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Preface

The Higgs boson is certainly the most important character acting in this thesis. The
hunt for this particle lasted more than fifty years and finally came to a conclusion

on the 4th of July 2012, when the ATLAS and CMS1 collaborations announced together
the discovery of a new particle, with a mass around 125 GeV [1, 2]. The history of the
Higgs boson begins in the early 60’s when three groups of theorists – Robert Brout and
François Englert, Peter Higgs and Gerald Guralnik, Carl Richard Hagen and Tom Kibble
[3, 4, 5] – postulated its existence in order to give an answer to this basic question: How
do particles acquire mass? In 2013 Peter Higgs and François Englert received the Nobel
Prize in Physics for

the theoretical discovery of a mechanism that contributes to our understanding of the
origin of mass of subatomic particles, and which recently was confirmed through the
discovery of the predicted fundamental particle, by the ATLAS and CMS experiments
at CERN’s Large Hadron Collider [6].

The aim of this thesis is to present a new strategy to measure the mass of the Higgs
boson, exploiting the dataset collected by the ATLAS experiment over the years 2011 and
2012. The work is structured into three parts. In the first part I will give a theoretical
introduction about Particle Physics in general and about the Higgs boson in particular.
The theory describing the interactions among fundamental particles is called Standard
Model (SM). Within the Standard Model particles acquire mass by interacting with a field
that permeates the vacuum: the so-called Higgs field. The Higgs particle is the quantum
of this field, exactly like the photon is the quantum of the electromagnetic field. Without
the Higgs boson we could not to explain why the particles experimentally observed are
massive.

The strength of the coupling between all the elementary particles and the Higgs boson
is proportional to the mass of the particles. It also depends on the mass of the Higgs
particle which is a free parameter of the theory and must be measured by experiments.
A precise knowledge of the Higgs boson mass is therefore of paramount importance to
test the validity of the Standard Model.

The second part of this thesis is dedicated to the description of the experimental ap-
paratus necessary to the Higgs boson mass measurement. First I will describe the Large
Hadron Collider and the experimental signatures expected from a Higgs boson decay,
then I will give an overview of the ATLAS detector focusing on the latest performance
achieved in particle reconstruction.

In the third part I will present the analysis of the dataset collected by the ATLAS
experiment in 2011 and 2012. I will show the technique adopted to separate the signal

1ATLAS (A Toroidal LHC AparatuS) and CMS (Compact Muon Solenoid) are the two biggest experiments
placed around the interaction points of the two proton beams circulating inside the Large Hadron
Collider (LHC) at CERN.
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produced by a Higgs boson decay from the background generated by the other proton-
proton collisions of the LHC. After the selection of the Higgs boson candidates I will
describe the statistical procedure and the model used to extract the best estimate of the
Higgs boson mass from the data.

This measurement have been already performed and published in [7] and [8]. The
original contribution of this thesis is the introduction a new model based on analytic
functions for the description of the Higgs boson signal. This model allows to estimate
the Higgs boson mass taking into account the uncertainty measured event-by-event.
The use of this information reduces the uncertainty on the Higgs boson mass and signal
strength measurement by 6% with respect to the recent publications.

2
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1

1
Elementary particles and

fundamental interactions

The history of Sub-Nuclear Physics starts in 1897 with the discovery of the electron
by Sir Joseph John Thompson. Since then many new particles have been observed,

some of them are bound states of other more fundamental particles (like the proton)
and some others (like the electron) are elementary, i.e. they do not appear to have an
internal structure.

The interactions among particles are generated by the four fundamental forces: elec-
tromagnetic force, weak force, strong force and gravity. Because of the weakness of the
coupling and the tiny masses involved the effects of gravity on subnuclear particles are
several order of magnitudes smaller than the other forces and thus negligible. Each of
the fundamental interactions has a charge associated to it that defines the strength of
the coupling between particles. Besides the well known electric charge there are also the
color charge, corresponding to the strong interaction, and the weak charge, corresponding
to the weak interaction.

The interactions among particles are described by the Standard Model (SM), a relativis-
tic quantum field theory invariant under a set of local gauge transformations. In this
picture the particles are the quanta of the fields. They can be divided into two cate-
gories according to the value of their spin: fermions with semi-integer spin and bosons
with integer spin. The Higgs boson is the only boson of the Standard Model predicted
to be a scalar, i.e. with spin 0. Fermions can be further divided into quarks which are
subject to the strong, the weak and the electromagnetic force and leptons which have
only electromagnetic and the weak interactions.

Quarks and leptons are themselves divided into three families, which only differ for
their mass, as shown in Figure 1.1. The first family contains the stable particles which
build up the matter surrounding us and it is composed by the u and d quarks (with
electric charge Q = +2/3 and Q = -1/3 respectively), the electron e- (with Q = -1 and
the electron neutrino ⌫e (with Q = 0). The second and the third family are composed by
”copies” of the first family particles with higher mass. Particles of the second and the
third family are unstable since they can decay in one of their lighter copies. The second
family is composed of the charm and strange quarks c and s, the µ lepton (more often
called muon) and the muon neutrino ⌫µ. The third family is composed of the top and the
bottom quark t and b, the tau lepton and its corresponding neutrino ⌫⌧. Every one of the
fermions mentioned here has an anti-particle associated to it with same mass and spin

5
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Fig. S1.1 · Particles in the Standard Model and their year of discovery. Matter particles (leptons and quarks)
come in three generations; each force has an accompanying particle. The Higgs boson is a con-
sequence of the Higgs mechanism, which gives mass to theW andZ bosons.

of matter around us. These can also interact, through forces working between the elementary
particles. The fundamental description of matter in the universe at the smallest scale and how
this matter interacts is called the Standard Model of particle physics.

All particles are described by �elds that have a value at each point in space and time.1 These
�elds cannot obtain every possible value, but are quantised2: the StandardModel is thus a so-called
quantum �eld theory. The forces between particles are mathematically described as interactions
between the corresponding �elds; i.e., how the �elds link between each other.

Luckily for us, the matter in the universe does not idly �oat around: the Standard Model
is a dynamical theory, with interactions. The heart of the Standard Model is a function that
describes these dynamics (its Lagrangian). Interactions between the �elds arise from the fact that
the Standard Model is symmetric under various operations, for example a simple rotation, called
symmetries.3 That rotation in fact describes the interaction of light and matter (electromagnetism),
while more complex mathematical symmetries describe two other forces: the weak nuclear force,
which describes radioactive decays, and the strong nuclear force, which is responsible for keeping
together the particles in the proton.

All particles described by the Standard Model are shown in �g. S1.1. Matter particles are
fermions and divided between leptons and quarks. Both come in three generations: each charged

1 A �eld has a value at every coordinate, can vary in time and may have a direction: think of a magnetic �eld.
2 The �elds only take on discrete values: something akin to half an electron does not exist.
3 For example, a beer bottle, sans labels, is also invariant under this kind of rotation.

Figure 1.1: Table of the Standard Model elementary particles with the year of their discovery. The
constituents of matters, quark and leptons, are spin-1/2 particles (fermions). They
are divided into three families with increasing mass. The force carriers are spin 1
particles (bosons). The only scalar (spin 0) elementary particle is the Higgs boson,
that interacts with all the other massive particles. Figure taken from [9].

but with opposite charge.
In the Standard Model the interaction among particles and anti-particles is due to the

exchange of other, spin 1, particles, called gauge bosons. For each of the three forces
described in the Standard Model there are three different sets of gauge bosons. The
photon (�) is the mediator of the electromagnetic interaction, the W± bosons and the Z
boson mediate the weak interaction and the gluons (g) are the mediators of the strong
interactions. In addition the theory predicts the existence of another scalar (spin 0)
boson: the Higgs boson (H). This particle is the quantum of the Higgs field permeating
the vacuum. The mass of all elementary particles is proportional to their coupling
strength with the Higgs field. Since the Higgs boson plays the starring role in this thesis
the theory related to it will be extensively discussed in Chapter 2. In this chapter we will
start with the electromagnetic interactions described by the Quantum Electro-Dynamics
(QED) in Section 1.1 and we will then discuss the Electro-Weak unification in Section
1.2.1 For a rigorous treatment of those topics we refer to dedicated books, such as [10,
11, 12, 13].

1.1 The Quantum Electro-Dynamics

Quantum Electro-Dynamics describes the interactions among fermions and the quantum
of the electromagnetic field: the photon. The dynamics of a free fermion (for example
an electron) can be derived from the so called Dirac Lagrangian

L0 =  (i�µ@µ -m) (1.1)

1A detailed explanation of the QCD is not relevant for the aim of this thesis, thus it will not be given here.
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1.1 The Quantum Electro-Dynamics

We now impose the invariance of this Lagrangian under the simplest possible local
gauge transformation: a complex phase rotation defined by a single parameter ↵(x)
arbitrarily dependent on the space-time coordinate x. The ensemble of these trans-
formations forms an abelian (or commutative) algebraic group, indicated as U(1). The
expression for the transformed field  0 is given by

 (x) !  0(x) = exp [i↵(x)] (x). (1.2)

Since the fields transform differently from their derivative, the Dirac Lagrangian L0 in
eq. (1.1) is not invariant under U(1) transofromations. To restore the invariance, the
derivative operator must be modified to make @µ transform in the same way as the
field  . This is accomplished by substituting the usual derivative with the so-called
covariant derivative

Dµ ⌘ @µ + iqAµ, (1.3)

where we have introduced the gauge field Aµ which transforms like

Aµ ! Aµ -
1
q
(@µ↵). (1.4)

In quantum mechanics a free particle is described by a plane wave Neip·x. The quantum
operator corresponding to its momentum is i@µ $ pµ. The introduction of the covariant
derivative is then equivalent to modify the momentum of a free fermion in the following
way

pµ ! pµ - qAµ, (1.5)

which is exactly what happens to an electron in the presence of an electromagnetic
four-potential Aµ = (V0,A). Therefore it is possible to identify Aµ as the quantum
of the electromagnetic field: the photon. The Lagrangian of the QED is obtained by
substituting @µ with Dµ in equation (1.1). In order to have a complete description a
term for the kinetic energy of the photon field is needed. We leave it out here as it is
irrelevant for the rest of the thesis.

LQED =  (i�µDµ -m) 

=  (i�µ@µ -m) - q �µAµ = L0 +Lint.
(1.6)

We observe that the request for the local gauge invariance of the Dirac Lagrangian
implies the appearance of the interaction term

Lint = -q �µ Aµ = jµemAµ, (1.7)

between the electromagnetic current jµem =  �µ and and the photon Aµ, depicted
in Figure 1.2. The coupling strength is given by the electric charge q of the fermion,
expressed as a multiple of the electron charge e. It is important to highlight here that
the insertion of a bosonic mass term for the photon, which has the form 1

2m
2AµA

µ,
breaks the invariance, as one can see applying equation (1.4). Therefore, in a theory of
QED based on local gauge invariance, the photon is required to be massless.

7
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�

e-

e-

q = e

Figure 1.2: Feynman diagram of the electromagnetic fermion-photon vertex

1.2 Electro-Weak unification

In the previous section we have shown how it is possible to obtain an interaction term
between the fermions and the photon requiring the invariance of the Dirac Lagrangian
under the transformations of the U(1) symmetry group. In this section we see how the
same approach, applied to the weak interactions, leads to a unified Electro-Weak the-
ory. First of all we look at the processes mediated by the charged weak bosons W±.
Experimentally we know that the W boson couples with a charged lepton and its cor-
responding neutrino which is electrically neutral. The Dirac fields of the two leptons
can be regarded as a doublet under a SU(2) symmetry group called weak isospin. We as-
sume the weak interaction to be invariant under the rotations defined by this symmetry
group. A weak isospin multiplet is identified by two conserved quantum numbers: T and
T3 which are the total isospin and its projection on a specific axis. For the three family
of leptons we have

T =
1
2

, T3 =

�
+1/2

-1/2
` =

✓
⌫e
e-

◆

L

,
✓
⌫µ
µ-

◆

L

,
✓
⌫⌧
⌧-

◆

L

. (1.8)

The subscript L indicates that the W boson only interacts with the left-handed chiral
component of the Dirac spinors.2 As a consequence the weak interaction symmetry
group is indicated as SU(2)L. Also quarks have weak interactions and can be arranged
in weak isospin doublets, like q = (u,d 0). The main difference with the leptons is that
the down component of the doublet d 0 is a mixture of the strong interacting fields d, s,b
with coefficients given by the Cabibbo-Kobayashi-Maskawa matrix, see Section 2.4.2.

In order to have a SU(2)L symmetric theory the Lagrangian must be invariant under
the gauge transformation of this group, namely

✓
⌫e
e-

◆

L

!
✓
⌫e
e-

◆ 0

L

= exp (i↵ · T )
✓
⌫e
e-

◆

L

, (1.9)

where Ti =
1
2⌧i (i = 1, 2, 3) are the three generators of SU(2)L, expressed in terms of the

three 2 ⇥ 2 Pauli matrices ⌧i. Since there is a gauge boson associated to each generator,
we have a triplet of gauge bosons Wµ = (Wµ

1 ,Wµ
2 ,Wµ

3 ) which gives rise to the following
lepton-gauge boson interaction terms

g`�µ
⌧a
2
`Wa

µ , (1.10)

2Any Dirac spinor  can be decomposed into its left-handed and right-handed chiral components apply-
ing the projection operators PL,R = 1

2 (1 ⌥ �5) where �5 = i�0�1�2�3.
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where the letter g is used to indicate the coupling strength of the weak interaction. The
charged weak bosons W± experimentally observed are represented by the combination
of the gauge fields Wµ

1 and Wµ
2 , associated to the non-diagonal Pauli matrices ⌧1 and ⌧2

which mix the upper and lower components of the isospin doublets

Wµ
± =

Wµ
1 ⌥ iWµ

2p
2

. (1.11)

The third gauge boson W3
µ is neutral since it couples with two identical fermions (⌧3

is diagonal). However it cannot play the role of the Z boson since it is experimentally
known that the weak neutral current has also a right-handed component.

The solution to include the weak neutral current in the picture, preserving the SU(2)L
symmetry, is due to the work made in the 60’s by Sheldon Glashow, Steven Weinberg
and Abdus Salam [14, 15, 16]. The main idea – for which they were awarded of the
Nobel prize in 1979 – is to enlarge the symmetry group of the Lagrangian including
U(1) local phase transformations, like the one shown in expression (1.2). With this as-
sumption we “gain” another gauge boson Bµ, which couples with a new current, called
hypercharge current jYµ, with both right-handed and left-handed components, defined as
a combination of the third weak isospin current j3µ and the electromagnetic current jem

µ

1
2
jYµ = jem

µ - j3µ. (1.12)

This implies that the electric charge of a particle is connected to its weak hypercharge
and its third isospin component by the following relation

Q = T3 +
Y

2
. (1.13)

Within this framework the symmetry group of the unified electromagnetic and weak
interaction is given by

SU(2)L ✏U(1)Y . (1.14)

The photon and the Z boson (Aµ,Zµ) are the result of a mixing of the gauge fields
(W3

µ,Bµ), as shown in Section 2.2. The SU(2)L ✏U(1)Y symmetry of the system defines
the covariant derivative

Dµ = @µ + igTaW
a
µ + i

g 0

2
YBµ. (1.15)

This sets the fermion-to-gauge bosons interaction terms as it has been done for QED.
Leptons are arranged in left-handed weak isospin doublets and right-handed singlets,
each one with definite hypercharge. For the aim of this thesis it is sufficient to consider
just the first family

` =

 
⌫e
e-

!Y=-1

L

(eR)
Y=-2,

the covariant derivative acting on these objects takes the form

Dµ` =

"

@µ + ig

✓
+

1
2

◆
Wµ · ⌧+ i

g 0

2
(-1)Bµ

#

`, (1.16a)
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DµeR =


@µ + i

g 0

2
(-2)Bµ

�
eR. (1.16b)

Finally the Electro-Weak Lagrangian can be written as

LEW = i`�µDµ`+ ieR�
µDµeR. (1.17)

This expression correctly describes all the interactions but it contains no mass terms. As
already mentioned in Section 1.1, the explicit insertion of bosonic mass terms spoils the
gauge invariance. However, we know from the experiments that the weak gauge bosons
are massive [17]

mW± = 80.385(15) GeV and mZ = 91.1876(21) GeV. (1.18)

Moreover also a fermionic mass term mee = m(eLeR + eReL) is not allowed because it
is a mixing of left-handed and right-handed states which does not have definite trans-
formation properties under the SU(2)L ✏ U(1)Y group. At this stage the electro-weak
Lagrangian, of eq. (1.17), describes a world of massless particles which does not corre-
spond to reality. This impasse is solved by the Higgs mechanism, which allows to generate
mass terms in the Lagrangian without giving up the local gauge invariance as the basis
for the mathematical structure of the Standard Model.
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The mechanism which gives rise to the mass of the elementary particles is called
Higgs mechanism from the name of one of its creators. It was developed in 1964 by

three independent groups of theorists: Robert Brout and François Englert, Peter Higgs,
and Gerald Guralnik, Carl Richard Hagen and Tom Kibble [4, 3, 5]. The unification of
the electromagnetic and the weak interactions, described in the previous chapter, con-
stitutes the bulk of the Standard Model to which the theory of the strong interactions is
independently added. The interactions among particles are obtained assuming the local
gauge invariance of the theory under SU(2)L ✏U(1)Y . The problem of this approach is
that the mass terms, for both the bosons and the fermions, are not invariant under the
Standard Model gauge group and can therefore not be inserted in the Lagrangian. In
this chapter we will show how it is possible to work around the problem.

2.1 Spontaneous symmetry breaking

The basic idea of the Higgs mechanism is to introduce a complex bosonic weak isospin
doublet with hypercharge Y = +1, called Higgs doublet

' =

 
'+

'0

!

=
1p
2

 
'1 + i'2
'3 + i'4

!

, (2.1)

The Higgs Lagrangian, to be added to the Electro-Weak one, is defined as the kinetic
term of the Higgs doublet minus the Higgs potential V('):

LHiggs = (Dµ')
†(Dµ')- V('), (2.2)

where Dµ is the covariant derivative defined in eq. (1.15) and

V(') ⌘ µ2'†'+ �('†')2 = µ2|'|2 + �|'|4. (2.3)

To keep the theory stable, the parameter � must be positive, otherwise the Hamiltonian
H = T +V is unbound for '! ±1. The parameter µ2 can be either positive or negative
and this has an impact on the shape of the potential, as it is shown in Figure 2.1. The
value of the field that minimizes the potential represents the vacuum state, i.e. the state
of minimal energy. There are two different cases depending on the sign of µ2:
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µ2 > 0 : the potential has a single minimum in |'| = 0 ) 'i = 0 (i = 1, 2, 3, 4). The vacuum
state shares the same symmetry of the Lagrangian, i.e. it is invariant for rotations
under the SU(2)L ✏ U(1)Y group. This case is not really interesting, it describes
four scalar fields with mass µ. The term ('†')2 indicates that a four particles
interaction exists, with coupling strength �.

µ2 < 0 : the potential has a manifold of minima given by the circle

|'|2 =
1
2


'2

1 +'
2
2 +'

2
3 +'

2
4

�
= -

µ2

2�
, (2.4)

while '1 = '2 = '3 = '4 = 0 is a local maximum.

We focus on the latter case. The vacuum state of the system is degenerate and is given
by all the field configurations which satisfy equation (2.4). Each one of the infinite
vacua is symmetric under SU(2)L ✏ U(1)Y . If we now explicitly choose a point on the
circle to be the minimum, the vacuum state does not share anymore the same symmetry
of the Lagrangian, which remains symmetric instead. We say that the symmetry is
spontaneously broken. An arbitrary choice for the minimum is

'1 = '2 = '4 = 0, '3 =

s
-µ2

�
⌘ v.

Now the vacuum state is given by

'0 =
1p
2

 
0
v

!

. (2.5)

Following perturbation theory we can expand the Lagrangian LHiggs around the vac-
uum by parametrizing the fluctuation around'0 in terms of four real fields ⇠1(x), ⇠2(x), ⇠4(x)
and h(x)

' =
1p
2

 
⇠1(x) + i⇠2(x)

v+ h(x) + i⇠4(x)

!

. (2.6)

It is always possible to find a SU(2)L ✏ U(1)Y transformation after which the Higgs
doublet assumes the form

' =
1p
2

 
0

v+ h(x)

!

, (2.7)

with only the real lower component different from zero. This particular gauge is called
unitarity gauge. In the unitarity gauge there is only one scalar field left: the Higgs field,
h(x).

If we substitute eq. (2.7) into the Higgs Lagrangian (2.2) we obtain interaction terms
of the form ⇠ (v+ h)2VµV

µ with Vµ = Wi,Bµ. The terms quadratic in Vµ and constant
in h(x) are the gauge bosons mass terms while the terms linear and the quadratic in
h(x) describe the interactions between the gauge bosons and the Higgs field. In the
next sections we will give a complete description of the Higgs Lagrangian after the
spontaneous symmetry breaking.
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(a) µ2 > 0, � > 0
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(b) µ2 < 0, � > 0

Figure 2.1: Shape of the Higgs potential, see equation (2.3), with respect to '3 and '4. In the
case with µ2 > 0 (left) the potential has a single symmetric minimum. For µ2 < 0
(right) the potential has a circle of minima which is still symmetric. The choice of a
point on this circle as the vacuum state spontaneously breaks the symmetry.

2.2 The mass of the gauge bosons

The mass of the weak gauge bosons arises from the substitution of the constant part
of the Higgs doublet, eq. (2.7), in the kinetic energy term of the Higgs Lagrangian, eq.
(2.2). Inserting the Higgs doublet quantum numbers (hypercharge Y = +1, weak isospin
T = 1/2) in the covariant derivative of eq. (1.15), we obtain

(Dµ')
†(Dµ') =

������

✓
-i

g

2
⌧ ·Wµ - i

g 0

2
Bµ

◆ 
0

v/
p

2

!������

2

=

✓
1
2
vg

◆2
W+

µW-µ +
1
8
v2
⇣
W3

µ,Bµ

⌘ g2 -gg 0

-gg 0 g 02

! 
W3µ

Bµ

!

.

(2.8)

The mass of the charged weak bosons W±, defined by eq. (1.11), is found by recalling
that the mass term for a vector boson has the form: m2W†

µW
µ, therefore

mW =
1
2
gv. (2.9)

The remaining terms of equation (2.8) are off-diagonal in the W3
µ,Bµ basis. The mass of

the fields Aµ and Zµ, corresponding to the photon and the Z boson, appears reducing
the matrix

M =

 
g2 -gg 0

-gg 0 g 02

!

, (2.10)
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to the diagonal form. As the determinant of this matrix is zero there is a null eigenvalue
corresponding to a massless photon. The second eigenvalue is given by the trace g2 +g 02.
In terms of the physical fields the second member of equation (2.8) assumes the form

m2
WW+

µW-µ +
1
2

"
v2

4
(0)AµA

µ +
v2

4

⇣
g2 + g 02

⌘
ZµZ

µ

#

, (2.11)

from which we find the mass of the neutral weak boson

mZ =
1
2
v
p
g 02 + g2. (2.12)

The physical and the gauge fields are connected by a simple rotation
 
Zµ

Aµ

!

=

 
cos #W - sin #W
sin #W cos #W

! 
W3

µ

Bµ

!

(2.13)

where the angle #W is called the Weinberg angle. Imposing the field Aµ to be the mass
eigenstate with eigenvalue zero, we obtain

g sin #W = g 0 cos #W )

8
>>><

>>>:

sin #W =
g 0

p
g2 + g 02

cos #W =
gp

g2 + g 02

. (2.14)

It is now possible to re-write the covariant derivative of equation (1.15) in terms of the
physical fields

W±
µ =

W1
µ ⌥ iW2

µp
2

with mW =
1
2
vg, (2.15a)

Zµ =
gW3

µ - g 0Bµp
g 02 + g2

with mZ =
1
2
v
p
g2 + g 02, (2.15b)

Aµ =
g 0W3

µ + gBµp
g 02 + g2

with mA = 0. (2.15c)

If we do so we obtain

Dµ = @µ + i
gp
2

⇣
T+W+

µ + T-W-
µ

⌘

+ i
g

cos #W

⇣
T3 + sin2 #WQ

⌘
Zµ

+ ieQAµ,

(2.16)

where we have imposed g 0 cos #W = g sin #W = e to get back the electromagnetic inter-
action of the photon. The coupling constants between the weak bosons and the fermions
are given by

gW ⌘ gp
2

and gZ ⌘ g

cos #W
(2.17)

The corresponding vertices are depicted in the Feynman diagrams of Figure 2.2. The
T± = 1

2(⌧1 ± i⌧2) operators are the charge rising and charge lowering operators that connect
the upper and lower component of the weak isospin doublets.
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W+

e

⌫e

gW+ =
gp
2

(a) Charge raising weak
current

W-

⌫e

e

gW- =
gp
2

(b) Charge lowering
weak current

Z

⌫e(e)

⌫e(e)

gZ =
g

cos #W

(c) Neutral weak current

Figure 2.2: Feynman diagrams of the three types of vertex between the weak bosons and the
leptons.

2.3 The Higgs boson

So far we have seen how the choice of a specific vacuum state for the Higgs potential,
eq.(2.3), spontaneously breaks the SU(2)L ✏U(1)Y symmetry and gives rise to the mass
terms for the weak gauge bosons. Besides those, the Higgs Lagrangian contains not
only the interaction terms between the Higgs boson and the gauge bosons but also the
Higgs self interactions terms. These are given by the linear and quadratic terms in the
field h(x). This field is associated to a massive particle, the Higgs boson, in this section
we will describe its properties.

2.3.1 Couplings with the gauge bosons

The interactions between the Higgs boson and the weak gauge bosons are given by the
h(x) depending terms in the Lagrangian. Using the expression for the physical fields,
eq. (2.16), and leaving out the mass terms proportional to v2, we obtain

|Dµ'|
2 =

1
2

������
Dµ

 
0

v+ h

!������

2

=

=

 

v
g2

4

!

hW+
µW-µ +

 
g2

4

!

h2W+
µW-µ+

+

 

v
g2

2 cos2 #W

!

hZµZ
µ +

 
g2

2 cos2 #W

!

h2ZµZ
µ.

(2.18)

Since the non-vanishing component of the Higgs doublet has zero charge, there is no
coupling term with the photon Aµ. From equation (2.18) we see that the Higgs boson
has two different types of interaction with the vector bosons V = W±,Z according to
the power of the field h:

• the two body decay H ! VV . Comparing equation (2.18) and (2.15) we observe
that the decay amplitude is equal to gmV , thus it is proportional to the mass of
the boson in the final state.
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• the four particle interaction HH ! VV . Comparing equation (2.18) with the equa-
tions (2.17) we see that the coupling strength for this process is given by g2

V/2,
were gV is the coupling strength of the V = W±,Z boson with the fermions.

H

V

V

gmV

(a) Higgs decay into a
vector boson V

H

H

V

V

g2
V/2

(b) HH ! VV vertex

Figure 2.3: Feynman diagrams of the possible vertices between a Higgs boson and a vector boson
V = (W±,Z).

2.3.2 Mass and self interactions

Substituting the Higgs doublet of eq. (2.7) in the Higgs potential given by eq. (2.3), and
using the relation µ2 = -�v2 we obtain

V(') = �v2h2 + �vh3 +
�

4
h4, (2.19)

up to some constant terms irrelevant for the dynamic of the system. Therefore the Higgs
Lagrangian contains

• a mass term �v2h = 1
2m

2
Hh2 which gives the expression for the Higgs boson mass

mH =
p

2�v2. (2.20)

• the trilinear and quadrilinear self-interaction terms �vh3 and
�

4
h4 which give rise

to the vertices depicted in Figure 2.4.

H

H

H

�v

(a) H ! HH vertex

H

H

H

H

�/4

(b) HH ! HH vertex

Figure 2.4: Feynman diagrams of the Higgs boson self-interactions.

Both the Higgs mass and its self-coupling strength are functions of the unknown para-
meter �which is a free parameter of the theory and has to be determined experimentally.
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2.4 The mass of the fermions

With the insertion of the Higgs doublet in the Electro-Weak Lagrangian, which breaks
spontaneously the SU(2)L ✏ U(1)Y symmetry, we can generate the appropriate mass
terms for the weak bosons. However we have not addressed yet the problem of the
fermion masses which are also not gauge invariant. Also in this case a proper mass
term appears after the introduction of a Higgs doublet. A very economical choice –
but not the only one – is to assume that the field responsible for the generation of the
weak boson mass is the same that generates the mass of the fermions. Since the cases
of charged leptons, quarks and neutrinos slightly differ from each other, they will be
discussed in separate sections.

2.4.1 The masses of the charged leptons

The Higgs doublet can be used to connect the left-handed doublets and the right-handed
singlets to form a gauge invariant term that can be added to the Electro-Weak La-
grangian, giving, for the electron-case

Le = -�e[`'eR + eR'
†`] = -�e

2

4(⌫, e)L

 
'+

'0

!

eR + eR('
-,'⇤

0)

 
⌫
e

!

L

3

5 . (2.21)

After spontaneous symmetry breaking we insert the expression (2.7) and obtain

Le = -
�ep

2
v(eLeR + eReL)-

�ep
2
(eLeR + eReL)h = -meee-

me

v
eeh (2.22)

The first term in eq. (2.22) represents the mass term for the electron. The expression is
identical for the µ and the ⌧ lepton:

m` =
�`vp

2
(` = e,µ, ⌧) (2.23)

The constant �` is called Yukawa coupling. It is arbitrary and different for every lepton,
therefore the masses of the charged leptons are free parameters of the Standard Model.
Besides the mass term, the Lagrangian (2.22) contains also an interaction term between
the Higgs boson and the leptons with strength m`/v, proportional to the lepton mass.
The corresponding Feynman diagram is shown in Figure 2.5. The vacuum expectation
value v is measured experimentally from the mass of the W± boson, eq. (2.9), and it is
equivalent to 246 GeV. This value is several orders of magnitude larger than the lepton
mass (me ' 0.5 MeV, m⌧ ' 1.8 GeV) and therefore the coupling of the Higgs boson to
the leptons is tiny with respect to the one to the gauge bosons.

2.4.2 The masses of the quarks

The procedure for the generation of the quark mass is very similar to the one described
for the charged leptons. The first difference to take into account is that the upper com-
ponents of the SU(2)L doublets in this case are massive. The problem is circumvented
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by constructing the conjugate doublet

'c = -i⌧2'
⇤ =

 
-'⇤

0
'-

!
Symmetry Breaking�����������! 1p

2

 
v+ h

0

!

, (2.24)

which has hypercharge Y = -1 and the same transformation properties of '. It can be
used to build the gauge invariant term

Lq = -�idV
ij(ui,d

0
i)L'd

0
jR - �iuV

ij(ui,d
0
i)L'cujR + [hermitian conjugate]. (2.25)

Here we have considered that the down components of the quark weak isospin doublets
and singlets are not mass eigenstates but are obtained from the rotation

d 0
i =

N=3X

j=1

V†
ijdj, (2.26)

defined by the unitary Cabibbo-Kobayashi-Maskawa matrix V . In terms of the mass field
the Lagrangian Lq takes the diagonal form

Lq = mi
ddidi

✓
1 +

h

v

◆
+mi

uuiui

✓
1 +

h

v

◆
. (2.27)

The Yukawa couplings of the quarks to the Higgs boson are defined to be of the same
form as the leptons to obtain a universal expression for the fermion mass:

mf =
�fvp

2
. (2.28)

The mass of a fermion is the parameter which governs its interaction with the Higgs
boson, the corresponding Feynman diagram is depicted in Figure 2.5. The situation is
similar to the gauge boson case with one fundamental difference: there is not a single
scale parameter which enters the mass of the fermions like v does for the bosons. As
a consequence the masses of the fermions are all free parameters inserted ad hoc in the
theory. The huge difference between the experimentally measured values (mt/me '
3.5 · 105) is still an open question.

H

f

f

mf/v

Figure 2.5: Feynman diagram of the decay of the Higgs boson into a pair of fermions. The
coupling is directly proportional to the mass of the fermion in the final state.
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2.4.3 The masses of the neutrinos

In the original formulation of the Standard Model all neutrinos were assumed to be
massless, thus without a coupling to the Higgs boson. Recent experiments contradict
this hypothesis and have found evidence for a non-zero mass of the neutrinos [18].

A gauge invariant neutrino mass term can be built using the conjugate Higgs doublet
of eq. (2.24), as for the up-quarks, and postulating the existence of right-handed neutri-
nos, which have no other interactions in the Standard Model. After symmetry breaking
one obtains the usual Dirac mass term

LD = -mD(⌫R⌫L + ⌫L⌫R) (2.29)

However the huge difference between the neutrino and the other fermion masses (m⌫/mf 2
(10-6, 10-9)) suggests that another mechanism might be present.

2.5 The Higgs boson today

The Glashow, Weinberg and Salam model of the unified Electro-Weak interactions has
shown an outstanding agreement with experimental data. Nevertheless in the original
formulation the Electro-Weak Lagrangian contains no mass terms. The way we have
to generate particle mass is to break (spontaneously) the SU(2)L ✏ U(1)L symmetry
through the Higgs mechanism.

As a consequence one of the most important goals of Particle Physics experiments in
the last decades has been to prove (or to falsify) the validity of the Higgs mechanism by
discovering the Higgs boson (or by excluding its existence). Unfortunately the mass of
the Higgs boson is a free parameter of the Standard Model and its value was unknown
until its discovery in July 2012.

Now that the Higgs boson has been discovered we can determine its mass [7, 19]
and compare the Standard Model predictions with the observed data. Any discrepancy
from the prediction would be an hint of the existence of new phenomena not yet directly
observed.

To reduce the uncertainty on the theory predictions it is crucial to know the value
of the Higgs boson mass as precisely as possible. This is the aim which inspired the
research presented in this thesis. The most recent measurement of the Higgs boson
mass provided by the ATLAS experiment is currently

mH = 125.36 ± 0.41 GeV [8] (2.30)
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3
The Higgs boson at the LHC

The Higgs boson can be generated in particle collisions if the energy of the initial
state is sufficiently large. Since the Higgs boson is expected to be charge-less and

extremely short-lived the only way we have to reveal it is to observe the products of
its decays. In this chapter we will explain how the Higgs boson can be produced by
colliding protons at the TeV scale at the Large Hadron Collider. In the next chapter we
will describe how the ATLAS detector can be used to reconstruct the particles produced
in these collisions.

3.1 The Large Hadron Collider

The Large Hadron Collider is the largest and most powerful particle accelerator ever
built. The machine occupies a 27 km long tunnel placed 100 m under ground between
France and Switzerland, in the Geneva area. The same tunnel has been already used to
host the Large Electron Positron collider (LEP). At its full capacity the LHC should be
able to reach an outstanding collision energy of 14 TeV. In 2011 and 2012 the machine
was operated at a center of mass energy of 7 TeV and 8 TeV respectively, more than
four times higher than the energy reached by the Tevatron, the second most powerful
accelerator in history, that was shut down in 2011.

To reach such a large energy the particles accelerated in the LHC are protons and not
electrons, as it was in the LEP collider. At each revolution accelerated electrons lose a
large amount of their energy by emitting bremsstrahlung1 radiation and this limits the
maximum attainable energy.

By using protons the energy lost by bremsstrahlung at each revolution is negligible
and the energy of the collision is limited by the strength of the magnetic field needed
to keep the beams in circular orbit. To generate the magnetic field more than 1200
superconductive magnets are placed along the LHC ring.

Another disadvantage of colliding protons at the TeV scale is that they do not behave
as point-like particles and the actual energy of the collision is only a fraction of the total
center of mass energy, as described in Section 3.2. Moreover, the production of a heavy
particle – like the Higgs boson – is always associated with a large amount of hadrons

1When accelerated, any charged particle emits radiation, called bremsstrahlung. In the case of particles in
circular motion the intensity of the emitted radiation is inversely proportional to the fourth power of
the mass. The process is important when accelerating light particles such as electrons but it is negligible
for protons.
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Fig. 3.1 · ����’s accelerator complex (not to size) with the accelerator chain used for this analysis. The four
�agship experiments are located along the ��� ring. The energies indicate the design energy per
beam. Adapted from [129].

3.1.1 Experiments at the ���

At four interaction points along the ring, the beams inside the ��� collide. Around these points,
detectors have been built to measure the decay products of the collision. ����� [122] and ���
(�ompact �uon �olenoid) [123] are two general-purpose detectors located on opposite sides of the
ring, while ���b (���-beauty) [124] and ����� (� �arge �on �ollider �xperiment) [125] are two
specialised experiments, respectively used for investigating the decay of B hadrons and studying
the properties of high energy density nucleus–nucleus interactions.

Three smaller experiments are also located at the ���: ���f [126], two calorimeters located
���m from ����� and for the study of very forward production of neutral particles; �o����
[127], an experiment in the ���b cavern dedicated to searching for magnetic monopoles; and
����� [128], which is used to study elastic scattering and the total proton–proton cross-section, a
measurement used by all other experiments.

3.1.2 Accelerator complex and design

The ��� relies on previous accelerators built at ���� for the production of its proton beams.
Protons are pre-accelerated in several stages before being injected into the ���. Fig. 3.1 shows
this accelerator complex schematically.

Sample production and acceleration

All protons used in the experiments originate from a single bottle of hydrogen. Hydrogen atoms
are stripped of their orbital electrons to obtain protons, which are then accelerated to approxim-
ately ��MeV in the linear accelerator ����� 2. These protons are injected into the proton booster
to form the �rst bunches, squeeze these bunches and accelerate them to �:�GeV. Subsequently,

Figure 3.1: CERN’s accelerators complex. The protons accelerated by the LHC pass first through
several smaller accelerators: the LINAC2, the Booster, the PS and the SPS. The en-
ergies indicated in the figure are the design energy per beam. Figure adapted from
[20].

generated by the remnants of the protons (called partons) which do not participate in
the hard collision. These sub-products of the pp collision occupy the detector making
the selection of interesting events more difficult than in a lepton collider.

3.1.1 The accelerator complex

During 2012, the last year of operation before a two years shutdown, the LHC collided
protons at the center of mass energy of 8 TeV, corresponding to a velocity extremely
close to the speed of light.2 To reach this energy the protons, produced by ionizing hy-
drogen atoms, pass through several stage of acceleration provided by smaller machines,
briefly summarized here:

1. the first accelerator of the chain is the Linac2 boosting protons up to the energy of
50 MeV,

2. after the Linac2, protons enter the Proton Synchrotron Booster (PSB) where they are
squeezed to form a beam and accelerated to the energy of 1.4 GeV,

3. the beam of protons is then sent to the Proton Synchrotron where it reaches an
energy of 25 GeV,

4. subsequently the proton beam passes trough the Super Proton Synchrotron (SPS)
which accelerates it up to 450 GeV and then it is finally sent to the LHC ring.

A scheme of the accelerator complex is shown in Figure 3.1. In the LHC ring there

2To be precise the velocity of a proton circulating inside the LHC ring at the energy of 4 TeV is
� = v/c = 0.99999997.
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are two beam-pipes in which the two proton beams circulate clockwise and counter-
clockwise. In 2012 it took 4 minutes and 20 seconds to fill each LHC ring and 20
minutes for the beams to reach the maximum energy of 4 TeV [21]. The last stage of
the acceleration in the LHC ring is completed by an oscillating electric field of 2 MV
at the frequency of 400 MHz. The beams are kept in circular orbit by 8.4 T magnetic
fields provided by superconductive dipole magnets. To operate the magnets in the
superconductive regime the LHC is kept at a temperature of 1.9 K by a cooling system
based on super-fluid helium.

3.1.2 LHC beam parameters

The two beams are made of several bunches, each one containing about 1011 protons. The
beams cross in 4 points of the ring where four particles detectors are placed: ATLAS,
CMS, ALICE and LHCb. The number of the proton-proton collisions per second at the
crossing points is given by the instantaneous luminosity

L = f
N1N2

4⇡�x�y
, (3.1)

where f is the bunch crossing frequency, N1 and N2 are the number of protons in each
bunch and �x, �y are the transverse dimensions of the beam, roughly 16 µm. The LHC
is designed to operate with 2808 bunches per beam separated by 25 ns, corresponding
to a collision rate of 40 MHz and an instantaneous luminosity of 1034 cm-2s-1. The
maximum attainable energy in the center of mass is 14 TeV. When collisions started
in 2010 the energy in the center of mass was 7 TeV, increased to 8 TeV in 2012. The
same year the highest collision rate of 20 MHz was reached with a peak instantaneous
luminosity of 7.73 · 1033 cm-2s-1 (see Table 3.1).

When two bunches collide more than a single pp interaction can occur. The distrib-
ution of the average number of pp interactions per bunch-crossing is shown in Figure
3.2. The number of simultaneous interactions grows with the proton-proton interaction
cross section (which in turn grows with the energy of the collision) and with the in-
stantaneous luminosity. This phenomenon, known as pile up, is an important issue for
any physics analysis since it makes it more difficult to identify particles coming from
different interactions of the same bunch crossing. During 2012 the average number of
interactions per bunch crossing, hµi, was 20.7, already beyond the maximum value ex-
pected from the LHC design (see Table 3.1). The value of the LHC parameters in the
three years of data taking are summarized in Table 3.1. The total integrated luminosity
delivered by the LHC and recorded by ATLAS in 2011 and 2012 is shown in Figure 3.3.
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Table 3.1: Table of the relevant parameters of the LHC during the first three years of data tak-
ing. The parameter µ corresponds to the average number of interactions per bunch
crossing, in the table are indicated both the average and the maximum value of the
hµi distribution [22].

Parameter 2010 2011 2012 Design
p
s [TeV] 7 7 8 14

Integrated luminosity [fb-1] 0.023 5.25 23.25 80-120
Bunches per beam 348 1854 1380 2808
Bunch spacing [ns] 75 75/50 50 25
Peak luminosity [cm-2s-1] 2.07 ⇥ 1032 3.65 ⇥ 1033 7.73 ⇥ 1033 1034

hµi – 9.1 20.7 19.2
Maximum µ 3.78 32.21 69.49 –
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3.2 Higgs boson production cross section

At the energies available at the LHC a collision between protons causes an interaction
among their constituents, called partons, each carrying a fraction x of the proton mo-
mentum. Besides the three valence quarks (uud) a proton is composed of a sea of gluons
and quark anti-quark pairs. The relative density of the various proton components is
expressed by the so called Parton Density Functions (PDFs). A PDF fi(x,Q2) gives the
probability to find, inside the proton, a parton of flavor i (quark or gluon) carrying a
fraction x of the proton momentum, with Q being the energy scale of the interaction. The
production cross section of a particle A from a proton-proton collision �(pp ! A+ X)
is therefore given by the convolution of the cross section at parton level �̂ab!A with the
PDFs of the two partons, a and b, involved

�(pp ! A+X) =

Z 1

0

Z 1

0
fa(xa,Q2)fb(xb,Q2)�̂ab!A dxa dxb. (3.2)

The partons not participating in the collision are called spectators. The spectators will
undergo a small deflection and produce narrow cones of hadronic particles, called jets,
collectively denominated as X here. The shape of the PDFs is determined by a fit to the
experimental data [24] obtained from different processes at different Q2. The shape of
the proton PDFs obtained from Next to Leading Order (NLO) calculations at the LHC
energy scale is shown in Figure 3.4 [25] with the relative 68% uncertainty bands. As can
be seen in the plot. At this scale, the protons are mostly composed of gluons.
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Figure 3.4: Proton parton distribution functions at Q2 = 10,000 GeV2 calculated at NLO [25].

3.2.1 Higgs boson production modes

The Higgs boson production modes from a pp initial state are listed below, ordered
from the largest to the smallest cross section. The corresponding Feynman diagrams are
depicted in Figure 3.5.

• gluon-fusion (ggF): this process accounts for more than 90% of the total cross section
for a Higgs boson with a mass of 125 GeV at the TeV energy scale. This process
proceeds through a top quark loop between the gluons (the most abundant par-
tons in the protons at the LHC energy) and the Higgs boson, see Figure 3.5a. In
principle any quark can enter in the loop but the dominant contribution is given
by the top quark since the coupling to the Higgs boson is proportional to the quark
mass (see Section 2.4.2).

• vector boson fusion (VBF): two quarks emit two weak bosons: W± or Z. The two
bosons annihilate generating a Higgs boson, see Figure 3.5b. Despite the relatively
low cross section the process has a rather clean experimental signature because
of the presence in the final state of two very energetic jets produced by the two
quarks after the vector bosons emission.

• associated production (WH, ZH): in this process a quark anti-quark annihilation pro-
duces an off-shell3 vector boson (either a W or a Z) which subsequently emits a
Higgs boson and returns on mass shell.

• tt and bb fusion (ttH, bbH): these are the least probable production processes. Two
gluons emit simultaneously a top anti-top or a bottom anti-bottom quark pair. The
tt (bb) pair annihilate to produce a Higgs boson.

3An off-shell particle is a particle with an effective mass different from its rest mass.
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Figure 3.5: Feynman diagrams of the main Higgs boson production processes from proton-
proton collisions.

3.2.2 Standard Model predictions

The cross section of the Higgs boson production processes depends on the mass of the
Higgs boson and on the energy available in the collision. In Figure 3.6 the theoretical
values for the various production cross sections, from pp initial state, are plotted as a
function of the Higgs boson mass. The production cross section naturally grows with
the center of mass energy (Figure 3.6b) since it becomes more probable to find two
partons with an energy sufficient to produce a Higgs boson. From the left plot it is
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Figure 3.6: Plots of the Higgs boson production cross section as a function of the Higgs boson
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Higgs boson production cross section as a function of the Higgs boson mass for three
different center of mass energies [26].

29



3

Chapter 3 The Higgs boson at the LHC

Table 3.2: Table of the cross section of the main Higgs boson production processes at
p
s = 7 TeV

and
p
s = 8 TeV [26].

Process

p
s = 7 TeV

p
s = 8 TeV

� [pb] �QCD [%] �PDF+↵s
[%] � [pb] �QCD [%] �PDF+↵s

[%]

ggF 15.13 +7.1 -7.8 +7.6 -7.1 19.27 +7.2 -7.8 +7.5 -6.9
VBF 1.22 ±0.3 +2.5 -2.1 1.58 ±0.2 +2.6 -2.8
WH 0.58 ±0.9 ±2.6 0.70 ±1.0 ±2.4
ZH 0.33 ±2.9 ±2.7 0.41 ±3.1 ±2.5
bbH 0.16 +10.6 -14.5 ±6.0 0.20 +10.3 -14.8 ±6.2
ttH 0.09 +3.2 -9.3 ±8.4 0.13 +3.8 -9.3 ±8.1

Total 17.51 +6.2 -6.8 +6.6 -6.2 22.29 +6.3 -6.8 +6.5 -6.0

+9.0 -9.2 +9.0 -9.1

possible to see how the gluon-fusion (blue curve) has a cross section that is at least
one order of magnitude larger than the other mechanisms for a Higgs mass close to
125 GeV. For this value of mH the predicted values for the Higgs boson production
cross sections are shown in Table 3.2 [26]. The main sources of uncertainty come from
the QCD renormalization and factorization scale, the Parton Distribution Functions and
the value of the QCD running coupling constant ↵s [26]. From the theoretical prediction
for the production cross section it is possible to compute the expected number of Higgs
bosons produced in proton-proton collisions for a specific fixed value of the center of
mass energy using the following formula

N = �

Z
L(t)dt = �Lint, (3.3)

where N is the expected number of events for a process characterized by the cross section
� and L(t) is the instantaneous luminosity. From the start of the LHC operations the
ATLAS experiment has collected an integrated luminosity of 5.1 fb-1 of at

p
s = 7 TeV

in 2011 and 21.3 fb-1 at 8 TeV in 2012 (see Figure 3.3). This amount of data corresponds
to a total number of Higgs boson produced, which is

NHiggs = �Lint ' 56,000, (3.4)

where � is the total Higgs boson production cross section, quoted in Table 3.2. Unfor-
tunately the total proton-proton cross section at 7 and 8 TeV is roughly �tot

pp ' 100 mb,
corresponding to a total number of 2.6 · 1015 events. This means that a Higgs boson is
produced at the LHC on average once every two hundred billion collisions. In this thesis
we will show how it is possible to find Higgs boson candidate events in this haystack of
background processes.

3.3 Higgs boson decay

After being produced the Higgs boson decays almost immediately since it has an aver-
age lifetime of O(10-22s) for mH = 125 GeV. As it couples to all the massive particles
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the variety of possible final states is large. The only caveat is that the final state must
have the same quantum numbers as the vacuum, i.e. the total charge must be zero. The
branching fraction (or ratio) of the Higgs boson decaying into a specific final state is
defined as the decay amplitude of that particular final state divided by the sum of all
the possible decay amplitudes:

BR(H ! X) =
�(H ! X)P

i �i
. (3.5)

The value of the different Higgs boson amplitudes depends on the value of mH since
larger values of the Higgs mass allows the on-shell production of more particles. In this
section the expression for the Higgs boson decay amplitudes into different final states is
given without a formal derivation, which goes beyond the aim of this thesis. All results
are taken from [27] and [28].

3.3.1 Decay into a fermion pair

In Section 2.4 we have seen that the Higgs field couples to fermions with strength given
by mf/v. Therefore the Higgs boson can decay into leptons and quarks pairs.

Decay into leptons

In the Born approximation the decay amplitude of the Higgs boson into a lepton pair is
given by [27]:

�(H ! `+`-) =
GFm

2
`

4⇡
p

2
mH�

3
`, (3.6)

where GF is the well known Fermi constant, m` is the mass of the lepton and �` is the
velocity of the outgoing leptons

�` =
q

1 - 4m2
`/m

2
H.

Decay into quarks

In the case of the decay into quarks equation (3.6) needs to be modified to take into
account the color factor and the QCD corrections, which are quite large. Most of the
corrections can be absorbed by using the quark running mass4 instead of the pole mass.
The expression at the Next to Leading Order (NLO) can then be written as [27]:

�(H ! qq) =
NcGFm

2
q(mH)

4⇡
p

2
mH


1 + 5.67

↵s(mH)

⇡
+O(↵2

s)

�
, (3.7)

where Nc = 3 is the color factor and both the mass of the quarks mq and the strong
coupling constant are evaluated at the energy scale given by the mass of the Higgs
boson.

4The effective mass of quarks depends on the energy scale of the process in which they are involved.
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3.3.2 Decay into gauge bosons

The Higgs boson couples to massive bosons, as shown in Section 2.3.1, with a coupling
strength proportional to the final state boson mass. If we consider also loop mediated
decays, it is possible to observe a Higgs boson decaying into massless bosons (photons
or gluons). These process are very interesting because of the clean signature produced
in the detector.

Direct decay into weak bosons

A Higgs boson decay into a pair of massive vector bosons can occur if mH < 2mV

(with V = W± or Z) when one, or even both, of the two bosons are produced off-shell.
The contribution of the decay into off-shell bosons is relevant already for mH values
around 100 GeV. The penalty given by the off-shell production is compensated by the
coupling proportional to the vector boson mass (see Section 2.3.1), which is much larger
than the Yukawa coupling between the Higgs boson and the bottom quark, the heaviest
particle which can be produced in an on-shell pair for mH < 2mW . From Figure 3.8a
one can see that the decay into W+W- becomes the more likely to happen already at
mH = 135 GeV. The complete expression of the partial width of a Higgs boson into a
pair of off-shell vector bosons is given by [27]:

�(H ! V⇤V⇤) =
�0

⇡2

Zm2
H

0

dq2
1mV�V

(q2
1 -m2

V)
2 +m2

V�
2
V

Z (mH-q1)
2

0

dq2
2mV�V

(q2
2 -m2

V)
2 +m2

V�
2
V

, (3.8)

with q2
1,2 being the squared invariant masses of the virtual bosons, mV the nominal mass

and �V the total width. The expression for �0 is given by [27]:

�0 = �V
GFm

3
H

16
p

2⇡

p
�

"

�+ 12
q2

1q
2
2

m4
H

#

where � =

 

1 -
q2

1
m2

H

-
q2

2
m2

H

!2

-
4q2

1q
2
2

m4
H

,

�W = 1, �Z =
7
12

-
10
9

sin2 #W +
40
27

sin4 #W

(3.9)

The integrals in equation (3.8) give the total probability to have a vector boson with a
mass smaller than qi. If only one boson is virtual the first integral in equation (3.8)
is equal to 1 and the upper bound of the second integral is given by the remaining
available energy (mH -mV)2. The coupling strength between the Higgs and the W±

boson is smaller than the one to the Z boson by a factor mW/mZ ' 0.81 (for on-shell
masses). Despite that, the amplitude of the Higgs boson decay into a W± pair is higher
than the one into a Z pair for all Higgs boson masses (see Figure 3.8a). At mH = 125 GeV

�(H ! ZZ)

�(H ! W+W-)
' 0.12 (3.10)

For mZ < mH < 2mZ the amplitude �(H ! W+W-) grows faster than �(Z ! W+W-)
because the W± bosons are closer to their pole mass. Around the threshold mH = 2mW
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Figure 3.7: Feynman diagrams of the decay of a Higgs into two gluons, two photons or a photon
and a Z boson.

the H ! W+W- decay occurs more than ⇠ 95% of the times causing a dip in the H ! ZZ
branching fraction which is only ⇠ 2%. For large Higgs boson masses the ratio of eq.
(3.10) stabilizes around 0.5. This is because of the combinatory factor due to the two
possible decays into W+W- and W-W+.

3.3.3 Loop mediated decay into gauge bosons

The Higgs boson can also decay (indirectly) into massless gauge bosons like two gluons
or two photons, or one photon and a Z boson. This can happen via a loop of massive
particles, like top quarks or W± bosons, as shown in Figure 3.7.

Decay into two gluons

This is exactly the inverse process of the Higgs boson production through gluon-fusion
(see Section 3.2.1). Because of its large mass the top quark (even if off-shell) gives
the dominant contribution to the loop. The decay amplitude, in the mt � mH limit,
including Next To Leading Order QCD corrections is given by [27]:

�(H ! gg) =
GF↵

2
s(mH)

36
p

2⇡3
m3

H

2

41 +
↵s(mH)

⇡

 
95
4

-
7
6
Nc +

33 - 6
6

log
µ2

m2
H

!3

5 , (3.11)

where µ is the QCD renormalization and factorization scale and Nc is the number of
colors.

Decay into two photons

The decay of the Higgs boson in a pair of photons can be mediated by a loop of W±

bosons or fermions. Also here the only relevant contribution to the fermionic loop is
given by the top quark. The decay width expression is given by [27]:

�(H ! ��) =
GF↵

2m3
H

128
p

2⇡3

����
4
3
At(⌧t) +AW(⌧w)

����
2

, (3.12)

where At and AW are the partial amplitudes relative to the top and the W± mediated
process respectively and ⌧i = m2

H/4m2
i, with i = t,W. The complete expression of the

partial amplitudes is given in [27].
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Figure 3.8: Higgs boson Branching Ratios and total decay width as a function of the Higgs boson
mass [26].

Decay into a photon and a Z boson

The decay of the Higgs boson into Z� is described by the same diagrams of the H ! ��
decay. Here the contribution of the top quark loop is negligible for mH < 2mt. Below
the mH = 2mW threshold the decay amplitude can be written as

�(H ! Z�) =
↵G2

Fm
2
W

64⇡4 m3
H

 

1 -
m2

Z

m2
H

!3 �����-4.3 + 0.3
m2

H

m2
W

�����

2

(3.13)

3.3.4 Total decay width and branching ratios

The branching fractions and the total decay width of the Higgs boson are shown in Fig-
ure 3.8 as a funtion of the Higgs boson mass. In the low mass range, mH 6 135 GeV,
the most frequent decay mode is H ! bb with a branching ratio between 80 and 50%
followed by the decays into cc, gg and ⌧+⌧- with branching ratio one order of magni-
tude smaller. The decay into �� or �Z are rare with BR ⇠ O(10-3). The probability of a
decay into weak gauge bosons increases rapidly with the Higgs boson mass because of
the cubic term in equation (3.9). At mH = 125 GeV the branching ratio of the decay into
W+W- and ZZ is respectively 21.5% and 2.6%. For large mH values the Higgs boson
decays almost exclusively into these two channels with a branching ratio of roughly 2/3

for W+W- and 1/3 for ZZ. The opening of the tt threshold doesn’t change significantly
this pattern.

The sum of the amplitudes over all the possible decays gives the total width �H of
the Higgs boson. Since all the decay amplitudes grows �H increases with mH. For
mH = 125 GeV the Higgs width is given by [26]:

�H = 4.07(16) MeV, (3.14)
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corresponding to an average lifetime of

⌧H =
 h

�H
= 1.6 · 10-22 s. (3.15)

This means that the Higgs boson is very narrow compared to the typical detector resolu-
tion which is O(1 GeV) (see Chapter 5). As a consequence, for a low mass Higgs boson,
there is a poor direct experimental sensitivity to �H from the invariant mass distribution
of its decay products.

3.4 Higgs boson searches

In this section we want to describe the experimental signature produced at the LHC by
the decay of a Standard Model Higgs boson with a mass around 125 GeV. The most
convenient choice to observe this particle would be to look for the Higgs boson decay
into bb because this channel has the largest branching ratio: 58% at mH = 125 GeV.
Unfortunately such a final state is very commonly produced in pp collision by other
hadronic processes and this makes the background too large for detecting a signal.

An acceptable signal to background ratio can be achieved when looking at the decays
of the Higgs boson into leptons or photons. Since the Yukawa coupling is proportional
to the lepton mass, the most likely leptonic decay is the one into ⌧+⌧-, which occur 6%
of the times at mH = 125 GeV. However the probability for the ⌧ lepton to decay into
hadrons is 75%. Therefore also this channel suffer of a large background. The direct
decay into lighter leptons, like muons, cannot be used in the Higgs boson searches since
the branching fraction of this channel is too small (2 · 10-4 at mH = 125 GeV) to obtain
a good separation from the typical di-lepton background.

To have a leptonic final state with a sizable signal-to-background ratio one should look
at the decays into W± and Z bosons which subsequently decay into leptons. These two
channels, together with the H ! �� decay channel have been crucial for the discovery
of the Higgs boson [1] and for the measurement of its properties [7, 29, 30]. The total
cross section of these processes is shown in Figure 3.9 as a function of the Higgs boson
mass. The analysis presented in this thesis exploits the data obtained from the Higgs
boson search in the four-lepton decay channel.

3.5 Higgs boson decay into four leptons

In this section we want to have a closer look at the Higgs boson decay into four leptons
through the intermediate production of two Z bosons:

H ! ZZ⇤ ! `+`-` 0+` 0- with `, ` 0 = e,µ. (3.16)

The choice of this channel – also called golden channel – in the search for a Standard
Model Higgs boson has some remarkable advantages, summarized here.

• The final state can be fully reconstructed and this allows to measure precisely the
properties of the Higgs particle, like its mass and its spin, coinciding respectively
to the invariant mass and the total angular momentum of the final state. In this
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Figure 3.9: Higgs boson production cross section times branching ratio for the three decay chan-
nels: H ! W+W- ! `+⌫`-⌫, H ! �� and H ! ZZ⇤ ! 4` with (` = e,µ) [26].

thesis I will focus on the mass, while the spin estimation is described elsewhere
[29].

• The final distribution of the invariant mass of the four leptons (from now on indi-
cated with m4`) is expected to be distributed around the true Higgs boson mass.
The observed spectrum is given by the intrinsic shape of the resonance which fol-
lows a Breit-Wigner distribution smeared by the effect of the detector resolution.

• The decay chain involves no hadronic particles and therefore the leptons in the
final state are well separated from the hadronic processes of the underlying event.
This allows to easily distinguish the signal from the background produced by the
leptonic decays of hadrons.

• The final state leptons are produced in a Z boson decay which (even when off-
shell) is still several orders of magnitude heavier. As a consequence the leptons
will have a relatively high momentum which will make them easy to separate from
leptons produced by QCD processes.

Unfortunately this process has a very small cross section, as is shown in Figure 3.9. For
a Higgs boson mass of 125 GeV the total cross section at

p
s = 8 TeV is given by [26]

�(H ! ZZ⇤ ! 4`) = �(pp ! H)⇥BR(H ! 4`) =

= 22.1 pb · 1.25 · 10-4

= 2.8 · 10-3 pb.

(3.17)

As a consequence, among the 56000 Higgs bosons produced at the LHC from the start
of the data taking, equation (3.4), only ⇠ 70 have decayed into four leptons. Because
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Figure 3.10: Feynman diagrams of the relevant Standard Model process producing the same final
state as a Higgs boson decay into four leptons.

of this very small number it is of paramount importance to reduce the impact of the
background processes which have a much larger cross section.

3.5.1 Background processes

The background to the H ! ZZ⇤ ! 4` signal – and in general to any physics process
– can be divided into two categories. The first category is constituted by the Standard
Model reactions producing the same final state of the signal and it is called irreducible
background. The second category is composed of processes which are different from
the signal but can mimic it because of a mis-reconstruction of the physics objects. This
type of events, called collectively reducible background will be described in Chapter 6
after having introduced the functioning of the ATLAS detector in Chapter 5. In this
section we will describe the Standard Model reactions producing the same final state as
H ! ZZ⇤ ! 4` decay, which are:

qq ! ZZ⇤(�) ! 4`,
gg ! ZZ⇤(�) ! 4`,
qq ! Z ! 4`,

(3.18)

with the corresponding Feynman diagrams shown in Figure 3.10. These reactions can
not be distinguished from the signal and form a continuum spectrum in the distribution
of the four-lepton invariant mass. The cross sections for these processes, predicted
by the Standard Model, are given in Table 3.3. For values of the Higgs boson mass
below 2mZ, the most relevant contribution to the irreducible background is given by the
reaction qq/gg ! Z�, since the production of a photon has a much larger cross section
with respect to an off-shell Z boson. Above the threshold mH = 2mZ the background
increases because of the production of a pair of on-shell Z bosons. As there is no
resonance at the beginning of the decay chain the m4` distribution is rather flat while the
signal is expected to be a narrow peak distributed around the true value of the Higgs
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Table 3.3: Cross sections of the main Standard Model background processes to the Higgs boson
decay into four leptons [31, 32]. Despite the large difference between the signal and
the background cross sections, with appropriate selection criteria it is possible to reach
a signal to background ratio larger than 1, see Chapter 6.

Process �(
p
s = 8 TeV) [pb]

qq/gg ! Z�! 4` 11.5
qq/gg ! ZZ⇤ ! 4` 0.5
qq ! Z ! 4` 0.1

H ! ZZ⇤ ! 4` 2.8 · 10-3

boson mass. An exception to this behavior is given by the qq ! Z ! 4` process, also
called single resonant Z decay (see Figure 3.10c). In this case a single Z boson decays into
two leptons and one of them emits a photon which produces another lepton pair. The
invariant mass of the four leptons follows a Breit-Wigner distribution around the mass
of the Z boson, thus producing a sharp peak around 91 GeV in the m4` distribution.

The distribution of the invariant mass of the four final state leptons, obtained from
simulation, for the signal and the background case is shown in Figure 3.11. Compared
to the background the signal distribution is a tiny and narrow spike at m4` = 125 GeV.
The ratio between the signal and the background event yield, S/B, is smaller than 10-3.
In Chapter 6 we will show how this ratio can be enhanced up to a value larger than 1,
exploiting the topological and kinematic differences between the signal and the back-
ground processes.

38



3.5 Higgs boson decay into four leptons

 [GeV]l4m
124.98 125 125.02

Ar
bi

tra
ry

 U
ni

ts

0
0.02

0.04
0.06

0.08
0.1

0.12
0.14

0.16
0.18

Simulation
Breit-Wigner

Simulation
l4→ZZ*→H

 = 125 GeVHm
 = 8 TeVs

 = 125.0 GeVfit
Hm

 =  4.1 MeVfit
HΓ

(a) Signal (mH = 125 GeV)

 [GeV]l4m
100 200 300 400 500 600

Ar
bi

tra
ry

 U
ni

ts

-410

-310

-210

-110

Simulation
l4→ZZ*→qq

 = 8 TeVs

(b) Background

Figure 3.11: Simulated distribution of the invariant mass of the four leptons in the final state
for H ! ZZ⇤ ! 4` decays (left) and for the qq ! ZZ⇤(�) ! 4` reaction (right)
which is the largest background component. In the left plot together with the signal
distribution the result of a Breit-Wigner fit is also shown. In the distribution for the
background the spike at m4` = mZ produced by the single resonant Z ! 4` decay
is clearly visible.
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4
The ATLAS detector

The ATLAS (A Toroidal LHC ApparatuS) detector is one of the four detectors placed
around the four crossing points of the LHC beams. ATLAS is currently the largest

particle detector on earth with its 44 meters of length, 25 meters of height and 7000 tons
of weight. It is a general purpose detector, i.e. it is designed to perform different physics
tasks, made accessible by the pp collisions provided by the LHC at the TeV scale. The
most important ones are [33]:

• the search for the Higgs boson in various decays channels like W+W-, ZZ and ��
up to the TeV scale,

• the search for direct evidence of physics beyond the Standard Model, such as
supersymmetry, Dark Matter, micro black-holes or new heavy gauge bosons,

• the precision measurement of some known Standard Model parameters such as
the top quark mass or the triple and quartic gauge boson coupling,

• the study of CP-violation in B-hadron decays.

The particles created in a pp collision are distributed over the full solid angle around
the Interaction Point (IP). The ATLAS detector has a cylindrical shape centered around
the IP to guarantee a coverage almost hermetic. It is composed of several concentric
sub-detectors, each optimized for the identification and the measurement of a specific
category of particles. From the beam pipe outwards, these sub-detectors are: the Inner
Detector (ID), also called Inner Tracker, the Electromagnetic Calorimeter (ECal), the Hadronic
Calorimeter (HCal) and the Muon Spectrometer (MS). The various ATLAS components are
described in this chapter from Section 4.2 to Section 4.5.

ATLAS is complemented with a Cherenkov detector called LUCID, located 17 meters
away from the interaction point, used to measure the particle flux in the forward region
and provide a precise estimation of the luminosity. An overview of the ATLAS detector
is shown in Figure 4.1.

4.1 Coordinate system

The coordinate system used in the ATLAS experiment is right-handed with the z-axis
along the LHC beam pipe, the x-axis pointing toward the center of the ring and the
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Figure 4.1: Overview of the ATLAS detector with its main components. Taken from [33].

y-axis pointing upward. Because of the azimuthal symmetry of the detector around the
z-axis, cylindrical coordinates are commonly used. A charged particle is identified by
its momentum using the set (pT , #,�) where

� is the azimuthal angle, i.e. the angle formed by the three-momentum and the
positive x-axis, � 2 (-⇡,⇡]

# is the polar angle, i.e. the angle between the three-momentum and the positive
z-axis, # 2 [0,⇡]

pT is the component of the three-momentum on the transverse plane x-y, defined as

pT =
q

p2
x + p2

y. (4.1)

The polar angle # is very often expressed in terms of the pseudo-rapidity1 ⌘, defined as

⌘ = - log

"

tan
✓
#

2

◆#

. (4.2)

This formulation is usually preferred because the flux of particles is constant with re-
spect to ⌘ and �⌘ = ⌘2 - ⌘1 is a Lorentz invariant quantity, as well as �� = �2 -�1.
Because of that the distance between two trajectories is very often expressed by the
quantity �R, defined as

�R =
p
�⌘2 +��2. (4.3)

1The pseudo-rapidity ⌘ coincides, for relativistic particles, to the rapidity y, defined as

y =
1
2

✓
E+ pz
E- pz

◆
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4.2 Magnets

The ATLAS detector is equipped with four different superconducting magnets [34]. The
peculiar feature, which also gives the name to the experiment, is the presence of a
toroidal magnet inside the Muon Spectrometer in addition to the solenoid magnet sur-
rounding the Inner Detector. The solenoid magnet, called Central Solenoid (CS), provides
a constant 2 T magnetic field orthogonal to the x-y plane. It is made by a single layer
coil which extends for 5.3 m around the ID barrel. The Muon Spectrometer is enclosed
between the coils of three toroidal magnets: the Barrel Toroid (BT) and the two End-Cap
Toroids (ECT), see Figure 4.2.

Figure 4.2: Schematic illustration of the ATLAS magnets system. The components of the Muon
Spectrometer are built between the elements of the Barrel and the End-Cap Toroid.
The Inner Detector is placed inside the Central Solenoid. Figure adapted from [35].

The overall dimensions of the ATLAS detector are determined by the Barrel Toroid
which extends over a length of 26 m and has an outer diameter of 20 m. The two End-
Cap toroids are inserted in the Barrel Toroid at each end of the Central Solenoid. Each
of the three toroids consists of 8 coils assembled radially and symmetrically around the
beam axis providing an azimuthal magnetic field approximately constant in � all over
the Muon Spectrometer. As a consequence the bending plane of the charged particles
inside the Muon Spectrometer is orthogonal with respect to the one inside the Inner
Detector. Both the solenoid and the toroid are kept in a superconductive regime by a
cooling system based on liquid Helium at the temperature of 4 K.

4.3 Inner Detector

The ATLAS Inner Detector [36] has been designed to provide a transverse momentum
resolution of �pT

/pT = 0.05%pT � 1% and a transverse impact parameter2 resolution of
10 µm. The pseudo-rapidity acceptance is |⌘| 6 2.5 for particles coming from the interac-
tion region. The Inner Detector is composed of three complementary sub-detectors: the
Pixel Detector, the Semi Conductor Tracker (SCT) and the Transition Radiation Tracker (TRT),
as shown in Figure 4.3. The first two devices – Pixel and SCT – are based on silicon
semiconductor elements while the last one, the TRT, uses gaseous drift tubes. The three

2The transverse impact parameter d0 is the distance in the transverse plane between a track and the
interaction point.
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systems provide several position measurements which are used to reconstruct particle
trajectories.

Figure 4.3: Cut away image of the ATLAS Inner Detector and its main components. Taken from
[33].

4.3.1 Pixel Detector

The Pixel Detector is designed to provide high-precision measurements as close as pos-
sible to the interaction point with an extremely fine granularity. The system consists of
three barrel layers at average radii of 5, 9 and 12 cm, and three disks on each side, be-
tween radii of 9 and 12 cm. The Pixel detector provides three precision measurements,
determining the impact parameter resolution and the ability of the Inner Detector to
identify short-lived particles such as B-hadrons. The spatial resolution for the barrel
modules is 12 µm in r-� and 66 µm in z. The end-cap modules have a resolution of
12 µm in r-� and 77 µm in r.

4.3.2 Semi-Conductor Tracker

The Semi Conductor Tracker (SCT) spans the radial distances from 299 mm to 560 mm.
Since it is further from the interaction point than the Pixel Detector, the granularity
can be coarser, and silicon strips are used rather than the more expensive pixels. The
SCT consists of 4088 modules of silicon-strip detectors arranged in four concentric bar-
rel layers and two end-caps of nine disks each. The SCT provides typically eight strip
measurements corresponding to four space points for particles coming from the interac-
tion region. The spatial resolution is 16 µm in r-� for both the barrel and the end-caps,
580 µm in z for the barrel and 580 µm in r for the endcaps. Tracks can be distinguished
if they are separated by more than ⇠ 200 µm.

4.3.3 Transition Radiation Tracker

The Transition Radiation Tracker (TRT) occupies the outer part of the Inner Detector,
from 563 mm to 1066 mm. It consist of 370,000 drift tubes called straws. Each straw
has a diameter of 4 mm and it is filled with a gas mixture based on Xenon. The wall
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Figure 4.4: Cut away image of the ATLAS calorimeter system and its main components. Taken
from [33].

of the straw acts as a cathode, i.e. it is kept at high voltage of negative polarity, in
the centre of the straw there is a 30 µm diameter gold-plated tungsten wire which is
the anode. When a charged particle traverses a tube, it ionizes a few atoms of the gas
and the electrons produced travel through the anode, generating an electric signal. The
resolution of each straw is 170 µm, a value that is much lower than the Pixel and the
SCT but is compensated by the high number of hits measured per track, typically 36.

The TRT is also used to for particle identification. The layers of straws of the device
are interleaved with radiators: polypropylene foils or fibers. When a particle traverses
the radiators it emits transition radiation photons. The typical energy of these photons
is approximately 10 keV. Since the number of photons produced is proportional to the
relativistic � = E/m factor of the particle, the intensity of the radiation generated by an
electron is higher than the one produced by heavier particles, like pions. Operating with
two independent current thresholds, the TRT is used to discriminate electrons from light
hadrons.

4.4 Calorimeters

The ATLAS calorimeter system is designed to provide a precise energy measurement for
electrons, photons and hadrons, to provide an estimate of the missing transverse energy
(/ET ) and also to trigger on these objects. From the interaction region outwards there
are two calorimeters: the Electromagnetic Calorimeter (ECal) and the Hadronic Calorimeter
(HCal). In the very forward region, close to the beam pipe, another calorimeter called
Forward Calorimeter (FCal) is placed. The presence of this device is essential to obtain a
full coverage of the solid angle and get an accurate estimate of the missing transverse
energy. An overview of the ATLAS calorimeters is shown in Figure 4.4.
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4.4.1 Electromagnetic Calorimeter

The Electromagnetic Calorimeter [37] is the first sub-detector after the Inner Tracker.
It is dedicated to the measurement of the energy of electrons and photons exploiting
the property of these particles to induce electromagnetic showers when interacting with
material. It is designed to provide an energy resolution of �E/E = 10%

p
E � 0.7%.

The ECal covers a pseudo-rapidity interval of |⌘| < 3.2 and it is divided into a barrel,
covering |⌘| < 1.475, and two end-caps in the range 1.375 < |⌘| < 3.2. The barrel
calorimeter consists of two identical parts, separated by a small gap of 4 mm at z = 0.

The detecting unit of the ECal is composed of multiple, accordion shaped, layers of
absorbing material: Lead, alternated with an active medium: liquid Argon. Electrons
and photons traveling in the dense absorbing material lose energy by bremsstrahlung
(electron) or e+e- pair production (photon). This produces a shower of particles that
stops when the energy of the electrons falls below the critical energy, i.e. when the
energy lost by ionization becomes more important than the one lost by bremsstrahlung.
The electromagnetic shower ionizes the atoms of the the liquid Argon, generating an
electric signal proportional to the energy lost by the particle.

The total thickness of the ECal is 22 radiation lengths,3 X0, in the barrel and larger
than 24X0 in the end-caps. Conversely the material amounts to only 1.5 interaction
lengths � (the average distance traveled by a hadron before interacting with a nucleus).
This guarantees a good separation between electromagnetic and hadronic showers. The
calorimeter is divided into different layers, which are further divided into cells. The
innermost layer has the finest granularity with a cell size of �⌘⇥�� = 0.003 ⇥ 0.1. The
layers further from the interaction region have a coarser granularity.

4.4.2 Hadronic Calorimeter

The Hadronic Calorimeter [38] is the ATLAS sub-detector which measures the energy
of the hadrons which do not produce showers in the Electromagnetic Calorimeter. It
surrounds the ECal and it is similarly divided into a barrel and two end-cap compo-
nents. The design energy resolution is �E/E = 50%

p
E� 3%. A parton scattered in a pp

collision is observed by ATLAS as a collimated cone of hadrons,4 called jet.
Similarly to electrons and photons also hadrons create particle showers when travers-

ing a sufficiently dense material. The hadronic showering process is constituted by a
succession of inelastic hadronic interactions. At high energy, these are characterized
by multi-particle production and particle emission from decays of excited nuclei. Due
to the relatively frequent generation of pions (which decays in leptons or photons) an
electromagnetic component is also present.

Hadronic showers are larger than electromagnetic ones, thus the granularity of the
HCal is coarser than the one of ECal: the dimension of the cells is �⌘⇥�� = 0.1 ⇥ 0.1.
The barrel calorimeter is made of steel as absorbing material and scintillating plastic
tiles as active medium. The End-Cap Hadronic Calorimeter (HEC) covers the range

3The radiation length is the average length that an electron has to travel to lose all but 1/e ' 37% of its
energy.

4Because of color confinement it is not possible to observe isolated color charged states. Single quarks or
gluons after being produced combine with quark anti-quark pairs produced from the vacuum to form
color-neutral states. The result is a narrow cone of hadronic particles, called jet.
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1.5 < |⌘| < 3.2. It is composed of two wheels made of parallel copper plates with liquid
Argon as active material in between. The overall depth of the hadronic calorimeter is
approximately 7.5 interaction lengths in the barrel and 10 � in the end caps. This is
enough to stop almost all the hadronic showers and minimize the punch-through i.e. the
emerging of hadronic particles into the Muon Spectrometer.

4.4.3 Forward calorimeter

For the determination of the missing transverse energy a good hermetic coverage is es-
sential. Therefore ATLAS is also equipped with a calorimeter covering the very forward
region 3.1 < |⌘| < 4.9, up to a radius of 8 cm from the beam pipe. This calorimeter, called
Forward Calorimeter (FCal), consists of three wheels on each side employing Liquid Ar-
gon as active material. The innermost wheel is optimized for electromagnetic showers
and employs copper as absorber. The other two wheels measure hadronic showers using
tungsten as absorbing material. The FCal faces a very high particle flux which requires
a large material density. The depth of the three wheels is respectively 27.6, 91.3 and 89.2
X0.

4.5 Muon Spectrometer

The ATLAS Muon Spectrometer (MS) [39] is the largest ATLAS sub-detector. It is designed
to identify and measure the momentum of muons, the only charged particle not stopped
by the calorimeters. The device is designed to measure very high momenta with a
resolution of �pT

/pT = 10%pT at pT = 1 TeV. The layout of the MS is shown in Figure
4.5. In between the magnet coils three layers of chambers for trigger and high precision
tracking are placed. The barrel chambers form three concentrical cylinders – called
stations – around the beam axis, at radii of about 5, 7.5 and 10 m. In the end-caps,
chambers are arranged into four disks at distances of 7, 10, 14, and 21-23 m from the
interaction point. The tracking chambers provide a complete coverage of the pseudo-
rapidity range |⌘| < 2.7, except for an opening in the central r-� plane, at ⌘ ⇡ 0, for
the passage of cables and services for the Inner Detector, the central solenoid, and the
calorimeters. The trigger chambers are limited to |⌘| < 2.4.

In the ATLAS Muon Spectrometer there are four different types of chambers for two
different purposes: the precision measurement of the muon momentum is carried out
by the Monitored Drift Tubes (MDT) chambers and by the Cathode Strip Chambers (CSC),
the online triggering on the events exploit the information provided by the Resistive Plate
Chambers (RPC) and by the Thin Gap Chambers (TGC). The functioning of the precision
and trigger chambers is described in the next sections.

4.5.1 Precision chambers

The two types of precision chamber used in the MS are the Monitored Drift Tube (MDT)
chambers and the Catode Strip Chambers (CSC). The MDTs measure muon trajectory
over the full ⌘ range except for 2 < ⌘ < 2.7 where the CSC are used. The latter ones have
a higher granularity to cope with the higher particle flux. In the Muon Spectrometer
particle trajectories are bent along the r-z plane. Therefore the coordinates measured
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Figure 4.5: Cut away image of the ATLAS Muon Spectrometer and its main components. Taken
from [33]. The coils of the three toroidal magnets are also visible in the figure.

are r and ⌘. The momentum of each track is determined by reconstructing the bending
of the trajectory from the three track-segments left the three stations. The position
coordinates are used to determine the sagitta of the arch described by a muon and then
the radius of curvature, proportional to the muon momentum.

Monitored Drift Tube chambers

The MDT chambers are the main measurement element of the MS. The basic detection
element is an aluminium tube of 30 mm diameter and 400 µm wall thickness with a
50 µm diameter central wire. The tube is filled with a gas mixture kept at a pressure of
3 bar. The length of the tubes varies from 70 cm to 630 cm. To improve the resolution
of a chamber beyond the single-tube resolution limit (which is 80 µm) the MDTs are
assembled in three or four layers. The functioning of the drift tubes can be briefly
summarized as follows [40]: a muon traversing a station will pass trough the tubes
ionizing a few atoms of the gas and causing a migration of electrons towards the anode
(the central wire). The two spatial coordinates are given by the position along the wire
where the electrons hit and by the distance of the trajectory from the wire. Since the
electron drift-velocity is strongly dependent on the radius, the electrons arrival-time
distribution is used to estimate the distance of the trajectory from the wire [40].

Cathode Strip Chambers

The Cathode Strip Chambers are used only in the forward region (2 < |⌘| < 2.7) where a
finer granularity is required to cope with the larger particle flux. The CSC is a multi-wire
proportional chamber with a cathode strip. The chambers are made of cells in which
the separation between the anodes (the wires) is equal to the anode-cathode distance.
The wires have a diameter of 30 µm. The functioning of the chamber is based (like for
the MDT) on the ionization current induced in the gas by the passage of a muon. The
average resolution of a single chamber is 60 µm.
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4.5.2 Trigger chambers

The trigger chambers of the ATLAS Muon Spectrometer serve a threefold purpose:

• the bunch crossing identification, requiring a time resolution higher than the LHC
bunch spacing (the design value is 25 ns),

• an online trigger event selection with well defined pT thresholds,

• the measurement of the second coordinate of the tracks in the direction orthogonal
to the bending plane, with a typical resolution of 5-10 mm.

The system is based on two different types of detectors, the Resistive Plate Chambers
(RPCs) in the barrel, covering the range |⌘| < 1.05, and the Thin Gap Chambers (TGCs)
in the end-caps (1.05 < |⌘| < 2.4).

Resistive Plate Chambers

The basic RPC unit is a narrow gas gap formed by two parallel resistive bakelite plates,
separated by insulating spacers. The primary ionization electrons are multiplied by a
high, uniform electric field of ⇠ 4.5 kV/mm. This produces a signal read out by two
orthogonal series of strips. The “⌘ strips” are parallel to the MDT wires and provide
the bending view of this trigger detector; the “� strips”, orthogonal to the MDT wires,
provide the second-coordinate measurement.

Thin Gap Chambers

The Thin Gap Chambers are designed in a very similar way to the CSC chambers,
with the difference that the anode wire pitch is larger than the cathode-anode distance.
Signals from the anode wires, arranged parallel to the MDT wires, provide the trig-
ger information. Readout strips, arranged orthogonal to the wires, serve to measure
the second coordinate. The main dimensional characteristics of the chambers are the
cathode-cathode distance (gas gap) of 2.8 mm, the wire pitch of 1.8 mm, and the wire
diameter of 50 µm.

4.6 Trigger system

The typical event rate produced by the LHC collision is given by the average number of
interactions per bunch crossing divided by time spacing between the bunches (see Table
3.1). During 2012 the number of events per unit of time was

dN

dt
' 20

50 · 10-9 s
' 400 MHz. (4.4)

At the maximum of the LHC performance this quantity is expected to be even larger.
Each event reconstructed by ATLAS, once digitized, has a size of roughly 1 MB. Stor-
ing all the events on hard disks would correspond to write information at a speed of
400 TB/s during every second of data acquisition. This value is far beyond the max-
imum rate that can be handled with the current technology in terms of both writing
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speed and data storage. The event rate therefore must be reduced by several orders of
magnitude to, at most, a few hundred Hz.

The ATLAS trigger system is responsible to keep the event rate at a reasonable value
using online fast reconstruction informations to determine whether an event is worthy
to be stored or not. The system is structured into three levels: the Level 1 (L1), the Level 2
(L2) and the Event Filter (EF). The L1 trigger is a hardware based system which uses the
information provided by the calorimeters and by the Muon Spectrometer only. Decisions
are based on combination of objects required to be in coincidence or veto. Downstream
the L1 the event rate is reduced to 75 kHz. The L2 and the EF trigger are software based
triggers and use the informations coming from all the ATLAS sub-detectors. These
two triggers are collectively called High Level Trigger (HLT), their subsequent application
reduces the event rate to 400 Hz, which is manageable for the writing on disk.

4.7 Summary

The ATLAS detector is a multi-purpose detector designed to reveal and identify parti-
cles produced by the LHC collisions and measure their energy and momentum. The
observation of the Higgs boson decays is one of the most important tasks for which
the detector was optimized. The momentum of all charged particles produced in the
interaction region is measured by the Inner Detector. Electrons and muons, (i.e. the
objects produced by a H ! ZZ⇤ ! 4` decay) are identified and measured combining
the information provided by the ID and by other sub-detectors exploiting the specific
properties of these particles.

The electron energy is measured by the Electromagnetic Calorimeter (ECal). An elec-
tron traversing the dense absorbing material of the ECal loses all its energy creating a
shower of electrons and photons.

The muon is ⇠ 200 times heavier than the electrons, thus is much less affected by
bremsstrahlung and traverses the calorimeters reaching the Muon Spectrometer (MS).
Here the momentum of the muons is determined from the curvature of the trajectory
induced by the toroidal magnetic field.

A schematic representation of the signatures left by these particles in the ATLAS
detector is given in Figure 4.6. In Chapter 5 we will describe in more detail how muons
and electrons are identified focusing on the reconstruction efficiency and the typical
energy and momentum resolution.
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Figure 4.6: Illustration of signature of different particles in the ATLAS detector [41]. For the
analysis of the decay of the Higgs boson into four leptons we will consider only
electrons and muons.
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Object reconstruction

In the search for the Higgs boson decay into four leptons it is crucial to reconstruct
the leptons with high efficiency and accuracy. This will have an impact on the event

selection efficiency and on the resolution of the four lepton invariant mass. The goal
of this chapter is to introduce the objects which will be used in Chapter 7 to select the
Higgs boson candidates: electrons and muons. The reconstruction of physics objects
like jets, ⌧’s or missing energy [42, 43, 44] is not addressed in this thesis because it is not
crucial for the H ! ZZ⇤ ! 4` analysis.

5.1 Muons

A muon produced in a pp collision is identified by the ATLAS detector exploiting the
informations provided by the Muon Spectrometer (MS), the Inner Detector (ID) and, to
a lesser extent, the calorimeters. As mentioned in Chapter 4, the ID and the MS provide
two independent particle momentum measurements which can be combined to improve
the resolution. Muon identification is performed according to several reconstruction
criteria which lead to different muon “types” [45]:

• Stand-Alone (SA) muons: the muon trajectory is reconstructed by the MS only.
The parameters of the muon trajectory at the interaction point are determined by
extrapolating the track back to the point of closest approach to the beam line,
taking into account the estimated energy loss in the calorimeters. The muon has
to traverse at least two layers of the MS chambers to provide a track measurement.
The Stand-Alone muons are mainly used to extend the acceptance in the range
2.5 < |⌘| < 2.7 which is not covered by the ID.

• Combined (CB) muons: the track reconstruction is performed independently in the
ID and in the MS. A combined track is formed by the statistical combination of
the two independent measurements. Combined muons are the most used type of
muons and have the highest purity. In particular they allow to reject muons from
secondary interactions as well as the ones from ⇡± or K± decays.

• Segment-tagged (ST) muons: a track in the ID is classified as a muon if, once ex-
trapolated to the MS, it is associated with at least one track segment in the MDT
or the CSC chambers. Segment-Tagged muons are used to increase the acceptance
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Figure 5.1: Muon reconstruction efficiency as a function of ⌘, measured with the tag-and-probe
method, using pT > 10 GeV muons, from real and simulated Z ! µ+µ- decays. The
efficiency for Combined, Segment Tagged and Calorimeter Tagged muons is shown.
In the bottom panel the ratio between the data and the Monte Carlo efficiency is
shown [45].

when a muon crosses only one of the MS stations, either because it has low pT or
because it falls in a region with reduced MS acceptance.

• Calorimeter-tagged (CaloTag) muons: a track in the ID is identified as a muon if it can
be associated to an energy deposit in the calorimeter compatible with a minimum
ionizing particle. This type of muons has the lowest purity but it is useful to
recover acceptance in the uninstrumented regions of the MS for ⌘ ⇡ 0.

The muon reconstruction is affected by detector acceptance losses mainly in two regions:

• at ⌘ ⇡ 0, where the MS is only partially equipped with muon chambers in order
to provide space for the services for the ID and the calorimeters,

• in the region (1.1 < ⌘ < 1.3) between the barrel and the positive ⌘ end-cap, where
there are regions in � with only one layer of chambers installed in the MS.1

The performance of the ATLAS muon reconstruction is described in the following sec-
tions. We will consider mostly combined muons, which are the muons most widely
used in physics analyses.

5.1.1 Reconstruction efficiency

In this section, the ATLAS muon reconstruction efficiency is presented. Since the detec-
tor structure is not the same all over the ⌘ range, the efficiencies in the central (|⌘| < 2.5)
and in the forward region (|⌘| > 2.5) are measured with different strategies.

1The installation of all the muon chambers in this region has been completed during the 2013-2014 LHC
shutdown.
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Central pseudo-rapidity region

The measurement of the reconstruction efficiency in the region |⌘| < 2.5 exploits the
presence of two independent detectors to reconstruct the muons (the ID and the MS).
This is obtained with the so called tag-and-probe method applied to samples of real and
simulated Z ! µ+µ- events opportunely selected according to the criteria described in
[45]. The quantity to be measured is

"(Type) = "(Type|ID)"(ID), (5.1)

where "(Type) is the probability to reconstruct a muon type, "(Type|ID) is the condi-
tional probability to reconstruct a muon type given a muon track in the ID and "(ID)
is the probability to reconstruct a muon in the ID. The quantity "(ID) is not directly
measurable and eq. 5.1 is approximated as

"(Type) = "(Type|ID)"(ID|MS) (5.2)

The measurement is performed as follows: one of the muons from the selected Z boson
decay, the tag, is required to be a CB muon. The other muon, the so-called probe, is
required to be a MS track (i.e. a SA or a CB muon) when "(ID|MS) is to be measured.
The probe is required to be a CaloTag muon for the measurement of "(Type|ID) [45].

The efficiency of different muon types as a function of the pseudo-rapidity is shown in
Figure (5.1). The drops observed at ⌘ ⇡ 0 and in the transition regions (1.1 < |⌘| < 1.3)
are restored using, in addition to the Combined muons, the Calorimeter Tagged and
the Segment Tagged muons respectively. These muon types have an efficiency larger
than 95% in these regions of the detector, while in the rest of the ⌘ range the CB muon
efficiency is above 99%.

To study the reconstruction efficiency as a function of pT the Z ! µ+µ- sample is
complemented with lower pT muons, obtained from J/ ! µ+µ- decays. Low pT

muons are very important also in the H ! ZZ⇤ ! 4` analysis since one of the two Z
bosons is off-shell and the muons produced in its decay can easily have pT < 10 GeV,
see Section 6.2.2. Results are shown in Figure 5.2. The efficiency is uniform and larger
than 99% except for pT < 4 GeV. This is because the minimum momentum needed by a
muon to traverse the calorimeters and cross at least two station of the MS is 3 GeV. The
efficiency measured from the Monte Carlo simulation is very close to the one measured
on the data. The residual disagreement is corrected by scaling the simulated momentum
of the muons with the pT ,⌘ dependent scale factor

SF" =
"data(pT ,⌘)
"MC(pT ,⌘)

(5.3)

shown in the bottom panel of Figure 5.1 and 5.2.

High pseudo-rapidity region

Although the coverage of the Inner Detector stops at |⌘| = 2.5, ATLAS is able to recon-
struct muons up to |⌘| < 2.7 using the Muon Spectrometer. Muons reconstructed in
the MS only are called Stand-Alone and are important to increase the pseudo-rapidity
acceptance for physics analyses. In a H ! ZZ⇤ ! 4` decay, for example, about 9% of the
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Figure 5.2: Muon reconstruction efficiency versus pT estimated with the tag-and-probe method.
For pT < 10 GeV data from J/ ! µ+µ- decays are used while Z ! µ+µ- events
are used in the remaining the pT range. In the bottom panel the ratio between the
data and the Monte Carlo efficiency is shown. The boxes represent the statistical
uncertainty (green) and the statistical plus systematic uncertainty (orange) [45].

muons produced inside the detector coverage are expected to have |⌘| > 2.5. The recon-
struction efficiency in the high-⌘ region is estimated by multiplying the “true” Monte
Carlo efficiency with a scale factor, as indicated below

"|⌘|>2.5 =

 
NMC

reco

NMC
true

!

SF|⌘|>2.5 (5.4)

The true Monte Carlo efficiency is defined as the number of muons generated by the
simulation actually reconstructed by the ATLAS software. The scale factor SF|⌘|>2.5 is
obtained from comparison with the Standard Model prediction for Z ! µ+µ- events. It
is defined as a double ratio

SF|⌘|>2.5 =
Ndata/NMC(2.5 < |⌘| < 2.7)
Ndata/NMC(2.2 < |⌘| < 2.5)

, (5.5)

between the number of events expected from the simulation and the number of events
observed in the data in the high-⌘ region (2.5 < |⌘| < 2.7) and in the control region
(2.2 < |⌘| < 2.5).

The resulting efficiency is shown in Figure 5.3 as a function of the muon pT together
with the scale factor of eq. (5.5). The efficiency is slightly lower than in the central region
because the magnetic field bending pulls the muon outside the Muon Spectrometer
acceptance. Low pT muons have a a lower efficiency because they are bent more strongly
and/or because they do not have sufficient energy to pass trough all the MS stations.

5.1.2 Momentum resolution

In Section 5.1.1 we have seen how the ATLAS detector is able to reconstruct muons with
an efficiency above 99% in most of the pseudo-rapidity range. In this section we want
to show how the muon momentum scale and resolution are accurately estimated from
large samples of J/ ! µ+µ- and Z ! µ+µ- decays collected by the experiment.
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Figure 5.3: Muon reconstruction efficiency in the 2.5 < ⌘ < 2.7 region estimated as eq. (5.4) as a
function of pT . The values of the scale factor, defined in eq. (5.5), are shown in the
bottom panel. Combined and Stand-Alone muons from Z ! µ+µ- decays are used
in the plot [45].

Single muon momentum resolution

The relative transverse momentum resolution of a muon can be parametrized as [46]

�pT

pT
=

r0

pT
� r1 � r2pT (5.6)

where r0 accounts for the energy loss in the traversed material, r1 parametrizes the mul-
tiple scattering and the magnetic field inhomogeneities and r2 accounts for the chamber
misalignment. The muon momentum resolution is determined by the numerical value
of the three rm (m = 0, 1, 2) coefficients. They are estimated through a comparison
between data and simulation. The ATLAS simulation contains the best knowledge of
the detector geometry, of the material distribution and of the physics model of muon
interactions with material. Nevertheless it needs to be adjusted to match the resolution
observed in the data. The Monte Carlo momentum reconstruction from the ID and the
MS is therefore corrected as follows

pCor,Det
T =

pMC,Det
T +

1X

n=0

sn(⌘,�)
�
pMC,Det
T

�n

1 +
2X

m=0

�rm(⌘,�)
�
pMC,Det
T

�m-1
gm

, (5.7)

where Det = ID, MS and gm are normally distributed random variables with mean 0
and width 1. The sn(⌘,�) and �rm(⌘,�) coefficients represent the resolution smearing
and the scale correction respectively to be applied in a specific (⌘,�) detector region.2

2The (⌘,�) detector regions are chosen in such a way that the scale and resolution variations, and therefore
their possible corrections, are expected to be small.
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The sn coefficients correct the simulated momentum scale. The multiplicative s1 term
parametrizes the imperfect knowledge of the magnetic field while the constant term s0
accounts for a wrong energy loss estimation. The �rm coefficients effectively increase
the resolution when it is underestimated by the Monte Carlo and are used to correct the
rm term in equation (5.6). The value of sn and �rm is extracted through an iterative
process of maximum likelihood template fits to the data. The amplitude of the correc-
tions is found to be small over the full ⌘ range [45]. The Z boson mass spectrum from
data and Monte Carlo, before and after corrections, is shown in Figure 5.4.

The data over Monte Carlo ratio after the corrections is within ±1% around the Z
boson peak. Values corresponding to the right tail are of the distribution are slightly
larger than 1% but the statistics available is significantly lower.

After the determination of the �rm coefficients, equation (5.6) is used to draw the
relative transverse momentum resolution curve, shown in Figure 5.5 for the Muon Spec-
trometer (a similar behavior is obtained for the Inner Detector).

The momentum resolution changes in general as a function of pT and ⌘ of the muon.
Resolution rapidly degrades for low-pT muons because of multiple-scattering and en-
ergy loss traversing the calorimeters. For muons with pT > 20 GeV �(pT )/pT increase
slightly as a function of the transverse momentum because particle trajectories becomes
more straight and the measurement of the curvature is less precise.

The MS have been designed to provide a roughly uniform resolution over the full ⌘
range. In the Inner Detector case the resolution degrades for large pseudo-rapidity value
because the transverse component of the momentum, the one bent by the solenoidal
magnetic field, gets smaller.
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Figure 5.4: Di-muon invariant mass distribution obtained from Z ! µ+µ- decays. The dashed
distribution shows the Monte Carlo simulation before any correction. The green
histogram is obtained from corrected Monte Carlo. The data distribution is indicated
by the black dots. In the bottom panel the black points (the blue dashed line) show
the ratio between the data and the corrected (uncorrected) Monte Carlo prediction.
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5.2 Electrons

In ATLAS electrons are reconstructed from an energy deposit in the Electromagnetic
Calorimeter (called cluster) associated to a track in the Inner Detector, which must be
originated by a vertex in the interaction region [48]. Unlike muons, which have a rather
unique signature, electrons from the interaction region can be much more easily mimic-
ked by background objects such as soft hadronic jets, photons converted in e+e- pairs
or electrons from decays of hadronic particles.

To reject these backgrounds various electron identification categories are defined with
different levels of efficiency and purity. Both sequential cuts and multi-variate analysis
(MVA) techniques are employed. Four different cut-based (loose, medium, tight, multi-
lepton) and three MVA (looseLH, mediumLH, very-tightLH) categories are available, with
increasing background rejection power [49]. The multi-variate categories, introduced in
2012, allow to achieve roughly the same efficiency as the cut-based ones with a higher
background rejection.

5.2.1 Efficiency

The efficiency to detect an electron can be divided into two components: the reconstruc-
tion efficiency and the identification efficiency:

1. the reconstruction efficiency represents the probability to find, for a specific elec-
tron candidate, a good track associated to an energy deposit in the calorimeter,

2. the identification efficiency measures the probability to identify an electron using
one of the selection algorithms mentioned above.

The total efficiency is given by the product

"total = "reconstruction · "identification (5.8)

Monte Carlo simulations are re-weighted with ET ,⌘ dependent scale factors to reproduce
the efficiency measured in the data.

Reconstruction efficiency

The electron reconstruction efficiency is determined with a tag-and-probe method ap-
plied to Z ! e+e- events. One of the two electron, the tag, is used to identify the
event while the second electron, the probe, is used to measure the efficiency. The
tag+probe electrons are required to have opposite charge and an invariant mass mee

within ±15 GeV from the nominal Z boson mass. The selection criteria are very strin-
gent on the tag to reduce the background contamination as much as possible, while all
the ECal cluster are considered as candidate probes. The background contribution is es-
timated from a sideband fit on the di-electron invariant mass spectrum and subtracted
from the sample [49].

The efficiency is defined as the ratio of the number of electrons reconstructed as a
cluster matched to a track (numerator) to the number of clusters with or without a
matching track (denominator). The results as a function of the transverse energy and the
pseudo-rapidity are shown in Figure 5.6. The reconstruction efficiency grows with the
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Figure 5.6: Electron reconstruction efficiency as a function of ET (left) and ⌘ (right), measured
from Z ! e+e- decays from 2011 and 2012 data. The efficiency measured on sim-
ulated data is also shown. The error bands account for signal and systematic uncer-
tainties [49].

transverse energy and it reaches 99% for electron with ET > 60 GeV. The lower efficiency
measured for low-ET objects is explained recalling that the trajectory of these electrons
in the ID undergoes several deflections due to bremsstrahlung and multiple scattering.
This makes the matching of the track with the calorimeter cluster less efficient.

The shape of the efficiency as a function of ⌘ is explained with the material budget
of the ID. The amount of material traversed by a particle has a peak in the region
1.5 < |⌘| < 2. This cause a higher bremsstrahlung probability and therefore lower
tracking efficiency.

The increase in efficiency measured during the 2012 data taking is due to an improve-
ment in the track-reconstruction and the cluster-matching algorithms [49].

Identification efficiency

The efficiency of the electron identification algorithms is also measured using a tag-and-
probe method from real and simulated Z ! e+e-, Z ! e+e-(�) and J/ ! e+e-

decays. The details of the procedure are described in [49]. The results are shown in
Figure 5.7 as a function of the transverse energy and the pseudo-rapidity of the electron
candidates.3 The identification efficiency generally grows as a function of ET because
more energetic electrons are better separated from the background. The shape of the ef-
ficiency as a function of the pseudo-rapidity reflects some well known detector features.
The small gap between the calorimeter wheels explains the slight drop at ⌘ ⇡ 0. The

3The efficiency of the looseLH category is defined to be the same as the cut-based multilepton category
(used in the H ! ZZ⇤ ! 4` analysis for the 2011 data). The background rejection is roughly 30%
higher.
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other larger drop observed at 1.37 < |⌘| < 1.52 is due to the discontinuity between the
barrel and the end-cap calorimeters. The ratio between data and Monte Carlo efficiency
is used to scale the simulation to reproduce the same efficiency as observed in the data.
Correction factors are generally small except for large ⌘ and ET < 10 GeV where they
reach 10%.

The background rejection power has been estimated using simulated samples of QCD
processes where W and Z boson decays have been removed. The comparison between
the background and the signal efficiency corresponding to the various electron identifi-
cation algorithms is shown in Table 5.1. In the H ! ZZ⇤ ! 4` analysis, to achieve the
largest possible signal efficiency, multilepton and looseLH electrons have been used.

10 20 30 40 50 60 70 80 90 100

 E
ffi

ci
en

cy

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

-1 L dt = 20.3 fb∫
 = 8 TeV s

ATLASPreliminary

| < 2.47η|
LooseLH
MediumLH
VeryTightLH

Data: full, MC: open

| < 2.47η|
LooseLH
MediumLH
VeryTightLH

 [GeV]TE
10 20 30 40 50 60 70 80 90 100

D
at

a/
M

C

0.9

0.95

1

(a)

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

 E
ffi

ci
en

cy

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

-1 L dt = 20.3 fb∫
 = 8 TeV s

ATLASPreliminary
 > 7 GeVTE
LooseLH
MediumLH
VeryTightLH

Data: full, MC: open

 > 7 GeVTE
LooseLH
MediumLH
VeryTightLH

η
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

D
at

a/
M

C

0.85

0.9

0.95

1

(b)

Figure 5.7: Electron identification efficiency as a function of ET (left) and ⌘ (right) for the three
multi-variate categories measured from Z ! e+e- and J/ ! e+e- decays. The
bottom panel shows the ratio between the data and the Monte Carlo efficiencies. The
error bands account for signal and systematic uncertainties [49].

5.2.2 Energy calibration

The energy of an electron candidate is estimated from the reconstructed electromagnetic
cluster. This value needs to be calibrated to take into account the energy lost in the
material upstream the calorimeters, the energy deposit in the cell neighboring the cluster
in (⌘,�) and the energy deposited beyond the liquid Argon calorimeter. The calibration
is based on a multi-variate (MVA) technique which optimize the estimate of the true
energy at the interaction point Etrue using the detector level observables predicted by
the simulation [48]. The relative error on the calibration depends on ET and ⌘ of the
electrons. In the central region it is below 3% but it increase up to 10% for low ET

electrons close to the transition region between the barrel and the end-cap (⌘ ⇡ 1.5).
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Table 5.1: Background and signal efficiency for various multi-variate and cut-based electron
identification algorithms obtained for 20 < ET < 50 GeV electrons. Values are in-
tegrated over ET and ⌘ [49].

Selection Z ! e+e- efficiency (%) MC Bkg efficiency (%)

multilepton 92.9 ± 0.2 1.64 ± 0.02
medium 88.1 ± 0.2 1.11 ± 0.02
tight 77.5 ± 0.2 0.46 ± 0.01

loose LH 92.8 ± 0.2 0.94 ± 0.02
medium LH 87.8 ± 0.3 0.51 ± 0.01
very-tight LH 77.0 ± 0.3 0.29 ± 0.01

5.2.3 Energy scale and resolution

The ATLAS electron energy resolution is derived from the following parametrization
valid in general for any calorimeter [48]:

�E
E

=
ap
E

� b

E
� c, (5.9)

where a is the sampling term, b is the noise term, c is the constant term and all are
⌘-dependent parameters. The sampling term provides the intrinsic resolution of the
calorimeter, defined as the resolution in absence of upstream material. From test beam
studies a = 10% ·

p
GeV [50]. The noise term mostly matters for low energy, it receive

contributions from pile-up and read-out electronics and it is estimated to be between
100 MeV and 200 MeV depending on the ⌘ region [48]. The ATLAS Electromagnetic
Calorimeter has been designed to keep the c term below 0.7% [37].

An estimate of the electron energy resolution is obtained by substituting into eq.
(5.9) the predicted value for the three coefficients. The residual disagreement with the
resolution observed in data must be corrected by adjusting the Monte Carlo simulation.
The simulated energy is assumed to be equal to the correct one up to a linear term,
which is supposed to be small, i.e.

Edata = EMC(1 +↵i), (5.10)

where ↵i parametrizes the departure from the optimal calibration in a given pseudo-
rapidity bin i. The resolution is corrected with a gaussian constant term

✓
�E
E

◆data
=

✓
�E
E

◆MC
� c, (5.11)

The invariant mass scale and resolution of an electron pair in a given (⌘i,⌘j) bin is
sensitive to the correction factors ↵i,j and ci,j. The numerical values of these coefficients
are determined by comparing Z ! e+e- data samples with Monte Carlo histograms in
all the pseudo-rapidity configurations (⌘i,⌘j). The energy scale corrections are found to
be smaller than 0.5 · 10-3 over the full ⌘ range. The resolution corrections are between
0.8% in the barrel and 1% in the end-caps.
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5.2 Electrons

The Z ! e+e- invariant mass distribution is shown in Figure 5.8 for data and sim-
ulation. After correction the agreement between data and Monte Carlo is at the level
of 1% except for low masses where the tails in the data are still not entirely modeled
by the Monte Carlo. The relative electron transverse energy resolution obtained after
corrections is shown in Figure 5.9 for |⌘| = 0.2.
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Figure 5.8: Electron-positron invariant mass distribution from Z ! e+e- decays from data, cor-
rected and uncorrected simulation. The bottom panel shows the data over Monte
Carlo ratio. The green shaded band represents the energy calibration uncertainty
[48].
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ET for |⌘| = 0.2 [48].

Similarly to the muon case the electron ET resolution quickly degrades for low ener-
getic electrons, while it constantly improves for larger values of ET .
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5.2.4 Energy-momentum combination

The electron energy resolution is improved by combining the cluster energy measure-
ment from the ECal with the track momentum measurement, obtained from the Inner
Detector. The ID provides the best measurement for low pT objects whereas the ca-
lorimeter measurement is superior at high pT . The energy-momentum combination
is applied for |⌘| < 1.52 and has been tested on J/ ! e+e- and Z ! e+e- sam-
ples. Electrons are categorized according to transverse momentum and pseudo-rapidity.
For each category, the distributions of preco

T /ptrue
T and Ereco

T /ptrue
T are parametrized using

Crystal-Ball functions [51]. The combined momentum is estimated by maximizing the
likelihood

L(x) = fID

✓
pT

x

◆
· fCalo

✓
ET

x

◆
, (5.12)

where fID,Calo are the response functions for a specific electron category and x is the
combined momentum. The results are illustrated in Figure 5.10. The invariant mass
resolution is improved by about 20% and the low-mass tails are significantly reduced.
The energy-momentum combination have been applied also to the electrons involved
in the H ! ZZ⇤ ! 4` analysis, described in Chapter 6, significantly improving the
four-leptons invariant mass resolution.
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Figure 5.10: Electron-positron invariant mass distribution, as reconstructed from data using ei-
ther the calibrated cluster energies, or the combination of the cluster energy and the
track momentum. Left: J/ ! e+e- selection. Right: Z ! e+e- selection. At least
one electron candidate is in 1.37 < |⌘| < 1.52 [48].

5.3 Summary

The final states analyzed in the H ! ZZ⇤ ! 4` search are constituted by electrons
and muons. In this chapter the ATLAS identification and reconstruction performances
relative to these two particles have been presented.

Muons are usually identified by a track in the Muon Spectrometer matching to a track
in the Inner Detector. The muon reconstruction efficiency is above 99% in most of the ⌘
range except for small regions with limited detector acceptance. As a function of pT the
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efficiency is constantly above 99% except for pT < 4 GeV because muons do not have
enough energy to pass the calorimeters.

Electrons are identified by a track in the Inner Detector associated to an energy deposit
in the Electromagnetic Calorimeter. Electrons suffer of a much larger background than
the muons. As a consequence sophisticated algorithms are needed to precisely identify
these particles. The electron reconstruction and identification efficiency increases with
the particle energy from 86% at ET < 10 GeV to 95% at ET > 80 GeV. As a function of ⌘
the efficiency is roughly 95% in the barrel, except for the region close to the gap between
the calorimeter wheels (⌘ ⇡ 0). The efficiency in the end-caps is lower because the elec-
trons traverse a larger amount of material before reaching the calorimeter undergoing
more important energy losses. This makes the track reconstruction and the track-cluster
matching less efficient.

For both muons and electrons the resolution depends on the energy and the pseudo-
rapidity of the particle. For a typical lepton produced in the barrel by a Z boson decay
(pT ' ET ' 40 GeV) electrons and muons have a similar relative energy/momentum
resolution of 2% roughly. In the electron case one should also consider the energy
calibration error which may vary between 3% and 10% of the electron energy.

The single lepton efficiency and energy resolution drive the efficiency of the H !
ZZ⇤ ! 4` analysis and the resolution on the four-lepton invariant mass which is crucial
for the Higgs boson mass estimation.
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6
Observation of the Higgs boson

decay into four leptons

After the theoretical introduction and the description of the functioning and perfor-
mance of the ATLAS detector we are ready to describe the experimental search for

the Higgs boson in the four-lepton decay channel.1
As already mentioned in Section 3.4, the final states including Z ! ⌧+⌧- decays

are not considered since the hadronic background contamination would be too large.
Only the events with two pairs of opposite charge electrons or muons are selected. The
invariant mass of the four leptons (m4`) is used to reconstruct the Higgs boson mass
spectrum. The pair of leptons produced by the on-shell Z boson decay is indicated as the
leading lepton pair while the other pair is the sub-leading one. Four different categories2

are defined according to the flavor and the invariant mass of the two lepton pairs in the
final state: µ+µ-µ+µ- (4µ), e+e-e+e- (4e), µ+µ-e+e- (2µ2e) and e+e-µ+µ- (2e2µ).
Figure 6.1 shows an event display of a Higgs boson candidate decaying into four muons.

To maximize the signal over background ratio, the events are required to pass specific
selection criteria, presented in Section 6.3. An excess of events over the Standard Model
background is observed between 120 and 130 GeV [1]. The distribution of the Higgs
boson candidate events selected is used in Chapter 7 to measure the Higgs boson mass
and signal strength and to set a limit on the Higgs boson decay width.

6.1 Data samples

The analysis is based on the dataset collected by the ATLAS experiment during the first
run of the LHC operation, between 2011 and early 2013. Data are required to fulfill
precise quality requirements: events recorded during periods when relevant detector
components were not operating in normal conditions are rejected. The integrated lumi-
nosity available for physics analyses amounts to 4.5 fb-1 collected at

p
s = 7 TeV and

to 20.3 fb-1 collected at
p
s = 8 TeV. The most important parameters of the data taking

operations are summarized in Table 6.1.

1As explicitely indicated in the text, some parts of this chapter are based on Ref. [8]. The writer of this
thesis is one of the authors of the publication.

2The 2e2µ and the 2µ2e categories are separated because the composition of the backgrounds is different,
see Section 6.6.
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Figure 6.1: Event display of a H ! ZZ⇤ ! 4µ event. The four blue lines represent the four muon
tracks [52].

Table 6.1: Relevant parameters of the 2011 and 2012 data taking operations. The column hµi
indicates the average number of interactions per bunch crossing.

Year
p
s

[TeV]

Peak
luminosity
[cm2s-1]

hµi Data
[fb-1]

Data taking
efficiency

Data
quality

efficiency

2011 7 3.65 · 1033 9.1 4.5 93.0% 89.9%
2012 8 7.63 · 1033 20.3 20.3 93.4% 95.3%

6.2 Simulated samples

The selection of the Higgs boson candidates is performed by exploiting the difference
in the expected distribution of physics observables produced by signal or background
processes. These distributions are obtained by simulating a large amount of events
according to the predictions of the Standard Model. These events are commonly called
Monte Carlo events and include the full simulation of the ATLAS detector response,
material budget and geometry.

6.2.1 Monte Carlo generators

The H ! ZZ⇤ ! 4` decays are simulated using the Powheg-Box Monte Carlo event
generator [53, 54], which calculates separately the cross section of the gluon fusion (ggF)
and the vector boson fusion (VBF) production process with matrix elements up to the
next-to-leading order (NLO) in the QCD coupling constant, taking into account the
effect of the non-zero quark masses [55]. Powheg-Box is interfaced to Pythia8.1 [56]
for simulating the electromagnetic showers and the quark hadronization, which is in
turn interfaced to Photos [57] for the QED radiative corrections. Pythia8.1 is used to
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simulate the production of a Higgs boson in association with a vector boson (WH and
ZH) or with a tt pair (ttH). The production of a Higgs boson in association with a bb
pair (bbH) is assumed to have the same mH dependence as the ttH process.

The Higgs boson decay widths into four leptons are provided by Prophecy4f [58]
which includes the full NLO QCD and QED corrections and the interference effects
between identical final state fermions. The remaining decay amplitudes are obtained
from HDecay [59].

The ZZ⇤, Z� continuum background (see Section 3.5), from now on indicated simply
as ZZ⇤, is modeled using Powheg-Box [60] for quark-antiquark annihilation and GG2ZZ
[61] for the gg ! ZZ⇤ process. The Z+jets production is modeled using Alpgen [62]
interfaced to Pythia8.1 for hadronization and showering. The tt background is modeled
using Powheg-Box interfaced to Pythia8.1 for parton shower and hadronization, to
Photos for QED radiative corrections and Tauola [63] for the simulation of the ⌧ lepton
decays. Sherpa [64] is used for the simulation of the WZ background production.

Generated events are subsequently processed through the ATLAS detector simula-
tion [65] within the GEANT4 framework [66]. Additional pp interactions in the same
and nearby bunch-crossing (pile-up) are included in the simulation by reweighting the
Monte Carlo events according to the average number of interactions per bunch-crossing
observed in the data.

6.2.2 Kinematic distributions before reconstruction

In this section, we explore the distributions of the interesting kinematic variables at the
Monte Carlo generator level. This allows to better understand the differences between
the signal and the irreducible background processes. The reducible background contam-
ination is due exclusively to a mis-reconstruction of the final state from processes like tt
or Z+jets production. As a consequence the kinematic properties at the generator level
can not be compared directly with the ones of the H ! ZZ⇤ ! 4` and the qq/gg ! ZZ⇤

events.

Signal

The mass spectrum of a Higgs boson (and therefore of the invariant mass of its decay
products) follows a Breit-Wigner distribution with a width �H depending on the Higgs
boson mass. The Standard Model prediction for mH = 125 GeV is �H = 4.1 MeV, as
shown in Figure 3.11a. A Higgs boson generated in a pp collision at

p
s = 7 or 8 TeV may

have a sizable boost, transmitted to its daughters: the two Z bosons and the four leptons.
The Higgs boson transverse and longitudinal momentum distributions, obtained from
simulation, are shown in Figure 6.2. The average values are hpHiggs

T i ' 35 GeV and
hpHiggs

z i ' 222 GeV.
Since the Higgs boson mass mH is smaller than 2mZ one or both of the Z bosons

are virtual. In most of the cases one of the Z bosons is on-shell and the other one has
a mass close to mH -mZ as shown in Figure 6.3a for mH = 125 GeV. Because of the
mass difference between the two Z bosons, the pT distribution of the leptons changes
significantly from the leading to the sub-leading lepton pair.
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Figure 6.2: Generator level distributions obtained from H ! ZZ⇤ ! 4` simulated events with
mH = 125 GeV. Left: Higgs boson mass transverse momentum distribution with
Right: Higgs boson longitudinal momentum distribution.

The pT distribution of the four leptons is shown in Figure 6.3c. For every simulated
event the leptons have been categorized, first according to the mass of the mother Z
boson and then according to the pT value. The distributions show that it is likely to
have at least one lepton with pT < 10 GeV. Since the reconstruction efficiency and the
resolution of both muons and electrons drops for low pT (see Chapter 5), the presence
of these leptons limits the efficiency of the analysis and the resolution on the four-lepton
invariant mass.

Irreducible background

Looking at the same distributions from simulated ZZ⇤ events, we observe that they are
different from the Higgs boson signal. In our analysis we will focus on the region close
to the measured Higgs boson mass, i.e. around 125 GeV. Therefore the background
kinematic distributions are inspected in the mass range between 120 and 130 GeV. In
the ZZ⇤ case there is no resonance at the beginning of the decay chain since the two Z
bosons3 (or the Z boson and the photon) are emitted from a quark pair (see Figure 3.10).
Therefore the mass distributions of the Z bosons are very different from the one in a
H ! ZZ⇤ ! 4` decay.

The shape of the m4` distribution in the irreducible background falls exponentially
going towards high mass values, as shown in Figure 3.11b. On top of this behavior
there is a spike around m4` = mZ corresponding to the single resonant Z ! 4` process

3A very low mass Z boson is not experimentally distinguishable from a photon. Here we talk about Z
bosons in analogy with the Higgs decay but actually the production of two of the leptons through a
virtual photon is much more likely to happen for energies below 2mZ because of the massive boson
propagator.
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Figure 6.3: Generator level distributions obtained from H ! ZZ⇤ ! 4` simulated events with
mH = 125 GeV (left) and from qq ! ZZ⇤ ! 4` simulated events (right). The plots
on the top show the mass distribution of the leading Z boson (blue histogram) and
of the sub-leading Z boson (red histogram). The bottom plots show the transverse
momentum distribution of the leptons produced by the two Z ! `+`- decays. For
each Z boson decay we define lepton 1 as the lepton with the highest pT and lepton 2
the remaining one.
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Figure 6.4: Generator-level distributions of the lepton pseudo-rapidity obtained from the H !
ZZ⇤ ! 4` signal process (blue histogram) with mH = 125 GeV and the qq ! ZZ⇤ !
4` background process (red histogram)

and a sudden, but much lower, increase for m4` values larger than 182 GeV due to the
on-shell production of two Z bosons (see Section 3.5.1). In Figure 6.3b the distributions
of the leading and the sub-leading Z boson mass is shown. When we compare these
distributions to those shown in Figure 6.3a, we see that in the majority of the events
the mass of the sub-leading Z boson is much lower than in the H ! ZZ⇤ ! 4` case.
As a consequence the momentum of the sub-leading lepton pair is much lower than
what expected in the signal case, as shown in Figure 6.3d. The distributions of the two
Z boson masses and of the transverse momentum of the leptons provide a powerful
handle to discriminate between signal and background. These quantities are therefore
used to define the kinematic cuts of the event selection.

On the other hand the angular distributions of the leptons can not be used directly
in the event selection since the signal and background shapes are too similar. The
distribution in the azimuthal angle � is uniform in both the cases. The pseudo-rapidity
distribution is shown in Figure 6.4. In the region of the detector acceptance (|⌘| < 2.5)
signal and background distributions are almost completely overlapping.

The finite dimension of the detector determines also the loss of the events with one of
the four leptons falling outside the region equipped with the Muon Spectrometer or the
calorimeters. From the simulation we know that roughly 30% of the events have at least
one lepton falling outside the detector coverage. As a consequence the signal accep-
tance cannot be larger than 70%, regardless the efficiency of the lepton reconstruction
algorithms.

6.3 Event selection

The selection of the Higgs boson candidates is performed by following several steps
which are presented in the following. All the events have been selected online during
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the LHC runs by the ATLAS trigger system using the trigger algorithms listed in Section
6.3.1. The event sample selected by the trigger is further reduced by requiring the
presence of at least two pairs of leptons with opposite charge (`+`-` 0+` 0-). The leptons
must satisfy precise quality requirements specific for electrons and muons. Events with
four “good” leptons are required to fulfill precise kinematic and topological selection
criteria to increase the signal-to-background ratio. In Section 6.3.2 and 6.3.3 the list of
the cuts applied at the single-lepton level and at the global-event level are described in
detail.

6.3.1 Trigger

The Higgs boson candidate events are only a tiny fraction of the events observed by
the ATLAS detector. Since the H ! ZZ⇤ ! 4` events must all have four leptons in
the final state, the trigger algorithms require the presence of muons or electrons with
transverse energy/momentum above a specific threshold. The trigger algorithms used
in the analysis are presented in Table 6.2. The efficiency of the trigger algorithms has

Table 6.2: Table of the trigger algorithms used to select the Higgs boson candidates during the
years 2011 and 2012. The row “Mixed” indicates the triggers requiring the presence
of one muon and one electron in the event. In 2012 isolated triggers (labeled as iso)
have been used. The threshold of the single electron trigger has been raised during
2011 to cope with the bunch spacing reduction from 75 to 50 ns, see Section 3.1.2.
The electrons reconstructed by the trigger algorithms are divided into loose, medium
and tight categories. If not specified the quality of the electrons reconstructed by the
trigger algorithms is always loose.

p
s Trigger objects Single-lepton threshold Di-lepton threshold

7 TeV

Electrons 20 GeV, 22 GeV 12 GeV

Muons 18 GeV 10 GeV

Mixed – 6 GeV(1µ) and 10 GeV(1e)

8 TeV

Electrons 60 GeV,
12 GeV

24 GeV(iso)

Muons 36 GeV, 13 GeV,
24 GeV(iso) 18 GeV + 8 GeV

Mixed – 8 GeV(1µ) + 12 GeV(1e medium)
8 GeV(1µ) + 24 GeV(1e iso)

been measured on real and simulated data with a tag and probe method based on
Z ! µ+µ- and Z ! e+e-events [67, 68]. The residual efficiency disagreement between
data and simulation is corrected by re-weighting simulated events with the scale factor
[69, 70]

SFtrigger =
1 -

Q
i

�
1 - "(⌘i,�i)

�
Data

1 -
Q

i

�
1 - "(⌘i,�i)

�
MC

, (6.1)

where " is the efficiency measured for each of the four leptons in (⌘i,�i) bins. The
uncertainty on the scale factors is negligible and does not have an impact on the analysis
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results. The fraction of simulated signal events selected by the trigger in a Monte Carlo
sample of H ! ZZ⇤ ! 4` decays with mH = 125 GeV is found to be:

• 4µ: 92.2%

• 2e2µ/2µ2e: 90.9%

• 4e: 91.8%

6.3.2 Lepton quality requirements

The offline event selection is based on electrons and muons reconstructed by the ATLAS
detector. The electrons are chosen among the looseLH category, described in Section 5.2.
All the four muon types introduced in Section 5.1 are used in this analysis. Electrons
must have a pT larger than 7 GeV and must be inside the region |⌘| < 2.47. Combined
and Segment-Tagged muons with pT > 6 GeV are accepted inside |⌘| < 2.7. Stand-alone
muons with pT > 6 GeV are only considered in the 2.5 < |⌘| < 2.7 range. The acceptance
gap in the Muon Spectrometer at ⌘ ⇡ 0 is compensated by using Calorimeter-Tagged
muons in the |⌘| < 0.1 region. To be selected these muons must have pT > 15 GeV.

The electron and muon tracks are required to originate from the primary vertex (PV)
i.e. the vertex in the event with the largest track-pT sum:

P
p2
T . Events with less than

one vertex with at least three associated tracks are rejected. The distance between the
lepton track and the PV along the z-axis must be |�z0| < 10 mm.

To reduce the background from cosmic ray muons a cut on the transverse impact
parameter |�d0| < 1 mm is applied for muons only. The tracks of both electrons and
muons must be “good tracks”, i.e. must satisfy precise quality requirements regarding
the minimum number of hits in the Pixel, in the SCT and in the TRT detectors.

6.3.3 Kinematic and topological cuts

The Higgs boson candidate events are selected among the ones with two pairs (a quadru-
plet) of “good leptons” with same flavor and opposite sign (SFOS). Only one Stand-
Alone or Calorimeter-Tagged muon is allowed to be in the quadruplet. The quadruplet
selection for each event is done separately for all the possible final states.

Building of the quadruplet

The three leading leptons of each quadruplet must pass the decreasing pT thresholds of
20, 15 and 10 GeV respectively. The four leptons are required to be well separated, i.e to
lie at a distance �R > 0.10 if they are of the same flavor, or �R > 0.2, if they are not. The
pair of SFOS leptons with the invariant mass closest to mZ is identified as produced by
the leading Z boson decay. The invariant mass of these leptons is indicated as m12. The
sub-leading lepton pair is formed with the remaining leptons in the events. If more than
one combination is available the one with the invariant mass closest to the nominal Z
boson mass is chosen. The mass of the sub-leading lepton pair is indicated as m34. The
leptons used to build m12 and m34 form the final quadruplet and the invariant mass of
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the four leptons is indicated as m4`. The mass of the leading and the sub-leading lepton
pair m12 and m34 must satisfy the condition:

50 < m12[GeV] < 106,
mthr < m34[GeV] < 115.

(6.2)

The sub-leading lepton pair, m34, must be larger than a threshold, mthr, which varies
according to the measured value of m4`. The value of the threshold is mthr = 12 GeV
for m4` < 140 GeV and mthr = 50 GeV for m4` > 190 GeV. In the range 140 < m4` <
190 GeV, mthr increase linearly between 12 and 50 GeV. The reason of this sliding cut is
that the mass of the sub-leading Z boson in a H ! ZZ⇤ decay depends on the mass of
the Higgs boson and, for mH < 2mZ, it is approximately given by mH -mZ, see Figure
6.3a. An event is rejected when a combination of opposite sign and same flavor leptons
in the quadruplet gives an invariant mass m`` < 5 GeV. This requirement is applied
to remove the contribution of J/ decays. A summary of the kinematic requirements
applied is given in Table 6.3.

Reducible background suppression

The leptons produced by background processes such as Z+jets or tt are usually not
isolated since they are generated mostly by decays of hadronic particles. The contam-
ination of these events in the Higgs boson candidate selection is reduced by applying
to each lepton a requirement on the track- and calorimeter-isolation and on the impact
parameter significance, as shown in Table 6.3.

The track isolation discriminant is defined as the sum of the pT of tracks inside a
cone �R < 0.2 around the lepton, excluding the lepton track, divided by the lepton pT .
It is required to be smaller than 0.15 for all the leptons in the quadruplet.

The calorimetric isolation discriminant, for the electrons in the 2012 data set, is com-
puted as the sum of the cluster transverse energies ET , in the electromagnetic and the
hadronic calorimeters with a barycenter inside a cone �R < 0.2 around the electron can-
didate, divided by the electron ET . It is required to be less than 0.2. The pile-up and
underlying event contribution is subtracted in each event [71].

The calorimetric isolation variable for electrons in the 2011 dataset is cell-based rather
than cluster-based and it must be smaller than 0.3 instead of 0.2, which was used in
2012. In the case of muons the relative calorimetric isolation discriminant is defined as
the sum

P
ET , of the calorimeter cells above 3.4�, where � is the sum of the expected

electronic and pile-up noise inside a cone �R < 0.2 around the muon direction, divided
by the muon pT . Muons are required to have a relative calorimetric isolation less than
0.3 (0.15 in case of Stand-Alone muons). For both the track- and the calorimeter-based
isolation any contribution arising from other leptons in the quadruplet is removed [8].

The transverse impact parameter significance of a lepton, defined as the impact pa-
rameter in the transverse plane divided by its uncertainty: |d0|/�d0 , is required to be
lower than 3.5 (6.5) for all muons (electrons). A looser cut is applied in the electron case
because the measurement of the impact parameter is affected by bremsstrahlung.

An event fulfilling all the selection criteria, summarized in Table 6.3, is considered a
good Higgs boson candidate and the corresponding m4` value is stored. The selection
efficiency relative to the 8 TeV data, measured with a simulated sample of H ! ZZ⇤ ! 4`

79



6

Chapter 6 Observation of the Higgs boson decay into four leptons

decays with mH = 125 GeV is found to be 40% for the 4µ channel, 25% for the 2e2µ/2µ2e
channels and 20% for the 4e channel, as shown in Figure 6.5. The improvements in the
electron reconstruction applied in 2012 (see Section 6.5) lead to an efficiency increase of
2-3% with respect to 7 TeV data in the 2e2µ/2µ2e and 4e channels.

If more than one selection channel has a quadruplet fulfilling all the selection criteria,4
the channel with the highest expected signal rate is kept, i.e. in order 4µ, 2e2µ, 2µ2e
and 4e. Figure 6.5 shows the evolution of the signal and background efficiency after
each cut of the event selection. The requirement to have four leptons already halves the
signal efficiency downstream the trigger, mostly because of the finite dimension of the
detector and because of the pT (ET ) cut at 6(7) GeV applied to all the muons (electrons).
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Figure 6.5: Selection efficiency after each one of the analysis cuts relative to the 4µ (left) and the
4e (right) channels. The efficiency is shown for a Higgs boson signal with mH =
125 GeV (blue bars) and for the irreducible background process qq ! ZZ⇤ ! 4` (red
bars). The isolation and d0 significance cuts do not reduce the irreducible background
yield but are crucial to suppress the tt and Z+ jets background.

6.4 Four-lepton invariant mass resolution

The peak position and the width of the signal m4` distribution depend on the scale
and the resolution of the single electron/muon energy/momentum measurement. This
in turns depends on pT and ⌘ of the leptons. Any improvement on the four-lepton
invariant mass resolution provides more precise information about the Higgs boson
mass and increases the signal-to-background ratio. To achieve this goal two subsequent
corrections are applied to the m4` measurement, based on the following features of the
signal process:

• the emission of a photon from an electron or a muon causes the broadening of the
m4` distribution and a shift toward lower values with respect to the true Higgs

4This eventuality is very rare, it never happens analyzing 100,000 H ! ZZ⇤ ! 4` signal simulated events.
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Table 6.3: Table of the analysis pre-selection cuts, applied to each lepton, and of the analysis
selection cuts, applied to each event.

Event pre-selection

Electrons • loose LH electrons: ET > 7 GeV and |⌘| < 2.47

Muons

• CB or ST muons: pT > 6 GeV, |⌘| < 2.7

• CA muons: pT > 6 GeV, |⌘| < 0.1

• SA muons: pT > 6 GeV, 2.5 < |⌘| < 2.7, �R > 0.2
from any ST muon

• Maximum one CA or SA muon in the quadruplet

Event selection

Kinematic

selection

• At least one quadruplet of SFOS leptons

• pT thresholds for 3 leading leptons: 20,15 and
10 GeV

• Choose one quadruplet per event with the leading
and sub-leading lepton mass closest to the Z boson
nominal mass

• Leading lepton mass: 50 GeV < m12 < 106 GeV

• Sub-leading lepton mass: mthr < m34 < 115 GeV

• Remove quadruplet if m`` < 5 GeV, �R(`, ` 0) > 0.10
(0.20) for same (different) flavor leptons

Isolation cuts

• Lepton track isolation (�R = 0.20):
P

pT/pT < 0.15

• Electron calo isolation (�R = 0.20):
P

ET/ET < 0.20

• Muon calo isolation (�R = 0.20):
P

ET/ET < 0.30
(0.15) for SA muons

Impact parameter

significance

• Electrons: d0/�d0 < 6.5

• Muons: d0/�d0 < 3.5
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boson mass. This effect can be partially corrected using the information of the
calorimeters, as it is shown in Section 6.4.1.

• in a H ! ZZ⇤ decay, at least one of the two Z bosons is very likely to be produced
on-shell. This information is used to re-compute the momentum of the leading
lepton pair as described in Section 6.4.2.

6.4.1 Final state radiation recovery

The H ! ZZ⇤ ! 4` events include also low ET photons from QED Final State Radiation
(FSR). This process is well modeled by the Monte Carlo and induces a shift of the di-
lepton and the four-lepton invariant mass to lower values. Some of these FSR photons
can be identified in the calorimeter and included in the m4` determination to recover
signal events with a reconstructed Higgs boson mass much lower than the true one.

The criteria for this photon search are obtained from studying the Z ! `+`- de-
cay in data and simulation [45]. In case of Z ! µ+µ- decays the search is made for
both collinear and non-collinear photons. For Z ! e+e- decays the search is done for
non-collinear photons only because the photons collinear to the electrons are already in-
cluded in the electron calorimeter cluster. At most one FSR photon per event is included
with priority given to the collinear photons.

A collinear FSR photon is identified by the presence of a calorimeter cluster with
ET > 3.5 GeV at a distance �R < 0.15 from the muon. If more than one cluster is found
in the same cone, the one with the largest ET is taken. If the muon-photon distance is
smaller than �R = 0.05 an energy of 400 MeV is subtracted from the photon iscluster
energy to account for the muon ionization contribution.

A non-collinear FSR photon candidate is identified if the distance between the lepton
and the cluster is �R > 0.15, ET > 10 GeV and the FSR photon is isolated. The sum of the
transverse energy inside a cone �R < 0.4 around the candidate photon must be smaller
than 4 GeV. In case a good collinear FSR photon candidate is found, it is included in
the di-muon mass computation when 66 < mµµ < 89 GeV. Non collinear FSR photons
are included in the Z boson invariant mass computation when m`` < 81 GeV. If m4` <
190 GeV the correction is applied only to the lepton pair which together with the photon
candidate gives the invariant mass closest to the Z boson nominal mass. Any correction
is discarded if m``� > 100 GeV.

Figure 6.6 shows the di-muon mass distributions obtained from a sample of Z !
µ+µ- decays with an FSR photon candidate identified, before and after the correction.
The fraction of Z ! µ+µ- events corrected with a collinear (non-collinear) FSR photon
is found to be 4% (1%) of the total. The collinear FSR selection recovers 70% of the FSR
photons within the selected fiducial region with a purity of 85%. The non-collinear FSR
selection has a ⇠ 60% efficiency and purity > 95% [45].

6.4.2 Z boson mass constraint

The fact that the first lepton pair is predominantly produced in a decay of an on-shell
Z boson allows for the improvement of the di-lepton mass resolution. After the FSR
correction the momenta of the two leading leptons are re-computed using a Z-mass
constrained kinematic fit which determines the best momentum estimates under the
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Figure 6.6: Invariant mass distribution of Z ! µ+µ- events with identified FSR in data before
(filled triangles) and after (filled circles) FSR correction, for collinear (left) and non-
collinear (right) FSR. The MC prediction is shown before correction (red histogram)
and after correction (blue histogram) [45].

hypothesis that the Z boson mass distribution is given by a Breit-Wigner centered in the
nominal Z boson mass mZ = 91.19 GeV with a width �Z = 2.49 GeV. The probability to
observe a Z boson with a true mass M12, decaying into two leptons with true momenta,
ptrue

1,2 , while measuring the momenta prec
1,2 , is given by the product

L(mZ, �Z,prec
1 ,prec

2 ) = BW(M12|mZ, �Z) · R1(p
rec
1 |ptrue

1 ) · R2(p
rec
2 |ptrue

2 ), (6.3)

of the Breit-Wigner distribution, BW, describing the Z boson line shape and the momen-
tum response functions R1,2 of the two leptons. The value of the BW is determined by
the value of the true di-lepton invariant mass, M12. Neglecting the lepton masses, we
have:

M2
12 = 2E1E2(1 - cos #), (6.4)

where E1,2 denotes the true lepton energy and # is the opening angle between the lep-
tons, depending on the true lepton angles ⌘true and �true. The response functions, R1,2,
give the probability to observe the measured lepton momenta, prec, given their true val-
ues, ptrue. The lepton angles are measured very precisely such that the values ⌘rec and
�rec effectively correspond to ⌘true and �true, respectively. Therefore, the lepton response
functions are essentially probability density functions of the measured energy given the
true one. They are approximated with a gaussian, G, with mean equal to Etrue and vari-
ance equal to the square of the measured lepton momentum uncertainty. The likelihood
of eq. (6.3) can be re-written, leaving out the constant parameters, as

L(E1,E2) = BW(E1,E2)G(p
rec
1 |E1)G2(p

rec
2 |E2). (6.5)

Maximizing the likelihood one finds the best estimate of the true energies of the two
leptons Ê1,2. These are used to re-compute the invariant mass of the final quadruplet.

83



6

Chapter 6 Observation of the Higgs boson decay into four leptons

This procedure will be called from now on Z mass constraint. Figure 6.7 shows the
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Figure 6.7: Comparison between the four-muon invariant mass without corrections (red his-
togram) and the four-muon invariant mass after the subsequent application of the
FSR correction (green histogram) and the Z mass constraint (blue histogram). Only
events with an identified FSR photon are considered. The distributions are obtained
from a simulated signal sample generated with a Higgs boson mass equal to 125 GeV.

progressive resolution improvement on the four-muon invariant mass after the applica-
tion of the FSR correction and the Z mass constraint on the events with a FSR photon
identified.

The final resolution and scale of the four-lepton invariant mass produced by a 125 GeV
Higgs boson signal is shown in Figure 6.8 for the four different channel of the analysis.
The width and the mean of the m4` distribution are estimated with a simple Gaussian
fit around the peak. Looking at these plots we can see that the channel with the best
resolution is the 4µ one. Electrons have on average a worse resolution than the muons
especially when the pT is low, as one can see comparing Figure 5.5 and 5.9. This is the
reason why the channels with two electrons as sub-leading pair (2µ2e, 4e) have a worse
resolution.

6.5 Results of the event selection

The number of observed candidate events for each of the four decay channels in a
mass window between 120 and 130 GeV, as well as the signal and background expecta-
tions are presented in Table 6.4. The signal and the ZZ⇤ background distributions are
normalized to the Standard Model expectation while the contribution of the reducible
background from Z+jets and tt processes is normalized with a data-driven estimate,
described in Section 6.6.

Figure 6.9 shows the four-lepton invariant mass distribution for the Higgs boson can-
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Figure 6.8: Four-lepton invariant mass distribution obtained from the simulation of a Higgs bo-
son with mass, mH = 125 GeV, decaying into four leptons. All production modes are
summed together. Final state radiation and Z mass constraint correction have been
applied. The blue curve represent a Gaussian fit to the m4` peak.
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didates selected from the
p
s = 7 TeV and

p
s = 8 TeV datasets together with the ex-

pected distributions from the signal and the background simulation for two different
m4` ranges. The plot shows the Z ! 4` resonance around 91 GeV, the threshold of the
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Figure 6.9: Distribution of the four-lepton invariant mass, m4`, for the selected candidates (filled
circles) compared to the expected signal and background contributions (filled his-
tograms) for the combined

p
s = 7 TeV and

p
s = 8 TeV data for the mass ranges: (a)

80 - 170 GeV, and (b) 80 - 600 GeV. The signal expectation shown is for a mass hy-
pothesis of mH = 125 GeV. The expected backgrounds are shown separately for the
ZZ⇤ (red histogram), and the reducible Z+jets and tt backgrounds (violet histogram).

on-shell ZZ production above 180 GeV and a narrow peak around 125 GeV correspond-
ing to the H ! ZZ⇤ ! 4` signal. Figure 6.10 shows the distribution of the m12 versus
m34 invariant masses for the candidates with m4` within 120-130 GeV. Figure 6.11a and
6.11b show the projection of these two quantities in the m4` range 110-140 GeV. In these
plots we can see that the the distribution of the mass of the two Z bosons is in agree-
ment with what expected from the decay of a Standard Model Higgs boson with a mass
around 125 GeV.

6.6 Background estimation

The ZZ⇤ background is estimated by applying the event selection to the simulated events
and by normalizing the distributions to the expected number of events for the total
integrated luminosity under analysis, obtained from the Standard Model cross section
prediction (see Table 3.3). The yield of the reducible background processes like Z(!
``)+jets and tt, instead, must be evaluated with data-driven methods [8]. This is because
the available Monte Carlo statistic is too small and the QCD processes are difficult to be
simulate properly.

The composition of the reducible background depends on the flavor of the sub-leading
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Table 6.4: Number of events expected and observed for a mH = 125 GeV hypothesis for the four-
lepton final states in a window of 120 < m4` < 130 GeV. The second column shows
the number of expected signal events for the full mass range, without a selection
on m4`. The other columns show, for the 120 - 130 GeV mass range the number of
expected signal events, the number of expected ZZ⇤ and reducible background events,
the signal-to-background ratio (S/B), together with the number of observed events,
for 4.5 fb-1 at

p
s = 7 TeV and 20.3 fb-1 at

p
s = 8 TeV, as well as for the combined

sample.

Final state Signal ZZ⇤ Z+jets, tt S/B Expected Observed

p
s = 7 TeV

4µ 1.00 ± 0.10 0.46 ± 0.02 0.10 ± 0.04 1.7 1.47 ± 0.10 2
2e2µ 0.66 ± 0.06 0.32 ± 0.02 0.09 ± 0.03 1.5 0.99 ± 0.07 2
2µ2e 0.50 ± 0.05 0.21 ± 0.01 0.36 ± 0.08 0.8 1.01 ± 0.09 1
4e 0.46 ± 0.05 0.19 ± 0.01 0.40 ± 0.09 0.7 0.98 ± 0.10 1

Total 2.62 ± 0.26 1.17 ± 0.06 0.96 ± 0.18 1.1 4.45 ± 0.30 6

p
s = 8 TeV

4µ 5.80 ± 0.57 2.36 ± 0.12 0.69 ± 0.13 1.7 8.33 ± 0.60 12
2e2µ 3.92 ± 0.39 1.67 ± 0.08 0.60 ± 0.10 1.5 5.72 ± 0.37 7
2µ2e 3.06 ± 0.31 1.17 ± 0.07 0.36 ± 0.08 1.8 4.23 ± 0.30 5
4e 2.79 ± 0.29 1.03 ± 0.07 0.35 ± 0.07 1.7 3.77 ± 0.27 7

Total 15.6 ± 1.6 6.24 ± 0.34 2.00 ± 0.28 1.7 22.1 ± 1.5 31

p
s = 7 TeV and

p
s = 8 TeV

4µ 6.80 ± 0.67 2.82 ± 0.14 0.79 ± 0.13 1.7 9.81 ± 0.64 14
2e2µ 4.58 ± 0.45 1.99 ± 0.10 0.69 ± 0.11 1.5 6.72 ± 0.42 9
2µ2e 3.56 ± 0.36 1.38 ± 0.08 0.72 ± 0.12 1.5 5.24 ± 0.35 6
4e 3.25 ± 0.34 1.22 ± 0.08 0.76 ± 0.11 1.4 4.75 ± 0.32 8

Total 18.2 ± 1.8 7.41 ± 0.40 2.95 ± 0.33 1.6 26.5 ± 1.7 37
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lepton pair. Different approaches are taken for the ``+ µ+µ- and the ``+ e+e- final
states. The two cases are discussed in Sections 6.6.1 and 6.6.2, respectively. The yields
for the reducible backgrounds in the signal region are summarized in Tables 6.5 and 6.6.
The small contribution from the WZ reducible background is estimated from simulation.

6.6.1 ``+ µ+µ- background

The `` + µ+µ- reducible background arises from Z+jets and tt processes, where the
Z+jets contribution has a Zbb heavy-flavor quark component, in which the heavy-flavor
quarks decay semi-leptonically, and a component arising from Z+light-flavor jets with
subsequent ⇡±/K± decays. The number of background events from Z+jets and tt pro-
duction is estimated from an unbinned maximum likelihood fit, performed simultane-
ously to four control regions, to achieve better statistical uncertainty. The four control
regions are chosen to be orthogonal both to each other and to the signal region, i.e. one
event cannot be selected in more than one control region. Each control region provides
information on one or more of the background components.

The fit results are expressed in terms of yield in a fifth, “reference”, control region,
defined by applying the event selection except for the isolation and impact parameter
requirements on the sub-leading lepton pair. Finally the number of background events
in the the reference control region is extrapolated to the signal region using transfer
factors obtained from Monte Carlo simulation. The four control regions are designed to
minimize contamination from the Higgs boson signal and the ZZ⇤ background. They
are defined as follows:

a) Inverted impact parameter significance requirement. No isolation requirement on the
muons of the sub-leading pair and at least one of the two muons is required to fail
the impact parameter significance cut. This control region is enriched in Zbb and
tt events.

b) Inverted isolation requirement. At least one of the muons of the sub-leading pair
is required to fail the isolation requirements. This control region is enriched in
Z+ light-flavor-jet events (⇡±/K± decays) and tt events.

c) eµ leading di-lepton (eµ+µµ). The leading lepton pair is required to be an electron-
muon pair. Isolation and impact parameter requirements are not applied to muons
of the sub-leading pair, which are allowed to be same or opposite charge sign.
Events containing a Z boson candidate decaying into e+e- or µ+µ- pairs are
removed with a requirement on the mass of the lepton pair. This control region is
dominated by tt events.

d) Same sign sub-leading di-lepton. No isolation and the impact parameter significance
requirements are applied on the sub-leading lepton pair. The leptons of the sub-
leading pair are required to have the same charge. This control region is not domi-
nated by any specific background, all the reducible backgrounds have a significant
contribution.

The reference control region is defined by applying the standard analysis selection ex-
cept for the isolation and the impact parameter significance requirements on the sub-
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leading lepton pair.5 In all the control regions, the observable is the mass of the leading
lepton pair, m12, which peaks at the Z boson mass for the resonant (Z+jets) component
and has a broad distribution for the non-resonant (tt) component. For the tt compo-
nent the m12 distribution is modeled by a second-order Chebychev polynomial, while
for the Z+jets component a convolution of a Breit-Wigner distribution with a Crystal-
Ball function is used. The number of events for each background component falling in
each of the four control regions is expressed in terms of the number of events for the
given component in the reference control region. The ratio of these number of events
is obtained from the simulation and it is allowed to fluctuate within the Monte Carlo
statistical uncertainty. The results of the combined fit in the four control regions are
shown in Figure 6.12, along with the individual background components.

The yields in the reference control region are extrapolated to the signal region by mul-
tiplying each background component by a scale factor given by the probability of the
background events to satisfy the isolation and impact parameter significance require-
ments, estimated from simulation. The systematic uncertainty in these transfer factors,
stemming mostly from the size of the simulated sample, is 6% for Zbb, 60% for Z+light-
flavor jets and 16% for tt. The reducible background estimates in the signal region are
given in Table 6.5.

Table 6.5: Estimates for the ``+ µµ background in the signal region for the full m4` mass range
for the

p
s = 8 TeV data. The Z+jets and tt background estimates are data-driven and

the WZ contribution is from simulation. The decomposition of the Z+jets background
in terms of the Zbb and the Z+light-flavor jets contributions is also provided. Uncer-
tainties are separated into statistical and systematic contributions, where in the latter
the transfer factor uncertainty and the fit systematic uncertainties are included [8].

Background 4µ 2e2µ
p
s = 7 TeV

Zbb 0.36 ± 0.19(stat.) ± 0.07(syst.) 0.25 ± 0.13(stat.) ± 0.05(syst.)
Z+ light-flavor jets 0.06 ± 0.08(stat.) ± 0.04(syst.) 0.04 ± 0.06(stat.) ± 0.02(syst.)
tt 0.08 ± 0.02(stat.) ± 0.02(syst.) 0.56 ± 0.01(stat.) ± 0.02(syst.)
WZ expectation 0.08 ± 0.05 0.19 ± 0.10

p
s = 8 TeV

Zbb 2.30 ± 0.26(stat.) ± 0.14(syst.) 2.01 ± 0.23(stat.) ± 0.13(syst.)
Z+ light-flavor jets 0.81 ± 0.38(stat.) ± 0.41(syst.) 0.57 ± 0.31(stat.) ± 0.41(syst.)
tt 0.51 ± 0.03(stat.) ± 0.09(syst.) 0.48 ± 0.03(stat.) ± 0.08(syst.)
WZ expectation 0.42 ± 0.07 0.44 ± 0.06

5This control region cannot be used directly in the background estimation since it contains also the full
signal region.
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Figure 6.12: The observed m12 distributions (filled circles) and the result of the simultaneous
maximum likelihood fit are presented for the four control regions: (a) inverted re-
quirement on impact parameter significance, (b) inverted requirement on isolation,
(c) eµ leading lepton, where the backgrounds besides tt are small and not visi-
ble, and (d) same-sign sub-leading lepton. The fit results are shown for the total
background (black line) as well as the individual components: Z+jets decomposed
into Z+ bb (blue line) and Z+ light-flavor jets (green line), tt(dashed red line), and
the combined WZ and ZZ (dashed gray line). The WZ and ZZ contributions are
estimated from simulation [8].
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6.6.2 ``+ e+e- background

The reducible background with a sub-leading electron pair arises from jets or photons
misidentified as electrons. The background is classified into three distinct sources: light-
flavor jets (f), photon conversions (�) and heavy-flavor semi- leptonic decays (q), which
are identified exactly in simulated background events. The background yield estimation
is performed from a control region, named 3` + X (X = f,�,q), defined relaxing the
identification criteria on the lower-pT electron of the sub-leading pair.

The scale factors needed to extrapolate the yields, relative to the various background
sources, from the control region to the signal region are obtained from simulation, in
pT and ⌘ bins. These efficiencies are corrected to match the efficiency measured in data
using another type of control region, denoted as Z+X, enhanced for each X component.
The Z + X control region has a leading lepton pair compatible with the decay of a Z
boson, passing the full event selection, and an additional object (X = f,�,q) stisfying the
relaxed identification [8]. In the 3`+ X control region the full event selection is applied
to the three leading leptons. The relaxed requirements applied to the lowest-pT electron
are the following:

• only a track with a minimum number of hits in the SCT and the pixel detector is
required,

• the electron identification, isolation and impact parameter criteria are not applied,

• the sub-leading electron pair is required to have the same sign to minimize the
contribution from the ZZ⇤ background.

A residual component from the ZZ⇤ background, with a magnitude of 5% of the rest
of the background estimate, survives the same-sign selection. It is subtracted to get the
final estimate.

Two variables are used to separate the f, � and q components: the number of hits in
the innermost layer of the pixel detector (nB-layer) and the ratio of the number of high-
threshold to low-threshold TRT hits (rTRT ).6 This is because most photons convert after
the innermost pixel layer, and the hadrons faking electrons have a lower rTRT compared
to electrons from photon conversions and from heavy-flavor decay. The templates for
the fit are taken from the Z+X simulation. The fit result is shown in Figure 6.13, for the
2µ2e and 4e channels combined. The resulting background yield in the signal region
is presented in Table 6.6. The shape of distribution is extracted from the 3`+ X sample
after the reweighting with the transfer factors.

6A large number of hits above a high signal pulse-height threshold is an indication of the presence of
transition radiation, which is more probable for electrons than for pions, since it depends on the � =
E/m factor of the particle, see Section 4.3.3.
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Figure 6.13: The results of a simultaneous fit to (a) nB-layer hits, the number of hits in the
innermost pixel layer, and (b) rTRT, the ratio of the number of high-threshold to
low-threshold TRT hits, for the background components in the 3`+X control region.
The fit is performed separately for the 2µ2e and 4e channels and summed together
in the present plots. The data are represented by the filled circles. The sources of
background electrons are denoted as: light-flavor jets faking an electron (f, green
dashed histogram), photon conversions (�, blue dashed histogram) and electrons
from heavy-flavor quark semi-leptonic decays (q, red dashed histogram). The total
background is given by the solid blue histogram [8].

Table 6.6: Data-driven ``+ e+e- background estimates for the
p
s = 7 TeV and

p
s = 8 TeV data

for the full m4` mass range with statistical and systematic uncertainty [8].

Channel
p
s = 7 TeV

p
s = 8 TeV

2µ2e 2.9 ± 0.5(stat.) ± 0.5(syst.) 2.91 ± 0.33(stat.) ± 0.60(syst.)
4e 3.3 ± 0.5(stat.) ± 0.5(syst.) 2.88 ± 0.28(stat.) ± 0.54(syst.)
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6.7 Multivariate discriminant

The results of the event selection, presented in Section 6.5, are used to extract infor-
mation about the Higgs boson, such as the mass, the signal strength and the width.
The main discriminating variable used for this comparison is the four-lepton invariant
mass, m4`. In this section we present another variable used to improve the discrimi-
nation between signal-like and background-like events. It is obtained by incorporating
the kinematic differences of the H ! ZZ⇤ ! 4` decay and the ZZ⇤ background into
a Boosted Decision Tree (BDT) [72]. The BDT have been implemented with the TMVA
toolkit [73], integrated in the ROOT analysis framework [74].

For each event the BDT takes a set of kinematic variables and, given their value,
assigns to the event a score between -1 (background-like) and +1 (signal-like). To set
this score the BDT must be trained with two samples of background-only and signal-
only simulated events. This is done by using Monte Carlo H ! ZZ⇤ ! 4` signal
events, generated with mH = 125 GeV for gluon fusion production and qq ! ZZ⇤

background events. Only the events satisfying all the selection requirements and with
115 < m4` < 130 GeV are considered in the training. This range contains 95% of the
signal and it is asymmetric around 125 GeV to include the residual effects of FSR and
bremsstrahlung.

The discriminating variables used by the Boosted Decision Tree (from now on indi-
cated as BDTZZ⇤) are: the transverse momentum of the four-lepton system (p4`), the
pseudo-rapidity of the four-lepton system (⌘4`) and a matrix element based kinematic
discriminant (DZZ⇤), defined as:

DZZ⇤ = ln

 
|Msig|

2

|MZZ⇤ |2

!

, (6.6)

where Msig corresponds to the matrix element for the signal process, while MZZ⇤ is the
matrix element for the ZZ⇤ background process. The matrix elements for both signal
and background are computed at leading order using MadGraph5 [75]. The matrix
element for the signal is evaluated according to the Standard Model hypothesis of a
scalar boson with spin-parity JP = 0+[29] and under the assumption that mH = m4`.
Figures 6.14(a,b and c) show the distributions of the variables used to train the BDT
classifier for the signal and the ZZ⇤ background. The distribution of the BDT output
(OBDTZZ⇤ ) is shown in Figure 6.14d for the simulated signal and background processes.
There is a clear separation between the shape obtained from the Higgs boson events
with respect to the one from ZZ⇤ events.

The distribution of the BDTZZ⇤ output versus the m4` observed in the data is shown
in Figure 6.15a for the reconstructed candidates in the mass range 110 < m4` < 140 GeV.
The BDTZZ⇤ output distribution, in Figure 6.15b, clearly shows an excess of events for
values larger than zero, as expected if a Higgs boson signal would be present in the
data.
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Figure 6.14: Distribution of the three variables used to train the Boosted Decision Tree (a,b,c)
and distribution of the final BDTZZ⇤ output variable obtained for a 125 GeV Higgs
boson signal sample (blue histograms) and the ZZ⇤ irreducible background (red
histograms).

95



6

Chapter 6 Observation of the Higgs boson decay into four leptons

 [GeV]l4m
110 115 120 125 130 135 140

 o
ut

pu
t

ZZ
*

BD
T

0

0.02

0.04

0.06

0.08

0.1

0.12

-1

-0.5

0

0.5

1

Data

 = 125 GeV)
H

Signal (m

tBackground ZZ*, Z+jets, t

l4→ZZ*→H
-1 Ldt=4.5fb∫=7TeV, s

-1 Ldt=20.3fb∫=8TeV, s

(a)

 outputZZ*BDT
-1 -0.5 0 0.5 1

Ev
en

ts
/0

.2

0

2

4

6

8

10

12

14

16 l4→ZZ*→H
-1 Ldt=4.5fb∫=7TeV, s

-1 Ldt=20.3fb∫=8TeV, s

 < 130 GeVl4120 < m

Data
 = 125 GeV)

H
Signal (m
Background ZZ*

tBackground Z+jets, t

l4→ZZ*→H
-1 Ldt=4.5fb∫=7TeV, s

-1 Ldt=20.3fb∫=8TeV, s

 < 130 GeVl4120 < m

(b)

Figure 6.15: Data (filled circles) superimposed to the expected signal and background distrib-
utions in the OBDTZZ⇤ -m4` plane (a) and projection of OBDTZZ⇤ with restriction
120 < m4` < 130 GeV (b). In (a) the the expected distribution of the Higgs boson
signal (light-blue) for mH = 125 GeV and the total background (light-red) are are
superimposed. The box size (signal) and the color shading (background) represent
the relative density of events. In (b) the Higgs boson signal is shown as the light
blue histogram while the ZZ⇤ and the reducible background are represented by the
red and the violet histogram respectively.

6.8 Statistical interpretation of the result

The distribution of the H ! ZZ⇤ ! 4` candidate events selected from the 2011 and 2012
dataset (Figure 6.9) shows clearly an excess over the Standard Model background in
the four-leptons invariant mass region around 125 GeV. In the mass window between
120 and 130 GeV the number of Higgs boson candidates observed is 37 while the total
number of events expected from the background processes is 10.4 and the expectation
from a Standard Model Higgs boson with mH = 125 GeV is 16.2 events (see Table 6.4).

In this section we describe the procedure to extract, from the observed dataset, an
estimate of the following quantities:

• the probability to observe an excess of events at the level of the data or higher
under the background only hypothesis,

• the mass of the Higgs boson,

• the strength of the signal process.

6.8.1 Likelihood function

The first step to take is to build the likelihood function, L, defined as the probability
to observe the data x = (x1, . . . , xN) given a specific model for the signal Ps and the
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background Pb:

L(µ,mH,✓s,✓b) = µ
NY

k=1

Ps(xk|mH,✓s) +
NY

k=1

Pb(xk|✓b), (6.7)

here the xi are the N values of a certain set of observables and the observations are
assumed to be all independent.

The parameter µ determines the strength of the H ! ZZ⇤ ! 4` process and from now
on will be simply called signal strength. The functions Ps(x|✓s) and Pb(x|✓b) are called
probability density functions (PDF) and express the probability to measure a value of the
observables x for a specific set of parameters mH, ✓s and ✓b. The PDFs are normalized
to the expected number of events. As a consequence the Standard Model Higgs boson
hypothesis corresponds to µ = 1 while the background-only hypothesis is obtained by
setting µ = 0.

The parameters of the PDF which are not of immediate interest are called nuisance
parameters and are used to evaluate the impact of the systematic uncertainties on the
measurement of the parameters of interest (see Section 6.8.6).

The values of the parameters that best describe the data are the ones that maximize
the likelihood. The proof of this statement is a simple application of the Bayes theorem.
The probability to observe a specific value of a parameter, given the data D is:

P(✓|D) =
P(D|✓)P(✓)

P(D)
. (6.8)

The best estimate for ✓ is the one that maximizes P(✓|D), also called posterior probability.
The maximum of P(✓|D) coincides with the maximum of the right member of eq. (6.8)
where:

• P(D|✓) is the probability to observe the data given a specific value of ✓. This
probability is given by

P(D|✓) =
NY

k

P(xk|✓)dx = L(✓)dxN

being P(xk|✓) the probability density function for the data given the parameter ✓
and P(xk|✓)dxk the probability to measure the value xk in the interval [xk, xk+dx].
Since the dx intervals can be considered all equal and independent from ✓, P(D|✓)
coincides with the likelihood function up to a multiplicative constant.

• P(✓) is the probability to observe a certain value of ✓ independently from the
observed data. It expresses the knowledge about the parameter, before perform-
ing the measurement, it is also called prior probability. In the specific case of this
analysis, there is no prior knowledge about the distributions of the Higgs boson
parameters, hence these are all assumed to be uniform.

• P(D) is just a normalization factor because it does not depend on ✓.

97



6

Chapter 6 Observation of the Higgs boson decay into four leptons

With a prior probability independent from the parameter under study the maximum of
the posterior probability is proportional to the maximum of the likelihood function. The
value of the parameter ✓ maximizing the posterior probability therefore coincides with
the one that maximizes the likelihood, indicated as ✓̂, also called maximum likelihood
estimate (MLE).

In many practical cases, and also for the probability models presented hereafter, the
likelihood function does not have an analytic shape and its maximum point can be
only estimated with a numerical algorithm. The results shown in this thesis have been
obtained using the MINUIT algorithm [76] implemented in the RooFit toolkit [77] avail-
able within the data analysis framework ROOT [74].

6.8.2 Signal and background model

The signal and background probability density functions used to build the likelihood
of eq. 6.7 are Monte Carlo templates obtained from simulation. Different templates are
used for each of the four final states, for the two center of mass energies:

p
s = 7 and

8 TeV. Therefore the likelihood assumes the form

L =

yearY

i

channelY

j

Ni,jY

k

✓
µPi,j

s (xk|mH,✓s) +Pi,j
b (xk|✓b)

◆
, (6.9)

where Nij is the number of observed events in the year i, in the final state j. The
m4` and BDTZZ⇤ distributions are smoothed using a kernel density estimation method
[78]. The signal templates are generated at 15 different mH values in the range 115-
130 GeV. A continuous mH parametrization is obtained by interpolating [79] between
the available distributions. The dependence of Ps on the BDTZZ⇤ output is simplified by
using just four equally sized BDTZZ⇤ bins. Leaving out the dependence on the nuisance
parameters the signal PDF can be written as:

Ps(m4`,OBDTZZ⇤ |mH) = P(m4`|OBDTZZ⇤ ,mH)P(OBDTZZ⇤ |mH) =

BDT binsX

n=1

✓
Pn(m4`|mH)⇥n(OBDTZZ⇤ )

◆
P(OBDTZZ⇤ |mH),

(6.10)

where ⇥n represents the four bins of the BDTZZ⇤ output, and Pn represent the 1-
dimensional probability density function of the signal in the corresponding BDTZZ⇤

bin. The variation of the m4` shape is negligible within a single bin and thus no par-
ticular bias is introduced. P(OBDTZZ⇤ |mH) is the Monte Carlo template obtained from
the signal OBDTZZ⇤ distribution. The variation of the BDTZZ⇤ output PDF for differ-
ent Higgs boson masses is parametrized by interpolating between various distrbutions
generated with mH between 122 and 127 GeV.

The background probability density function Pb(m4`,OBDTZZ⇤ ) is described using a
two-dimensional template. The template is taken from simulation for the ZZ⇤ and the
``+ µ+µ- background and from the data driven method described in Section 6.6.2 for
the ``+ e+e- background. Figure 6.16 shows the probability density functions in the
OBDTZZ⇤ -m4` plane for the signal process, with mH = 125 GeV, for the ZZ⇤ background
and for the reducible tt and Z+jets background. The Higgs boson mass and signal
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Figure 6.16: Probability density for the signal and the different backgrounds, normalized to the
expected number of events for the 2011 and 2012 datasets, after summing all final
states. The signal PDF is obtained assuming mH = 125 GeV. The plots of the
background PDFs are taken from [8].

strength measurement are obtained by fitting the signal and background model to the
data, i.e. by maximizing the likelihood function simultaneously with respect to all the
parameters. The final result is presented in Section 6.8.5.

6.8.3 Hypothesis test

The template PDFs, Ps and Pb, described in the previous section, are also used to esti-
mate the compatibility of the excess in the data with the expectation from the background-
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only hypothesis. This is done by using the so-called likelihood ratio test-statistic [80],
defined, for a given mH hypothesis, as

q(mH) = -2 ln

0

@L(µ = 1,mH, ˆ̂
✓s+b)

L(µ = 0, ˆ̂
✓b)

1

A . (6.11)

The values of the nuisance parameter ˆ̂
✓b and ˆ̂

✓s+b are the ones that maximize the
likelihood given the two hypotheses: background-only (µ = 0) and signal+background
(µ = 1,mH). The observed dataset corresponds to a single value of the test-statistic,
qobs. Lower values of q correspond to increasing incompatibility between the observed
dataset and the background-only hypothesis. The level of disagreement between qobs
and the background expectation is expressed by the local p0-value

p0(mH) =

Zqobs

-1
f

✓
q(mH)

��µ = 0
◆

dq, (6.12)

where f denotes the probability density function of the test-statistic, q, under the hy-
pothesis µ = 0. The shape of f(q|0) can always be reconstructed by generating random
datasets from the background model but this procedure might be computationally ex-
pensive. For the purpose of this analysis we can use the asymptotic approximation,
described in Appendix A, in which the test-statistic is normally distributed with expec-
tation value and variance given by

E
⇥
q(mH)|µ

⇤
=

1 - 2µ
�2
µ

µ=0���! 1
�2
µ

V
⇥
q(mH)|µ

⇤
=

4
�2
µ

, (6.13)

where µ is the signal strength parameter hypothesized and �µ is its standard deviation.
The value of �µ in the large sample limit is equal to the standard deviation on the
maximum likelihood estimate µ̂, which can be estimated by fitting a single simulated
template. Its value depends on the hypothesized value of µ. Here we write �µ=0 ⌘ �b.
The expression for the local p0-value can then be written as:

p0(mH) =

Zqobs

-1
f
�
q(mH)|µ = 0

�
dq = �

 
qobs - 1/�2

b

2/�b

!

, (6.14)

where � is the cumulative function of a standard normal distribution. In other words
the local p0-value, for a specific value of the Higgs boson mass, corresponds to the area
below the curve of the test-statistic PDF f(q|0) from -1 to the value observed in the
data qobs. The expected p0-value is defined as the integral of the same distribution up
to the expected value of the test-statistic, qexp, defined as the median of the test-statistic
distribution, f(q|1) obtained under the signal+background assumption, as shown in
Figure 6.17. In the asymptotic approximation one finds

E
⇥
q(mH)|1

⇤
=

-1
�2
s+b

= qexp, (6.15)

and therefore the expected p0-value is given by

p
exp
0 (mH) = �

 
1/�2

s+b - 1/�2
b

2/�b

!

. (6.16)
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Figure 6.17: Example of the calculation of the observed and expected local p0-values for a given
Higgs boson mass hypothesis. The Gaussian distribution represents the probability
density functions of the test-statistic under the background-only (red curve) and the
signal+background (blue curve) hypothesis. The yellow filled and the green dashed
areas correspond respectively to the values of the observed and the expected p0-
values.

The p0-value is usually converted into a Gaussian significance through the relation

Z0 = �-1(1 - p0). (6.17)

6.8.4 Higgs boson discovery

A local7 significance, Z0, larger than 5�, corresponding to a local p0-value lower than
2.87 · 10-7, has been chosen by the Particle Physics community as the convention to
claim the rejection of the null hypothesis and the discovery of a new phenomenon.
This is what happened in July 2012, when the combination of the results of various
Higgs boson searches of the ATLAS experiment showed an excess of events around
mH = 125 GeV [1], with a local significance of 6�, as shown in Figure 6.18a. A similar
excess was also observed by the CMS experiment [2].

The local p0-value corresponding to the result of the event selection, described in
Section 6.3, is plotted in Figure 6.18b as a function of the Higgs boson mass. The local
significance measured at mH = m̂H = 124.51 GeV, the maximum likelihood estimate for

7The local significance is the significance of an excess for a specific value of the discriminating variable,
in our case mH. Before the Higgs boson discovery we did not know a priori where (and if) the signal
would appear. In general the fact that an excess could manifest itself anywhere in the mH range (the so
called look-elsewhere effect [81]) must be taken into account. In other words mH must be left floating in
the test-statistic expression (6.11). The p0-value obtained with this assumption is called global p0-value.
By definition the global p0-value is always larger than the local one. That is the reason why is required
such an extreme value of the local significance (5�) to claim a discovery.
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Figure 6.18: Plot of the observed (solid lines) and expected (dashed lines) local p0-values as a
function of the Higgs boson mass. The values of the expected p0-value are obtained
assuming the existence of a Standard Model Higgs boson signal for that mass. Left:
p0-plot obtained from the combination of the result of the H ! ��, H ! ZZ⇤ ! 4`
and H ! W+W- ! `⌫`⌫ searches in July 2012 [1]. Right p0-plot obtained from the
result of the H ! ZZ⇤ ! 4` analysis using the full

p
s = 7 TeV and 8 TeV statistics

[8].

the Higgs boson mass, is 8.2�. The significance expected from a Standard Model Higgs
boson with the same mass is 5.8�. This means that the excess observed is incompatible
with the background-only hypothesis and the observed of events are more than what is
expected from the Standard Model prediction.

6.8.5 Mass and signal strength measurement

The best estimates of the Higgs boson mass and signal strength are the values that
maximize the likelihood (6.9), published in [7]:

mH = 124.51 ± 0.52 (stat.) ± 0.06 (syst.) GeV, (6.18a)

µ = 1.66+0.39
-0.34 (stat.)+0.21

-0.14 (syst.). (6.18b)

The best estimate of the signal strength has been extracted from the fit fixing the Higgs
boson mass to m̂H. Systematic errors are evaluated by introducing nuisance parameters,
as described in Section 6.8.6. The result (6.18) is the most recent public measurement
provided by the ATLAS collaboration regarding the H ! ZZ⇤ ! 4` decay channel. In
Chapter 7 a new measurement will be presented based on a three dimensional signal
model including as observable, in addition to m4` and OBDTZZ⇤ , the uncertainty on the
four-lepton invariant mass, measured event by event. The use of this model improves
the uncertainty estimation on both the Higgs boson mass and the signal strength and
allows to set a limit on the total width of the Higgs boson.
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6.8 Statistical interpretation of the result

Confidence intervals

Since we are maximizing the likelihood with respect to two parameters we have to
determine the two-dimensional confidence interval and the correlation between these
parameters. This is done by constructing the profile likelihood contour on the mH-µ
plane, obtained by slicing the 2-dimensional profile likelihood

L
�
µ,mH, ˆ̂

✓

�
. (6.19)

In the large sample limit the 2-dimensional profile likelihood follows a multivariate
Gaussian distribution identified by the vectors of the parameters x = (mH,µ), their
expectation values x̂ = (m̂H, µ̂) and the 2 ⇥ 2 covariance matrix V . The diagonal terms
of V represents the parameter variance and and Vi,j = cov[mH,µ]. The quantity

- 2 ln L
�
µ,mH, ˆ̂

✓

�
+ 2 ln L

�
µ̂, m̂H, ˆ̂

✓

�
= (x- x̂)TV-1(x- x̂), (6.20)

is distributed according to a �2
k distribution for k = 2 degrees of freedom [82]. Therefore

the 1 -↵ contour is defined by

- 2 ln L
�
µ,mH, ˆ̂

✓

�
< F-1(1 -↵; 2) = Q↵, (6.21)

where F-1(1 - ↵; 2) is the quantile function of the �2 distribution with k = 2 degrees of
freedom. For the 68% and 95% contours one finds respectively Q↵ = 2.30 and 5.99.

The contours obtained from the observed dataset around the best estimate point
(µ̂, m̂H) are shown in Figure 6.19a. In case of perfectly Gaussian estimators the con-
tours are expected to be ellipses centered in the MLE point, as shown in the example of
Figure 6.19b. The uncertainty on the single parameter is given by the distance between
the MLE point and the tangent to the 68% ellipse, orthogonal to the axis of the para-
meter under exam [17]. It is possible to demonstrate that this value is equivalent to the
distance between the minimum of the profile likelihood curve

- 2 ln L
�
x, ˆ̂
✓

�
with x = mH,µ (6.22)

and the points defined by the equation

- 2 ln L
�
x, ˆ̂
✓

�
+ 2 ln L

�
x̂, ✓̂

�
= 1. (6.23)

The correlation coefficient cov[µ,mH] is related to the angle � 2 [0,⇡] formed by the
major axis of the ellipse and the horizontal axis. The correlation is positive (negative)
when � is larger (smaller) than 90 degrees. In case of uncorrelated variables the axes of
the ellipse are orthogonal to the parameter axes.

From Figure 6.19a we see that mH and µ are negatively correlated. This behavior can
be explained recalling that the Standard Model predicts an increase of the cross section
of the H ! ZZ⇤ ! 4` process as a function of the Higgs boson mass in the mass range
around 125 GeV (see Figure 3.9). The signal strength µ is equivalent to the ratio between
the observed and the expected signal cross section. As a consequence for a given data
sample an higher value of µ is expected when moving to lower Higgs mass values.
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Figure 6.19: Left: result of the maximum likelihood fit on the observed data on the mH-µ plane.
The maximum likelihood estimate is shown together with the 68% (solid line) and
95% (dashed line) confidence interval obtained from the profile likelihood contour
[8]. Right: example of a 68% profile likelihood contour for two Gaussian distributed
variables.

6.8.6 Systematic uncertainties and nuisance parameters

The effect of systematic uncertainties is modeled into the likelihood (6.9) by introducing
nuisance parameters. Systematic uncertainties can affect the background normalization,
the reconstruction efficiencies, the lepton energy scale and resolution, the luminosity,
the Standard Model theoretical predictions etc. A variation of the nuisance parameters
effectively changes the likelihood. The baseline model corresponds to the situation in
which all the nuisance parameters are set to their nominal value obtained from auxiliary
measurements, such as dedicated calibration measurements for electrons and muons.
The nuisance parameters are allowed to float to the value that maximizes the likelihood.
Their departure from the nominal value, �✓i

, is constrained around zero by a Gaussian
PDF with a standard deviation based on the auxiliary measurement, explicitly

Ps+b = Pnominal
s+b (µ,mH,✓s+b)

Y

i

G(�✓i
|0,�✓i

). (6.24)

A brief overview of the systematic uncertainties affecting the mass and the signal strength
measurement is given in the rest of this section.

Systematic uncertainties in the mass measurement

For the H ! ZZ⇤ ! 4` decay modes involving electrons, the electron energy scale
uncertainty, determined from Z ! e+e- and J/ ! e+e- decays, is propagated as a
function of the pseudo-rapidity and the transverse energy of the electrons. The precision
of the energy scale is better than 0.1% for |⌘| < 1.2 and a few per mille for 1.8 < |⌘| < 2.47
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[48]. The uncertainties on the measured Higgs boson mass due to the electron energy
scale uncertainty are ±0.04%, ±0.025% and 0.04% for the 4e, 2e2µ and 2µ2e final states,
respectively.

Similarly, for the H ! ZZ⇤ ! 4` decay modes involving muons, the systematic
uncertainties on the muon momentum scale are determined using a large samples of
Z ! µ+µ- and J/ ! µ+µ- decays. In the transverse momentum range 6 - 100 GeV,
the systematic uncertainties on the scale are about ±0.04% in the barrel region and
±0.2% in the end-cap region (|⌘| > 2) [45]. The uncertainties on the measured Higgs bo-
son mass due to muon energy scale uncertainties are estimated to be ±0.04%, ±0.015%
and ±0.02% for the 4µ, 2e2µ and 2µ2e final states, respectively. When all the final states
are combined the contributions to the uncertainty in the mass measurement are ±0.01%
for the electron energy scale and 0.03% for muon momentum scale uncertainty. The
larger impact of the muon momentum scale uncertainty is due to the fact that the muon
final states have a larger weight in the combined mass fit (the 4µ category is the most
abundant in the data) [8].

Uncertainties on the measured Higgs boson mass related to background contamina-
tion and final state QED radiation modeling are negligible compared to the sources
described above.

Systematic uncertainties in the signal strength measurement

The systematic uncertainties affecting the measured signal strength arises from various
sources. The efficiency of the trigger, reconstruction and identification, of electrons and
muons, are studied from Z ! `+`- and J/ ! `+`- decays [45, 49, 83, 84]. The
uncertainties on the data-driven estimation of the reducible background are due to the
uncertainty on the transfer factors caused by limited Monte Carlo statistic. The overall
uncertainty on the integrated luminosity for the 2011 dataset is ±1.8% [85] and ±2.8%
for the 2012 dataset.8

The expected impact of the experimental and the theoretical uncertainty on the signal
yield is presented in Table 6.7 for the individual final states and for all channels com-
bined. All the above mentioned systematic uncertainties are taken into account in the
Higgs boson mass and signal strength fit, described in Chapter 7.

8The estimation of the 2012 luminosity uncertainty is the result of a preliminary calibration, based on the
same methodology used in 2011 [85].
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Table 6.7: The expected impact of the systematic uncertainties on the signal yield, derived from
simulation, for mH = 125 GeV, are summarized for each of the four final states for
the combined 4.5 fb-1 at

p
s = 7 TeV and 20.3 fb-1 at

p
s = 8 TeV. The symbol “-”

signifies that the systematic uncertainty does not contribute to that particular final
state. The last three systematic uncertainties apply equally to all final states [8].

Source of uncertainty 4µ 2µ2e 2e2µ 2µ2e combined

Electron reconstruction and identification efficiency - 1.7% 3.3% 4.4% 1.6%
Electron isolation and impact parameter selection - 0.07% 1.1% 1.2% 0.5%
Electron trigger efficiency - 0.21% 0.05% 0.21% < 0.2%
``+ e+e- backgrounds - - 3.4% 3.4% 1.3%

Muon reconstruction and identification efficiency 1.9% 1.1% 0.8% - 1.5%
Muon trigger efficiency 0.6% 0.03% 0.6% - 0.2%
``+ µ+µ- backgrounds 1.6% 1.6% - - 1.2%

QCD scale uncertainty 6.5%
PDF ↵s uncertainty 6.0%
H ! ZZ⇤ ! 4` branching ratio uncertainty 4.0%
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7
Higgs boson mass measurement

using event-by-event uncertainties

The dataset selected in the search for the Higgs boson decaying into four leptons is
used to measure the quantum numbers of this particle, which are predicted by the

Standard Model as a function of the Higgs boson mass. In Section 6.8 we described
the strategy followed by the ATLAS collaboration to measure the value of the Higgs
boson mass and signal strength, presented in [7]. In this chapter we will describe a new
approach based on a three-dimensional signal model to give an estimate of the following
quantities

• The Higgs boson mass (mH),

• The H ! ZZ⇤ ! 4` signal strength (µ),

• The Higgs boson total decay width (�H).

The signal strength µ, is defined as the ratio between the observed number of H !
ZZ⇤ ! 4` events and the value predicted by the Standard Model for a given Higgs
boson mass. It is equivalent to the ratio between the observed and the expected cross
section. Since the number of signal events is expected to increase with mH in the mass
range 80 < mH < 140 (see Figure 3.9) the Higgs boson mass and the signal strength are
expected to be anti-correlated when measured simultaneously.

The Standard Model prediction for the Higgs boson total decay amplitude at mH =
125 GeV is 4.1 MeV. With the statistics of the observed dataset, this value is too small for
an accurate measurement since the typical four-lepton invariant mass resolution of the
ATLAS detector is between 1 and 2 GeV, i.e. three orders of magnitude larger. However
the dataset can be used to set an upper limit on �H and exclude hypotheses alternative
to the Standard Model.

The best estimate of the three parameters under study is extracted with an unbinned
maximum likelihood fit to the data in the mass window between 110 and 140 GeV. The
signal and the background models used to perform this operation are presented in Sec-
tions 7.1 and 7.2. The major change with respect to the model used in the standard
ATLAS analysis described in Section 6.8.1 is that the signal dependence on m4` is pa-
rametrized with an analytic probability density function taking as argument also the
event-by-event uncertainty (also commonly called per-event error) merr

4` , i.e. the uncer-
tainty measured on the four-lepton invariant mass for each event. This procedure has
some advantages with respect to the base-line approach.
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• With an analytic function it is natural to parametrize the dependence of the PDF
on the Higgs boson mass, mH. This parameter shifts the most probable value of
the PDF which remains continuous for every value of this quantity.

• A Monte Carlo template describes the distribution of a variable over many events
and does not contain information relative to the single event. With an analytic
function it is possible to analyze each event considering both the four-lepton in-
variant mass and the uncertainty on it.

• Monte Carlo templates describe shapes that are not continuous because of the
finite statistics and the binning separation. The templates need to be smoothed to
obtain a continuous likelihood function and estimate correctly the value and the
confidence intervals of the parameters of interest.

The model presented in this chapter is tuned by fitting the Monte Carlo distributions ob-
tained from H ! ZZ⇤ ! 4` events and then tested by generating and fitting a large num-
ber of pseudo-experiments. The building of the model and its validation are presented
in Sections 7.1-7.3. The measurement of the Higgs boson mass and signal strength is
presented in Section 7.4. The procedure for setting of an upper limit on the value of �H
is discussed in Section 7.5.

7.1 Signal modeling

The first step to take to perform a measurement of the Higgs boson mass from the
H ! ZZ⇤ ! 4` candidates is to construct a probability density function describing the
m4` distribution with an explicit dependence on mH. The best estimate will be the mH

value that maximizes the likelihood, as explained in Section 6.8.1. Our starting point is
the following equation:

P(m4`|mH) = BW(mtrue
4` |mH) ⇤ R(m4`|m

true
4` ,�m4`), (7.1)

which is valid in general for any resonance and for any detector. The four-lepton in-
variant mass is a measurement of the Higgs boson mass smeared by the finite precision
of the detector. The distribution of the Higgs boson mass mtrue

4` follows a Breit-Wigner
probability density function, BW, with mean given by the nominal Higgs boson mass
mH. To obtain the final m4` PDF the Breit-Wigner must be convolved with a function,
R, parametrizing the response of the ATLAS detector for a given value of the true Higgs
boson mass. The response (or resolution) function R is unknown and can be rather
complicated since it varies according to the momentum and the angle of each of the
four leptons. A sensible approximation is to assume that the resolution function can be
described by a sum of Gaussians with a standard deviation � changing according to the
type and the parameters of the leptons.

In the Standard Model, the full width at half maximum of the Breit-Wigner, is a
function of mH. For mH = 125 GeV, �H = 4.1 MeV. From the simulation we know
that the distribution of the four-lepton invariant mass produced by the decay of a Higgs
boson into four leptons has a standard deviation between 1.5 and 2 GeV, depending on
the final state, see Figure 6.8. This means that, assuming the validity of the Standard
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Model, the intrinsic width of the Higgs boson is three orders of magnitude smaller than
the typical detector resolution and the convolution in eq. (7.1) can be simplified as
follows

P(m4`|mH) ' �(mtrue
4` -mH) ⇤ R(m4`|m

true
4` ) = R(m4`|mH). (7.2)

The signal probability density function for the four-lepton invariant mass coincides ap-
proximately with the ATLAS resolution function. The expression for m4` as a function
of the single leptons four-momentum, neglecting the lepton mass, is given by:

m4` =

vuut2
X

i<j

EiEj

✓
1 - cos ✓ij

◆
, (7.3)

where Ei,j is the energy of the lepton, equal to the absolute value of its three-momentum
|pi,j|, and ✓ij is the angle between the three-momenta of the i-th and the j-th lepton. As
a consequence the signal PDF depends on the momentum of the four leptons. Since
the experimental resolution of electrons and muons is different and depends on the
lepton transverse momentum and pseudo-rapidity we need a different signal probability
density function for each final state, for all the five production modes, for the two center
of mass energy of

p
s = 7 and 8 TeV. All these configuration give rise to different

momenta of the Higgs boson and therefore of its decay products. The final model
contains 40 analytic PDFs, describing the 40 different types of signal.

7.1.1 Convolution of an Exponential with a Gaussian

Figure 6.8 shows that a single Gaussian can not describe accurately the H ! ZZ⇤ ! 4`
signal distribution outside the peak region. The spectrum reveals non-Gaussian tails,
especially for m4` values lower than the true Higgs boson mass. These events with
m4` < mH may contain leptons affected by different forms of energy-loss. In the case of
muons the tail is mostly due to a wrong estimation of the energy loss when traversing
the calorimeters. In the case of electrons, tails are mostly caused by bremsstrahlung.

We parametrize the probability to observe a four-lepton invariant mass different than
the true value mH with an exponential decrease for m4` < mH. On top of this expo-
nential decrease one should consider the resolution of the detector which smears the
distribution of the four-lepton invariant mass around its original value. Hence we infer
that the m4` spectrum can be described by the convolution of an exponential, E, trun-
cated at mH, with lifetime 1/�, with a Gaussian, G, representing the response of the
detector, with mean 0 and standard deviation �. In formulas we have:

P = [E ⇤ G] (x) ⌘
Z+1

-1
dx 0 exp

h
�
�
x 0 -mH

�i
⇥
�
mH - x 0� exp

"

-
(x- x 0)2

2�2

#

=

ZmH

-1
dx 0 exp

h
�
�
x 0 -mH

�i
exp

"

-
(x- x 0)2

2�2

#

,

(7.4)

where ⇥(mH - x) is the Heavyside step-function equal 1 for x < mH and 0 otherwise.
The parameter � gives an estimate of the average spread between the true four-lepton
invariant mass and the measured value. The expression (7.4) is analytic for any value of
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m4` and the parameters �, mH and �. Its integral is equal to 1 when multiplied by the
normalization constant

N =
�

�
p

2⇡
, (7.5)

which means that it can be used as a probability density function. Solving the integral
and making the substitution x = m4`, one obtains:

P(m4`|�,mH,�) =
�

2
exp

2

4�

 

m4` -mH +
��2

2

!3

5Erfc

 
m4` + ��2 -mHp

2�

!

, (7.6)

where Erfc(x) is the so called complementary error function

Erfc(x) = 1 - Erf(x) =
Z1

x

e-t2
dt, (7.7)

which is limited between 2 and 0 for x ! ±1. A formal derivation of eq. (7.6) is given
in Appendix B.

Non-Gaussian tails can be present also on the right-side of the distribution for m4` >
mH, produced by unknown non-Gaussian effects in the detector response. A param-
etrization for these events can be obtained by flipping the slope of the Exponential
function and setting the lower and upper boundary of the integral in eq. (7.4) to mH

and +1, respectively.
The shape of the PDF (7.6) obtained for different values of the parameters �, � and

for mH = 125 is shown in Figure 7.1. The shape may vary from a pure Gaussian, if
1/� ! 0, to a pure exponential, if � ! 0. The most probable value of the distribution
is shifted with respect to the Exponential cut-off towards the direction of smaller m4`
masses. This property is very useful to describe the actual m4` spectra, which have a
peak slightly shifted with respect to the true Higgs boson mass.

The final PDF used for the fit to the data (Section 7.4) takes as observables, beside the
four-lepton invariant mass, also the uncertainty on the four-lepton invariant mass and
the output of the BDTZZ⇤ classifier. The different steps leading to the final formulation
of the signal PDF are described in the following sections.

7.1.2 four-lepton invariant mass PDF

Because of the complexity of the resolution function and of the various types of energy
loss a single Exponential convolved with a Gaussian is still not enough to reach a sat-
isfactory description of the H ! ZZ⇤ ! 4` mass spectrum. A very good agreement is
achieved using a sum of four of these probability density functions with different expo-
nential lifetimes and Gaussian variances. For each of the four final states of the analysis
we define

P =
n=3X

i

fiPi(mH, �i,�i), (7.8)

where Pi is an Exponential convolved with a Gaussian and fi is a weight between
0 and 1, governing the contribution of the various components to the total PDF. All
the parameters change according to the final state under study except mH which is in
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Figure 7.1: Projection of the convolution of an Exponential and a Gaussian for several values of
the exponential lifetime 1/� and of the Gaussian standard deviation �. The value of
mH is fixed at 125 GeV.

common to all the four final state models and represents the Higgs boson mass estimate.
In some cases the Pi are effectively Gaussian, because 1/�⌧ 1.

Figure 7.2 shows the result of the fit to a simulated H ! ZZ⇤ ! 4` sample, performed
for each final state using the PDF (7.8). The value of the Higgs boson mass has been
fixed to the one used for the Monte Carlo generation, mH = 125 GeV. The contribution
of the various Higgs boson production modes are summed together in the distribution
after being scaled to the expected number of events for the the 2012 luminosity. The
components of the total PDF are indicated with dashed lines. The plots show a very
good agreement between the model and the simulation.

7.1.3 Two-dimensional signal model with event-by-event uncertainties

The description of the H ! ZZ⇤ ! 4` mass spectrum with an analytic function, allows
to exploit the information provided by the uncertainty measured on the four-lepton in-
variant mass in each event. The m4` values composing the distributions in Figure 7.2
should not be regarded in the same way since they are all measured with a different un-
certainty. As an example an event with four leptons with a large transverse momentum
will give, on average, a better estimate of m4` because both the muon and the electron
resolution deteriorates for low transverse momenta.

The distribution of the event by event uncertainty, from now on indicated as merr
4` , is

shown in Figure 7.3 for all the final states. The plots show that a single m4` value can be
measured with very different uncertainties, from 1 GeV up to 5 GeV, depending on the
final state. The 4µ channel provides, on average the most precise m4` measurement. The
uncertainty distributions are wider in the final states with two electrons as sub-leading
pair, because on average electrons have a resolution poorer than muons, especially for
low energies (see Chapter 5).
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Figure 7.2: Fit to the m4` distribution from H ! ZZ⇤ ! 4` simulated events at
p
s = 8 TeV with

mH = 125 GeV, performed with the analytic signal model based on Exponentials con-
volved with Gaussians. The events fulfill all the event selection criteria and the FSR
and Z mass constraint correction are also applied. The fit is performed separately for
each final state. The distributions are normalized to the Standard Model expectation.
The contributions from all the Higgs boson production modes are summed together.
To quantify the goodness of the fit the value of the �2 divided by the number of
degrees of freedom of the PDF is also shown.
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Figure 7.3: Simulated distributions of the uncertainty on the four-lepton invariant mass after
the full event selection and corrections (FSR and Z mass constraint). The events are
generated assuming a Higgs boson with mH = 125 GeV, produced via the gluon-
fusion process at

p
s = 8 TeV, decaying into four leptons. The distributions are

normalized to the Standard Model expectation. The blue line represents the PDF
obtained by smoothing the underlying histograms.
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Figure 7.4: Distribution of the four-lepton invariant mass after the full event selection and cor-
rections (FSR and Z mass constraint), obtained from simulated H ! ZZ⇤ ! 4` events
at

p
s = 8 TeV with mH = 125 GeV. The distributions are divided into four equally

populated bins of the merr
4` variable.
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In Figure 7.4 the distribution of the four-lepton invariant mass is divided into four
equally populated bins of merr

4` . We see that a larger value of merr
4` corresponds to a

wider m4` distribution for all the final states. To take this into account, we still use
a sum of Exponentials convolved with Gaussians but now we set the � parameter of
the largest PDF component (the core of the total PDF) to be directly proportional to the
per-event uncertainty value, i.e.

�core ! merr
4` . (7.9)

In this way the width of the total PDF smoothly increase for events with a large uncer-
tainty on the four-lepton invariant mass,1 as suggested by Figure 7.4. The scale factor 
needs to be extracted from a fit to simulated signal samples and is different for all the
final states. The final form of the probability density function now becomes

P(m4`|m
err
4` ) = fcorePcore(mH, �core,�core = merr

4` ) + (1 - fcore)
n=3X

i

fiPi(mH, �i,�i),

(7.10)
where the three Pi’s are needed to properly describe the left and the right non Gaussian
tails and the peak of the distribution. The functions Pcore and Pi are all Exponentials
convolved with Gaussians except for the component used to describe the peak which is
a simple Gaussian.2

The PDF written in (7.10) is a conditional probability density function which takes
merr

4` as conditional observable, i.e.
Z+1

-1
P(m4`|m

err
4` )dm4` = 1. (7.11)

The value of merr
4` changes the shape of the PDF for each event, keeping the function

properly normalized. To properly describe the data we also need to take into account
that not all the merr

4` value are equally probable. The formula for the joint probability
density function for m4` and merr

4` is given by the Bayes theorem

P(m4`,merr
4` ) = P(m4`|m

err
4` )P(m

err
4` ), (7.12)

where P(merr
4` ) is the marginal probability density function [82] for the merr

4` observable.
It is assumed to be independent3 of mH for values of the Higgs boson mass close to
125 GeV. The merr

4` PDF is obtained by smoothing the Monte Carlo templates, it is plotted
in Figure 7.3 as the blue solid line superimposed to the histograms.

The result of the fit to the simulated H ! ZZ⇤ ! 4` events, performed with the
two dimensional PDF with per-event uncertainties is shown in Figure 7.5. Monte Carlo
events are generated assuming a Higgs boson of 125 GeV produced via the gluon-fusion
process. The shape parameters of the PDF are fitted keeping mH fixed at the value as-
sumed in the event generation. The m4` PDF component depending on the per-event

1A similar technique have been used by the CMS collaboration in the same H ! ZZ⇤ ! 4` analysis, as
described in [86]. One of the main difference with the model described here is the use of Crystal-Ball
functions instead of Exponentials convolved with Gaussians.

2An Exponential convolved with a Gaussian tends smoothly to a Gaussian for large values of the rate
parameter of the Exponential, �.

3A different Higgs boson mass influence the momentum distribution of its decay product and therefore
the relative uncertainty. Nevertheless this difference is small assuming a small variation of the Higgs
boson mass.
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Figure 7.5: Result of the fit on the simulated m4` distribution obtained with the two dimensional
signal PDF with per-event uncertainties for all the four final states. The H ! ZZ⇤ !
4` events are generated assuming the gluon-fusion production mode at

p
s = 8 TeV

and mH = 125 GeV. The width of the “core” component of the PDF (magenta curve)
is proportional to the measured uncertainty for each value of m4`. The distributions
are normalized to the Standard Model expectation. The bottom panel in the four
graphs represent the ratio between the model and the simulated data in each bin. To
quantify the goodness of the fit the value of the �2 divided by the number of degrees
of freedom of the PDF is also shown.
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uncertainties is represented by the dashed magenta curve while the other components
are represented by the blue dashed lines. The plots show a very good agreement be-
tween the simulated data and the model, confirmed by the value of the �2 over the
number of degrees of freedom. The description is particularly accurate in the region
around the peak which is crucial in the Higgs boson mass estimation.

Since the electron reconstruction has been improved in 2012 (see Chapter 5) the m4`
and merr

4` distributions relative to the final states involving electrons are significantly
different in the two years of data taking. As a consequence the corresponding PDFs are
different and must be tuned separately on simulated samples generated with the new
and the old electron reconstruction. A two-dimensional projection of the joint (m4`,merr

4` )
PDF relative to the four final states is shown in Figure 7.6.

7.1.4 Expected improvement including event-by-event uncertainties

The inclusion of event-by-event uncertainties in the fit provides better results in terms of
both the mass estimate and its uncertainty. To quantify the expected improvement 10,000
datasets have been generated from the probability density function P(m4`,merr

4` ). The
number of events N for each dataset have been randomly chosen according to a Poisson
PDF with mean � equal to the expected number of signal events from the 20.3 fb-1

luminosity available at 8 TeV. This is done for all the four final states of the analysis.
The mH estimate is extracted using a simultaneous fit to the four datasets maximizing

the likelihood built using the two dimensional PDF with per-event uncertainty,

Ltot =
final statesY

k

2

4
eventsY

i

Pk(xi,mH)

3

5 , (7.13)

where xi is the i-th value of the pair (m4`,merr
4` ). The distribution of the Higgs boson

mass, obtained from the maximization of the likelihood built using the two signal mod-
els (7.8) and (7.10), with and without per-event uncertainties, is shown in Figure 7.7.
The distribution of the estimates is Gaussian with a mean close to the true value. This
confirms that the models are not biased. The offset of the mean of the distribution with
respect to 125 GeV is smaller than 10 MeV, using the PDF with event-by-event uncer-
tainties. The spread of the distribution obtained with the per-event uncertainty model is
4% smaller than in the one-dimensional case (0.54 GeV versus 0.56 GeV). This precision
improvement is very important considering that in the Higgs boson mass measurement
we are dealing with a low statistic data sample. In this regime the weight of an outlier
in the merr

4` distribution might have an important impact in the estimate of the central
value and the uncertainty on the parameters of interest.
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Figure 7.6: Two-dimensional projection of the joint (m4`,merr
4` ) PDF relative to the gluon-fusion

production mode at
p
s = 8 TeV for all the four final states. The parameters of the

PDFs are fixed to the best values obtained from the fit to simulated data. The mH

parameter is fixed at 125 GeV. The color shading represents the probability increase
from the tails to the peak.
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Figure 7.7: Distribution of the Higgs boson mass estimate obtained from the fit on 10k toy
datasets of the H ! ZZ⇤ ! 4` signal with and without including per-event un-
certainties. In both cases the results are normally distributed but using per-event
uncertainties the expected value is closed to the injected one of 125 GeV and the
spread is smaller.

7.1.5 Final three-dimensional signal model with BDTZZ⇤ output

The accuracy of the signal model can be further improved including also the information
provided by the multivariate classifier described in Section 6.7. As already mentioned in
Section 6.8.1 the distribution of m4` varies as a function of the BDTZZ⇤ output OBDTZZ⇤ .
A good approximation to describe this dependence is to divide the distribution of the
OBDTZZ⇤ variable into four equally spaced bins, as shown in Figure 7.8, following the
same strategy used in the ATLAS publication [7] and [8]. Conversely from the ATLAS
approach, to fit the m4` distribution in the four OBDTZZ⇤ bins, we use instead of Monte
Carlo templates, the two dimensional PDF with per event uncertainty of eq. (7.10).

The difference in the observable distributions due to different Higgs boson production
mode (see Section 3.2.1) are taken into account fitting separately the simulated sample
of: gluon-fusion, vector boson fusion, associate production with Z or W boson, tt and
bb fusion.4 An example of the fit performed on the m4` distribution in the different
OBDTZZ⇤ bins is shown in Figure 7.9 for the 4e final state and the dominant gluon-fusion
production mode.

In the final signal model there is therefore a different PDF in each OBDTZZ⇤ bin. This
scheme is repeated for every final state for the two values of the center of mass energy
corresponding to the two years of the data taking for every Higgs boson production
mode. This means that the final signal model contains 160 PDF, to describe 4 BDT bins,
times 4 final states, times 2 years of data taking, times 5 production modes. Each of these

4Since the Monte Carlo simulation for the bbH production mode is not available, the shape of the distrib-
utions have been assumed to be equal to the ttH ones.
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Figure 7.8: Signal distribution of the BDT output for gluon-fusion production mode at
p
s =

8 TeV, divided into four equally spaced bins. All final states are summed together in
this plot.

160 PDFs is composed of an analytic shape describing the m4` distribution conditional to
the value of merr

4` multiplied by the marginal merr
4` PDF. Since the shapes differ according

to the OBDTZZ⇤ bins, we have

P(m4`,merr
4` |OBDTZZ⇤ ) =

NBDTbinsX

n=1

Pn(m4`,merr
4` |mH)✓n(OBDTZZ⇤ ), (7.14)

i.e. a joint PDF for m4` and merr
4` conditional to the value of the BDTZZ⇤ output. Sim-

ilarly to the merr
4` case, the marginal probability distribution of OBDTZZ⇤ is obtained by

smoothing the Monte Carlo templates for each final state, for each production mode,
for the two values of the center of mass energy, as done in [7, 8]. The shape of these
PDFs relative to the four muons final state, for

p
s = 8 TeV is shown in Figure 7.10 for

the different Higgs boson production modes. The dependence of the OBDTZZ⇤ shape on
the mH value is parametrized interpolating between different Monte Carlo templates
generated at different Higgs boson masses.

The complete expression of the signal model for a specific final state therefore assumes
the form

Psignal = µ

NyearsX

y

NprodX

p

2

664

0

B@
NBDTbinsX

n

P
(y,p)
n

�
m4`,merr

4` |mH

�
✓n
�
OBDTZZ⇤

�
1

CAP(y,p)�OBDTZZ⇤ |mH

�

3

775, (7.15)

which describes a three dimensional PDF depending on mH, taking as observable the
triad: m4`, merr

4` , OBDTZZ⇤ . All the components of the PDF (7.15) are normalized to the
expected number of events for a specific final state, production mechanism and center
of mass energy. The global parameter µ represent the signal strength estimate. By
definition the Standard Model hypothesis coincides with µ = 1.
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Figure 7.9: Result of the per-event uncertainty fit on the four different OBDTZZ⇤ bins shown in
Figure 7.8. The distributions are obtained from the simulation of the decay of a Higgs
boson, produced through the gluon-fusion process, decaying into four electrons. The
distributions are scaled to the 2012 luminosity.
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The shape parameters of the PDFs are estimated from a fit to the signal simulation
and then fixed in the fit to the observed data. The value of the shape parameters relative
to the gluon-fusion production mode are reported in Appendix B.
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Figure 7.10: Marginal probability density function of OBDTZZ⇤ relative to the H ! ZZ⇤ ! 4µ
decay channel at

p
s = 8 TeV, for the five different Higgs boson production modes.

The most relevant production modes are highlighted with a solid line. PDFs are
normalized to unity.

7.1.6 Fit to different mass hypotheses

The parameters of the signal model governing the shape of the Exponentials and the
Gaussians have been tuned fitting Monte Carlo events generated at a value of the Higgs
boson mass equal to 125 GeV. The shape of the PDF is assumed to be constant in the
vicinity of this value. This assumption have been verified by fitting different Monte
Carlo distributions corresponding to different Higgs boson masses in the range between
122 GeV and 128 GeV. Figure 7.11a shows the maximum likelihood estimate for mH as
a function of the mH value injected, while Figure 7.11b shows the corresponding best fit
PDF superimposed on the simulated data generated with different Higgs boson masses.
The measured offset, with respect to the true value, is of the order of 1 per mille of the
mH value for all the mass points examined, between 124 and 126 GeV it is smaller than
40 MeV.

7.2 Background modeling

The modeling of the background shape is relatively simpler when compared to the
signal case. We use the same two-dimensional probability density function, depending
on the pair (m4`,OBDTZZ⇤ ), presented in Section 6.8.1 and used in the recent papers [8]
and [7]. The PDFs for the ZZ⇤ and the reducible background are plotted in Figure 6.16.
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Figure 7.11: Results of the fit to H ! ZZ⇤ ! 4` simulated data from gluon-fusion process, gener-
ated at different values of the Higgs boson mass. The left plot shows the difference
between the best fit estimates for mH and the injected values as a function of the
injected Higgs boson mass. The yellow band represents the statistical uncertainty
on the quantity mfit

H -mtrue
H . The right plot shows the best fit three signal model

superimposed to the m4` distributions relative to several mH hypothesis.

The only additional ingredient we need for a proper signal plus background model
is a probability density function for the four-lepton invariant mass uncertainty of the
background. This PDF must be introduced to properly take into account the differences
in the merr

4` distribution between signal and background. As in the signal case we obtain
the PDF by smoothing the Monte Carlo templates as shown in Figure 7.13 for the qq !
ZZ⇤ ! 4` process. We assume the background merr

4` distribution to be independent from
m4` and OBDTZZ⇤ in the range of the mass fit, between 110 and 140 GeV. This guess can
be confirmed looking at the simulated distributions of merr

4` obtained dividing the data
into equally populated m4` and OBDTZZ⇤ bins. The result of this exercise is shown in
Figure 7.12. From the plot we see that the shape of the merr

4` distribution is very similar
in all the bins and the differences in the average value are smaller than 50 MeV.

Therefore the expression of the background model can be written as:

Pbkg =

NyearsX

y

NbkgX

b

P(y,b)(m4`,OBDTZZ⇤ )P
(y,b)(merr

4` ), (7.16)

where the sums run over all the background processes for the two different values of
the center of mass energy corresponding to the 2011 and the 2012 dataset.
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Figure 7.12: Distribution of the uncertainty on the four-lepton invariant mass, obtained divid-
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OBDTZZ⇤ (right) bins. The average value of merr
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the plot.
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7.2 Background modeling
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Figure 7.13: Distribution of the uncertainty on the four-lepton invariant mass after the full event
selection and the corrections (FSR and Z mass constraint), obtained from simulated
qq ! ZZ⇤ ! 4` background events, at

p
s = 8 TeV. The distributions are normal-

ized to the Standard Model expectation. The blue line represents the PDF obtained
by smoothing the underlying histograms.
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7.3 Validation of the model

The sum of the signal and background PDFs, eq. (7.15) and (7.16), introduced in the
previous Sections constitutes the model used to extract the Higgs boson mass and signal
strength from the observed data. Before proceeding with the measurement we show in
this section the tests performed to check the stability of the model and to quantify the
expected uncertainty on the Higgs boson mass and signal strength.

7.3.1 Fit to Toy Monte Carlo datasets

To make sure that the model is unbiased and to quantify the expected uncertainty
on the parameters of interest we generate and fit a large number of datasets from
the signal+background model assuming mH = 125 GeV and µ = 1. The number of
events in each dataset is chosen randomly according to a Poisson probability distrib-
ution with mean equal to the number of events expected with the present luminosity.
These datasets are usually called toy Monte Carlo datasets or pseudo-experiments. The
distribution of the best estimate for mH and µ extracted from each dataset is shown in
Figure 7.14.
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Figure 7.14: Distributions of the best estimate for mH (left) and µ (right) obtained from 10,000
maximum likelihood fit on toy datasets generated from the signal+background
model with per-event uncertainties. A Gaussian PDF is fitted to the distribution.
The mean and the standard deviation of the Gaussian is indicated in the plot.

The values of the Higgs boson mass and signal strength are normally distributed5

around a mean value which is very close to the injected one. This ensures that the
model is statistically unbiased, i.e. that the fit will give on average the true value of the
quantity to measure. The standard deviation of the populations gives an estimate of the

5Actually the signal strength follows a Poisson distribution which tends to a Gaussian distribution only
asymptotically. With the amount of data simulated in the pseudo-experiments (corresponding to the
observed luminosity) a small departure of the signal strength distribution from the normal behavior is
still visible (the distribution is slightly asymmetric with a larger right tail).
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7.3 Validation of the model

uncertainty expected with the statistics at our disposal. The standard deviation of the
mH and µ distributions are 640 MeV and 0.28 respectively.

7.3.2 Fit to the Asimov dataset

Another method to check the normal behavior of the model and quantify the expected
uncertainty consists in fitting a special dataset called Asimov dataset.6 The Asimov
dataset is defined as a binned dataset where the number of events in each bin is ex-
actly equal to the expected number of events in that bin. The Asimov dataset used here
is generated throwing 55k events from the PDF for each of the eight categories of the
analysis (two values of the center of mass energy times four different final states). The
dataset has been generated assuming mH = 125 and µ = 1. The events are properly
weighted according to the expected number of events from the 2011 and 2012 luminos-
ity. The result of the fit to the Asimov dataset is

mH = 125.00+0.63
-0.62 GeV

µ = 1.00+0.31
-0.27

(7.17)

where the source of the uncertainty is purely statistical. The uncertainties are in very
good agreement with the ones estimated from pseudo-experiments. The Asimov dataset
is plotted in Figure 7.15a together with the probability density function obtained using
the best estimate for mH and µ. Figure 7.15b shows the two-dimensional confidence
intervals in the mH-µ plane obtained from the same fit.
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(b) Likelihood contour plot

Figure 7.15: Left: plot of the Asimov dataset together with the signal plus background prob-
ability density function obtained with the best estimates for mH and µ. Right:
two-dimensional confidence intervals in the mH-µ plane corresponding to a 68%
and 95% confidence level.

6The name of the Asimov data set is inspired by the short story Franchise, by Isaac Asimov. In it, elections
are held by selecting the single most representative voter to replace the entire electorate.
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7.4 Mass and signal strength measurement

The measurement of the Higgs boson mass and signal strength is performed by fitting
the three dimensional signal+background model to the data observed by ATLAS atp
s = 7 TeV and

p
s = 8 TeV during 2011 and 2012. The main sources of systematic

uncertainties and their impact in the mH and µ measurement are the same described
in Section 6.8.6. Systematic uncertainties are included in the likelihood as nuisance
parameters.

7.4.1 Fit result

The result of the unbinned maximum likelihood fit to the data, performed simultane-
ously on the different dataset categories, considering statistical-only uncertainty is:

mH = 124.55+0.49
-0.48 GeV

µ = 1.68+0.41
-0.35

(7.18)

After the inclusion of systematic uncertainties the best estimate for mH and µ becomes

mH = 124.55 ± 0.49 GeV

µ = 1.67+0.44
-0.36

(7.19)

The plot of the best fitted probability density function superimposed on the observed
data is shown in Figure 7.16. The effect of the systematic uncertainties on the mH
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Figure 7.16: Plot of the observed dataset (black points) in the m4` range between 110 and
140 GeV. The best fit model (blue curve) is superimposed on the data. The sig-
nal and the background components are indicated by the colored dashed lines.

estimation is negligible, in agreement with the ATLAS public result [7]. The estimate of
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7.4 Mass and signal strength measurement

the signal strength is much more sensitive to systematic effects. The best estimate for
µ including nuisance parameters is slightly shifted and the uncertainty is significantly
enhanced. The most important source of systematic uncertainty for the measurement of
the signal strength are the ones affecting the PDF normalization, both theoretical, like
the uncertainty on the value of the Higgs boson production cross section and branching
ratio, and experimental, like the uncertainty on the lepton reconstruction efficiency and
on the luminosity measurement. The uncertainty on the electron reconstruction has a
negligible impact with respect to the one on the muons because the latter have a larger
weight in the final dataset (see Table 6.4).

To properly quantify the impact of the systematic uncertainties to the Higgs boson
mass and signal strength we subtract in quadrature the statistical-only uncertainty form
the total one, obtaining:

mH = 124.52+0.48
-0.49 (stat.) ± 0.08 (syst.) GeV

µ = 1.67+0.41
-0.35 (stat.)+0.17

-0.09 (syst.) GeV.
(7.20)

The final signal strength measurement quoted in [7] has been extracted maximizing the
likelihood while keeping mH fixed to its best value. Following the same procedure, we
obtain

µ(m̂H) = 1.67+0.42
-0.36 (7.21)

The correlation between the Higgs boson mass measurement and the signal strength
is shown by the two-dimensional confidence intervals in the mH-µ plane, obtained by
slicing the two dimensional profile likelihood -2 ln L(mH,µ| ˆ̂✓), where all the nuisance
parameters, denoted as ✓, are left free to float to the values that maximize the likelihood
for a given pair mH,µ. Figure 7.17 shows the 68% and the 95% confidence level contours
obtained with and without including systematic uncertainties in the fit.

It is also interesting to investigate the contribution to the final measurement from the
different final states. To do so the four different datasets have been fitted separately
obtaining the results presented in Table 7.1 and the shapes shown in Figure 7.18. The
distribution of the per-event uncertainty relative to the four different Higgs decay modes
is shown in Figure 7.19 together with the projection of the best fit PDF over this variable.
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Table 7.1: Summary of the result of the fit obtained separately on each of the four final state
dataset collected at

p
s = 7 TeV and 8 TeV. In the last row the combined result is also

quoted.

Final state mH [GeV] Signal strength (µ)

4µ 124.20 ± 0.84 1.45+0.70
-0.53

2µ2e 122.85+1.22
-2.02 2.06+1.26

-0.92

2e2µ 124.60+0.68
-0.71 1.89+0.88

-0.67

4e 126.53+0.94
-0.99 1.67+0.94

-0.69

Combined 124.55 ± 0.49 1.67+0.44
-0.36
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(b) Including systematics uncertainties

Figure 7.17: Two dimensional contours obtained by slicing the two dimensional profile likeli-
hood in the mH-µ plane corresponding to 68% (solid line) and 95% (dashes line)
confidence level. The plot on the right has been obtained including nuisance para-
meters in the likelihood.
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Figure 7.18: Distribution of the observed four-lepton invariant mass in the range between 110
and 140 GeV. The best fit model (solid blue line) is superimposed to the data. The
signal and background components are indicated by the light blue, the red and the
violet dashed lines.
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Figure 7.19: Distribution of the observed uncertainty on the four-lepton invariant mass. The
best fit model (blue line) is superimposed to the data. The average value for the
uncertainty on the four-lepton invariant mass in each channel is also shown.
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the single final states (colored lines) are plotted together with the combined likeli-
hood (black solid line). The profile likelihood curve obtained from the fit without
systematics is also shown as the dashed solid line. The intersections between the
likelihood curves and the horizontal lines -2 ln(L) = 1, 4 represent the boundaries
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7.5 Width measurement

The three dimensional signal model introduced in this Chapter can be modified to access
the Higgs boson decay width �H. To do so we have to drop the assumption made in eq.
(7.2) and perform the convolution between the Higgs boson line-shape and our three
dimensional resolution function, as in eq. (7.1).

7.5.1 Effective Breit-Wigner model

The m4` distribution produced by the decay of a Higgs boson follows a relativistic Breit-
Wigner distribution, with the form [53]

BW(m4`|mH, �H) =
1
⇡

m2
4`�H/mH

�
m2

4` -m2
H

�2
+
�
m2

4`�H/mH

�2 . (7.22)

The convolution of this function and our resolution model unfortunately is not analytic
and the use of a numerical convolution is very time consuming. To retain a fully analytic
description of the signal we construct an effective parametrization for the Breit-Wigner
distribution as the sum of three Gaussian PDFs:

BWeffective =
3X

i=1

fiG(mi,�i), (7.23)

The standard deviation �i of the three Gaussian distribution is expressed as proportional
to the FWHM of the Breit-Wigner, i.e.

�i = ↵i�H (7.24)

We assume that the mean mi of two of the three Gaussians coincides with the most
probable value of the Breit-Wigner, i.e. the true Higgs boson mass mH. The third
Gaussian has a mean displaced with respect to the other two, given by m3 = mH +��H,
with an offset that is proportional to the value of �H.

In total there are six free parameters: f2, f3,�,↵1,↵2,↵3. The value of f1 is constrained
by the normalization of the PDF to satisfy the condition f1 + f2 + f3 = 1. The best value
for the parameters is found by fitting the model to the distribution of the Higgs boson
mass obtained from the simulation before applying the smearing used to reproduce the
detector resolution. The ATLAS collaboration generated three H ! ZZ⇤ ! 4` Monte
Carlo samples with mH = 125 GeV and an artificial Higgs boson width of �H = 0.5, 3
and 6 GeV.

To increase the number of �H points to test, other m4` distributions have been gen-
erated by interpolating between the available simulated datasets, according to the pro-
cedure described in [87]. Two examples of the fit result performed on the true Higgs
boson mass distribution with the three-Gaussian model are shown in Figure 7.21 for
�H = 0.5 GeV and �H = 3 GeV. The plots show how the model describes quite accu-
rately the bulk of the m4` distribution. The difference between the Gaussian and the
Breit-Wigner shape in the tails, will be absorbed after the convolution with the resolu-
tion function and the addition of the background model in the final fit. For �H ! 0 the
BW model tends, as it must be, to a Dirac delta function since �i ! 0.
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Figure 7.21: Result of the fit on the simulated m4` distribution obtained from the simulation
(without detector reconstruction effects) from the decay of a Higgs boson with mH =
125 GeV and an artificially increased width of �H = 0.5 GeV (left) or �H = 3 GeV
(right).

A further complication is given by the fact that the value of the parameters of the
three-Gaussians is not constant as a function of �H. To obtain a continuous parametriza-
tion we describe the variation of the six parameters with six polynomials. In this way
we obtain an effective model continuos all over the �H range. The shapes of the PDF
corresponding to several �H values, from 0.5 to 6 GeV, are plotted, superimposed, in
Figure 7.22.

The convolution (7.1) between the Breit-Wigner model and the resolution function, is
trivial since the first is composed of convolutions between Exponentials and Gaussians
and the latter is just a sum of Gaussians. In particular the convolution of eq. (7.4) the
basic ingredient of all PDF components now becomes:

⇥
E ⇤ [BW ⇤ G]

⇤
'
"

E (�,mH) ⇤
 3X

i

fiGi

�
mi,�i

�

| {z }
Breit-Wigner model

⇤G0
�
0,�0

��
#

=


E (�,mH) ⇤

3X

i

fiGi

✓
mi,

q
�2
i + �

2
0

◆�

=
3X

i

fi

"

E (�,mH) ⇤ Gi

✓
mi,

q
�2
i + �

2
0

◆#

(7.25)

which is another sum of three Exponentials convolved with Gaussians. The meaning of
the parameters is the same as in eq. (7.4). The sum runs over the three components of
the Breit-Wigner model, fi,mi and �i are function of the Higgs boson width �H
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Figure 7.22: Effective Breit-Wigner model as a sum of three Gaussians for different values of �H,
from 0.5 GeV to 6 GeV.

Practically we have to substitute every E ⇤ G(�,mH,�) function in the signal model
with a sum of three functions of the same form, each with a relative weight fi(�H). For
all these functions we have operate the substitution

�2 ! �2 + �2
i(�H)

mH ! mH + i(�H)�H,
(7.26)

where i = 1, 2, 3 and 1 = 2 = 0.

7.5.2 Validation on simulated events with ATLAS reconstruction

The PDF representing the convolution of the Higgs boson line-shape with the ATLAS
resolution function can be validated by fitting it to simulated events generated from
the decay of a Higgs boson with an artificial width larger than the Standard Model
prediction. The available Monte Carlo samples have been generated with �H = 0.5, 3
and 6 GeV. The results of these fits are shown in Figure 7.23. The agreement between
the simulation and the model is good except for the fact that the tails are slightly mis-
modeled and the best estimate for �H estimate presents an offset of O(100 MeV) with
respect to the injected value. This behavior can be understood by recalling that our
model has been designed to describe the m4` resolution corresponding to the decay of
an Higgs boson with mH = 125 GeV and a negligible width. A large Higgs boson width
influences the distribution of the mass of the two Z bosons (see Figure 6.3a) and thereby
the momenta of the final state leptons. Since the single lepton resolution depends on
the lepton pT , the four-lepton invariant mass resolution is expect to slightly change as a
function of �H.

Nevertheless since the tail region of the final PDF is dominated by the background and
the statistics available in the data is small we will not be sensitive to this discrepancy.
To correct for the offset on the width estimate we parametrize its dependence on the
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Figure 7.23: Result of the fit on the m4` distribution obtained from the simulation of H ! ZZ⇤ !
4` decays assuming �H = 500 MeV (left) and �H = 3 GeV (right). The mass of the
Higgs boson is fixed at mH = 125 GeV.

true �H value with a polynomial. The point �H = 0 corresponds to the Standard Model
scenario obtained without performing the convolution between the Breit-Wigner model
and the resolution PDF.

7.5.3 Fit result

The best estimate for �H, obtained by fitting the per-event uncertainty model, after the
Breit-Wigner convolution to the data, is measured to be

�H = 0.23+1.65
-0.23 GeV. (7.27)

The values of mH and µ have been fixed to the best estimate (7.19).
The main sources of systematic uncertainties for the width measurement are mostly

theoretical influencing the overall PDF normalization, similarly to the signal strength
case. The most important ones are the uncertainty on the parton distribution function
relative to the qq ! ZZ⇤ process and to the gluon-fusion production process. The
most relevant experimental uncertainties are the ones related to the muon reconstruction
efficiency and the uncertainty on the value of the 2012 luminosity. The overall impact
of the systematic uncertainties, obtained by subtracting in quadrature the uncertainty
obtained from the fit without nuisance parameters is

�H = 0.23+1.64
-0.23 (stat.) ± 0.22 (syst.) GeV (7.28)

The combined profile likelihood curve is shown in Figure 7.24 together with the curves
obtained by fitting separately the four different final states.

The uncertainty on the estimated value of the Higgs boson decay width is very large
mainly because of the lack of statistics. As a consequence rather than quoting the best fit
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Figure 7.24: Likelihood curve as a function of �H obtained from the combined fit on all the four
final states for the two years of data taking (black solid curve). All the nuisance
parameters of the fit have been profiled, i.e. are set to the value that maximize
the likelihood for each value of �H. The likelihood without systematic is plotted
as a dashed black line. The likelihoods obtained separately from the fit to the four
different final states are are also plotted as colored solid lines.

value, it makes more sense to set an upper limit7 on the �H value assuming the validity
of the Standard Model. The procedure followed to calculate the limit is presented in the
next section.

7.5.4 Limit setting

In this Section we want to check if the measured �H value is compatible with the Stan-
dard Model and to quantify what is the largest �H value still compatible with the ob-
served data (at a given confidence level).

To answer these questions we performed an hypothesis test between the null hypoth-
esis H0, (the Standard Model) and several alternative hypotheses H1 (�H = 1, . . . , 4 GeV).
The test is based on the comparison between the distributions of the likelihood ratio,
defined as

q(�H) = -2 ln

0

@ L(0, ˆ̂
✓|�H)

L(�̂H, ✓̂|�H)

1

A , (7.29)

where the vector ✓ includes all the nuisance parameters. The choice of this test-statistic
is motivated by the Neyman-Pearson lemma [80], stating that the likelihood-ratio test
is the most powerful test between two hypotheses at a given significance level. Using
the three dimensional resolution model the null hypothesis is obtained by setting in

7An indirect but more precise limit to the Higgs boson width can be obtained by measuring the off-
shell coupling strength of the Higgs boson, above the threshold m4` = 2mZ and m4` = 2mW . This
procedure, presented in [88] leads to an observed (expected) upper limit on the Higgs boson width of
22.7 MeV (33.0 MeV).
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Figure 7.25: Comparison between the distributions of the profile likelihood ratio test-statistic
obtained from the fit to a large number of toy datasets generated from the sig-
nal+background PDF assuming �H = 0 (blue histogram) and �H = 1 GeV (left,red
histogram) or �H = 4 GeV (right, red histogram).

the signal PDF �H = 0. From the definition (7.29) we see that, q > 0 for all �H, and
a larger value of �H corresponds, on average, to a larger value of the test-statistic. An
example of the test-statistic distributions f(q|�H) obtained for different Higgs boson
width hypotheses is shown in Figure 7.25. Histograms are obtained by generating and
fitting pseudo-experiments from the PDF fixing the value of the signal strength to its best
estimate µ = 1.67. The distribution corresponding to the Standard Model hypothesis
(blue histogram) is compared with the distribution obtained for �H = 1 GeV and 4 GeV
(red histograms).

The compatibility between an alternative hypothesis H1 and the data is estimated by
calculating the probability to measure a value of the test-statistic q = qobs or lower, for
this particular hypothesis i.e.

P(q 6 qobs|H1) =

Zqobs

0
f(q|H1)dq ⌘ CLs+b, (7.30)

where the lower bound of the integral is set to 0, because the Higgs width is required to
be positive. The value of the test-statistic observed on the data is

qobs = 0.06 (7.31)

The p-value in eq. (7.30) is called CLs+b, where CL stays for confidence level and the
subscript s+b is used to remember that we are dealing with an hypothesis alternative to
the null one (usually a signal on top of a given background). A possible approach is to
claim that the upper limit for �H for a specific confidence level ↵ is given by the first
value for which CLs+b 6 1 -↵. The convention used in High Energy Physics is to take
↵ = 95%.
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However this procedure does not take into account the distribution of the test-statistic
for the null hypothesis and may lead to an exclusion even if f(q|H0) and f(q|H1) are
mostly overlapping. To prevent premature exclusions the quantity usually used to set
the limit is the so-called CLs [89], defined as the CLs+b probability normalized to the
probability to observe q > qobs for the null hypothesis, i.e.

P(q > qobs|H0) =

Z+1

qobs

f(q|H0)dq ⌘ CLb. (7.32)

The 95% confidence level limit is then given by the first �H which satisfies the condition:

CLs ⌘ CLs+b

CLb
6 0.05 (7.33)

The limit expected from the Standard Model prediction is obtained by setting the bound-
ary of the integral (7.30) and (7.32) to the median of the f(q|�H = SM) distribution. The
plot of the observed and expected CLs values, computed for different �H hypothesis
between 0 and 4 GeV is shown in Figure 7.26. The ±1� and ±2� variation of the ex-
pectation are represented respectively by the green and the yellow bands. The 95%
confidence level upper limit corresponds to the value of �H for which the CLs curve
crosses the horizontal line at 0.05. We obtain

�H 6 3.39 GeV at 95% C.L. (7.34)

The expected limit, calculated from the median of f(q|�H = 0), is 3.36 GeV, in very good
agreement with the observed result.
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Figure 7.26: Graph of the observed (solid line) and expected (dashed line) CLs values relative
to several �H hypothesis between 0 and 4 GeV. The red horizontal line is set at
CLs = 0.05 corresponding to a 95% confidence level.
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Conclusions and outlook

The best estimates for the Higgs boson parameters obtained with the model described
in this thesis can be compared with the results published in [7] and [8] obtained by
fitting the model8 described in Section 6.8.1 to the same H ! ZZ⇤ ! 4` dataset. The
final numbers are shown in Table 7.2.

The results obtained with the two different methods are in very good agreement. The
uncertainties evaluated with the three-dimensional resolution model presented in this
thesis are 6% smaller for the Higgs boson mass measurement and 4% smaller for the
signal strength measurement.

The upper limit on �H quoted in the paper is more stringent than the one obtained
from the model of this thesis. These values however can not be compared since the limit
quoted in the ATLAS paper has been extracted by performing a likelihood scan assum-
ing a fully asymptotic behavior of the test-statistic distribution, supposed to follow a �2

PDF with one degree of freedom. This assumption appears to be too strong given the
amount of data at disposal and looking at the distribution of the test-statistic obtained
from pseudo-experiments.

The three-dimensional model described in this thesis represents a valid alternative to
the model used in the most recent publications for the measurement of the mass, the
signal strength and the width of the Higgs boson in the four lepton decay channel. The
new model provides results that are in agreement with the public result with smaller
uncertainties.

The improvement in the precision of the estimation is due to the inclusion of the
information provided by the event-by-event uncertainty on the four-lepton invariant
mass. Despite the increased complexity of the model the computing time required for
the fitting procedures remains feasible, since the signal probability density function is
purely analytic. This feature makes the model described in this thesis preferred when
the ATLAS experiment will collect more H ! ZZ⇤ ! 4` events. The measurement
strategy followed so far is totally insensitive to the uncertainty (merr

4` ) associated to the
four-lepton invariant mass measurements in the data population analyzed. Neverthe-
less it is known that the uncertainty distribution has a non negligible spread of O(GeV)
around its mean value and that a larger uncertainty corresponds to a wider m4` distri-
bution and consequently al lower probability in the fit. The method presented in this
thesis allows to capture all the variation of m4` as a function of merr

4` and the difference
in the uncertainty distributions among to the various Higgs boson production modes
and among the Higgs boson signal and the background processes. Moreover the fit
performed with per-event uncertainty is much less affected by problem connected with
event simulation. The signal PDF shape is still tuned using Monte Carlo templates but it

8The �H limit quoted in the paper has been extracted using a different model with respect to the one used
for the mH and µ measurement. The model is based on single lepton resolution functions composed by
a sum of Gaussians, defined in bins of the pseudo-rapidity and transverse momentum of the leptons.
The model describes the data without Z mass constraint correction.
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Table 7.2: Best estimate of the Higgs boson mass, signal strength and upper limit on the Higgs
boson decay width obtained with the two-dimensional model P(m4`,OBDTZZ⇤ ) de-
scribed in Section 6.8 and with the three-dimensional model with per-event uncer-
tainties P(m4`,merr

4` ,OBDTZZ⇤ ), presented in this Chapter. The value relative to �H
corresponds to the 95% confidence level upper limit on the Higgs boson width. The
number between parenthesis are the limits expected under the Standard Model Higgs
boson hypothesis.

Published This work

mH [GeV] 124.51 ± 0.52 124.55 ± 0.49

µ 1.66+0.45
-0.38 1.67+0.42

-0.36

�H [GeV] 6 2.6 (3.5) 6 3.4 (3.4)

changes smoothly as a function of the measured uncertainty allowing to absorb eventual
discrepancies between the observed and the predicted distributions. Similar situations
will be more likely to happen when the LHC will start again its operations with proton
beams colliding at an energy of 13 TeV and the pile-up contribution will become more
important.

The inclusion of per-event uncertainties in the signal description can be applied to the
measurement of the mass and signal strength of any resonance. Exponentials functions
convolved with Gaussian could be used for example in the description of the H ! ��
mass spectrum, the other Higgs boson decay channel with the best mass resolution. The
di-photon resolution function is expected to be similar to the one of the four-electrons
since the energy of both particles is reconstructed from a calorimeter cluster.

The model can be also used to probe the Higgs boson couplings with quarks and
vector bosons by introducing different signal strength parameters for the different pro-
duction modes.
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A
Wald approximation for the

profile likelihood ratio

In this appendix we briefly describe an approximation for the distribution of the so
called profile likelihood ratio, valid in the large sample limit. This allows to obtain

useful approximation for the test statistic distribution given in eq. (6.12) and for the
determination of the confidence interval on a maximum likelihood estimate.

We suppose the data to be distributed according to a strength parameter µ 0. A result
due to Wald [90] shows that, for a single parameter of interest µ, and for a generic set
of nuisance parameters ✓, the profile likelihood ratio

�(µ) =
L(µ, ˆ̂

✓)

L(µ̂, ✓̂)
, (A.1)

satisfies the relation

- 2 ln �(µ) =
(µ- µ̂)2

�2 +O(1/
p
N), (A.2)

where (µ̂, ✓̂) maximize L, while ˆ̂
✓ maximizes L for a specified value of µ. The maximum

likelihood estimate µ̂ follows a Gaussian distribution with mean µ 0 and standard devia-
tion � and N represents the data sample size. The standard deviation � is obtained from
the covariance matrix Vij of the estimators of all the parameters, defined as

Vij = -E

"
@L
@✓i

@L
@✓j

#

, (A.3)

where ✓i represent both µ as well as the nuisance parameters. In the large sample limit
we have

�2 = V00 with ✓0 = µ. (A.4)

The covariance matrix Vij can be determined byconstructing the likelihood from an
artificial dataset, called Asimov dataset, defined as a binned dataset where the number of
events in each bin is exactly equal to the number of events expected in that bin [91, 92].
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Appendix A Wald approximation for the profile likelihood ratio

A.1 Distribution of -2L
s+b

/L
b

The test statistics of eq. (6.11) can be rewritten using eq. (A.2) as

q(mH) = -2 ln
L(µ = 1,mH

ˆ̂
✓(1))

L(µ = 0, ˆ̂
✓(0))

= -2 ln �(1) + 2 ln �(0) =
(1 - µ̂)2

�2 -
µ̂2

�2 =
1 - 2µ̂
�2 ,

(A.5)
where µ̂ is the maximum likelihood estimate of the signal strength. In the large sample
limit it can be assumed to be equal to the signal strength µ 0 of the data distribution.
With the amount of data we observed we can consider µ̂ to be normally distributed
with standard deviation � and therefore it is the test statistic q, with an expectation
value

E[q] =
1 - 2µ̂
�2 (A.6)

and a variance
V[q] =

4
�2 . (A.7)

Both the expected value and the standard deviation of the test statistic q depend on the
signal strength µ 0 describing the data distribution because � changes for different µ 0

hypothesis.
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B
Convolution of an Exponential

and a Gaussian

In this appendix we want to derive the analytic form of the convolution of an Expo-
nential distribution with a Gaussian distribution, given in equation 7.6.
Let’s consider the following exponential truncated at a certain value x = mH

E(x) =

�
� exp

⇥
�(x-mH)

⇤
x 6 mH

0 x > mH
= � exp

⇥
�(x-mH)

⇤
⇥(mH - x), (B.1)

where ⇥ is the Heavyside step-function. We want to convolve this function with a
Gaussian distribution G(0,�) with zero mean and standard deviation �

[E ⇤ G] (x) = �

�
p

2⇡

Z+1

-1
dx 0 exp

⇥
�(x 0 -mH)

⇤
⇥(mH - x) exp

"

-
(x- x 0)2

2�2

#

[E ⇤ G] (x) = �

�
p

2⇡

Z+mH

-1
dx 0 exp

⇥
�(x 0 -mH)

⇤
exp

"

-
(x- x 0)2

2�2

# (B.2)

If the two PDFs are correctly normalized so is the convolution and the normalization
constant is given by the product of the normalization constants relative to the individual
PDfs, in this case (�/

p
2⇡�).

If we now bring outside the integral all the terms not dependent on x 0, we obtain

[E⇤G](x) = � exp (-�mH) exp

 
-x2

2�2

!

| {z }
= A

1p
2⇡�

ZmH

-1
dx 0 exp (�x 0) exp

 
-x 02

2�2

!

exp
✓

2xx 0

2�2

◆

| {z }
= B

.

(B.3)
The integral we have to solve is

B =
1p
2⇡�

ZmH

-1
dx 0 exp

2

4-

 
x 02 - 2x 0(x+ ��2)

2�2

!3

5, (B.4)

completing the square at the exponent we obtain

B = exp

"
(x+ ��2)2

2�2

#
1p
2⇡�

ZmH

-1
dx 0 exp


-

 
x 0 - (x+ ��2)p

2�

!2 �
. (B.5)
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Appendix B Convolution of an Exponential and a Gaussian

We note immediately that the term inside the integral is a Gaussian distribution with
mean µ = (x+ ��2) and standard deviation �. Equation (B.3) now becomes

[E ⇤ G](x) = � exp (-�mH) exp

 
-x2

2�2

!

exp

"
(x+ ��2)2

2�2

#

�

✓
mH - µ

�

◆
, (B.6)

where � is the usual Gaussian cumulative distribution, which satisfies the following
relation

�

✓
z- µ

�

◆
=

1
2

"

1 + Erf
✓

zp
2

◆#

with Erf(z) =
2p
⇡

Zz

0
e-t2

dt (B.7)

working out expression (B.6) we find:

[E ⇤ G](x) = �

2
exp

⇥
�(x-mH)

⇤
exp

 
�2�2

2

!2

41 + Erf

 
mH - x- ��2

p
2�

!3

5 . (B.8)

By exploiting the fact that Erf(-x) = -Erf(x) and Erfc(x) = 1 - Erf(x),
with Erfc(x) = 2/

p
⇡
R+1
x e-t2

dt we obtain the expression presented in eq. 7.6

[E ⇤ G](x) = �

2
exp

2

4�

 

x-mH +
��2

2

!3

5Erfc

 
x+ ��2 -mHp

2�

!

(B.9)

The expression of the convolution of a decreasing exponential (null for x < mH) and a
Gaussian can be derived easily with the same procedure after changing opportunely the
definition (B.1).
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C
Parameters of the signal PDF

In this appendix are reported the values of the parameters of the model used to
describe the H ! ZZ⇤ ! 4` signal. They have been obtained by fitting the two-

dimensional probability density function P(m4`,merr
4` ) to the simulated data divided

into four equally spaced bins of the multivariate discriminant, as described in Section
7.1.5. The procedure has been repeated for all the final states of the analysis, for all
the Higgs boson production modes and for the two values of the center of mass energyp
s = 7 and 8 TeV. The total number of probability density functions that make up the

signal model is 160, therefore we report here only the parameters relative to the gluon-
fusion production mode (accounting for 90% of the total Higgs boson cross section) atp
s = 8 TeV (82% of the events were collected at this value of

p
s). The PDFs for the

other production modes and center of mass energies can be obtained from this one with
a small variation of the parameters.

The structure of the PDF is the same for all the four final states of the analysis: a
sum of Exponential functions convolved with Gaussian distribution, indicated as [E ⇤
G]. All the Exponentials are truncated at the same value mH, representing the Higgs
boson mass estimate. The core of the four-lepton invariant mass (m4`) distribution is
described by an Exponential convolved with a Gaussian with a width proportional on
the uncertainty on m4` measured in each event. The tails and the peak are described by
similar function with a width parameter which does not change over the events. This
component is identified by the life-time of the Exponential ⌧core = 1/�core and by the
proportionality constant  of the Gaussian variance to merr

4` . The weight of the peak
component, described by a Gaussian with standard deviation �peak. with respect to the
core is given by the parameter fpeak. The sum of these two components of the signal
PDF has a weight called fcore.

The left and the right tails of the distribution are described by other two Exponentials
convolved with Gaussians. The two left and right Exponential have opposite sign slope.
The parameters of these two functions are �sx,�sx and �dx,�dx. The relative weight of the
left tail component with respect to the right one is expressed by the fraction fsx-dx.

The expression for the full PDF is:

P = fcore

h
(1 - fpeak)[E ⇤ G]

�
⌧core,mH, merr

4`
�
+ fpeakG

�
mH,�peak

�i
+

(1 - fcore)
h
fsx-dx[E ⇤ G]

�
⌧sx,mH,�sx

�
+ (1 - fsx-dx)[E ⇤ G]

�
⌧dx,mH,�dx

�i
,

(C.1)

where ⌧k = 1/�k, the corresponding parameter values are summarized in Table C.1.
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Appendix C Parameters of the signal PDF

Table C.1: Value of the shape parameters of the signal PDF relative to the gluon fusion produc-
tion mode for all the final state of the analysis in the four OBDTZZ⇤ bins.

Parameter BDT1 BDT2 BDT3 BDT4

4µ

fcore 0.60 ± 0.22 0.73 ± 0.32 0.71 ± 0.22 0.72 ± 0.23
 1.08 ± 0.41 1.27 ± 0.89 1.13 ± 0.39 1.22 ± 0.36
fpeak 0.15 ± 0.09 0.40 ± 0.29 0.17 ± 0.10 0.16 ± 0.10
�peak [GeV] 0.72 ± 0.24 1.10 ± 0.55 0.76 ± 0.27 0.85 ± 0.31
�dx [GeV] 2.20 ± 0.18 1.60 ± 1.10 1.60 ± 0.25 0.95 ± 0.45
⌧dx [GeV-1] 2.20 ± 0.18 1.97 ± 0.51 1.44 ± 0.17 1.69 ± 0.32
�sx [GeV] 1.20 ± 0.21 0.64 ± 0.60 1.20 ± 0.21 1.20 ± 0.56
⌧sx [GeV-1] 4.14 ± 0.80 4.02 ± 1.21 3.60 ± 1.00 3.23 ± 1.00
fsx-dx 0.84 ± 0.15 0.87 ± 0.40 0.70 ± 0.25 0.55 ± 0.27

2µ2e

fcore 0.70 ± 0.24 0.77 ± 0.30 0.81 ± 0.48 0.86 ± 0.40
 1.00 ± 0.38 1.02 ± 0.53 1.08 ± 0.52 1.21 ± 0.58
fpeak 0.16 ± 0.12 0.12 ± 0.38 0.14 ± 0.36 0.29 ± 0.30
�peak [GeV] 1.06 ± 0.49 1.03 ± 0.79 0.95 ± 1.02 1.49 ± 0.81
�dx [GeV] 4.89 ± 0.63 4.14 ± 2.33 2.06 ± 2.02 2.00 ± 2.47
⌧dx [GeV-1] 1.00 ± 0.64 1.00 ± 1.41 1.00 ± 2.60 1.04 ± 1.68
�sx [GeV] 2.14 ± 0.63 2.45 ± 2.29 3.82 ± 1.93 4.23 ± 1.80
⌧sx [GeV-1] 3.79 ± 0.64 3.67 ± 2.69 3.50 ± 2.19 3.24 ± 1.55
fsx-dx 0.85 ± 0.16 0.84 ± 0.42 0.74 ± 0.53 0.85 ± 0.76

2e2µ

fcore 0.81 ± 0.22 0.82 ± 0.21 0.88 ± 0.167 0.85 ± 0.35
 1.12 ± 0.53 1.24 ± 0.54 1.42 ± 0.51 1.33 ± 0.88
fpeak 0.23 ± 0.20 0.35 ± 0.19 0.37 ± 0.18 0.22 ± 0.25
�peak [GeV] 0.81 ± 0.42 1.02 ± 0.46 1.00 ± 0.45 1.05 ± 0.74
�dx [GeV] 5.00 ± 0.92 5.00 ± 0.92 4.98 ± 0.91 5.00 ± 2.39
⌧dx [GeV-1] 2.72 ± 1.25 1.02 ± 0.68 1.25 ± 0.69 1.04 ± 1.63
�sx [GeV] 2.20 ± 0.39 2.20 ± 1.04 2.20 ± 0.39 2.20 ± 1.60
⌧sx [GeV-1] 4.99 ± 0.92 4.49 ± 1.12 4.74 ± 0.84 3.97 ± 3.07
fsx-dx 0.98 ± 0.20 0.94 ± 0.19 0.98 ± 0.20 0.83 ± 0.76

4e

fcore 0.42 ± 0.33 0.80 ± 0.63 0.80 ± 0.60 0.75 ± 0.16
 1.16 ± 0.28 1.12 ± 0.46 1.10 ± 0.40 1.24 ± 0.29
fpeak 0.19 ± 0.32 0.13 ± 0.86 0.13 ± 0.88 0.12 ± 0.26
�peak [GeV] 1.42 ± 0.22 1.23 ± 0.46 1.22 ± 0.59 1.21 ± 0.35
�dx [GeV] 1.99 ± 1.55 0.46 ± 3.11 0.60 ± 2.88 0.56 ± 0.79
⌧dx [GeV-1] 1.00 ± 0.92 2.17 ± 3.37 2.34 ± 2.08 2.22 ± 1.53
�sx [GeV] 0.99 ± 0.41 0.70 ± 1.01 0.94 ± 0.64 0.73 ± 0.24
⌧sx [GeV-1] 4.14 ± 1.60 5.85 ± 3.64 4.97 ± 2.89 3.20 ± 1.10
fsx-dx 0.89 ± 0.18 0.90 ± 0.73 0.82 ± 0.57 0.58 ± 0.33
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Summary

This thesis presents the results of my research on the measurement of the Higgs
boson mass and signal strength in the four-lepton decay channel. The measurement

is based on the data collected by the ATLAS detector during the first run of the Large
Hadron Collider (LHC) operations, in 2011 and 2012.

The production of a Higgs boson is a very rare process. To generate such a particle,
the LHC was designed to collide protons at the unprecedented center of mass energy of
14 TeV. The dataset analyzed in this thesis was collected at a center of mass energy of
7 TeV (18%) and 8 TeV (82%). A these energies a Higgs boson is produced roughly once
every 2 · 1011 collisions.

The Higgs boson is a neutral and extremely short-lived particle. The only possibility
to reveal it is to reconstruct the invariant mass of its decay products. Since the Higgs
boson couples to all massive Standard Model1 particles there is a large variety of decay
modes. The choice of the decay mode to analyze is driven by the probability of the decay
to happen (the so-called branching ratio) and the amount of background expected for
that particular final state. The Higgs boson decay analyzed in this thesis is the one into
four leptons2

H ! ZZ⇤ ! `+`-` 0+` 0- with `, ` 0 = e,µ.

In this process the Higgs particle decays into two neutral weak bosons (one of them
can be virtual) and each of them subsequently decays into a pair of opposite charge and
same flavor leptons: e+e- or µ+µ-. This decay has a probability to occur of only ⇠ 10-4

but the Standard Model processes generating the same final state also extremely rare.
As a consequence with an appropriate selection of the events it is possible to achieve a
signal to background ratio larger than one.

Since there are no strongly-interacting particles (hadrons) involved in the decay, the
four final state leptons can be easily distinguished from the large amount of objects
produced by the LHC proton-proton collision. These are mostly hadrons originated by
the fragmentation of the proton components. Because of the difficulty to separate an
hadronic signal from the background associated to every collision, the decays of the Z
boson into a ⌧+⌧- pair have not been considered in this analysis. The ⌧ lepton, in fact,
decays 75% of the times into strongly-interacting particles.

The electrons and muons produced in the Higgs boson decay are reconstructed by
the ATLAS detector. The ATLAS detector is one of the four particle detectors placed
at the four interaction points of the LHC beams. To maximize the acceptance ATLAS
has a nearly hermetic cylindrical shape surrounding the LHC beam pipe. It is divided
into three main sub-detectors placed at increasing distances from the interaction point:
the inner detector (or tracker), the electromagnetic and the hadronic calorimeter and

1The Standard Model is the theoretical model currently used to describe the interactions among elemen-
tary particles.

2A lepton is a particle interacting only through the electromagnetic and the weak force.
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the muon spectrometer. The reconstruction of electrons and muons exploits the infor-
mations provided by all sub-detectors. ATLAS is equipped with two different type of
magnets. The first one is a solenoidal magnet in which the inner detector is placed. The
momentum of electrons and muons is measured in the inner detector from the bend-
ing of the reconstructed trajectory induced on the transverse plane by the solenoidal
magnetic field. This measurement is combined with the energy measurement provided
by the calorimeter (for the electrons) and with the momentum measurement provided
by the muon spectrometer (for the muons). The muon spectrometer is incapsulated
between the coils of a toroidal magnet which provide another field bending particle
trajectories on the longitudinal plane.

A Higgs boson candidate event must have in the final state two pairs of electrons or
muons with opposite charge. The pair of leptons with an invariant mass closest to the
nominal Z boson mass is identified as the leading lepton pair. If the Higgs boson mass
mH is smaller than twice the Z boson mass, mZ ' 91 GeV,one of the two Z boson is
produced off-shell with a mass of roughly mH -mZ. These features and the expected
distribution of the momentum of the leptons produced in the decay of the Z boson are
used to suppress the contribution of other Standard Model processes generating the
same final state.

Apart from those, there are also processes that can be wrongly reconstructed by the
detector as four-lepton events. These processes are characterized by the presence of
hadrons which can decay into muons or mimic the experimental signature of an electron.
The contribution of these events is suppressed by requiring the final state leptons to be
isolated and their trajectory to be originated close to the primary vertex of the collision.

If an event fulfills all the selection criteria the invariant mass of the four leptons,
called m4`, is stored. Analyzing all the events delivered by the LHC and collected
by the ATLAS detector the distribution shown in Figure S.1 is obtained. An excess
of events on top of the Standard Model background is observed in the region around
125 GeV, as summarized in Table S.1. The probability for this excess to be compatible
with the background only hypothesis is smaller than 10-13, corresponding to a Gaussian
significance of 8 standard deviations.

Table S.1: List of the observed and expected events from the signal and background processes
in the mass window 120 < m4` < 130 GeV.

Signal expectation 16.2

Background expectation 10.4

Total expectation 26.6

Observation 37

In this thesis I use the selected events to extract the mass, the signal strength and the
decay width of the Higgs boson assuming that the excess of events is generated by the
H ! ZZ⇤ ! 4` process. The best estimate for these parameters is obtained through an
unbinned maximum likelihood fit to the data. A measurement from the same dataset
has been already published in [1] and [2]. In this thesis I propose to improve these
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results exploiting the information provided by the uncertainty, called merr
4` , measured on

the four-lepton invariant mass event by event.
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Figure S.1: Distribution of the four-lepton invariant
mass of the H ! ZZ⇤ ! 4` candidates
passing all the selection criteria.

The signal model used in the
publications is composed of Monte
Carlo templates of the m4` distrib-
ution. To improve the separation
between the signal and the back-
ground, four different templates are
used according to the value of the
output of a multivariate discrimi-
nant (Boosted Decision Tree).

The strategy presented in this
thesis also exploits the information
from the multivariate discriminant,
but instead of Monte Carlo tem-
plates, analytic probability density
functions (PDFs) are used. The
PDFs in each multivariate discrim-
inant bin are described by a sum
of analytic functions defined by
the convolution of Exponential and
Gaussian distributions. The most

probable value of the Exponentials in the convolution represents the estimator for the
Higgs boson mass. The use of an analytic function allows to insert in the model the merr

4`
variable

The width of the signal PDF relative to a specific event is proportional to the uncer-
tainty on the four-lepton invariant mass measured for that event. As a consequence
events with a large uncertainty enters in the likelihood with a lower weight with respect
to the ones with a more precise measurement of m4`. The shape of the model is opti-
mized on large statistic datasets obtained simulating the H ! ZZ⇤ ! 4` process and
the detector resolution. Separate models have been built for every final state, for every
Higgs boson production mechanism and for the two center of mass energies of the col-
lisions (

p
s = 7 and 8 TeV) delivered by the LHC during 2011 and 2012. The probability

density function used for the background has been obtained by smoothing simulated
templates as it has been done in the most recent publications.

The distribution of the data plotted with the best fit probability density function is
shown in Figure S.2. The results on the Higgs boson quantum number are reported in
Table S.2. Using the model proposed in this thesis the uncertainty on the Higgs boson
mass and signal strength measurement is improved by approximately 6% with respect
to the most recent publication. The model allows also to set an upper limit on the Higgs
boson decay width �H which is smaller than 3.4 GeV at 95% confidence level. The limit
on �H is extracted with the so-called CLs method after performing a convolution of the
signal PDF with a Breit-Wigner model used to describe the theoretical distribution of
the Higgs boson mass.

The per-event-uncertainty model represents a valid alternative to the one used in the
recent publications, providing a more precise and robust estimation of the parameters
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under study. The measurement strategy followed so far by the ATLAS experiment col-
laboration is insensitive to the uncertainty associated to the four-lepton invariant mass
measurements. Nevertheless it is known that the merr

4` quantity has an asymmetric dis-
tribution with a non negligible spread of O(1 GeV) around its mean value. From simula-
tion it is possible to check that larger merr

4` values correspond to wider m4` distributions.
As a consequence events measured with a large uncertainty represents a less precise
estimation of the Higgs boson mass and this should be taken into account in the fit.
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Figure S.2: Best fit PDF (solid blue curve) superim-
posed on the four-lepton invariant mass
distribution from the data. Signal and
background components are also plot-
ted (dashed colored curves).

The method presented in this thesis
allows to capture all the variation of
m4` as a function of merr

4` and the dif-
ference in the uncertainty distributions
among the various Higgs boson pro-
duction modes and among the Higgs
boson signal and the background
processes. Moreover the fit performed
with per-event-uncertainties is much
less affected by problem connected
with event simulation. The shape of
the signal PDF, in fact, is still tuned
using Monte Carlo templates but it
changes smoothly as a function of the
measured uncertainty. This allows
to absorb an eventual discrepancy be-
tween the observed data and the distri-
butions predicted by simulation.

The event-by-event uncertainty method
is ready to be used during the second
run of the LHC when there will be
more Higgs boson events to analyze.
A similar technique has been already

sucsessfully used in the H ! ZZ⇤ ! 4` analysis provided by the CMS experiment
collaboration, as described in [3]. The larger amount of data to analyze will not repre-
sent a computational problem since the complexity of the model with three observables
is compensated by the analiticity of the signal PDF, which remains extremely fast to
evaluate.



Table S.2: Summary of the results on the Higgs boson quantum numbers obtained by analyzing
the H ! ZZ⇤ ! 4` candidate events with the model presented in this thesis. The
value corresponding to the Higgs boson total width represent the upper limit at 95%
confidence level. The number between parenthesis is the expected limit assuming a
Standard Model Higgs boson signal.

Mass [GeV] 124.55 ± 0.49

Signal strength 1.67+0.42
-0.36

Decay width [GeV] 6 3.4 (3.4)
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Samenvatting

Dit proefschrift beschrijft de resultaten van mijn onderzoek naar de bepaling van
de massa van het Higgs boson en de productiesterkte van het signaal in het vier-

lepton vervalskanaal. De meting is gebaseerd op de data die verzameld is in het jaar
2011 en 2012 door het ATLAS experiment gedurende de eerste run van de Large Hadron
Collider (LHC) . De productie van het Higgs boson is een zeldzame gebeurtenis. Om
zo’n deeltje te kunnen maken is de LHC zo ontworpen dat protonen botsen met een
massamiddelpuntenergie die hoger is dan ooit daarvoor, 14 TeV. De dataset die in dit
proefschrift geanalyseerd is is verzameld op een massamiddelpuntsenergie van 7 TeV
(18%) en 8 TeV (82%). Bij deze energieën wordt er ongeveer eens per 2 · 1011 botsingen
een Higgs boson geproduceerd.

Het Higgs boson is elektrisch neutraal en heeft een extreem korte levensduur. De
enige manier om het bestaan ervan te onthullen is door de invariante massa van zijn
vervalsproducten te reconstrueren. Omdat het Higgs boson koppelt aan alle deeltjes in
het Standaard Model3 die massa hebben is er een grote hoeveelheid aan vervalsmoge-
lijkheden. De keuze voor een specifiek vervalsproces om te analyseren wordt gedreven
door de kans dat zo’n verval plaatsvindt (de zogenaamde vertakkingsverhouding) en
de hoeveelheid achtergrond voor die eindtoestand. Het verval dat we in dit proefschrift
bestuderen is die waarbij er 4 leptonen worden geproduceerd4

H ! ZZ⇤ ! `+`-` 0+` 0- met `, ` 0 = e,µ.

In dit proces vervalt het Higgs boson naar 2 neutrale zwakke-vectorbosonen (waarvan
er een virtueel is) die op hun beurt weer vervallen naar een paar leptonen van dezelfde
soort met tegenovergestelde elektrische lading: e+e- of µ+µ-. Hoewel de kans op dit
specifieke verval erg klein, ongeveer ⇠ 10-4, zijn ook de processen in het Standaard
Model die dezelfde eindtoestand opleveren uitermate zeldzaam. het is om die reden
dat het uiteindelijk toch lukt om na een selectie een signaal-ruis verhouding te halen die
groter is dan 1.

Omdat er geen deeltjes in het verval betrokken zijn die een interactie ondergaan on-
der de sterke-kracht aangaan (hadronen) kan de eindtoestand met vier leptonen mak-
kelijk onderscheiden worden van de grote hoeveelheid deeltjes die in een proton-proton
botsing bij de LHC geproduceerd worden. Dit zijn namelijk voornamelijk hadronen,
gemaakt in de fragmentatie van de componenten van een van de botsende protonen.
Omdat het zo lastig is een hadronisch signaal te onderscheiden van de achtergrond heb-
ben we het verval van een Z boson naar ⌧+⌧- niet meegenomen in onze analyse. Het ⌧
lepton vervalt namelijk in 75% van de gevallen naar hadronen.

3Het Standaard Model is het theoretisch model voor de beschrijving van de interacties tussen elementaire
deeltjes.

4Ter herinnering: een lepton is een deeltje dat alleen via de electromagnetische en de zwakke kracht een
wisselwerking met andere deeltjes aangaat.
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De electronen en muonen die geproduceerd worden in het verval van een Higgs bo-
son worden vervolgens gemeten door de ATLAS detector. De ATLAS detector is een
van de vier deeltjesdetectoren die gesitueerd zijn in elk van de vier punten waar de
LHC bundels op elkaar botsen. Om de detectie-mogelijkheden te maximaliseren rond
het interactiepunt heeft de ATLAS detector een vorm van een bijna hermetisch gesloten
cilinder om de LHC buidelpijp heen. Het bestaat uit drie groepen subdetectoren die
zich steeds verder van het interactiepunt bevinden: de Inner Tracker, de Electromag-
netische en de Hadronische Calorimeter en de Muon Spectrometer. Om electronen en
muon te reconstrueren wordt informatie uit elk van de subdetectoren gebruikt. In de
ATLAS detector bevinden zich twee magnetische velden. Het eerste is een solenoı̈de
veld die de Inner Tracker omvat. De impuls van electronen en muonen wordt bepaald
uit de kromming van het spoor van de deeltjes in het vlak loodrecht op de buidelpijp.
Deze meting wordt gecombineerd met de meting van de energie van het deeltje in de
Calorimeter (voor de electronen) en de impulsmeting van de Muon Spectrometer (voor
de muonen). De Muon Spectrometer bevindt zich in de spoelen van een magneet dat
een toroidaal veld levert waardoor de deeltjes daar in het horizontale vlak afbuigen.

Een kandidaat Higgs boson botsing moet een eindtoestand hebben die twee paar
electronen of muonen bevat met tegengestelde lading. Het paar met een massa dat het
dichtst bij de nominale massa van het Z boson ligt wordt geı̈dentificeerd als het leidende
lepton paar. Als de massa van het Higgs boson, mH, kleiner is dat twee keer de Z boson
massa mZ ' 91 GeV dan is een van de twee Z bosonen off-shell geproduceerd met een
massa van ongeveer mH-mZ. Deze kenmerken, samen met de verwachte distributie van
de impuls van de vier leptonen in een verval via twee Z bosonen, worden gebruikt om
de bijdrage van andere Standaard Model processen die dezelfde eindtoestand opleveren
te onderdrukken. Naast deze processen zijn er ook botsingen die door de detector fou-
tief gezien worden als een vier-lepton botsing. Deze processen worden gekarakteriseerd
door de aanwezigheid van hadronen die in muonen kunnen vervallen of een experimen-
tele signatuur als electron kunnen nabootsen. De bijdrage van dit type botsingen wordt
onderdrukt door te eisen dat de leptonen in de eindtoestand geı̈soleerd zijn en dat hun
spoor terugwijst naar het primaire botsingspunt. Als een botsing aan alle selectiecriteria
voldoet wordt de invariante massa van de 4 leptonen, m4`, opgeslagen. Als we ver-
volgens al deze botsingen analyseren die door de LHC geproduceerd en door ATLAS
gereconstrueerd zijn dan krijgen we de distributie zoals in Figuur S.1. Een overschot aan
geobserveerde botsingen bovenop de verwachting van het Standaard Model is zichtbaar
in het gebied rond 125 GeV en is samengevat in Table S.1. De waarschijnlijkheid van
dit overschot om afkomstig te zijn van een pure achtergrond hypothese is kleiner dan
10-13, wat overeenkomt met een Gaussische significantie van 8�.

In dit proefschrift nemen we aan dat het proces H ! ZZ⇤ ! 4` verantwoordelijk
is voor het geobserveerde overschot en we gebruiken de geselecteerde botsingen om
de massa, de productiesterkte en de vervalsbreedte van het Higgs boson te bepalen.
De beste schatting van deze parameters wordt verkregen uit een unbinned maximum
likelihood fit aan de data. Een meting van deze dataset is al eerder gepubliceerd in [1]
en [2]. In dit proefschrift introduceer ik een methode om deze meting te verbeteren door
gebruik te maken van de onzekerheid op de vier-lepton massa, merr

4` , die uniek is voor
elke botsing.

Het signaalmodel dat in de publicatie gebruikt wordt bestaat uit Monte Carlo sjablo-
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nen voor de m4` verdeling. Om de scheiding tussen signaal en achtergrond te verbete-
ren worden vier verschillende sjablonen gebruikt die gekozen worden afhankelijk van
de waarde van een multivariate discriminant.
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Figuur S.1: Distributie van de vier-lepton invari-
ante massa van de H ! ZZ⇤ ! 4` kan-
didaten die voldoen aan alle selectiecri-
teria.

De strategie die in dit proefschrift
gepresenteerd wordt gebruikt ook de
informatie van de multivariate dis-
criminant, maar zal in plaats van
Monte Carlo sjablonen gebruik ma-
ken van analytische waarschijnlijk-
heiddichtheidsverdelingen (PDF). De
PDFs voor elk gebied van de multi-
variate discriminant wordt beschreven
door een som van analytische functies
die opgebouwd worden uit een convo-
lutie van een exponentiele functie met
die van een Gauss. De meest waar-
schijnlijke waarde van de exponentiele
functie in de convolutie representeert
de schatting van de massa van het
Higgs boson. Het gebruik van een ana-
lytische functie staat toe dat we de merr

4`
variabele in het model introduceren.

De breedte van de signaal PDF voor
een specifieke botsing is dan gerela-

teerd aan de onzekerheid op de vier-lepton invariante massa voor die specifieke botsing.
Het gevolg daarvan is dat botsingen met een grote onzekerheid met een lager gewicht
worden meegenomen in de likelihood dan de botsingen waarin de meting van m4` met
hoge precisie is bepaald. De vorm van het model is verkregen uit een grote dataset dat
we verkregen hebben door het proces H ! ZZ⇤ ! 4` en de detector reconstructie te
simuleren.

Voor elke eindtoestand, voor elk Higgs boson productieproces en voor elk van de twee
massamiddelpuntsenergieën (

p
s = 7 and 8 TeV) zoals geleverd door de LHC in het jaar

2011 en 2012 is een signaalmodel opgesteld. De waarschijnlijkheiddichtheidsverdeling
voor de achtergrond is verkregen door het wegen van verschillende sjablonen, net als
is gedaan voor recente publicaties. Figure S.2 laat de distributie van de data zien, met

Tabel S.1: Lijst van geobserveerd en verwacht aantal botsingen van signaal en achtergrond pro-
cessen in het massagebied 120 < m4` < 130 GeV.

Signaal verwachting 16.2

Achtergrond verwachting 10.4

Totaal verwacht 26.6

Geobserveerd 37
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daarin de PDF die de beste fit weergeeft.
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Figuur S.2: Distributie van de vier-lepton invari-
ante massa in de data samen met de
PDF die de data het best beschrijft.
De bijdrage van het signaal en de ach-
tergrond zijn weergegeven met de ge-
kleurde gestreepte lijnen.

De resultaten van de meting van de
quantumgetallen van het Higgs boson
zijn weergegeven in Tabel S.2.

Met behulp van de in dit proefschrift
gepresenteerde analyse is de onzeker-
heid op de massa van het Higgs bo-
son verbeterd met ongeveer 6% ver-
geleken met die in de meest recente
publicatie. Het model maakt het ook
mogelijk om een bovenlimiet te zetten
op de breedte van het Higgs boson,
�H, namelijk kleiner dan 3.4 GeV met
95% zekerheid. De bovenlimiet op �H
is verkregen met behulp van de zo-
genaamde CLs methode na convolu-
tie van de signaal PDF met een Breit-
Wigner, de theoretische distributie van
de Higgs boson massa.

Het per-event-error model is een vol-
waardig alternatief voor de methode
die gebruikt wordt in recente publica-
ties, met een robuuste en meer precieze
schatting van de onzekerheden op de
parameters. De strategie die op dit mo-

ment door de ATLAS collaboratie gebruikt wordt maakt geen gebruik van de onzeker-
heid die voor elke botsing toegeschreven kan worden aan de vier-lepton massa. Dit
gebeurt niet hoewel bekend is dat merr

4` asymmetrische verdeeld is met een niet te ver-
waarlozen breedte van O(1 GeV) rond de gemiddelde waarde en dat bovendien geldt
dat bij grote waardes van merr

4` de verdeling van m4` ook breder is. Als gevolg hiervan
leveren botsingen met een grote onzekerheid een minder nauwkeurige schatting van
de massa van het Higgs boson, iets dat meegenomen moet worden in de uiteindelijke
meting.

De methode zoals gepresenteerd in dit proefschrift staat toe alle variaties mee te ne-
men in m4` als functie van merr

4` en de verschillen in de distributie van de onzekerheden
voor de verschillende Higgs boson productieprocessen en achtergrondprocessen. Daar-
naast geldt dat de fit met de per-event-error minder last heeft van problemen die geas-
socieerd zijn met botsingssimulaties. Hoewel de vorm van de PDFs nog steeds bepaald
wordt door gebruik te maken van Monte Carlo sjablonen, de PDFs veranderen nu wel
continu als functie van de meetfout. Dit laat toe dat eventuele verschillen tussen de data
en voorspellingen geabsorbeerd kunnen worden.

De per-event-error methode is klaar om toegepast te worden in de tweede run van de
LHC waar er meer Higgs bosonen te analyseren zullen zijn. Een soortgelijke techniek is
al in gebruik in het H ! ZZ⇤ ! 4` kanaal van het CMS experiment, zoals beschreven
is in [3]. De grotere dataset zal geen onoverkomelijke rekentijdproblemen opleveren
omdat de complexiteit van het model met 3 observabelen gecompenseerd wordt door
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de analytische beschrijving van de signaal PDF die daardoor extreem snel te evalueren
is.

Tabel S.2: Samenvatting van de gemeten waardes van de quantumgetallen van het Higgs boson
in de analyse van de eigenschappen van de H ! ZZ⇤ ! 4` kandidaten met het
model zoals gepresenteerd in dit proefschrift. De gerapporteerde waarde van de totale
vervalsbreedte van het Higgs boson is een bovenlimiet met 95% zekerheid. Het getal
tussen haakjes is de verwachte limiet voor een signaal van een Standaard Model Higgs
boson.

Massa [GeV] 124.55 ± 0.49

Signaal sterkte 1.67+0,42
-0.36

Totale breedte [GeV] 6 3.4 (3.4)
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Riassunto

Questa tesi presenta i risultati della mia ricerca sulla misura della massa del bosone
di Higgs e dell’intensità del suo segnale. La misura si basa sui dati raccolti dal

detector ATLAS nel 2011 e nel 2012, durante la prima fase delle operazioni del Large
Hadron Collider (LHC).

La creazione di un bosone di Higgs è un processo particolarmente raro. Al fine di
massimizzare la probabilità di produrre questa particella, l’LHC è stato progettato per
far collidere protoni ad un’energia nel centro di massa di ben 14 TeV, superiore a qualsia-
si acceleratore mai costruito. I dati analizzati in questa tesi corrispondono ad un’energia
nel centro di massa di 7 TeV (18%) e 8 TeV (82%). A queste energie un bosone di Higgs
viene prodotto circa una volta ogni 2 · 1011 collisioni.

Il bosone di Higgs è una particella neutra dalla vita media estremamente breve. L’u-
nico modo per rivelarla consiste nel ricostruire la massa invariante dei suoi prodotti di
decadimento. Dato che il bosone di Higgs si accoppia a tutte le particelle del Modello
Standard5 dotate di massa, esiste una grande varietà di canali di decadimento. La scelta
del canale di decadimento da analizzare si basa sulla sua probabilità di manifestarsi (il
cosiddetto rapporto di diramazione, in inglese branching ratio) e sul contributo aspettato
dai processi di fondo (in inglese background). Il processo analizzato in questa tesi è il
decadimento del bosone di Higgs in quattro leptoni.6

H ! ZZ⇤ ! `+`-` 0+` 0- with `, ` 0 = e,µ.

In questo processo la particella di Higgs decade dapprima in due bosoni Z neutri (di
cui uno virtuale) e susseguentemente entrambi decadono in una coppia di leptoni con
stesso sapore e carica opposta: e+e- o µ+µ-. Il branching ratio di questo decadimento è
solamente ⇠ 10-4 ma i processi di fondo sono anch’essi estremamente rari e un’oppor-
tuna selezione degli eventi consente di rendere il contributo del background inferiore a
quello del segnale.

Nel decadimento in questione non sono presenti particelle soggette all’interazione
forte (adroni) e i quattro leptoni dello stato finale sono facilmente distinguibili dalla
grande quantità di particelle adroniche generate a seguito dalla frammentazione dei
componenti del protone. Questo fenomeno rende molto difficoltosa la ricerca del bosone
di Higgs in uno stato finale comprendente una o due coppie di leptoni ⌧+⌧-. Il leptone
⌧, infatti, decade in prossimità del punto di interazione producendo nel 75% dei casi
adroni.

Gli elettroni e i muoni generati dai decadimenti del bosone di Higgs vengono rico-
struiti dal detector ATLAS. ATLAS è uno dei quattro rivelatori di particelle posti in

5Per Modello Standard si intende il modello teorico attualmente usato per descrivere le interazioni tra
particelle elementari.

6Un leptone è una particella sensibile esclusivamente all’interazione debole e all’interazione
elettromagnetica.
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corrispondenza dei quattro punti di interazione dei fasci di protoni dell’LHC. Al fine di
massimizzare l’accettanza, il rivelatore ha una struttura cilindrica quasi ermetica attor-
no al punto di interazione. Esso è suddiviso in tre principali sotto-rivelatori, concentrici
rispetto all’asse del fascio e posti a distanze crescenti da quest’ultimo. Essi sono: il trac-
ciatore interno, il calorimetro (elettromagnetico e adronico) e lo spettrometro per muoni.
La ricostruzione dei leptoni sfrutta le informazioni fornite da tutti i sotto-rivelatori.

Il detector ATLAS è equipaggiato con due diversi tipi di magneti: un solenoide e un
toroide. Il tracciatore interno è immerso nel campo magnetico generato dal solenoide.
Quest’ultimo curva la traiettoria delle particelle cariche nel piano trasverso rispetto al-
l’asse del fascio. Misurando con grande precisione questa curvatura è possibile ricavare
una misura dell’impulso di elettroni e muoni. Questa misura viene poi combinata con la
misura di energia fornita dal calorimetro (per gli elettroni) o con un’altra misura dell’im-
pulso fornita dallo spettrometro (per i muoni). Lo spettrometro per muoni è inserito tra
le componenti di un magnete toroide. Il toroide produce un secondo campo magnetico
che curva la traiettoria dei muoni sul piano longitudinale rispetto all’asse del fascio.

Un candidato evento di segnale deve contenere nello stato finale le due coppie di
leptoni con carica opposta e stesso sapore, attese dal decadimento di un bosone di
Higgs. La coppia di leptoni con massa invariante più vicina alla massa a riposo del
bosone Z viene identificata con il nome di leading lepton pair. Se la massa del bosone di
Higgs mH è inferiore al doppio della massa del bosone Z, mZ ' 91 GeV, uno dei due
bosoni neutri viene prodotto off-shell, con una massa pari a circa mH -mZ.

Le proprietà del processo di segnale vengono usate, insieme ad altre distribuzioni
topologiche e cinematiche dei leptoni, per sopprimere il contributo dei processi del
Modello Standard che danno origine al medesimo stato finale.

Oltre a questi processi ne esistono anche altri che, pur producendo stati finali differen-
ti, possono venire erroneamente ricostruiti come eventi di segnale. Questi processi sono
caratterizzati dalla presenza di adroni che decadendo in muoni o simulando le segna-
ture sperimentali prodotte da un elettrone, possono dar luogo a stati finali con quattro
leptoni. Il contributo di questo tipo di fondo viene soppresso richiedendo l’isolamento
dei leptoni dello stato finale e che la loro traiettoria sia originata in prossimità del vertice
primario della collisione.

Quando un evento soddisfa tutti i criteri di selezione la massa invariante dei suoi
quattro leptoni, indicata con m4` viene registrata. La distribuzione ottenuta analizzando
gli eventi generati dall’LHC e raccolti dal detector ATLAS nel 2011 e nel 2012 è mostrata
in Figura S.1. Un eccesso di eventi rispetto al fondo aspettato dal Modello Standard
è chiaramente visibile nella regione attorno a 125 GeV, come riportato in Tabella S.1.
La probabilità che quest’eccesso sia compatibile con l’ipotesi di solo fondo è inferiore a
10-13, ciò corrisponde a un livello di significatività pari a 8 deviazioni standard.

In questa tesi gli eventi selezionati vengono usati per estrarre la massa, l’intensità del
segnale e la larghezza di decadimento del bosone di Higgs, assumendo che l’eccesso sia
generato dal processo di segnale H ! ZZ⇤ ! 4`. La migliore stima di questi parametri
si ottiene da un fit di massima verosimiglianza sui dati. Una misura, basata sugli stessi
dati è già stata pubblicata in [1] e [2]. In questa tesi propongo di affinare questi risultati
usando l’ informazione fornite dall’incertezza sulla misura della massa invariante dei
leptoni in ogni singolo evento, indicata con merr

4` .
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Il modello di segnale usato nelle più recenti pubblicazioni è basato sulle distribuzioni
generate a partire da simulazioni Monte Carlo. Per migliorare la separazione tra segnale
e fondo vengono usate quattro diverse distribuzioni a seconda del valore di output di
un algoritmo di classificazione multi-variato o Boosted Decision Tree (BDT).
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Figura S.1: Distribuzione della massa invariante dei
quattro leptoni ottenuta dai candidati
eventi H ! ZZ⇤ ! 4` che soddisfano tutti
i criteri di selezione.

La strategia presentata in questa
tesi fa ugualmente uso dell’output
del BDT (indicato con OBDTZZ⇤ ) ma
invece che su simulazioni Monte
Carlo si basa su funzioni di distri-
buzione di probabilità (PDF) anali-
tiche. Per ognuno dei quattro in-
tervalli di OBDTZZ⇤ esiste una PDF
composta dalla somma di varie fun-
zioni analitiche. Queste funzioni
hanno tutte la stessa forma data dal-
la convoluzione di una distribuzio-
ne esponenziale e una distribuzione
gaussiana. La moda della distribu-
zione esponenziale rappresenta lo
stimatore della massa del bosone di
Higgs. L’uso di una PDF analiti-
ca consente di includere nel model-
lo l’incertezza misurata sulla massa
invariante dei quattro leptoni.

La larghezza della PDF del segna-
le relativa a un determinato evento è proporzionale all’incertezza su m4`, misurata per
lo stesso evento. In tal modo gli eventi misurati con scarsa precisione daranno un contri-
buto alla funzione di verosimiglianza relativamente più piccolo rispetto a quelli misurati
con precisione maggiore. Il modello è stato ottimizzato basandosi sulla simulazione di
un gran numero di eventi di segnale e della risoluzione del detector ATLAS.

Modelli differenti sono stati creati per ogni stato finale, per ogni meccanismo di pro-
duzione del bosone di Higgs, per entrambe le energie nel centro di massa delle collisioni
(
p
s = 7 e 8 TeV) generate dall’LHC. La funzione di distribuzione di probabilità per i

processi di fondo è stata ottenuta basandosi su simulazioni Monte Carlo come già fatto
nelle recenti pubblicazioni dell’esperimento [1] e [2].

Tabella S.1: Lista degli eventi osservati e aspettati dai processi di segnale e fondo nella finestra
di massa compresa tra 120 e 130 GeV.

Eventi attesi segnale 16.2

Eventi attesi fondo 10.4

Eventi attesi totale 26.6

Eventi osservati 37
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Riassunto

La distribuzione dei dati e la migliore stima del modello sono mostrati in Figura S.2
Le migliori stime dei numeri quantici del bosone di Higgs sono riportate in Tabella S.2.
Usando il modello proposto in questa tesi l’incertezza sulla massa del bosone di Higgs
e sull’intensità del segnale migliora del 6%, rispetto alle più recenti pubblicazioni. Il
modello consente altresı̀ di porre un limite superiore alla larghezza di decadimento del
bosone di Higgs, �H, che risulta essere inferiore a 3.4 GeV al 95% di livello di confidenza.
Il limite su �H è stato estratto tramite il cosiddetto metodo CLs dopo aver effettuato la
convoluzione della PDF del segnale con una distribuzione di Breit-Wigner necessaria a
descrivere la distribuzione teorica della massa del bosone di Higgs.
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Figura S.2: Migliore stima del modello (curva blu
continua) sovrapposta alla distribuzio-
ne della massa invariante dei quattro
leptoni ottenuta dai dati. Le componen-
ti di segnale e fondo sono rappresentate
dalle curve colorate e tratteggiate come
indicato nella legenda.

Il modello analitico che include l’in-
certezza misurata sul singolo evento
rappresenta dunque una valida alter-
nativa rispetto a quello usato nelle re-
centi pubblicazioni. In particolare esso
garantisce una stima più precisa e ro-
busta dei parametri in esame. La stra-
tegia di misura seguita fino a ora dalla
collaborazione ATLAS trascura infatti
l’incertezza associata alla misura del-
la massa invariante dei quattro leptoni.
Ciononostante è noto che la quantità
merr

4` abbia una distribuzione asimme-
trica con una deviazione standard non
trascurabile dell’ordine di O(1 GeV).
Dalle simulazioni si può apprezzare
come grandi valori di merr

4` corrispon-
dano a distribuzioni di m4` più larghe.
Conseguentemente eventi misurati con
grande incertezza rappresentano una
stima meno affidabile della massa del
bosone di Higgs e quest’informazione
andrebbe tenuta in considerazione nel
processo di misura.

Il metodo presentato in questa tesi tiene conto delle variazioni nella distribuzione
della massa invariante dei quattro leptoni in funzione dell’incertezza misurata e delle
differenze nella distribuzione dell’incertezza corrispondenti ai vari meccanismi di pro-
duzione del bosone di Higgs, oltre che tra il segnale e i processi di fondo. Inoltre la
misura effettuata con le incertezze misurate evento per evento è meno soggetta a pro-
blemi legati alla simulazione degli eventi e della risoluzione del detector. Le funzioni
di distribuzione di probabilità, infatti, cambiano in funzione dell’incertezza misurata.
Questa caratteristica consente di assorbire eventuali discrepanze tra i dati osservati e le
distribuzioni previste nelle simulazioni.

Il modello descritto in questa tesi è pronto per essere usato nella seconda fase delle
operazioni dell’LHC quando si avrà a disposizione un maggior numero di eventi da
analizzare. Una tecnica simile è stata già usata con successo dall’esperimento CMS nella
stessa analisi come descritto in [3]. La grande quantità di dati da processare non rap-
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presenta un ostacolo dal punto di vista computazionale dal momento che la complessità
del modello con tre ossevabili è compensata dalla natura analitica delle PDF del segnale,
che sono estremamente veloci da calcolare.

Tabella S.2: Riepilogo dei risultati delle misure dei numeri quantici del bosone di Higgs ottenuti
analizzando gli eventi candidati, selezionati dal processo H ! ZZ⇤ ! 4`, usando
il modello descritto in questa tesi. Il valore corrispondente alla larghezza di deca-
dimento del bosone di Higgs rappresenta un limite superiore al 95% di livello di
confidenza. Il numero tra parentesi rappresenta il limite aspettato assumendo un
segnale prodotto da un bosone di Higgs del Modello Standard.

Massa [GeV] 124.55 ± 0.49

Intensità del segnale 1.67+0.42
-0.36

Larghezza di decadimento [GeV] 6 3.4 (3.4)
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