATLAS trigger.

Figure 2.15 shows the total trigger rate for all the three levels as a function of
the instantaneous luminosity: how can be seen the trigger rates are kept stable.
This happens thanks to changes in the prescales and in the trigger menu −on-line
into the ATLAS Control Room−, where higher thresholds or quality criteria on the
trigger objects are required as the luminosity increases.

Electron Trigger

The electron trigger follows the three level ATLAS trigger structure, in which the
measurements and the selections are refined at each stage. At the first level the
electron trigger makes use only of the calorimeters, and hence no distinction between
electrons and photons is possible since they are both identified as "calorimetric ob-
jects". In particular the L1 trigger measurement is a real calorimetric measurement
even if it is done with reduced granularity, represented in Figure 2.16:

Once a relevant amount of energy is detected, the total energy in a little 2× 2
cluster is measured (green area), and the isolation with respect to electromagnetic
(yellow area) and hadronic activity (pink area, e.g. due to electrons coming from
heavy quark decay) is computed. If the these three parameters (ET , electromagnetic
and hadronic isolation) fulfil the requirements, then the electromagnetic calorimeter
is accepted as a good calorimetric object and its RoI is propagated to the L2.

The L2 trigger basically refines the calorimetric measurement, accessing the full
granularity of the calorimeters and studying the shape of the energy deposit (e.g.
π0/γ separation), and includes the data of the inner tracking system. At this level
a "calorimetric object" may become an electron if an ID track consistent with it is
found. Since the measurements are more precise at this level, tighter conditions on
the quality and the kinematic features of the electron candidates can be required.
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Figure 2.16 The L1 trigger for calorimetric objects in the Electromagnetic Calorimeter:
the green area represents the RoI cluster, the yellow area is the region
used for the isolation requirements, and the pink area is the region
used for the hadronic isolation.

At the end of the chain the EF further refines the measurements performed at
the L2 on the electron candidates, running algorithms very similar to the off-line
ones and having access to the data of all the subdetectors with full granularity.

Figure 2.17 E/p distribution found by the HLT and the off-line for the electron
trigger. The distributions are shown for L2 and EF separately.

The distribution of the difference between the off-line and the value measured at
different trigger levels of the E/p variables for electrons is showed in Figure 2.17.
This shows how the EF measurement (blue line) is better than the L2 measurement
(red line), since the former is allowed to use reconstruction algorithms very similar
to the off-line ones thanks to the large processing time available (see Figure 2.14),
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Figure 2.18 L1 muon trigger algorithm: a muon coming from the interaction point
leaves hits on the three layers of RPC detectors installed in the muon
spectrometer. The position of the different hits is correlated as a
function of the muon pT.

while the latter has to rely on simplified algorithms.

Muon Trigger

The L1 muon trigger relies on the temporal and geometric correlation of the hits
left by a muon on the different layers of RPC detectors installed in the muon
spectrometer, as shown in Figure 2.18.

When a muon coming from the interaction point crosses the RPC detectors, it
leaves hits on each of them: starting from the hit on the central station (also known
as pivot plane, RPC2 in Figure 2.18) a "correlation window" (several windows are
opened for several pT thresholds) is opened on the RPC1 layer.

If a good hit (i.e. hits in both η and φ and in time with the hit on the pivot
plane) is found on the RPC1 layer then a low-pT muon candidate is found. The same
algorithm is applied using the RPC3 plane to look for high-pT muon candidates.
Once a muon candidate is found, the RoI is propagated to the L2.

At the L2 the muon track is reconstructed for the first time: there are algorithms
which reconstruct the muon tracks in the ID and in the MS separately and then
combine them in order to determine of pT, η and φ. At this level the pT measurement
is not done by a fit, but look-up tables are used: the pT estimation is done starting
from the relation

1
s

= A0 · pT +A1 (2.9)
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where s is the sagitta of the muon track and A0 and A1 are two constant values
needed to take into account the magnetic field and the energy loss in the calorimeters
respectively. A look-up table is basically a table whose columns and rows represent
the η − φ segmentation of the ATLAS detector, and in each cell a (A0, A1) pair is
contained. For each muon candidate, given η, φ and s, a fast estimation of the pT is
possible. This method is used since at the L2 there is not enough time to perform a
real fit to precisely measure the track pT. Once the full track is reconstructed (from
the ID to the MS), the calorimetric activity around it is measured, in order to apply
the isolation requirements.

At the EF the muon reconstruction algorithms perform again the operations
performed by the L2 algorithms, but now the full detector with its full granularity
can be accessed, and a real fit of the muon track is performed.

(a) (b)

Figure 2.19 Correlation between the muon pT reconstructed at several trigger levels
(level 2 in (a) and event filter in (b)) and the off-line reconstruction.

Figure 5.15(a) shows the correlation between the muon pT reconstructed at dif-
ferent trigger levels and the off-line reconstruction: in Figure 2.19(a) the correlation
between the L2 stand alone pT is shown, while in Figure 2.19(b) the correlation
between the EF combined pT measurement and the off-line one is shown.

As can be seen the EF measurement is much more accurate and precise compared
to the one performed at L2. The corresponding plot for L1 is not shown since at L1 the
muon pT is not really measured, but, as explained above, only a threshold is available.

2.2.7 Monte Carlo Generators in ATLAS Event Simulation

Adding to the real events recorded by the ATLAS detector, the use of the Monte
Carlo simulations is essential for the different physics programs.

During the preparation phase of an experiment, simulation provides the envi-
ronment to develop and understand the detector, to develop analysis strategies,
to estimate the sensitivity to different physics processes, to develop and validate
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object reconstruction algorithms, to optimize the trigger menus, and so on. During
the running phase of an experiment, simulation is used to compare predictions of
theoretical models against the real data. The event simulation and reconstruction is
performed in the Athena frame-work[39], who is in charge of the following processes:

• Event generation: corresponds to the phase of proton-proton (pp) collision
events generation. It takes care of the production and decay of particles in a
given process. Several event generators are available.

• Detector simulation: is the simulation of interactions between the generated
particles and the detector.

• Digitization: corresponds to the simulation of the detector readout, or better
says, the conversion of energy deposited in the detector to times, currents
and voltages for readout electronics. The output format of the simulation is
identical to the real detector output format.

• Reconstruction: in this step a set of object reconstruction algorithms are
applied. These algorithms are applied to both simulation and real data in
exactly the same way. This phase is better described in Chapter 3.

There are two kinds of Monte Carlo (MC) generators, the so-called multi-propuse
MC generators which handle all the event generation steps, and the specialized MC
generators that handle only some specific steps of the MC generation chain.

The kinematic distributions for a given process may differ between different
Monte Carlo generators. Depending on the problem under study, one generator may
be more suitable than others and the comparison between different generators is
always encouraged.

The Monte Carlo generators used into this Higgs search analysis are listed below,
together with their main characteristics.

• Pythia: is a multi-purpose Monte Carlo generator for event simulation in
pp, e+e− and ep colliders. Pythia simulates non-diffractive proton-proton
collisions using a 2 → n (n ≤ 3) matrix element at LO to model the hard
subprocess, and uses pT -ordered parton showers to model additional radiation
in the leading-logarithmic approximation. The hadronisation model used is
the Lund string model. MPIs are also simulated[35].

• Herwig: is a general purpose Monte Carlo generator, which uses a LO 2→ 2
matrix element supplemented with angular-ordered parton showers in the
leading-logarithm approximation. The cluster model is used for the hadroni-
sation. The underline is modelled using an external package called Jimmy
[36, 37, 38].

• Herwig++: is based on the event generator Herwig, but redesigned in the C++
programming language (Herwig is programmed in Fortran). The generator
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contains a few modelling improvements. It also uses angular-ordered parton
showers, but with an updated evolution variable and a better phase space
treatment. The cluster model is also used for hadronisation. The UE are
described using a multiple partonic interactions model[40, 41].

• Alpgen: is a specialized tree matrix-element generator for hard multi-parton
processes 2→ n (n ≤ 9) in hadronic collisions. It is interfaced to Herwig to
produce angular-ordered parton showers in leading-logarithmic approximation
or Pythia to produce pT -ordered parton showers. Parton showers are matched
to the matrix element with the MLM matching scheme. The hadronisation
process is simulated with Herwig, using the cluster model. MPIs are modelled
using Jimmy[42].

• MC@NLO: is a Fortran package which allows to match NLO QCD matrix
elements consistently into a parton shower framework. In order to reproduce
the NLO corrections fully, some of the configurations have negative weights.
The shower and hadronization can be implemented using Herwig or Herwig++.
The NLO expansion of the hard emissions needs to be evaluated for each
showering program used[43, 44].

• Powheg: is a parton-level Monte Carlo generator. It allows to interface NLO
calculations with a parton shower framework. It generates the hardest emission
first, with NLO accuracy independently of the parton shower generator used.
It can be interfaced with several parton shower generators as Herwig, Pythia,
etc[45].



Chapter 3

Physiscs Objects
Reconstruction in ATLAS

The outputs of the digitization process of the detector signals generated by the par-
ticles produced in real/simulated pp collisions are processed by a serie of algorithms
in order to built physics objects up. This step is not done in real time and thus is
known as off-line event reconstruction. The result is a set of physics objects with
four-momenta that can be used directly in physics analyses. The reconstruction of
tracks, primary vertices, electrons, muons, neutrinos and jets as well as the trigger
chains used in the different analyses of this thesis will be described in the following
sections.

3.1 Data quality

The events where some of the relevant ATLAS subdetectors were not properly
operational can not be used for physics analyses. In ATLAS, each subsystem is in
charge of setting its own data quality and integrity flags for each Luminosity Block
(LB) 1. This information can be used to create a list of LB usable for analyses, called
Good Runs List (GRL). Each analysis uses a GRL to reject those events affected by
issues in the relevant subdetectors.

A special case during the 2011 created an exception in the data quality assessment
was the LAr hole issue. The information of six front end boards in the LAr calorimeter
was lost due to a problem with their controller board. It created a "hole" in the
detector data collection that affected approximately 948.6 pb−1 of data. In release
16 of the ATLAS software, this issue was not modelled in the simulation. Instead of
removing all the events affected, as would have been the procedure using a GRL,
it was decided to remove only those events where the object reconstruction was
affected by the issue. In release 17 of the ATLAS software, the issue was simulated
in the Monte Carlo samples used. Therefore, no correction for the acceptance loss
was needed.

1A luminosity block is the unit of time for data-taking, and lasts about two minutes.

45
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Figure 3.1 A track can be parametrized at one given point by its position, transverse
momentum and charge. The position at any other point can be
calculated if the magnetic field and the detector material is known.

3.2 ID Tracks

Tracks represent the trajectory of charged particles inside the detector. They are
reconstructed using information from the ID, documented in Section 2.2.3. A precise
track reconstruction is important to achieve a high vertex reconstruction efficiency
and high precision in the particle momentum measurement.

In ATLAS, tracks are parametrized by five parameters defined at the track’s
trajectory point closest (unless otherwise stated) to the center of the beam-spot:
d0, and z0 (radial and longitudinal impact parameters), φ and θ (azimuthal and
polar angle) and sign(q)

pt
(Figure 3.1). The beam spot is the region where both beams

interact, which does not correspond exactly to the geometrical center of the ATLAS
detector.

Lets summarized the three main steps of the track reconstruction[46]:

• Track finding: assignment of ID hits to track candidates.

• Track fit: determination of track parameters and their errors. Provides track’s
fit quality variables.

• Test of track hypothesis: check the track candidate quality and the overlap
with others tracks candidates.
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In ATLAS the track finding and fit steps are merged. The hits from the pixel
detector and the SCT are transformed into three-dimensional space points. Just
after, the inside-out algorithm[47] take action. It consists in adding the three-
dimensional space points one by one moving away from the interaction point to form
a "road". It uses a combinatorial Kalman filter[48]. The Kalman filter algorithm
adds three-dimensional space points iteratively and fits simultaneously the track
candidate. Cuts on the quality of the fit are applied to eliminate poor quality
tracks and to avoid overlaps with others tracks candidates. The selected tracks are
extended into the TRT and fitted again to get the final values of the track parameters.

The mean energy loss in the detector material, the multiple scattering, the
Bremsstrahlung effect and the changes in the magnetic field along the track tra-
jectory are taken into account during the track fitting process. The inside-out
algorithm provides the best reconstruction efficiency of primary charged particles
directly produced in a pp collision or from decays or interaction of particles with a
short lifetime (< 3× 10−11s).

In order to better reconstruct secondary charged particles, produced in the
interaction of primaries (with a lifetime > 3× 10−11s), or conversion candidates an
additional track finding algorithm, called outside-in, is applied. The track finding
process starts with TRT segments not used by the inside-out algorithm. They are
then extended to the SCT and pixel detector.

During 2011 data taking the detector occupancy increased significantly. Under
these conditions the possibility of having incorrect hits assignments and more
fake tracks from random hit combinations increase. The performance of the
track reconstruction at ATLAS has been recently studied in the 2011 high pile-up
environment[48].

The efficiency remains almost unchanged. However, the fraction of combinatorial
fake tracks increases with the average number of pp collisions per bunch crossing at
the time of the recorded event < µ >.
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Figure 3.2 (a) 2012 data and simulation comparison of Pixel hits vs eta, (b) 2012
data and simulation comparison of SCT hits vs eta. (c) The number of
pixel, SCT and TRT hits as a function of η for tracks with 2011 data.

3.3 Primary vertices

Two different kinds of vertices can be present in an event:

• The primary vertices (PV) which correspond to the collision point of beam
particles. They are characterized by having many associated tracks-particle,
thus a high track multiplicity. In a selected event usually there is one hard-
scatter PV, while the rest are associated, by conventions, to pile-up interactions.

• The secondary vertices correspond to decay of short-lived particles, which
decay at a measurable distance from the PVs. The track multiplicity for
secondary vertices is lower.
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In general, the PV reconstruction is done in three steps:

• Vertex finding: assignment of reconstructed tracks to PV candidates.

• Vertex fit: reconstruction of the PV position, calculation of its error matrix,
estimation of the fit quality and optional refit of the associated track’s param-
eters to constrain them to originate from the corresponding PV and not from
the beam spot.

• Test of vertex hypothesis: check the vertex candidate quality and the
overlaps with others vertices candidates.

Into the ATLAS experiment, the PV reconstruction is done using an iterative
vertex finding algorithm[49]. First, a vertex seed is found by looking for the max-
imum of the z0 tracks distribution. An iterative χ2 fit is used to fit the seed and
the surrounding tracks. The matrix errors of the tracks are properly taken into
account during the vertex fit. Tracks incompatible with the PV candidate (displaced
by more than 7σ from the vertex) are used to seed a new PV. This procedure is
repeated until no unassociated tracks are left or no additional vertex can be found.
PVs are required to have at least two associated tracks. The same track can be
associated to multiple vertices. The PV with the largest sum of squared transverse
momenta ∑ p2

T of the tracks is chosen as the hard-scatter PV. Figures 3.2 and 3.3
show the performance of ATLAS relative to reconstructions tracks, pixel and vertex
detector-variables.

In high pile-up environment, the increasing number of fake tracks increases the
probability to reconstruct a fake vertex. Furthermore, the common presence of
nearby interactions increases the probability of reconstructing only one vertex out of
several. Studies using 2011 data have shown that the PV efficiency reconstruction
decreases with increasing < µ >[48]. Some quality criteria are applied to the tracks
used in the PV reconstruction process. They vary from one analysis to the other.
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(a) (b)

Figure 3.3 (a) The impact parameter distributions with respect to the primary vertex
of tracks and the corresponding simulation sample, (b) the impact
parameter distributions with respect to the primary vertex of tracks
and the corresponding simulation sample. The simulation in each of
the plots has been reweighted to match the pT spectrum of the data.

3.4 Electrons

3.4.1 Electron reconstruction

The distinguishing signature of an electron is a curved track in the inner detector
and a narrow shower in the EM calorimeter. Electrons can be produced in the
hard-scatter interaction, but also inside jets or in photon conversions. Then, there
is a probability of misclassifying narrow jets or photons as electrons. During the
electron reconstruction and identification, several criteria are applied to determine
if a given energy deposit and associated track were produced in the hard-scatter
interaction or not. The electrons in the central region (|η| < 2.47) are reconstructed
using an algorithm that combines the information from the EM calorimeter and
the ID. Other algorithms reconstruct electrons in the forward region using only
information from the EM calorimeter. In this thesis only electrons in the central
region will be used[50]. Therefore, the reconstruction of electrons in the forward
region will not be discussed[51].

Electron reconstruction in ATLAS in the central region is done using the sliding-
window algorithm[52]. It searches for clusters in the middle layer of the EM calorime-
ter with a total ET > 2.5 GeV. The window used to defined the clusters has a size
of 3× 5 in middle layer cell units (∆η ×∆φ = 0.025× 0.025). If the seeded cluster
is matched to a pair of tracks originating from a reconstructed photon conversion
vertex, it is tagged as a converted photon. Otherwise, if the algorithm is able to
match a track from the ID with the seeded cluster, it is tagged as an electron
candidate.

The matching is done in an ∆η × ∆φ window of 0.05 × 0.10, to account for
bremsstrahlung losses. The track momentum is required to be compatible with
the cluster energy. In case that several tracks are matched to the EM cluster, the
tracks with hits in the silicon detectors are preferred and the closest in ∆R is chosen.
In addition, information from the TRT can be used to enhance the separation
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of electron candidates from pions. The final clusters are built around the seeded
clusters matched with a track, by including all cells from different EM calorimeter
layers located inside a rectangle centred on the seed position. The rectangle size
depends on the position in the calorimeter of the seeded clusters (barrel or endcap).
The energy of the cluster is calibrated to the EM energy scale, which was derived
from MC based corrections to account for energy loss in passive material, test-beam
measurements, and measurements of Z → ee decays for final calibration[53, 54].

3.4.2 Electron identification

Electrons can be distinguished from hadrons since EM showers deposit most of their
energy in the second layer of the EM calorimeter. The width of electron showers is
narrower than for hadrons. The ratio of the transverse energy reconstructed in the
first layer of the hadronic calorimeter to the transverse energy reconstructed in the
EM calorimeter, known as hadronic leakage or Rhad, is smaller for electrons than
for hadrons. Also the ratio of the energy reconstructed in the EM calorimeter to the
track momentum E

p can be used as a discriminant variable, since it is smaller for
charged hadrons (Figure 3.4).

The most difficult task is to distinguish electrons from π0’s and η’s. They decay
into two photons which form two close EM showers indistinguishable in the second
EM calorimeter layer. In this case, the first layer of the EM calorimeter can be
used due to its high granularity, to identify the two maximum in the π0 or η shower
corresponding to the two photons.

In ATLAS, there are six different series of cuts used in the electron identification
process that provide good separation between electrons and jets faking electrons:
loose, loose++, medium, medium++, tight and tight++[52].

In general, each cut adds to the previous some additional requirements. The
"++" menu was incorporated starting from release 17, in order to accomplish the
trigger bandwidth restrictions for high luminosity. The discriminating variables used
are defined using calorimeter and ID information.

• Loose: is based on calorimeter information only. It requires electron candidates
with |η| < 2.47 with low hadronic leakage and cuts on shower shape variables,
derived from the energy deposits in the second layer of the EM calorimeter.
The loose criteria provides a high identification efficiency (close to 95%). But
the expected background rejection (the jet rejection), is low, about 500, i.e.
one in 500 jets will pass the Loose selection.

• Loose++: adds additional cuts to the loose selection. It adds requirements
related to the matched track: at least 1 hit in the pixel detector, at least 7 hits
from both the pixel and SCT and the distance in |η| between the cluster and
the extrapolated track in the first EM layer has to be smaller than 0.015. Its
efficiency, measured in Z → ee events, is close to the loose one (93%− 95%)
with a higher expected rejection of about 5000[55].
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(a)

(b)

Figure 3.4 (Example of some electron identification variables: (a) "hadronic leakage"
Rhad, (b) ratio of the energy reconstructed in the EM calorimeter to
the track momentum E

p .

• Medium: adds additional criteria related to the shower shape calculated
using the first EM layer and to the deviation in the energies of the largest
and second largest deposits in this layer, allowing discrimination against π0’s
and η’s. In addition, the absolute value of the transverse impact parameter
of the track, |d0|, is required to be lower than 5mm and the distance in |η|
between the cluster and the extrapolated track in the first EM layer lower
than 0.01. Its efficiency is of about 88%[55] and has a rejection higher than
the one achieved by the loose++ selection.

• Medium++: requires at least one hit in the B-layer (first pixel detector
layer) to reject electrons from photon conversions. Tracks having a low fraction
of high-threshold TRT hits are rejected to decrease the contamination from
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charged hadrons. |∆η| between the cluster and extrapolated track in the first
EM layer is lowered to 0.005. It has an efficiency of around 85%, with a
expected rejection closer to 50000.

• Tight: requires that |∆φ| and |∆η| between the cluster and the matched
track has to be less than 0.02 and 0.005, respectively. A requirement on E

p
is introduced. The |d0| requirement is tightened (to be less than 1 mm), as
well as the fraction of high-threshold TRT hits. The identification efficiency is
around 75%, with a rejection higher than the medium++ one.

• Tight++: only adds asymmetric ∆φ track-cluster matching cuts. It has an
efficiency slightly better than the one for tight selection and a slightly better
rejection too.

The performance of electron reconstruction, trigger and identification was evalu-
ated with 2010 data and MC using Z → ee and W → eν events[52].

To suppress the background due to non-prompt leptons, e.g. from decays of
hadrons (including heavy flavour) produced in jets, the leptons in the event are
usually required to be isolated. A calorimeter isolation, a track isolation or both
can be applied. The calorimeter isolation is estimated using the energy in a cone of
R = 0.2 centred around the electron after the subtraction of the energy associated
with the electron itself (EtCone20).

Track isolation is calculated using the scalar sum of tracks pT in a cone of
∆R = 0.3 centred around the electron without including the electron pT itself
(PtCone30). The calorimeter isolation variables usually include a correction for
the increase in the energy of the electron in the isolation cone with electron pT
(transverse shower leakage) and for additional energy deposits from pile-up events.

3.4.3 Electron scale factors and energy corrections

In release 16 used in 2010, electron identification scale factors were calculated only
as a function of η cluster. The differences in trigger and reconstruction efficiency
were taken into account using flat scale factors of 0.995± 0.010 and 1.013± 0.015,
respectively[52]. They have been estimated using tag-and-probe methods in Z → ee
and W → eν samples.

In release 17 used in 2012, trigger, reconstruction and identification (including
isolation) efficiency scale factors for electrons (with its respective systematic uncer-
tainties) were derived as a function of η-cluster and ET [56]. They are applied to
simulation as an event weight to take into account the differences in lepton efficiencies
between data and simulation. However, these scale factors are around 1 and their
impact in the analysis is quite small.

The smearing or scaling of the reconstructed objects at the analysis level is a
common procedure. They are used to match the object energy in simulation to the
one in data, to match the object energy to a known quantity or to implement an
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uncertainty in the analysis. The smearing process consists in changing the object
energy distribution using random numbers from a given distribution, usually a
Gaussian. In the case of electrons, the EM electron cluster energy in data was
corrected by applying energy scales as a function of η, φ and ET to match the Z
boson peak mass. They were obtained from Z → ee, J/Ψ→ ee or E

p studies using
isolated electrons from W → eν. The cluster energy was smeared in Monte Carlo
samples to match the energy resolution in data and to adjust the width of the Z peak.

3.5 Muons

3.5.1 Muon reconstruction and identification

The reconstruction of muons relies on informations coming from the MS, the ID and
the calorimeters. Its aim is to reconstruct muons with high efficiency in a wide pT
spectrum (from few GeV to the TeV scale). In ATLAS four muon categories are
used, each optimized for a different need:

• Standalone Muons: to build Stand-Alone (SA) muons only the informations
collected by the MS are used: the hits left in the three MDT stations are
combined to form three segments, and the three segments are used as input to
a fitter to reconstruct the track. Once the track is reconstructed it is back-
extrapolated to the interaction point taking into account the energy loss in the
calorimeter by means of a parametrization. The SA muons are reconstructed
in a wide η region (|η| < 2.7), but suffer of the spectrometer inefficient regions
at η = 0 and η ∼ 1.2.

• Combined Muons: Combined (CB) muons are obtained combining SA
muons with an ID tracks in terms of η, φ and pT. The CB muons have the
best resolution on the muons parameters: the pT resolutions benefits of the
long lever arm and of the precision of the two independent measurements used
as input (SA and ID tracks), while the vertex parameters are provided by the
ID track. The reconstruction efficiency of CB muons is ∼ 92% at the plateau.

• Tagged Muons: The Tagged muon (ST) category is aimed at maximize the
muon reconstruction efficiency in the low-pT region: a low-pT muon may not
reach the spectrometer middle station because of magnetic field or might not
penetrate the outermost calorimeter layers, and thus might not be reconstructed
by the SA or CB algorithms. This muon category is build with an inside-out
method which extrapolates an ID track to the entrance of the MS, and look
for nearby hits in the first layer of the muon chambers. The reconstruction
efficiency for ST muons is ∼ 98% with pT > 40 GeV.

• Calorimeter Muons: The Calorimeter muons also are reconstructed using
an inside-out algorithm: here the ID track is matched with a calorimetric
deposit compatible with a muon signature. this category is mainly used to
compensate the loss in efficiency for η ≈ 0.
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Loose
Middle-layer shower shapes: Rη, w2

Hadronic leakage: Rhad1 (Rhad for 0.8 < |η| < 1.37)
Loose++

Shower shapes: Rη, Rhad1(Rhad), w2, Eratio, ws,tot
Track quality
|∆η| < 0.015
Medium

Pass Loose selection
Strip-layer shower shapes: ws,tot, Eratio

Track quality
|∆η| < 0.01
|d0| < 5mm
Medium++

Shower shapes as Loose++, but at tighter values
Track quality
|∆η| < 0.005

NBL ≥ 1 for |η| < 2.01
NPix > 1 for |η| > 2.01

Loose TRT HT fraction cuts
|d0| < 5mm

Tight
Pass Medium selection |∆η| < 0.005

|d0| < 1mm
Track matching: |∆φ| and E/p

High TRT HT fraction
NBL ≥ 1

Pass conversion bit
Tight++

Shower shapes as Medium++, but at tighter values Track quality |∆η| < 0.005
NBL ≥ 1 for all η

NPix > 1 for |η| > 2.01
Tighter TRT HT fraction cuts

|d0| < 1mm
E/p requirement
|∆φ| requirement
Conversion bit

Table 3.1 Summary of the variables used in the Loose, Loose++, Medium, Medium++,
Tight and Tight++ operating points[57].

In ATLAS, muons can be reconstructed using two independent algorithms:
STACO [87] and MUID [88], and each of them provides algorithms to reconstruct all
the four muon categories. The two families use different approaches to reconstruct
the tracks starting from the hit in the detectors, and it has been proven that they
have very similar performances [87, 88].
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(a)

(b)

Figure 3.5 Muon reconstruction efficiency as a function of η (a) and pT (b) in 2011
pp collisions for the STACO. family

Anyway the default algorithm used for physics analyses is STACO, some of its
performances are shown in Figure 3.6. As can be seen from Figure 3.6, there is
a good agreement between 2011 data and Monte Carlo in both the pT and the η
spectra. The η inefficiencies are due to barrel→End-Cap transition. The feet affect
only the φ performance (not showed here); while the η = 0 region is where the two
halves of the ATLAS muon spectrometer (lying in the |η| > 0 and |η| < 0 regions)
come close. In this region the coverage of the muon spectrometer is not optimal (See
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(a)

Figure 3.6 Muon reconstruction efficiency as a function of low-pT in 2011 pp collisions
for the STACO. family

Figure 3.5).

3.5.2 Muon scale factors and energy corrections

Trigger, reconstruction and identification (including isolation) efficiency scale factors
derived using Z → µµ events, are applied to Monte Carlo as a function of η, φ
and the data period. Energy scale shifting and resolution smearing to correct the
reconstructed muon momentum in MC are applied to match the energy scale and
resolution measured in data Z → µµ events. As tracks can be build from the ID
and MS, there are separate corrections on the tracks in each subdetectors.
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3.6 Jets

At high energy pp collisions the presence of partons is overwhelming. Due to colour
confinement the partons hadronize. While the resulting bunch of particles passes
through the ATLAS detector, they produce tracks in the ID and energy deposits
inside the calorimeters. These detector signals allow the reconstruction of track
jets (reconstructed using track information) and calorimeter jets (reconstructed
using calorimeter information). The different analyses presented in this thesis
make use of calorimeter jets. This section will then focus in explaining the jet
reconstruction process for calorimeter jets only. It consists in three steps: the
definition of calorimeter signals, the use of a jet reconstruction algorithm to group
the calorimeter signals and finally the jet calibration which corrects the jet energy
and momentum for the effects of ATLAS calorimeters non-compensation, dead
material, leakage, out of cone and other thresholds effects.

3.6.1 Jet reconstruction

Inputs to calorimeter jet reconstruction

In a first step, calorimeter cells are combined and the resulting clusters will be used
as inputs for the jet reconstruction algorithm. ATLAS provides two different cells
clustering algorithms and therefore two types of inputs to jet reconstruction:

• Topological clusters or topoclusters are a dynamically formed combina-
tion of cells around seed cells that exceed a given signal-to-noise ratio threshold.
The seeds are defined to be the cells with |Ecell/σnoisecell | > 4, where Ecell is the
cell energy and σnoisecell is the RMS of the cell noise distribution. Subsequently,
their neighbouring cells are included if their signal-to-noise ratio exceeds a
second threshold |Ecell/σnoisecell | > 2[58].
Finally all cells neighbouring the formed topoclusters are added to the topoclus-
ter. Topoclusters are defined as massless. Their energy is obtained summing up
the energy of all the cells included. Their direction is calculated from weighted
averages of the pseudorapidity and azimuthal angles of the constituent cells
relative to the nominal ATLAS coordinate system. The weight used is the
absolute cell energy. Because of calorimeter noise fluctuations cluster can have
a negative energy. Negative energy clusters are rejected entirely from the jet
reconstruction since they do not have physical meaning.

• Noise Suppressed Towers are constructed by projecting calorimeter cells
onto a grid with tower bin size ∆η×∆φ = 0.1×0.1. When cells larger than 0.1
exist, like in the third layer of the tile calorimeter, they are splitted between
towers, and so is their energy, in a proportional manner. The towers are built
using only cells belonging to topological clusters. Therefore, the same noise
suppression is used in both cases. Towers are also defined to be massless and
their energy and direction are calculated in the same way as for topoclusters.
Negative energy towers are rejected entirely from the jet reconstruction[58].
The difference between towers and clusters is illustrated in Figure 3.7.
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Figure 3.7 Representation of how cells may build a topological cluster (left) and how
noise suppressed towers are built from those cells (right).

Jet reconstruction algorithms

Jet reconstruction algorithms allow to associate the energy deposits in the calorime-
ters to a jet. A good jet algorithm should give a stable and precise description of QCD
interactions during the pp collision and therefore has to fulfill certain conditions:

• Collinear safety, which means that the splitting of one particle into two collinear
particles has no effect on the reconstruction.

• Infrared safety, which means that the presence of additional soft particles
between jet components does not affect the jet reconstruction.

• Effects of resolution and other detector effects (e.g. noise) should affect the jet
reconstruction as little as possible.

• Invariance under Lorentz boosts along z coordinate.

• Minimum computer resources used.

The jet reconstruction algorithm used in this analysis is called the anti-kT
algorithm[59], which is a sequential recombination algorithm. Sequential recombina-
tion algorithms take topoclusters or towers as input and combines them to form jets
according to a distance parameter defined below. For all inputs i, and pairs ij two
different distances are defined:

dij = min(p2p
T,i, p

2p
T,j)

∆R2
ij

R2 (3.1)

di = p2p
T,i, (3.2)
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Figure 3.8 Shape output of the different reconstruction jet algorithms for the same
event.

where pT is the transverse momentum of the input i,

∆Rij =
√

(yi − yj)2 + (φi − φj)2 (3.3)

is the distance between a pair of inputs in the y − φ space, y is the rapidity and
R and p are parameters of the algorithm. dij represent the distance between a pair
of inputs i and j, while di the distance between the input i and the beam axis in the
momentum space. The algorithm calculates min(di, dij). If min(di, dij) = di, the in-
put i is said to form a jet and is removed from the list of inputs. If min(di, dij) = dij ,
the inputs i and j are combined into one single input using the E-scheme (sum of
four-momentum of each input). The combined input is put into the list of possible
inputs, while i and j are removed. The algorithm proceeds until no inputs are left,
which means that all inputs in the event will end in a jet. The parameter p defines
the kind of algorithm: (Figure 3.8)

• p = 1 : kT algorithm[60]

• p = 0 : Cambridge/Aachen algorithm[61]

• p = -1: anti-kT algorithm[59]

While R characterizes the size of the jet in the y−φ space. The anti-kT algorithm
works in the inverse transverse momentum space and has three main advantages.
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Figure 3.9 Schematic view of the different types of jets. Colorful particles, produced
at the interaction point, create a bunch of colorless particles due to
fragmentation. These particles will produce detector signals in the
Inner Detector and Calorimeter, which can be reconstructed as track
and calorimeter jets.

First, it clusters nearby particles, ensuring infrared safety. Second, soft inputs prefer
to cluster with hard inputs instead of clustering with other soft particles. Third, the
anti-kT algorithm is seedless and all hard inputs within ∆Rij < R will be combined
into one jet, ensuring the collinear safety. In this analysis, the ratio parameter
R = 0.4 was used.

The topoclusters and towers are defined massless. However, their distribution
inside the reconstructed jet leads the jet to have a given mass. In Monte Carlo
simulations track jets and calorimeter jets are reconstructed as in real data. In
addition, two other kinds of jets can be defined in simulation:

• Parton jet refers to the parton at the matrix-element level which causes the
particle shower due to the fragmentation process.

• Particle or truth jet which is reconstructed from stable particles (particles
with a lifetime greater than 10 ps) produced by the hadronization models of
the different Monte Carlo generators, before any detector simulation. This
mainly includes electrons, photons, pions, kaons, protons and neutrons and
their antiparticles. Neutrinos and muons are not included, since they do not
leave any significant signal in the calorimeter.

A schematic view of the different types of jets is shown in Figure 3.9. The jet
reconstruction efficiencies were determined from data with a tag-and-probe method,
using track jets, where the efficiency was defined as the fraction of probe track
jets matching a corresponding calorimeter jet[62]. The difference between data and
simulation is found to be small and within the uncertainties. Therefore, no scale
factors were needed.

3.6.2 Jet calibration

The energy of the reconstructed jets does not correspond to the initial energy carried
by the particles. Reconstructed jets need therefore to be calibrated to the correct
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energy scale. In general, the reference scale in the jet calibration process is given by
the truth jets. Jets are initially reconstructed at the electromagnetic (EM) scale,
which is the basic calorimeter signal scale for the ATLAS calorimeters. This means
that the calorimeter signals are calibrated to properly reproduce the energy lost
in the calorimeter by an electron, if the energy deposit came from an electron.
The EM scale was obtained using test-beam measurements for electrons in the
barrel[53, 54, 63] and the endcap calorimeters[65]. It has been validated using muons
from test-beams and in cosmic-rays.
The energy scale of the electromagnetic calorimeters has been corrected using the
invariant mass of Z → ee events[52]. This EM scale calibration provides a very
good description for energy deposits produced by electrons and photons, but not
for deposits from hadronic particles like protons, neutrons, pions or kaons. This
difference results from the fact that the EM scale calibration does not account for
various detector effects:

• Calorimeters non-compensation: partial measurement of the energy deposited
by hadrons.

• Dead material: energy losses in inactive or non instrumented regions of the
detector.

• Leakage: energy deposits from particles which are not totally contained in the
calorimeters.

• Out of cone: loss of energy deposits from particles inside the particle jet that
are not included in the reconstructed jet.

• Thresholds effects: signal losses due to inefficiencies in calorimeter clustering
and jet reconstruction.

ATLAS has developed several calibration schemes with different levels of complex-
ity and different sensitivity to systematic effects[58], which made them complementary
in the way they contribute to the understanding of the jet energy scale measurement:

• EM+JES calibration is a Monte Carlo-derived jet calibration scheme used
in ATLAS for the first analyses. EM+JES applies a simple jet-by-jet correction
that restores the reconstructed jet energy to the particle jet energy. In this
scheme each jet at the EM scale is scaled by a correction factor which is a
function of the reconstructed jet energy and η. In addition to this energy
correction a pile-up and a jet origin correction are also applied[58].

• Global Sequential (GS) Calibration is a Monte Carlo-derived jet calibra-
tion, which uses longitudinal and transverse properties of the jet structure
sequentially to improve the resolution, while leaving the jet energy scale un-
changed. In this scheme jets are found from clusters or towers, then the
EM+JES calibration is applied and finally they are scaled by a jet-by-jet
correction factor which depends on the jet pT , η and several longitudinal and
transverse jet properties.
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• Global Cell Energy-Density Weighting Calibration (GCW) attempts
to compensate for the different calorimeter response to hadrons and electro-
magnetic particles by weighting each jet constituent cell. The weights, which
depend on the cell energy density and the calorimeter layer only, are deter-
mined by minimizing the energy fluctuations between the reconstructed and
particle jets in Monte Carlo simulation. Jets are found from topoclusters or
towers at the EM scale, then cells are weighted and a final jet energy scale
correction is applied to ensure that good linearity response is achieved[66].

• Local Cluster Weighting Calibration (LCW) uses properties of topoclus-
ters (such as their energy, depth in the calorimeter, cell energy density, frac-
tional energy deposited in the calorimeter layer and energy measured around
it) to calibrate them individually before applying jet reconstruction. These
weights are determined from Monte Carlo simulations of charged and neutral
pions. Similarly to the GCW scheme, a final correction of the jet energy is
applied[66].

The EM+JES calibration is used for first physics analysis, due to its simplic-
ity. The others calibration schemes are presently commissioned by ATLAS. The
corrections applied by each calibration schemes as well as the inputs used have been
validated using data from pp collision at a center-of-mass energy of

√
s = 7 TeV[58].

3.6.3 Jet selection

In ATLAS jets can be reconstructed with different quality criteria: Looser, Loose,
Medium and Tight [89].

Since the noisy channels of the calorimeter and its electronics can lead to fake
energy deposits not due to particles going through the calorimeter (which can be
reconstructed as fake jets), many quality criteria on the features of the recorded
pulse are applied in order to discriminate between real and fake jets candidates. The
four jet categories differ for the cuts applied on the calorimetric variables of the signal.

The Looser selection was designed to provide an efficiency above 99.8% with a
fake rejection as high as possible while the Tight selection was designed to provide a
much higher fake rate jet rejection with an inefficiency not larger than a few percent.
The two other sets of cuts correspond to intermediate fake rejections and jet selection
efficiencies. Efficiencies of the four jet reconstruction categories are shown in Figure
3.10 as a function of the jet pT.

As explained above the jets in ATLAS are reconstructed using solely the calorime-
ter, however tracks reconstructed in the ID can be associated to a jet. Tracks are
associated to jets using a simple geometrical matching criterion: the radial distance:

∆R =
√

(ηPV
jet − ηPV

track)2 + (φPV
jet − φPV

track)2 (3.4)

is calculated for each track, where ηPV
jet and φPV

jet are the pseudorapidity and the
azimuthal angle of the jet with respect to the primary vertex, and ηPV

track and φPV
track
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(a)

(b)

Figure 3.10 Jet quality selection efficiency for anti-kT jets with R = 0.4 as a function
of pT in two η example-ranges, for the four sets of selection criteria.
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are the pseudorapidity and the azimuthal angle of the track at the perigee2 with
respect to the PV.

Any track for which the condition ∆R < 0.4 is satisfied are considered as
matching the jet, and therefore are associated to it.

3.6.4 Jet energy resolution

The procedure adopted to measure the jet energy resolution is explained in detail in
[90]. It basically relies on the assumption that in events containing only two jets,
the pT’s of the two jets shall be balanced because of the momentum conservation
in the transverse plane. Starting from this assumption the jet energy resolution
can be measured studying the asymmetry observed between the jet pT’s in such
a configuration. To perform this measurement, jets in the same rapidity y region
are chosen in order to minimize additional detector effects that may introduce
secondary effects. The jet energy resolution is thus obtained in pT × η bins. Given
the above, the fractional jet energy resolution can be parametrized as (following the
parametrization of the energy resolution for the calorimeter):

σpT

pT
= N

pT
⊕ S
√
pT
⊕ C (3.5)

Where N , S, and C are the noise, stochastic and constant terms respectively.
Once the measurement according to the method mentioned above is performed
(and validated with Monte Carlo simulations), the distribution of the results can be
built in each η bin and a fit with the functional form in equation 3.5 can be done.
Some results of such a measurement is shown in Figure 3.11 for a specific rapidity bin.

In the rapidity bin 0.0 < |y| < 0.8 shown in Figure 3.5, a σ(pT)/pT of about 15%
is reached for jets having pT = 40 GeV, while at pT = 500 GeV σ(pT)/pT ∼ 7%.
Once a measurement of the jet energy resolution is obtained, it is possible to link
any measured jet falling in a given η − pT region to its corresponding resolution.
This correspondence has been used as an ingredient of the jet pairing algorithm
described in section 5.3.3.

2The perigee of a track is defined as point of closest approach to the beam axis
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Figure 3.11 Fractional jet pT resolutions, measured in data for anti-kt jets with R =
0.4 and for four jet calibration schemes: EM+JES, EM+JES+TBJC,
LCW+JES and LCW+JES+TBJC. The lower panel of the figure
shows the relative improvement for the EM+JES+TBJC, LCW+JES
and LCW+JES+TBJC calibrations with respect to the EM+JES jet
calibration scheme, used as reference (dotted line). The errors shown
are only statistical.

3.7 b−tagging

3.7.1 b−tagging algorithms

The B hadron formed by the bottom quark has a relatively long lifetime of about
1× 10−12s and can travel around 3mm before decaying. The identification of b−jets
is very important for example in the discrimination of top quark analysis backgrounds
with only light jets in the final state. b−tagging algorithms exploit the fact that
a certain number of tracks point to a secondary vertex instead of pointing to the
reconstructed primary vertices as shown in Figure 3.12 and that impact parameters
of these tracks are large. Thus b−tagging relies on the ID track reconstruction and
for such reason it can be only applied to jets with |η| < 2.5. Moreover ID tracks
are required to pass some quality criteria that depend on the different b−tagging
algorithms.

Various b−tagging algorithms can be defined, based on these discriminating
variables, on secondary vertex properties and on the presence of leptons within b-jets,
and for each jet they usually give as output a weight reflecting the probability that
the input jet originates from a b−quark. There are basically three kinds of b−tagging
algorithms[67] The one used in this analysis is based on the measurement of the
impact parameter (see Figure 3.12), and on the reconstruction of the secondary vertex.

The transverse impact parameter d0 is the distance in the transverse plane x− y
between the point of closest approach of a track and primary vertex, while the
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Figure 3.12 Schematic representation of a b-hadron decay and definition of the impact
parameter.

Figure 3.13 Real collision view of a b−jet candidate. The event display shows a
b−jet candidate reconstructed with the anti−kT algorithm, where the
primary vertex is shown in the yellow circle and the secondary vertex
in the dashed red box.

longitudinal impact parameter is the z−coordinate of this point (z0). The b−tagging
algorithm used in these analyses is called MV1 (multiVariate tagger) [92]: it is based
on a neural network, and takes as input the output weights of three simpler tagging
algorithms:

• IP3D [91], based on the d0 significance
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• SV1 [91], based on the reconstruction of secondary vertexes

• JetFitterCombNN [91], which performs a fit on the flight direction of the
b−hadrons and then combines the result with the output weights of IP3D and
SV1.

(a) (b)

(c)

Figure 3.14 Data-MC comparison of the output of the input taggers: IP3D 3.14(a),
JetFitterCombNN 3.14(b) (also known as JetFitter+IP3D). The data-
Monte Carlo comparison for the output of the MV1 tagger is also
shown3.14(c).

Figures 3.14(a)-3.14(b) show the data-Monte Carlo comparison for the three
taggers used as input to the MV1 algorithm. The output of the MV1 tagger is a
continuous value wMV 1, and it is possible to choose a threshold value w̄ to tag a jet
as a b−jet: if wMV 1 > w̄ then the jet will be considered a b−jet, otherwise it will be
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considered a light-flavor jet. The data-Monte Carlo comparison on the output weight
of the MV1 algorithm is shown in Figure 3.14(c). As can be seen the data-Monte
Carlo agreement is good for the considered taggers. In particular the output weight
of the MV1 tagger clusters to 0 for light jets, while assumes values near to 1 for
b−jets. Moreover in figure 3.14(c) it can be seen that the output weight of the MV1
tagger has a peak at w ∼ 0.15. It is due to jets coming from the hadronization of the
c−quark. The choice of the value of w̄ depends on the desired b−tagging efficiency
and on the desired mistag rate one wants to have in the analysis as shown in Figures
3.15 and 5.12.

3.7.2 b−tagging scale factors

The performance of the b−tagging algorithm is given by the efficiency with which a
b−jets is tagged as such, by the c−tag efficiency, which is the equivalent quantity
for jets originating from c−quarks, the τ -tag, the light jet tag efficiency and by the
corresponding mistag rates. They are not the same in data and simulation, so we
need to apply scale factors to correct the simulation[68, 69, 70, 71]. In release 16,
for tau jets the light jets efficiency and mistag SFs were used, but with twice the
uncertainty, since the tau jets have few tracks and are more similar to light jets. For
release 17, additional SFs for τ−leptons were derived. b−tagging scale factors have
values close to 1, but their systematic uncertainties are large.

3.8 Missing transverse energy

The missing transverse energy, Emiss
T , in a collider experiment is the energy imbalance

in the transverse plane, where the energy conservation is expected. The physical
source of such an imbalance typically is the presence of unseen particles such as
neutrinos which go through all the detector without leaving any signal, and it is
measured thanks to the tightness of the calorimetric system.

In addition many detector-related effect (such as mismeasurements of energy)
can give rise to Emiss

T . The Emiss
T reconstruction algorithm starts from all the calori-

metric cells belonging to topological clusters (see section 3.10) in the |η| < 4.9 range,
considering their energy and also their position in θ and φ, as shown in equation 3.9.

The final Emiss
T calculation is defined as:

Emiss
T =

√
(Emiss

x )2 + (Emiss
y )2 (3.6)

where the Emiss
x(y) contain contribution from both calorimetric energy deposits and

corrections for the muons in the event in each transverse direction x and y.

Emiss
x(y) = Emiss, Calo

x(y) + Emiss, Muon
x(y) (3.7)

where
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Figure 3.15 b-tagging efficiency estimated from data compared with true efficiency
for sum of the Monte Carlo (left) and resulting scaling factors (right)
together with statistical(bars) and systematic (band) uncertainties for
the MV 1 tagger at the working point corresponding to 70% efficiency
for the single-lepton tt̄ samples.

Emiss, Calo
x = −

Ncell∑
i=1

Ei sin θi cosφi (3.8)

Emiss, Calo
y = −

Ncell∑
i=1

Ei sin θi sinφi (3.9)

And the Emiss, Muon
x(y) takes into account the energy muon energy deposit as it goes

through the calorimetric system. The Emiss, Calo
x(y) terms contain all the energy deposits
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(a)

(b)

Figure 3.16 Distribution of Emiss
T measured in Z → µ+µ− (a) and W → eν (b)

events for data and Monte Carlo.

in the calorimeter: all the energy deposits associated to reconstructed physics objects
(electrons, photons, taus, jets) are considered as well as those that are not associate
to any reconstructed object. This last contribution may suffer of contamination from
noisy channels, but this is avoided by means of quality requirement on any energy
deposit contributing to the Emiss

T calculation [93].

Figure 3.16 shows the reconstruction of Emiss
T in Z → µ+µ− (Figure 3.16(a)) and

W → eν (Figure 3.16(b)) for both data and Monte Carlo.

Figure 3.17 the Emiss
T resolution as a function of the number of reconstructed

primary vertexes in each event. This shows how pileup affects calorimetric measure-
ments and the effect of pileup suppression methods.
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Figure 3.17 Emiss
T resolution as a function of the number of reconstructed primary
vertexes (i.e. as a function of the pileup). The effect of the pileup
suppression is shown too.

As an example of how looks this kind objects inside ATLAS, the Figure 3.18
shows a high mass central dijet event collected by the end of April 2012: two central
high−pT jets have an invariant mass of 3.65 TeV and the highest pT jet has pT of
1.72 TeV. A track pT cut of 0.5 GeV has been applied for the display.

• 1st jet (ordered by pT ): pT = 1.72 TeV, Îů = -0.04, ÏĘ = -2.68

• 2nd jet: pT = 1.50 TeV, η = 0.64, φ = 1.70

• 3rd jet: pT = 0.22 TeV, η = 0.28, φ = −2.13

• Missing ET = 29 GeV, φ = 0.50

• Sum ET = 3.91 TeV

Event collected on 10 April 2012.
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Figure 3.18 High mass central dijet event collected by the end of April 2012.
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Chapter 4

The Standard Model Higgs
search in ATLAS

This chapter describes the most updated ATLAS results for the SM Higgs boson
search. All the analysis have been divided in "Low Mass" and "High Mass" searches,
where the Low Mass range can be defined between 110 GeV and ≈ 2MZ , and the
High Mass range can be defined between 200 GeV and 600 GeV. Some searches
are designed to fully exploit the features of the production modes (see Section 1.3.2)
pp→ H (gluon gluon fusion), pp→ qqH (vector boson fusion) and pp→ V H with
V = W± or Z (associate production with a gauge boson). The branching ratios of
the different decay’s modes of the SM Higgs boson are shown in Figure 4.1 and 4.2.

4.1 Low Mass search

4.1.1 H → γγ channel

This analysis is carried out for mH hypotheses between 110 GeV and 150 GeV.
Events are separated into nine independent categories of varying sensitivity. The
categorization is based on the |η| of each photon, whether it was reconstructed as
a converted or unconverted photon, and the momentum component of the dipho-
ton system transverse to the diphoton thrust axis (pTt). The mass resolution is
approximately 1.7% for mH ≈ 120 GeV[115, 116].

4.1.2 H → ZZ(∗)→ 4l channel

This analysis[117] is performed for mH hypotheses in the 110 GeV to 600 GeV mass
range. The main irreducible ZZ(∗) background is estimated using a combination of
Monte Carlo simulation and the observed data. The reducible Z+jets background,
which mostly impacts the low four-lepton invariant mass region, is estimated from
control regions in the data. The top-quark (tt̄) background normalization is validated
using a dedicated control sample. Four categories of events are defined by the lepton
flavour combinations and the four-lepton invariant mass is used as a discriminating
variable: eeee, µµµµ, µµee and eeµµ. The mass resolution is approximately 1.5%
in the four-muon channel and 2% in the four-electron channel for mH ≈ 120 GeV.

75
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Figure 4.1 Standard Model Higgs boson decay branching ratios for LHC center of
mass energy of

√
s = 7 TeV(a) and

√
s = 8 TeV(b) for Low Mass

range.

4.1.3 H → ZZ(∗)→ l±l±qq̄ channel

This search is performed for mH hypotheses ranging from 120 GeV to 180 GeV
and is the main subject of this dissertation. The dominant background arises
from Drell − Y an+Jets and in minor −but important− proportion from Z+jets
production, which are treated together and have been estimated using side-bands
of the dijet invariant mass distribution in data. To profit from the relatively large
rate of b-jets from Z boson decays present in the signal compared to the rate of
b-jets found in the Z+jets background, the analysis is divided into two categories.
The first category contains events in which the two jets are b-tagged and the second
uses events with less than two b-tags. Our analysis takes advantage of a highly
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Figure 4.2 Standard Model Higgs boson decay branching ratios for LHC center of
mass energy of

√
s = 7 TeV(a) and

√
s = 8 TeV(b) for Low and High

Mass ranges.

efficient b-tagging algorithm[118] and the side-band to constrain the background
yield. For first time, the use of a Kinematic Fitter tool (see Section 5.3.3) improve
the resolution and selection efficiency of the signal. The invariant mass of the l±l±qq
system is used as a discriminating variable.
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4.1.4 H → WW (∗)→ eνµν channel

The updated analysis[119] is performed for mH values from 110 GeV up to 600 GeV,
reason to be into the next section too, but looking into its strong value at Low
Mass search, have been included here. Events with two leptons are classified by
the number of associated jets (0, 1 or 2), where the two-jet category has selection
criteria designed to enhance sensitivity to the VBF production process. The events
are further divided by the flavours of the charged leptons, ee, eµ and µµ where the
mixed mode (eµ) has a much smaller background from the Drell-Yan process. As
in the case of H → ZZ → l+l−νν, the samples are split according to the pile-up
conditions and analysed separately. Each sub-channel uses the WW transverse mass
distribution, except for the 2-jets category, which does not use a discriminating
variable.

4.1.5 H → τ+τ− channel

The analyses are categorized by the decay modes of the two τ leptons, for mH

hypotheses ranging from 110 GeV to 150 GeV (the leptonically decaying τ leptons
are denoted τlep and the hadronically decaying τ leptons are denoted τhad). Most
of these sub-channels are triggered using leptons, except for the fully hadronic
channel H → τhadτhad, which is triggered with specific double hadronic τ decay
selections. All the searches using τ decay modes have a significant background
from Z → τ+τ− decays, which are modelled using an embedding technique where
Z → µ+µ− candidates selected in the data have the muons replaced by simulated τ
decays. These embedded events are used to describe this background process.

Figure 4.3 shows a compendium of the different results for the Low Mass analysis
into the ATLAS combination presented.

4.2 High Mass search

4.2.1 H → WW → lνqq̄′ channel

This analysis is performed for mH hypotheses ranging from 300 GeV to 600 GeV.
A leptonically decaying W boson is tagged with an isolated lepton and missing trans-
verse momentum (EmissT ). Additionally, two jets with an invariant mass compatible
with a second W boson[120] are required.

The W boson mass constraint allows the reconstruction of the Higgs boson
candidate mass on an event-by-event basis by using a quadratic equation to solve
for the component of the neutrino momentum along the beam axis. Events where
this equation has imaginary solutions are discarded in order to reduce tails in the
mass distribution[120].

The analysis searches for a "peak" in the reconstructed lνqq̄′ mass distribution.
The analysis is further divided by lepton flavour and by the number of additional
jets (0, 1 or 2), where the two jet channel is optimized for the VBF production
process.
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Figure 4.3 Invariant or transverse mass distributions for the selected candidate events,
the total background and the signal expected in the following chan-
nels: (a) H → γγ, (b) H → ZZ(∗) → l+l−l+l− in the entire mass
range, (c) H → ZZ(∗) → l+l−l+l− in the low mass range, (d)
H → ZZ(∗)→ l+l−νν̄, (e) b−tagged selection and (f) untagged selec-
tion for H → ZZ → l+l−qq̄, (g) H →WW (∗)→ l+νl−ν̄ + 0−jets, (h)
H →WW (∗)→ l+νl−ν̄+ 1−jet, (i) H →WW (∗)→ l+νl−ν̄+ 2−jets,
(j)H →WW (∗)→ l+νqq̄′+0−jets, (k)H →WW (∗)→ l+νqq̄′+1−jet
and (l) H → WW (∗) → l+νqq̄′ + 2−jets. The H → WW (∗) →
l+νl−ν̄+ 2−jets distribution is shown before the final selection require-
ments are applied.
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Figure 4.4 Invariant or transverse mass distributions for the selected candidate
events, the total background and the signal expected in the following
channels: (a) H → τlepτlep + 0−jets, (b) H → τlepτlep + 1-jet, (c)
H → τlepτlep + 2−jets, (d) H → τlepτhad + 0−jets and 1−jet, (e)
H → τlepτhad + 2−jets, (f) H → τhadτhad. The bb invariant mass for
(g) the ZH → l+l−bb̄, (h) the WH → lνbb̄ and (i) the ZH → νν̄bb̄
channels. The vertical dashed lines illustrate the separation between the
mass spectra of the subcategories in pZT , pWT , and EmissT , respectively.
The signal distributions are lightly shaded where they have been scaled
by a factor of five or 10 for illustration purposes.
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4.2.2 H → ZZ → l±l±qq̄ channel

This search is performed for mH hypotheses ranging from 200 GeV to 600 GeV
and is separated into search regions above and below mH = 300 GeV, for which
the event selections are independently optimized. The dominant background arises
from Z+jets production, which is estimated using side-bands of the dijet invariant
mass distribution in data. To profit from the relatively large rate of b-jets from
Z boson decays present in the signal compared to the rate of b-jets found in the
Z+jets background, the analysis is divided into two categories. The first category
contains events in which the two jets are b-tagged and the second uses events with
less than two b-tags. The analysis [19] takes advantage of a highly efficient b-tagging
algorithm [27] and the side-band to constrain the background yield. Using the Z
boson mass constraint improves the mass resolution of the system by more than a
factor of two. The invariant mass of the l±l±qq system is used as a discriminating
variable.

4.2.3 H → ZZ → l±l±νν channel

This analysis[121] is split into two regimes according to the level of pile-up, i.e. the
average number of pp collisions per bunch crossing. The search is performed for mH

hypotheses ranging from 200 GeV to 600 GeV. The analysis is further categorized
by the flavour of the leptons from the Z decay. The selection is optimized separately
for Higgs boson masses above and below 280 GeV. The l+lâĹŠ invariant mass is
required to be within 15 GeV of the Z boson mass. The inverted requirement is
applied to same-flavour leptons in the H → WW (∗) → l+νl−ν channel to avoid
overlap in the selection. The transverse mass (mT ), computed from the dilepton
transverse momentum and the missing transverse momentum, is used as a discrimi-
nating variable.

As in the case of the Low Mass, Figure 4.4 shows a compendium of the different
results for the Low Mass analysis into the ATLAS combination presented.

4.3 Combination

A recent and important result to be mentioned is the expected and observed limits
from the individual channels entering in the combined search for the Standard Model
Higgs boson in pp collisions at

√
s = 7 TeV with the ATLAS detector, shown in

Figure 4.5. The combined 95% CL[122] exclusion limits are shown in Figure 4.6 as a
function of mH . Adding a final plot (Figure 4.7) where is resume the best-fit values
of the strength parameter for three representative sample at Low Mass Higgs boson
hypotheses.

Lets describe the procedure used for computing frequentist p-values uses for
quantifying the agreement with the background-only hypothesis and for determining
exclusion limits. The procedures are based on the profile likelihood ratio test statistic.

The parameter of interest is the overall signal strength factor µ, which acts as a
scaling to the total rate of signal events. Often writen as µ = σ/σSM , where σSM is
the SM production cross-section.
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Table 4.1 Summary of the individual channels entering the combined results presented
here. In channels sensitive to associated production of the Higgs boson,
V indicates a W or Z boson. The symbols ⊗ and ⊕ represent direct
products and sums over sets of selection requirements, respectively.

Figure 4.5 The observed (solid) and expected (dashed) 95% CL cross section upper
limits for the individual search channels and the combination, normal-
ized to the SM Higgs boson production cross section, as a function of
the Higgs boson mass for the full Higgs boson mass hypotheses range.
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The signal strength is called so that µ = 0 corresponds to the background-only
model and µ = 1 is the standard model signal. It is convenient to separate the full
list of parameters ~α into the parameter of interest µ and the nuisance parameters ~θ:
~α = (µ, ~θ).

For a given data set Dsim and values for the global observables G there is an
associated likelihood function over µ and θ derived from combined model over all
the channels including all the constraint terms[123].

L(µ, ~θ;Dsim,G) = ftot(Dsim,G|µ, ~θ) . (4.1)

4.3.1 The test statistics and estimators of µ and ~θ

The maximum likelihood estimates (MLEs) µ̂ and ~̂θ and the values of the pa-
rameters that maximize the likelihood function L(µ, ~θ) or, equivalently, minimize
− lnL(µ, ~θ)[123]. The dependence of the likelihood function on the data propagates
to the values of the MLEs, so when needed the MLEs will be given subscripts to
indicate the data set used.

For instance, ~̂θobs is the MLE of ~θ derived from the observed data and global
observables.

The conditional maximum likelihood estimate (CMLEs)
ˆ̂
~θ(µ) is the value of ~θ that

maximizes the likelihood function with µ fixed; it can be seen as a multidimensional
function of the single variable µ.

This procedure for choosing specific values of the nuisance parameters for a given

value of µ, Dsim, and G is often referred to as "profiling". Similarly,
ˆ̂
~θ(µ) is often

called "the profiled value of ~θ".
Given these definitions, we can construct the profile likelihood ratio

λ(µ) = L(µ,
ˆ̂
~θ(µ))

L(µ̂, ~̂θ)
, (4.2)

which depends explicitly on the parameter of interest µ, implicitly on the data
Dsim and global observables G, and is independent of the nuisance parameters ~θ
(which have been eliminated via "profiling").

In any physical theory the rate of signal events is non-negative, thus µ ≥ 0.
However, it is often convenient to allow µ < 0 (as long as the pdf fc(xc|µ, ~θ) ≥ 0
everywhere).

In particular, µ̂ < 0 indicates a deficit of events signal-like with respect to the
background only and the boundary at µ = 0 complicates the asymptotic distributions.
A trick that is equivalent to requiring µ ≥ 0 while avoiding the formal complications
of a boundary, which is to allow µ < 0 and impose the constraint in the test statistic
itself.
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In particular, one defines λ̃(µ)

λ̃(µ) =


L(µ,

ˆ̂
~θ(µ))

L(µ̂,~̂θ)
µ̂ ≥ 0,

L(µ,
ˆ̂
~θ(µ))

L(0,
ˆ̂
~θ(0))

µ̂ < 0
(4.3)

This is not necessary when ensembles of pseudo-experiments are generated with
"Toy" MC techniques, but since they are equivalent, usually is written λ̃ to emphasize
the boundary at µ = 0.

For discovery the test statistic q̃0 is used to differentiate the background-only
hypothesis µ = 0 from the alternative hypothesis µ > 0:

q̃0 =
{
−2 ln λ̃(µ) µ̂ > 0
0 µ̂ ≤ 0

(4.4)

Note that q̃0 is test statistic for a one-sided alternative and, if it is considered
the parameter of interest µ ≥ 0, then it is equivalent to the two-sided test (because
there are no values of µ less than µ = 0).

For limit setting the test statistic q̃µ is used to differentiate the hypothesis of
signal being produced at a rate µ from the alternative hypothesis of signal events
being produced at a lesser rate µ′ < µ:

q̃µ =
{
−2 ln λ̃(µ) µ̂ ≤ µ

0 µ̂ > µ
=


−2 ln L(µ,

ˆ̂
~θ(µ))

L(0, ˆ̂θ(0))
µ̂ < 0 ,

−2 ln L(µ,
ˆ̂
~θ(µ))

L(µ̂,~̂θ)
0 ≤ µ̂ ≤ µ ,

0 µ̂ > µ .

(4.5)

Note that q̃µ is a test statistic for a one-sided alternative; it is a test statistic for
a one-sided upper limit.

The test statistic t̃µ is used to differentiate signal being produced at a rate µ
from the alternative hypothesis of signal events being produced at a lesser or greater
rate µ′ 6= µ.

t̃µ = −2 ln λ̃(µ) . (4.6)

t̃µ is a test statistic for a two-sided alternative (as in the case of the Feldman-
Cousins[124] technique, though this is more general as it incorporates nuisance
parameters).

Note that if we consider the parameter of interest µ ≥ 0 and we the test at µ = 0
then there is no "other side" and we have t̃µ=0 = q̃0.

Finally, if one relaxes the constraint µ ≥ 0 then the two-sided test statistic is
written tµ or, simply, −2 lnλ(µ).
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4.3.2 The distribution of the test statistic and p-values

The test statistic should be interpreted as a single real-valued number that represents
the outcome of the experiment. More formally,it is a mapping of the data to a single
real-valued number: q̃µ : Dsim,G → R.

For the observed data the test statistic has a given value, q̃µ,obs. If one were to
repeat the experiment many times the test statistic would take on different values,
thus, conceptually, the test statistic has a distribution.

Since the number of expected events ν(µ, ~θ) and the distributions of the dis-
criminating variables fc(xc|µ, ~θ) explicitly depend on ~θ the distribution of the test
statistic will also depend on ~θ.

Denoting this distribution as

f(q̃µ|µ, ~θ) , (4.7)

and it obtained analogous expressions for each of the test statistics described
above.

The p-value for a given observation under a particular hypothesis (µ, ~θ) is the
probability for an equally or more ’extreme’ outcome than observed assuming that
hypothesis

p
µ,~θ

=
∫ ∞
q̃µ,obs

f(q̃µ|µ, ~θ) dq̃µ . (4.8)

The logic is that small p-values are evidence against the corresponding hypothesis.
In Toy MC approaches, the integral above is really carried out in the space of the
data

∫
dDsimdG.

The immediate difficulty arrives in the interest on µ but the p-values depend
on both µ and ~θ. In the frequentist approach the hypothesis µ = µ0 would not be
rejected unless the p-value is sufficiently small for all values of ~θ. Equivalently, one
can use the supremum p-value for over all ~θ to base the decision to accept or reject
the hypothesis at µ = µ0.

psup
µ = sup

~θ

p
µ,~θ

(4.9)

The key conceptual reason for choosing the test statistics based on the profile
likelihood ratio is that asymptotically (i.e. when there are many events) the distri-
bution of the profile likelihood ratio λ(µ = µtrue) is independent of the values of the
nuisance parameters. This follows from Wilks’s theorem. In that limit psup

µ = p
µ,~θ

for all ~θ.
For results based on generating ensembles of pseudo-experiments using Toy MC

techniques does not assume the form of the distribution f(q̃µ|µ, ~θ), but knowing
that it is approximately independent of ~θ means that one does not need to calculate
p-values for all ~θ (which is not computationally feasible).

Since there may still be some residual dependence of the p-values on the choice
of ~θ we would like to know the specific value of ~θsup that produces the supremum
p-value over ~θ. Since larger p-values indicate better agreement of the data with the
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model, it is not surprising that choosing ~θsup =
ˆ̂
~θ(µ) is a good estimate of ~θsup. This

has been studied in detail by statisticians, and is called the Hybrid Re-sampling
method and is referred to in physics as the ’profile construction’[125, 126, 127].

Based on the discussion above, the following p-value is used to quantify consistency
with the hypothesis of a signal strength of µ:

pµ =
∫ ∞
q̃µ,obs

f(q̃µ|µ,
ˆ̂
~θ(µ, obs)) dq̃µ . (4.10)

A standard 95% confidence-level, one-sided frequentist confidence interval (upper
limit) is obtained by solving for p′µup = 5%. For downward fluctuations the upper
limit of the confidence interval can be arbitrarily small, though it will always include
µ = 0. This feature is considered undesirable since a physicist would not claim
sensitivity to an arbitrarily small signal rate. The feature was the motivation for
the modified frequentist method called CLs[122].

To calculate the CLs upper limit, we define p′µ as a ratio of p-values:

p′µ = pµ
1− pb

, (4.11)

Where pb is the p-value derived from the same test statistic under the background-
only hypothesis

pb = 1−
∫ ∞
q̃µ,obs

f(q̃µ|0,
ˆ̂
~θ(µ = 0, obs))dq̃µ . (4.12)

CLs upper-limit on µ is denoted µup and obtained by solving for p′µup = 5%. It
is worth noting that while confidence intervals produced with the "CLs" method over
cover, a value of µ is regarded as excluded at the 95% confidence level if µ < µup.

The amount of over coverage is not immediately obvious; however, for small
values of µ the coverage is near 97.5% (due to 〈pb〉 ≈ 1

2) and for large values of µ
the coverage is near the nominal 95% (due to 〈pb〉 ≈ 0).

For the purposes discovery one is interested in compatibility of the data with the
background-only hypothesis. Statistically, a discovery corresponds to rejecting the
background-only hypothesis. This compatibility is based on the following p-value

p0 =
∫ ∞
q̃0,obs

f(q̃0|0,
ˆ̂
~θ(µ = 0, obs))dq̃0 . (4.13)

This p-value is also based on the background-only hypothesis, but the test
statistic q̃0 is suited for testing the background-only while the test statistic q̃µ in
Equation 4.12 is suited for testing a hypothesis with signal.

It is customary to convert the background-only p-value into the quantile (or
"sigma") of a unit Gaussian. This conversion is purely conventional and makes no
assumption that the test statistic q0 is Gaussian distributed.

The conversion is defined as:

Z = Φ−1(1− p0); (4.14)
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Figure 4.6 The observed (full line) and expected (dashed line) 95% CL combined
upper limits on the SM Higgs boson production cross section divided
by the SM expectation as a function of mH in the full mass range
considered. The dotted curves show the median expected limit in
the absence of a signal and the green and yellow bands indicate the
corresponding ±1σ and ±2σ intervals.

Where Φ−1 is the inverse of the cumulative distribution for a unit Gaussian. One
says the significance of the result is Zσ and the standard discovery convention is 5σ,
corresponding to p0 = 2.87 · 10−7.

See Figure 4.8 for the most uptodated ATLAS local probability p0 for a background-
only experiment to be more signal-like than the observation as a function of mH for
the combination of all channels[128]. The dashed curve shows the median expected
local p0 under the hypothesis of a Standard Model Higgs boson production at that
mass (nuisance parameter values are taken from a fit to data with µ = 0). The
horizontal dashed lines indicate the p−values corresponding to significances of 0σ to
10σ.
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Figure 4.7 Summary of the individual and combined best-fit values of the strength
parameter for three sample Higgs boson mass hypotheses 119 GeV,
126 GeV and 130 GeV.
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Figure 4.8 The local probability p0 for a background-only experiment to be more
signal-like than the observation as a function ofmH for the combination
of all channels[128], updated March 2013.



Chapter 5

The H → ZZ(∗)→ l+l−qq̄ channel

In this chapter the analysis technique used for the study of the H → ZZ → l+l−qq̄
channel (in the Low and High Mass ranges) will be described. Keeping in mind
that for the moment this thesis have been written, the 2011 data was used for the
so-called Low Mass H → ZZ∗ → `+`−qq̄ analysis and the 2012 data is currently
in used into a complete (Low and High) H → ZZ → l+l−qq̄ analysis, with its
particular subdivisions. For that reason, next sections will have the description of
both analyses with all the specifications relative to a particular year −2011 or 2012−
introduced in a proper way.

Starting with the description of the MC and Data samples used in the finished
2011 analysis and the ongoing 2012 analyses (from here called: MC-2011, Data-2011,
MC-2012 and Data-2012) following with the definitions in use of reconstructed
objects and selection of the events, taking in consideration the final physics process
to look at. A treatment of all the background sources and details on the systematic
uncertainties affecting the measurements is given.

5.1 Data and Monte Carlo samples in 2011 and 2012

This section describes the data samples used in 2011 (
√
s = 7 TeV) and 2012

(
√
s = 8 TeV) analyses and the relevant MC generators used to model the signal

and background processes. Some of the MC used have been modified varying from
the 2011 to the 2012 analysis. This is due to the change of the LHC luminosity
between the two mentioned years of data-taking.

5.1.1 Data sample

The 2011 data sample used, were recorded by the ATLAS detector during the
LHC proton run, in which the protons have been collided at

√
s = 7 TeV. In the

same way, the 2012 data was recorded at
√
s = 8 TeV. In both cases, the data

are subsequently required to satisfy a number of conditions ensuring that ATLAS
detector was fully operational with good efficiency while the data were collected (see
Section 3.1). In 2011 the total integrated luminosity after these quality requirements
is approximately 4.71fb−1 with it’s known with an accuracy of 3.9%.

89
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mH Gluon fusion Vector-boson fusion Γ``qq/ΓH (%) Total
(GeV) σ (pb) σ (pb) σ· BR (fb)
120 16.65 1.279 0.222 39.8
125 15.32 1.222 0.370 61.2
130 14.16 1.168 0.559 85.6
135 13.11 1.117 0.789 112
140 12.18 1.069 0.965 128
145 11.33 1.023 1.11 137
150 10.58 0.9800 1.16 134
160 9.202 0.9043 0.583 59.8
170 7.786 0.8338 0.332 28.6
180 6.869 0.7684 0.847 64.5

Table 5.1 Cross sections in pb for the H → ZZ → ``qq signal MC samples shown
for the 2011 (7 TeV) analysis low mass range of Higgs boson. The
cross sections are evaluated from theoretical calculations [106] for H
production and Higgs boson branching fractions from [106].

In the case of 2012 data taking, the total integrated luminosity approximately
21.69fb−1 (see Figure 2.1).

5.1.2 Signal samples

Simulated signal samples of H → ZZ∗ → `+`−qq̄and H → ZZ → l+l−qq̄, where
` = e, µ, τ and q = d, u, s, c, b, have been generated for Higgs boson massesmH = 120–
180 GeV and mH = 200–600 GeV respectively.

The POWHEG program is used to generate the simulated samples for both
gluon fusion and vector boson fusion production mechanisms (See Section refLHCdis-
covery).

Samples are available using POWHEG[101, 102, 103, 104] (interfaced to PYTHIA
for hadronization), which includes matrix elements up to next-to-leading order.

Both gluon fusion and vector-boson fusion production mechanisms are taken
into account by the matrix elements. In both MCs, PYTHIA is interfaced to
PHOTOS[105] for initial state radiation. The normalisation of the signal MC
samples is fixed using Higgs boson production cross sections and decay branching
ratios taken from[138].

The cross sections for H → ZZ via gluon fusion are set to NNLO+NNLL+EW
accuracy, and those for vector-boson fusion are evaluated at NLO+EW accuracy[64].
All signal samples correspond to luminosities that are much larger than the available
luminosity in the data.

Table 5.1 contains the cross sections and the branching ratios for the signal
samples for all the mass hypotheses considered in 2011 Low Mass analysis, and Table
5.2 contains the cross sections for the ongoing 2012 Low and High Mass analysis
(also see Figures 4.1 and 4.2).
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√
s = 7 TeV

mH Gluon fusion Vector-boson fusion
(GeV) σ (pb) σ (pb)
120 16.65 1.279
125 15.32 1.222
130 14.16 1.168
135 13.11 1.117
140 12.18 1.069
145 11.33 1.023
150 10.58 0.9800
155 9.886 0.9415
160 9.202 0.9043
165 8.378 0.8694
170 7.786 0.8338
175 7.299 0.7998
180 6.869 0.7684

√
s = 8 TeV

mH Gluon fusion Vector-boson fusion
(GeV) σ (pb) σ (pb)
120 21.13 1.649
125 19.52 1.578
130 18.07 1.511
135 16.79 1.448
140 15.63 1.389
145 14.59 1.333
150 13.65 1.280
155 12.79 1.231
160 11.95 1.185
170 10.12 1.098
180 8.874 1.015
200 7.127 0.8685
300 3.606 0.4408
400 2.924 0.2543
500 1.283 0.1561
600 0.5230 0.09688
700 0.2288 0.06330
800 0.1095 0.04365
900 0.05684 0.03164
1000 0.03163 0.02399

Table 5.2 Cross sections in pb for the H → ZZ → ``qq signal MC samples shown
for the Low-mass and High-mass ranges of Higgs boson masses at√
s = 7 TeV and

√
s = 8 TeV. The cross sections are evaluated

from theoretical calculations [106] for H production and Higgs boson
branching fractions from [106].
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5.1.3 Background samples

Several background processes give rise to final states with signatures similar to
the above signal processes and are modelled with various event generators. Main
background contributions come from Z + jets processes that are simulated using
the ALPGEN MC generator[98].

For the 2011 analysis, relatively low mass same-flavour opposite-sign charged
lepton pairs are selected, a significant background arises from Drell − Y an l+l−

hadro-production accompanied by multiple jets. The ALPGEN MC generator is
also used for the simulation of the Drell − Y an samples. Background samples for
tt̄, single top quark, and Wt production are simulated using the MC@NLO[101]
event generator, which is interfaced to PYTHIA[35] for simulation of the underlying
event. Diboson production is simulated using the HERWIG[36] event generator to
account for off-shell bosons and cross-checked with MC@NLO. The cross sections
of all simulated background samples are scaled (×1.23 for Z + jets) to the highest
order calculations available. The background from QCD multijet production in
both the electron and muon channels is evaluated from the data and is discussed in
Section 5.4.4. All generated events are fully simulated using the ATLAS detector
simulation within the GEANT4 framework[97]. Additional pp interactions in the
same and nearby bunch crossings (pile-up) are included in the simulation according
to the corresponding data-taking recommendations, in this case MC samples are re-
weighted to reproduce the observed distribution of the mean number of interactions
per bunch crossing in the data.

Z+jets production

The Z → ee, Z → µµ, and Z → ττ background processes are simulated using
alpgen program, which generates hard matrix elements for Z boson production
with with additional numbers of partons p in the final state, where p runs from 0 to 5.
The cross sections listed in table 5.3 include a k-factor of 1.23, in order to take into
account NLO calculation[129, 130]. Ad hoc samples are used for the Z production
in association with heavy-flavour jets, in which the b-quark production happens
in the hard interaction and not only in the hadronization process. The possible
overlapping events between the Z+ light jets and the Z+ heavy flavour samples are
removed following the procedure described in [131, 142] which is based on looking
at the opening angle between pairs of heavy-flavour quarks. In the Z+light flavour
samples, events containing heavy-flavour pairs generated via parton showering are
removed if ∆R > 0.4; conversely, in the heavy-flavour sample, events are removed
that contain pairs with ∆R < 0.4 produced directly from the matrix element. The
cross sections listed in table 5.3 (for the two LHC’s center-of-mass energies under
study), include an further scaling of 1.4 for the Z + b-jets samples in order to take
into account NLO corrections[95][96]. The cross sections for the Z + jets samples
used into the analysis are listed in Table 5.3.
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Process σ(fb) at
√
s = 7 TeV σ(fb) at

√
s = 8 TeV

Z + 0p, Z → `` 827 375 875 760
Z + 1p, Z → `` 166 625 190 650
Z + 2p, Z → `` 50 375 60 024
Z + 3p, Z → `` 14 000 17 466
Z + 4p, Z → `` 3 375 4 637
Z + 5p, Z → `` 1 000 1 378
Zbb̄+ 0p, Z → `` 8 208 9 128
Zbb̄+ 1p, Z → `` 3 100 3 458
Zbb̄+ 2p, Z → `` 1 113 1 232
Zbb̄+ 3p, Z → `` 488 542

Table 5.3 Cross sections for the Z + jets samples generated using the alpgen MC
generator, where p refers to the number of additional partons generated
in the matrix element. The cross sections listed include a k-factor of
1.23. The cross sections for Z → ee, Z → µµ, and Z → ττ production
are assumed to be the same. The cross sections for the Z + b-jets are
further scaled up by a factor 1.4 following [95].

Drell-Yan + jets (low mass) production

In the Low Mass 2011 analysis, the production of low mass same-flavour opposite-
sign charged lepton pairs (see section 5.3) of the event selected have a significant
background contribution arises from Drell-Yan `` hadro-production accompanied
by multiple jets. The ALPGEN MC generator is also used for the simulation of
the Drell-Yan + jets process, where the dilepton mass, in MC-2011, is required to
be in the range 10 < m`` < 40 GeV, while for MC-2012, such a dilepton mass is
required to be in the range 10 < m`` < 60 GeV; with the same setting as for the
minimum parton transverse momentum, parton shower, matching algorithm, as
for the regular Z+jet. Cross sections are tabulated in Table 5.4, including a 1.22
k-factor for MC-2011 and a 1.19 k-factor for MC-2012 to include NLO calculations.
The Drell-Yan dilepton production in association with heavy flavour jets is simulated
in a similar way as the Z + b-jets process: a dedicated alpgen Drell-Yan +b-jets
sample is used to describe events in which the heavy flavour jets are generated from
the matrix element, and the overlapping events are removed with the same procedure
described above. The cross sections for the Drell-Yan+b-jets are further scaled up
by a factor 1.4[142] for MC-2011 and MC-2012.
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Process σ(fb) at
√
s = 7 TeV σ(fb) at

√
s = 8 TeV

DY + 0p 3 723 000 4 141 200
DY + 1p 107 000 130 900
DY + 2p 50 500 62 237
DY + 3p 10 200 13 447
DY + 4p 2 260 3 082
DY + 5p 561 825
DY bb̄+ 0p 20 260 22 690
DY bb̄+ 1p 3 160 3 855
DY bb̄+ 2p 1 180 1 451
DY bb̄+ 3p 566 821

Table 5.4 Cross sections for the Drell-Yan process +jets samples generated using
the alpgen MC generator, where p refers to the number of additional
partons generated in the matrix element. The 7 TeV cross sections listed
include a k-factor of 1.22, while the 8 TeV cross sections listed include
a k-factor of 1.19. The cross sections for ee, µµ, and ττ production are
assumed to be the same.

Top pair and single top production

Background samples of tt̄, single top, and Wt production are simulated using the
mc@nlo event generator [101] interfaced to jimmy 4.31 [107] for simulation of the
underlying event. The tt̄ sample is filtered at generator level by requiring at least
one lepton originating from a W boson with pT > 1 GeV. This ensures that only
events with at least one leptonic (e, µ, τ) W boson decay are retained; excluding the
case where both W bosons decay hadronically. Cross sections for the samples are
given in Table 5.5 for the 2011 and 2012 MC samples.

Diboson production

The background coming from ZZ production is considered irreducible, however
in a very small amount when the selection is applied for this analysis, due that
arrived with the same final state as the signal process. Some contribution from
WZ production is expected, when in the physics process, the Z boson decays into
leptons and it’s not possible to distinguish between theW and the Z bosons decaying
hadronically because of the available resolution on jets. The background from WW
process have been included, nevertheless its contribution is very small. Contribution
from all the diboson final states (WW , WZ and ZZ) are taken into account and are
modelled using the mc@nlo event generator [101] interfaced to jimmy 4.31 [107]
for simulation of the underlying event as done for the top samples. Cross sections
for the diboson samples are given in Table 5.6 for the 2011 and 2012 MC samples.
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√
s = 7 TeV

channel σ (fb) filter σfiltered (fb)
tt̄ 164 600 0.5562 91 551

single t (s-chan, W → eν) 462 − −
single t (s-chan, W → µν) 455 − −
single t (s-chan, W → τν) 484 − −
single t (t-chan, W → eν) 7 117 − −
single t (t-chan, W → µν) 6 997 − −
single t (t-chan, W → τν) 7 448 − −

Wt 14 600 − −
√
s = 8 TeV

channel σ (fb) filter σfiltered (fb)
238.06*0.648 tt̄ 238 060 0.6480 154 263

single t (s-chan, W → eν) 564 − −
single t (s-chan, W → µν) 564 − −
single t (s-chan, W → τν) 564 − −

Wt 20 666 − −

Table 5.5 Cross sections for the tt̄ sample in the lepton-hadron (`h) or lepton-lepton
(``) decay mode and for the single top and Wt samples, all generated
using theMC@NLOMC generator for MC-2011 and MC-2012 in current
use. The cross sections are to NLO[108]. Cross sections are convoluted
with branching fractions taken from the Particle Data Book [82]

Inclusive W boson production

Background samples for W → eν, W → µν, and W → τν produced in association
with jets are simulated using the alpgen MC generator [99]. As for the other
samples simulated using alpgen (Drell-Yan/Z with additional light and heavy
flavour jets) separate samples are used to simulate hard matrix elements for W ,
W + c, and W + b production with additional numbers of partons p in the final
state, where p runs from 0 to 5. Again, to remove double counting between the
inclusive and the specific c/b-jet samples, the overlap removal procedure based on
the angular distribution of the heavy-flavour quarks, described in [100] is used. The
cross sections, listed in Table 5.7, include a k-factor of 1.20 to make the inclusive
W boson production cross section agree with NLO calculations [108].
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Channel σ(fb) at
√
s = 7 TeV σ(fb) at

√
s = 8 TeV

(inclusive samples)
ZZ → ``qq 841.5

4 691.4

ZZ → ``νν 160.4
ZZ → ```` 27.0
ZZ → ``ττ 27.0
ZZ → ττττ 6.8
ZZ → ττνν 80.3
WW → `ν`ν 2012

32 501.0WW → `ντν 2012
WW → τντν 503.0
W+Z → `νqq 1688.9

12 009.0

W+Z → `ν`` 159.2
W+Z → qq`` 489.4
W+Z → τν`` 79.6
W+Z → `νττ 79.6
W+Z → τνττ 39.8
W+Z → qqττ 249.2
W−Z → `νqq 912.6
W−Z → `ν`` 86.1
W−Z → qq`` 269.3
W−Z → τν`` 43.0
W−Z → `νττ 43.0
W−Z → τνττ 21.5
W−Z → qqττ 134.7

Table 5.6 Cross sections for the ZZ samples (where ` = e, µ, τ) generated using the
mc@nlo MC generator. In the case on MC-2011, the cross section is
evaluated in the range 66 < m`` < 116 GeV from theoretical calcula-
tions for ZZ production [108] convoluted with the Z boson branching
fractions from [82].

QCD multijet production

The background from QCD multijet production in both the electron and muon
channels is evaluated from the data and is discussed in 5.4.4. This is done since the
available MC samples statistics may not be enough to describe the QCD activity
in a proper way, which is expected to be a relevant background for the Low Mass
Higgs analysis. For the High Mass analysis case, since this background have a small
contribution in the final selection (see Figures 5.17 and 5.18) only in the initial steps
of the analysis (as data/MC agreement) requires a correct inclusion of the QCD
multijet process.
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Process σ(fb) at
√
s = 7 TeV σ(fb) at

√
s = 8 TeV

W + 0p,W → eν 8 300 000 8 044 000
W + 1p,W → eν 1 560 000 1 579 200
W + 2p,W → eν 453 000 477 200
W + 3p,W → eν 122 000 133 930
W + 4p,W → eν 30 900 35 622
W + 5p,W → eν 8 380 10 553

Wbb̄+ 0p 56 800 55 682
Wbb̄+ 1p 42 900 45 243
Wbb̄+ 2p 20 800 23 246
Wbb̄+ 3p 7 960 11 144
Wcc̄+ 0p 153 000 150 190
Wcc̄+ 1p 126 000 132 680
Wcc̄+ 2p 62 500 71 807
Wcc̄+ 3p 20 400 30 264
Wc+ 0p 518 000 807 890
Wc+ 1p 192 000 267 610
Wc+ 2p 51 000 69 823
Wc+ 3p 11 900 20 547

Table 5.7 Cross sections for the W + jets samples generated using the alpgen MC
generator, where p refers to the number of additional partons generated
in the matrix element. The cross sections listed include a k-factor of
1.20. The cross sections forW → eν,W → µν, andW → τν production
are assumed to be the same.

Pileup reweighting of Monte Carlo samples

Pileup affects this analysis in two main ways. First of all, extra jets from pileup
events may be mistaken for signal jets. Moreover jets arising from the primary event
and the missing ET will gain extra energy from pileup events. In-time pileup refers
to additional proton-proton interactions occurring in the same bunch crossing as
the hard interaction of interest. Such interactions will produce extra soft particles
and potentially reduce the efficiency for selecting signal events. During the 2011
LHC running, the number of interactions occurring per bunch crossing varied with
time due to the changing machine parameters, including the beam intensity and the
transverse size and number of bunches[134].

In addition to the in-time pileup there is also out-of-time pileup, which depends
on the beam intensity in bunches preceding the one during which a recorded event
occurs. This effect is accounted for in the MC samples, which assume a 50 ns
bunch spacing, as was the case for the vast majority of the data used in this search.
As the out-of-time pileup effects depend on the intensity of several prior bunches,
the position of a bunch within the bunch train is also important. To model the
effects of pileup, the MC samples for the above processes were simulated with a
fixed distribution of additional minimum-bias interactions. This is subsequently
reweighted to the distribution observed in the data using the pileup reweighting
tool[135].
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To verify the reweighting procedure, at least for the in−time pileup, the distri-
bution of the number of primary vertices containing at least three tracks, Nvtx, is
plotted after the selection of the leptonic Z boson candidate. Figure 5.1 shows the
distribution of the number of primary vertices in data compared to the simulation
after reweighting. It can be seen that the simulation provides a good description of
the number of primary vertices over the majority of the range.
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Figure 5.1 Comparison between data and MC simulation of the number of primary
vertices, Nvtx, in events with two leptons within a mass window around
mZ , after the pileup reweighting.
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5.2 Object selection in 2011 and 2012 data

Selection starts with requirements on the basic physics objects that will form the
building blocks of the analysis. In this section the selection requirements for such a
objects are explained with the calibration and smearing corrections to be applied to
these objects as well as efficiency corrections applied to the MC that are directly
related to the object selection are discussed[136].

Figure 5.2 Representation of ATLAS detection of some objects to be used into the
analysis.
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5.2.1 Muons

In ATLAS four kinds of muon candidates are distinguished depending on the way
they are reconstructed: stand-alone muons, combined muons, segment tagged muons,
and calorimeter tagged muons (See Section 3.5.1 for details)[137].

Low Mass analysis at
√
s = 7 TeV. 2011

Identification Combined or segment-tagged STACO muons
Kinematic cuts pT > 7 GeV

|η| < 2.5
Inner Detector Nb-layer

hits > 0 (except where the muon passes
an uninstrumented/dead area)

Npixel
hits +Npixel

dead > 1
NSCT

hits +NSCT
dead ≥ 6

Npixel
holes +NSCT

holes < 3
|η| < 1.9: NTRT

tot > 5 and NTRT
outliers < 0.9×NTRT

tot
|η| ≥ 1.9: If NTRT

tot > 5, require NTRT
outliers < 0.9×NTRT

tot
where NTRT

tot = NTRT
hits +NTRT

outliers
Cosmic rejection |d0| < 1 mm

|z0| < 10 mm
Track isolation ∑

tracks pT(∆R < 0.2)/pµT < 0.1
Additional QCD |d0|/|σd0 | < 3.5
suppression

Table 5.8 Summary of muon selection in 2011 Low Mass Analysis. Nhits (Nholes)
represents the number of hits (missing hits) in a particular subdetector
of the inner tracker, while Ndead refers to the number of dead sensors
crossed by the muon in a particular subdetector.

Muons are identified using STACO family, as they have been the standard for
physics analyses in ATLAS, while the tracks are reconstructed in the muon spec-
trometer using the Muonboy algorithm[138]. These tracks are then extrapolated to
the beam pipe and an attempt is made to find a matching inner detector track. If
such a match is found, a combined muon is formed incorporating the information
from both detectors. To recover muons that did not leave a full track in the muon
spectrometer, remaining inner detector tracks (that are not used in the STACO
combination) are extrapolated to the muon spectrometer and "tagged" as muons
if they can be matched to a track segment in the first station. Such muons are
known as segment-tagged muons. Both combined and segment-tagged muons are
used in this analysis. for the 2011 analysis, all muon candidates are required to
have |η| < 2.5 (to keep them within the acceptance of the muon systems and inner
detector). In the case of the 2012 analysis, the η window had been extended with
the use of the StandAlone[137] muons in the range of 2.5 < |η| < 2.7. For the Low
Mass analysis the pT of the muon is request to be > 7 GeV, while for the High
Mass analysis, pT > 10 GeV.
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Quality criteria for the muons object definition have been defined by ATLAS
Muon Combined Performance (MCP) group[26], the inner detector track associated
to the muon is required to pass a series of additional cuts based on the number of
hits and holes (absence of hits) in the various layers of the inner detector. Such
quality criteria varies between the years (2011-2012) and the corresponding updates
have been applied. Muons from cosmic rays are suppressed by requiring the impact
parameter with respect to the primary vertex satisfy |d0| < 1mm and |z0| < 10mm1.
To avoid muons associated with jets, such as those originating from semi-leptonic
decays of b hadrons, the candidates are required to be isolated by demanding that
the sum of the inner detector track momenta in a cone ∆R =

√
∆η2 + ∆φ2 < 0.2

around the muon (ignoring the track associated to the muon itself) be less than 10%
of the that of the muon.

To further reduce background contamination from QCD processes (mostly bb̄-pair
production) a cut on the impact parameter significance for both muons, |d0|/|σd0 | <
3.5 (Figure 5.3) have been applied, which maintains a very high efficiency for signal
but significantly reduce muons from semi-leptonic b decays. Such cut was proved to
be useful in 2011 −Low Mass− analysis, in the case of 2012 such a cut is still under
investigation for each Higgs mass regime.

Figure 5.3 Distribution of the d0 significance of the muons selected applying all the
requirements described in Table 5.8 but the d0 significance cut. The
red line represents the signal sample for mH = 130 GeV and the blue
line represents the QCD distribution selected as described in 5.4.4.
The two distribution are normalized to the same area.

Due to imperfection into the MC simulation (relevant in the case of the muon
momentum resolution and the muon selection efficiency) in such MC, the muon
momenta are smeared, and weights are applied to account for the difference in
efficiency. The complete requirements for muons are shown in Table 5.8 for the 2011

1where d0 and z0 are the transverse and longitudinal impact parameters extrapolated at the
primary vertex, respectively.
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analysis and Tables 5.9 and 5.10 for the 2012 analysis, where in this last case the
Low and High Mass selections are specified.

Low Mass analysis at
√
s = 8 TeV. 2012

Identification Combined or segment-tagged STACO muons
Calorimeter tagged STACO muons
Standalone muons STACO muons

Kinematic cuts Staco CB+ST muons pT > 7 GeV and |η| < 2.5
(High Mass) CaloTag muons pT > 15 GeV and |η| < 0.1

Staco StandAlone muons pT > 7 GeV and |η| > 2.5, |η| < 2.7
Inner Detector Nb-layer

hits > 0 (except where the muon passes
an uninstrumented/dead area)

Npixel
hits +Npixel

dead > 0
NSCT

hits +NSCT
dead ≥ 5

Npixel
holes +NSCT

holes < 3
|η| < 1.9: NTRT

tot > 5 and NTRT
outliers < 0.9×NTRT

tot
|η| ≥ 1.9: If NTRT

tot > 5, require NTRT
outliers < 0.9×NTRT

tot
where NTRT

tot = NTRT
hits +NTRT

outliers
Cosmic rejection |d0| < 1 mm

|z0| < 10 mm
Track isolation ∑

tracks pT(∆R < 0.2)/pµT < 0.1
Additional QCD |d0|/|σd0 | < 3.5 (under study)
suppression

Table 5.9 Summary of muon selection in 2012 Low Mass Analysis. Nhits (Nholes)
represents the number of hits (missing hits) in a particular subdetector
of the inner tracker, while Ndead refers to the number of dead sensors
crossed by the muon in a particular subdetector.

The pT and η distributions of the muons with the selections described below
are shown in Figures 5.4, 5.5 and 5.6. In general it can be seen that the
simulation provides a reasonable description of the data distribution. An absolute
normalization of the background components based on the integrated luminosity
collected by ATLAS and the generation cross section of the MC samples is used for
these plots for all the components except the QCD mutijets. The latter is estimated
with data-driven methods described in Sec. 5.4.4.
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High Mass analysis at
√
s = 8 TeV. 2012

Identification Combined or segment-tagged STACO muons
Calorimeter tagged STACO muons
Standalone muons STACO muons

Kinematic cuts Loose:
Staco CB+ST muons pT > 10 GeV and |η| < 2.5

(High Mass) CaloTag muons pT > 20 GeV and |η| < 0.1
Staco StandAlone muons pT > 10 GeV and |η| > 2.5, |η| < 2.7
Medium:
Staco CB+ST muons pT > 25 GeV and |η| < 2.5

Inner Detector Nb-layer
hits > 0 (except where the muon passes

an uninstrumented/dead area)
Npixel

hits +Npixel
dead > 0

NSCT
hits +NSCT

dead ≥ 5
Npixel

holes +NSCT
holes < 3

|η| < 1.9: NTRT
tot > 5 and NTRT

outliers < 0.9×NTRT
tot

|η| ≥ 1.9: If NTRT
tot > 5, require NTRT

outliers < 0.9×NTRT
tot

where NTRT
tot = NTRT

hits +NTRT
outliers

Cosmic rejection |d0| < 1 mm
|z0| < 10 mm

Track isolation ∑
tracks pT(∆R < 0.2)/pµT < 0.1

Additional QCD |d0|/|σd0 | < 3.5 (under study)
suppression

Table 5.10 Summary of muon selection in 2012 High Mass Analysis. Nhits (Nholes)
represents the number of hits (missing hits) in a particular subdetector
of the inner tracker, while Ndead refers to the number of dead sensors
crossed by the muon in a particular subdetector.

5.2.2 Electrons

The electrons are identified starting from electromagnetic calorimeter clusters recon-
structed with the standard ATLAS sliding window algorithm described in Section
3.4[138] that are matched to tracks in the inner detector. The electron candidates for
the Low Mass analyses are required to satisfy the standard ATLAS Tight++ quality
requirements (see Section 3.4.2). While for the High Mass selection the leading lepton
has to be Medium++ and the second to be Loose++(see Table 5.13). To ensure a
high reconstruction and trigger efficiency, the candidates are required to lie within
the |ηcluster| < 2.47, i.e within the region of precision EM measurement, and have a
(after energy correction/smearing) pT > 7 GeV for the Low Mass analyses. For the
High Mass selection such a pT request is for the Medium++ electron pT > 25 GeV
and for the Loose++ pT > 10 GeV.
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(a) (b)

(c)

Figure 5.4 The pT of the leading (a) and subleading muon (b) and η distribution
of muon candidates (c) into the 2011 Low Mass Analysis with a total
luminosity of 4.71fb−1.

Isolation criteria have been applied: it is required that the sum of the inner
detector track transverse momenta in a cone of ∆R < 0.2 around the electron
(excluding the track associated to the electron itself) is < 10% that of the electron
itself. To avoid double counting and removing some fake electron from muon final
state radiations electron candidates that lie within ∆R < 0.2 of a selected muon
(as defined above) are rejected. Electrons reconstruction involves both the ID and
the calorimetric system, and hence the smearing and the other detector-related
corrections should take into account also the measurement of the energy deposit in
the calorimeter. In order to do this the standard ATLAS reconstruction includes
cell-level energy corrections derived from data. However, residual corrections derived
from the entire 2011 data set are available, to be applied at cluster level in order to
have a proper energy measurement. These corrections are applied to the electron
candidate energies in data and MC, and in addition to this, further smearing is
applied to reproduce the electron energy resolution and the electron identification
efficiency[27].
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Figure 5.5 The pT of the leading (a) and subleading muon (b) into the 2012 High
Mass Analysis.

As for to the muon selection (see previous section) in the case of the 2011
Low Mass analysis to further reduce the background from QCD processes a cut
on the (fakes, conversions and bb̄-pair production) impact parameter significance,
|d0|/|σd0 | < 6.5 (Figure 5.10), have been applied in both electrons. This cut maintain
a very high efficiency for signal but reduce electrons background from both semi-
leptonic b decays and fakes. A similar optimization is under study for the 2012
analysis.
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Figure 5.6 The η of the leading (a) and subleading muon (b) into the 2012 High
Mass Analysis.

The electron selection is summarized in Table 5.11 for the 2011 analysis and
Tables 5.12 and 5.13 for the 2012 analysis.
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Low Mass analysis at
√
s = 7 TeV. 2011

Identification Author: Electron
IsEM: Tight++

Kinematic cuts pT > 7 GeV
|ηcluster| < 2.47

Track isolation ∑
tracks pT(∆R < 0.2)/peT < 0.1

Additional QCD |d0|/|σd0 | < 6.5
suppression

Table 5.11 Summary of electron selection in the Low Mass 2011 analysis.

Low Mass analysis at
√
s = 8 TeV. 2012

Identification Author: GSF-Electron
IsEM: Tight++ (under study)

Kinematic cuts pT > 7 GeV
|ηcluster| < 2.47

Track isolation ∑
tracks pT(∆R < 0.2)/peT < 0.1

Additional QCD |d0|/|σd0 | < 6.5 (under study)
suppression

Table 5.12 Summary of electron selection in the Low Mass 2012 analysis.

High Mass analysis at
√
s = 8 TeV. 2012

Identification Author: GSF-Electron
IsEM:
Leading Electron: Medium++
Second Electron: Loose++

Kinematic cuts Leading Electron: pT > 25 GeV and |ηcluster| < 2.47
Second Electron: pT > 10 GeV and |ηcluster| < 2.47

Track isolation ∑
tracks pT(∆R < 0.2)/peT < 0.1

Additional QCD |d0|/|σd0 | < 6.5 (under study)
suppression

Table 5.13 Summary of electron selection in the High Mass 2012 analysis.

In 2012, electron candidates must have a well-reconstructed ID track pointing
to an electromagnetic calorimeter cluster and the cluster should satisfy a set of
identification criteria that require the longitudinal and transverse shower profiles to
be consistent with those expected for electromagnetic showers. Tracks associated
with electromagnetic clusters are fitted using a Gaussian-Sum Filter[144] which
allows for bremsstrahlung energy losses to be taken into account.
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(a) (b)

(c)

Figure 5.7 The pT of the leading (a) and subleading electron (b) and η distribution
of electron candidates (c) into the 2011 Low Mass Analysis.

The electron identification in ATLAS is based on requirements on variables that
provide good separation between isolated electrons and jets faking electrons (Section
3.4.2). Jets can deposit a large fraction of their energy in the hadronic calorimeter
in contrast to electrons that deposit most of their energy in the electromagnetic
calorimeter.

The comparison between the transverse energy in the hadronic and the electro-
magnetic calorimeter is a powerful discriminant against jets. Selections are also
applied on the second sampling layer of the EM calorimeter where most of the
electron energy is deposited (See Section 3.4).

The pT and η distributions of the electrons selected according to the criteria
explained above are shown in Figures 5.7, 5.8 and 5.9.
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Figure 5.8 The pT of the leading (a) and subleading electron (b) into the 2012 High
Mass Analysis.

5.2.3 Jets

Jets are reconstructed from topological clusters [109] using an anti-kT algorithm [110]
with a distance parameter ∆R = 0.4 (see Section 3.6). The jets are required to
have pT > 20 GeV and are restricted to |η| < 2.5 in all the considered analyses,
corresponding to the coverage of the ATLAS tracking detector. The jets are required
to pass the "looser" quality cuts, which include requirements on the quality of the
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Figure 5.9 The η of the leading (a) and subleading electron (b) into the 2012 High
Mass Analysis.

calorimetric cluster.
Jets originating from pileup are removed by requiring that at least 75% of the

tracks associated to the jet (within ∆R = 0.4 around the jet axis) must originate
from the primary vertex. This is implemented as a cut on the absolute value of the
"jet vertex fraction"2 |JVF| > 0.75 (See Figure 5.11).

2Variable that correspond to the fraction of track momentum associated to the jet under study.
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Figure 5.10 Distribution of the d0 significance of the electrons selected applying all
the requirements described in Table 5.11 but the d0 significance cut.
The red line represents the signal sample for mH = 130 GeV and
the blue line represents the QCD distribution selected as described
in 5.4.4. The two distribution are normalized to the same area.

In order not to loose the information carried by jets with zero tracks (which may
arise from hadronization of quarks coming from the signal process), also jets having
JVF = −1 are included in the analysis3[142].

The jet selection for the 2011 and 2012 analyses are summarized in Tables 5.14
and 5.15.

Identification Anti-kT R = 0.4 topological jets
Kinematic cuts pT > 20 GeV

|η| < 2.5
Quality Looser quality cuts
Pileup |JVF| > 0.75

Table 5.14 Summary of jet selection in the Low Mass 2011 analysis.

3Jets with zero tracks may arise from real jets composed of solely neutral particles (which do not
leave hits in the ID, and hence have no reconstructed track) or from jets falling in regions where
the tracking efficiency is not optimal.
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(a)

(b)

Figure 5.11 (a) Distribution of the JVF for jets produced in the hard scattering
and those produced in the additional pileup interactions. (b) JVF
distribution for the High Mass 2012 analysis. The signal sample is
for mH = 400 GeV.

Identification Anti-kT R = 0.4 topological jets
Kinematic cuts Veto: pT > 20 GeV (pT > 20 GeV for |η| > 2.5) and |η| < 4.5

Signal: pT > 20 GeV and |η| < 2.5
Quality Looser quality cuts
Pileup |JVF| > 0.5

Table 5.15 Summary of jet selection in the Low and High Mass 2012 analysis.

To avoid double-counting objects in the event, a jet is removed if an electron
satisfying the criteria explained in section 5.2.2 is found within ∆R < 0.4 around
the jet axis.
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The identification of b-jets

As was mentioned in Section 3.7, ATLAS b−tagging algorithms are used to distinguish
jets containing decays of b hadrons from those containing only light quarks. A jet
is then identified as a b−jet if the value of the MV 1 discriminant is greater that
a established operation point, giving a b−tagging efficiency of 70% (working point
for 2011 and 2012 analyses) for tt̄ events[92] while providing a light jet rejection
of ≈ 140. Figure 5.12 shows the data-MC distibution of the MV1 efficiency as a
function of the cut applied on its output value.

Figure 5.12 MV1 efficiency as a function of the cut applied on its output value.

5.2.4 Missing transverse energy

Missing transverse energy, Emiss
T , can be used to discriminate events with ν in the final

state and hence improve the signal/background ratio. Since the H → ZZ∗ → `+`−qq̄
signal has small Emiss

T , an upper limit on the Emiss
T is applied to reduce the background

from tt̄, single t and Wt events, which are characterized by large Emiss
T due to the

presence of neutrinos generated in the top quark (or W ) decay. As can be see from
Figure 5.24 is dominated by top events at high values, and this feature is used
to generate a top-enriched sample in order to check the MC modelization of this
background, as explained in detail in section 5.4.2. The official recommendation in
ATLAS for the reconstruction of Emiss

T is to use the RefFinal algorithm illustrated
in section 3.8. To obtain a systematic uncertainty on the measured Emiss

T value, the
systematic scale and resolution variations applied to the muons are also applied in
the Emiss

T measurement. For the electrons and jets, no explicit calibration is used
in the Emiss

T determination described above; therefore, the difference between the
systematically varied and/or smeared jet and electron momenta and the uncorrected
momenta is used for the systematic uncertainty in Emiss

T [142].
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Figure 5.13 Emiss
T performance in Z → ll andW → eν events (systematic uncertainty
from data/MC differences).

5.3 Event Selection in 2011 and 2012 data

The overall event selection strategy for the H → ZZ → l+l−qq̄ channel is based on
the request of a same flavour isolated dilepton (see Section 5.3.1) followed by the
request of at least 2 good jets. When multiple jets in the final state arise the best jet
pair has been selected using the procedure described in Section 5.3.3. The analysis
have been further splitted in sub-channels depending on the number of b−jets in the
final state (0− 1 b−jet, 2 b−jets).

The full event selections for the 2011 and 2012 analyses are summarized in Tables
5.16, 5.17 and 5.18. At the moment that this dissertation have been written, the
2012 analyses are still under development.
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(a)

(b)

Figure 5.14 (a) A candidate high-mH H → ZZ → eebb event with meebb = 326 GeV,
and (b) a candidate high-mH H → ZZ → µµbb event with mµµbb =
332 GeV. The two events contain two leptons (ee or µµ) with
pT > 20 GeV and two identified b−jets with pT > 25 GeV (grey
cones). The left hand side shows the transverse (top) and longitudinal
(bottom) views, while the top right plot shows the calorimeter energy
versus η and φ.
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Low Mass analysis at
√
s = 7 TeV. 2011

Cut Definition
Event quality require that the detector is fully operational and

that the reconstructed objects are of good quality
Trigger lowest-pT unprescaled triggers are required

for both −single and double− lepton configurations:
20 GeV for single electron/muons and
double 14 GeV for electron and 12 GeV muons.

Vertex require the presence of at least one reconstructed
vertex with 3 associated tracks

Lepton selection exactly two same-flavour and opposite-sign leptons
as defined in sections 5.2.1 and 5.2.2.
Their pT has to be consistent with the
trigger thresholds (see inside text).

Missing transverse Emiss
T < 30 GeV

energy
Jet selection at least two jets as defined in section 5.2.3 are required

Di-Jet Selection Have been distinguished two event bins:
- = 2 b-tags (b-tagged): Jets are identified as b-jets if
MV 1 > 70% operating point)
- < 2 b-tags (untagged): select the two after the
Kinematic Fitter answer, see 5.3.3
Events with more than two b-tags are vetoed.

Dilepton mass 20 < m`` < 76 GeV
Dijet mass 66 < mjj < 115 GeV

Table 5.16 Summary of the cuts applied to select the events used for the 2011 Low
Mass analysis.

5.3.1 Dilepton event selection

The data used in this analysis have been passed a skimming procedure that requires
at least two leptons, of any combination of electrons and muons[142]. The trigger
signatures for the online selection of two-lepton events are single and dilepton triggers
with the lowest unprescaled pT threshold. All triggered events are required to contain
a reconstructed primary vertex formed from at least three tracks (pT > 150 MeV).
To remove jets not originating from real in-time energy deposits, which arise from
hardware problems, cosmic-ray showers, and LHC beam conditions, a jet cleaning
cut is applied. In particular, these jets can give rise to fake missing transverse energy
leading to indescribable tails in the EmissT distribution. To avoid this, any event
containing a jet with pT > 20 GeV which is identified as bad according to the looser
cleaning criteria is rejected (this is done for both data and MC)[143].
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Low Mass analysis at
√
s = 8 TeV. 2012

Cut Definition
Event quality require that the detector is fully operational and

that the reconstructed objects are of good quality
Trigger lowest-pT unprescaled triggers are required

for both −single and double− lepton configurations:
20 GeV for single electron/muons and
double 14 GeV for electron and 12 GeV muons.

Vertex require the presence of at least one reconstructed
vertex with 3 associated tracks

Lepton selection exactly two same-flavour and opposite-sign leptons
as defined in sections 5.2.1 and 5.2.2.
Their pT has to be consistent with the
trigger thresholds (see inside text).

Missing transverse Emiss
T < 40 GeV

energy
Jet selection at least two jets as defined in section 5.2.3 are required
Dilepton mass 20 < m`` < 76 GeV
Di-Jet Selection Have been distinguished three event bins:

- 2 b-tags (b-tagged): Jets are identified as b-jets if
MV 1 > 70% operating point)
- 1 b-tag: Jet is identified as b-jet if MV 1 > 70% operating point)
- 0 b-tags (untagged): select the two after the
Kinematic Fitter answer, see 5.3.3
Events with more than two b-tags are vetoed.

Dijet mass 66 < mjj < 115 GeV

Table 5.17 Summary of the cuts applied to select the events used for the 2012 Low
Mass analysis.

Events are required to contain exactly two selected electrons or muons. Lepton
transverse momenta are required to be consistent with the actual trigger firing the
events. To ensure that the trigger item is approximately at its efficiency plateau,
minimum lepton pT is required to be greater than 12(14)GeV for muons (electrons)
in case only dilepton trigger fired in the event. At least one lepton with pT greater
than 20 GeV is required if only the single lepton trigger fired.
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High Mass analysis at
√
s = 8 TeV. 2012

Cut Definition
Event quality require that the detector is fully operational and

that the reconstructed objects are of good quality
Trigger lowest-pT unprescaled triggers are required

for both −single and double− lepton configurations:
20 GeV for single electron/muons and
double 14 GeV for electron and 12 GeV muons.

Vertex require the presence of at least one reconstructed
vertex with 3 associated tracks

Lepton selection exactly two same-flavour leptons (opposite-sign for muons)
as defined in sections 5.2.1 and 5.2.2.
Their pT has to be consistent with the
trigger thresholds (see inside text).

Missing transverse Emiss
T < 60 GeV

energy
Jet selection at least two jets as defined in section 5.2.3 are required
Dilepton mass 83 < m`` < 99 GeV
Di-Jet Selection Have been distinguished three event bins:

- 2 b-tags (b-tagged): Jets are identified as b-jets if
MV 1 > 70% operating point)
- 1 b-tag: Jet is identified as b-jet if MV 1 > 70% operating point)
- 0 b-tags (untagged): select the two after the
Kinematic Fitter answer, see 5.3.3
Events with more than two b-tags are vetoed.

Dijet mass 70 < mjj < 105 GeV
High mass cut peachjetT > 45 GeV

(mH = 300 GeV) ∆φll < π/2, ∆φjj < π/2

Table 5.18 Summary of the cuts applied to select the events used for the 2012 High
Mass analysis.

Additional QCD multijet reduction is obtained by requiring that ∆R > 0.3
between any of the selected muons and any of the selected jets.
In 2011 and 2012 Low Mass analysis, the two leptons are required to be oppositely
charged in both the muon and electron cases in order to reduce multijet background
which produces both same sign and opposite sign pairs (for High Mass 2012 selection
the opposite sign request is just applied to muons). The opposite sign requirement,
in the electron channel, introduce an additional inefficiency (≈ 1.5%) due to charge
misidentification, but reduces significantly the QCD multi-jet background. Any
event with additional selected leptons of either type is rejected to reduce background
from WZ production. In the Low Mass analysis, one of the Z bosons is virtual
(Z∗) and has been decided to select the Z∗ decay leptonically because of the Z+jets
background presented, and use as constrain the mass of the Z in the reconstruction
of the jet pair. The invariant mass of the lepton pair must lie within the range
20 < mll < 76 GeV for the Low Mass selection, and 83 < mll < 99 GeV for the
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High Mass. Some dilepton invariant mass distributions for the electron and muon
channels are shown in Figure 5.16.
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Figure 5.15 Efficiency of the single lepton trigger used for the analysis: the single
muon trigger efficiency as a function of pT (a) and η (b) and single
electron trigger efficiency as a function of ET (c) and η (d). For the
electron trigger the efficiencies of the L1 and L2 triggers used to seed
the final Event Filter chain are shown too.
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Figure 5.15 shows some performances of the triggers used in this analysis.

(a)

(b)

Figure 5.16 The dilepton invariant mass in the muon (a) and electron (b) channels
for the Low Mass analysis unsing 2011 data.
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(a)

(b)

Figure 5.17 The dilepton invariant mass in the muon (a) and electron (b) channels
for the Low Mass analysis unsing 2012 data.

5.3.2 H → ZZ∗ → `+`−qq̄ selection

After the dilepton request, the H → ZZ∗ → `+`−qq̄ candidates are further charac-
terized by pair of jets resulting from Z → qq̄ decay, hence the presence of at least
two jets as defined in section 5.2.3 is required. The jet multiplicities and jet pT
distribution after the dilepton selection are presented in Figure 5.20 for the 2011
Low Mass analysis (after the 20 GeV cut), and in Figures 5.21 and 5.22 for electron
and muon channel respectively, for the 2012 High Mass analysis.
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(b)

Figure 5.18 The dilepton invariant mass in the muon (a) and electron (b) channels
for the High Mass analysis unsing 2012 data.

The lepton kinematic distributions after the dijet selection for the 2011 Low
Mass analysis are displayed in Figure 5.23, showing a good consistency in both pT
and η distributions, thus giving confidence than a proper modelling of the Drell-Yan
pairs kinematic can be obtained via the ALPGEN MC generator. A missing trans-
verse energy requirement, EmissT < 30 GeV (EmissT < 60 GeV for 2012 High Mass
selection), is then applied thus reducing mostly miss background from tt̄ (Figure 5.24).
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Figure 5.19 Invariant mass of the two leptons and of the two selected jets (see section
5.3.2 for details) in the event for mH = 130 GeV: at least one of the
two Z bosons is expected to be off mass-shell

Since about 22%[140, 141, 142] of our signal events contain b−jets, from Z → bb̄
decay, while b−jets are produced in Drell-Yan processes at a much lower rate
(O(1%))[142] the analyses have been splitted into "tagged" subchannel, containing
events with exactly two b−tags, and "untagged" subchannel, containing events with
zero or one b−tags, as is described in Tables 5.16, 5.17 and 5.18.

Figures 5.26 and 5.27 show a comparison of the observed distribution of the
b-tag discriminant (MV 1) to MC expectations for the leading (a) and subleading
jet (b). Also showing the b−tagged jet multiplicities in the sample selected after the
2011 Low Mass EmissT requirement.

Dijet invariant mass are presented in Figure 5.28 5.28(a),5.28(b) for the 2011
Low Mass untagged case and the tagged case respectively. The untagged mjj for
the 2012 High Mass selection is shown too 5.28(c) and 5.28(d).

In the latter case an additional 5% correction on the jets pT is applied in order
to make the dijet mass for Z → bb̄ events peak (Figure 5.25) at the same value as
for the light flavour dominated untagged case [113].

For ZZ → l+l−qq̄ Low Mass analysis (2011) the jet-jet is based in an algorithm
that have been described in Section 5.3.3. A signal region (SR) and two side-band
regions (SB1,SB2)4 are defined using the invariant mass of the dijet system.

4We defined SB-region the union of the SB1 and SB2 side-bands.



124 5. The H → ZZ(∗)→ l+l−qq̄ channel

For the Low mass selections the signal region is defined for events where the
dijet system has invariant mass in the range 60 GeV < mjj < 115 GeV. The two
sidebands regions are statistically independent from the SR and correspond to the
regions below and above the Z-peak region.

The "low mass" sideband, SB1, is defined with 40 GeV < mjj < 60 GeV while
the "high mass" sideband, SB2, is defined with 115 GeV < mjj < 160 GeV. The
two side-band region ranges are chosen such that they give similar event statistics in
the two regions.

Summing the two channels (muon and electron), the resulting total analysis
selection efficiency for the H → ZZ → ``qq signal increases between 0.7–3% for the
untagged selection and 0.05–0.25% for the tagged (with rest to each single channel)
up to a maximum at roughly 170 GeV Higgs mass, dropping somewhat at the high
end due to the requirement of an off-shell Z boson decaying to lepton pair. These
efficiencies include Z → τ+τ− decays. For the individual channels, taking only into
account muon and electron decays separately the efficiencies are shown in Figure
5.29(a) 5.29(b), respectively.
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(a)

(b)

(c)

Figure 5.20 Distribution of the leading jet pT (a), subleading jet pT (b), and jet
multiplicity after dilepton selection (c) for the combined electron and
muon samples.
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Figure 5.21 Distribution of the leading jet pT (a), subleading jet pT (b), and jet
multiplicity after dilepton selection (c) for the electron channel.
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Figure 5.22 Distribution of the leading jet pT (a), subleading jet pT (b), and jet
multiplicity after dilepton selection (c) for the muon channel.

5.3.3 Kinematic fit

The selection of the jet-jet pair used to build the final ``jj system, makes use of a
χ2 minimization.
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(a) (b)

(c) (d)

(e) (f)

Figure 5.23 The pT of the leading muon (a) and electron (b), subleading muon (c)
and electrons (d) and the η distribution of muon candidates (e) and
electron candidates (f) after the ≥ 2 jets requirement, for the 2011
Low Mass analysis.

This method aims to select the two jets requiring that the two jets are compatible
with the decay of a Z boson. This is true for signal process, while it’s not expected
for most of the backgrounds (exception is the WZ, ZZ process which is however
almost negligible compared to others). The Higgs boson mass resolution is also
improved by imposing a Z mass constraint on the invariant mass of the two jets,
since the reconstructed Z → jj mass resolution is much larger than the intrinsic Z
width.
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Figure 5.24 (a) Distribution of the Emiss
T observed in data compared to MC expec-

tations for electrons and muons together into the 2011 Low Mass
analysis. Preliminary Emiss

T distributions for the (b) electron channel
and (c) and muon channel in the 2012 High Mass analysis.



130 5. The H → ZZ(∗)→ l+l−qq̄ channel

0 20 40 60 80 100 120 140 160 180 200
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

Untagged

Tagged

0.6±: 13.6σ0.4   ±: 90.1µUntagged: 

0.9±: 12.2σ0.9   ±: 84.9µ  Tagged: 

POW H300

ATLAS Internal

Figure 5.25 Reconstructed mass of the Z → bb̄ process compared to the invariant
mass of the Z → qq̄ process. The Z → qq̄ and the Z → bb̄ processes
used to build this plot are taken from a sample of Higgs boson with
mH = 130 GeV.

The χ2 is built using jet four-momenta, the expected jet energy resolution σjeti
measured as a function of the jet η and pT [94] and the world average MZ and ΓZ
[82]:

χ2 =
(
MZ −mjj

ΓZ

)2
+
∑
i=1,2

(pTi − p
fit
Ti )2

σ2
jeti

(5.1)

The χ2 function is minimized for each jet pair in the event satisfying the jet
selection criteria in Table 5.14, varying the jet pT within the constraint given by the
individual jet energy resolution σjeti . The jet energy resolution is measured in data
with the method described in section 3.6.4 and is parametrized in bins of pT and η.

The jet-jet combination which gives the minimum χ2 have been selected. Fur-
thermore, for the purpose of the Higgs mass reconstruction, the m``jj is calculated
using the pT corrected according to the fit result. This method has then a dual
purpose: it gives first a criteria for choosing the most likely pair to be produced from
the Higgs signal, and it improves significantly the reconstruction of the Higgs mass.
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Figure 5.26 MV1 discriminant for the leading (a) and subleading jet (b) for the 2011
Low Mass analysis.

When dealing with the untagged channel, this approach allows an efficient
reduction of the combinatorial background with respect to the strategy consisting in
keeping all jet pairs within some definite mass window. In the tagged channel the
two jets are already chosen to be the two b-tagged jets, and hence the kinematic fit
has the only effect of improving the Higgs mass resolution.
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Figure 5.27 Number of b-tagged jets for the muon and electron channel in 2011 Low
Mass analysis.

The distribution of the χ2 after the dilepton plus at least two jets selection is
shown in Figure 5.30, while the improvement in the mass resolution for signal events
is shown in Figure 5.31 for several mass points. The resolution of the event peaking
at the right mass is about 2.7 GeV at 130 GeV Higgs mass. The tail on the high
mass side is due to the subset of the event where the dijet system is not coming
from an on-shell Z decays. For these events the kinematic fitting is not effective and
the resolution on the mlljj variables is unchanged from the raw one.



5.4 Backgrounds in 2011 Low Mass analysis 133

5.4 Backgrounds in 2011 Low Mass analysis

The main backgrounds for the 2011 Low Mass analysis are discussed in this section.
Due to the early state of the 2012 analysis, this will be not introduced in this thesis.

The dominant background is expected to be from Drell-Yan/Z + jets events,
with multijet and top production events contributing significantly. Data driven
methods are used to determine or control these backgrounds. Smaller contributions
are expected from diboson production which are estimated using MC simulation.
Finally the small contribution ofW +jets events is estimated through simulation, but
possible discrepancies are covered in the data driven multijet background estimation.

5.4.1 Drell-Yan/Z + jets background

Drell-Yan (DY ) and Z+jets is the dominant background in the untagged case,
while the Drell-Yan and Z+ heavy jets process has the higher contribution in the
tagged case. ALPGEN MC is used to model them. Since alpgen is a LO MC
and processes with jets are notoriously difficult to predict, therefore uncertainties
on their cross sections are large, and because of this it is convenient to constrain
both the overall normalization and the shape of the Drell-Yan and Z + jets using
control regions. The control regions for the Drell-Yan/Z + jets background are
the side-bands of the mjj window required in the analysis (defined in the previous
section), and the check is performed building the final m``jj distribution replacing
the nominalmjj window cut with the requirements that the dijet mass lies in the side-
band region. At the end of the selection the data and MC expectations are compared.

As for the DY/Z+jets, also the normalization of the top background in the
tagged case is estimated from a control region (details are given in section 5.4.2).
During the procedure to obtain the sample normalization the other backgrounds
are subtracted from data, and hence the result found for a given sample (say the
DY /Z+jets) may affect the normalization of the other sample (as for top) and
viceversa.

To avoid this effect, the normalizations of the DY /Z+jets and top backgrounds
are performed in parallel using an iterative estimation. Due to the low available
number of events in the tagged case, the electron and the muons channels are
considered together. Several systematic checks are performed to verify the robustness
of the method and estimate the uncertainties of its application: separate estimates
are calculated from the low and the high mjj side bands and the size of the side
bands as well as the mass window positions are altered in order to check the stability
of the resulting scale factor.

Figure 5.32 presents the comparison between data and simulation for the con-
tribution of the DY/Z + jets background. The obtained scale factors are found to
be:

Untagged electron: 1.02 ± 0.03 ± 0.02
Untagged muon: 0.99 ± 0.02 ± 0.04
Tagged: 1.22 ± 0.13 ± 0.12
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The above scale factors are obtained as the ratio between the data from which
all the background contributions but the DY /Z + jets are subtracted and the
DY /Z+jets background itself as it is obtained by the fully MC-based estimation.
It is worth to remark that figure 5.32 shows a very good agreement between data
and MC. This is confirmed by the scale factors which are consistent with one within
the errors. The systematic uncertainty in the untagged case receives contributions
both from the multijet subtraction and the variation of the side-band windows. In
the tagged case the systematic uncertainty is dominated by the uncertainty on the
subtracted contributions of top and multijet backgrounds.

5.4.2 Top background

Top production constitutes a significant background in the tagged case and gives
also a small contribution in the untagged case. This background is dominated by
leptonic tt̄ decays in which the leptons originate either from the W boson decays
or the b−jets from the top quark decays as shown in chapter 1. The presence of
neutrinos in the leptonic decays of tt̄ leads to large values of missing transverse
energy. Therefore, the requirement of low missing energy (see 5.3.1) reduces this
background considerably. The isolation requirement on the leptons reduces further
the contribution of leptons originating from hadrons in the top decays.

As for the DY /Z+jets background, also the top normalization is estimated
from data, studying the control region obtained by inverting the Emiss

T requirement
(Emiss

T > 40 GeV). The inverted Emiss
T control region of the tagged case is dominated

by top decays, receiving a small contribution (of 4%) from multijet events which is
estimated with the ABCD method described below.

The comparison between data and simulation for the top background contribution
in the tagged sample computed from the inverted Emiss

T control region is presented
in Figure 5.33, and the scale factor obtained from this comparison is the following:

Tagged: 1.09 ± 0.06 ± 0.04

where the first error is statistical and the second systematic. As for the
DY /Z+jets background, a good agreement is found between data and purely
MC-based estimation. This is confirmed by the obtained scale factor which is found
to be consistent with unity. Nevertheless this scale factor is applied to the top
quark background estimation for the subsequent studies. The dominant systematic
contribution arises from the subtraction of the other processes in the control region.
The DY /Z+jets in the untagged case and the multijet background in the tagged
case. The calculation of the systematic uncertainty is described in section 5.5.
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5.4.3 Diboson background

Even if the Standard Model ZZ → `+`−qq̄ process is the only irreducible background,
it turns out to be not so important in this analysis since the huge contribution from
the DY /Z+jets production. Hence in this analysis it is completely estimated from
the MC simulation. An additional small background from WZ production, which is
dominated by the case in which the Z boson decays leptonically and the W boson
decays hadronically. This background is also estimated from MC simulation as well
as the WW process, which is expected to give an even smaller contribution.

5.4.4 Multijet background

The multijet (QCD) background constitution is significant in the low mass dilepton
region where this search is performed, since this background is difficult to model,
two distinct data-driven methods where used to evaluate both its size and the shape
for the final analysis. Some general remarks valid for both the methods have do
be given before going through the details of the estimation of this background: in
general many QCD-enriched samples are available, and therefore the choice of the
default one may be an issue. To overcome this problem, quality checks have been
performed on the several samples and the ones used as default resulted to be the
best ones in terms of statistical tests performed using the two methods.

It is worth to remark that the choice of the default QCD samples performed
independently for the two methods gave the same results for both the muon and
electron channel.

Another issue that may affect the multijet background background is the low
statistics of the tagged sample, since the QCD templates are taken from data, which
usually have much less statistics than the MC samples. For this reason the same
shape is assumed for both the tagged and the untagged case, which is the one
provided by the final selection without splitting the events in the tagged/untagged
categories, while the normalization is estimated separately for the two subsamples,
measuring the tagged event rate in the QCD-enriched samples.

Multijet background estimation using a template fit method

The template method aims at taking the multijet background estimation from data.
The shape of the background is obtained from a data sample dominated by multijets
events and then subsequently normalized to the signal selection. The normalization
of this multijet sample is estimated by fitting the dilepton invariant mass spectrum
after applying the nominal selection up to the requirement of ≥ 2 jets. This is
performed over the mass range 15 < m`` < 120 GeV using two components to fit
the data distribution:

• The multijet template derived from data using an ad hoc selection (see the
following for details in each channel)

• The sum of all the others contributions (including the signal sample) obtained
with MC simulations with the nominal selection up to the ≥ 2 jets requirement.
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The result of the fit is a scale factor that has to be applied to the multijet sample
in order to let it have the right normalization with respect to the data sample. After
the mentioned fit is performed, the quality of the result can be checked looking
at the obtained χ2 in its output. The default QCD template is chosen among the
available ones as the one for which the template fit gives the best χ2.

Application of the template fit method for the dimuon sample The data
sample used for the template fit method in the muon channel are the following:

• same sign muon pairs, with all the isolation and quality requirements were left
unchanged

• opposite-sign muon pairs, inverting the isolation requirement on at least one
of the two

The first sample is used as default since it gives a better χ2 when used for the fit,
while the second is used for the systematic studies on both normalization and shape of
the QCD background shown in the following. The fit is performed on the dimuon mass
distribution obtained after the missing energy and the two jets requirements. The
result extrapolated to the dilepton signal region (20 < m`` < 76 GeV) corresponds to
a fraction of QCD multijet events with respect to the selected number of data events
for both tagged and untagged samples. The normalization of the tagged sample is
obtained adding the request of exactly two tagged jets. The results obtained are the
following:

untagged: [4.3± 1.0 (stat)]%
tagged: [10.9± 2.8 (stat)]%

The considerably higher QCD multijet background in the tagged sample is
attributed by an increased proportion of heavy flavour decays in the muon multijet
sample naturally leading to an higher tagging rate. In both the samples the systematic
contribution to the uncertainty due to the variation of the sample is negligible.

Besides the normalization it is important to establish also the expected m``jj

shape for this background. To do this the two multijet-enriched selections have been
compared and the impact on the m``jj modelling of either of the choices (see Figure
5.34(a)).

Application of the template fit method for the di-electron sample The
multijet samples used in the dielectron channel can be obtained varying the sign and
the isolation of the pairs (as in the muon channel), but in the electron channel also
the quality of the reconstructed electrons can be varied. The possible QCD-enriched
samples used in this study are:

• Tight++, opposite sign pairs, in which exactly one of the two electrons is
required to be isolated and the other one anti-isolated5.

5We define anti-isolation as the inverse cut in the Track isolation described in Tables 5.11, 5.12
and 5.13.
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• Tight++, same sign pairs, one isolated electron and the other anti-isolated

• Medium++ (excluding Tight++), opposite sign pairs with the same isolation
requirements as above

• Loose++ (excluding Medium++), opposite sign with the same isolation re-
quirements as above

Among the above samples, the first one is used as default, while the others are
used for systematic variations. The resulting QCD fraction in the dilepton signal
region is:

untagged: [12.0± 1.4 (stat) ± 2.3 (syst)]%
tagged: [11.9± 2.9 (stat) ± 1.6 (syst)]%

The systematic uncertainty is quoted from the maximum difference of the fit
result obtained using the other templates described above. The dilepton mass
distribution after the template fit is shown for electron and muons in Figure 5.35 for
the 2011 Low mass analysis and the 2012 High mass analysis.

As for the dimuon cases a comparison of the m``jj shape obtained with different
selections aimed at enhancing the contribution of QCD multijet fakes is shown in
Figure 5.34(b).

Background estimation using an ABCD method

The other procedure that is used to estimate the QCD background is the ABCD
method, based on modified charge and isolation criteria for the selected leptons. The
four regions to be defined:

A: events with leptons of opposite charge, both isolated
B: events with leptons of opposite charge, one isolated one non isolated
C: events with leptons of same charge, both isolated
D: events with leptons of same charge, one isolated one non isolated

Where A is the "signal region" and regions B, C and D are dominated by multijet
processes. Considering there is no correlation between the charge and isolation
requirements, allowing to estimate the expected number of multijet events in signal
region A from the number of multijet events in regions B, C and D, assuming
the ABCD relation A = B× (C/D) within statistical uncertainty. To perform the
calculation, a profile-likelihood approach is used. Denoting the unknown number
of multijet events in region A as µU , where the number of multijet events in each
region can expressed by introducing two nuisance parameters τB , τC :

A: µU
B: µUτB
C: µUτC
D: µUτBτC
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The corresponding total events in each of the regions are then:

µA = sA + bA + µU

µB = sB + bB + µUτB
µC = sC + bC + µUτC
µD = sD + bD + µUτBτC

Where sA,B,C,D and bA,B,C,D are the known contributions from signal and elec-
troweak background processes in each region. The likelihood function is the product
of the four likelihoods for the counting experiments in the four regions:

L(nA, nB, nC , nD | µU , τB, τC) =
∏

i=A,B,C,D

e−µiµnii
ni!

(5.2)

The parameter of interest µU and the nuisance parameters τB,τC are calculated
from the minimization of logL. Therefore, the application of the ABCD method
provides the normalization of the multijet background in the signal region.

Once the normalization is found, it has to be applied to a template used to model
the shape of the QCD background. As said above several templates are available to
model the QCD shape in both muon and electron channels. Among the available
samples, the default ones in the two channels are chosen as follows: the data-MC
agreement in both signal region and mjj sidebands is probed performing Kolmogorov-
Smirnov tests. The samples with the best Kolmogorov-Smirnov probability are chosen
as default, and the others are used for systematic variations.

Application of the ABCD method for the dimuon sample As described in
the previous section, the application of the ABCD method defines the normalization
of the multijet background in the signal region. The second ingredient needed for the
complete background estimation is the shape of the corresponding background. Also
using this approach the samples listed in 5.4.4 are used for default and systematic
variations.

The statistical uncertainty on the evaluation of the multijet background is deter-
mined by the number of events of the B, C and D regions. Systematic uncertainties
include either uncertainties on the normalization or the shape of the distributions.
The statistical accuracy of the method is found to be 8% and 40% for the un-
tagged and the tagged case respectively. As a measure of the shape uncertainty,
the distributions corresponding to the mjj side bands are used instead of the ones
corresponding to the signal region. To estimate the normalization uncertainties, the
normalization of the multijet background is estimated at different stages of the event
selection. In addition different control regions are studied as a function of the muon
"anti-isolation" condition imposed. Adding these contributions in quadrature an
estimate of 10% and 34% is found for the untagged and the tagged case respectively.

The final estimate for the QCD multijet background percentage over the total in
the dimuon case, is estimated as:

untagged: 3.49± 0.24± 0.35%
tagged: 11.0± 4.4± 3.7%
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Application of the ABCD method for the dielectron sample In the elec-
tron channel there is one more degree of freedom, both in determining the normal-
ization factor from the ABCD method and also in using a control region of events to
provide the shapes. This is the electron identification quality. The best combination
is chosen according to the quality of the description of data by the estimation both
for the side band region of mjj and the signal region between 100 and 300 GeV
in meejj . Also with this approach the samples used as default and for systematic
variations are the same listed in 5.4.4. As said at the beginning of section 5.4.4
because of lack of statistics in the tagged analysis bin, the same shape distribution
is assumed for both the tagged and the untagged case, which is the one provided by
the final selection without the b-tagging requirement.

The systematic uncertainties are estimated in a similar way as in the dimuon
case. The final estimate for the QCD multijet background percentage over the total
in the dielectron case, is estimated as:

untagged: 6.57± 0.6± 2.3%
tagged: 11.5± 5.1± 2.6%

The final fraction of QCD background used for the normalization of this background
is a combination of the results obtained with the two independent methods described
above. In particular the weighted mean of the two estimations is taken as central
value and the maximum between the difference of these two values and the single
systematics is taken as global systematic uncertainty.

Thus the results are:6

channel central value (%) stat. unc. (%) syst. unc (%)
muon untagged: 3.99 ± 0.27 ± 0.51

muon tagged: 11.0 ± 4.4 ± 3.7
electron untagged: 9.7 ± 0.9 ± 3.1

electron tagged: 11.5 ± 5.1 ± 2.6

5.4.5 Summary of backgrounds

The comparison between data and MC simulation for the mjj side band region,
using all the data driven corrections described in the previous sections, is presented
in Figure 5.36.

From Figure 5.36 it is possible to see the good agreement between data and
MC expectations over all the m``jj spectrum in both tagged and untagged case, for
electrons and muons. The statistical uncertainties of the MC templates are shown
since after all the selection they appear to be not negligible with respect to the
usually dominant statistical uncertainty on data.

6Expressed as fraction of multijet events with respect to the data in the final m``jj sample.
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5.5 Systematic Uncertainties in 2011 data

This last section describes the calculation of the systematic uncertainties for this
2011 Low Mass analysis. Several systematic uncertainties have been considered:
an important contribution comes from theoretical uncertainties on the signal cross
section. In addition, theoretical uncertainties on the background processes have
to be taken into account as well as systematics that may affect the data driven
estimations performed for some of the backgrounds, as described in 5.4. Moreover
systematics coming from the experimental apparatus and techniques have to be
taken into account.

Reconstruction and identification The main detector-related contributions
to the systematic uncertainties are the lepton, jet, and Emiss

T reconstruction and
identification efficiencies, their momentum or energy resolution and scale, and the
b-tagging efficiency and mistagging rates, and can be computed measuring the effect
on the final signal, background and data yields after having varied the definition of
these objects.

Concerning the muon (electron) pT (ET ) smearing, the computation of the sys-
tematic error derives from the fact that the correction itself is evaluated by means
of a Gaussian function using its central value for the nominal correction: systematic
variation are obtained varying the central value by ±1 σ. The uncertainties on
lepton reconstruction, identification and trigger efficiencies are mainly of statistical
nature since they are measured from data with the tag and probe method, but they
have also systematic uncertainty coming from the definition of the tag and the probe
leptons used to perform such a measurement.

Jet-related uncertainties include the jet energy scale and resolution uncertainties,
which have a direct impact on the signal selection efficiency. Those include uncer-
tainties for close-by jets and the fraction of quarks and gluons in the sample. For
b-jets an extra scale uncertainty of between 1% and 2.5%, depending on the jet pT ,
is added in quadrature in order to take into account the dependence of the jet energy
scale and resolution on the jet flavour. Uncertainties on the MV1 b-tagging efficiency
and mistag efficiency are evaluated taking into account the tagger working point,
and the fraction of the various quark flavour in the MC samples. The uncertainty
on Emiss

T is obtained by propagating the uncertainties on the individual objects as
described in 5.2.4. The size of these detector-related uncertainties are summarized
in Table 5.19.

The detailed results of the application of these experimental uncertainties on
the selection of signal and background in the different branches of the analysis
are described below: Figure 5.37 and 5.38 show the effect of the jet energy scale
systematic uncertainty on the background and signal, respectively. This is the
uncertainty which is expected to have the maximum effect on the shape of the m``jj

distribution, while it can be seen that also due to the use of the kinematic fit on the
dijet system, the effect of this uncertainty on the shape has a reduced impact on
both the signal and background shape. The shape uncertainty from jet-energy-scale
systematic uncertainty will be neglected.
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Source of uncertainty Treatment in analysis
Luminosity 3.9%
Jet energy scale (JES) 2–7%, as a function of pT and η
Jet pileup uncertainty 3–7%, as a function of pT and η
b-quark energy scale 2.5–1% as a function of pT
Jet energy resolution 1–4%
Electron selection efficiency 0.7–3%, as a function of pT;

0.4–6%, as a function of η
Electron reconstruction efficiency 0.7–1.8%, as a function of η
Electron energy scale 0.1–6%, as a function of η, pileup, material effects, etc.
Electron energy resolution Sampling term 20%;

a small constant term has a large variation with η
Muon selection efficiency 0.2–3%, as a function of pT
Muon trigger efficiency < 1%
Muon momentum scale 2–16%, as a function of η
Muon momentum resolution pT and η dependent resolution smearing functions,

systematic ≤ 1%
b-tagging efficiency 5–15%, as a function of pT
b-tagging mistag rate 10-22%, as a function of pT and η
Missing transverse energy Add/subtract object uncertainties in Emiss

T
+ uncertainty on“SoftJet” and “CellOut” terms

Table 5.19 Systematic uncertainties related to object reconstruction and identification

Signal cross sections Higgs boson production cross sections have been studied
extensively by the LHC Higgs cross section working group and the results are compiled
in [106]. Theoretical uncertainties on the cross sections have been estimated to be
between 15− 20% for gg → H and 3− 9% for qq → qqH (VBF) for mH relevant for
this analysis. In addition to this another systematic effect has to be considered in
order to take into account the accuracy with which the QCD scale is known. This
uncertainty amounts to ∼ 14% for all the Higgs mass spectrum.

Background normalization The normalization uncertainties of the Z/DY +jets
and top backgrounds are estimated through the data driven methods varying the
control regions discussed in 5.4, and the variation of the resulting normalization is
used as systematic error. The resulting uncertainty for the DY/Z+ jets sample is
approximately 3− 4% in the untagged channel, while in the tagged case it reaches
the value of 17%. The top background uncertainty is estimated to be 10% (7%) for
the untagged (tagged) case. The diboson background contributions are assigned a
theory uncertainty of 11%.

DY + jets shape As it is shown in Figure 5.36, the shape of the background after
normalization corrections is reasonably described by the MC simulation. Nevertheless,
the shape uncertainty for the DY+jets background is estimated by parametrizing
the remaining difference of the m``jj distribution of the mjj sidebands, after the
application of the normalization scale factor as a function of m``jj . In the tagged
case the statistical accuracy obtained in this sample is not adequate for such a study
and therefore the results of the untagged case are used.
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Multijet background normalization The multijet background normalization
uncertainty is calculated as described in Section 5.4.4: since the normalization of this
background can is calculated with two independent methods, and in each method
several QCD-enriched samples can be used, the maximum between the half difference
of the two estimations and each systematic (calculated varying the QCD sample)
is taken as systematic. The result of this study is that the QCD normalization
uncertainty in the muon untagged channel is ∼ 15% in the muon untagged sample,
∼ 35% in the electron untagged channel, while it is ∼ 50% in the untagged channels
(both muons and electrons).

Multijet background shape The shape uncertainty on the multijet background
is evaluated building the final m``jj distribution with the other available multijet
samples besides the default ones, as explained in 5.4.4 and shown in Figure 5.34.
The shape uncertainty on this background is evaluated to be negligible.

Luminosity The luminosity uncertainty for 2011 data is 3.9%. This uncertainty
is only applied to MC samples for which the normalization uncertainty is not taken
directly from a comparison between data and MC, which is everything except the
DY/Z + jets, the top and the multijet background. Where it is applied this system-
atic uncertainty is assumed to be correlated across all samples.
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Figure 5.28 Distributions of the dijet mass after Emiss
T requirement for the untagged

(a) and tagged (b) 2011 Low Mass selection for the combined electron
and muon sample. (c), (d) untagged mjj distributions for the 2012
High Masss selection (electron and muon channel).
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(a)

(b)

Figure 5.29 Signal selection efficiency for the 2011 Low Mass analysis in the muon
channel (a) for the untagged (left) and tagged (right) selections and
for the electron channel (b).
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Figure 5.30 The distribution of the χ2 of the kinematic fitter for Low mass electron
channel.



146 5. The H → ZZ(∗)→ l+l−qq̄ channel

(a)

(b)

(c)

Figure 5.31 The distribution of m``jj on signal MC samples before and after the
kinematic fitting for three Higgs mass hypothesis: 130 (a), 150 (b)
and 180 GeV (c).
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Figure 5.32 Comparison between data and simulation for the contribution of DY +jets
background, estimated from themjj side bands, before the application
of the scale factor. (a) and (b) correspond to the electron and muon
channel respectively of the untagged case. (c) Tagged case for both
channels together.



148 5. The H → ZZ(∗)→ l+l−qq̄ channel

[GeV]llqq M

100 120 140 160 180 200 220 240 260 280 300

E
v
e

n
ts

 /
 5

G
e

V

0

5

10

15

20

25

30

35

40
ATLAS Internal 1

L=4.7fb∫Data 

Total BG

Signal

=130GeV)
H

(m

Z+jets

DY

Diboson

t_ttbar

W+jets

QCD

Figure 5.33 Comparison between data and simulation for the contribution of top
background in the tagged sample, estimated from the inverted Emiss

T
control region, before the application of the scale factor.
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Figure 5.34 Comparison of the m``jj distribution for two different selection of QCD
dominated control regions for muon sample (a), and electron sample
(b).
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Figure 5.35 The distributions of the dilepton mass used for QCD fit: (a) for electrons
and (b) for muons into the 2011 Low mass analysis and (c) for electrons
and (d) for muons the 2012 High mass analysis.
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Figure 5.36 Comparison between data and simulation for the mjj side band region,
after the application of the scale factors and using the systematic
uncertainty estimates. (a) and (b) correspond to the electron and
muon channel respectively of the untagged case and (c) to the tagged
case for both channels together.
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Figure 5.37 Reconstructed Higgs mass for nominal jet energy scale compared to the
±1σ variation, for background events in the signal region (a) and
sideband region (b).
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Figure 5.38 Reconstructed Higgs mass for nominal jet energy scale compared to the
±1σ variation, for Higgs signal simulation for 130 (a), 150 (b), and
180 GeV Higgs mass (c).
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Chapter 6

Results

Into this chapter the main results of the dissertation will be described, using as
references the all previous chapters, stating with the basic theoretical motivations,
passing trough the description of the ATLAS detector and the principal objects
and variable’s reconstruction and Higgs boson searches until the analysis procedure
followed. Main results correspond to the 2011 Low Mass analysis, adding a brief
status of the Low and High Mass analyses using the 2012 data samples. The search
for the Higgs boson is performed by comparing the invariant mass of the ``jj system,
i.e. the reconstructed Higgs boson mass, in the data samples to that of the expected
background.

After the kinematic fit (see Section 5.3.3) the expected resolution for the 2011
(130 GeV Higgs mass hipothesis) core signal event distribution is expected to be
around 3 GeV. A long tail is also present above the nominal Higgs mass.

The background invariant mass distribution has instead a very broad distribution
peaking at around 170 GeV, with a width of around 40 GeV. The distribution
of the ``jj system invariant mass, m``jj , for 2011 data compare to the predicted
background after all data-driven scale factor are applied are shown in Figure 6.2,
and Figure 6.3 for the muon and electron channels, respectively.

The expected Higgs signal for 130 GeV mass (multiplied by a factor 20 in the
untagged case and by a factor of five in the tagged case) is displayed on top of the
background prediction.

A detailed breakdown of the different predicted background sources, data counts
and expected signal number of events are also reported in Tables 6.1–6.4, for the
four independent analysis channels.

Figure 6.1 described a simplified view of how to interpret the results relative to
the variable mlljj .

153
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Figure 6.1 Explanatory figure 1: This plot shows hypothetical data and expectations
that could be used in setting the CLs. The green curve shows (fictional)
predicted results if there were a Higgs boson in addition to all the
usual backgrounds. It could also represent the predictions of some
other new physics. The dashed black curve shows what is expected
from all background processes without a Higgs or some new physics.
The black points show the hypothetical data.



155

[GeV]llqq M

100 120 140 160 180 200 220 240 260 280 300

E
v
e
n
ts

 /
 5

G
e
V

0

200

400

600

800

1000 ATLAS Internal 1
L=4.7fb∫Data 

Total BG

Signal x 20

=130GeV)
H

(m

Z+jets

DY

Diboson

t_ttbar

W+jets

QCD

(a)

[GeV]llqq M

100 120 140 160 180 200 220 240 260 280 300

E
v
e
n
ts

 /
 1

0
G

e
V

0

2

4

6

8

10

12

14

16

18

20
ATLAS Internal 1

L=4.7fb∫Data 

Total BG

Signal x 5

=130GeV)
H

(m

Z+jets

DY

Diboson

t_ttbar

W+jets

QCD

(b)

Figure 6.2 Distribution of the reconstructed Higgs mass in the muon channel with data
compared to the background prediction including signal for an Higgs
mass hypothesis of 130 GeV. Untag selection (a); Tagged selection (b).
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Source Expected number
DY+jets 9635 ± 101 ± 409

Top 99.0 ± 1.8 ± 9.8
Multijet 355 ± 24 ± 213
Diboson 60.9 ± 1.2 ± 9.1
W+jet 10.9 ± 2.5 ± 1.6

Total background 10161 ± 105 ± 461
Data 9714

Signal mH = 120 GeV 2.07 ± 0.10 ± 0.12
Signal mH = 130 GeV 7.26 ± 0.28 ± 0.38
Signal mH = 150 GeV 21.1 ± 0.60 ± 0.73
Signal mH = 180 GeV 4.86 ± 0.20 ± 0.17

Table 6.1 Summary of numbers of the estimated background events, observed events in
data, and expected signal events for the untagged selection in the muon
sample. The statistical and systematic uncertainties on the estimated
background and signal events are also shown.

Source Expected number
DY+jets 53.0 ± 5.3 ± 7.7

Top 33.8 ± 1.0 ± 2.2
Multijet 11.0 ± 4.4 ± 1.6
Diboson 1.7 ± 0.2 ± 0.3

Total background 99.5 ± 7.0 ± 8.2
Data 105

Signal mH = 120 GeV 0.080 ± 0.018 ± 0.010
Signal mH = 130 GeV 0.431 ± 0.067 ± 0.051
Signal mH = 150 GeV 1.561 ± 0.167 ± 0.178
Signal mH = 180 GeV 0.299 ± 0.049 ± 0.034

Table 6.2 Summary of numbers of the estimated background events, observed events
in data, and expected signal events for the tagged selection in the muon
sample. The statistical and systematic uncertainties on the estimated
background and signal events are also shown.
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Source Expected number
DY+jets 4654 ± 42 ± 161

Top 69.0 ± 1.5 ± 7.8
Multijet 337 ± 31 ± 450
Diboson 36.3 ± 1.0 ± 5.3
W+jet 30.2 ± 10.7 ± 4.3

Total background 5126 ± 53 ± 478
Data 5197

Signal mH = 120 GeV 0.90 ± 0.06 ± 0.07
Signal mH = 130 GeV 3.19 ± 0.18 ± 0.24
Signal mH = 150 GeV 9.70 ± 0.40 ± 0.55
Signal mH = 180 GeV 2.85 ± 0.15 ± 0.14

Table 6.3 Summary of numbers of the estimated background events, observed events
in data, and expected signal events for the untagged selection in the
electron sample. The statistical and systematic uncertainties on the
estimated background and signal events are also shown.

Source Expected number
DY+jets 30.5 ± 3.5 ± 4.4

Top 22.2 ± 0.8 ± 1.6
Multijet 7.0 ± 3.2 ± 2.5
Diboson 1.1 ± 0.2 ± 0.2

Total background 60.8 ± 4.8 ± 5.3
Data 51

Signal mH = 120 GeV 0.042 ± 0.016 ± 0.006
Signal mH = 130 GeV 0.288 ± 0.055 ± 0.037
Signal mH = 150 GeV 0.594 ± 0.100 ± 0.072
Signal mH = 180 GeV 0.177 ± 0.039 ± 0.021

Table 6.4 Summary of numbers of the estimated background events, observed events in
data, and expected signal events for the tagged selection in the electron
sample. The statistical and systematic uncertainties on the estimated
background and signal events are also shown.
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6.1 Exclusion confidence level determination in 2011
Low Mass analysis

Since the previous results don’t show a significant excess on the observed events
over the expected background, 95% CL limits are set on the Higgs boson cross
section as a function of mass, using the CLs modified frequentist formalism with
the profile likelihood test statistic (see Section 4.3.1)[145, 146]. Figure 6.4 described
a simplified view of how to interpret the results relative to the CL.

6.1.1 Results using MCLIMIT software[147]

As not significant excess is observed in the data above background expectations, it
possible to set limits on the range of possible values of mH for all studied decay
channels using MCLIMIT. The software is based on the mentioned CLs method
and allows multiple channels to be combined while taking into account normalisation
and shape uncertainties on signal and backgrounds. In this method the quantity CLs
is defined as CLs = CLs+b/CLb, where CLs+b is the probability that a hypothesis
of signal and background will fluctuate to the observed number of data events or
lower and CLb is the probability that a background only hypothesis will fluctuate
to the observed number of data events or higher. Low values of CLb indicate a
possible signal and values of 1− CLs > 0.95 mean that the model can be ruled out
at a 95% confidence level. Such a upper limits on Higgs boson cross section as a
function of mass has been derived first using the software MCLIMIT examining the
m``jj distribution for the four independent analysis channels, shown in Figures. 6.2,
and Figure 6.3 and the systematic uncertainties described in Section 5.5. The
Figure 6.5 shows the resulting exclusion. The ratio of the observed to the expected
limit, along with median expected limit and the 1σ and 2σ fluctuations, for the mH

values considered are given in Table 6.5.
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mH Observed Expected µ/µSM
(GeV) µ/µSM −2σ −1σ Median +1σ +2σ

mH=120 50.4 7.7 28.1 51.7 88.0 113
mH=125 32.2 3.1 11.3 21.3 38.3 64.0
mH=130 12.9 1.2 4.0 9.5 16.0 22.8
mH=135 7.3 1.0 3.2 5.4 8.7 13.4
mH=140 5.8 1.0 3.2 4.8 7.4 10.5
mH=145 3.7 1.0 2.0 3.6 6.1 8.0
mH=150 5.7 1.0 1.9 4.1 6.3 8.1
mH=155 8.0 0.4 1.9 3.7 5.8 8.0
mH=160 6.6 2.0 4.0 7.8 11.9 15.4
mH=165 4.7 0.8 6.2 13.8 19.0 30.3
mH=170 4.0 1.0 6.8 13.6 23.3 34.8
mH=175 11.5 0.9 8.1 16.0 25.7 32.0
mH=180 19.5 1.0 12.5 19.3 31.2 46.5

Table 6.5 The observed 95% CL upper limits in the H → ZZ → ``jj channel, as
a multiple of the Standard Model rate, for an integrated luminosity
of 4.71 fb−1. The corresponding expected median upper limit, along
with its ±1σ and +2σ values, is also shown. These upper limits were
obtained with the MCLIMIT software.
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Figure 6.3 Distribution of the reconstructed Higgs mass in the electron channel with
data compared to the background prediction including signal for an
Higgs mass hypothesis of 130 GeV. Untag selection (a); Tagged selection
(b).
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Figure 6.4 Explanatory figure 2: This shows a 95% confidence level, which in effect
means the certainty that a Higgs particle with the given mass does
not exist. The dotted black line shows the median (average) expected
limit in the absence of a Higgs. The green and yellow bands indicate
the corresponding 68% and 95% certainty of those values. If the solid
black line dips below the value of 1.0 as indicated by the red line, then
we see from our data that the Higgs boson is not produced with the
expected cross section for that mass. This means that those values of
a possible Higgs mass are excluded with a 95% certainty. If the solid
black line is above 1.0 and also somewhat above the dotted black line
(an excess), then there might be a hint that the Higgs exists with a
mass at that value.
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Figure 6.5 The expected (dashed line) and observed (solid line) upper limits on the
total cross section divided by the expected Standard Model Higgs boson
cross section, calculated using CLs at 95%. Linear scale (a), log scale
(b). The green and yellow bands, centred on the dotted line, indicate
the range in which the limit is expected to lie in the absence of a signal.
The dotted red line shows the Standard Model value of 1.



6.1 Exclusion confidence level determination in 2011 Low Mass analysis 163

6.1.2 Results using RooStats[148]

For the final results, the official ATLAS code to derive upper limits in the asymp-
totic approximation have been used, the so-called HistFactory tools[148]. The
most notable difference with respect to the result shown in the previous section
is the possibility to include the effect of the bin-by-bin statistical uncertainties on
background distributions due to limited MC or control region statistics. These are
implemented as a set of additional independent nuisance parameters, one for each
of the bins included in the analysis, which are allowed to vary within the expected
background template statistical uncertainties. A numeric comparison of the result
obtained with and without considering this source of uncertainty are presented in
Table for the 130 GeV Higgs mass point 6.7, showing the small (< 10%) degradation
in sensitivity when introducing the statistical uncertainties on background templates
(preliminary results for a single mass point are provided). The same distributions
and systematic uncertainties are considered as in the previous subsection. The ratio
of the observed to the expected limit, along with median expected limit and the
1σ and 2σ fluctuations, for the mH values considered are given in Table 6.6. A
generally very good agreement is observed with the values from MCLIMIT reported
in Table 6.5. The usage of the asymptotic approximation for the present analysis is
expected to be well justified. However a direct comparison with the frequentistic
prescription using ensembles of simulated measurements is presented in Table 6.8.
As expected the differences in the two procedures are not significant. The 95%
CL exclusion limits are presented in Figure 6.6 as a funcion of the Higgs mass
hypothesis without considering template stat. uncertainties. Finally, Figure 6.7
represents the main result of this analysis and shows the obtained exclusion limits
with the inclusion of all the systematic uncertainties.

mH Observed Expected µ/µSM
(GeV) µ/µSM −2σ −1σ Median +1σ +2σ

mH=120 63.0 35.0 46.9 65.1 95.6 141
mH=125 22.7 14.2 19.0 26.4 38.7 57.2
mH=130 11.8 6.1 8.2 11.4 16.6 24.5
mH=135 4.8 3.6 4.8 6.6 9.7 14.2
mH=140 3.7 3.1 4.1 5.7 8.3 12.1
mH=145 2.7 2.2 3.0 4.1 6.0 8.8
mH=150 3.6 2.3 3.1 4.3 6.2 9.0
mH=155 6.4 2.4 3.3 4.5 6.6 9.7
mH=160 7.6 4.8 6.4 8.9 12.9 18.9
mH=165 7.6 8.6 11.5 15.9 23.3 34.1
mH=170 8.8 9.3 12.5 17.3 25.2 36.9
mH=175 14.3 11.3 15.2 21.1 30.7 44.9
mH=180 16.9 11.8 15.8 21.9 31.9 46.6

Table 6.6 The observed 95% CL upper limits in the H → ZZ → ``jj channel, as a
multiple of the Standard Model rate, for an integrated luminosity of
4.71 fb−1. The corresponding expected median upper limit, along with
its ±1σ and +2σ values, is also shown.
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mH Observed Expected µ/µSM
(GeV) µ/µSM −2σ −1σ Median +1σ +2σ

without stat. error 12.2 5.5 7.4 10.3 15.0 22.1
with stat. error 11.8 6.1 8.2 11.4 16.6 24.5

Table 6.7 The observed 95% CL upper limits in the H → ZZ → ``jj channel, as a
multiple of the Standard Model rate, for an integrated luminosity of
4.71 fb−1 for a 130 GeV Higgs mass hypothesis. Comparison between
the case where bin-by-bin statistical uncertainties are considered or not
considered in the limit setting procedure. The corresponding expected
median upper limit, along with its ±1σ and +2σ values, is also shown.

mH Observed Expected µ/µSM
(GeV) µ/µSM −2σ −1σ Median +1σ +2σ

mH=140 asymptotic 3.6 2.8 3.8 5.3 7.7 11.2
mH=140 toys – – – – – –

Table 6.8 The observed 95% CL upper limits in the H → ZZ → ``jj channel, as a
multiple of the Standard Model rate, for an integrated luminosity of
4.71 fb−1 for a 140 GeV Higgs mass hypothesis. Comparison between
the case where asymptotic approximation has been used or simulated
measurements are thrown to derive the upper limits. The corresponding
expected median upper limit, along with its ±1σ and +2σ values, is
also shown.

The expected and observed 95% CL upper limit on signal strength for various
combinations of the individual channels are shown in Figure 6.8. In particular the
combination of the untagged and tagged channel are shown for the electron, 6.8(a),
and muon channels, 6.8(b), separately. The combination of electron and muon for
the untagged, 6.8(c), and tagged,6.8(d), channels separately are also shown. In
all cases a good agreement between the observed and expected limit is found with
fluctuations below the 2 σ level. As can be seen electron, muon, tagged and untagged
channels contribute with roughly equal sensitivity to the overall combination.
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Figure 6.6 The expected (dashed line) and observed (solid line) upper limits on the
total cross section divided by the expected Standard Model Higgs boson
cross section, calculated using CLs at 95%. Linear scale (a), log scale
(b). The green and yellow bands, centred on the dotted line, indicate
the range in which the limit is expected to lie in the absence of a
signal. The red line shows the Standard Model value of 1. Results
obtained without considering bin-by-bin statistical uncertainties on
m``jj templates.
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Figure 6.7 The expected (dashed line) and observed (solid line) upper limits on the
total cross section divided by the expected Standard Model Higgs boson
cross section, calculated using CLs at 95%. The green and yellow bands,
centred on the dotted line, indicate the range in which the limit is
expected to lie in the absence of a signal. The red line shows the
Standard Model value of 1.
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Figure 6.8 The expected (dashed line) and observed (solid line) upper limits on the
total cross section divided by the expected Standard Model Higgs boson
cross section, calculated using CLs at 95%, for different combinations
of input channels. The green and yellow bands, centred on the dotted
line, indicate the range in which the limit is expected to lie in the
absence of a signal. The red line shows the Standard Model value of 1.
Electron channel only (a); muon channels only (b); untagged channels
only(c); tagged channels only(d).
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Figure 6.9 Preliminary Mlljj distribution for the muon channel in the case of the 2012
Low Mass (8 TeV) analysis with a Higgs mass hypothesis of 130 GeV
(under development) in (a) linear and (b) logarithmic scale.
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Figure 6.10 Preliminary Mlljj distribution for the electron channel in the case of the
2012 High Mass (8 TeV) analysis with a Higgs mass hypothesis of
400 GeV (under development) in (a) linear and (b) logarithmic scale.
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Chapter 7

Optimization of Signal
Significance: Quark-Gluon
separation

The jets present into the signal process H → ZZ → l+l−qq̄ always come from the
hadronic decay into quarks of one of the Z boson. The main background process
in such a analysis is the Z+jets, where the Z decay leptonically and is produced
in association with jets. In this process the gluon radiation play an important role
(≈ 45% of the jets in this background come from gluons).

In second place, the jet production is dominated from u or d quarks, those are
inside the protons. The possibility to have −or build− discriminating variables
relative to the flavour of the jet that can allows to distinguish the jet-origin can
constitute an interesting tool to improve the experimental analysis.

The main difference comes from the fact the Higgs signal under study has not
jets coming from gluons. Parallel to that it can be called the "standard" 2011
Low Mass analysis described into the previous chapter, was tested it under the
untagged channel a series of Multivariable analysis tools in order to look for a
method to discriminate the above mentioned jets using variables already identified
by the ATLAS collaboration as possible discriminant due to their flavour-depending
behaviour.

The possible improvement could come from the possibility to develop a tool be
able to discriminate jets coming from light-quarks (u, d, s) of those coming from
gluons. In ATLAS, using the jet reconstruction algorithm so-called TopoCluster (see
Section 3.6), and thanks to the good calorimetric energy resolution is possible to
measure the energy of the jet and its internal tracks distribution with a granularity
that could allow to have the necessaries requests for the construction of a quark-gluon
tagger.
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Figure 7.1 Feynman diagrams to exemplify the gluon production in Z+jets backgound.

7.1 Quark-gluon multivariate discriminant

The spin and the color-charge induce different experimental properties for quark
and gluon jets. Leading order calculations foresee a higher track multiplicity for
gluon-jets with respect to quark-jets[142] the expected ratio for the mean number of
tracks is 2.25 (see Figure 7.2). Similar calculations have been applied also on angular
variables and they show that gluon jets are wider than quark-jets (see Figure 7.3).
Moreover LEP results [149] show that b-jets properties are closer to gluon-jets even
if this similarity is expected to be less pronounced at high pT .

Through an exhaustive search of existing and novel jet substructure observables
it has been shown that a combination of two simple variables, the charge track
multiplicity and the pT weighted linear radial moment can filter out the greater part
of the gluon jets while keeping more than half of the light-quark jets[151].

Figure 7.2 Number of tracks for gluon (red) and light quark (blue) jets for jet pT of
50 GeV (left) and 200 GeV (right).

In ATLAS two similar quantities have been used: the number of charged tracks
inside 0.4 cone around the jets (nTrk) and the jet width (Width) defined as:

Width =
∑
i pT i∆Ri∑
i pT i

(7.1)

where the sum is extended to all the tracks in 0.4 cone. The separation power
of these two variables can be evaluated with MC dijets samples using standard
likelihood ratio method using:
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Figure 7.3 Broadening for gluon (red) and light quark (blue) jets for jet pT of 50 GeV
(left) and 200 GeV (right).

R = Ls(i)
Ls(i) + Lb(i)

(7.2)

where Ls(i) and Lb(i) represent the likelihood for the signal (light quark jets)
and background (gluon jets) obtained using the pdf for the two variables (nTrk
and Width). The flavor of the jets has been assigned considering the flavor of the
most energetic parton inside the jet. As shown in Figure 7.4 the separation power
between light quark and gluon jets depends mainly on the jet pT suggesting good
separation for pT ≥ 50 GeV. In the low mH range, the pT spectra of the jets coming
from the hadronic decays of the Z has a large contribution in the low pT regime so
the quark-gluon tagging has been extended for jets up to 20 GeV.

A combined likelihood has been applied for both jets on all the events passing
the standard H → ZZ → l+l−qq̄ selection for the untagged channel. Results for the
muon channel are shown in Figure 7.5.

Using the combined likelihood is possible to reduce the background contribution
but the global significance is not improved.
In this analysis a large part of the events show a mixing between different jet flavours
(1 quark + 1 gluon jet, 1 quark + 1b-quark jet, etc.. See Figure 7.6) and for this class
of events the separation power of the standard likelihood method has been found
to be very poor. For this reason an alternative approach based on a self-organizing
map has been used[150].
A self-organizing map (SOM) or self-organizing feature map is a type of artificial neu-
ral network that is trained using unsupervised learning to produce a low-dimensional
(typically two-dimensional), discretized representation of the input space of the
training samples, called map. Self-organizing maps are different from other artificial
neural networks in the sense that they use a neighborhood function to preserve the
topological properties of the input space.

The vector input is represented by the nTrk and Width of the two jets for all
the events passing the standard selection thus leading to 4-dimensional input space
(Figure 7.7) and 4x4 rectangular SOM maps with gaussian neighborhood have been
used. The maps has been splitted in 5 different pT bins and trained with MC dijets
sample similar to the one used for the likelihood method.
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Figure 7.4 Likelihood ratio test results for 20 < pT < 40 GeV(top) and 90 < pT <
120 GeV(bottom) bins.
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Figure 7.5 Combined likelihood for events passing the standard low mass selection
(muons, untagged channel).

Figure 7.6 Different jet flavours composition for MC Higgs signalmH = 130 GeV(left)
and total background(right) after jet "truth" labelling.
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(a)

(b)

(c)

(d)

Figure 7.7 Ntrk (a) and (b), and Width (c) and (d) distributions for leading (left)
and subleading jets (right) for all the events passing the standard low
mass selection (electrons, untagged).
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Figure 7.8 SOM maps response to MC dijets sample for the 60-90 GeV pT bin: quark-
quark jets (upper left), gluon-gluon jets (upper right), quark-gluon
(lower left) and heavy flavor-heavy flavor jets (lower right).

Once the SOM maps have been defined the structure of the maps has been tested
checking the response to well known input. As shown in Figure 7.8 the SOM neural
network is able to group MC dijets events onto the 2D map on the basis of the
dijet-flavor category.

7.2 Results in H → ZZ∗ → l+l−qq̄ Low Mass analysis
2011

Ones the possible "cuts" to be applied have been identified into the SOM output
maps −always taking into account the reduction of background and the increase of
the significance− the standard analysis (SA) is reproduced as describe the Chapter
5, adding such a SOM cuts (See Figure 7.9).

The distribution of the events passing the standard selection in the untagged
channel using the SOM maps is shown in Figure 7.9. It is possible to recognize single
neurons or cluster of contiguous neurons with large background contribution and
poor or signal-free contribution. Removing these neurons from the SOM maps and
hence from the selections contribute to the background reduction and enhance the
s/
√

(b) ratio.
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Significance Changes (2011 Low Mass analysis)
Channel PYTHIA HERWIG++

Satandard Analisis (SA) SA + SOM
Electron gain +5.7% +6.5%
Muon gain +0.1% +0.7%

Table 7.1 Global significance changes for electron and muon Untagged channels. (ggH
signal). The studies have been perform with two different MC training
(PYTHIA and HERWIG++) samples in order to understand the
possible systematic uncertainties.

Total Background Reduction (2011 Low Mass analysis)
Channel after SOM
Electrons 20%
Muons 8%

Table 7.2 Total background reduction for electron and muon Untagged channels. Low
Mass analysis 2011 dataset (ggH signal).

Bellow is showed some comparison plots: The mlljj invariant mass before and
after the application of SOM maps cuts is shown in Figure 7.10 for electron channel
and in Figure 7.11 for muon channel. A conservative approach in SOM cuts definition
leads to an overall background reduction of ' 15% (muons and electrons) and a
global significance improvements of O(5% in the case of the electron channel).
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Figure 7.9 SOM maps for all the events passing the standard low mass selection
(electrons, untagged) for the 20− 40 GeV (a) and 60− 90 GeV (b)
pT bin. 2D maps here has been shown as 1D segment with 16 (4x4)
neurons.
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Figure 7.10 Comparison of data and MC for the Mlljj distribution in the untagged
muon (a) and untagged electron channel (b) after the application of
SOM cuts.
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Figure 7.11 Comparison of data and MC for the Mlljj distribution in the untagged
muon (a) and untagged electron channel (b) after the application of
SOM cuts.
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Chapter 8

Conclusions

Since the beginning, the search for the SM Higgs boson is one of the most crucial
goals of the LHC scientific programme. Its high centre of mass energy enables not just
to search for the SM Higgs boson at Low Mass regime i.e. 120 GeV < mH < 2×mZ ,
but to extend it to much larger masses, in the range of 200 GeV < mH < 1 TeV.

The discovery of this new particle has been made public at CERN on July 4th
2012, and it is based on the analysis and the combination of both the 2011 and part
of the 2012 datasets, studied independently by the two collaborations (ATLAS and
CMS). ATLAS reported a mass for this Higgs-like particle of mH ∼ 125 GeV. The
mass, signal strength and couplings measurements have been updated using up to
4.8fb−1 of pp collision data at

√
s = 7 TeV and about 21fb−1 at

√
s = 8 TeV for

the two channels H → γγ[26] H → ZZ∗ → 4l[27].
Although a significant portion of this high mass range have been excluded at

95% CL, further possible extensions to the SM can conspire to allow a heavy Higgs
boson to be compatible with existing measurements and resent Higgs boson-like
particle discovery.

In this thesis the search for Higgs-like bosons in the H → ZZ∗ → `+`−qq̄ decay
channel has been presented. The aim of this thesis was the description of all the
Higgs-like search analyses performs by the ATLAS Collaboration using this final
state.

The search for the Higgs boson has been perform in the Low Mass range using
the H → ZZ∗ → `+`−qq̄ final state.

The sensitivity of this channel at Low Mass is not at the level of the H → ZZ∗ →
4l golden channel, however it has some specific properties that make this channel an
excellent "test field" for new techniques and tools.
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This analysis has been required an excellent knowledge and use of both leptonic
(e and µ) and hadronic (jets and b−jets) objects. Moreover in the low mass regime
the challenge has been increased due to the very low-pT of the interesting objects.
Leptons are well known objects in ATLAS. Here the presence of jets in the final
state is one of the most difficult aspects of this analysis. The resolution of the
reconstructed Higgs mass is worse and the requirement of at least two jets in the
final states gives rise to high background contamination (see Figure 5.28) with
s/
√
b ∼ 0.072 in the mlljj distribution for the muon channel and s/

√
b ∼ 0.045 in

the mlljj distribution for the electron channel (see tables 6.1, 6.3).
This conditions have been taken as an opportunity to study some jet’s properties

about the possibility "separate" jets coming from the selected signal that those
coming from background. Furthermore this is key point also for the High Mass
analysis.

The search work started with the analysis using the data samples recorded by
ATLAS in 2011 with a total luminosity of 4.7 fb−1. The mentioned 2011 Low Mass
analysis was concluded and approved by the ATLAS Collaboration[142]. This is a
novel analysis not just for the mass range that was explored but because the new tools
that have been developed in order to gain in significance and background rejection
under the difficult environment of low pT jets. Keeping in mind the fundamental
idea of jet-understanding or jet-separation: one of the main improvements with
respect to the previous analysis [113, 114] was the introduction of a criteria to select
the jet-jet pair to build the hadronic Z boson candidate: the Kinematic Fitter (see
Section 5.3.3).

Another relevant study is the inclusion of a tool that could allows to discriminate
the flavour of the jet, improving significantly the rejection of the Z/Drell−Y an+jets
background processes as the increase on the significance of the signal versus the
main background: the Quark-Gluon tagging using SOM NN techniques (see Chapter
7).

Both tools: Kinematic Fitter and the Quark-Gluon tagging have been proven to
help in the increasing of the significance of the signal over the background. Improve-
ment have been obtained in the resolution of the reconstructed Higgs MC signal too.

This analysis has not the sensitivity to discover the 125 GeV Higgs-like particle
into the 2011 total luminosity. After the full selection is applied to the 4.7 fb−1

of data recorded with the ATLAS detector in the 2011 LHC run, no evidence of
the SM Higgs boson in this final state is found. For that reason, upper limits
on its production cross section have been set: the best sensitivity is reached at
mH = 145 GeV where the expected limit on the SM Higgs production cross section
is 4.1× σSM, and the observed limit is 3.4× σSM, while for mH ∼ 125 GeV, that
is the mass of the discovered Higgs-like boson, the sensitivity of this analysis is
26.2× σSM.

At the same time, this thesis presented the actual status of the H → ZZ →
`+`−qq̄ analyses performed by ATLAS, where a leading role have been taken into
the relevant collaboration physics group.
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The aim is to perform a Higgs-like boson search in the extended mass range
starting the 2012 Low Mass analysis −taking as baseline the already approved 2011
Low Mass analysis− and continue to the High Mass range (200 GeV < mH <
1 TeV).

To analyse the 2012 data sample many re-optimization of the analysis selections
are needed, since it offers different challenges with respect to the 2011 analysis.
This extension into the high masses regimes to search for new particles beyond
the 600 GeV limit shows some theoretical problems concerning the interference of
several processes giving similar final states that need to be taken into account. Many
models beyond the Standard Model [29, 30] foresee new particles with very high
masses which may decay to Z boson pairs. Therefore being able to efficiently select
this final state is of crucial importance.

It has been proven that the χ2-based jet selection criterion has a good performance
in terms of significance and resolution on the m``jj variable. Because of this,
the physics group is actually studying the Kinematic Fitter and Quark-Gluon
performance in the 2012 analysis of the full mass spectrum.

The preliminary results for the 2012 analyses (Low and High Mass) using the
20.7fb−1 data collected have been presented and described in Chapter 5. Results
show a reasonable agreement Data/MC, taking into account the preliminary stage
of such studies and the still ongoing optimizations that have to be performed.

The final goal from the point of view of the data available (since at the beginning
of the 2013 year, LHC starts a two years of technical stop) is to perform a 2011+2012
analysis in the all mass range (120 GeV − 1 TeV), looking not just for the best
possible exclusion limits for the SM Higgs boson, but to search for possible new
physics in this exciting ∼ TeV -mass scale that LHC just starts to look over.

- "Mamita, estoy cansado!"
- "Ah!, dele, que ya falta menos que cuando empezó"

diálogo permanente.
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