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Chapter 1

Introduction
In particle physics we ask what everything we observe is made of, to find the smallest building
blocks of nature and understand how they interact with each other. Our current understanding
of particle physics is collected in the Standard Model (SM). Developed over several decades in the
second half of the 20th century, this model describes the known matter in the universe with only
17 fundamental particles (plus some anti-particles). The SM has been used to predict the observa-
tions of new particles, such as the top-quark (observed in 1995 [1,2]), as well as the Higgs boson.
The discovery of the Higgs boson in 2012 by the ATLAS and CMS collaborations [3] provides an
important milestone in particles physics, as it was the final particle that was predicted by the SM.

The Higgs boson discovery marks a new era of particle physics research, as no more particles
are predicted by the SM. The research can roughly be divided in two categories: Precision tests of
the SM and beyond the SM predictions. The SM has held up to numerous high precision tests, but
there are nonetheless observations that cannot be explained by the SM, including the nature of
dark matter, gravity and the asymmetry between matter and antimatter in the universe. Models
of beyond the SM physics are needed to describe such observations and to predict particles that
explain these observations.

This thesis describes both a search for beyond the SM particles and a measurement of the
properties the SM Higgs boson. The first analysis is a search for additional, heavy Higgs bosons,
extending the SM Higgs boson sector. The second analysis measures the off-shell signal strength
of the SM Higgs boson, which is then interpreted as an estimate on the Higgs boson lifetime.
Both analyses use proton-proton collision data, collected with the ATLAS detector between the
years 2015 and 2018 at a center of mass energy of 13 TeV. The analyses focus on the decay of a
heavy/off-shell Higgs boson to two Z-bosons, where one of the Z-bosons decays into two charged
light leptons (`: electrons or muons) and the other in two neutrinos (⌫). In the ATLAS publi-
cations, this final state, denoted as `+`�⌫⌫̄, is combined with a complementary analysis where
both Z-bosons decay to charged leptons, denoted as 4`. The search for high mass Higgs bosons
has been published in 2021 [4], and the measurement of the off-shell signal strength is currently
being finalized. This is the first measurement of the off-shell signal strength with the ATLAS de-
tector. This thesis provides a preview of the off-shell measurement, using only the `+`�⌫⌫̄ channel.

Chapter 2 describes the Standard Model itself, with a focus on the Higgs boson. It includes
a description of the production channels of Higgs bosons and two interference effects that occur
in the production of Higgs boson in the ATLAS detector. The first is an interference between the
production of the SM Higgs boson, and a continuous background. As described there, this interfer-
ence actually helps us measure the off-shell signal strength. This measurement is then interpreted
as a measurement of the total Higgs boson width and lifetime. The second interference is between
the additional, heavy Higgs boson and the SM background, which includes both interference with
the continuous background and the SM Higgs boson. I worked on the implementation of these
interferences in the analyses.

7



8 CHAPTER 1. INTRODUCTION

Chapter 3 describes the experimental setup used to collect the data used in the analyses. It
includes a description of both the Large Hadron Collider, which accelerates and collides protons,
and the ATLAS detector, which collects the data from the proton-proton collisions. In addition,
this chapter gives an insight in one of the upgrades installed in the muon system of the ATLAS de-
tector between 2019 and 2022, focusing on a validation study I carried out for this new subdetector.

Chapter 4 describes the various techniques used in the ATLAS collaboration to reconstruct
the particles created in the proton-proton collisions. The analyses in this thesis depend on precise
and correct reconstruction of muons, electrons, hadrons (‘jets’) and missing energy, caused by the
two neutrinos, which are not detected directly in the ATLAS detector.

Chapter 5 describes the search for an additional, heavy Higgs boson. I provided the simulated
data (in a format called ‘minitrees’) for this analysis. The analysis consists of a dedicated event
selection to reduce background contributions and select potential heavy Higgs boson candidates.
To test our understanding of these backgrounds, dedicated control regions are implemented, where
the modelling of the backgrounds is tested against observed data. I worked extensively on one
of these control regions: The 3-lepton control region, targeting the WZ background with one
W -boson and one Z-boson, which is the largest reducible background in the analysis. This work
included setting up the control region, optimizing its selection and computing the impact of sys-
tematic uncertainties in this region. In addition, I was one of the editors of the common internal
note [5], which describes analysis techniques, such as background estimations, that are common
between the high mass search, the off-shell analysis, as well as a related search for dark matter
candidates using the `+`�⌫⌫̄ final state [6].

Chapter 6 describes the measurement of the off-shell signal strength of the Higgs boson. In
this analysis, I was the main analyzer for the `+`�⌫⌫̄ part of the measurement. As such, I worked
on the optimization of the event selection, and the implementation of all three control regions.
Here, I made sure there was no contamination from on-shell Higgs boson events, and I studied the
parameterization of the off-shell signal strength. I also worked on the statistical interpretation of
this analysis, and the implementation of systematic uncertainties. I computed the confidence belts
needed to interpret the measurement and was one of the editors of the off-shell internal note [7].

Chapter 7 gives an overview of the analyses in this thesis, and discusses the future of the
off-shell analysis. Here, I look both at the expected measurements in future LHC runs, and at
ways to improve the analysis.



Chapter 2

Theory
This chapter gives an overview of the state of the current understanding of elementary particles
and their interactions, and describes the motivation behind the analyses that are described in
this thesis. Section 2.1 describes the Standard Model of particle physics, in which the current
understanding of particle physics is summarized. Special focus is on the Higgs boson, a particle that
plays a central role in this thesis. While the Standard Model is able to explain many observations,
it also has its shortcomings. Section 2.2 describes some of these shortcomings and introduces a
beyond the Standard Model theory with an additional Higgs boson. The last sections of this chapter
focus on the production of the different Higgs bosons at the Large Hadron Collider. Section 2.3
describes the production modes of the Standard Model Higgs boson. Section 2.4 gives a description
of the opportunity to measure the lifetime of the SM Higgs boson, and its challenges. The last
section of this chapter, Section 2.5, describes the potential production of beyond the Standard
Model Higgs bosons.

2.1 The Standard Model of particle physics

The current understanding of particles physics is summarized in its standard model (SM). This
SM describes all known elementary particles and their interactions. This section aims to give a
description of the SM in the context of the analyses described in this thesis. For a more detailed
description, see works such as [8] and [9].

An overview of the elementary particles in the SM is given in Figure 2.1, and these will be
described below. The SM incorporates three of the four known forces: the electromagnetic, weak
and strong force. The other force, gravity, is not included. The particles are classified in two
categories based on their spin and their role in the SM:

In one category are the fermions, spin-one-half particles, that are the building blocks of the
matter in the universe. The fermions are divided in two categories: quarks and leptons, and
are categorized in three generations, where each particle in a generation shares the exact same
properties, except for the mass. The leptons are again divided in two categories: charged leptons,
such as electrons and neutral leptons, called neutrinos. For the processes analyzed in this thesis,
the final state, that is the particles that reach the detector, consists of two charged leptons (`) 1

and two neutrinos (⌫), and is noted as `+`�⌫⌫̄.
In the other category of particles in the SM are the force carriers, the bosons, with spin-one.

Each of the three forces in the SM has associated force-carrying bosons that couple to a specific
particle property. For the electromagnetic force, these are the photons, the particles that light is
made of, that couple to the electric charge. The strong force is carried by the gluon, that couples
to the color charge. Lastly, the weak force couples to the weak isospin, and propagates via the W±

and Z-bosons. The final boson in the SM is the Higgs boson, the only spin-zero particle in the
SM. The Higgs boson is responsible for, and couples proportionally to the mass of the particles.
The Z-boson and especially the Higgs boson play a central role in this thesis.

1
The final state in this thesis excludes ⌧ -leptons, as these generally decay before reaching the detector.

9



10 CHAPTER 2. THEORY

Figure 2.1: Overview of the fundamental particles in the Standard Model of particle physics. For
each particles the mass [10] is indicated and its electric charge and spin are shown in the lower
left and lower right corner, respectively.

The remainder of this section will describe the SM interactions and focus on the Higgs boson
and the Higgs boson mechanism.

2.1.1 Standard Model interactions

The basis of the SM is a quantum field theory (QFT), where particles are interpreted as excitations
in a quantum field. For each spin-one, spin-one-half and spin-zero particle, there is a corresponding
vector, spinor or scalar field, respectively. The dynamics of the fields and the interactions between
the various fields are governed by a Lagrangian density. For the SM, the total Lagrangian consists
of four parts, the first one governs the strong force, the second part describes the unification of
the electromagnetic and weak forces into the electroweak (EW) force, and the final two terms are
related to the Higgs boson mechanism, and include a term, the so-called Yukawa term, for the
coupling of the Higgs boson to fermions, giving rise to the fermion masses. The total Lagrangian
is the sum of the four parts, as given in the following:

LSM = Lstrong + LEW + LHiggs + LY ukawa (2.1)

The SM Lagrangian is shaped by the symmetries in the SM, for each of the forces a local
transformation can be defined under which the Lagrangian is invariant. In the following, the
various terms are discussed in the order they are presented in equation (2.1).
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Strong interactions

The part of the SM Lagrangian that describes the strong force is related to the SU(3)C gauge
group. This group is described by quantum chromodynamics (QCD), named after the color charge,
which is the preserved quantum number in the SU(3)C symmetry. QCD describes the interaction
of particles that have this color charge; in the SM, these are gluons and quarks. Each quark has
one of three colors: red, green or blue, while gluons carry a combination of color and anti-color.
The analyses in this thesis use data gathered via proton-proton collisions, and the constituent
particles of the proton (gluons and quarks) are described by QCD. A detailed understanding of
the QCD formalism is not required for the work presented in this thesis, but some of its concepts
are discussed here.

As gluons carry color charge themselves, and because the coupling constant of the strong
force is much larger than its electroweak counterpart, gluon self-interactions form a significant
contribution to calculations of the cross-section (i.e., predicting how often QCD processes occur).
The significant contribution of self-interactions leads to an energy dependent coupling constant
(↵s), called a running coupling constant. This coupling constant decreases with increasing energy,
and two energy regimes are identified: At low energies, free quarks or gluons are not observed, as
they will form colorless hadrons in a phenomenon called color confinement. The low energy regime
is relevant for those analyses, since the final state of the analyses contains collimated beams of
hadrons called jets that originate from gluons and quarks. On the other hand, at high energies, a
different phenomenon is found, called asymptotic freedom [11,12], where the quarks and gluon act
(almost) as free particles and perturbation theory can be applied. For calculations at very high
energy 2, the calculation of the cross-section starts to diverge, and a renormalization procedure
is needed to be able to perform these calculations [13]. In this procedure the parameters are
renormalized such that the divergences are absorbed in their new definitions. As seen later in this
chapter (Section 2.4), the choice of the renormalization scale is relevant for the analyses in this
thesis.

Electroweak interactions

Quarks and leptons are susceptible to both the electromagnetic and the weak force, which are
unified in the electroweak force [14–16]. This force is central to the analyses this thesis, as it
describes the interactions of the Z-bosons in the h ! ZZ ! `

+
`
�
⌫⌫̄ decay, and because of the

electroweak symmetry breaking, which is discussed later in this section. The combined symmetry
is denoted as SU(2)L⇥ U(1)Y , where the ‘L’ indicates that the SU(2) symmetry only couples to
fermions with left-handed chirality and the ‘Y ’ is the weak hypercharge, the generator of the U(1)
gauge symmetry.

The electroweak Lagrangian is described starting from the Dirac Lagrangian, i ̄�µ@µ , that
describes the time evolution of particles under the U(1) symmetry (see e.g. [8]). To describe the
combined SU(2)L⇥ U(1)Y symmetry, the derivative is replaced by the covariant derivative. The
covariant derivative is introduced to ensure that the electroweak Lagrangian is gauge invariant,
that is, it should be invariant under local transformations. This covariant derivative is defined as:

Dµ = @µ + i
g

2
~� ~Wµ(x) + i

g
0

2
Y Bµ(x), (2.2)

where g
0 defines the U(1)Y coupling and g defines the SU(2)L coupling and four vector fields are

introduced: Three ~Wµ fields for the SU(2)L symmetry, and one Bµ field for the U(1)Y symmetry.
The interactions of the fermions with the vector fields in the electroweak force is given by a version
of the Dirac Lagrangian where the derivative is replaced by the covariant derivative:

LEW, = i ̄�µD
µ
 = i ̄�µ@

µ
 �

g
0

2
Y  ̄�µBµ �

g

2
 ̄L�µ�̄W̄µ L. (2.3)

2
Note that this does not refer to the total energy of the process, but rather the high energy of virtual particles

in the process.
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Besides the interactions with the fermions, the vector fields also interact with themselves. To
write down the full electroweak Lagrangian, the interactions of the vector fields with themselves
is added to the aforementioned fermion part. This self-interaction term is given by:

LEW,gauge = �
1

4
Fµ⌫F

µ⌫
�

1

4
Bµ⌫B

µ⌫
, (2.4)

where Fµ⌫ gives the SU(2)L field strength and Bµ⌫ gives the U(1)Y field strength.
The four fields do not directly correspond to the physical fields found in experiments. Instead,

the physical fields are formed by combinations of the gauge fields via the electroweak symmetry
breaking that is discussed later in this section. The W -bosons are a combination of the W

1 and
W

2 fields:

W
±
µ =

1
p
2

�
W

1
µ ⌥ iW

2
µ

�
. (2.5)

The Z-boson and the photon arise from the mixing of the W
3
µ and the Bµ fields, as:

Zµ = cos ✓W ·W
3
µ � sin ✓W ·Bµ

Aµ = sin ✓W ·W
3
µ + cos ✓W ·Bµ,

(2.6)

where Aµ is the photon field and ✓W is the weak mixing angle, defined as:

tan ✓W =
g

g0
. (2.7)

Note that the photon couples to electric charge, which is related to the weak hypercharge of the
U(1)Y group and the weak isospin of the SU(2)L group as:

Y = 2(Q� T3), (2.8)

where Q is the electric charge and T3 is the third component of the weak isospin, related to the
Pauli matrices as ~T = 1

2~�.
The electroweak force describes the interactions of the gauge fields and the fermions, but it is

unable to explain the mass of the gauge bosons. There are no terms that can be added to the
Lagrangian that will generate a gauge boson mass while keeping the Lagrangian gauge invariant.
Since the vector bosons have been observed to have a mass, something has to be added to the
theory to explain the boson masses. To introduce a mass for the W - and Z-bosons the spontaneous

symmetry breaking of the electroweak symmetry is introduced, and with it comes the Higgs boson.

2.1.2 Electroweak symmetry breaking: introducing the Higgs boson
To introduce the mass of the gauge bosons, while still keeping the theory gauge invariant, the
electroweak symmetry is spontaneously broken by the Englert-Brout-Higgs mechanism [17–20].
As part of this mechanism, a scalar boson is introduced, called the Higgs boson. The simplest
Higgs boson model starts from a scalar doublet that consists of a positively charged scalar field
and a neutral scalar field, shown in the following:

� =

✓
�
+

�
0

◆
=

1
p
2

✓
�1 + i�2

�3 + i�4

◆
. (2.9)

The Lagrangian for this scalar doublet is given by:

LHiggs = (Dµ
�)†(Dµ�)� V (�), (2.10)

where D
µ and Dµ are covariant derivatives, shown before in equation (2.2), and V (�) is the Higgs

potential, given by:
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V (�) = µ
2
�
†
�+ �(�†�)2, (2.11)

where � is the self-coupling and the parameter µ is related to the mass term for the field. The
self-coupling is required to be positive to ensure an absolute minimum in the potential, defining
the ground state of the field. Two scenarios for the minima of the potential are possible, depending
on the sign of µ2. For µ

2
> 0, there is a single minimum, at �0 = 0, shown in the left panel of

Figure 2.2. The other scenario, µ2
< 0, is required for the spontaneous symmetry breaking that

generates the Higgs boson. In this scenario, there is an infinite number of degenerate minima,
that are given by:

�
†
� =

�µ
2

2�
=

v
2

2
, (2.12)

where v is the non-zero vacuum expectation value of the scalar field, �. A simplified version of
the potential for the scenario µ

2
< 0 is shown in the right panel of Figure 2.2. The electroweak

symmetry is spontaneously broken, picking one minimum out of the infinite set of degenerate
minima. The minimum can be chosen as follows:

h0|�|0i =
1
p
2

✓
0
v

◆
. (2.13)

Figure 2.2: Left: The Higgs potential for µ
2
> 0 has one minimum at �0 = 0. Right: The Higgs

potential for µ
2
< 0 has an infinite number of minima at its vacuum expectation value, v. For

the second case the oscillation directions of the fields that generate the Higgs boson (⌘) and a
Goldstone boson (⇠) are shown.

Note here that the charged scalar field is absent, making sure the vacuum is electrically neutral.
The mass terms for the gauge bosons appear when expanding the Higgs field around its minimum.
This expansion gives the following scalar doublet:

�(x) =

✓
⇠1(x) + i⇠2(x)

1p
2
(v + ⌘(x) + i⇠3(x))

◆
. (2.14)

The expansion involves four fields, the unphysical fields ⇠1,2,3 correspond to Goldstone bosons [21],
while the ⌘ field is identified as the Higgs boson. For convenience, the unitary gauge (see e.g. [8])
is chosen here and the Goldstone bosons vanish to become the longitudinal degrees of freedom
of the massive W - and Z-bosons. Identifying the remaining field as the Higgs field, the scalar
doublet in equation (2.14) is written as:

� =
1
p
2

✓
0

v + h(x)

◆
, (2.15)



14 CHAPTER 2. THEORY

where h(x) is the Higgs boson with mass:

mh =
p
�2µ2 =

p

2�v2. (2.16)

None of the values of the parameters in this equation (mh, � and v) are predicted by the theory, and
two of these will be free parameters of the Standard Model and have to be constraint experimentally
(the third parameter will be constrained by the other two). The vacuum expectation value is
measured by measuring the W -boson mass and the coupling g, as seen in the next part of this
section, and found to be 246 GeV [10], and the Higgs boson mass is found to be 125.25 GeV [10].

2.1.3 Masses of the gauge bosons and the fermions

With the Higgs boson defined, the masses of the gauge bosons are found by substituting the gauge
boson fields from equations (2.5) and (2.6) in the Lagrangian shown in equation (2.10). This gives
the following result:

(Dµ
�)† (Dµ�) =

1

8
v
2
⇣
g
2
W

+
µ W

+µ + g
2
W

�
µ W

�µ + (g2 + g
02)ZµZ

µ + 0 ·AµA
µ
⌘
+ couplings.

(2.17)
The mass terms for the gauge bosons are of the general form 1

2M
2
V VµV

µ, and from this result it
is seen that the photon remains massless (and thus does not couple to the Higgs boson), and the
masses of the W - and Z-bosons are given by:

mW± =
1

2
gv

mZ =
1

2
v

q
g2 + g02 =

mW±

cos ✓W
,

(2.18)

where the weak mixing angle of equation (2.7) was used to relate the two masses. Like the Higgs
boson mass, the gauge boson masses are also not predicted by the theory, since g and g

0 are free
parameters, and can only be constrained experimentally. These masses are measured to be 80.379
GeV for the W -boson and 91.1876 GeV for the Z-boson [10].

Besides the mass terms, coupling terms of the form hV V and hhV V are also found in the
result of equation (2.17). These terms describe the interactions between the gauge bosons and the
Higgs boson. Two Feynman diagrams are associated with these couplings, shown in Figure 2.3 for
the interaction between the Higgs boson and the Z-boson.

Figure 2.3: The two leading-order Feynman diagrams of the coupling between the Higgs boson
and the Z-boson.
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Masses of the fermions: Yukawa term

The fermions, like the gauge bosons, generate their mass by interaction with the Higgs field, �
3. The masses of the fermions and their interaction with the Higgs boson are described by the
following Lagrangian:

LY ukawa = �

3X

i,j=1

⇣
 ̄`LiY

`
ij� 

`
Rj +  ̄

u
LiY

q
ij �̃ 

u
Rj +  ̄

d
LiY

q
ij� 

d
Rj + h.c.

⌘
, (2.19)

where  f
Li and  

f
Rj give the left-handed weak isospin doublets and right-handed singlets of the

three massive fermion groups: charged leptons (`), up-type quarks (u) and down-type quarks (d).
The indices i and j loop over the three generation of the fermions. The matrices Y f

ij are complex,
3⇥ 3 matrices that govern the mixing of the flavor eigenstates into mass eigenstates. To find the
fermion masses, the matrices are diagonalized to transform in the mass eigenstate basis and the
unitary gauge is chosen, which gives the result:

LY ukawa = �

X

f

mf

⇣
 ̄
f
L 

f
R +  ̄

f
R 

f
L

⌘✓
1 +

h

v

◆
, (2.20)

where the sum over f runs over all flavors ánd generations of fermions, the fermions are now
written in the mass eigenstates, and where the fermion masses are defined as:

mf =
v
p
2
Y

0f
ii , (2.21)

and Y
0 is the diagonalized Y -matrix. Since the Y -matrices are not predicted in the SM, the masses

of the fermions are also not predicted by the theory, similar to the boson masses. The fermion
masses give a total of nine free parameters when accounting for the three flavors and generations.
The measured values for the various fermion masses are listed in Figure 2.1. Equation (2.20) also
has a term of the form mf · h that gives the coupling of the Higgs boson to the fermions. Note
that this coupling scales linearly with the mass of the fermions.

Figure 2.4 shows the experimental test of the Higgs boson couplings. Here, the couplings,
normalized to the vacuum expectation value, are plotted against the mass of the fermions and
bosons. Note that for the bosons, the square root of the coupling is shown, as the coupling scales
with the square of the mass (equation (2.17)), while the fermions are plotted against the coupling,
as the mass scales linearly with the coupling (equation (2.20)). The relation between the mass of
the particles and the strength of their coupling shows good agreement with the SM prediction.

3
Excluding neutrinos. How the neutrinos generate their mass, and if the Higgs field is involved, is unknown. In

this thesis it is not required to take the neutrino masses into account.
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Figure 2.4: Coupling strength modifiers for various fermions (F mF
v ) and bosons (pV mV

v ). The
relation between the mass of the particles and the strength of their coupling modifiers shows good
agreement with the SM prediction of a linear relation. From [22].

A summarized version of the Standard Model of particles physics was presented here. While all
particles in Figure 2.1 were discussed, the main focus was on the electroweak symmetry breaking
that is connected to the Higgs boson. The Higgs boson gives mass to the other particles in the SM,
and its couplings depend on the mass of the particles involved. Many of the elementary particles
described here appear throughout this thesis. Most importantly: The analyses described in this
thesis focus on the Higgs boson and its decay to two Z-bosons.

2.2 Extensions to the Standard Model
The Standard Model gives a good description of the current understanding of particle physics and
is able to explain a large variety of observations over a range of energies. Despite this success,
there are observations that are not explained by the current SM, motivating the search for physics

beyond the Standard Model (BSM). This section will give a non-exhaustive list of examples of
observations that are not fully explained by the SM and one example of a BSM theory that is
relevant to the analyses in this thesis, the two-Higgs doublet model.
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Gravity

Three of the four known forces (electromagnetic, weak and strong) are described in the SM, but
the gravitational force is not included. Since the other forces all have associated bosons that
carry the force, searches have been done for a similar boson for gravity. Several quantum gravity

theories postulate a graviton that carries the gravitational force [23]. One of these models, the
Randall–Sundrum (RS) model [24], describes a spin-two graviton that could be observed as a
massive resonance, and that can be searched for with analyses similar to the ones described in
this thesis. In fact, in the publication of the heavy Higgs boson search described in Chapter 5, an
interpretation in terms of the RS graviton is given [4]. So far, no experimental evidence for the
existence of gravitons has been found.

Dark matter and dark energy

Studies of the cosmic microwave backgrounds and other cosmological observations like rotation
curves of galaxies [25], indicate that the particles in the SM only describe about 5% of the energy
in the universe [26]. About 27% of the energy is attributed to dark matter, matter that does not
interact electromagnetically, but does have mass (i.e., interacts through gravity). The remaining
68% of the energy in the universe consists of dark energy, that is thought to be responsible for the
accelerated expansion of the universe.

While the nature of dark energy is unknown, particle candidates for dark matter have been
postulated [27], and certain dark matter models can be probed at the LHC using an analysis very
similar to the ones described in this thesis [28]. In these models, a dark matter candidate is created
that recoils against a Z-boson. The dark matter candidate in this model does not directly leave a
signal in the detector, but the resulting missing energy in the event can be estimated. In events
where the Z-boson decays to two leptons, the final state of `+`� with associated missing energy
is identical to that of the `+`�⌫⌫̄ final state of the analyses in this chapter. While no evidence
for the particle nature of dark matter (or dark energy) has been found, the cosmological studies
mentioned before show that the SM describes only a small fraction of the energy in the universe.

Matter-antimatter asymmetry

In almost all interaction of the SM, matter and antimatter are created in equal amount, such as in
the Z-boson decay to `+`�. However, in the observable universe, the amount of observed matter
far exceeds the amount of observed antimatter. The origin of this discrepancy can be explained
by CP-violation in the early universe, at the moment the first matter was created [29]. The SM
Lagrangian does have a CP-violating term in the weak force, but this is not large enough to explain
the asymmetry. Thus, the origin of the matter-antimatter asymmetry remains unknown.

Neutrino masses

In the earlier versions of the electroweak theory, the neutrinos were thought to be massless parti-
cles. However, later observations of oscillations between neutrino flavors prove that the neutrinos
do have a mass [30]. It is not clear how (and if) the origin of this mass is explained within the SM,
and what the role is of the Higgs boson, that gives mass to the other (known) massive particles in
the universe. Because the neutrino mass is too small to be probed experimentally using the current
techniques, only an upper limit can be placed on the masses of the three flavors of neutrinos [10].

The examples listed here serve to show that, while the SM is a theory able to explain many
observations, it is clear that models beyond the SM are worth investigating. There are many
beyond the SM models, and Section 2.2.1 discusses one example of such a model; in this model
extra Higgs bosons are introduced, and the SM description of the Higgs sector is seen as an effective
description of a more complicated structure [31].
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2.2.1 Two-Higgs doublet model
In the SM, electroweak symmetry breaking is caused by a Higgs doublet, but there is no reason to
assume there is only a single Higgs doublet. In this section a group of SM extensions is discussed:
The so-called two-Higgs doublet models (2HDMs) [32], where the Higgs sector consists of two
scalar doublets. Extra Higgs bosons are predicted by, for example, supersymmetric models [33],
that require at least one additional scalar doublet to give mass to all the fermions. Another
motivation is that 2HDMs are able to provide an additional source of CP violation that could help
explain the origin of the matter-antimatter asymmetry in the universe.

There is a rich variety in 2HDMs and phenomenology, so some assumptions (e.g. assuming CP
is conserved in the Higgs sector, see [32]) are made in most models. In that case, the general form
of the scalar potential is given by:

V = m
2
11�

†
1�1 +m

2
22�
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2�2 �m

2
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+
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�†

2�1

⌘2
� , (2.22)

where �1,2 are the two Higgs doublets and all parameters are real. Similar to the SM, the min-
imization of this potential gives the vacua of the two fields, noted as v1 and v2. Following the
procedure seen in equation (2.14)., the fields are expanded around their minima, which for the
2HDM gives eight scalar fields. Like in the SM, three of the fields correspond to the longitudinal
polarization of the W - and Z-bosons. The remaining five fields correspond to five Higgs bosons:

CP-even: h,H
CP-odd: A

Electrically charged: H±
(2.23)

In total, six free parameters are added by this extension of the SM: four Higgs boson masses,
the mixing angle ↵ between the CP-even Higgs bosons and the angle �, which gives the relation
between the two vacua of the Higgs doublets:

tan� =
v1

v2
. (2.24)

Note that the CP-even Higgs bosons in (2.23) are not necessarily the mass eigenstates and that
the SM Higgs boson is interpreted as a mix between the two CP-even, electrically neutral Higgs
bosons [32]:

h
SM = h sin(↵� �)�H cos(↵� �). (2.25)

In the limit of no mixing, the SM Higgs boson can be identified directly, usually as the lighter of
the two, taken to be h.

The symmetries in the 2HDMs define different types of models, depending on the role of the
two CP-even Higgs bosons:

Type I One Higgs boson couples only to fermions and the other only to gauge bosons. In the
limit where the two do not mix, this type of models is called fermiophobic.

Type II One Higgs boson couples to up-type quarks and the other to down type quarks and
charged leptons. This model is part of the Minimal Supersymmetric Standard Model.

Type III Also called the flipped type, where one Higgs boson couples to up-type quarks and
charged leptons and the other to down-type quarks.

Type IV Also called the lepton specific type, where one Higgs boson couples to quarks and the
other to charged leptons.
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The coupling of the neutral Higgs bosons to the gauge bosons (V = W,Z) is the same between
the four types. These are given with respect to the SM couplings by:

hV V =
g
2HDM
hV V

g
SM
hV V

= sin(� � ↵),

HV V =
g
2HDM
HV V

g
SM
HV V

= cos(� � ↵),

(2.26)

where g
2HDM and g

SM are the couplings of the Higgs bosons to gauge bosons in the 2HDMs and
the SM. There are two ways to search for the 2HDM model, either by looking at the couplings of
the Higgs boson, for example to bosons, which are modified in this SM extension, or by directly
searching for the resonance corresponding to the heavy Higgs boson. Note that there is a gauge-

phobic limit where one of the Higgs bosons does not couple to gauge bosons. In this case, the
model cannot be tested by the analysis in this thesis, which requires both the SM and BSM Higgs
bosons to couple to ZZ.

This section motivated the existence of BSM physics and a specific model where it consists of
additional Higgs bosons. The rest of this chapter will focus on the production of (B)SM Higgs
bosons at the Large Hadron Collider.

2.3 The Higgs boson at the Large Hadron Collider
The production and decay of the Higgs boson at the Large Hadron Collider (LHC) is described
here, and is split in three parts. The first part, Section 2.3.1, describes the various production
channels of the Higgs boson. Its decay channels are then described in Section 2.3.2 and the two
are combined in Section 2.3.3, where the lineshape of the gg ! h ! ZZ process is shown.

2.3.1 Higgs boson production
The Higgs bosons studied in this thesis are produced in proton-proton interactions at the LHC.
To be precise, by interactions between the quarks and gluon that constitute the protons. Three
different production channels of the Higgs boson are described in the following, in decreasing order
of their production cross-section at a center-of mass energy (

p
s) of 13 TeV.

Production via gluon-gluon fusion

The dominant production channel is the gluon-gluon fusion process, where two gluons interact to
create a Higgs boson, as shown in Figure 2.5a. As gluons are massless, and they not couple to the
Higgs boson, a quark loop is needed to form an effective coupling of the gluons to the Higgs boson.
Because the coupling of the Higgs boson to the top-quark dominates over the other couplings,
the quark in the loop will be almost always a top-quark. The production cross-section for Higgs
bosons in the ggF channel is 48.61 pb at

p
s = 13 TeV [34].

Production via vector boson fusion

The production channel with the second-highest cross-section is the vector boson fusion (VBF)
process, shown in Figure 2.5b. In the VBF process, a vector boson is radiated off one of the quarks
of each proton. The two vector bosons then fuse to produce a Higgs boson. The vector bosons can
be two W -bosons or two Z-bosons, where the coupling of the Higgs boson to WW is higher than
the one to ZZ

4. The production cross-section for Higgs bosons in the VBF channel is 3.766 pb
at

p
s = 13 TeV [34], more than an order of magnitude smaller than the production cross-section

4
The coupling of the Higgs boson to the W -boson is higher despite the higher Z-boson mass. This is a statistical

effect, the coupling h ! ZZ is reduced by a factor
1
2 , to account for the two identical particles.
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a.
Gluon-gluon fusion (ggF)

b.
Vector boson fusion (VBF)

c.
Higgs-strahlung (VH)

Figure 2.5: Leading-order Feynman diagrams of the three Higgs boson production channels with
the highest production cross-section at

p
s = 13 TeV.

in the ggF channel. The main advantage of an analysis targeting the VBF production channel is
the characteristic signature of the two quarks, two high energy jets, makes it easier to isolate the
signal. Measuring the VBF production provides allows to measure the coupling of Higgs boson to
vector bosons.

Production via Higgs-strahlung

In production via Higgs-strahlung, or VH, a Higgs boson is produced in association with a vector
boson, shown in Figure 2.5c. This vector boson can be a W - or Z-boson, and, as in the VBF
channel, the version with a W -boson is more common, because of the higher coupling of the Higgs
boson to WW .

Parton distribution functions

The production cross-section in the ggF channel is noticeably higher than the one in the VBF
channel. This is due to the different partons in the initial states of the two channels: Two gluons
for the ggF channel and two quarks for the VBF channel. The production cross-section in these
channels depends on the availability of the specific partons with enough energy to produce a Higgs
boson. For each proton-proton interaction, the partons carry only a fraction x of the total proton
momentum. The probability density to find a parton that carries the fraction x at an energy µ

2 is
described in the parton distribution function (PDF), f(x, µ2). Using the factorization theorem [35],
the total cross-section for a process produced in a hadron-hadron interaction is given by:

�pp!X =

Z
dxadxbfa(xa, µ

2
F )fb(xb, µ

2
F ) �̂ab!X(xa, xb, µ

2
R, µ

2
F ), (2.27)

where fa,b are the PDF for the particles a, b carrying momentum fraction xa,b, µF is the factor-

ization scale, which can be thought of as the scale that separates the long- and short-distance
physics and �̂ab!X is the partonic cross-section for the subprocess ab ! X, which depends on
the renormalization scale, µR, that is set in the renormalization procedure for the running strong
coupling.

The PDFs for different partons at the energies µ
2
F = 10 GeV2 and µ

2
F = 104 GeV2 are shown

in Figure 2.6. At a high momentum fraction, around x > 0.2, the valance quarks of the proton
(up and down-quarks) are most likely to carry the momentum. At low x the gluon is the most
likely parton, which gives the ggF channel its relatively high production cross-section. For the
various processes used in the analyses, a systematic uncertainty related to the PDFs is assigned
by varying the parameters stored in the PDF set. The uncertainty of the PDF set is chosen as
the envelope over the difference between the nominal PDF set and the variations.
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Figure 2.6: Parton distribution functions for various partons, evaluated at an energy of 10 GeV2

(left) and 104 GeV2 (right). From [34].

2.3.2 Higgs boson decay

The Higgs boson decay that is targeted in this thesis is the decay to two Z-bosons. However, this
is just one of many possible Higgs boson decays. As discussed before, the Higgs boson couplings
scale with the masses of the particles involved. This can also be seen in the decay modes of the
Higgs boson, where the decay to heavier particles, if energetically allowed, is more likely. For each
Higgs boson decay to a given particle-antiparticle pair, X1X̄1, a branching ratio (BR) is defined
that gives a measure of how likely the decay is to occur:

BR(h ! X1X̄1) =
�1(h ! X1X̄1)P
i �i(h ! XiX̄i)

=
�1(h ! X1X̄1)

�h
, (2.28)

where �1 is the partial width of the decay to X1X̄1 and �H is the total width of the Higgs boson,
defined by the sum over all possible decay channels. Figure 2.7 shows the branching ratios of the
125 GeV SM Higgs boson, where the most heavy, energetically allowed decay is to two bottom-
quarks. Note that the analyses in this thesis focus on the ZZ decay, which only accounts for 2.7%
of Higgs boson decays [36]. For this decay, one of the two Z-bosons has to be off-shell, as will be
explained in more detail in Section 2.3.3. The analyses in this thesis use the LHC dataset collected
between 2015 and 2018 (see Chapter 3 for details), looking purely at the production cross-section
and the branching ratio, about 180.000 h ! ZZ events are expected to have been produced via
ggF in this dataset and about 14.000 h ! ZZ events are expected for production via VBF.

Figure 2.7: Pie chart of branching ratios of the 125 GeV SM Higgs boson [36]. Note that the
analyses in this thesis focus on the ZZ decay, which only accounts for 2.7% of Higgs boson decays.
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When varying the Higgs boson mass, for example in a search for a BSM Higgs boson, the
branching ratios of the various decays will change. Figure 2.8 shows the branching ratios of the
various decays channels as a function of the Higgs boson mass, assuming the couplings of the
SM Higgs boson. When staring from the SM value and increasing the mass, the WW and ZZ

branching ratios are enhanced and peak where the Higgs boson mass is twice the vector boson
mass, because this allows to produce both vector bosons on-shell. The same behavior is seen for
the top-quark. Note that this only shows the relative decay width of the various channels. The
total Higgs boson width is shown in Figure 2.9, where a large increase is seen at the point where
the WW and ZZ channels are energetically allowed.
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Figure 2.8: The branching ratios of the var-
ious Higgs boson decays channels as a func-
tion of its mass. From [37].

Figure 2.9: The total Higgs boson width as a
function of its mass. A large increase is seen
at the point where the WW and ZZ chan-
nels are energetically allowed. From [37].

2.3.3 The gg ! h ! ZZ lineshape
With the production and decay of the Higgs boson understood, the total cross-section of the Higgs
boson process at leading order is given by combining their amplitudes with the expression for the
Higgs boson propagator [38]:

�h = |AP |
2
·

1

|s� sh|
2
· |AD|

2 = |AP |
2
·

1

(s�m
2
h)

2 + �2hm
2
h

· |AD|
2
, (2.29)

where AP is the amplitude for the specific production channel (ggF or VBF), AD is the amplitude
for the decay (e.g. to ZZ), s is the center of mass energy, and sh is the Higgs boson invariant
mass, given in terms of its mass (mh) and its total width (�h). The dependence of the Higgs boson
production on the center of mass energy is known as the Breit-Wigner resonance, and its shape
is shown in Figure 2.10a. Note that this function peaks very sharply at the Higgs boson mass
(
p
s = mh), which is referred to as the on-shell Higgs boson. When moving away from this value,

in the regime of the off-shell Higgs boson, the production cross-section drops fast. The expression
for the Higgs boson propagator will play a central role in the descriptions of the interferences later
in this chapter.

The analyses in this thesis target the decay of the Higgs boson to ZZ, and this section focuses
on the ggF production channel. In this process, gg ! h ! ZZ, there are two kinematic effects
that contribute to the production of Higgs boson events, on top of the Breit-Wigner shape. Both



2.4. THE HIGGS BOSON LIFETIME 23

effects are related to the region where the decay products are produced on-shell. If a Higgs boson
is produced on-shell, at its rest-mass of 125 GeV, there is not enough energy to produce two on-
shell Z-bosons, and only one of the Z-bosons is on-shell, while the other is off-shell, at a smaller
invariant mass than its rest mass. Due to this effect the branching ratio of Higgs boson to ZZ is
lower than what would be expected from the relation between the coupling and the mass ( / m

2
Z ,

see Figure 2.4).
If the Higgs boson is produced off-shell, and it is produced with high enough invariant mass,

the two Z-bosons can both be produced on-shell. Due to this effect, the amount of h ! ZZ

events is enhanced in the
p
s > 2mZ region. A similar effect occurs when the invariant mass is

above twice the top-quark mass, at which point the top-quarks are both on-shell in the loop that
couples to the Higgs boson in the ggF production channel (see Figure 2.5a). This results in the
distribution shown in Figure 2.10b. The on-shell Higgs boson contribution is significantly reduced
for this plot, which focuses on the off-shell part of the distribution. This reduction is denoted by
an arrow on the on-shell peak, to indicate that this peak goes beyond the boundaries of the plot.
Based purely on the Breit-Wigner shape, only a negligible fraction of the total number of Higgs
boson events would be expected in the off-shell region, but the two kinematic effects describe
above lead to a correction on the prediction for the total number of Higgs boson events in the ZZ

channel of about 10% [38].

Figure 2.10: Left: An sketch of the shape of the Breit-Wigner resonance, indicating the mass (mh)
and the width (�h) of the Higgs boson resonance, as well as the on-shell and off-shell regions.
Right: Invariant ZZ mass distribution of the gg ! h ! ZZ process. Note that the Breit-Wigner
peak at the Higgs boson mass (mh) is reduced to a single bin. The off-shell distribution is enhanced
at the points where the invariant mass (mtruth

ZZ ) is equal to twice the Z-boson mass (2mZ) and
twice the top-quark mass (2mt).

The lineshape of the gg ! h ! ZZ process will be crucial to the measurement of the Higgs
boson lifetime, as described in Section 2.4. In this measurement the lifetime is determined by
measuring the off-shell Higgs boson production and taking the ratio with the on-shell production
to extract the lifetime.

2.4 The Higgs boson lifetime

The total width is a fundamental property of the Higgs boson. As the total width is defined by the
sum of all possible decays, a measurement of this width provides information on all decays, even
if those decays are not visible otherwise. As shown in Section 2.2, some models predict additional
Higgs bosons, which would have an effect on the expected couplings of the SM Higgs boson that
can be indirectly tested by measuring the total width.
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The measurement of the total Higgs boson width is also referred to as a measurement of the
Higgs boson lifetime, because the two are related as:

�h =
~
⌧h

, (2.30)

where ⌧h is the lifetime of the Higgs boson and ~ is the reduced Planck constant. For the SM
Higgs boson with a mass of 125.2 GeV, a width of 4.115 MeV is expected [36], corresponding to
a lifetime of about 1.6·10�22 s. Notice that the Higgs boson width is very small compared to its
mass, but also compared to the width of other bosons such as the W - or Z-boson, that have widths
of 2.085 GeV and 2.495 GeV, respectively. In other words, the Higgs boson has a relatively long
lifetime. Three methods to measure the lifetime of the Higgs boson are discussed in the following.
The first two are to give an idea of the difficulties in measuring the lifetime, and the last method
is the one that gives the best constraints on the lifetime, and is described in more detail is this
thesis.

Measuring the Higgs boson lifetime: Displaced vertex

When comparing the Higgs boson width to that of, for example, the Z-boson, it is noted that
the Higgs boson has a relatively small width. This also means the lifetime of the Higgs boson is
relatively high. If the lifetime is high enough for the Higgs boson to travel an observable distance
after production, the lifetime can be measured from this displacement. The SM Higgs boson
has an average lifetime of ⌧h ⇡ 48 fm/c. This is beyond the experimental precision of the LHC
experiments, but the method can still be used to set an experimental constraint on the lifetime.
Using this method, an upper limit for the lifetime of ⌧h < 1.9 · 10�13 s was found, corresponding
to a lower limit on the Higgs boson total width of �h > 3.5 · 10�9 MeV [39].

Measuring the Higgs boson lifetime: Breit-Wigner resonance

As mentioned before (see for example Figure 2.10a), the total width of the Higgs boson can
be determined via the width of the Breit-Wigner resonance at the mass peak. However, the
measurement using this method is limited by the mass resolution of the LHC experiments, which
is of the order of GeV. This method is used in the decay channel h ! ZZ ! 4` to set an upper
limit on the total Higgs boson width, finding a constraint of �h < 5.0 GeV [40]. This corresponds
to a lower limit on the lifetime of ⌧h > 1.3 · 10�25 s.

Measuring the Higgs boson lifetime: Off-shell analysis

The results described so far are several orders of magnitude off from the expected Higgs boson
width and are only able to set limits on the lifetime. It is possible to do a measurement of the
lifetime, i.e., to get lower and upper limits in a single measurement, using the off-shell Higgs boson
production. This method is the focus of the analysis in Chapter 6, and is described in more detail
in the following section.

2.4.1 Off-shell analysis
The off-shell method of measuring the lifetime uses the ratio between off-shell and on-shell Higgs
boson production and the fact that the off-shell production does not depend on the lifetime
[38, 41–43], while the on-shell does. To explain it in more detail, equation (2.29) is rewritten
by replacing the production and decay amplitudes by the Higgs boson couplings to gluons and
Z-bosons, respectively:

�pp!h!ZZ ⇠
g
2
hgg g

2
hZZ

(m2
ZZ �m

2
h)

2 + �2hm
2
h

, (2.31)

where coupling of the Higgs boson are given by ghgg and ghZZ , and the partonic center of mass
energy is written in terms of the ZZ invariant mass: s = m

2
ZZ . This equation is evaluated in
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two regions, depending on the invariant mass: The on-shell region, where mZZ ' mh and the
off-shell region, where m

2
ZZ � �hmh. For on-shell Higgs boson production, the cross-section can

be written as:

�
on-shell

pp!h!ZZ ⇠
g
2
hgg g

2
hZZ

m
2
h�

2
h

. (2.32)

Note that the aim of this measurement is to measure the Higgs boson width, and that a mea-
surement of the on-shell Higgs boson production rate (which depends linearly on the production
cross-section) already depends on the Higgs boson width. However, this cannot be used to set
constraints on the width, because the dependence of the expected production rate on the width
cannot be disentangled from its dependence on the couplings. Therefore, the off-shell production
is also needed, to provide a measurement of the couplings that does not depend on the width. The
off-shell production cross-section can be written as:

�
off-shell

pp!h!ZZ ⇠
g
2
hgg g

2
hZZ

(m2
ZZ �m

2
h)

2
. (2.33)

Here already it can be seen that the ratio of the on-shell and off-shell productions depends on the
Higgs boson width. But, as mentioned in Section 2.1, the strong coupling constant depends on
the center of mass energy (and the same is true for the electroweak coupling, but with a smaller
effect), so the ghgg coupling is not the same in the on-shell and off-shell regimes. To handle this
dependence, the ratio of the couplings to the SM expectation is used to compute the signal strength

in the on-shell and off-shell regions. For the on-shell region, this is given by:

µon-shell =
�

on-shell

pp!h!ZZ

�
on-shell,SM

pp!h!ZZ

=

2
g,on-shell


2
V,on-shell

�h/�SM

h

, (2.34)

where g,V are the ratio of the couplings to their SM expectations (e.g. g = ghgg/g
SM

hgg). Note
that the mass of the Higgs boson drops out in the ratio in equation (2.34), since it is known to
high precision [10]. For the off-shell region, a similar signal strength is defined:

µoff-shell =
�

off-shell

pp!h!ZZ

�
off-shell,SM

pp!h!ZZ

= 
2
g,off-shell


2
V,off-shell

, (2.35)

where it is important to note that this signal strength does not depend on the Higgs boson
lifetime. This realization is the basis of the measurement of the Higgs boson width. The width
can be parametrized as:

µoff-shell

µon-shell

=
�h
�SM

h

(2.36)

only if g,off-shell = g,on-shell and V,off-shell = V,on-shell. Therefore, any measurement of the Higgs
boson width can also be seen as a measurement of the ratio between the on-shell and off-shell
couplings. These requirements are the same as assuming the ratio between on-shell and off-shell
coupling is exactly the one that is predicted in the SM.

Using the off-shell-on-shell ratio to measure the Higgs boson width requires a significant amount
of off-shell Higgs boson production to measure the off-shell signal strength. This analysis does not
use the most common decay mode, h ! bb̄, because the production cross-section drops rapidly
in the off-shell region (see Figure 2.10a) and not enough off-shell events are produced. Instead,
the h ! ZZ decay is used, because, as shown in Figure 2.10b, the production is enhanced in the
off-shell region, where the two Z-bosons can be produced on-shell. In addition, the h ! ZZ ! 4`
channel provides an almost background-free measurement of the on-shell Higgs boson production.
However, the off-shell production occurs in a region where it is energetically favorable to produce
two Z-bosons via processes that do not involve a Higgs boson and two irreducible background
processes are found in the analysis: gg ! ZZ and qq ! ZZ. Here, it needs to be taken into
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account that the Higgs boson production cannot be treated independently from the gg ! ZZ

continuum background, due to large interference effects. While these interference effects seem like
a complication at first, these actually increase the sensitivity in the measurement of the off-shell
signal strength, as described in the following.

Interference with the gg ! ZZ continuum background

The Feynman diagrams of the gg ! h ! ZZ and gg ! ZZ processes are shown in Figure 2.11.
A measurement of off-shell signal strength using the h ! ZZ decay is not possible without taking
into account the interference with the gg ! ZZ background. A sizeable negative interference
occurs, and the contribution of the Higgs boson off-shell production can be seen as a deficit of
events in the continuum ZZ background. This interference can be expressed in terms of the
amplitudes of the two processes involved:

�pp!(h!)ZZ = |Aggh +AggZZ |
2 = |Aggh|

2 + |AggZZ |
2 + 2 · Re

�
AggZZ A

⇤
ggh

�
, (2.37)

where |Aggh|
2 = �S and |AggZZ |

2 = �B give the cross-sections of the signal (ggh, the gg ! h !

ZZ process) and the background (ggZZ, the gg ! ZZ process), without any interference, and the
notation pp ! (h !)ZZ refers to the combination of signal, background, and interference (SBI).

Figure 2.11: Leading order Feynman diagrams for the gg ! h ! ZZ process (left), and the
gg ! ZZ background (right). The two processes cannot be measured independently, due to large
interference effects.

To measure the off-shell signal strength, µoff-shell, to be used for the Higgs boson width mea-
surement, the expected number of events is parametrized as a function of µoff-shell. By definition,
the signal will scale with the signal strength, this is done by introducing the off-shell signal strength
in equation (2.37) as:

�pp!(h!)ZZ = |
p
µAggh +AggZZ |

2 = µ�S + �B + 2
p
µ · Re

�
AggZZ A

⇤
ggh

�
, (2.38)

where µoff-shell (as defined in equation (2.35)) is abbreviated as µ, which will be used in the
remainder of this section. Important to note here is that not only the signal yield depends on
the signal strength, but also the change in yield due to the interference term depends on the
signal strength. This cross-section is rewritten in terms of a signal (S), a background (B) and an
interference (I):

�pp!(h!)ZZ = µS +
p
µI +B. (2.39)

Two interesting scenarios are µ = 0, where there is no off-shell Higgs boson production and only the
background, B, is measured and µ = 1, which gives the SM value for the SBI. In the SM scenario,
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the background contribution is much larger than the signal contribution (BSM
� S

SM ) and also
the interference contribution (which depends on both the signal and background amplitudes) is
larger than the signal contribution (ISM

> S
SM ). Note that the interference effect is beneficial

to the off-shell measurement, since the off-shell signal strength is now determined by measuring
µ via the interference, rather than by trying to measure the signal directly, which has a lower
cross-section.

The expected number of events (which scales linearly with the production cross-section in
equation (2.39)) for signal, background and SBI are shown in Figure 2.12, along with a SBI
prediction where the off-shell signal strength has been set to five times the SM value. Due to
the negative interference between the background and the signal, the SBI yield in the SM is lower
than the background yield, and this effect increases with invariant mass. But, if the off-shell signal
strength is five times the SM value, the SBI yield will exceed the background yield. This effect
occurs because, for large signal strength, the positive signal contribution (/ µ) will dominate over
the negative interference contribution (/ p

µ).

Figure 2.12: Simulation of the distribution of the invariant mass for the signal (S, pp ! h ! ZZ,
red line), the continuum ZZ background (B, pp ! ZZ, blue line), the signal plus background plus
interference (SBI) for the SM (pp ! (h !)ZZ, black line) and the SBI with a signal strength that
is five times that of the SM (SBI5 cyan line).

Chapter 6 describes the measurement of the off-shell signal strength, which is done by a mea-
surement of the shape of the pp ! (h !)ZZ distribution, using the parameterization shown in
equation (2.39).

2.4.2 Assumptions in the Higgs boson lifetime measurement
When using the off-shell signal strength to measure the Higgs boson width, and thus its lifetime,
it is essential to discuss the assumptions that are made. The following aims to point out the most
important assumptions made in this section, and what the consequences for the measurement are:

• Assumptions on the on-shell and off-shell couplings: To measure the Higgs boson width,
using the relation in equation (2.36), the assumption has to made that the effective on-shell
and off-shell couplings cancel in the ratio between the signal strengths in the two regions. For
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the SM, the energy dependence is modeled, and this is taken into account. But, introducing
BSM physics that alters the on-shell and/or off-shell couplings provides a complication to the
width measurement. Even when this BSM physics does not alter the value of the Higgs boson
width with respect to the SM value, a non-SM width would be measured as the couplings
in equation (2.34) and (2.35) no longer cancel in the ratio. Therefore, if a non-SM value for
the Higgs boson width is found, this should only be seen as an indication that there is BSM
physics present, and not as a measurement of the true Higgs boson width.
This point will remain an assumption throughout the measurement.

• Only leading order processes are assumed. The method is described here as based on the
expression in equation (2.29), but this expression is only valid at leading order. The overall
statement that the on-shell signal strength depends on the Higgs boson width, but the off-
shell one does not, is still true when taking into account higher order processes. But, to get
an estimate of the yields for the signal, background and interference and parametrize the off-
shell signal strength as shown in equation (2.39), higher order corrections to the production
cross-sections have to be taken into account.
The higher order effects are addressed in the remainder of this section.

• No backgrounds (other than the gg ! ZZ) are described in this chapter. This section only
describes the continuum gg ! ZZ background, as it interferes with the off-shell Higgs boson
production. But, there are other backgrounds to the Higgs boson production that will limit
the sensitivity of the off-shell measurement. The most important of these backgrounds is
the non-reducible qq ! ZZ continuum background, which has a significantly higher cross-
section (about a factor ten higher) than the SBI process that is measured in the off-shell
analysis.
The backgrounds are addressed in the measurement as described in Chapter 6.

2.4.3 Higher order effects
To properly compare the theoretical predictions of the differential cross-section to the number of
expected events in a measurement, the higher order corrections to the cross-section need to be
understood. The predictions are made at a fixed order in the coupling constant expansion, where
a limited number of higher order corrections is taken into account, while the measurement includes
all higher order corrections. How large the discrepancy is between the two depends on the process
under study. For some, the higher order corrections are negligible, but for others, notably ggF
Higgs boson production [44], these are sizeable. The following will give a description of a systematic
uncertainty related to the higher order corrections, and a description of the next-to-leading (NLO)
order corrections related to the Higgs boson lifetime measurement.

QCD scale uncertainties

In Section 2.3.1 it is shown that the production cross-section of a process pp ! X at the LHC
can be factorized in its particles density functions (PDF) and the partonic cross-section �̂ab!X .
This factorization depends on two energy scales: the factorization and renormalization scale.
It is important to note here that the factorization and renormalization scale are not physical
quantities, and for real life processes, where all higher order corrections are present, changing
these will have no effect on the cross-section prediction. In the simulation, which is done at a fixed
order, the dependence on these scales is used to quantify the uncertainty in the QCD calculations.
A systematic uncertainty is introduced by varying the ratio factorization and renormalization
scale by a factor two and comparing to the nominal values. This denoted by the ratio to the
nominal scales, so the nominal case is given by (µF , µR) = (1,1). The analyses in this thesis use
six combinations of variations of the two scales: (µF , µR) = (0.5, 0.5), (1, 0.5), (0.5, 1), (2, 1),
(1, 2) and (2, 2). These variations are compared to the nominal case, and the envelope of the
difference is taken as a systematic uncertainty in the analyses.
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Next-to-leading order corrections in the Higgs boson lifetime measurement

For Higgs boson production, the cross-sections are known up to next-to-next-to leading order
(NNLO) in QCD, as a function of the invariant mass [45], but to get the full off-shell cross-section,
the higher order corrections to the background and the interference have to be included as well.
Figure 2.13 shows examples of NLO corrections to the signal and background processes. The
state of the art of the higher order calculations for the gg ! ZZ continuum background are
very different from the signal ones. For the background process, the NLO calculation already is
challenging, due to the complicated loop amplitudes with different quark flavors.

Figure 2.13: A selection of Feynman diagrams showing NLO corrections to the Higgs boson signal
(a) and the gg ! ZZ background (b-d). To calculate the off-shell Higgs boson production cross-
section at NLO, the higher order effects of the signal, background and interference all have to be
taken into account. From [46].

The ratio between the leading order (LO) and the NLO cross-sections is given by a so-called
K-factor. The NLO/LO K-factors used in the off-shell analysis are derived from the calculation
in [45–47]. In this calculation, the NLO K-factor calculation is split in two regions, mZZ < 2mt

and mZZ > 2mt. For the mZZ < 2mt, an expansion around 1/mt is used for the calculation, while
for mZZ > 2mt, the calculation is done by assuming massless quarks. Separate calculations are
done to get K-factors for the signal (KS(mZZ)), background (KB(mZZ)), interference (KI(mZZ))
and for the combined sample with signal, background and interference (KSBI(mZZ)). Note that
any of the K-factors can be computed from the other three, so only three are needed for the
off-shell analysis, this choice is discussed more in Chapter 6.

Two considerations for the validity of the K-factors are taken into account as additional sys-
tematic uncertainties:

• The K-factors at mZZ = 2mt. Both the 1/mt expansion and the massless quark approx-
imation break down at this point. To account for the unknown K-factor, the systematic
uncertainty is increased by 50%, with a smooth transition to the nominal uncertainty at
mZZ = 2mt ± 50 GeV

• Jet pT cutoff at 150 GeV. The NLO K-factor calculation applies an empirical cutoff of pT <
150 GeV to obtain stable calculations up to the top threshold. This means that for events
with mZZ < 2mt and a hard jet with pT > 150 GeV, no K-factors are available. In the
off-shell analysis, the K-factors are applied for all events, but for the events that do not
pass the cutoff the systematic uncertainty is doubled. For the h ! ZZ ! `

+
`
�
⌫⌫̄ analysis

described in this thesis the contribution of these events is well below 1%.
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The resulting K-factors and their uncertainties are shown in Figure 2.14.

Figure 2.14: The NLO/LO K-factors for, from left-to-right, top-to-bottom: the Higgs boson signal,
the gg ! ZZ background, the combined signal, background and interference and the interference
only as a function of invariant mass, as used in the off-shell analysis.

In the analyses in this thesis, four approaches to applying the higher order corrections are
considered:

1. Apply a flat K-factor of 1.7 for all processes. This approach is used for the high mass Higgs
boson search (Chapter 5).

2. Apply the K-factors shown in Figure 2.14, as a function of the invariant ZZ mass.

3. Apply the K-factors as in 2), but also apply a uniform NNLO/NLO K-factor of 1.2. The idea
in this approach is that the NNLO/NLO K-factor is known for the signal [48] and applied as
a constant NNLO/NLO ratio [49]. The K-factors are assumed to be identical for the signal,
background and interference. This method is used in the off-shell analysis (Chapter 6).

4. Apply the K-factors as in 2), and apply the NNLO K-factors as a function of function of the
invariant ZZ mass. Again, as the NNLO K-factors are known only for the signal, these are
assumed to be identical for the signal, background and interference.

A choice is made to use method 1. for the high mass Higgs boson search, where the effect of the
differences in the approaches on calculating the K-factor is minimal. For the off-shell measurement,
the choice is more important, and method 2., 3., and 4. are considered, though there is no choice
here that is more correct than the others. The off-shell measurement in this thesis uses method 3.

For the measurement of the Higgs boson lifetime, the interference enhances the sensitivity of
the measurement, and knowing its higher order correction is essential. For the other analysis in
this thesis, the search for heavy Higgs bosons, a similar interference occurs. Section 2.5 describes



2.5. HEAVY HIGGS BOSONS AT THE LARGE HADRON COLLIDER 31

the interference in the case of BSM heavy Higgs boson production, where the interference with
both the SM Higgs boson and the continuum gg ! ZZ background need to be modeled.

2.5 Heavy Higgs bosons at the Large Hadron Collider
In Section 2.2, the prediction of BSM Higgs bosons was discussed, and the two-Higgs doublet
model was given as an example of one such prediction. In this thesis, a search is presented for
a BSM Higgs boson that is heavier than the SM Higgs boson. If such a heavy Higgs boson is
produced at the LHC, it will interfere with the continuum gg ! ZZ background, just like the
SM Higgs boson production described before. In addition, there will be an interference between
the SM Higgs boson and the BSM Higgs boson production. The size of these interference effects
depends on the total width of the BSM Higgs boson. The couplings of the BSM Higgs bosons to
other particles vary for different models, and with it, their total width. Two types of BSM Higgs
boson are considered in this search: a narrow-width Higgs boson, where the width is very small
with respect to the mass, similar to the SM Higgs boson width, and a large-width Higgs boson,
where the width is allowed to be as large as 15% of the mass. As will become clear at the end
of this section, the interference in the case of narrow-width Higgs boson can be neglected, so this
section focuses on the large width Higgs boson, and its interference with the SM Higgs boson and
the continuum gg ! ZZ background.

Simulating the BSM Higgs boson signal: signal-to-signal reweighting

The BSM Higgs boson signal is simulated using the POWHEG BOX [50] generator for the narrow-
width Higgs boson production, and using the MadGraph_MC@NLO [51] generator for the large-width
Higgs boson production. The Higgs boson mass in the samples ranges from 300 GeV to 2 TeV,
and the large-width Higgs bosons are simulated with a width that is 15% of the mass. To simulate
Higgs boson production with other widths, a signal-to-signal reweighting is used.

The signal-to-signal reweighting is based on the expression for the production cross-section for
heavy Higgs bosons. It is assumed the production and decay amplitudes are the same as those for
the SM Higgs boson. The resulting expression for the heavy Higgs boson production cross-section
is the same as the one for the SM Higgs boson, shown in equation (2.29), but replacing the SM
‘h’ for the BSM ‘H’:
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2
, (2.40)

where AP,D gives the production and decay amplitudes, s the center of mass energy, mH the mass
of the heavy Higgs boson and �H its total width. The signal-to-signal reweighting is done by using
a reweighting factor that is defined as the ratio of the production cross-section to a Higgs boson
H

0 with mass mH0 and width �H0 :
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The production and decay amplitudes cancel, and the resulting weight depends only on the known
variables for the mass and width of the two samples. Using this weight, samples for any width
(and mass) can be computed from the original set of samples, where the width is 15% of the
mass. Figure 2.15 shows the distributions of 600 and 1200 GeV Higgs bosons at various widths
that are constructed using this method. The plots in this section are presented as a distribution
of the transverse ZZ mass, to show the distributions that are used in the high mass search in the
ZZ ! `

+
`
�
⌫⌫̄ decay channel, which is discussed in Chapter 5. The transverse mass is defined as:
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where mZ is the Z-boson mass (91.1876 GeV [10]), p``
T

is the transverse momentum of the two-
lepton system and E

miss
T is the missing transverse energy, which in this section can be seen as the

transverse momentum of the neutrinos.

Figure 2.15: Simulation of the transverse mass distributions for a heavy Higgs boson signal with
an invariant mass of 600 GeV (left) and 1200 GeV (right) for widths equal to 5, 10, and 15% of
the mass. The signals are computed at different width using the reweighting factor that is shown
in equation (2.41), and are normalized to unit area.

The expressions in equations (2.40) and (2.41) only hold for leading order processes. But, the
heavy Higgs boson signals are produced in NLO in QCD. To test the reweighting procedure, a
closure test is performed, where a 600 GeV mass Higgs boson is reweighted to a 900 GeV one, and
the resulting sample is compared to the genuine 900 GeV stimulation. The comparison between
the two samples in shown in Figure 2.16 and good agreement is seen between the two predictions,
validating the reweighting method.

Figure 2.16: Closure test for the signal-to-signal reweighting method. A 600 GeV mass Higgs
boson is reweighted to a 900 GeV one (blue line), and the resulting invariant mass distribution is
compared to the genuine 900 GeV prediction (red line), both are normalized to unit area. Good
agreement is seen between the two predictions, validating the reweighting method.

When modelling the production of heavy Higgs bosons, the signal cannot be seen separately
from its interference with SM processes. The interference with the SM Higgs boson is modeled
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using a method similar to the signal-to-signal reweighting. For the interference with the gg ! ZZ

background, a more complicated approach is needed.

Simulating the BSM Higgs boson signal: Interference with the SM Higgs boson

The general expression for the production of the heavy Higgs boson, including interference with
the SM Higgs boson can be expressed in terms of their production amplitudes:

�gg!H,h!ZZ = |AH +Ah|
2 = |AH |

2 + |Ah|
2 + 2Re (AH ·A
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h) . (2.43)

The terms |AH |
2 and |Ah|

2 give the production cross-sections of the heavy and SM Higgs bosons
without any interference, and are given by the simulations already available. The final term gives
the amplitude for the h-H interference: |AH-h|
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amplitudes are equal for the two Higgs bosons, the interference can be written as a multiplication
of the two propagators:
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This expression is used to define a weight for the interference, given by the ratio between the
interference amplitude-squared and the cross-section for the heavy Higgs boson, essentially the
ratio of equation (2.44) over equation (2.40), given by:
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The resulting weight depends only on the (known) mass and width of the heavy and SM Higgs
bosons. This weight is used to produce a sample for the interference between the two Higgs bosons.
Figure 2.17 shows the distribution of the transverse mass for the interference for various width,
assuming a heavy Higgs boson of 600 GeV. The contribution of the interference decreases with
increasing heavy Higgs boson width. For large width the interference gives a large correction to
the expected yield, but already for a width of 5% of the mass, still significantly larger than the
SM Higgs boson width, the impact of the interference has significantly decreased with respect to
the width at 15% of the mass. Because of this effect the interference is not taken into account
in the search for a heavy Higgs boson with narrow width, where the impact of the interference is
negligible.
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Figure 2.17: Simulation of the transverse mass distributions for the interference between the SM
Higgs boson and a heavy Higgs boson (H-h interference) with a mass of 900 GeV for widths equal
to 5, 10, and 15% of the mass. Note the impact of the interference decreasing with increasing
heavy Higgs boson width. The interference is computed using the reweighting in equation (2.45).

Simulating the BSM Higgs boson signal: Interference with the gg ! ZZ continuum
background

The computation of the weight for the interference with the SM Higgs boson is based on the
assumption that the production and decay amplitudes are the same for the two processes. For
the interference of the BSM Higgs boson with the gg ! ZZ background, this method does not
work, as neither the production or decay amplitudes are equal. Instead, an empirical fit is used to
parametrize the interference shape, where the interference shape is fit to a complex polynomial.
The aim is to be able to predict the interference for any heavy Higgs boson with given mass
and width. The fit uses simulation at truth level, as no samples with heavy Higgs boson plus
interference at reconstruction level were available. Only a limited set of widths and masses are
available in the samples, and the fit parameters allow to parametrize the shape of the interference
for any sample with a known mass and width.

The expression for the production cross-section, including the interference, term is similar to
the one in equation (2.43), replacing the SM Higgs boson with the gg ! ZZ background. In
contrast to the interference with the SM Higgs boson, this cannot be solved analytically. Instead,
the interference is approximated by a complex polynomial [52]:
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(2.46)

where Lgg(mZZ) is the gluon-gluon luminosity as a function of invariant mass, and ai and bi are
the fit parameters of the polynomial. By rewriting the last part as follows:
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the interference amplitude is written as:
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where it is important to note that this function only depends on the mass and the width of
the heavy Higgs boson and the gluon-gluon luminosity, which are all known quantities. The
polynomials A and B are defined up to the fourth order, i.e.:

A = a0 + a1 ·mZZ + a2 ·m
2
ZZ + a3 ·m

3
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(2.49)

The expression in equation (2.48) is used in a simultaneous fit on interference samples with
various masses and widths to get the parameters of the complex polynomial. The interference (I)
samples are computed using sample with signal (S), background (B) and signal, plus background
plus interference (SBI) by I = SBI � S � B. The fit is performed for Higgs bosons with masses
of 400, 700, 900, 1200 and 1500 GeV, each with widths of 5, 10 or 15% of the mass, and the
distributions are shown in Figure 2.18. The results for the parameters of the complex polynomial
are shown in Table 2.1. A fit with sixth order polynomials was also tried, but this did not improve
the fit significantly, and the values for a5, b5, a6, and b6 where found to be negligibly small.

Parameter Value Uncertainty
a0 3.63 · 102 5.68 · 10�2

a1 -4.34 2.29 · 10�4

a2 1.72 · 10�2 9.14 · 10�7

a3 -2.26 · 10�5 3.54 · 10�9

a4 3.74 · 10�11 1.22 · 10�11

b0 -3.33 · 102 2.84 · 10�1

b1 3.31 1.19 · 10�3

b2 -1.11 · 10�2 4.81 · 10�6

b3 1.34 · 10�5 1.82 · 10�8

b4 -2.50 · 10�9 4.54 · 10�11

Table 2.1: Values found for the fit parameters for the complex polynomial A + iB, as used in
equation (2.46) after fitting to interference samples with various masses and widths.

By substituting A and B in equation (2.48) using these parameters, the interference shape
can be determined for any heavy Higgs boson, with any mass and width. To get the interference
with the gg ! ZZ background for a sample at reconstruction level with any given Higgs boson
mass and width, the ratio between interference and signal is computed for each sample. For a
sample with a given mass and width, the interference is computed using the parameterization in
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equation (2.48) and if the signal sample for the specific mass-width combination is not available,
it is computed using the signal-to-signal reweighting that was discussed at the beginning of this
section. Using this method, the I/S ratio for any mass and width can be computed. This ratio is
used to get the shape and normalization of the interference at reconstruction level, by multiplying
with the appropriate signal sample at reconstruction level.

Simulating the BSM Higgs boson signal: The full picture

For the full simulation of the heavy Higgs boson production, both the interference with the SM
Higgs boson and the gg ! ZZ continuum background are added to the signal samples. The full
interference is then given by the sum of these:

�gg!(H!)ZZ = |AH +Ah +AB |
2

= |AH |
2 + |Ah|

2 + |AB |
2 + 2Re (AH ·A

⇤
h) + 2Re (AH ·A

⇤
B) + 2Re (Ah ·A

⇤
B) ,
(2.50)

where H is the heavy Higgs boson, h is the SM Higgs boson and B is the gg ! ZZ background.
Note that here the interference between the SM Higgs boson and the ggZZ background, as described
in Section 2.4, also appears. Comparing the shapes for the interference with the continuum ZZ

background (Figure 2.18) with those for the interference for the heavy Higgs boson with the SM
Higgs boson (Figure 2.17), it can be seen that the two shapes are opposite. This difference leads to
a cancellation effect when taking into account both interferences. Figure 2.19 shows the transverse
mass distributions for the signal and the two interference effects for increasing mass on the left
and for increasing width on the right. The distributions are normalized to the expected limits to
give an idea of the effect on the expected yield in the high mass search. The interference effects
increase the expected yield for low mass but decrease it for high masses, and the impact of the
interferences increases with increasing width. At a width of 1% of the mass, the effect of the
interference becomes negligible, confirming that the interference can be ignored in the case of a
narrow-width Higgs boson prediction. Overall, even for large widths, the effect of the combined
interferences is not very large, even though the effect of the individual interference effects can be
large. This is due to the previously mentioned cancellation between the two interference effects.



38 CHAPTER 2. THEORY

Figure 2.19: Simulated distribution of the transverse mass for heavy Higgs boson and its inter-
ferences, normalized to the expected limits. On the left with increasing mass, showing from top
to bottom: 600, 900, 1200 and 1400 GeV. The interference effects increase the expected yield for
low mass but decrease it for high masses. On the right the 900 GeV distributions are shown with
increasing width, with from top to bottom: a width of 1, 5, 10 and 15% of the mass. The impact
of the interferences increases with increasing width.
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Summary
This chapter presented the Standard Model of particle physics with a focus on the particles used in
the analyses described in this thesis. Its shortcomings and an extension of the Standard Model to
address some of these shortcomings were discussed. This extension, the two-Higgs-doublet model,
predicts the existence of at least one extra Higgs boson. The theory described here forms the basis
for the two analyses described in this thesis, using Higgs bosons produced at the Large Hadron
Collider. This chapter described the shape of the invariant mass distribution and how it is used to
extract the lifetime of the Standard Model Higgs boson. In addition, the potential production of
beyond the Standard Model Higgs bosons was described. The search for additional Higgs boson is
described in Chapter 5, while Chapter 6 describes the measurement of the Higgs boson lifetime.
Before introducing these analyses, an understanding of the experimental setup used to produce
Higgs bosons is essential, and the Large Hadron Collider is described in detail in Chapter 3, along
with the ATLAS detector that is used to record the hadron collisions.



40 CHAPTER 2. THEORY



Chapter 3

Experimental Setup

The two analyses described in this thesis use data produced via high energy proton-proton collisions
at the Large Hadron Collider (LHC), recorded by the ATLAS detector. This chapter provides an
overview of the experimental setup used to collect this data. First, the Large Hadron Collider is
described in Section 3.1, followed by a description of the ATLAS detector in Section 3.2.

3.1 The Large Hadron Collider
The analyses presented in thesis work use data recorded by the ATLAS detector, produced via
proton-proton (pp) interactions at the Large Hadron Collider (LHC) [53], a particle accelerator
and collider, located at the site of the European Organization for Nuclear Research (CERN). The
LHC is designed to accelerate and collide hadrons (protons and ions) at high luminosity and high
energies to provide data for different experiments. It is built in a tunnel that originally was the
home of the Large Electron-Positron collider (LEP) [54], an e

+
e
� collider that operated from 1989

to 2000. The 26.7 km long tunnel is located between 50 and 175 m underground, below the French-
Swiss border near Geneva. In contrast to a lepton collider such as LEP, collisions in a hadron
collider occur between the constituent particles of the protons: quarks and predominantly gluons.
As each individual particle collision will have its own collision energy, this means pp interactions
provide a range of collision energies.

Before reaching the LHC ring, the protons are accelerated in multiple stages, to increasingly
higher energy. Figure 3.1 shows the various steps in the accelerator complex at CERN. The
protons are extracted from a bottle of hydrogen gas and injected in a sequence of accelerators,
each accelerating the protons to the maximum energy the accelerator can achieve. The first
accelerator is a linear accelerator (LINAC2), where protons are accelerated up to 50 MeV. This
is the only linear accelerator in the sequence, the following are all circular. The first circular
accelerators the protons encounter are the Proton Synchrotron (PS) and its associated Booster.
The Booster accelerates the protons to 1.4 GeV, after which they are injected in the PS, where
the protons are spatially separated and grouped together in so-called bunches. These bunches
have a limit to how many protons they contain, constrained by the protons repelling each other.
The number of protons in a bunch is maximized to give the highest amount of pp interactions per
bunch crossing. When the PS is full, each bunch will contain about 1011 protons, and the bunches
are spaced 25 ns from each other. The PS accelerates these bunches up to 26 GeV. The bunches
formed in the PS are then injected in the Super Proton Synchrotron (SPS), which accelerates
them up to 450 GeV. These are the bunches that are injected into both LHC rings, one in the
clockwise and one in the anticlockwise direction. One nominal fill of the LHC contains a beam
with up to 1404 proton bunches in each of the rings. The beam intensity will gradually decrease
when the beams are circulated and collided. Typically, a beam will circulate for about 10 hours,
after which they are degraded to the point where the intensity is so low it is more efficient to start
with new beams. At this point, a kicker magnet is used to steer the beams out of the LHC and
direct them into a dump block.

41
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Figure 3.1: The accelerator path of protons in the LHC. The protons in the pp interactions in the
LHC are first injected in a linear accelerator (LINAC2), then accelerated through the Booster,
the Proton Synchrotron (PS) and the Super Proton Synchrotron (SPS), before reaching the LHC.
Edit of [55].

The energies that can be probed by physics experiments at the LHC depend on the center
of mass energy (

p
s) of the beams. pp interactions with higher

p
s allow for the production of

heavier particles, and also lighter particles are produced more often, as production cross-sections
increase with

p
s. The maximum energy that can be reached in a circular collider depends on

the radius of the ring and on the strength of the magnets used to force the beams into circular
motion. While the radius of the LHC ring is set by the radius of the pre-existing LEP tunnel,
the magnets are developed for the LHC specifically, which is designed to operate at

p
s = 14 TeV.

A total of 1232 dipole magnets are used to bend the trajectory of the particle beams, such that
they stay within the LHC. These superconducting magnets are operated at 1.9 K and provide an
8.33 T magnetic field. The LHC not only needs magnets to bend the beams, but also to focus
the beams near the interaction points. This focusing, done primarily using quadrupole magnets,
maximizes the amount of pp interactions per bunch crossing. When increasing the number of
interactions, increasingly rare processes can be observed. In addition, to keep the beams stable,
multipole magnets consisting of more than four magnets are used to correct various small errors,
such as gravitational pull and electromagnetic interactions in the bunches.

Figure 3.2 shows the schedule of the LHC and the
p
s reached during the various data runs. At

the start of the first operational run (run I) of the LHC, in 2009, the
p
s was 7 TeV. Between 2010

and 2012 this was increased to 8 TeV. Run I concluded in 2012, and during the following shutdown
the LHC, but also other parts of the accelerator complex, were adapted to be able to run at 13
TeV when the LHC resumed collisions. The second run (run II) of data collection ran between
2015 and 2018 at

p
s = 13 TeV. The analyses described in this thesis use pp interactions from

the full run II dataset. After run II, the LHC entered Long Shutdown 2 (LS2), during which the
LHC was upgraded to provide more interactions per bunch crossing. Following LS2, data-taking
is planned up to 2025 for run III. After run III, the LHC goes through a major upgrade to become
the high luminosity LHC (HL-LHC) and be able to provide much more data per unit of time. To
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prepare for the increase in pp interactions, several parts of the ATLAS detector will be replaced
or improved during LS2 and LS3. Chapter 3.3 discusses one of these upgrades, the New Small
Wheels.

Figure 3.2: The schedule of the LHC, showing the various data runs that the LHC has delivered
and plans to deliver. For each run, the center of mass energy and the integrated luminosity reached
at the moment of shutdown is shown. Based on [56].

3.1.1 Luminosity
A measure of the amount of pp interactions in a particle collider per a certain time is given
by the luminosity (L). For many physics analyses, it is important to precisely know how much
luminosity is delivered by the LHC, and how much is recorded by the ATLAS detector. This
allows a direct comparison between simulated and observed data. An incorrect estimate of the
number of collisions will show up as a difference between predicted data and measured data, which
could be mistaken for a signal of new physics.

For any process with a production cross-section �, the rate (R) can be determined using the
luminosity, as given in the following formula:

R = L�. (3.1)

This relation is used to measure the luminosity. In principle, this could be done with any process
where the rate and cross-section can be precisely measured and predicted. In the method described
here, the luminosity is measured with the ATLAS detector via the rate and cross-section of inelastic
pp production.

To determine the luminosity, the rate and cross-section of the inelastic pp production are
measured separately. The rate of pp production per collision is given by:

R = µnbfrev, (3.2)

and depends on the number of bunches (nb), the revolution frequency (frev) and the number of
interactions per bunch crossing (µ). Some particles produced in the collisions fall outside the
detector volume, therefore the predicted rate needs to be corrected for these missing particles.
This affects the number of interactions, as only the visible interactions are observed. The visible
number of interactions per bunch crossing (µvis) is related to the total number of interactions by
the efficiency ✏, as µvis = ✏µ. The cross-section needs to be adjusted in a similar way, to define
the cross-section for the visible part of the interactions. This is related to the total cross-section
by the same efficiency: �vis = ✏�. Combining equations 3.1 and 3.2 gives an expression where the
efficiency drops out, given by the following equation, which is used to determine the luminosity:

L =
µvisnbfrev

�vis

. (3.3)

This requires four variables (nb, frev, µvis and �vis) to be known. The number of bunches and
the revolution frequency are known quantities, determined in the filling process and the LHC
design, but the cross-section and number of interactions need to be measured. The �vis is de-
termined by van der Meer (vdM) scans [57, 58], where one beam is displaced with respect to the
other and the overlap between the two proton beams is shifted vertically and horizontally. The
rate of pp interactions changes with this overlap. The cross-section, �vis, is extracted from the
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maximal observed rate. This measurement is combined with the measurement of µvis, which is
performed by the LUCID-2 sub-detector of the ATLAS Experiment [59]. Together, these give the
instantaneous luminosity delivered to the ATLAS detector. The LHC design value for the peak
instantaneous luminosity is 1 ·1034 cm�2s�1 [53]. In 2018, during run II, the highest instantaneous
luminosity reached was twice as high: 2.1 ·1034 cm�2s�1 [60]. This increase is the result of various
optimizations of the LHC, notably the size of the beams was reduced at the collision point.

The total integrated luminosity over a data taking period is denoted by L =
R
Ldt. Figure

3.3 shows the integrated luminosity (L) for the full run II period. Note that there are three sets
of luminosity. The first is the total luminosity as delivered by the LHC, 156 fb�1 for run II. Not
all the pp interactions can be detected by ATLAS, due to downtimes of the detector, mainly at
the start off each run. The luminosity as recorded by ATLAS is therefore somewhat lower, at
147 fb�1. To make sure this data is of the quality needed to perform physics analyses, the data
must pass a set of quality constraints. Over 100 different flags related to the various detector
subsystems are evaluated to judge the data quality. Part of the recorded data does not pass this
test, for example, because the beams are not stable enough or (parts of) some subdetectors are
turned off. The subset of the recorded data that passes all flags is marked ‘Good for physics.’ The
data runs in this subset are considered part of the Good Run List (GRL). In Table 3.1 the GRL
luminosities for each year in run II are shown. The GRL dataset for the full run II dataset has a
luminosity of 139 fb�1 [60], with an uncertainty of 1.7% [58]. The analyses described in this thesis
use this GRL dataset.

Figure 3.3: Integrated luminosity for run II. Shown are three sets of the integrated luminosity,
each a subset of the former: the luminosity delivered by the LHC, recorded by ATLAS and the
set that is suited for physics analyses [60].

Table 3.1: Total integrated luminosities, after applying the Good Run List, as recorded by ATLAS
for each year of run II [61].

Year 2015 2016 2017 2018 Total run II
L [fb�1 ] 3.2 33.0 44.3 58.5 139

3.1.2 Pileup
In each bunch crossing there are hard interactions, where the momentum transfer is large, but also
many more soft interactions, where the momentum transfer is small. For each hard interaction,
these soft interactions surround and obscure it, providing a challenge to physics analyses that aim
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to observe a specific hard interaction. The mean number of pp interactions for each bunch crossing
is called the in-time pileup (µ). Pileup can also come from previous bunch crossings, called out-of-

time pileup, when subdetectors are still occupied, but the next bunch crossing already happens.
Generally, when mentioning pileup, the in-time pileup is meant. For a given subdetector, specific
traversing particles leave a set of hits from which the trajectories are reconstructed. If there are
many particles, each will leave such a set of hits along its trajectory, and it becomes increasingly
difficult to determine which hits belong to which trajectory. At a certain point, the characteristics
of the physics process of interest cannot be identified anymore.

Note that there is a relation between the pileup and the luminosity, given in equation (3.3).
This means that if the luminosity is increased, the pileup will also increase. A choice has to be made
here, between low pileup and high luminosity. If one chooses to increase the luminosity, and thus
the pileup, analysis of some processes will be out of reach because of this pileup. Therefore, instead
of simply minimizing pileup, the aim is to mitigate pileup effects by identifying the trajectories
from soft and hard interactions, usually to be able to focus on the hard interaction. To mitigate
pileup effects, high granularity detectors are used by ATLAS. Especially around the beampipe in
the Inner Detector, where the particle density is highest. In addition, several methods to mitigate
pileup effects are used in the reconstruction, which is discussed later in this thesis.

As with the luminosity, it is essential for the reconstruction efficiency that the simulated pileup
matches the actual pileup. As the luminosity increases each year in run II (Table 3.1), the pileup
tends to increase as well, given the relation in equation (3.3). Figure 3.4 shows the mean pileup for
each year in run II, as well as the mean pileup for the full run II, which is 33.7 mean interactions
per bunch crossing.

Figure 3.4: Distribution of the mean number of interactions per bunch crossing for each year of
run II [60]. In the legend the mean pileup for each year is given. Note that the pileup, like the
luminosity, increases with each year in run II.

Understanding the luminosity and pileup of the pp collisions provided by LHC to very high
precision is crucial for most physics analyses. Any uncertainty on the luminosity or the pileup will
give an overall uncertainty on the results of the analyses described in this thesis.

3.2 The ATLAS detector
The ATLAS detector [62] is used to record the data produced via the pp interactions that are
delivered by the LHC. The data is used to reconstruct and identify the physics processes that
occurred in the interactions. The ATLAS detector is a general purpose detector, targeting a
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broad range of physics processes and designed to study the SM itself and explore the physics
beyond the SM.

The ATLAS detector consists of three subsystems, each with its own role in determining the
origin, direction, momentum, energy, charge and the type of particles produced in the interactions.
The full layout of the ATLAS detector is shown in Figure 3.5 and in the rest of this chapter, these
subsystems are described in more detail. Working from the collision point to the outside, the first
subsystem, the Inner Detector (ID) provides the information needed to reconstruct the trajectories
of charged particles. It consists of a pixel detector, a semiconductor tracker and a transition
radiation tracker and is surrounded by a solenoid magnet. Section 3.2.2 describes the ID in more
detail. Surrounding the solenoid is a system of sampling calorimeters, which identify and measure
the energy of electrons, photons and hadrons. The calorimeters also allow to determine missing

energy in the detector. This is essential to ‘detect’ the two neutrinos in the `+`�⌫⌫̄ analyses
presented in this thesis, which transverse the detector without leaving a signal. The calorimeter
system consists of an electromagnetic calorimeter, the hadronic endcaps, the Tile calorimeter and
a forward calorimeter. A detailed description of the calorimeters is given in Section 3.2.3. The
outermost subsystem are the muon chambers, described in Section 3.2.4. They provide information
for the tracking, identification and momentum measurements of muons. The muon chambers have
a separate toroid magnet system to allow for standalone muon reconstruction.

Figure 3.5: A cutaway view of the ATLAS detector, with each of the subsystems indicated. The
detector is divided in three subsystems in this thesis. The innermost subsystem is the Inner Detec-
tor, and consists of the pixel detector, semiconductor tracker and the transition radiation tracker,
surrounded by a solenoid magnet. Surrounding the Inner Detector is the calorimeter system,
which consists of the liquid argon (LAr) electromagnetic calorimeters, the Tile calorimeters, the
LAr hadronic endcaps and the forward calorimeters. The outermost subsystem consists of the
muon chambers and the toroid magnets. From [63].
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3.2.1 The ATLAS coordinate system
This section describes the coordinate system used in the ATLAS experiment. ATLAS uses a right-
handed coordinate system, centered around the nominal collision point. In Cartesian coordinates,
the z-axis is along the anticlockwise beam pipe, while the x-axis points to the center of the LHC and
the y-axis points up. The polar (✓) and azimuthal (�) angles are defined as shown in Figure 3.6. In
a typical bunch crossing, the number of particles produced per unit of � (dN/d�) is approximately
constant. To have the same property in the polar direction another coordinate, the pseudorapidity
(⌘), is derived such that the number of particles produced in dN/d⌘ is approximately constant.
The advantage of using pseudorapidity over the polar angle is that differences in pseudorapidity
are invariant under Lorentz transformations in the forward direction. The pseudorapidity is given
by:

⌘ = � ln

✓
tan

✓

2

◆
. (3.4)

Figure 3.6 illustrates this relation by showing the polar angle for integer values of the pseudora-
pidity. In the ATLAS detector, the most forward subdetectors will detect particles up to |⌘| =
4.9 (0.015°). Differences in both the azimuthal angle and the pseudorapidity are Lorentz invariant
in the relativistic limit. The spatial separation between particles, �R, is defined as a Lorentz
invariant variable, given by:

�R =
p
(�⌘)2 + (��)2. (3.5)

This set of coordinates (�, ⌘ and �R) will be used throughout this thesis.

Figure 3.6: The ATLAS coordinate system drawn in the ATLAS detector. The z-axis is defined
along the anticlockwise beam pipe, while the x-axis points towards the center of the LHC and the
y-axis points up. Shown are also the azimuthal (�) angle, as well as the polar angles (✓) for several
integer values of the pseudorapidity (⌘).
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3.2.2 Inner Detector

The innermost subsystem of the ATLAS detector is called the Inner Detector (ID) [64, 65]. The
detector records hits along the trajectories of charged particles traversing it. Two kinds of detector
technologies are used in the ID: silicon trackers and drift chambers. Particles traversing the
detector deposit part of their energy, which is recorded: the hits. These hits are the basis from
which the particles trajectories and collision vertices can be reconstructed. Combined with the
magnetic field, the momentum, direction and charge of the particle can be determined from the
trajectory. The ID provides hits within |⌘| < 2.5. In addition, the drift chambers in the ID provide
electron/pion separation for |⌘| < 2.0, using the difference in intensity of the radiation produced
when the particles transverse the detector.

On average, approximately 1000 particles traverse the ID per bunch crossing, which requires
fast readout and high granularity to be able to track particles precisely. Precise tracking will also
mitigate pileup effects, as individual trajectories can be better separated. The trajectories of the
particles are bent in a homogeneous 2 T axial magnetic field, created by a solenoid magnet that
surrounds the ID. In the reconstruction, this curvature is used to determine the electric charge of
the particles, using that the direction of the Lorentz force depends on the sign of the charge. The
curvature is also used to determine the momentum of the particle, as higher momentum particles
will be bent into a trajectory arc with a larger radius.

Beside the magnet, there are three components to the ID, shown in Figure 3.7. The innermost
is the silicon pixel detector and is instrumental in the vertex reconstruction. The two additional
components, spaced further from the interaction point, provide hits up to the calorimeters and help
to measure high momentum trajectories that will appear to be straight if only the pixel detector is
used. Surrounding the pixel detector is the semiconductor tracker, which is a silicon strip detector.
The outermost component, called the transition radiation tracker, uses drift chambers. Besides
the extra hits, the drift tubes also provide access to a type of radiation that is used to separate
electrons and pions. Each detector component is described in more detail in the rest of this section.

Figure 3.7: A schematic view of the layout of the Inner Detector. Indicated are the three compo-
nents: the pixel detectors, the semiconductor tracker, and the transition radiation tracker. The
semiconductor tracker and the transition radiation tracker both consist of a barrel and an endcap,
as indicated. From [63].
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Pixel Detector

The pixel detector is the innermost detector in the ID and consists of a barrel region with four
cylindrical silicon pixel layers, and two endcaps with three layers each. The detector provides
up to four hits (one per layer) for trajectories within |⌘| < 2.5. As it is the closest to the beam
pipe, the pixel detector operates in the environment with the highest particle density. To provide
distinguishable hits in this environment, a material that can withstand high levels of radiation
and that can provide precise measurements is required. For the pixel detector, these are silicon
pixels with very fine granularity.

Granularity in the barrel of the pixel detector itself is also higher for the component closest to
the beam pipe. This innermost barrel layer is the Insertable B-Layer (IBL) [66,67], located at 33
mm from the beam pipe. It was installed in the year 2014, after Run I, to improve the tracking
precision in the higher pileup environment of run II. The IBL has 50⇥250 µm2 pixel cells, while
the other layers of the pixel detector have larger, 50⇥400 µm2, pixel cells. Such fine granularity
means a lot of pixels are needed to cover the volume of each layer. In total, approximately 92
million pixels are used, which requires as many readout channels. The intrinsic precision of one
pixel is 10 µm in the transverse direction, and 115 µm in the longitudinal direction. For the IBL,
this is 10 and 60 µm, respectively [68].

Besides the track reconstruction, the pixel detector is also used for particle identification [69].
The energy particles lose when ionizing a pixel cell depends, among other things, on the mass of
the particle. By studying the energy loss per unit of distance, dE/dx, and the particle momentum,
an estimate of the mass of the original particle can be obtained, which is used to identify non-
relativistic particles. The energy losses through ionization for a given particle is measured with a
typical resolution of 10%.

Semiconductor Tracker

The pixel detector is surrounded by a silicon strip detector called the Semiconductor Tracker
(SCT). The SCT works with the same detection principles as the pixel detector, but uses silicon
strip technology. The SCT provides hits along particle trajectories further from the collision
point, in an environment with lower particle density. By providing up to eight additional hits at
a larger radius, the SCT allows to reconstruct the trajectories of these high momentum particles
and complements the pixel detector in the measurement of trajectories and vertices.

The SCT consist of four layers in the barrel, that cover trajectories with |⌘| < 1.4 and nine
in the end-cap, that extend this to cover trajectories with |⌘| < 2.5. Each layer consists of two
layers of strip sensors with a 40 mrad stereo angle, to allow for measurements in the z coordinate.
Silicon strips are a cheaper option to pixels and more suited to cover larger surface area. Since a
single strip covers a larger area than a single pixel, less readout channels are required. Still, the
SCT has over 6 million readout channels. Readout strips are placed at a pitch of 80 µm on the
silicon. Each layer has an intrinsic precision of 17 µm in the transverse direction, 580 µm along
the strip.

Transition Radiation Tracker

The outermost detector component of the ID consists of the Transition Radiation Tracker (TRT),
which consists of a barrel and an endcap part, and covers up to |⌘| < 2.0. In contrast to the other
subdetectors of the ID, which are both silicon based, the TRT consists of gas-filled (70% Xe, 27%
CO2, 3% O2) drift tubes. Particles traversing the drift tubes ionize the gas in the tubes, which is
read out by a central anode wire, which gives the hits used to reconstruct trajectories.

Drift tubes are more suited to cover a large area with reduced material cost, at the cost of lower
resolution compared to the silicon-based subdetectors. The TRT provides a large number of hits
at even larger radii than the SCT, which improves the precision of the momentum measurement.
Typically, a particle will encounter at least 36 tubes along their trajectory, though this can be
lower for trajectories in the transition region between barrel and end-cap. In principle, the TRT
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will provide 36 points, one for each tube, where a single tube has an intrinsic spatial resolution of
120 µm. To process the hits, a total of about 350,000 read-out channels are used in the TRT.

In addition, the TRT provides access to transition radiation [70], radiation that is emitted as
charged particles pass through a material interface. Particles will transmit transition radiation
when traversing between different mediums, here the tubes and the gas mixture, where the amount
of energy deposited depends on the mass of the particle. Typically, light particles (e.g. electrons),
deposit 8-10 keV of energy in the TRT. For heavier particles, in particular pions, the deposit
is around 4 keV. This difference in deposited energy in the TRT is used to assist the particle
identification, providing separation of electrons and pions up to |⌘| < 2. For a selection that gives
a 90% electron selection efficiency, the pion misidentification rate is about 5%.

3.2.3 Calorimeters
The calorimeter system of the ATLAS detector [71, 72] surrounds the ID and consists of a barrel
region and two endcaps. The calorimeter system is designed to determine the energy of electrons,
photons and hadrons in the ATLAS detector up to |⌘| < 4.9, and consists of three subdetectors.
The electromagnetic calorimeter (ECal) surrounds the ID and consists of an electromagnetic barrel
and the electromagnetic endcaps. Surrounding the ECal is the Hadronic Calorimeter (HCal), and
a third subdetector, located between the hadronic endcaps and the beampipe. This part is called
the forward calorimeter (FCal), which consists of both electromagnetic and hadronic parts and
helps to increase the coverage in the forward region. Each of these detector parts is indicated in
Figure 3.8 and will be discussed in more detail in this section.

Figure 3.8: A schematic cutaway of the ATLAS calorimeter system, which measures about 8.5
m in length with an outer radius of 4.2 m. The various detector parts are indicated. The LAr
electromagnetic barrel and endcaps make up the ECal. The hadronic endcaps and Tile calorimeters
make the HCal. The FCal is the part located in the forward region. In the middle the Inner
Detector is grayed out. From [63].
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Calorimeter working principle

Unlike the other subdetectors, calorimeters work with a destructive process, where particles lose all
of their energy while traversing the material and eventually are absorbed entirely. All calorimeters
in ATLAS are sampling calorimeters, which means they consist of alternating layers of absorber
and active material. The absorber causes the particles to lose energy via photon emissions and
the active material detects these photons. How particles lose their energy differs per particle.

Electrons lose their energy by emitting photons in bremsstrahlung and photons loose theirs
by pair production when passing through the active material in the ECal. When absorbing elec-
tromagnetic showers, the amount of energy lost scales with the amount of radiation lengths (X0)
of the materials used. One radiation length is the average distance after which a high energy
electron is left with 1/e of its energy. For a material with atomic number Z and mass number A,
the radiation length for electrons is given by:

X0 = 716.4 g cm�2 A

Z(Z + 1) ln 287p
Z

. (3.6)

To absorb electromagnetic particles, a large calorimeter and materials with several radiation
lengths are required. These are materials with high atomic number Z. In ATLAS, the material
chosen for the absorbers in the ECal is liquid argon (LAr).

Hadrons loose energy by inelastic interaction with nuclei. The important quantity for the
hadron calorimeter (HCal) is the number of nuclear interaction lengths (�). For a given material,
� gives the mean distance a hadron travels before undergoing an inelastic nuclear interaction. For
a material with atomic mass A, the nuclear interaction length is given by:

� = 35 g cm�2
A

1
3
. (3.7)

The ECal uses heavy materials, with high Z, giving many X0, but few �’s per unit of volume.
This allows for hadrons to pass to the HCal, that surrounds the ECal, which has lighter materials
with low Z and A, giving many �’s.

The calorimeter information is also used to reconstruct the vector-sum of energies of particles
that did not get detected, for example neutrinos escaping the detector. This is done by mea-
suring the energy of all incoming particles and applying energy conservation laws. To provide a
measurements of the energy of all incoming particles, the calorimeters are made almost hermetic.

Electromagnetic Calorimeter

The innermost component of the calorimeter system is the Electromagnetic Calorimeter (ECal),
designed to measure the energy of electrons and photons. The ECal uses lead plates as absorber and
liquid argon (LAr) as the active material. The lead plates are organized in an accordion shaped
geometry and give a full coverage in �. Figure 3.9 shows a section of the ECal barrel region,
with three layers with different granularities and the accordion geometry of the lead plates. The
materials and dimensions in the ECal are chosen to provide many radiation lengths (22-24X0),
but few interaction lengths (1.5�), to fully absorb EM showers, but let hadrons pass to the HCal.

The ECal consists of the barrel covering |⌘| < 1.475 and two electromagnetic end-caps that
cover 1.375 < |⌘| < 3.2. The barrel is made from two identical parts, separated by a 4 mm gap at
z = 0. In total, 190,000 readout channels are used in the ECal. The first of three ECal layers has
an extremely fine granularity (segments of 0.0031 ⌘). Since part of the particle’s energy is lost in
the ID and its solenoid magnet, a presampler is placed before the ECal to account for this lost
energy. The ECal is able to measure energies with a resolution of �E/E = 9%/

p
(E)� 0.3%. In

this notation, the first term gives the stochastic uncertainty, that arises in the counting of photons.
The second term gives a pT -independent uncertainty.
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In the reconstruction, the energy deposits in the calorimeter are matched to the trajectories
from the ID. Unconverted photons do not leave trajectories in the ID, since they do not have
electric charge, so their direction will be determined with the calorimeter information only. The
fine granularity of the innermost ECal layer allows for precise pointing of photons. Combining the
information from the ID and the ECal gives the necessary information to reconstruct electrons
and photons.

Hadronic Calorimeter

The Hadronic Calorimeter (HCal) consists of two parts, the hadronic endcap, which covers the
range 1.5 < |⌘| < 3.2, and the Tile calorimeter, which covers the barrel region and extends into the
endcap region up to |⌘| < 1.7. It is designed to measure the energy deposited in hadron showers.
Like electrons and photons, the hadrons lose energy through interactions with the absorber mate-
rial, which is measured in the form of photons in the active material. But, as mentioned before,
the process in which they lose energy is completely different, and consists of inelastic hadronic
interactions. To absorb hadronic showers, the HCal requires very dense materials which provide
maximum interaction lengths for the least cost.

The hadronic endcap, like the ECal, utilizes LAr as the active material, but uses copper as
an absorber instead, which provides 10�. The layout for the Tile calorimeter is shown in Figure
3.9. The Tile calorimeter consists of plastic scintillating tiles as active material and uses steal as
an absorber, providing 7.5�. The tiles give almost seamless coverage in �. The Tile calorimeter
also acts as the return path for the flux of the solenoid. In general, hadronic showers give a
smaller energy deposit per part than their electromagnetic counterparts. Compared to those,
the hadronic showers have a worse energy resolution in the HCal, compared to the ECal, at
�E/E = 50%/

p
(E)� 0.3%. The HCal uses 10,000 readout channels in total.

Figure 3.9: Left: A section of the barrel region of the electromagnetic calorimeter, showing the
three layers with different granularities and the accordion geometry. From [71]. Right: A section of
the Tile calorimeter, showing the geometry of the plastic scintillating tiles used as active material
and the steal used as absorber material. From [72].

Forward Calorimeter

In addition to the ECal and the HCal, a third calorimeter component is placed in the forward
region of the ATLAS detector. This forward calorimeter (FCal) is placed in the range 3.1 <
|⌘| < 4.9 and extends calorimetry into the forward region for both electromagnetic particles and
hadrons. Compared to the ECal and HCal, the FCal has harder design requirements, since this
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region has a lot higher particle flux. The FCal has three modules, one for EM particles and two
for hadrons, all using LAr as active material. To stop hadron showers in the limited space of the
FCal and prevent additional pileup in the endcaps, the FCal uses heavier absorber materials than
the ECal. The first module uses copper as absorber and is optimized for electromagnetic particles.
It is comparable to the EMEC, with 28X0. The other two modules use tungsten to optimize for
hadronic particles, with the number of interaction lengths about the same as the HCal, at 10�.
The energy resolution of the FCal is �E/E = 100%/

p
(E)�10%. A total of 1800 readout channels

are used in the FCal.

3.2.4 Muon Spectrometer

The outermost subsystem of the ATLAS detector is the muon spectrometer (MS) [73], which gives
the detector its size and name. Like the ID, the MS provides hits along the trajectory of charged
particles. The MS also provides information for the trigger, which decides quickly if, based on
a possible muon signature, the event should be saved to disk. Generally, all particles in the MS
can be identified as muons, as electrons, photons and hadrons are stopped in the calorimeters (or
before), though some (very minimal) punch through remains. Like in the ID, a magnet is used to
bend the particle trajectories. The magnetic field of the solenoid magnet surrounding the ID does
not extend to the MS, and a separate magnet is needed for muon tracking. The MS has its own
magnet system, with three sets of toroid magnets: one in the barrel and in each endcap. Each
set contains eight magnet coils. The magnetic field provided by the toroid is an inhomogeneous
cylindrical field, the central field is about 0.5 T in the barrel region and about 1.0 T in the end
cap regions. This field allows for standalone muon tracking, without the explicit need to combine
with the Inner Detector information.

To reconstruct a muon trajectory, a minimum of three hits in the MS are needed, or a combina-
tion with hits from the ID. To get these hits, the barrel consists of three layers of muon chambers.
The endcaps consist of a series of wheel-shaped detectors. Looking from the collision point, each
end-cap starts with a Small Wheel, followed by the Big Wheels and an Outer Wheel. The MS has
two types of detectors, precision chambers and trigger chambers. Figure 3.10 shows each of these
technologies. Each of these is described in a separate section.

Precision chambers

One of the roles of the MS is to provide precise hits along the trajectory of muons within |⌘|
< 2.7. Two types of technology are used for the precision measurements. The first, Monitored
Drift Tubes (MDT), are used throughout almost the entire MS. The MDTs are 30 mm diameter
aluminum drift tubes with a maximum drift time of about 500 ns. As a particle passes through
the gas in the drift tube it will ionize the gas, after which a central tungsten anode wire detects
the ionization electrons. The MS consists of muon chambers with layers of MDTs. A single MDT
chamber consists of three to eight layers, and has a better resolution compared to a single tube.
Each chamber provides an intrinsic resolution of about 35 µm. Close to the beam pipe, in the
center of the Small Wheels (|⌘| between 2.0 and 2.7) the muon flux is too high to use MDTs.
Instead, cathode strip chambers (CSC) are used. The CSCs are trapezium shaped wire chambers
and consist of an anode wire and two cathode strips. The CSCs have a maximum electron drift
time of about 30 ns, much closer to the 25 ns bunch crossing time, making them more suited
to deal with the high radiation environment. The CSCs provide a resolution of 40 µm in the
bending plane (⌘), but only 5 mm in the transverse plane (�). Note that after run II, the ATLAS
detector will no longer make use of CSCs, as the current Small Wheels are being replaced by New
Small Wheels (Section 3.3). Both MDTs and CSCs allow for high precision measurements of the
momentum and trajectory in the z/R direction. Together this result in a momentum resolution
uncertainty below 3% for muons with a pT between 10 and 100 GeV and 10% for muons with a
pT of 1 TeV.



54 CHAPTER 3. EXPERIMENTAL SETUP

Figure 3.10: A cutaway view of the ATLAS Muon system, which measures about 44 m in length
with an outer radius of 23 m. Indicated are the various types of detector used: the MDT and
CSC are precision chambers, and the RPC and TGC are trigger chambers. The toroids of both
the barrel and end-cap are also indicated. The ID and calorimeters are not shown. From [63].

Trigger chambers

Besides the precision chambers, the MS also consists of chambers designed to quickly identify a
muon traversing it, called the trigger chambers. As with the precision chambers, two kinds of
technologies are utilized. Resistive Plate Chambers (RPC) are used in the barrel region, and Thin
Gap Chambers (TGC) in the end-caps, that cover up to |⌘| < 2.4. The trigger chambers need to
have good spatial resolution to recognize individual particles. In addition, good time resolution
is needed to keep up with the bunch crossing. TGC are wire chambers with a thin gap between
the plates and give very high spatial and timing resolution in the endcap region. In the barrel
region, RPCs are used that have a coarser spatial resolution, but a better time resolution, 1.2 ns,
where the TGC has 4 ns. RPCs consist of a gas gap between two resistive plates at high voltage.
Any particle passing through will ionize the gas, which will be detected by strips on the plates.
The trigger chambers complement the precision chambers by providing the � coordinate of the
trajectory.

The TGCs in the current Small Wheel will not be able to deal with the expected luminosities
of run III and especially the high luminosity LHC. As mentioned, this will be solved by replacing
the current Small Wheels with New Small Wheels.
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3.2.5 Trigger
With a bunch-crossing every 25 ns, the LHC provides an enormous amount of pp interactions. If
every interaction is saved to disk, a storage of several petabytes per second would be required.
Computing resources to keep up with the readout and storage of all of those pp interactions are not
available. When looking for events to use in physics analyses, events with a large energy transfer,
so-called hard-scatter events are most important. ATLAS has a trigger system in place to make
a quick selection to decide which events to write to disk [74]. There are two stages in the trigger
system: the Level 1 (L1) trigger to make decisions fast and the High-Level Trigger (HLT), which
is slower, but more precise.

The L1 trigger uses information from all the calorimeter subsystems and the trigger chambers of
the muon system. With the information of the MS it selects events with high transverse momentum
muon tracks. The ECal provides information to select events with electron and photons. With
the HCal information the L1 trigger is able to select events with jets and hadronic ⌧ decays. The
L1 can also select events based on (missing) transverse energy. In 2.5 µs the L1 decides which
events to pass to the HLT. The HLT uses information from all detector subsystems to perform
a fast version of the offline reconstruction. Based on this the HLT selects the events for physics
analysis, which are saved on disk. In run II, the combined trigger system reduces the data taking
rate from 40 MHz to approximately 1 kHZ.

Typically, analyses will use a combination of several triggers to select the ones that match the
signature of the final state that is targeted. For the analyses in the `+`�⌫⌫̄ final state described
in this thesis, events with one electron or muon at high transverse momentum (> 20 GeV) are
selected.

3.3 Upgrade: New Small Wheels
Between the years 2018 and 2021, the LHC is in the Long Shutdown 2 (LS2), during which several
upgrades are performed to the ATLAS detector to prepare for the High Luminosity upgrade of
the LHC. After LS2, the pileup will increase from about 40 in run II to about 60 in run III, and
at least 140 in the HL-LHC [75]. The current Small Wheels can no longer keep up with this
pileup increase. To prepare the ATLAS detector for the high pileup environment, new detectors,
with new trigger and precision technologies, are needed. These detectors, named the New Small
Wheels (NSW) [76] are one of the upgrades installed during LS2. This section focuses on an
algorithm which I developed to validate the simulation of the data processing chain of the NSW.
To explain this algorithm, the section starts with a brief description of the NSWs and their layout.
What follows is a description of the data processing chain that is used in ATLAS, and finally the
algorithm itself.

Layout of a New Small Wheel
In the � direction, the NSW consists of eight large, and eight small sectors. The layout of the
large sectors is shown in Figure 3.11. The small sectors are placed in between the large sectors
to cover the gaps, with some overlap between the various sectors. Each sector is divided in
four multiplets. Similar to the current Small Wheels, the NSW will consist of both trigger and
precision technologies. Each multiplet of the detector consists of a sandwich of these two detector
technologies: the small strip Thin Gap Chamber (sTGC) and the Micro-Mesh gaseous structure
(MicroMegas, or MM).

The sTGCs will be used as the primary trigger technology. These are wire chambers similar
to the TGCs used in the rest of the muon system, but with considerably smaller strips. The
sTGC strip pitch is 3.2 mm, while the TGC has a minimum strip width of 1.46 cm. Each sTGC
consist of three types of readout channels: pads, wires and strips. In contrast, the MM has one
readout channel. The MM consists of a cathode plane on top of a 5 mm drift region. Charged
particles passing through will ionize the gas and cause electrons to drift to the readout strips.
Before reaching the readout strips, they pass the micro-mash which will amplify the signals. To
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Figure 3.11: Different scales of the NSW, shown in one of the large sectors. On the left the
sandwich of four sTGC and MM multiplets is shown, each with four gas gaps. Together these
make up one sector of the NSW. From [76].

measure the � coordinate, the readout strips in the MM in each second detector layer are inclined
by a 1.5° stereo angle [77]. Both detector technologies are shown in Figure 3.12. With these
technologies the NSW will be able to cope with the high luminosity, reducing fake muons in the
L1 trigger by 90% forward region [78], while allowing momentum resolution better than 15% for
muons with a pT of 1 TeV [79].

Figure 3.12: Schematic view of the NSW detector technologies. On the left, the sTGC is shown
with the three readout channels: strip, wire and pad [76]. On the right the working principle of
the MM is shown. Muons ionize the gas between the cathode and the mesh. Due to the voltage
difference, the resulting electrons will drift towards the mesh. At the mesh, the signal is amplified
before reaching the readout strips. From [79].

Simulation of the ATLAS event data model
Before the installation of these wheels, simulation studies are performed to test the software, in
both data collection and muon reconstruction. In the simulation, ATLAS uses an event data
model (EDM) [80, 81] where hits are generated using Monte Carlo techniques and are converted
into data as if they were an actual detector measurement. The EDM covers the data structure
from raw data to objects that can be used in an analysis. For a new detector such as the NSW,
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this EDM has to be implemented from scratch, which needs various inputs. For example, the
detector layout needs to be described completely to simulate events and the various steps between
a muon entering the detector and saving a software object to disk need to be implemented and
tested. The various steps in the EDM are described in more detail here.

Event generation

The first step in the simulation is the event generation. This can be done by simulating a physics
process, for example a Z-boson decaying to µ

+
µ
�. The studies presented in this section use a

very basic approach with single muon events, where muons are ‘fired’ from a central vertex (a
particle gun) at varying angles and with a pT varying between 10 and 100 GeV. These events do
not simulate a physics process, but allow to validate the detector response at various angles and
energies without the need for a more complicated simulation of a real particle decay.

Simulated hits

When a muon passes through the detector, it deposits some of its energy. This energy deposit
is a hit in the NSW. For the particle gun events, each muon in the sensitive volume of the
detector will produce ‘hits.’ The simulated hits, shortened to sim hits are the first object that
is considered in the simulation studies. To know where each single muon event creates sim hits,
the NSW structure as described before is used in the simulation, so that each sim hit will have
an associated gas gap, multiplet, ⌘ segment and � sector. Together, these describe the location of
the sim hit.

Simulated digits

To simulate detector data, the sim hits alone are not enough. While the sim hits give the
positions where a muon interacts with the detector as a whole, the positions of actual data will
depend on the readout geometry of the detector technologies. The MM and sTGC technologies of
the NSW each have a distinct geometry, with three separate readout channels for the sTGC, but
a single one for the MM. When taking the readout geometry into account, each sim hit produces
a set of new objects, called digits. Typically, for the MM there will be a digit corresponding
to each sim hit. For the sTGC a single sim hit creates multiple digits in all three channel
types. At this point the full NSW layout is taken into account in the simulation, therefore the
digit should contain all the information that is needed to simulate real collision data. Since the
charge of a muon can exceed the threshold of several readout channels in the direct vicinity of the
sim hit, a single sim hit can produce more than one digit. Because of this smearing effect,
the original location of the event, as given by the sim hit, cannot be determined from the digit.
To compare the original muon that was simulated in the event generation to the eventual data
object, the truth information of the sim hit is stored in a separate object, the Simulated Data
Objects (SDO).

Data objects

The next step is to go to a data like object. The Raw Data Object (RDO) format is used to save
data. When taking data, it is desired to record as many collisions as possible, therefore the data
object needs to be as small as possible to save as many as possible to disk. Still, the minimal set
of parameters needed to reconstruct the muon should be present in the data. In the simulation,
each RDO will contain only the minimal part of the information of its corresponding digit. When
looking at real data, the RDO is the first software object that is created from the detector readout.
The RDO data is saved to disk, after which a first processing step is done. In this step, the RDOs are
converted into Prep Raw Data (PRD) objects by, for example, clustering and calibration. The PRD
objects are the input for muon track reconstruction, which is the final step needed for analyses.
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Validation

While going through each step of the simulation chain, the position where the simulated muon
interacts with the detector should not change significantly. That is, the PRD object should be in
the same gas gap, multiplet, ⌘ segment and � sector as the sim hit from which it originated. To
test this, a dedicated algorithm is written to match the various objects in the EDM chain and
validate that matching objects are at the same location. The various steps and their corresponding
objects are summarized in Figure 3.13. The first step in validating the location of the EDM chain
is finding the location of each object in the NSW for a given event generation, which is described
next.

Figure 3.13: The event data model chain of the NSW simulation. The various conversion steps
from event simulation to analysis are shown. The paths in red are validated in the matching
algorithm. The matching algorithm focuses on the path from the sim hits to the PRDs. This
includes both the fast digitization, where sim hits are converted directly into PRDs, as well as the
full digitization where digits and RDOs are produced. While there is no actual conversion of SDO
into PRD, these are still matched in the algorithm, as given by the dotted line.

Localizing data objects in the New Small Wheels
To localize an EDM object in the NSW, a series of variables is chosen, based on the structure of
the NSW as shown in Figure 3.11. These variables are used to match different objects of the EDM
to each other. A total of six variables is used to localize the objects:

• ⌘: The ⌘ segment that was hit and on which side of the detector it is located.

• �: The � sector that was hit.

• station name: Can be either ‘small’ or ‘large,’ indicating what kind of � segment was hit

• multiplet: Each sector has four multiplets, two for each technology

• gas gap: The part of the sTGC-MM-MM-sTGC sandwich that was hit

• channel type: Only for sTGC. The channel type can be either the wire, the pad or the strips
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The algorithm needs to be able to extract all the variables that were mentioned before, for all
five objects in the EDM chain (sim hit, digit, SDO, RDO and PRD). This EDM chain was not yet
fully implemented when development on the validation algorithm began. Instead, the development
of the validation algorithm was done in parallel with the implementation of the EDM for the NSW.
The sim hit to digit conversion was the first in place, and is used as a test case for the algorithm.
A basic test of the algorithm is to check the distributions of the digits in each of the variables
chosen for the localization. This test has been done for the MM and sTGC digits for 1000 single
muon events.

For the MM eight sim hits are expected per muon: one for each of the four gas gaps, and that
two times, as there are two multiplets. It is therefore expected there are circa 8000 MM digits,
one for each sim hit. In the sTGC, the geometry is taken into account when creating digits
and one muon can exceed the threshold of several strips, creating several strip digits per sim
hit. It is expected that digits in both technologies are distributed evenly over the four gas gaps
and the two multiplets, as each muon will typically traverse all layers. Evenly distributed digits
are also expected for the � segments, as each segment is of the same size and there is no preferred
direction for the single muon events. For the ⌘ segments of the sTGC it is expected these are not
evenly distributed, as there is some difference in size for the various segments: the ones further
from the beam pipe are broader. For the ⌘ segments of the MM this effect is even larger, as the
segment closest to the beam pipe is almost twice as large as the other segment. Note that with
1000 events, it is also expected that there will be some statistical fluctuations in the distributions
of digits in the � and ⌘ sectors.

Figure 3.14 shows the distribution of the single muon digits in the MM and sTGC. These
follow the structure as described above, as expected. The gas gap and multiplet show evenly
distributed digits, while the distributions in ⌘ shows more events in the segments close to the
beampipe. The distribution of muons in the � segments show some fluctuation, which are at-
tributed to statistical fluctuations in the direction of the simulated muons. The channel type of
the sTGC shows that there are about six times as many digits in the strips (channel type 1)
than there are in the pad (type 0) or the wire (type 2), as a single muon can exceed the threshold
of several strips. TThe distributions match the expectation based on the structure of the NSW
(Figure 3.11).
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(a) sTGC ⌘ segments (b) MicroMegas ⌘ segments

(c) sTGC � segments (d) MicroMegas � segments

(e) sTGC Multiplets (f) MicroMegas Multiplets

(g) sTGC gas gap (h) MicroMegas gas gap

(i) sTGC channel type
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Figure 3.14: Variables used to localize and match the various objects in the NSW validation algo-
rithm. The distribution of the digits for both technologies are shown for 1000 single muon events.
The output should match the layout of the NSW as shown in Figure 3.11. The left column shows
the objects for sTGC digits, the right column shows the MicroMegas digits for the same objects.
From top to bottom the following objects are shown: ⌘ coordinate, � coordinate, multiplet number,
gas gap number and channel type. Note that the channel type only exists in the sTGC detector.
For most objects, it is expected the digits are evenly distributed. Exceptions are the ⌘ segments,
where the segments close to the beam pipe should have more digits as they are larger and the
channel type, where a single muon can exceed the threshold of several strips (channel type 1).
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The validation algorithm
In the EDM chain from sim hit to PRD there are several conversions. The main path consists
of converting sim hits to digits, digits to RDOs and RDOs to PRDs. In addition, there is also
sim hit to SDO conversion for the truth information and direct conversion from sim hit to PRD.
Because the NSW is a newly developed detector, this EDM model had to be implemented from
scratch, taking into account the layout of the NSW detector and its readout. When implementing
each step of the EDM, bugs can be introduced in the conversions. Some examples of bugs which
can be detected are:

• Objects are not converted

• Objects are converted, but the new object is at the wrong location

• Spurious new object are created

To test if the objects are converted correctly, a matching algorithm is made to match the
various objects in the data. The variables that are described before are used to match the data
objects. Using sim hit to digit conversion as an example, for each sim hit the aim is to find a
digit that has the same gas gap, multiplet, etc. The reverse is also done, where for each digit
the aim is to find a corresponding sim hit. When the locations of the two objects are the same,
the matching is done using the number of the readout channel. In principle, the readout channel
should not change when converting from one object to another. As multiple digits can be created
by one sim hit, each sim hit is paired with the digit that has the closest readout channel. At
the same time, for each digit the closest sim hit is found. It is also possible that multiple digits
are paired to the same sim hit. Note that it is very likely that the sim hit-digit and digit-sim
hit pairing find different results. The sim hit and digit are marked as ‘matched’ if they are less
than three channels apart. This method can be applied for any two data objects from the EDM.
By comparing the objects in each step of the EDM it is possible to detect problems in the EDM
chain of the NSW.

Expected mismatches

In some specific cases, a low efficiency in the conversion from one objects to another is actually
the expected result. One example are hits outside the sensitive volume of the NSW. Such hits
can still deposit some charge in the detector, but it is impossible to assign a readout channel. To
solve this, these sim hits are not matched in the validation. Another mismatch is expected when
comparing sim hit objects to SDO objects for sTGC strips. This mismatch arises because of the
smearing of strip sim hits when creating SDOs. For each strip sim hit, several SDOs are created,
as a single muon can exceed the threshold of several strips. The matching algorithm only marks
SDOs withing three channels distance of the original sim hit as matched. This means that SDOs
that are smeared further than channels from the original sim hit are marked as mismatched. It is
therefore expected to find a large number of mismatched SDOs in the strips, even if the digitization
works at 100% efficiency.

Detecting problems

In addition to the SDOs that are mismatched due to the smearing, it can happen that something is
actually wrong that leads to a mismatch. Simulating a detector such as the NSW requires exten-
sive and complex software, which is constantly updated during the development. The validation
algorithm is one of the tools in place to validate that developments in the software do not alter the
EDM chain in unforeseen ways. One example of an unintended change is shown in Figure 3.15.
During developments in the simulation of the MM, an error was (unintentionally) introduced in
the computation of the position of the readout channels, which causes the computation to ignore
the stereo angle. As a result, the matching efficiency between the RDO and SDO objects decreased.
To trace back the origin of this decrease, the difference in channel number when matching RDOs
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to SDOs was investigated. After re-introduction of the stereo angle in the computation, the dis-
tribution is again centered around 0, as expected, since this is the point where the RDO readout
channel is exactly the same as its SDO counterpart and the number of mismatched RDOs decreases
as a result.

(a) RDO to SDO matching with unintended behavior. (b) RDO to SDO matching working as intended.

Figure 3.15: Effect of an error in the EDM chain on RDO to SDO matching. During the development
of the MicroMegas EDM chain, an error was introduced in the computation of the position of the
readout channels, which causes the computation to ignore the stereo angle. In Figure (a) the
resulting mismatch in RDO and SDO is shown. RDOs for which the matching SDO is found more than
three readout channels away (indicated by the red dotted line) are called mismatched. Figure (b)
shows the same matching after re-introduction the stereo angle in the computation. The number
of mismatched RDOs decreases and the distribution is now centered around 0, as expected.

For each conversion, an efficiency is defined as the number of matched objects over the total
number of objects. The full chain of sim hit-digit-RDO-PRD has been implemented for the NSW.
For each of the conversions, the efficiency was found to be 97% or higher. Two important notes
should be made here. As mentioned already, these numbers are based on code that is under heavy
development and constantly changes. Future changes could improve other aspects of the digitiza-
tion, at the cost of these efficiencies. The algorithm will help with future software developments,
as it can signal quickly if any changes to the EDM affect the efficiency of the various steps. It
should also be noted that this value only tells whether the objects are converted properly and not
whether the underlying physics is correct. Any mistake in the event generation can be passed on
through the EDM chain without lowering the efficiencies.

Summary New Small Wheels

To prepare for the high luminosity LHC, the Small Wheels of the MS will be replaced by new
detectors, the New Small Wheels. Before the installation of the wheels, the software to digitize
the data needs to be validated. An algorithm has been developed to validate this digitization.
In the algorithm, the data objects used in the ATLAS event data model are compared to each
other at each stage of the digitization, to make sure the object position does not change in the
event chain from sim hit to data object. For each step of the full chain, it was found that the
conversion efficiency between the various data objects remain very high, at 97% or higher. Much
development in the NSW software has occurred since these studies were performed in 2019, so it
is not expected that the results here reflect the current status of the NSW. Rather, they should
be seen as a proof of principle for the validation tools presented.
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Chapter summary
This chapter as a whole followed the path from pp interaction delivered by the LHC to data taking
in the various ATLAS subsystems. This information will be used to reconstruct the individual
particles resulting from the collision. The ID provides hits to reconstruct particle trajectories.
These trajectories will be combined with the calorimeter energy deposits to reconstruct electrons,
photons and hadrons. Finally, the MS provides the precision measurements needed to reconstruct
muons and is capable of standalone measurement, which do not need information from the other
subsystems. Chapter 4 describes how the measurements are used to reconstruct the physics objects
in the ATLAS collaboration. These physics objects are used to select the events that are used in
the `+`�⌫⌫̄ analysis described in this thesis.
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Chapter 4

Event reconstruction

Particles (except neutrinos) traversing the ATLAS detector leave energy deposits along their tra-
jectory. From these deposits, the particle tracks are reconstructed, and the kinematic properties
of the event are determined. The goal is to identify and reconstruct the particles produced in the
pp interactions. In the reconstruction, the particles are classified as physics objects by the different
signatures they leave in the detector. This chapter describes the various physics objects that are
used to select events in the `+`�⌫⌫̄ analyses, and the methods used to reconstruct these objects
from the hits in the ATLAS subsystems.

For charged particles, tracks and vertices are reconstructed from the hits created in the Inner
Detector (ID). The presence or absence of tracks and vertices is the basis from which physics
objects are reconstructed. Figure 4.1 shows the different signatures of various particles in the
ATLAS subsystems. Listed here are the physics objects that are considered in the ATLAS object
reconstruction. The objects used in the `+`�⌫⌫̄ analyses are described in more detail in their
respective sections, later in this chapter. The physics objects and their typical signatures are as
follows:

• Electrons leave hits along their trajectory in the Inner Detector, as they are charged parti-
cles. After traversing the ID, they are absorbed in the Electromagnetic Calorimeter (ECal).
Electrons are reconstructed by matching tracks from the ID with energy deposits in the
ECal.

• Photons do not leave hits in the ID, but are also absorbed in the ECal. Photons can convert
into an electron-positron pair by interactions with the detector material, in which case they
have associated tracks in the ID and energy deposits in the ECal. For photons that remain
unconverted, there is no associated track in the ID, but only the energy deposits in the ECal.
As photons do not play any (direct) role in the `+`�⌫⌫̄ analysis, their reconstruction is not
described in detail in this work.

• Muons also have associated tracks from the ID, as they are charged particles, but their main
signature is hits in the Muon System. Since muons have a much larger mass, compared to
electrons, they emit less bremsstrahlung, as a result they are not stopped in the calorimeters.
Muons are identified and reconstructed by a combination of ID, calorimeter and MS, or by
hits in a selection of those subsystems.

• Jets are created by particles that hadronize when traversing the detector, such as gluons,
quarks or hadrons. Jets can have charged and/or electromagnetic components that leave
tracks in the ID and deposits in the ECal, and are absorbed in the hadronic calorimeter.
The main signature are the energy deposits in the calorimeters, in some cases in combination
with tracks in the ID.

65
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• Neutrinos have only minimal interaction with matter and traverse the detector without
leaving any hits. Still, neutrinos can be reconstructed indirectly by looking at the sum of
the momenta of all visible objects in a given event and applying momentum conservation.
If any particle in the event traversed the detector without getting detected, it will show as
missing transverse energy (Emiss

T ) in the event.

Figure 4.1: Characteristic signatures of electrons, muons, neutrons, neutrinos and photons in a
section of the ATLAS detector. From [82].

4.1 Track and vertex reconstruction
Charged particles, in particular electrons, muons, and charged hadrons, leave hits along their
trajectory when they traverse the Inner Detector (ID). These hits are used to reconstruct the
particle trajectories. The track reconstruction procedure is based on the algorithm described
in [83] and more details on the track reconstruction can be found in dedicated works such as [84]
and [85]. Track reconstruction in ATLAS consist of a sequence of approaches. First, an inside-out
approach that starts from hits in the silicon layers of the ID, and extrapolates outwards by looking
for hits in the TRT that match the silicon layer hits. This approach is the baseline approach for
the track reconstruction. The inside-out approach is followed by an outside-in approach, where
segments reconstructed from the TRT hits are extended inwards by adding matching hits in the
silicon layers. Finally, TRT-standalone tracks can be reconstructed in case a TRT segment does
not have matching hits in the silicon layers [86]. This section will focus on the baseline inside-out
approach.

The inside-out approach starts by reconstructing three-dimensional hit positions in the silicon
layers. The hit positions are found by a clustering algorithm that looks for clusters of energy
deposits in either the pixel or the SCT layers. From these hit positions, seeds are constructed by
combining hits from either three pixel layers, three stereo layers in the SCT, or a combination of
hits in the pixel and SCT layers.
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The track reconstruction continues by extrapolating from the seeds to the remaining silicon
layers. In the extrapolation, a Kalman Filter [87] is used to build track candidates, by finding hits
that are compatible with the preliminary trajectory. If more than one extrapolation is compatible
with the trajectory, multiple candidates per seed will be created. On the other hand, candidates
build from random combinations of hits will be quickly excluded.

The next step in the inside-out track reconstruction is to solve track candidate ambiguities. In
some cases, there are multiple track candidates per seed, or hits are shared among track candidates.
To solve such ambiguities in the track reconstruction, the individual candidate tracks are each
assigned a track score. The score of a track candidate is improved when more hits are added that
match the preliminary trajectory, and decreases when the trajectory intersects sensitive material,
but no matching hit is found, so called holes. The complete score of a track candidate also depends
on the intrinsic resolutions and the expected hit multiplicity of the subsystems that provide the
hits, as well as the momentum of the track and the �2 of the track fit. The track score is used
to resolve the ambiguities in the reconstruction, by favoring track candidates with a higher score.
The remaining track candidates from the pixel and SCT layers are then extended to the TRT.

In the final step, tracks are selected using one of two selection categories, either loose or tight

primary [85], where the loose selection is a subset of the tight primary selection. Tracks in the
loose category are required to have a pT of at least 400 MeV and to fall inside the ID volume (|⌘|
< 2.5). Restrictions are also placed on the number of holes and the number of hits in the silicon
layers. From four layers in the pixel detector and eight in the SCT, a total of twelve hits in the
silicon layers is expected for each track. For loose tracks, minimal seven hits and not more than
two holes are required in the silicon layers. For tight primary tracks, on top of the loose selection,
nine hits in the silicon layers are required for tracks with |⌘|  1.65 and eleven for |⌘| > 1.65, and
there can be no holes in the pixel detector. Figure 4.2 shows the efficiencies for tracks in terms
of their pseudorapidity and pT . The efficiency is the highest for tracks with small ⌘ and starts to
decrease in the region |⌘| > 1 due to the increasing amounts of material that the particles traverse.

Figure 4.2: Track reconstruction efficiency as a function of truth pseudorapidity (left) and pT

(right) for loose (gray) and tight primary (red) track selections for simulated events. The band
show the total systematic uncertainty. From [85].

Primary vertex reconstruction

Using the track candidates that pass the selection criteria of the track reconstruction, the primary
interaction point, or primary vertex (PV) of the pp interactions is reconstructed, as described in
detail in [86] and [88]. Each bunch crossing will have several pp interactions (the pileup), therefore
several primary vertices are expected in each event.

To reconstruct these vertices, first a seed for a primary vertex is determined by searching for
a local maximum in the distribution of the z-coordinates in the track candidates. The seed for
the PV is taken as the closest approach to the beam line from this maximum. Each track is then
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assigned a weight based on its compatibility with the seed, depending on the �2 of the track fit. For
each vertex, at least two compatible tracks are required. Tracks that are completely incompatible
with the vertex are set apart and used to seed a new vertex. This procedure is repeated until all
tracks have an associated vertex or no more vertices with at least two tracks can be assigned.

When the final set of vertices has been constructed, the vertex with the highest squared sum
of the pT ’s of the associated tracks is identified as the hard scatter primary vertex. The other
vertices are referred to as pileup vertices. Figure 4.3 shows the efficiency of reconstructing a hard
scatter vertex as a function of the number of interactions for tt̄ and the Z ! e

+
e
� and Z ! µ

+
µ
�

decays and as a function of the number of tracks. This efficiency is very close to 100% even for
events with high pileup.

Figure 4.3: Left: The efficiency of reconstructing a hard scatter vertex as a function of the number
of interactions (µ) for simulation of tt̄ and the Z ! e

+
e
� and Z ! µ

+
µ
� decays. From [89].

Right: The vertex reconstruction efficiency as a function of the number of tracks for a low pileup
subset of the 2015 data, compared to the simulation. From [90].

4.2 Electrons

Electrons leave hits in both the ID, because they are charged particles, and in the electromagnetic
calorimeter (ECal), where they are absorbed. Combining the tracks from the ID with the hits in
the ECal is the basis of the electron reconstruction and identification. Some steps in the electron
reconstruction are shared with the photon reconstruction, as photons are characterized by either
ID tracks in combination with ECal hits, in the case of converted photons, or by ECal hits without
an associated track, in the case of unconverted photons.

Electrons traversing the ATLAS detector will emit bremsstrahlung radiation by interacting
with the material. This forms a challenge for the electron reconstruction, as it needs to be
clear which photons are from bremsstrahlung and which electron they belonged to, in order to
reconstruct the full electron energy. Figure 4.4 shows an example of the path of an electron
in the ATLAS detector, where the electron leaves hits in all the layers of the ID and emits a
bremsstrahlung photon by interaction in the TRT. The electron and its associated photon are
then absorbed in the ECal. Besides the bremsstrahlung recovery, the electron reconstruction is
also complicated by backgrounds from hadronic jets and genuine (non-bremsstrahlung) photons,
as well as non-prompt electrons created in hadron decays. This section describes the various steps
to reconstruct electrons, while taking the bremsstrahlung into account and rejecting the various
backgrounds. The electron reconstruction is described in more detail in [91] and [92].
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Figure 4.4: Example of the trajectory of an electron in the ATLAS detector, where the electrons
leave hits in all the layers of the ID and emits a bremsstrahlung photon (indicated by the dotted
line) by interaction in the TRT. The electron and its associated photon are then absorbed in the
ECal. From [92].

Cluster construction

The electron reconstruction begins by finding clusters of hits in the ECal. First, proto-clusters
are formed by combining a hit that passes a noise threshold with its neighboring hits. In case
two proto-clusters share the same hit, they are merged. If a proto-cluster has two or more local
minima, it is split in separate clusters. Proto-clusters with a minimum deposited energy of 500
MeV (roughly the electron mass) are accepted as clusters and move on to the next step. These
clusters are loosely fitted to the tracks in the ID to find the best matched track (if any).

The next step is to investigate clusters that are further away from the initial hit, which might
be created by bremsstrahlung photons emitted by the electron. These satellite clusters are added
to the cluster around the central hit to construct a supercluster. For the supercluster construction,
the list of clusters is sorted by transverse energy (ET ) and the clusters are used as a seed for the
supercluster on-by-one. For electrons, the clusters in the window �⌘⇥�� = 0.075 ⇥ 0.125 around
the seed are added as satellite clusters as long as they share the same best matched track. A cluster
that is already satellite can no longer be used as a seed. The electron supercluster is required to
have ET > 1 GeV and a matching track with at least four hits in the silicon tracker detectors.

In the final reconstruction step, electrons and photons are separated where possible. The aim
is to only assign a definitive object definition in case the object can be easily identified as an
electron or photon. As the electron and photon superclusters are built separately, a single seed
can produce both an electron and a photon object. Clusters that match with both electron and
photon requirements are identified as photons if the electron track has no hits in the silicon tracking
detectors, or in certain cases where the track has no hits in the pixel detector, and two tracks
in the SCT, which is attributed to converted photons. For other clusters that match with both
objects, the track is marked as either an electron, or as ambiguous, where the final classification
of the object depends on the analysis. In the `+`�⌫⌫̄ analyses, no photon objects are used, and
ambiguous objects are always defined as electrons.

After the reconstruction, the electron energy scale and resolution are calibrated using both
simulation and data from Z ! e

+
e
� decays. The calibration with simulated events is used to

optimize the energy resolution, while the Z ! e
+
e
� decays are used to adjust the absolute scale of
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the electron energy and to make sure the energy resolution matches the one found in data. Several
systematic uncertainties impact the energy calibration, related to for example the calibration of
the energy cells or the impact of the material in the ID and ECal. Depending on |⌘| the precision
of the energy scale measurement varies from 0.03% to 0.2% [93].

Electron identification

The final electron identification is done using a likelihood discriminant. The identification aims
to select prompt electrons (electrons from hard scattering events or from resonances) and reject
backgrounds from hadronic jets, converted photons and non-prompt electrons produced in the
decay of heavy hadrons. The likelihood is built from a probability density function with typically
13 input parameters, giving not only information on the ECal layers, but also on leakage to
the hadronic calorimeter, the track conditions and the matching of supercluster to the track. The
probability density functions for signal electrons are derived from Z ! e

+
e
� decays and compared

to those for various backgrounds that can mimic the signature of prompt electrons. Each of the
reconstructed electron is assigned a likelihood that estimates how likely it is that that electron
originates from either signal or background. Electrons are defined as objects with a high value
of the likelihood. A choice has to be made here, if reconstructed electrons are required to be
increasingly likely to originate from signal (the purity), the efficiency of reconstructing prompt
electrons will start to decrease.

Three working points (WP) are provided by the ATLAS electron combined performance (CP)
group [94], each targeting a predefined identification efficiency: loose, medium or tight. Figure 4.5
shows the identification efficiencies for the three WPs as a function of ⌘ and ET . The medium

WP is recommended by the CP group and used to select signal leptons in the `+`�⌫⌫̄ analyses,
which provides 75% efficiency for electrons with pT > 20 GeV and 95% efficiency for pT > 100
GeV. In addition, the loose WP is used to reject events with more than two leptons, as it provides
a higher efficiency: 85% for pT > 20 GeV.

Figure 4.5: Electron identification efficiency in 81 fb�1 of Z ! e
+
e
� events, as a function of

transverse energy (left) and pseudorapidity (right) for loose, medium and tight working points.
The medium working point is used to select signal leptons in the `+`�⌫⌫̄ analyses, which provides
75% efficiency for electrons with pT > 20 GeV and 95% efficiency for pT > 100 GeV. From [91].
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Electron isolation

To further separate prompt electrons from non-prompt electrons, restrictions on the electron isola-
tion are applied. For non-prompt electrons, produced in the decay of heavy hadrons, other decay
products are expected to be closer for high momentum electrons. The isolation is defined by the
activity in a cone around the electron object. Isolation working points are defined by the size
(given by �R) of the cone, which can be at a fixed cutoff point, or set to a gradient based on the
energy. The electron isolation consists of two parts, as there is an isolation for the electron track
and one for the ECal clusters. For track isolation, the pT off all tracks in the cone is summed,
excluding tracks matched to the electron object itself. Typically, for the ECal cluster a similar
method is used, where the ET of the calorimeter cells in a window around the electron candidate
are summed. For run II, three isolation WPs are provided by the CP group, depending on the
cutoff value of the cone size: FixedCutLoose, FixedCutTight or Gradient. However, the analyses
in this thesis use a WP specific to the Higgs boson to ZZ analyses.

In the `+`�⌫⌫̄ analyses, a WP called FixedCutPFlowLoose [95] is used, based on FixedCutLoose.
This WP is designed to be more robust against the run II pileup, and is optimized for the 4-lepton
analyses, which is complementary to the `+`�⌫⌫̄ analyses. The WP consists of a weighted sum
of two separate isolation requirements, one for the track, and one for the cluster. The track
isolation uses a variable cone as described above, where the maximum size is given by �R <
0.3. The number of tracks used in the calculation is limited by only using tracks that are used in
determining the vertex of the electron object, or that are not used in determining any other vertex.
The number of tracks is further reduced by only including electrons if they have a track with a
pT larger than 500 MeV. Furthermore, the ECal cluster isolation is also modified, and uses the
particle-flow (PFlow) reconstruction method [96] to determine the isolation parameter. The PFlow
method provides an improved track-cluster association, giving a more precise determination of the
ET of the ECal cluster, and using PFlow jets in the calculation of the pileup further improves the
calculation. The PFlow algorithm is explained in more detail in the jet reconstruction. For the
FixedCutPFlowLoose isolation, a separate isolation is defined for the PFlow track-cluster objects
(‘PFlowIso’), where the cone size is set to a fixed cutoff at �R < 0.2. The complete isolation
requirement is given by a weighted sum of the track and PFlow isolation:

p
cone 0.2
T /pT + 0.4 · PFlowIso

cone 0.3
< 0.16. (4.1)

This requirement was found by optimizing the significance of the 4-lepton signal, against its
backgrounds. The same isolation WP is used for the `+`�⌫⌫̄ signal, where the impact of the
choice of the isolation WP is less important, and the two analyses are combined in the final
publication. The FixedCutPFlowLoose WP and the medium WP for electron identification define
the electron that are used to simulate and to measure the signals in the `+`�⌫⌫̄ analyses described
in this thesis.

4.3 Muons
Muons are electromagnetically charged particles that traverse the entire ATLAS detector and ide-
ally leave hits in the ID, electromagnetic calorimeter and muon spectrometer (MS). The muon
reconstruction and identification are described in [97] and [98] and usually consists of reconstruct-
ing tracks in the MS and matching these to the tracks found in the ID, but reconstruction is
also possible when tracks are only found in one of these subsystems. The following provides an
overview of these different types of muon reconstruction methods.

The reconstruction of tracks in the MS starts by constructing short, straight-line track segments

from the hits in the MS. In each individual layer, a Hough transform [99] is used to combine hits
from the trigger and precision chambers into segments. Segments from different layers along the
muon trajectory are then combined by a loose fit, taking into account the interaction point and
a first order approximation of the bending in the magnetic field. This is followed by a global �2

fit taking into account the full information, including the magnetic field, interactions with the
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detector material and the alignment of the MS as well as. Based on this global fit, outlying hits
are removed and unassigned hits are added if it improves the �2 of the fit.

Using the MS tracks as well as the tracks from the ID and the energy deposits in the calorime-
ter, four types of muons are defined, depending on the reconstruction method used. Figure 4.6
summarizes the signature of each type of muon, and each type is described in the following:

• Combined (CB) muons have an associated track in both the ID and the MS. CB muon tracks
are created by an outside-in approach, starting from MS tracks and finding matching ID
tracks to combine them in a global refit that uses the hits from both subsystems, as well as
taking into account the energy loss in the calorimeter. Hits can be assigned or unassigned
to the combined track if it improves the quality of the fit. A complementary inside-out
approach is used to recover some efficiency, for example in regions with low MS coverage.
In this approach, ID tracks are extrapolated outward and matched to at least three loosely
aligned MS hits. The vast majority of reconstructed muons, about 96%, are reconstructed
with the combined method [100].

• Segment-Tagged (ST) muons have a track in the ID that is associated with a single segment
in the MS. ST reconstruction targets muons that hit a single layer of the MS, for example
because they have low pT or are in regions with low MS coverage.

• Calorimeter-Tagged (CT) muons are reconstructed from a track in the ID that is matched
with a calorimeter deposit that matches the signature of a minimum ionizing particle. The
identification of CT muons is especially optimized for the region |⌘| < 0.1, where the efficiency
of CB muons drops due to the gap in MS coverage.

• Muon system Extrapolated (ME) muons are based solely on the MS track and a loose require-
ment on compatibility with the interaction point. ME muons are mainly used to reconstruct
muons in the region between |⌘| of 2.5 and 2.7, where the ID does not have coverage.

Figure 4.6: Illustration of signatures for the four muon types in the ATLAS detector. CB muons
are reconstructed from tracks in the ID and the MS. ST muons are reconstructed from a track in
the ID that is associated with a single segment in the MS. CT muons are reconstructed from a
track in the ID that is matched with a calorimeter deposit. ME muons are based solely on the MS
track and a loose requirement on compatibility with the interaction point. From [101].
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Overlap between the various types of muons is resolved before passing the muon collection to
physics analyses. When an ID track is shared between muons, preference is given to CB muons,
then to ST muons and lastly to CT muons. Overlap with ME muons is resolved by favoring tracks
with higher fit quality and number of hits.

Similar to the electron reconstruction, the muon momentum scale and resolution are corrected
using data from Z ! µ

+
µ
� and J/ ! µ

+
µ
� decays. By matching the simulation to data,

the muon momentum is corrected for small variations in the specific data taking conditions. For
muons originating from Z-bosons, the pT resolution is 2.3% in the center of the detector and 2.9%
in the endcaps [97].

Muon identification

The final step in the muon identification procedure aims to select prompt muons, and suppress
non-prompt muon backgrounds from hadron decays. Backgrounds from non-prompt muons are
explicitly divided between light and heavy hadron decays. In general, muons from light hadron
decays (these are mainly pion and kaon decays) give lower-quality tracks, which are rejected by
the identification, while muons from heavy hadron decays produce good-quality tracks that are
distinguished from prompt muons in the muon isolation. To identify prompt muons, restrictions
are placed on the quality of the ID and MS tracks, such as the number of hits, as well as on
three variables that give a measure of how good the two tracks match. For example, the �2 of
the combined track is expected to be worse for muon originating from light hadron decays, as the
decay creates a ‘kink’ in the trajectory. Requirements are also placed on the q/p-compatibility,
which is given by the difference in the charge-momentum ratio (q/p) of the measurements in the
ID and the MS, divided by the root sum squared of the uncertainties on those ratios. Lastly,
restrictions are placed on the ⇢0 parameter, which is given by the absolute difference between the
pT of the ID and MS measurements divided by the pT of the combined track. Both the q/p and ⇢0
give a measure of the compatibility between ID and MS momentum measurements, which should
be high for prompt muons.

Muon working points

The ATLAS Muon Combined Performance (CP) group [102] provides three standard selection
working points (WP) for muons [98]. These WPs are designed to suit a wide range of analysis,
keeping a balance between the efficiency of reconstructing a prompt muon traversing the detector
and rejecting non-prompt muons from hadron decays. The three working points are, in order
of increasing muon purity and decreasing reconstruction efficiency: the loose, medium, and tight

WPs. In the medium WP, only CB and ME muons are used. The CB muons are required to have at
least three hits in at least two MDT layers, while the ME muon are required to have hits in at least
three MDT or CSC layers. The inside-out approach adds about 0.5% of muons in the region |⌘| <
2.5. To suppress the contamination of non-prompt muons, the q/p-compatibility is required to be
less than seven. The loose WP includes all the muons that the medium WP selects, and adds CT
and ST muons to cover the |⌘| < 0.1 region, where the MS coverage is lower. Together, the CT and
ST muons contribute about 2.5% of all muons in the loose category [97]. Similar to the electrons,
the medium muons are recommended for analyses, and are used in the `+`�⌫⌫̄ analysis to select
the two signal leptons. Also similar to electrons, loose muons are used to reject events with more
than two leptons, as it provides the highest reconstruction efficiency.

Figure 4.7 shows the reconstruction efficiencies for the various WPs. The efficiencies in the
J/ ! µ

+
µ
� and Z ! µ

+
µ
� are measured using a tag-and-probe method, where the tagged

muon is required to be a CB muon, while the other muon (the probe) is selected from any of the
other categories, depending on the efficiency that is measured, e.g. ME probes are used to test
the reconstruction efficiency in the ID. The efficiency is given by the ratio of probes that have a
matching (�R < 0.05) tag over the total number of probes. The efficiencies are found to agree
with the simulation withing 1% in the range �2.5 < ⌘ < 2.5, as well as for pT above 7 GeV, which
is the minimum pT for the muons used in the `+`�⌫⌫̄ analyses described this thesis.
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Figure 4.7: Left: Muon reconstruction efficiencies in data and simulation for the Loose, Medium,
and Tight Working Points as a function of transverse momentum, measured using J/ ! µ

+
µ
�

decays. Right: The same efficiencies as a function of pseudorapidity, measured using Z ! µ
+
µ
�

decays. From [98].

Muon isolation

Further restrictions are placed on the muon isolation, similar to the electron isolation, to reject non-
prompt muons from decays with heavy hadrons. Muons are rejected by the isolation requirements
if they have a large amount of activity in a �R-wide cone around the object. Muon isolation
can be based on the ID track, the calorimeter deposits, or a combination of the two using the
particle flow reconstruction method [96, 98]. In the `+`�⌫⌫̄ analysis, the combination of tracks
and calorimeter information is used by taking the exact same isolation criteria as used in the
electron isolation, given by equation (4.1) and described in [95].

4.4 Jets
Jets are created by the fragmentation and hadronization of partons (quarks and gluons) produced
in the pp interactions at the LHC. Partons produced in the pp collisions undergo a fragmentation
process where they radiate off more partons. These partons will combine into various hadrons in
a process called hadronization. In the detector, these will appear in a cone around the original
parton, called a jet. The jet reconstruction aims to collect these hadrons to determine the energy
and direction of the original parton.

As the resulting hadrons can be both charged or neutral and due to the probabilistic nature
of the fragmentation and hadronization, there is no single answer to what a jet signature in the
ATLAS detector looks like. The jet reconstruction gets further complicated by the fact that
hadrons in the jet can also decay in-flight, creating electrons, photons, neutrinos and/or other
hadrons. In case of a jet that consists purely of charged particles, it is expected there are a series
of tracks in the ID, followed by possible hits in the ECal, and finally hits in the HCal, where
the jet is finally absorbed. On the other hand, for neutral-particle jets, it is possible there are
no hits in the ID or ECal, and the only signature are the hits in the HCal. Usually, jets will
contain both charged and neutral particles. In the reconstruction, an estimate for the size of the
cone of the jet needs to be made, and for some jets, particles are produced that fall outside this
cone. Finally, another complication comes from contamination from pileup interactions that add
additional particles in the jet cone.

To reconstruct this large variety in jet signatures, an algorithm is developed to match the
tracks in the ID to the calorimeter hits, aiming to follow the flow of particles in the detector. This
particle flow (PFlow) algorithm provides improvements in both the energy resolution and pileup
stability of charged-particle jets, compared to previous reconstruction methods that only used



4.4. JETS 75

calorimeter hits [96]. This section gives an overview of the PFlow method, as well as subsequent
steps in the reconstruction to calibrate the jet energy scale, both described in more detail in [96].
The last part of this section is dedicated to jets from b-quarks, which can be distinguished from
other jets due to the longer lifetime and larger mass of the b-quark and are used to identify and
reject specific backgrounds in the `+`�⌫⌫̄ analyses.

Reconstruction using particle flow

Jets have signatures from both neutral and charge particles, that are often close together, compli-
cating the reconstruction of their energy. The PFlow algorithm aims to circumvent this problem
by starting from the tracks in the ID, where the resolution is better than the calorimeters. For
charged particles, their track will be matched to topological calorimeter clusters (topo-clusters)
and these clusters will be subtracted from the total set of topo-clusters. The remaining set of
clusters will then be assumed as neutral particles, as they have no matching tracks, and these
will be reconstructed from the calorimeter information only. The inputs for the PFlow jet recon-
struction are very similar to the inputs for electron reconstruction. The tracks from the ID will be
combined with the topo-clusters of the calorimeters, build by a clustering algorithm that combines
a central calorimeter hit with surrounding hits that pass a noise threshold. As mentioned, these
clusters are then removed from the list, such that, ideally, the remaining neutral-hadron clusters
are unchanged when applying the PFlow subtraction. Figure 4.8 shows each step of the subtrac-
tion process in an idealized case with a ⇡+ and a ⇡0 that are absorbed in the calorimeters, the
procedure is also explained in the following.
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Figure 4.8: An idealized example of how the PFlow subtraction works for one or two pions creat-
ing one or two clusters in the barrel region of Electromagnetic Calorimeter (EMB) and the Tile
Calorimeter. Red cells are calorimeter hits created by the ⇡+ and green cells are the hits created
by photons produced in the ⇡0 decay. The ⇡+ has an associated track in the ID, while the ⇡0 does
not, as indicted by the solid and dotted lines, respectively. For each cluster, if it has a blue outline,
the algorithm selects this cluster, and if the outline is black, the algorithm ignores this cluster.
The subtraction consists of four steps, shown from left to right: first the tracks are matched to the
clusters, then additional clusters are added (note how the second cluster in the second row changes
from a black outline (not selected) to a blue outline (selected)), and next the calorimeter deposits
are subtracted from the expected energy on a cell-by-cell basis. Lastly, any remnant clusters con-
sistent with expected energy fluctuations of a single particle signal are removed. From [96].
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The PFlow algorithm starts from the tracks and matches these to calorimeter clusters. The
algorithm uses tracks that pass the tight primary requirements. Tracks are excluded if there is
no advantage in using the track-cluster matching, which means the PFlow algorithm will ignore
these tracks and only the clusters are used to build jets. This is especially the case for tracks with
pT > 40 GeV, which are often poorly isolated. This is expected, since the particles in the jet are
very collimated for high energy, but makes correct removal of the matching calorimeter cluster(s)
more difficult. In addition, tracks that matched to electron or muon candidates are excluded in
the jet reconstruction, such that the deposits in the calorimeter from electrons and muons should
not change in the subtraction scheme. The track is matched with a cluster based on the expected
deposited energy (based on the track momentum) and on the distance �R

0. This distance is
similar to the �R distance, but takes into account the width of the topo-clusters, represented by
�� and �⌘, which are calculated from the standard deviation of the distance of the cluster’s cells
with respect to its center. �R

0 is given by the following:

�R
0 =

s✓
��

��

◆2

+

✓
�⌘

�⌘

◆2

(4.2)

The next step in the PFlow algorithm is to check for multiple clusters that are matched to the
same track. It is common for hadrons to deposit their energy in multiple topo-clusters, especially
two clusters is very common. A dedicated discriminant based on the difference between the
expected energy and the cluster energy is used to determine if a shower is split among several
clusters. If it is found that the shower is split, more cluster are considered matched to the track
and therefore are taken into account in the subtraction procedure.

Once a track is matched to a set of corresponding topo-clusters, the subtraction procedure is
performed. In the case the energy of the cluster(s) is lower than the expected energy, the entire
set of clusters is removed. Otherwise, the subtraction is done cell-by-cell in the calorimeter. If,
after removing a set of cells that corresponds to the expected energy, specifically if the energy is
less than 1.5� of the deposited energy, the remaining cells match the expected energy fluctuations
of a single particle signal, and they are removed as well.

Ideally, the final set of track-cluster combinations, together with the remaining clusters, should
now represent the event without any double counting of calorimeter hits.

Jet reconstruction

In the final step, the remaining clusters and the track-cluster combinations created by PFlow are
reconstructed into jets. As jets consist of multiple particles, the individual clusters and track-
clusters need to be combined to make a full jet. For this final step, the jet reconstruction uses
the anti-kT algorithm [103]. The algorithm is designed to take a list of objects and combine them
under certain conditions. In this context, objects can be both the calorimeter clusters, and the
track-cluster combination, or even an object that is built by a combination of multiple objects.
For each object i, the anti-kT algorithm defines a distance to other objects (dij), using the �R

distance, weighted with the minimum inverse transverse momentum (1/kT ) of the two objects.
This distance is compared to the inverse transverse momentum of object i, which is used as the
distance to the beamline (diB). The distances are defined as follows:

dij = min(k�2
T,i, k

�2
T,j)

�R
2

R2
(4.3)

diB = k
�2
T,i (4.4)

The parameter R gives the size of a cone around the object, and can be tuned for specific applica-
tion of the algorithm. Following ATLAS recommendation, the jets is this thesis use an R of 0.4.
The anti-kT clustering algorithm begins with the object with the highest kT and computes the
distances dij to all other objects and compares this to the distance diB to the beamline. In the
next step, the smallest distance is identified. If the smallest distance is a dij , the objects i and j
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are merged together in a new combined object. The algorithm then again selects the object with
the highest kT , in this case the combined object that was just created, and again computes the
two distances. If the smallest distance is diB , object i is accepted as a jet and removed from the
list. The algorithm now continues with the reduced list and picks the next object, the one that
has the highest kT after the jet was removed. This continues until there are no more objects left
in the list and only the set of accepted jets remains.

Jet energy calibration

At this point, the full set of jets in the event has been reconstructed. As the jet consists of
various track and calorimeter inputs and since particles like neutrinos are not included in the
reconstruction, it is challenging to get a good estimate of the original energy of the parton. This is
even more challenging with high pileup, as jets from pileup can overlap with the jets from the hard
scatter event. Therefore, the next step is to calibrate the jet energy scale (JES) and jet energy
resolution (JER), which is done using the truth information of partons in simulation of jets [104].
The energy calibration is carried out for jets with pT between 20 and 1500 GeV and consist of
several steps, which are summarized in Figure 4.9. In each of the steps, the four-momentum of
the jets is corrected.

Figure 4.9: An overview of the various steps in the jet energy scale (JES) calibration. In each of
the steps the four-momentum of the jets is corrected. From [104].

In the first step, the JES is corrected for pileup effects. To define how likely a jet is to be
contaminated by pileup, two variables are used in the correction. The correction subtracts the
pileup contribution in each jet based on the jet area and the median jet pT density (⇢). Jets
with a larger area are more susceptible to pileup contribution, as there is a higher probability
that particles created in the pileup end up inside the jet cone. The density gives an estimate
of the amount of jet-related activity that is present in the event. Residual pileup dependencies
are removed in the second step, as a function of µ and the number of primary vertices (NPV ) to
account for differences in out-of-time and in-time pileup. Connected to these two steps correcting
for the jet pileup are systematic variation in the pT , µ, ⇢-topology and NPV of the simulation
used to calibrate the jets, which are propagated to the `+`�⌫⌫̄ analyses described in this thesis.

In the following two steps of the jet energy calibration, the energy is corrected for fluctuations
to the energy scale of the original parton. This also includes fluctuations in the energy of the jet
that depend on the flavor of the original parton. The jet energy response depends on whether the
original parton producing the jet was a gluon or a quark, because, in general, gluon jets tend to
create more particles and be less collimated. In the fifth and last step, fluctuations in the JES
due to residual effects are calibrated by comparing simulation to data from jet recoil against well-
known processes such as Z+jets or �+jets, giving an overall correction to the four-momentum of
the jets.
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After the JES calibration, the final step in the calibration is to compare the jet energy resolution
(JER) in data and simulation. To calibrate the JER, a simulation where the jet momentum is
known precisely is needed. In this case, this is achieved by using a set of dijet events that are
theoretically well understood [104]. For the data, the truth info, that is used for simulated events,
does not exist. To still determine the resolution of the data, a tag-and-probe method is used, where
the pT of a given jet is compared to the pT of a reference jet, required to be in a well calibrated
region of the detector. There are three kinds of uncertainties that affect the JER measurement,
and each scales differently with the pT of the jet. The uncertainties are: a noise term that exists
due to electronic noise and scales with 1/pT , a stochastic term that scales with 1/ppT related to
the statistical fluctuations in the energy deposits in the HCal and a constant term independent of
pT , related to for example energy deposits in passive materials. The relative uncertainties of the
JES and JER are shown in Figure 4.10.

Figure 4.10: Left: The relative uncertainty of the jet energy scale (JES) and how much each source
contributes to the uncertainty. Right: The jet energy resolution (JER) and its uncertainty after
the full calibration has been applied. From [104].

Jet working points

Like the other physics objects in this chapter, the jets have recommended working points (WP),
provided by a dedicated Jet Combined Performance (CP) group [105]. For jets, two WPs are
defined [106]. The loose jet selection is designed to select jets from pp interactions with 99.5%
efficiency for pT > 20 GeV. This WP is recommended for most physics analysis and used in the
analyses described in this thesis. The other WP, the tight jet selection, adds a maximum on the
ratio between the fraction of the jet energy due to charged particles and the jet’s maximum energy
deposit, and selects jets with a negligible contribution from non-collision backgrounds, at the cost
of some efficiency, which is reduced to 95% at pT > 20 GeV.

Jet vertex tagger

On top of the loose selection, the background from pileup jets is reduced further by using a jet

vertex tagger (JVT) [107]. The JVT is built from a multivariate combination of two variables,
and aims to select jets from hard-scatter events. The first variable, the jet vertex fraction, is
defined as the fraction of the total momentum of tracks associated with the primary vertex. For
jets from hard-scatter events with no contributions from pileup, this variable approaches unity.
For the JVT, this variable is corrected to also take into account its dependence on the number
of reconstructed primary vertices. The second variable included in the JVT is the ratio of the
total pT of the tracks associated to the primary vertex and the pT of the jet. Again, for jets
from hard-scatter events, this ratio should approach unity, although a value exactly at unity is
not always expected as neutral particles in the jet can be detected without an associated track.
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The JVT will assign a value between zero and one for each jet, ranging from very pileup-like
to very hard-scatter-like. Based on this, two working points are provided: a tight selection, where
jets are required to have JVT > 0.5 and a loose selection with JVT > 0.2. The tight selection is
recommended to minimize pileup dependence, and is used in the analyses described in this thesis.

b-jets

Jets from b-quark fragmentation, called b-jets, can be distinguished from jets from lighter partons,
as b-quarks have a longer lifetime and higher mass. The lifetime of the b-quark is long enough for
the quark to travel, on average, some millimeters away from the primary vertex and decay in a
distinct secondary vertex, as shown in Figure 4.11.

Figure 4.11: Sketch of a b-quark decay. The lifetime of the b-quarks is long enough to travel some
millimeters away (the decay length) from the primary vertex and decay in a distinct secondary
vertex. From [108].

A multivariate b-tagging algorithm is used to identify b-jets [109] by building a discriminant
that indicates how likely it is that a given jet originates from b-quark fragmentation, relative to
originating from a light parton. The inputs of this algorithm consist of kinematic properties, such
as the pT and ⌘ of the jet, track properties, especially the impact parameters, and various fit
parameters attempting to reconstruct the jet with one or more vertices. Two different algorithms
have been developed to get a final b-tagging discriminant, the MV2c that uses a Boosted-Decision
Tree based algorithm, and DL1 that uses a feed-forward neural network. The output variable of
the two algorithms for a simulation of tt̄ event is shown in Figure 4.12.

To suit a range of analyses, a series of WPs is supported, each targeting a specific b-tagging
efficiency. The supported working points for PFlow b-jets are at 60%, 70%, 77% and 85% efficiency.
The higher efficiency WPs come at the cost of reduced light jet rejection. In the `+`�⌫⌫̄ analyses
described in this thesis, the signal process at leading order does not contain any b-quarks. However,
there are processes (for example tt̄) that can produce a `+`�⌫⌫̄ event along with a b-quark. To
reject these backgrounds, the b-tagger is used as a b-jet veto. The search for Heavy Higgs boson
uses the MV2c algorithm that was recommended at the time, while the off-shell analysis uses the
DL1 tagger, based on a newer recommendation. The 85% WP is used in the `+`�⌫⌫̄ analyses to
veto any events that have a b-jet, and provides a light jet rejection (defined as the inverse of the
probability to mistake a light jet for a b-jet) of 25 for MV2c and 29 for DL1.
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Figure 4.12: Discriminant for jets of various flavors for the b-tagging algorithms MV2c (left) and
DL1 (right). From [109].

4.5 Overlap Removal
With the electron, jet and muon reconstruction, all hits in the detector should ideally be classified
as part of one of the physics objects. Unfortunately, for some hits, multiple objects can be created
from the separate reconstruction techniques. For example, hits in the electromagnetic calorimeter
can originate from electron or photon absorption, but can also be created as part of a jet or even
be part of a muon trajectory. When two objects overlap it can create problems if the total energy
of the event is misreconstructed due to double counting of hits. Especially relevant for the analyses
in this thesis is overlap between objects in the computation of the missing energy, where the total
energy plays a central role.

To prevent overlap between the physics objects, an overlap removal scheme is performed as
part of the event reconstruction for analyses. Table 4.1 shows the various overlaps that occur in
the `+`�⌫⌫̄ analyses, as well as the criteria to pick one object over the other. Muons and electrons
are marked as overlapping if they share the same ID track, in which case the electron is attributed
to final state radiation of the muon, such as bremsstrahlung photons misidentified as electrons, and
the electron is removed from the event. Jets are marked as overlapping with leptons if �R < 0.4.
Leptons can be part of (semi-)leptonic decays of the jet’s constituent particles, in which case the
lepton is removed. For overlap between muons and jets, if there are two or fewer tracks, the jet
is attributed to the FSR of the muon, and in this case the jet is removed instead. If the lepton is
an electron, the jet is removed if the two objects are very close to each other (�R < 0.2). In this
case, the direction and energy of the jet seems to be determined by the same tracks and deposits
that reconstructed the electron, meaning the electron is the most important object and the jet is
attributed to FSR and is removed.

4.6 Missing Transverse Energy
The momentum of particles that are not directly detectable with the ATLAS detector, such as
SM neutrinos or BSM dark matter candidates, can be estimated by looking at the energy balance
in the event and computing the missing transverse energy (Emiss

T ) [110]. Since the proton beams
collisions are head-on in the longitudinal direction (along the beamline), the total momentum in
the transverse direction is zero. Momentum conservation implies that any nonzero sum of the
momenta of the objects after the collision is related to particles that escaped detection. The E

miss
T

is of particular interest to the `+`�⌫⌫̄ analyses, since it gives an estimate of the total momentum
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Overlap Criterion Remove
Muon and electron Share ID track Electron

Muon and jet �R < 0.4, Ntrk  2 Jet
�R < 0.4, Ntrk > 2 Muon

Electron and jet �R < 0.2 Jet
0.2 < �R < 0.4 Electron

Table 4.1: Overlap removal in the `+`�⌫⌫̄ analyses. The first column shows the type of overlap
in the analyses. The second column shows the criteria to mark two objects as overlapping, as well
as the criteria to pick one object over the other. The object that is removed is listed in the last
column.

of the two neutrinos. The momentum balance in the event is given by the total momentum of
all other objects (electrons, photons, muons, jets and hadronic ⌧ -leptons 1). To make sure no
hits are double counted, an overlap removal like the one described in this thesis has been applied
in the E

miss
T computation. Estimating E

miss
T is complicated by particles that fall outside the

detector acceptance, which will also register as missing energy. The E
miss
T computation is further

complicated by the in-time and out-of-time pileup, as these add signals or signal remnants from
other pp interactions to the event, adding energy that should not be included in computation.

E
miss
T computation

The missing transverse energy is defined as the negative sum of the momenta of the signals in the
event. While most signals are related to one of the reconstructed objects, the so called hard term

of the E
miss
T , there are also tracks and clusters that are not part of a reconstructed physics object,

which together make up the soft term of the E
miss
T . The total missing transverse energy is defined

by the negative sum of these two terms:

~E
miss
T = �

X

hard

~pT �

X

soft

~pT

= �

X
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~p
e
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X

photons

~p
�
T �

X

hadronic ⌧

~p
⌧had
T �

X

muons

~p
µ
T �

X

jets

~p
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T �

X

soft

~pT

(4.5)

The energy of the hard term is calibrated in the reconstruction of the various objects, but
for the full Emiss

T computation, the soft term has to be computed as well. There are two ways to
compute the soft term [110,111], using either the tracks of the ID, or the clusters in the calorimeter.
In the analysis described in this thesis, a track-based soft term (TST) is used to compute the Emiss

T .
The advantage of using the ID tracks is the smaller dependence on pileup due to the better energy
resolution of tracks compared to clusters, but the downside is that soft neutral particles are not
included in the computation. Still, this computation is preferred over a computation based on
calorimeter clusters, mainly due to the larger pileup dependence of calo-based E

miss
T [110]. To select

the tracks in the soft term, PFlow objects are used that are not associated to any reconstructed
physics object. In the soft term, only PFlow objects are included for which the track has a pT >
0.5 GeV and for which the transverse impact parameter (z0) satisfies the criterion |z0 sin ✓| < 3
mm.

E
miss
T accuracy and performance

In the `+`�⌫⌫̄ analyses, the resolution on the E
miss
T estimate needs to be precise enough to select

events with a high E
miss
T , targeting the two neutrinos, and, at the same time, reject events with

fake E
miss
T , e.g. due to pileup. Any uncertainties on the E

miss
T estimate will have a direct impact

1
hadronic ⌧ -lepton reconstruction is not described in this thesis, because this is not used for the `+`�⌫⌫̄ analyses.
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on the efficiency at which `
+
`
�
⌫⌫̄ events can be selected. Because the E

miss
T computation uses

the momenta of all the other physics objects, the E
miss
T resolution is dominated by the energy

resolution of the individual objects. However, the soft term also needs to be included. To calibrate
the resolution of the soft term, a dataset with Z ! µ

+
µ
� decays is selected. In this process, zero

E
miss
T is expected, as there are no contributions to the hard term of the E

miss
T , so any nonzero

value of the E
miss
T will be due to fluctuations in the soft term. The resolution is given by the

width of the combined distribution of the individual Emiss
T terms in the x and y-directions. The

width is determined by the root mean square (RMS) of the individual x and y terms. Figure 4.13
shows the E

miss
T resolution in Z ! µ

+
µ
� decays, in a dataset with zero jets and one with nonzero

jets, as a function of the transverse energy ET , and the number of primary vertices NPV , which
related closely to the pileup. For zero jets, the resolution is largely constant as a function of NPV ,
because any pileup jets are successfully rejected by the jet veto. But, once the jet veto is removed,
the resolution starts to degrade as a function NPV . The resolution as a function of ET scales with
the resolution of the hard objects, in this case the two muons, as can be seen the most clearly in
the zero jet dataset. The resolution in data agrees with the one in the simulation, at the level of
a few percent.

E
miss
T working points

As with all the other objects in this chapter, the E
miss
T also has working points (WP), provided by

a dedicated ET -miss combined performance group [105]. The WPs for the E
miss
T are defined by

the strictness in rejecting pileup jets in the computation. Again, several WPs are defined to suit
a wide range of physics analyses. The three E

miss
T WPs are loose, tight and tighter, where loose

includes all jets with pT > 20 GeV that pass the JVT requirements. The tight selection includes
only jets that pass the JVT requirement and have a pT > 30 GeV (this is also the cutoff for jets
in the `+`�⌫⌫̄ analyses) and the tighter WP raises the pT threshold to 35 GeV. By selecting jets
with a higher pT threshold, the dependency on pileup reduces, but the efficiency of reconstructing
the true E

miss
T decrease, as hard scatter jets are also removed. The tight E

miss
T is recommended as

the default WP as it provides the compromise between the low dependency on pileup with good
E

miss
T quality, and is used in the analyses described in this thesis.

Conclusion

The E
miss
T is used in the `

+
`
�
⌫⌫̄ analyses in this thesis to give an estimate of the combined

momentum of the two neutrinos. It is constructed from the negative sum of the momenta of all
hard and soft (physics) objects and in the event. The resolution on the hard term is taken from
the reconstruction of the other objects in the event. The resolution on the soft term is estimated
using Z ! µ

+
µ
� decays and is found to match the simulation at the level of a few percent. In

the analyses described in the following chapters, the tight E
miss
T is used, as is recommended by the

ATLAS collaboration.

Chapter summary
The event reconstruction described in this chapter aims to identify and reconstruct the particles
produced in pp interactions at the LHC. Four different physics objects are reconstructed in the
event reconstruction. The first two, muons and electrons are objects that correspond directly
to the particles that they represent, while the others, jets and missing transverse energy (Emiss

T )
are objects defined specifically for physics analysis. Jets are created by the fragmentation and
hadronization of partons produced in the pp interactions. The E

miss
T is computed by taking the

sum of all objects in an event and applying energy conservation to ‘measure’ particles that leave
the detector undetected, such as neutrinos. These four objects are the basis of the event selection
in the H ! ZZ ! `

+
`
�
⌫⌫̄ analyses described in this thesis. The muons and electrons are used to

select the two leptons that originate from one Z-boson, while high E
miss
T is expected, based on the
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Figure 4.13: The E
miss
T resolution, determined from the RMS of the individual Emiss

T terms in the
x and y-directions, as a function of transverse energy (left) and the number of primary vertices
(right). A sample is used where Z ! µ

+
µ
� decays with zero jets are selected, which provides a

dataset where the hard term of the E
miss
T is zero. From [110]

.

Z-boson decays into two neutrinos. The jets are used to separate the ggF and VBF production
modes of the Higgs bosons.



Chapter 5

High mass Higgs boson search

The first of the two analyses described in this thesis is the search for a new spin-0 resonance with
a mass above 300 GeV. This new resonance is referred to as a ‘heavy Higgs boson,’ as the only
observed elementary spin-0 particle is the SM Higgs boson. The search is conducted for a heavy
Higgs boson that decays to two Z-bosons (ZZ), and results of the analysis have been published
in [4]. Two decay channels of the Z-bosons are considered: one in which both Z-boson decay into
two charged leptons and one in which one Z-boson decays into two charged leptons and the other
one decays into two neutrinos. This thesis focuses on the final state with two leptons and two
neutrinos, which is referred to as `+`�⌫⌫̄. The advantage of a search in the `+`�⌫⌫̄ final state is
that the branching ratio of two Z-bosons decaying into `+`�⌫⌫̄ is higher than that of two Z-bosons
decaying into `+`�`+`�, because the branching ratio of a Z-boson decaying into two neutrinos is
about twice as high relative to a Z-boson decaying into two charged leptons. The disadvantage is
that the final state cannot be fully reconstructed, because the neutrinos are not detected.

The high mass Higgs boson search is complicated by processes that may appear like signal,
collectively called the background. Several SM processes are predicted to mimic the heavy Higgs
boson signal in the `+`�⌫⌫̄ final state, for example the SM Higgs boson decay into two Z-bosons.
Backgrounds can also originate from processes without a Z-boson, for example a process with
two W -bosons, where each W -boson decays to a lepton and a neutrino1. To enhance the relative
contribution of the heavy Higgs boson signal, a specific set of events is selected from the ATLAS
dataset. The event selection criteria are optimized to reduce the SM background, without signifi-
cantly reducing the signal, and are described in Section 5.1. While the relative contribution of the
background is reduced by the event selection, some background events cannot be removed without
reducing the signal contribution as well. It is essential that these so-called irreducible backgrounds

are estimated precisely. Section 5.2 describes which backgrounds, both reducible and irreducible,
contribute to the `+`�⌫⌫̄ signal region and how these are estimated.

When the couplings of the heavy Higgs boson are identical to the SM Higgs boson, the gluon-
gluon fusion (ggF) production channel has a much higher production cross-section, because of the
large gluon density in pp collisions. However, there are models that predict heavy Higgs bosons
that have couplings that are different from the SM Higgs boson. If the heavy Higgs boson does
not couple to quarks, only the electroweak production in the vector-boson fusion (VBF) channel
is possible. To investigate both production channels, the events are split into a ggF and a VBF
category, each targeting its own production mode of the heavy Higgs boson.

Even if both production channels are present and the backgrounds are precisely known, there
are still unknown properties in the heavy Higgs boson hypothesis. The mass of the new boson
cannot be predicted from the theory, so the search is performed for heavy Higgs bosons over a
wide range of masses. The search is done for a mass in between 300 GeV and 3 TeV. Besides the
heavy Higgs bosons mass, also its width cannot be predicted, as it depends on the exact coupling
of the heavy Higgs boson. Chapter 2.2 explains in detail how a narrow width Higgs boson and

1
When writing `+`�⌫⌫̄, it always refers to the ZZ decay. The WW decay is written as `+⌫`�⌫̄

85
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large width Higgs boson differ: For a narrow width Higgs boson, the search is for a new resonance
on top of the expected SM background, for a large width Higgs boson, interference effects with
the ZZ background need to be taken into account as well.

A straightforward way to look for heavy Higgs bosons in a large mass range is to look at
the invariant mass of the two Z-bosons. If a heavy Higgs boson decays into two Z-bosons, this
process will appear as an excess of events with respect to the SM background, where the invariant
ZZ mass is equal to that of the heavy Higgs boson. This is the basis of the analysis in a fully
reconstructable final state, such as the `+`�`+`� channel. For the `+`�⌫⌫̄ final state the invariant
mass cannot be reconstructed, because the neutrinos cannot be fully reconstructed. Instead, a
so called transverse mass is defined from transverse properties of the event, using the relation
m

2 = E
2
� p

2, as is shown in the following:

(mZZ
T )2 ⌘

✓q
m

2
Z +

��p``
T

��2 +
q

m
2
Z +

��Emiss
T

��2
◆2

�

���~p``T + ~E
miss
T

���
2
. (5.1)

Here mZ is the PDG value of the Z-boson mass (91.1876 GeV [10]), p``
T

is the transverse momentum
of the two-lepton system and E

miss
T is the missing transverse energy. The transverse mass is the

observable of the analysis, meaning that it is used to compare the observed data with expectations
from simulation. The last part of this chapter, Section 5.3, describes the statistical concepts used
to test the heavy Higgs boson hypothesis for the various masses and widths, as well as the results
of the analysis.

5.1 Event selection

This section describes how events with a heavy Higgs boson that decays into two Z-bosons (ZZ),
and subsequently into two leptons and two neutrinos (`+`�⌫⌫̄), are selected. Figure 5.1 illustrates
how a typical heavy Higgs boson decay into `

+
`
�
⌫⌫̄ looks like in the rest frame of the heavy

Higgs boson. The typical `+`�⌫⌫̄ signature for heavy Higgs boson decay comes from two high
energy Z-bosons. Known processes from the Standard Model (SM) mimic this signature when
they produce two leptons and missing energy, they are considered as backgrounds in the analysis.
To study heavy Higgs boson production, a series of selection criteria are designed. The selection
aims to select events with a `+`�⌫⌫̄ final state that resembles a heavy Higgs boson event, while
reducing the various backgrounds.

Figure 5.1: Schematic view of a heavy Higgs boson decay to ZZ ! `
+
`
�
⌫⌫̄. Characteristics of

the events are a small angle between the two leptons (dR``), a large missing transverse energy and
a large opening angle between the two produced Z-bosons (d�).

The event selection is split into three parts. Section 5.1.1 describes how the various objects
(leptons, jets, Emiss

T ) that are used in the analysis are selected. After the object selection, there is
the first set of criteria that uses information on the full event to reject background events. This
set of criteria is named the pre-selection and is described in Section 5.1.2. The pre-selection is
followed by the kinematic event selection, described in Section 5.1.3, where the `+`�⌫⌫̄ events are
selected based on the kinematics of the heavy Higgs boson decay.
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Main backgrounds

To understand the various selection criteria of the event selection, it is essential to know the
expected backgrounds in the analysis. The backgrounds in the `+`�⌫⌫̄ analysis are separated in
several categories, based on their topology. The main categories are:

• ZZ production from processes that do not contain a heavy Higgs boson. These can be a SM
Higgs boson decaying to ZZ, or either qq or gg initial states producing two Z-bosons.

• WZ processes that will look like the `` + E
miss
T signature when the W -boson is not recon-

structed correctly.

• Z+jets mimicking the `` + E
miss
T signature when the jets give a fake E

miss
T signature.

• Non resonant backgrounds: Processes with two W -bosons (WW ), or top quarks (top +
anti-top (tt̄), single top), or one of each (Wt, Wt̄) that produce `` + E

miss
T events without

a resonance on the Z-boson mass.

• Z ! ⌧
+
⌧
� events. To reconstruct ⌧ leptons a E

miss
T signature is needed, as ⌧ lepton decay

produces at least one neutrino. In the `
+
`
�
⌫⌫̄ analysis this is not distinguishable from

the E
miss
T of the Z-boson neutrinos. Therefore, the Z ! ⌧

+
⌧
� events are considered a

background even though they could originate from a heavy Higgs boson.

• Processes with both tt̄ and one or two vector bosons, noted as tt̄V(V). In such a case, the
two leptons can come from tt̄, Z-bosons, or from WW .

• Tri-boson backgrounds. Due to the small production cross-section, these are not expected
to have a large contribution to the analysis.

5.1.1 Object selection
In total, five objects are used in this analysis, to select `+`�⌫⌫̄ events: electrons, muons, (b�)jets
and E

miss
T . Chapter 4 describes how each of these objects is reconstructed from the ATLAS

detector information. The following describes how the objects in the `+`�⌫⌫̄ analysis are defined
and selected.

Charged leptons

A defining signature of the `+`�⌫⌫̄ final state are the two charged leptons from the Z-boson,
where the leptons are either electrons or muons. In the event selection, exactly two same-flavor,
opposite-sign leptons are required, since this is what is expected from the Z-boson decay. In the
analysis, two kinds of leptons are defined. The first are the candidate leptons, a classification
signalling that they could have originated from a Z-boson decay, which are expected to have a
relatively high pT . The counterparts to the candidate leptons are the veto leptons, which are used
to remove events that have three or more leptons. Backgrounds in the heavy Higgs boson search
can have any number of leptons, while the signal events have exactly two. The conditions for veto
leptons are more relaxed, and meet the minimum requirements needed to identify leptons. This
ensures that, when possible, events with more than two leptons are vetoed. These veto leptons
are also the leptons used as input for the overlap removal that was already described in Section
4.5 .

The lepton selection criteria are summarized in Table 5.1. The leptons are defined using the
working points (WP) as provided and recommended by the ATLAS muon [102] and electron-
photon [94] combined performance groups. For candidate leptons the medium WP is used, as
recommended, and for the veto leptons, the loose WP is used, which gives the lowest WP at
which leptons can be defined. Several requirements are placed on kinematic properties of both the
candidate and veto leptons. The first, a limit on the ⌘ range of the leptons, is determined by the
geometry of the electron and muon systems. Secondly, there are requirements on the pT of the
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leptons. For low pT the identification efficiency drops for the given WPs, therefore a cut of 7 GeV
is applied for veto electrons. For candidate leptons, a pT of at least 20 GeV is required in the pre-
selection. There are also two additional requirements to reduce the contribution of cosmic leptons.
Muons from cosmic rays will reach the ATLAS cavern and leave a trace in the muon system [112].
The muons can also kick out electrons from the Inner Detector material [113]. For cosmic leptons,
a large impact parameter is expected, as they do not originate from the primary vertex. There are
two requirements to reduce the number of cosmic leptons in the analysis, related to the impact
parameters in the x-y plane and the z direction, called d0 and z0, respectively. The d0-significance,
defined as d0/�(d0), where �(d0) gives the uncertainty on the d0 measurement, is required to be
below 5 for electrons and below 3 for muons. For both flavors, z0 · sin(✓) is required to be below
0.5 mm. The last lepton selection criterion is the isolation WP, where the FixedCutPflowLoose
isolation WP, as described in the reconstruction, is used to select non-prompt leptons.

Table 5.1: Summary of lepton selection criteria used in the `+`�⌫⌫̄ analysis described in this
chapter.

Electrons Muons
Veto Candidate Veto Candidate

WP Loose Medium Loose Medium

Kinematic cuts

pT > 7 GeV pT > 20 GeV pT > 7 GeV pT > 20 GeV
|⌘| < 2.47 |⌘| < 2.5

|d0 significance| < 5 |d0 significance| < 3

|z0 · sin(✓)| < 0.5 mm |z0 · sin(✓)| < 0.5 mm
Isolation WP FixedCutPflowLoose FixedCutPflowLoose

Jets

In the `+`�⌫⌫̄ analysis, jets are used to distinguish between the ggF and VBF production channels
and to veto events that have a b-jet. The b-jet veto is particularly useful to reject background
events with a top quark, as the top quark decays to a b-quark and a W -boson. Table 5.2 shows the
selection criteria for jets, based on recommendation from the jet combined performance group [105].
Jets are required to be within |⌘| < 4.5, and, to reduce the number of jets from pileup, only jets
with a pT of 30 GeV or higher are selected. The loose WP is used, designed to select jets with
efficiency of 99.5%. To further reduce the pileup, events are only accepted if the jet vertex tagger
assigns a value above 0.5, which correspond to an efficiency of 92% and a fake rate of 2% in
selecting prompt jets. To tag b-jets, the algorithm MV2c10 is used at the 85% efficiency WP.

Table 5.2: Summary of jet selection criteria used in the `+`�⌫⌫̄ analysis described in this chapter.

Jet Selection
Identification AntiKt4EMPFlow jets

Kinematic cuts pT > 30 GeV
|⌘| < 4.5

Pileup removal JVT > 0.5
Jet Cleaning Loose jets accepted

b-tagging MV2c10 at 85%
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Missing transverse energy

The large amount of missing transverse energy (Emiss
T ) is a defining characteristic of the `+`�⌫⌫̄

final state, because the neutrinos cannot be fully reconstructed. The E
miss
T definition is provided

by the Jet-Etmiss combined performance group and was already described in Section 4.6. In the
analyses described here, the E

miss
T uses the track based soft term in the tight WP to minimize the

effects of pileup. Overlap between jets and leptons is accounted for before constructing the E
miss
T .

5.1.2 Event pre-selection
The event pre-selection consists of three criteria that are applied before the kinematic selection,
and uses information on the full event to reject background events. The first criterion is that only
events that are part of the good run list (see Section 3.1.1) are used. This selects events that are
tagged as good for physics and cuts away approximately 2% of the dataset in the signal region.
Secondly, only events with two tracks or more are selected, since each lepton in the final state
should have an associated track. Lastly, it is required that one of the two leptons triggered a single
lepton trigger.

The single electron and muon trigger have a sharp turn-on curve for the efficiency at a certain
lepton pT . For data taken in 2016, 2017 or 2018 this turn-on is at a lepton pT of 26 GeV, for 2015
data it is between 20 and 24 GeV, depending on the individual triggers. Due to this sharp turn
on curve, requiring a lepton pT around 20 GeV, as done in the `+`�⌫⌫̄ object selection, will select
leptons with a significantly higher trigger efficiency. In addition, for the leading pT lepton, a pT

of 30 GeV is required to select even more leptons with a high trigger efficiency by going beyond
the threshold value. When applying such a criterion, the selection of leptons with high trigger
efficiency should not come at the cost of a decreased signal acceptance. Figure 5.2 shows the pT

distributions of the two leptons in the `+`�⌫⌫̄ analysis for different processes and a heavy Higgs
boson signal. It was confirmed that demanding a pT of 30 GeV for the leading-pT lepton and 20
GeV for the subleading lepton does not decrease the signal acceptance.

Figure 5.2: Simulated distributions of the transverse momentum (pT ) of the leading (left) and
subleading (right) leptons of various background processes in the `+`�⌫⌫̄ analysis as well as a
simulated heavy Higgs boson signal with arbitrary normalization. The leptons are required to
have a pT of at least 30 and 20 GeV, respectively.

5.1.3 Kinematic event selection
A typical `+`�⌫⌫̄ signature from a heavy Higgs boson decay comes from two high energy Z-
bosons that decay back-to-back in the center of mass frame. Each of these Z-bosons decays to two
leptons, one to charged leptons, and another to neutrinos. Because of the boost of the Z-bosons,
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the leptons are closely collimated, which is observed for the charged leptons, while the neutrinos
give a large missing energy. As mentioned before, various SM processes also produce two leptons
and missing energy. But, in general, most background processes have a different topology, which
is used in the selection to reduce the background contribution as much as possible. Table 5.3 list
the various selection criteria for the heavy Higgs boson search and the background each of them
targets.

Table 5.3: Criteria used to select events in the `+`�⌫⌫̄ analysis described in this chapter and the
background each of them targets.

Kinematic Selection

Criterion Targeted background
Two same flavor opposite-sign leptons, with pT > 30, 20 GeV any non Z

Veto on any additional lepton WZ

76 < M`` < 106 GeV any non Z, Z ! ⌧
+
⌧
�

E
miss
T > 120 GeV Z+jets, WW, top
�R`` < 1.8 WW , top

��(Z-boson ,Emiss
T ) > 2.5 Z+jets, WW, top

��
�
jet(pT > 100GeV ) , Emiss

T

�
> 0.4 Z+jets

E
miss
T -significance > 10 Z+jets

b-jet veto top

Each of the event selection criteria is described in more detail in the following:

• Exactly one pair of same-flavor, opposite-sign (SFOS) leptons (e+e� or µ
+
µ
�) is required

to select leptons that originate from a Z-boson decay. As mentioned before, one lepton is
required to have a pT above 30 GeV. Any events with additional third leptons are vetoed to
suppress WZ events.

• The two selected leptons should have an invariant mass that is within 15 GeV from the
nominal Z-boson mass. This selects events with two leptons from a Z-boson decay and
heavily suppresses other processes that can also produce SFOS leptons, such as WW or tt̄

decays. Combining the leptons in such background events typically does not give an invariant
mass of approximately the Z-boson mass. Figure 5.3 gives the distribution of the invariant
mass of the SFOS pair after selecting pairs around the Z-boson-mass. Note that the vast
majority (>99%) of events in this selection are from Z+jets events.

• To reduce the Z+jets contribution, a large missing energy is required, so only events with
E

miss
T higher than 120 GeV are accepted. Since the `+`�⌫⌫̄ signature originates from high

mass Higgs bosons, the neutrinos are closely collimated. This leads to very high missing
energy. By requiring high E

miss
T , events with no E

miss
T or with fake E

miss
T , such as Z+jets

events, are heavily suppressed. The expected amount of Z+jets events drops by 99.97%
when applying this criterion. In addition, backgrounds such as WW or Z ! ⌧

+
⌧
� are also

suppressed. These backgrounds do have a real Emiss
T contributions, but since the neutrinos

are typically not collimated, this Emiss
T is not as high as the one that is seen in `+`�⌫⌫̄ events

from heavy Higgs boson decays.

• Like the neutrinos produced in the one Z-boson decay, the leptons from the other Z-boson
decay are also closely collimated. This is exploited by selecting events where the opening
angle (dR``) is smaller than 1.8. This will suppress backgrounds that can produce two SFOS
leptons that do not originate from the same particle. For example, WW or tt̄ can produce
a SFOS lepton pair, but these are not expected to very collimated, typically having a larger
opening angle between the leptons.
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Figure 5.3: Simulated distributions of the invariant mass of the same-flavor, opposite-sign lepton
pair after selecting pairs around the Z-boson-mass. The plot includes various background pro-
cesses, as well as the expected distribution for a 600 GeV signal with an arbitrary normalization.
The left plot shows the distribution for events with two electrons, while the right plot shows the
distribution for events with two muons. Note that the vast majority of events in this selection are
from Z+jets processes.

• In contrast to the leptons, the two Z-bosons of the heavy Higgs boson signal are expected to
be back-to-back at the resonance, giving a large angle between the two. One of the Z-bosons
can be reconstructed from the two leptons, while the E

miss
T acts as the second Z-boson. A

large �� of at least 2.5 between the reconstructed Z-boson and the E
miss
T is demanded in the

analysis. This suppresses mainly Z+jets events, which have a fake E
miss
T signature, typically

giving a small angle to the Z-boson. In addition, in WW and tt̄ events, the E
miss
T and

Z-boson are misreconstructed by combining leptons and neutrinos that did not originate
from the same particle. The angle between these artificial objects is practically random.
Therefore, the �� cut also helps in reducing these backgrounds.

• In some Z+jets events, a large E
miss
T signature can be created when a high pT jet is misre-

constructed, or not reconstructed at all. Such events will pass all the criteria described so
far. For events where there is a high-pT jet close to the Z-boson, it is assumed the E

miss
T is

created by a recoil jet in the opposite direction that is misreconstructed, or not reconstructed
at all. To reduce the contribution of this type of background, events with a high-pT jet close
to the Z-boson are vetoed. In events that have a jet with pT > 100 GeV, this jet is required
to have a � angle of at least 0.4 with respect to the E

miss
T vector.

• To further reduce the large Z+jets contribution, an E
miss
T -significance above 10 is required.

The E
miss
T -significance [114] provides a measure of how ‘real’ the E

miss
T of a given event is.

It is given by the ratio of the E
miss
T to its resolution:

S =
|E

miss
T |

2

�
2
L(1� ⇢

2
LT )

, (5.2)

where �L is the variance of the E
miss
T in the longitudinal direction and ⇢LT gives the correla-

tion between the longitudinal and transversal components of Emiss
T . For fake Emiss

T events the
variance will be large, giving a low E

miss
T -significance. For real Emiss

T , such as from neutrinos,
this variance will be much lower, giving a higher E

miss
T -significance.

• Finally, a b-jet veto is applied, vetoing events that have one or more b-jets. At leading order,
no b-jets are expected in the `

+
`
�
⌫⌫̄ signal events. However, background contributions

that contain top quarks (primarily tt̄) will likely produce a b-jet for each top quark and are
significantly reduced by this criterion.
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Figure 5.4 shows the simulated distributions for the various backgrounds in the observables
used in the event selection. In the figure, the value at which a selection cut is placed is indicated
with a dotted line.

5.1.4 Event categorization in ggF and VBF
The dataset that is selected in the kinematic selection is split in two orthogonal categories, cor-
responding to the two production channels: ggF and VBF. The reasoning behind this is that a
hypothetical heavy Higgs boson does not necessarily behave like the SM Higgs boson and might
only be produced in the VBF production channel. To target such a Higgs boson, a dedicated
VBF region is designed. The goal is to make sure this region is very pure in signal produced in
the VBF channel, with minimal contamination from potential signal produced in the ggF channel.
The VBF category is defined from the topology of Higgs boson production in the VBF channel.
The event categorization criteria are summarized in Table 5.4. The VBF events are required to
have at least two jets, and these jets are required to have a wide opening angle and are required
to reconstruct to a high invariant mass. When more than two jets are found, the two jets with the
highest transverse momenta are used. The exact cutoffs of the observables in the categorization
are optimized with respect to the signal significance, while keeping a reasonable signal acceptance.
The optimized values are an ⌘ separation between the jets of at least 4.4 with a di-jet invariant
mass of at least 550 GeV. Any event that does not pass the VBF selection falls in the ggF category.
This can be due to the event having no jets or only one jet, but can also be an event with two or
more jets that do not pass the VBF criteria. The ggF category will also have some contamination
from VBF signals, but ggF production will dominate this region, because of the higher production
cross-section. Table 5.5 shows the yields for a hypothetical heavy Higgs boson with a mass of
600 GeV produced in either the ggF or VBF channel in the two categories. As intended, the
contamination of the ggF production channel is very low in the VBF category.

Table 5.4: Criteria used to categorize events in ggF and VBF in the `+`�⌫⌫̄ high mass search. In
events with more than two jets, the two jets with the highest pT ’s are used for this categorization.

Categorization
ggF VBF

0, 1 jet or � 2 jets and not VBF
� 2 jets

Mjj> 550 GeV
|�⌘jj |> 4.4

Table 5.5: Expected yields for a 600 GeV heavy Higgs boson. Note that the cross-sections are set
to arbitrary values and only the relative yields of a process are relevant. The VBF category is
very pure, with almost no contamination from ggF Higgs boson production.

Process Yield (ggF) Yield (VBF)
ggF heavy Higgs boson (mH = 600 GeV) 48.26 ± 0.11 (98.3%) 0.83 ± 0.01 ( 1.7%)
VBF heavy Higgs boson (mH = 600 GeV) 18.15 ± 0.08 (73.9%) 6.42 ± 0.04 (26.1%)
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Figure 5.4: Simulated distributions of the kinematic observables used to select `+`�⌫⌫̄ events.
The E

miss
T is shown after selecting pairs around the Z-boson-mass. In all other variables the

E
miss
T cut is also applied. The plot includes various background processes, as well as the expected

distribution for a 600 GeV signal with an arbitrary normalization. For each variable, a dotted line
is shown to indicate the cut value, with an arrow pointing to the part of the distribution that is
selected.
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5.2 Background estimation
To give an idea of the contribution of each background, Table 5.6 gives the expected yields of each
of the backgrounds categories after applying the `+`�⌫⌫̄ event selection. Each background, and the
method with which its contribution is estimated, is described in more detail in its own subsection.
Associated to the estimation of these contributions is a set of experimental uncertainties that
determine how precise that estimation is. For the different background processes, each has a
different set of systematic uncertainties that is the most important. To give a complete overview
before discussing the various backgrounds in detail, Section 5.2.1 describes the uncertainties that
are taken into account. Following this, Section 5.2.2 discusses the most prominent background
in the `

+
`
�
⌫⌫̄ signal region, the irreducible ZZ background. The remaining sections discuss

the reducible backgrounds. The prominent reducible backgrounds each have a dedicated control
region, a region designed to have a high purity in the targeted background, and where no signal
is expected that is used to verify the predictions of the backgrounds. The control regions in this
analysis are: The three-lepton control region for the WZ background is described in Section 5.2.3,
the eµ control region for non-resonant `+`� is described in Section 5.2.4, and the control region
for Z+jets is described in Section 5.2.5. The two remaining backgrounds, tt̄V(V) and VVV, only
have a small contribution in the signal region and are described together in Section 5.2.6.

Table 5.6: Expected yields with statistical uncertainties for various background processes after ap-
plying the event selection of the heavy Higgs boson search. The prominent reducible backgrounds
each have a dedicated control region.

Process yield e
+
e
� yield µ

+
µ
�

ZZ 756.35 ± 8.87 862.41 ± 9.49
WZ 387.21 ± 4.32 425.38 ± 4.80

non-resonant `+`� 64.60 ± 2.12 76.56 ± 2.61
Z+jets 46.21 ± 4.00 58.83 ± 7.90
V V V 3.63 ± 0.06 3.85 ± 0.06
tt̄V(V) 2.73 ± 0.13 2.41 ± 0.13

5.2.1 Systematic uncertainties on the background estimates
The uncertainties on the backgrounds in Table 5.6 are related to the limited statistics of the sim-
ulation. In addition to these, there are systematic uncertainties, which depend on the various
methods used in the reconstruction, for example uncertainties on the energy of a jet or the re-
construction efficiency of a muon track. The uncertainties are provided by the same Combined
Performance groups that provide the recommendations used in the object selection, described in
Section 5.1.1. For each uncertainty, there is an up and a down fluctuation, corresponding to a
fluctuation of the parameter, for example the energy scale, with respect to its expectation value.

The up and down variations are used to quantify the impact of the systematic uncertainties.
A large impact of a systematic uncertainty indicates where the analysis can be improved. A
full list of the systematic uncertainties that are used in this work is given in appendix A. The
dominant systematic uncertainties on the background estimations and on the signal simulations
are described in more detail in the following.

Charged leptons: In the object selection a pair of same-flavor, opposite-charge leptons is re-
quired. The object selection controls on a very basic level which events are selected, so any
uncertainty on its parameters can have large effects on the analysis. Events that are removed in
the nominal case could be selected if a small fluctuation of the selection parameters is applied.

Electrons are identified using a likelihood method, taking into account several variables that
allow separation of electrons from other objects such as jets or photons, as described in Section
3.2. Uncertainties on the variables used in building the likelihood propagate to an uncertainty on
the Electron identification efficiency. With better identification efficiency, more electrons will be
selected in the analysis, and a larger yield is expected for both the background and the signal.
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For muons, the identification procedure is different, with tracks that can be either standalone
tracks from the muon system (MS) or combined with tracks in the Inner Detector (ID), but
a similar set of uncertainties is taken into account by the Muon reconstruction efficiency. In
addition, variations on the Muon track resolution are taken into account separately for the tracks
in the MS and the ID.

Similar to the identification are the uncertainties in the lepton isolation. For the isolation

efficiency the same principle holds: When the efficiency is higher, more events will pass the object
selection.

Both muons and electrons are selected based on the pT of the leptons. Therefore, any variation
in the momentum of the leptons can change which events are selected and which are removed.
For electrons, a single uncertainty is associated to the momentum, called the Electron energy

scale. For muons, there are three uncertainties associated to the Muon momentum scale: one that
contains all charge-independent corrections, summed in quadrature, one that takes into account
the combination of corrections to the momentum of the ID and MS tracks (denoted with ⇢, the
radius in cylindrical coordinates) and one for corrections that are biased towards positively or
negatively charged muons.

Missing energy: Together with the two charged leptons, a large missing amount of energy is
the defining signature of a high energy `+`�⌫⌫̄ event. In the event selection, events with a E

miss
T

of 120 GeV or higher are selected. Any fluctuation in the E
miss
T energy scale will change which

events are selected, as some events are just below (or above) the selection threshold.

Jets: Like the leptons, there are also uncertainties on the jet energy scale, where fluctuation of
the energy will change which jets are selected when applying the pT criterion. These uncertainties
have an effect on the separation of ggF and VBF events, which depends directly on the number of
jets. In addition, adding or removing jets can change the sum of the momenta in an event, which
is used to calculate the E

miss
T of the event. The uncertainty on the resolution of the calorimeters

propagates to eight uncertainties associated to the Jet energy resolution, which scale with the pT

of the jet.
The jet energy scale also depends on the flavor of the particles in the jets: gluons or light or

heavy quarks. Two uncertainties are used to determine the dependence of the jet energy scale on
the Jet flavor composition and the Jet flavor response.

Finally, several uncertainties related to the Jet pileup corrections to the jet energy scale are
taken into account. These are uncertainties associated to the variation in several characteristic
variables linked to the pileup, such as the average number of interactions (µ), number of primary
vertices (NPV), the density (⇢) of the pileup, and corrections to the pT .

Pileup: Besides variations in the jet energy scale due to the pileup, there is also an uncertainty
associated to the pileup itself. The pileup in the simulation has to match the pileup in the data,
and the pileup reweighting that is used to match the simulation to the data has an associated
uncertainty. For example, if there is a downward variation in events due to a fluctuation in the
pileup reweighting, then less pileup is expected, and the number of expected background events
decreases. If the number of observed events does not change, this downward fluctuation in the
prediction appears like an excess in observed events.

In the following sections the various backgrounds are described and for each background the
uncertainty due to the systematic uncertainties is given.

5.2.2 The ZZ background
The largest background in the `+`�⌫⌫̄ heavy Higgs boson search is the SM ZZ background. This
can originate from either the qq ! ZZ ! `

+
`
�
⌫⌫̄ (qqZZ) process, vector boson scattering via Z-

bosons with two jets (qqZZjj) or the gg ! ZZ ! `
+
`
�
⌫⌫̄ (ggZZ) process. The Feynman diagrams
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of these processes are shown in Figure 5.5, and Table 5.7 shows the expected yields for each
process. As expected, most of the contribution (about 90%) comes from the qqZZ process, which
has the highest production cross-section of the three. The ZZ backgrounds have the same topology
as the heavy Higgs boson decay, with two same-flavor, opposite-sign leptons and E

miss
T from the

Z-boson decaying to neutrinos. Therefore, it cannot be efficiently removed in the kinematic
event selection, making it an irreducible background. The first part of this section describes the
modelling of the various ZZ backgrounds, including the higher-order corrections that are taken
into account. Following that, the systematic uncertainties in the modeling from both theoretical
and experimental sources are discussed.

Figure 5.5: Leading-order qq ! ZZ ! `
+
`
�
⌫⌫̄ (left), vector boson scattering: qq ! ZZjj !

`
+
`
�
⌫⌫̄jj (middle) and gg ! ZZ ! `

+
`
�
⌫⌫̄ (right) diagrams. These processes make up the

largest background in the `+`�⌫⌫̄ heavy Higgs boson search.

Table 5.7: Expected yield in the ggF and VBF signal region categories for ZZ processes. In both
categories, the qqZZ process is the dominant process.

ZZ process ggF VBF
qq ! ZZ 1438.39 5.95
qqZZjj 13.57 1.69

gg ! ZZ 156.96 1.54

The ZZ backgrounds are simulated with the Sherpa [115] generator. The ggZZ and qqZZjj
processes are both simulated at LO, while qqZZ processes are generated at NLO in QCD. For
the ggZZ and qqZZjj processes, the channel involving an SM Higgs boson and its interference are
included in the sample. This interference and the higher order corrections of the processes involved
are described in detail in Section 2.4, and play a central role in the off-shell analysis, described in
Chapter 6. For the high mass Higgs boson analysis, higher order QCD corrections for the ggZZ
process are included in a post-processing step by applying a flat NNLO/LO K-factor of 1.7 to
correct for the QCD corrections up to NNLO.

For the qqZZ process, a post-processing step is used to apply the NLO electroweak (EW)
corrections. To calculate the EW NLO/LO K-factor, the full set of O(↵5) contributions to qq !

ZZ are included in the calculation [116]. Figure 5.6 shows the resulting corrections for the EW
K-factor and the known QCD NLO/LO K-factor in bins of Emiss

T . Note that the two corrections
have an opposite effect. EW corrections tend to pull the yield down, while QCD corrections tend
to increase the yield. As a result, the two corrections partly cancel each other out. To find the
extent of this cancellation effect, two methods are available to combine the two NLO corrections.
This can be done by an additive approach where the differential cross-section (d�) is given by the
sum of the corrections:

d�NLOtotal = d�LO(1 +KQCD +KEW ), (5.3)



5.2. BACKGROUND ESTIMATION 97

where the K-factors KQCD,EW give the ratio d�NLO/d�LO, or by a multiplicative approach, where
the cross-section is given by

d�NLOtotal = d�LO(1 +KQCD)(1 +KEW ). (5.4)

Figure 5.6: Next-to-leading-order QCD and EW corrections on the qq ! ZZ production cross-
section as shown in [116]. The two corrections tend to have opposite effects on the expected yields.
Two options to combine the corrections are shown, additive and multiplicative. In the `+`�⌫⌫̄
analyses the multiplicative approach is used, while the difference with the additive approach is
applied as a systematic uncertainty on the EW correction.

It is not clear which of the two options give the most reliable assessment of the combined EW and
QCD corrections. A choice was made to take the average of the two corrections as the central
value of the correction to the qqZZ process and take the difference between the two methods
as a systematic uncertainty on the EW corrections. The NLO EW correction is applied on an
event-by event basis. Ideally, these corrections would be applied to the differential cross-section as
a function of the invariant mass. However, this quantity cannot be reconstructed in the `+`�⌫⌫̄
final state, so the E

miss
T is used. Because the reconstructed E

miss
T can depend on effects specific

to the detector, such as particles falling outside the detector acceptance, the truth E
miss
T from the

event generation is used in the procedure. Figure 5.7 shows the resulting corrections on the qqZZ
process as a function of the transverse ZZ mass. Over the entire range, the yield decreases by
over 10% in both the ggF and VBF categories. At higher values of the transverse mass, the effect
is larger, up to about 30% at 2 TeV.

Systematic uncertainties on the ZZ background estimate

Since the corrections at orders beyond NLO in EW and especially QCD are not known, the analysis
has systematic uncertainties related to these higher order corrections. Table 5.8 shows the impact
of the systematic uncertainties of the PDF and QCD scale variations. By far the largest impact
are the QCD scale variations in the ggZZ process. To constrain the uncertainty on the predictions,
the simulation of the ZZ background is corrected using the data. The normalization of the ZZ

background is kept as a floating parameter (µZZ) in the estimate of final cross-section limit to
account for the difference between simulation and data. This floating normalization is only applied
for the ggZZ and the qqZZ processes. For the qqZZjj process, the contribution is small enough
that the expected yield can be estimated from the simulation directly. Although the uncertainties
on the higher order corrections will still play a role, the impact is small due to the small qqZZjj
yield in the signal region.
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a. ggF e
+
e
� b. ggF µ

+
µ
�

c. VBF e
+
e
� d. VBF µ

+
µ
�

Figure 5.7: Transverse mass distributions for the different categories in the signal region, showing
the effect of applying the K-factor for EW corrections to the qqZZ contribution, and its associated
uncertainty. The blue line shows the distributions at leading order (LO) and the red line shows the
distribution after applying next-to-leading (NLO) order corrections, with its associated uncertainty
in black. Expected event yields before and after the correction are shown in the plots. Overall,
the yield decreases by over 10% in both the ggF and VBF categories.

Table 5.8: The relative change in the yields of the various ZZ processes as a result of PDF and
QCD scale variations.

Process e
+
e
� (%) µ

+
µ
� (%)

PDF QCD PDF QCD

qqZZ ggF 1.8 5.2 1.7 5.3
VBF 2.3 15.8 1.8 16.2

qqZZjj ggF 1.7 5.2 2.0 5.4
VBF 3.4 9.7 4.1 9.7

ggZZ ggF 1.8 40.8 1.8 40.6
VBF 1.9 45.1 2.3 45.3
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Floating the normalization has the advantage that the systematic uncertainties on the normal-
ization no longer affect the final fit result, though they might still have an effect on the acceptance.
When estimating the impact on the acceptance, it is important to note that the qqZZ and ggZZ
process are very different. They are in different parts of phase space, and since it is not a given
that systematic uncertainties have similar impact on the two processes, the relative impact of each
systematic needs to be taken into account. For systematic uncertainties with an experimental
origin, it is assumed these are fully correlated between the two processes. For theoretical un-
certainties, the uncertainties are completely uncorrelated. Table 5.9 shows the five experimental
systematic uncertainties with the largest impact for the qqZZ background and Table 5.10 for the
ggZZ background. Note that even the largest systematic uncertainties only impact the yields by a
few percent. Since the impact of the QCD scale uncertainties is much larger, these will dominate
the uncertainty in the estimation of the ZZ background.

Table 5.9: Overview of the five experimental uncertainties with the largest impact on the qq ! ZZ

yield, in the e
+
e
� and µ

+
µ
� channels. The last row shows the total uncertainty, taken from the

quadratic sum of all experimental sources, including those outside the ranking shown here.

impact in the e
+
e
� channel impact in the µ

+
µ
� channel

Systematic uncertainty down(%) up(%) Systematic uncertainty down(%) up(%)
Jet flavor (composition) 1.30 -1.44 Jet flavor (composition) 1.16 -1.57
Pileup reweighting 1.04 -0.77 Muon Reconstruction Efficiency (sys) -0.52 0.94
Jet energy resolution (NP1) -1.04 1.04 Jet energy scale 0.67 -0.85
Jet Pileup (⇢ Topology) 0.87 -0.72 Jet Pileup (⇢ Topology) 0.65 -0.84
Jet energy scale 0.82 -0.75 Muon Isolation Efficiency (sys) -0.20 0.61
Total 3.12 3.27 Total 2.64 3.23

Table 5.10: Overview of the five experimental uncertainties with the largest impact on the gg !

ZZ yield, in the e
+
e
� and µ

+
µ
� channels. The last row shows the total uncertainty, taken from

the quadratic sum of all experimental sources, including those outside the ranking shown here.

impact in the e
+
e
� channel impact in the µ

+
µ
� channel

Systematic uncertainty down(%) up(%) Systematic uncertainty down(%) up(%)
Jet flavor (composition) 1.91 -1.96 Jet flavor (composition) 1.77 -1.83
Jet pileup (⇢ Topology) 1.11 -1.10 Jet energy resolution (NP1) -1.44 1.44
Pileup reweighting 1.01 -0.48 Jet energy scale 1.01 -1.08
Jet energy scale 1.01 -0.99 Jet pileup (µ) 0.83 -1.06
Jet pileup (µ) 0.84 -0.96 Jet pileup (⇢ Topology) 1.01 -0.89
Total 3.76 3.9 Total 3.79 3.99

5.2.3 The WZ background

The second-largest background in the `+`�⌫⌫̄ signal region is the WZ background, which con-
tributes about 30% of the events in the signal region. Given the decays W ! `⌫ and Z ! `

+
`
�,

these decays can mimic the `+`�⌫⌫̄ final state when one lepton is not reconstructed or falls outside
the acceptance. Due to the requirement that the di-lepton invariant mass needs to be close to the
Z-boson mass, the `+`�⌫⌫̄ event selection typically selects an event where the lepton from the
W -boson is missing.

To estimate the normalization of the WZ process, a dedicated three lepton (3`) control region is
constructed. The 3` control region is designed to be very pure in WZ events. The expected number
of events is then compared to the observed data in this region, and the resulting data/simulation
ratio in the 3` control region is used to correct the normalization of the WZ contribution in the
signal region. The shape of the distribution of WZ events in the signal region, binned in the
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transverse ZZ mass, is taken directly from simulation. As all of this section describes something
I worked on extensively, it is more detailed compared to other backgrounds.

Three kinds of WZ processes are included in the simulated estimate of the control region
yields. In Figure 5.8 a leading-order diagram for each of these is shown. The most dominant
process is the leading-order WZ decay to three leptons and one neutrino. There is also some
contribution from the VBF like vector boson scattering process, which is enhanced in the VBF
category. Finally, there is an almost negligible contribution from WZ processes, where the W -
boson decays hadronically and the subsequent jets are misreconstructed as Emiss

T . For all the WZ

processes, Sherpa [115] is used as the MC generator. Table 5.11 shows the expected yield from
each of these processes in the signal region.

Figure 5.8: Example leading-order WZ diagrams that contribute to the `+`�⌫⌫̄ signal region.
When the decay product of the W -boson (marked in red) is missed, the resulting final state looks
like the `+`�⌫⌫̄ final state.

Table 5.11: Expected yields in the ggF and VBF signal-region categories for each WZ process.
The vast majority is from leptonic WZ decays.

WZ process ggF VBF
WZ ! ```⌫ 796.7 5.24

WZjj ! ```⌫jj 9.2 0.73
WZ ! qq`` 0.72 0

The selection criteria used to define the 3` control region are given in Table 5.12. This selection
is based on the selection of the `+`�⌫⌫̄ signal region, with an additional lepton. This means that
two of the three leptons have to be a same-flavor opposite-sign pair. These leptons should have an
invariant mass within the Z-boson mass window, and one of the leptons in this window has to fire
the single lepton trigger. When multiple pairs pass this requirement, for example in events with
three muons, the pair closest to the PDG [10] value of the Z-boson mass is selected. Additional
selection criteria are designed to reduce contamination from non-WZ backgrounds and provide a
region with a high purity of WZ events. To select events where the third lepton is from a W -boson
decay, a cut on the transverse mass of the W -boson (mW

T ) is added. Similar to the signal, where
the transverse mass of the two Z-bosons (mZZ

T ) is used as an observable, mW
T is used here, instead

of reconstructing the W -boson mass and selecting events based on the invariant mass, because the
neutrinos cannot be reconstructed. This cut primarily reduces contamination from Z+jets events
and from ZZ ! 4` events where one lepton is missed. The definition of mW

T is based on the one
used in the W -boson mass measurement [117]. It is constructed using the E

miss
T , the transverse

momentum of the third lepton (p`T ) and the azimuthal opening angle (��) between the two:

m
W
T =

q
2p`TE

miss
T (1� cos��). (5.5)

Like in the signal region, a cut is placed on the E
miss
T -significance to reduce the contribution of

events with fake E
miss
T , such as from Z+jets events. In addition, a b-jet veto is applied to reduce

contamination from processes that involve a top quark.
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Table 5.12: Event selection criteria that define the three-lepton control region.

Three Lepton Control Region Selection

Two same flavor opposite-sign (SFOS) leptons (e+e� OR µ
+
µ
�)

Single lepton trigger fired by one of the SFOS leptons

Exactly one additional lepton

76 < M``,SFOS < 106 GeV

m
W
T > 60 GeV

E
miss
T -Significance > 3

b-jet veto

The exact values of the transverse mass (mW
T ) and E

miss
T -significance are optimized to give

more than 90% purity in WZ events. A very tight cut could achieve such purity, but at the cost
of statistics. The right balance needs to be found, where the aim is to create a 3` control region
with a purity of at least 90% and statistics high enough to ensure the statistical uncertainty of the
3` control region can be neglected (< 1%). To optimize the m

W
T and E

miss
T -significance cuts for

the purity and expected yields, a 2D scan is performed in the 3` control region. In the scan, the
lower limit on m

W
T is varied in steps of 10 GeV from 0 to 100 GeV, while the E

miss
T -significance

cut is varied from 0 to 10 with steps of 1. For each step, the expected yield and the WZ purity
is evaluated. The results of the 2D scan are shown in Table 5.13. A selection of Emiss

T -significance
> 3 and m

W
T > 60 GeV was chosen to provide very high (>10,000 events) statistics at very good

(>91%) purity.

Table 5.13: A 2D scan of the WZ purity and expected yield in the 3lCR as a function of Emiss
T -

significance (Emiss
T -sig) and the transverse mass of the W -boson (mW

T ). For each step the purity
is marked in a green shade which increases in brightness as the purity increases, and the yields
is marked in a blue shade that increase in brightness as the yield decreases. The region needs to
be very pure in WZ, while keeping high statistics. Eventually, a selection of of Emiss

T -sig > 3 and
m

W
T > 60 GeV was chosen to provide very high (>10000 events) statistics at very good (>91%)

purity.

m
W
T > 0 m

W
T > 10 m

W
T > 20 m

W
T > 30 m

W
T > 40 m

W
T > 50 m

W
T > 60 m

W
T > 70 m

W
T > 80 m

W
T > 90

Yield 33927 30950 28069 25373 22649 19694 16355 12380 8017 4747
E

miss
T -sig > 0 Purity 71.3% 74.8% 78.4% 81.6% 84.3% 86.6% 88.0% 88.1% 86.7% 84.0%

Yield 30455 28195 26032 23980 21724 19113 15982 12136 7861 4650
E

miss
T -sig > 1 Purity 74.7% 77.6% 80.5% 82.9% 85.3% 87.3% 88.5% 88.5% 87.1% 84.3%

Yield 23879 22459 21128 19878 18538 16756 14373 11079 7191 4209
E

miss
T -sig > 2 Purity 81.1% 83.4% 85.3% 86.8% 88.0% 89.4% 90.1% 90.0% 88.4% 85.7%

Yield 17380 16472 15718 14984 14148 13126 11613 9205 6025 3491
E

miss
T -sig > 3 Purity 86.6% 88.5% 89.4% 90.1% 90.8% 91.3% 91.6% 91.5% 89.9% 87.3%

Yield 11948 11400 10931 10471 9916 9275 8397 6878 4600 2689
E

miss
T -sig > 4 Purity 89.8% 91.0% 91.5% 91.8% 92.4% 92.6% 92.5% 92.1% 90.5% 87.4%

Yield 7856 7504 7174 6860 6495 6072 5523 4628 3173 1888
E

miss
T -sig > 5 Purity 90.8% 91.7% 92.1% 92.3% 92.6% 92.8% 92.7% 92.2% 90.6% 87.3%

Yield 5072 4837 4602 4371 4109 3816 3456 2918 2044 1243
E

miss
T -sig > 6 Purity 90.9% 91.6% 92.0% 92.2% 92.6% 92.7% 92.5% 91.8% 89.8% 86.3%

Yield 3240 3078 2913 2750 2578 2381 2137 1789 1268 792
E

miss
T -sig > 7 Purity 91.9% 92.4% 92.6% 92.7% 92.7% 92.5% 92.2% 91.4% 89.3% 85.6%

Yield 2132 2013 1895 1775 1652 1510 1338 1100 774 499
E

miss
T -sig > 8 Purity 92.1% 92.6% 92.8% 92.8% 92.7% 92.5% 92.0% 91.0% 88.7% 85.0%

Yield 1449 1359 1273 1186 1095 991 871 706 488 318
E

miss
T -sig > 9 Purity 92.6% 93.1% 93.3% 93.2% 93.1% 92.8% 92.4% 91.4% 88.9% 85.1%
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The relative contribution of the three kinds of WZ processes differs for the two signal region
categories (ggF and VBF). It is expected that the contribution of WZjj events is enhanced in
the VBF region. To estimate the normalization in each region, the 3` control region is split into
two categories. Events with two or more jets are used for the normalization in the VBF channel,
while events with none or one jet are used for the ggF channel. In each control region category,
roughly 90% of the total expected yield originates from WZ events. In the signal region, this is
about 30%.

Figure 5.9 shows the E
miss
T -significance and the m

W
T for events in the 3` control region. Most

of the expected events are from WZ decays, corresponding to the high purity of the 3` control
region. The remaining backgrounds are mostly ZZ and Z+jets events. Most of the events are in
the bins with lower values of Emiss

T -significance and m
W
T , giving a data/simulation ratio of around

one in the ggF category and around 0.8 or 0.9 in the VBF category. This ratio gives a good
approximation of the correction that is applied to the normalization of the WZ event simulation
by using the 3` control region. In the bins with higher values of m

W
T or E

miss
T -significance the

shape is dominated by fluctuations due to statistical uncertainties.

Figure 5.9: Distributions of the E
miss
T -significance (left) and m

W
T (right) in the 3` control region

for data and simulation. The top row shows the distributions for the ggF-like 3` control region
with less than two jets, and the bottom row shows the distributions for the VBF-like 3` control
region with two or more jets. The uncertainties are statistical only. The simulated prediction
is subdivided in the various processes that contribute to the control region. The WZ process
contributes about 90% of the events in the 3` control region in each of the categories.

Scale factor for WZ events

The 3` control region is used to obtain a scale factor (SFWZ) to correct for the difference between
the number of observed and simulated WZ events. This scale factor is then applied to the
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normalization of the simulated WZ events in the ggF and VBF signal regions. The SFWZ is
defined as:

SFWZ =
Ndata,WZ

3`CR

NMC,WZ
3`CR

=
Ndata

3`CR � NMC,non�WZ
3`CR

NMC,WZ
3`CR

, (5.6)

where Ndata

3`CR is the number of observed events in the 3` control region and NMC,WZ
3`CR is the number

of simulated events in that region. NMC,non�WZ
3`CR is the number of simulated events in the 3` control

region from all, except WZ processes. The scale factor is used to obtain a data-driven estimate of
the number of expected events from WZ process in the two-lepton signal region (NDD,WZ

2`SR ), which
is found by scaling with the scale factor, as given in the following:

NDD,WZ
2`SR = NMC,WZ

2`SR · SFWZ , (5.7)

where NMC,WZ
2`SR is the number of expected events from WZ processes in the signal region, based

on the simulation.
Table 5.14 gives the scale factor for the 3` control region in each of its channels (µµ + µ, µµ

+ e, ee + µ, ee + e), and Table 5.15 gives the scale factor for the 3` control region with two
or more jets. The scale factors are found to be 1.074 for the ggF-like region and 0.848 for the
VBF-like region. In the ggF-like 3` control region, the observed and simulated data are in very
good agreement, giving a SFWZ that is very close to unity. In the VBF-like 3` control region, it is
not consistent with unity, which could indicate that effects from higher order effects, similar to the
ones in the ZZ background estimation, play a role in the VBF-like WZ processes. As the scale
factor is still close to unity, the impact of the new normalization on the final estimate is small.
This scales the expected yield of the WZ background to 886.4 in the ggF signal region and 5.06
in the VBF signal region.

Table 5.14: The expected number of background events and observed number of events in the
3` control region with less than two jets. The scale factor is obtained by subtracting the other
backgrounds from the observed yields in data, and taking the ratio between this and the expected
number of events based on the simulation, as shown in equation 5.6.

Channel Expected WZ Expected Others Observed Scale Factor

µµ + µ 2589.5 ± 12.0 278.4 ± 15.8 3077 1.081 ± 0.010

µµ + e 2163.7 ± 10.5 152.2 ± 18.4 2466 1.069 ± 0.013

ee + µ 2038.3 ± 10.4 190.8 ± 10.8 2320 1.045 ± 0.010

ee + e 1792.4 ± 10.9 143.0 ± 25.5 2123 1.105 ± 0.019

Total 10594.8 ± 22.5 1003.0 ± 37.3 11930 1.031 ± 0.006

Table 5.15: The expected number of background events and observed number of events in the 3`
control region, after requiring at least two jets. The scale factor is obtained by subtracting the
other backgrounds from the observed yields in data, and taking the ratio between this and the
expected number of events based on the simulation, as shown in equation 5.6.

Channel Expected WZ Expected Others Observed Scale Factor

µµ + µ 597.1 ± 2.6 60.5 ± 4.0 562 0.840 ± 0.012

µµ + e 495.2 ± 2.3 67.9 ± 2.9 473 0.818 ± 0.012

ee + µ 479.3 ± 2.4 52.7 ± 1.3 461 0.852 ± 0.008

ee + e 439.0 ± 2.3 57.1 ± 3.0 448 0.890 ± 0.013

Total 2010.8 ± 4.9 238.3 ± 6.0 1944 0.848 ± 0.006
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Uncertainties on the WZ background estimate

When estimating the effect of the uncertainties on the WZ yield, it is important to take into
account the effect on the expected WZ yield in both the signal region and the 3` control region.
Uncertainties that scale the yield in both regions in exactly the same way will not affect the
final estimate. For example, if the expected signal region yield is 1% higher due to a fluctuation
and the expected 3` control region yield is also 1% higher (reducing the scale factor), the two
cancel each other out when applying the scale factor. To give an estimate of the statistical and
systematic uncertainties on the final estimate of the WZ background, a simulation-based transfer
factor (TFWZ) is defined. The transfer factor can be defined from the scale factor (equation (5.7)),
by the following (here, all MC simulated yields are from the WZ processes only):

NDD,WZ
2`SR = NMC

2`SR ·
Ndata

3`CR

NMC
3`CR

= Ndata
3`CR ·

NMC
2`SR

NMC
3`CR

= Ndata
3`CR · TFWZ . (5.8)

Any uncertainties that affect the two-lepton signal region and three-lepton control region in the
same way will have no effect on the transfer factor, because the effects cancel out when taking the
ratio between the events of the two regions.

The ten experimental systematic uncertainties that have the greatest impact on the transfer
factor are listed in Table 5.16 for the ggF-like 3` control region and in Table 5.17 for the VBF-
like 3` control region. The effect of PDF and QCD scale variation has also been studied, these
are found to have an impact of 0.6% and 2% on the expected WZ yield in the ggF category,
receptively. The impact of theoretical systematic uncertainties on the expected WZ yield in the
VBF category is 9% for PDF variations and 5% for QCD scale variations.

Table 5.16: The ten fractional, experimental, systematic uncertainties with the highest impact
(up or down) on the transfer factor in the 3` control region with less than two jets. Uncertainties
are shown separately for the e

+
e
� and µ

+
µ
� channels. The variation shown is determined by the

variation in the WZ transfer factor. The last row shows the total uncertainty, taken from the
quadratic sum of all sources, including those outside the top ten shown here.

Systematic Uncertainty e
+
e
� channel µ

+
µ
� channel

up (%) down (%) up (%) down (%)
Electron energy scale 0.36 -1.15 -0.72 -0.12
E

miss
T energy scale -0.89 0.02 -1.35 0.29

Muon momentum scale -0.48 -0.66 -0.59 -0.44
Jet energy resolution (NP1) 0.59 -0.59 0.21 -0.21
Muon ID track resolution -0.54 -0.59 -0.50 -0.47
Muon MS track resolution -0.58 -0.55 -0.52 -0.55
Muon momentum scale (bias) -0.57 -0.58 -0.40 -0.43
Muon momentum scale (⇢) -0.58 -0.58 -0.19 -0.19
Jet energy resolution (NP6) 0.54 -0.54 0.36 -0.36
Pileup reweighting 0.21 -0.54 0.29 -0.58
Total 2.56 2.77 2.38 1.89

An additional systematic uncertainty is related to the extrapolation of three-lepton events in
the control region to the two-lepton signal region. For events with two leptons in the signal region
and one lepton that falls just outside the object selection, a small fluctuation might put them in the
control region rather than the signal region. The inefficiency of selecting the third lepton is used
to estimate this uncertainty. To get this inefficiency, the third lepton has to obey two conditions:
Firstly, it should be a genuine electron or muon which is unreconstructed or misidentified, and
secondly, it must be within the detector volume of the ATLAS Inner Detector, as dictated by the
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Table 5.17: The ten fractional, experimental, systematic uncertainties with the highest impact (up
or down) on the transfer factor in the VBF-like 3` control region, that requires 2 jets. Uncertainties
are shown separately for the e

+
e
� and µ

+
µ
� channels. The variation shown is determined by the

variation in the WZ transfer factor. The last row shows the total uncertainty, taken from the
quadratic sum of all sources, including those outside the top ten shown here.

Systematic Uncertainty e
+
e
� channel µ

+
µ
� channel

up (%) down (%) up (%) down (%)
Jet energy resolution (NP1) 12.94 -12.94 3.58 -3.58
Jet energy resolution (NP5) 5.64 -5.64 5.30 -5.30
Jet pileup (µ) 5.53 0.70 2.68 -4.93
Jet flavor (composition) -1.26 5.38 12.24 -9.19
Jet energy resolution (data vs MC) 4.97 -4.97 3.15 -3.15
Jet energy resolution (NP2) 4.12 -4.12 2.83 -2.83
Jet flavor (response) 0.64 3.81 -3.98 5.78
Jet energy resolution (NP3) 3.77 -3.77 2.15 -2.15
Jet pileup (pT ) -0.60 3.55 0.49 -2.25
Jet pileup (NPV) 2.38 -2.11 2.39 1.08
Total 18.17 18.76 22.31 20.66

object selection criteria. The calculation of the inefficiency scale factor is given by:

SF =
1� ✏

data

1� ✏MC
, (5.9)

where ✏data(✏MC) refers to the selection efficiency in data (simulation). The inefficiency scale factor
can be seen as the reverse of the lepton efficiency scale factor, which is defined as ✏data

/✏
MC. The

inefficiency scale factor of 1.6% is added as an additional systematic to the expected WZ yields
in the signal region.

Taking into account the systematic uncertainties, the signal region WZ yield in the ggF region
after applying the scale factor is found to be 412.30 ± 4.91 (stat) ± 15.71 (syst) for the e

+
e
�

region and 454.14 ± 5.38 (stat) ± 14.38 (syst) in the µ
+
µ
� region. The new yields in the VBF

region are 2.47 ± (stat) 0.22 ± 0.51 (syst) for e+e� and 2.60 ± 0.22 (stat) ± 0.64 (syst) for µ+
µ
�.

5.2.4 The non-resonant `` background
Even in the absence of a Z-boson, there are processes that can mimic the `+`�⌫⌫̄ signature with
two same-flavor, opposite sign leptons and large E

miss
T . For such a process to end up in the signal

region, two otherwise unrelated leptons have to reconstruct to the invariant mass of a Z-boson.
The resulting backgrounds are grouped together as non-resonant `+`� backgrounds and account
for circa 5% of the backgrounds in the analysis. These are contributions from WW (mostly from
qq ! WW decays, with a very small fraction of gg ! WW decays), tt̄, Wt/Wt̄, single (anti-)top
and Z ! ⌧

+
⌧
� processes. Figure 5.10 shows the Feynman diagrams of the largest contributions:

the tt̄, WW and Wt processes. The contributions from single top and Z ! ⌧
+
⌧
� decays are

negligible. The Z ! ⌧
+
⌧
� events are considered as non-resonant `+`� backgrounds, even though

they have an actual Z-boson decay. This contribution consists of a Z-boson that produces two ⌧ -
leptons that decay leptonically, producing two leptons which are combined to give a non-resonant
`
+
`
� background.
The normalization of the non-resonant `+`� backgrounds is estimated using an eµ control

region. These backgrounds decay in the ee : µµ : eµ channels in the ratio 1 : 1 : 2, because of
the degeneracy in the eµ channel. Since there are few other processes that produce eµ pairs, a
very pure eµ control region can be defined to check the normalization factor of these backgrounds,
similar to the 3` control region for WZ processes that was described already in Section 5.2.3. The
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Figure 5.10: Leading-order Feynman diagrams for non-resonant `+`� processes that contribute
most to the eµ control region: the tt̄ (left), WW (middle) and Wt (right) processes.

event selection in this control region is almost the same as that of the signal region, and the only
exception is the lepton pair. Where the signal region demands same flavor leptons, the eµ control
region has a different flavor pair (an eµ pair), as shown in Table 5.18. Like the signal region, the
eµ control region is also split in a ggF and a VBF category. An important thing to note here
is that to increase the statistics in the VBF eµ control region the selection criteria on the di-jet
invariant mass and opening angle, that are applied in the signal region, are not applied in the eµ

control region. The category split is therefore only based on the number of jets, where the ggF
region has events with no jets or one jet. The VBF region has events with two or more jets. Table
5.19 shows the yields of the non-resonant `+`� processes in both the signal region and the eµ

control region. The dominant contribution in all regions comes from the tt̄ process. As expected,
the yields in the signal region (e+e� + µ

+
µ
� events) are comparable to the eµ event yields in the

eµ control region for ggF.

Table 5.18: Event selection criteria that define the eµ control region. This selection is the same
as the signal region selection, except for the two opposite-flavor, opposite-sign leptons.

eµ control region Selection

Two opposite-flavor, opposite-sign leptons, with pT > 30, 20 GeV
Veto on any additional lepton

76 < Meµ < 106 GeV
E

miss
T > 120 GeV
�Reµ < 1.8

��(eµ , E
miss
T ) > 2.5

��
�
jet(pT > 100GeV ) , Emiss

T

�
> 0.4

E
miss
T -significance > 10

b-jet veto

Scaling the eµ yield in the signal region

Figure 5.11 shows the distributions of the transverse ZZ mass in the eµ control region. The
comparison between observed data and prediction is used to renormalize the non-resonant `+`�
backgrounds. The simulation is consistent with the observed data within the statistical uncertainty,
which is consistent with a scale factor of unity. The yields before rescaling are 64.60 (76.56)
expected events in the e

+
e
� (µ+

µ
�) channel. Given the ratio of the observed data and the

prediction, it is expected that the rescaling will not change these yields by much. The statistics
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Table 5.19: Expected yield in the ggF and VBF categories for non-resonant `+`� process. It is
expected that the yield in the ggF category is approximately equal between the signal region (SR)
and the control region (CR). In all regions, the tt̄ background is dominant.

eµ process ggF SR ggF eµCR VBF SR VBF eµCR
tt̄ 80.74 72.53 0.47 17.42

WW 37.87 38.19 0.15 2.79
Wt 22.00 20.53 < 0.01 3.21

Single top and Z ! ⌧
+
⌧
� < 0.01 0.06 < 0.01 < 0.01

are low compared to the 3` control region, with several bins that have less than 0.1 expected
events. This is especially noticeable for the large transverse ZZ mass region, where few data
events are expected. The low event yield gives a non-negligible statistical uncertainty on the scale
factor that is derived in the eµ control region. To compute the contribution of the non-resonant
`
+
`
� backgrounds in the e

+
e
� and µ

+
µ
� signal regions, the difference between electron and muon

reconstruction efficiency is taken into account. This efficiency is given by the following formula:

✏
2 =

Nee

Nµµ
, (5.10)

where Nee and Nµµ are respectively the number of e+e� and µ
+
µ
� events with an invariant mass

compatible with that of the Z-boson. With this definition, the number of eµ background events
in the signal regions is obtained as:

N
eµ
SRee =

1

2
⇥ ✏⇥ (Ndata

eµ �N
other

sub
), (5.11)

N
eµ
SRµµ =

1

2
⇥

1

✏
⇥ (Ndata

eµ �N
other

sub
), (5.12)

where N
data
eµ is the number of eµ data events in the eµ control region, and N

other

sub
is defined as the

non-tt̄/WW/Wt/Z ! ⌧⌧ background, subtracted using data-driven estimates where available, or
simulations where these are not available. Most of the contributions with a Z-boson are removed
by the opposite flavor leptons requirement, so the eµ control region is very pure in non-resonant
`
+
`
�, the actual contamination with other backgrounds is below 3%.

Figure 5.11: Comparison of observed data and prediction in the eµ control region for the trans-
verse ZZ mass (mZZ

T ) distributions for the ggF (left) and VBF (right) regions. The statistical
uncertainty is included in the uncertainty band of the plots. The ‘other’ category includes all
backgrounds that cannot be classified as non-resonant `+`�.
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Systematic uncertainties on the non-resonant `+`� estimate

To find the systematic uncertainty in the eµ control region the reconstruction efficiency is compared
between observed and predicted events, in bins of ⌘ and pT of the leptons. A systematic uncertainty
of 2% on the number of signal region events was found. With the normalization of the eµ control
region applied, the contribution of non-resonant `+`� backgrounds in the signal region is scaled
to 66.96 ± 6.13 in the ee channel and to 77.89 ± 6.63 in the µ

+
µ
� channel. This uncertainty

includes both the statistical and systematic uncertainties.
For VBF, a transfer factor is used to estimate the uncertainties, similar to the procedure in

the 3` control region. This method finds a large systematic uncertainty of about 60% in the VBF
region and a transfer factor of 0.025 ± 0.007(stat)+0.016

�0.013(syst). The resulting yields in the VBF
signal region of non-resonant `+`� are scaled down to 0.23 ± 0.16 in ee and 0.27 ± 0.18 in µ

+
µ
�.

5.2.5 The Z+jets background
Background events in the `+`�⌫⌫̄ analysis also comes from a Z-boson produced in association
with one or more jets. When the Z-boson decays to leptons and the jets are misreconstructed as
large E

miss
T , these events have the same event topology as the signal events. Figure 5.12 shows

a leading-order diagram of production of Z+jets at the LHC. Despite the large cross-section of
the Z+jets process in the LHC (at pre-selection level this analysis is > 99% Z+jets events), this
process only contributes about 5% of the events in the signal region. This is mainly owing to
the high E

miss
T -significance cut that specifically targets events with fake E

miss
T , with additional

reductions from the two requirements on the opening angle, �.

Figure 5.12: Example diagram of an event with a Z-boson produced in association with a jet. The
jet is marked in red to illustrate it is misreconstructed as E

miss
T . The resulting topology matches

that of the `+`�⌫⌫̄ signal.

The modeling of misreconstructed E
miss
T depends strongly on the correct modeling of pile-up

interactions, the jet energy response and the track reconstruction. To reduce this dependency, a
dedicated control region is designed for the Z+jets background, using a 1-dimensional sideband
method. In the method, a selection criterion in the event selection is reversed, such that a control
region orthogonal to the signal region is created for the Z+jets backgrounds. The Emiss

T -significance
criterion is used for this, since this has a good separation of Z+jets and diboson events. As with
the previously discussed control regions, the recorded and simulated data are compared in the
control region, and the simulation is scaled to the recorded data. This data-driven scale factor is
then also applied to the Z+jets event yield in the signal region.

In the signal region, events with E
miss
T -significance above ten are selected. In the control

region, this is flipped to select events with E
miss
T -significance below nine. The selection below nine

(instead of ten) was chosen to provide a region that is very pure in Z+jets events, as well as
to allow potential lowering of the E

miss
T -significance cut in the signal region. To further improve

the statistics in the sideband, the ��(jet, Emiss
T ) requirement is dropped for the control region.

The resulting event selection criteria for the Z+jets control region are summarized in Table 5.20.
Figure 5.13 shows the E

miss
T -significance of the events that pass the signal region without the ��

requirement. The low E
miss
T -significance region is used to estimate the Z+jets background, while

events in the high E
miss
T -significance region are backgrounds in the signal region if they pass the
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��(jet, Emiss
T ) requirement. The sideband region in the e

+
e
� channel has a Z+jets purity of 64%,

in the µ
+
µ
� channel this is 80%.

Table 5.20: Event selection criteria that define the Z+jets control region. This selection is very
similar to that of the signal region, but the E

miss
T -significance selection criterion is changed, and

the ��(jet, Emiss
T ) requirement is dropped.

Z+jets Control region Selection

Two opposite-flavor, opposite-sign leptons, with pT > 30, 20 GeV
Veto on any additional lepton

76 < M`` < 106 GeV
E

miss
T > 120 GeV
�R`` < 1.8

��(Z-boson ,Emiss
T ) > 2.5

E
miss
T -significance < 9

b-jet veto

Figure 5.13: Simulated distribution of the E
miss
T -significance of processes in the Z+jets control

region for ggF (left) and VBF (right). The Emiss
T -significance region given by selecting events below

nine, indicated by the arrow pointing to the left, is used to estimate the Z+jets background. The
events in the region with E

miss
T -significance above ten, given by the arrow pointing to the right,

are backgrounds in the signal region if they pass the ��(jet, Emiss
T ) requirement.

The number of Z+jets events in the signal region is estimated as

N
est

SR
= (Ndata

CR
�N

MC, non-Z+jets

CR
)⇥

N
MC

SR

N
MC

CR

. (5.13)

Here, Ndata

CR
is the number of observed data events in the sideband region, Nnon-Z+jets

CR
is the

number of MC events from non-Z+jets processes in the sideband region, NMC

SR
is the number of

MC Z+jets events in the signal region and N
MC

CR
is the number of simulated Z+jets events in the

control region. The number of Z+jets events in the signal region is scaled from 46.24 in the e
+
e
�

region and 58.16 in the µ
+
µ
� region to 40.31 in e

+
e
� and 56.00 in µ

+
µ
�.

Table 5.21 shows the yields in the various regions. The systematic uncertainty is evaluated using
a transfer factor (NMC

SR
/NMC

CR
), as described in the section on the 3` control region. Because the

Z+jets events only contribute approximately 5% of events in the signal region, a single systematic
uncertainty has been applied. This uncertainty is calculated by taking the quadratic sum of all
the experimental and theoretical sources. In total, the impact of the systematic is about 40%.
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Dominant uncertainties come from uncertainties related to jet reconstruction (38% for e
+
e
� and

30% for µ
+
µ
�) and E

miss
T (12% for e

+
e
� and 17% for µ

+
µ
�).

Table 5.21: Yields used for the Z+jets control region. The first column gives the expected yields
from Z+jets processes in the signal region. The second column shows the number of data events
in the control region. Here the MC prediction has been used to subtract the non-Z+jets contri-
butions. The last column shows the number of events in the signal region when scaled with the
scale factor from the control region.

Channel N
MC
SR N

Data, sub
CR N

scaled
SR

ggF e
+
e
� 46 ± 4 403 ± 25 40 ± 5 (stat) ±

14
13 (syst)

ggF µ
+
µ
� 59 ± 8 1255 ± 40 56 ± 8 (stat) ±

22
25 (syst)

The VBF category

For the Z+jets estimate in the VBF category, only a very limited number of events is available,
even when looking at raw simulation events only 19 events are selected. Hence, the sideband region
is not split into e

+
e
� and a µ

+
µ
� categories like the ggF category. If this split was implemented,

a negative event yield is found in the electron channel, due to a combination of the low statistics
and large negative weights. Instead, the events are scaled to an inclusive scale factor. Table 5.22
shows these yields for the VBF category. The Z+jets yield in the VBF signal region scales to 0.21
± 0.13(stat) ± 0.17(syst) in the e

+
e
� region and to 0.32 ± 0.20(stat) ± 0.25(syst) in the µ

+
µ
�

region.

Table 5.22: Yields used for the Z+jets control region in the VBF category. Since the yields for
Z+jets in the VBF category is very low, the VBF sidebands are evaluated in the sum of the yields
e
+
e
� +µ

+
µ
�. The first column shows the expected yields from Z+jets processes in the signal

region, the second shows the number of data events in the control region. Here the prediction
has been used to subtract the non-Z+jets contributions. The third column shows the number of
events in the signal region when scaled with the scale factor from the control region.

Channel N
MC
SR N

Data, sub
CR N

scaled
SR

VBF e
+
e
�

0.65 ± 0.36 70.73 ± 10.43
0.21 ± 0.13(stat) ± 0.17(syst)

VBF µ
+
µ
� 0.32 ± 0.20(stat) ± 0.25(syst)

5.2.6 Other backgrounds
A small contribution to the signal region comes from backgrounds that do not have an associated
control region. Because the contribution is so small, a dedicated control region will not improve
the final measurement significantly. Instead, they are estimated using the simulated data directly.
Two processes are evaluated in this ‘other backgrounds’ category: tt̄V(V) and VVV. Here, V can
be either a Z- or a W -boson. Both processes have a very small production cross-section and
are further suppressed by the event selection. Table 5.23 shows the expected yields in the signal
region. The largest contribution is from the WZZ ! 3`3⌫ decay for the ggF category and the
tt̄Z ! tt̄ee decay for the VBF category. In total, the backgrounds in this category add up to less
than 1% of the events in the signal region.
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Table 5.23: Expected yields in the signal region from backgrounds in the ‘other’ category, consisting
of tt̄V(V) and VVV processes.

tt̄V(V) + VVV yields
category e

+
e
�

µ
+
µ
�

ggF 5.9 ± 0.1 ± 0.5 5.9 ± 0.1 ± 0.5
VBF 0.08 ± 0.02 ± 0.03 0.04 ± 0.01 ± 0.02

5.2.7 Overview of background estimates
In this section the various backgrounds in the `+`�⌫⌫̄ analysis are discussed. For the WZ, the non-
resonant `+`� and the Z+jets backgrounds a data driven estimate of the yield in the signal region is
determined using dedicated control regions. The yields for the various background processes before
and after applying the data driven scale factors are shown in Table 5.24 for the ggF category and
Table 5.25 for the VBF category. For each background the statistical and systematic uncertainties
on the yields have been determined. Together, the background estimates shown here are the
expected backgrounds in the `+`�⌫⌫̄ heavy Higgs boson search.

Table 5.24: The observed and expected yields in e
+
e
� and µ

+
µ
� signal regions after the full ggF

event selections. Both the prediction based on MC simulation and the data-driven estimate (where
available) are shown. The uncertainties represent the statistical and systematic uncertainties,
respectively.

ggF e
+
e
� channel ggF µ

+
µ
� channel

MC only Data-driven MC only Data-driven
qq ! ZZ 676.49 ± 88.85 ± 22.13 - 774.19 ± 89.47 ± 25.00 -
gg ! ZZ 81.37± 80.74 ± 83.17 - 90.39 ± 80.77 ± 83.60 -
WZ 384.37 ± 84.31 ± 16.36 412.30 ± 84.91 ± 15.71 422.24 ± 84.79 ± 19.40 454.14 ± 85.38 ± 14.38
Z+jets 46.24 ± 84.00 ± 14.78 40.31 ± 85.38 ± 14.00 58.16 ± 87.89 ± 27.23 56.00 ± 87.83 ± 25.00
non-resonant `+`� 64.25 ± 82.12 ± 83.51 66.96 ± 85.69 ± 81.36 76.30 ± 82.61 ± 82.93 77.89 ± 86.63 ± 81.58
Other 5.87 ± 80.13 ± 80.53 - 5.88 ± 80.13 ± 80.49 -
Total 1258.59 ± 10.86 ± 31.60 1283.30 ± 12.82 ± 30.74 1427.16 ± 13.50 ± 42.01 1458.49 ± 14.89 ± 38.37
Data 1323 1542

Table 5.25: The observed and expected yields in e
+
e
� and µ

+
µ
� signal regions after the full VBF

event selections. Both the prediction based on MC simulation and the data-driven estimate (where
available) are shown. The uncertainties represent the statistical and systematic uncertainties,
respectively.

VBF e
+
e
� channel VBF µ

+
µ
� channel

MC only Data-driven MC only Data-driven
qq ! ZZ 3.44 ± 0.44 ± 1.08 - 4.00 ± 0.42 ± 1.13 -
gg ! ZZ 0.85 ± 0.08 ± 0.16 - 0.79 ± 0.07 ± 0.25 -
WZ 2.83 ± 0.25 ± 0.63 2.47 ± 0.22 ± 0.51 3.13 ± 0.27 ± 0.88 82.60 ± 0.22 ± 0.64
Z+jets 0.02 ± 0.03 ± 1.71 0.21 ± 0.13 ± 0.17 0.67 ± 0.36 ± 1.08 80.32 ± 0.20 ± 0.25
non-resonant `+`� 0.35 ± 0.12 ± 0.09 0.25 ± 0.06 ± 0.17 0.26 ± 0.11 ± 0.07 80.43 ± 0.14 ± 0.19
Other 0.08 ± 0.02 ± 0.03 - 0.04 ± 0.01 ± 0.02 -
Total 7.59 ± 0.53 ± 2.13 7.89 ± 0.56 ± 1.31 88.89 ± 0.63 ± 1.81 8.04 ± 0.52 ± 1.36
Data 8 10



112 CHAPTER 5. HIGH MASS HIGGS BOSON SEARCH

5.3 Fit and results
The goal of this analysis is to search for evidence for the production of a heavy Higgs boson.
For this search, the transverse ZZ mass distribution in the signal region mass range (300 GeV to
3 TeV) is studied and compared to the prediction from simulations. This section describes the
methods used to test the heavy Higgs boson hypothesis. As discussed earlier in this chapter, the
prediction of the backgrounds is taken from the simulation and validated in control regions. The
number of signal events that are expected depend on various assumptions on the properties of the
hypothesized heavy Higgs boson, such as the production cross-section and the coupling strength
to other particles. For this analysis, it is always assumed the heavy Higgs boson couples to the
Z-boson, since it is measured in the H ! ZZ ! `

+
`
�
⌫⌫̄ channel. The expected yield of the signal

can be expressed in terms of this cross-section (�), the branching ratio (BR) of the heavy Higgs
boson to ZZ, the acceptance of the signal (A), and the luminosity (L):

s = L · �H ·BR(H ! ZZ) ·BR(ZZ ! `
+
`
�
⌫⌫̄) ·AH = L · µ ·BR(ZZ ! `

+
`
�
⌫⌫̄) ·AH . (5.14)

The quantity µ = �H · BR(H ! ZZ) is the so called parameter of interest in this analysis and
is the quantity that will be measured in an observation of the heavy Higgs boson. The other
properties that the yields depend on are known: the acceptance of the signal is determined using
simulations, while the BR(ZZ ! `

+
`
�
⌫⌫̄) and the luminosity are quantities known from other

measurements [10, 58]. Splitting off the branching ratio BR(ZZ ! `
+
`
�
⌫⌫̄) makes it easier to

combine results from the `+`�⌫⌫̄ and `+`�`+`� analyses, since each channel then probes the same
parameter of interest.

5.3.1 Statistical interpretation
The statistical interpretation of the observed and simulated data quantifies the compatibility
between the two. Central in this interpretation is the likelihood method, which describes how
likely it is to observe a given dataset, assuming a specific hypothesis. For a given hypothesis ↵,
with an expected average yield �↵, the likelihood of observing n events can be written as a Poisson
distribution, given by:

L(n|�↵) = Poisson(n,�↵) =
�
n
↵

n!
e
��↵ . (5.15)

The number of expected events is determined by the simulation of the signal (s), that depends on
the parameter of interest according to equation (5.14), and on the background (b). Most of the
expected background yield is determined by the various control regions, but, as mentioned before,
for the ZZ background (bZZ) a floating normalization is implemented. The normalization has its
own parameter of interest, called µZZ . The total expected average yield is then given by:

�↵ = s(µ) + b(µZZ) = s(µ) + µZZ · bZZ + bother. (5.16)

To improve the sensitivity of the measurement, more information than just the total yield is
included in the likelihood. The analysis uses the transverse ZZ mass (mZZ

T ), shown before in
equation (5.1) as an observable. The data, both expected and observed, is binned in terms of
m

ZZ
T and a likelihood is computed using equation (5.15) for each bin. The total likelihood is given

by taking the product of the likelihood for all bins. This way, the difference between the shapes of
the m

ZZ
T distribution for a heavy Higgs boson and the background is also used to look for evidence

of a heavy Higgs boson in the data. The total likelihood is then given in the following equation:

L (n|s(µ) + b(µZZ))total =
nbinsY

i

Poisson (ni, si(µ) + bi(µZZ)) . (5.17)

Note that, for the heavy Higgs boson search, the Standard Model is described by the scenario
where µ = 0, and s(µ = 0) = 0.
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Interference in the large-width Higgs boson search

As described before, the width of the heavy Higgs boson is an unknown quantity, and with a
large width heavy Higgs boson, there will be interference effects with ZZ events from the SM
backgrounds. So far in this section, a narrow width approximation (NWA) for the heavy Higgs
boson has been assumed, but there are also models with a large width assumption (LWA) for
the heavy Higgs boson, where the width is of the order of GeVs, or higher. Under the LWA, the
expected yield, as given in equation (5.16) needs an extra term for the interference (I). In this
case, the number of expected events is given by:

�↵ = s(µ, I(µ)) + bZZ(µZZ) + bother. (5.18)

A problem arises, as the signal and the interference both depend on the parameter of interest.
The parameter of interest is defined as �H · BR(H ! ZZ) and the cross-sections (�H) are not
equal for the signal and the interference. To parametrize the expected yield under the LWA and
take the interference into account, the parameter of interest needs to be redefined. The parameter
of interest altered to the ratio between the production cross-section of the heavy Higgs boson and
its predicted value:

µ =
�H

�
predicted
H

. (5.19)

This parameter of interest is similar to the µ that is described in Section 2.4, which is used in
the off-shell analysis in Chapter 6. As discussed there, the predicted Higgs boson signal now scales
with the parameter of interest, µ, while the predicted interference scales with p

µ. This allows to
parametrize the expected signal yield as:

s(µ, I) = µ · S +
p
µ · I, (5.20)

where capital S gives the expected yield of the signal, without interference, and capital I gives
the expected yield of the interference.

Systematic uncertainties on the likelihood

Several sources of systematic uncertainties affect the measurement, as is described in more detail
in Section 5.2.1. The systematic uncertainties are included in the likelihood estimate as additional
nuisance parameters. Such parameters will always lead to a less precise estimate of the expected
yields. Each nuisance parameter corresponds to an additional term in the likelihood expression.
They are expressed as a unit Gaussian around its best-fit value (✓0). The +1� and -1� bands of the
Gaussian are referred to as the up and down variation of the systematic uncertainties associated
with the nuisance parameter. Writing the total set of nuisance parameters (NPs) as ~✓, the total
likelihood is defined as:

L(n|�) =
nbinsY

i

Poisson(ni,�(µ, µZZ ,
~✓)) ·

nNPsY

j

Gauss(✓j |✓0, 1). (5.21)

The test statistic

The heavy Higgs boson search uses the calculated likelihood to test whether a hypothesis, for
example a heavy Higgs boson, is preferred over another, such as a background-only hypothesis.
For each heavy Higgs boson hypothesis, with varying cross-section, mass and width assumptions, a
test statistic is defined that is used to test a specific hypothesis versus the data. The test statistic
is designed to tell in a single number whether the observation is more like the background-only
hypothesis, or more like the signal+background hypothesis, while also taking into account the
nuisance parameters. The analyses in this thesis use a profile likelihood method [118], where the
test statistic is defined by a likelihood ratio:
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qµ = �2 ln
L(µ,

bb~✓(µ))

L(bµ,b~✓)
. (5.22)

As there are a couple of new symbols to explain, the following will go through the equation step by
step. Looking at the denominator first, where bµ, and b~✓ are the unconditional maximum-likelihood

estimates of the parameter of interest, µ, and the set of nuisance parameters, ~✓, respectively. In
other words, these quantities give the values of µ and ~✓ that maximize the likelihood, L, for the
observed dataset. Therefore, the denominator is entirely defined by the observed data, this is in
contrast to the numerator, which is defined by the heavy Higgs boson hypothesis (i.e., the value
of µ) that is tested. Note that for each value of µ a different test statistic is defined. The last

symbol,
bb~✓(µ), is the conditional maximum-likelihood estimate of ~✓, as a function of the parameter

of interest, µ, meaning it describes the values of the set of nuisance parameters that maximize the
likelihood with respect to the specific hypothesis that gives the value of µ. The likelihood ratio
will have a low value for a hypothesis that matches the dataset closely, reaching its minimum at
zero, when the likelihoods given by the hypothesis (numerator) and the observation (denominator)
are exactly equal.

The test statistic is used to quantify whether the observed dataset is expected under a given
hypothesis. To claim a discovery, the dataset needs to be significantly incompatible with the
background-only hypothesis, such that there is almost no chance to observe the data given the
background-only hypothesis. If this is not the case, the test statistic is used to test the heavy
Higgs boson hypotheses with varying parameter of interest, µ, to set a limit on the cross-section.
Both scenarios are discussed in more detail in the following.

Testing the background-only hypothesis: Claiming a discovery

A claim for observation of a heavy Higgs boson can only be made if the data is incompatible with
the background-only hypothesis. The compatibility of a given observation with the background-
only hypothesis is given by the confidence level of the background (CLb). Assuming a test statistic
that increases for more signal-like hypotheses (and decreases for more background-like hypotheses)
and assuming observed data that corresponds to a test statistic q

obs
µ , the CLb is defined by the

following:

CLb =

Z qobsµ

�1
fb(qµ)dqµ, (5.23)

where fb is the probability density function (p.d.f.) of the background-only hypothesis. The CLb

defines the chance to observe q
obs
µ , or lower, under the assumption the background-only hypothesis

is true.
To claim a discovery, the background-only hypothesis needs to be rejected. To do this, the

incompatibility with the background-only hypothesis is used, given by 1� CLb. This incompati-
bility, also called the p-value, defines the chance to observe q

obs
µ , or higher, under the assumption

the background-only hypothesis is true. The p-value is given by:

p-value = 1� CLb =

Z 1

qobsµ

fb(qµ)dqµ. (5.24)

A claim that the data is incompatible with the background-only hypothesis requires a very low
p-value. In high-energy physics analyses, the background-only hypothesis is rejected when the
p-value is below 2.87 · 10�7, which corresponds to 5�.

As described later in this section, the background-only hypothesis cannot be rejected in the
`
+
`
�
⌫⌫̄ heavy Higgs boson search. In this case, another question has to be answered: Can the

heavy Higgs boson hypothesis be rejected? This scenario is discussed in the following.
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Testing the heavy Higgs boson hypothesis: Setting a limit

When the background-only hypothesis cannot be rejected, this does not automatically mean that
the heavy Higgs boson hypothesis can be rejected. It is possible for a heavy Higgs boson to exist
for which the production cross-section is too low to measure the boson with the current dataset.
Therefore, the aim in this scenario is to find the limit at which the hypothesized cross-section is
just high enough to be able to reject the s+b hypothesis.

When setting an upper limit, it can happen that bµ > µ, where the parameter of interest as
defined by the dataset (bµ) is higher than that of the hypothesis. Based on equation (5.22) it would
be concluded that the dataset does not agree optimally with the hypothesis, as more events are
measured than predicted. When setting a limit, this is changed, such that any observation with
bµ > µ will be treated as fully compatible with the hypothesis. This gives a boundary on the
likelihood at bµ > µ, and the likelihood is redefined as:

qµ =

8
<

:
�2 ln L(µ,

bb~✓(µ))
L(bµ,b~✓)

bµ  µ

0 bµ > µ

. (5.25)

To find the upper limit, the value of the parameter of interest, µ, where the hypothesis starts to
be incompatible with data needs to be computed. Looking at the parameter of interest defined in
equation (5.14), this means the cross-section of the heavy Higgs boson needs to be just low enough
that no significant excess of events is expected. Similar to the background-only hypothesis, the
confidence level for the s+b hypothesis (CLs+b) is found by integrating over the relevant p.d.f.:

CLs+b =

Z qobsµ

�1
fs+b(qµ)dqµ. (5.26)

In high-energy physics analyses, the upper limit is chosen to be at the value of the parameter of
interest that excludes a signal + background hypothesis at 95% CL. This corresponds to a 5%
chance to observe q

obs
µ , or less, under the assumption the s+b hypothesis is true.

CLs method

Ideally, the probability density functions for background and signal+background are well sepa-
rated. In fact, this is the aim of the event selection described before, to find a region where the two
are well separated. In the case that the background and signal+background are not separated,
for example due to very low statistics or a background that looks like the signal, the two distribu-
tions will start to overlap. In the most extreme case, where background and signal+background
have exactly the same distribution, looking purely at the statistics, it is expected the signal will
be excluded in 5% of the measurements. Of course, excluding the signal in an experiment with
no separation power between signal and background is not a desired outcome. To prevent these
situations, a method named the modified frequentist method [119] is used. In this method, the
confidence level for the signal-only (CLs) is modified, and defined as:

CLs =
CLs+b

CLb
. (5.27)

The CLs method makes it possible to get sensible exclusion limits in an environment where the
separation between signal and background is bad. Limits found with the CLs method will always
give more conservative results, compared to the base CL approach. The signal is then excluded
at the confidence level CL when the following is true:

1� CLs  CL. (5.28)

The limits in this thesis are presented using the CLs method, at 95% CL.
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5.3.2 Systematic uncertainties on the signal modelling
In the search for a heavy Higgs boson it is necessary to understand the systematic uncertainty on
the modelling of the production of heavy Higgs boson signals. As shown in equation (5.14), the
signal yield depends on the acceptance of the Higgs boson signal and on the parameter of interest
of this analysis, the production cross-section. To show the impact of the uncertainties in the signal
modelling on the limit of the production cross-section, the systematic uncertainties are ranked by
their impact on the signal acceptance. This is similar to the ranking of the impact on the yield
for the various backgrounds, that was shown in Section 5.2. In addition, the impact of the shape
of the transverse ZZ mass distribution of the signals was investigated. The impact of this shape
was found to be negligible in this analysis.

Impact of experimental uncertainties on the signal modelling

The impact on the acceptance is estimated for each mass point separately. Rather than showing
each of these mass points, the 600 GeV mass is taken here as an example to show the impact
of the systematic uncertainties. For this mass point, there are three different models that are
investigated, as the heavy Higgs boson is either large width or narrow width, and for the narrow
width approximation both the ggF and VBF production mode are investigated. For the signal
modelling, the same set of systematic uncertainties is investigated as is used for the backgrounds,
described in Section 5.2.1. Again, the uncertainties are split in systematic uncertainties from
experimental and from theoretical sources.

Table 5.26 shows the five experimental uncertainties that have the largest impact on the accep-
tance for the three heavy Higgs boson models. For the ggF production mode, the most impactful
uncertainties are comparable to what is shown for the ZZ backgrounds in Section 5.2.2. For
the narrow and large width models, the same uncertainties have the largest impact on the signal
modelling. For the VBF production mode, the uncertainties are slightly larger, and the jet related
uncertainties have a higher impact, which is expected, as the VBF production channel includes
two final-state jets. For all models, the uncertainty on the jet flavor composition has the largest
impact, this is thought to be because of a recoil effect where the uncertainty in jet energy affects
the E

miss
T . The impact of the experimental uncertainties is not higher than a few percent for any

of the various signal models tested.

Impact of theoretical uncertainties on the signal modelling

Table 5.27 shows the theoretical uncertainties; i.e., the uncertainties related to the variation in the
PDF, QCD scale and parton shower. While the experimental uncertainties are compatible to the
uncertainties found for the ZZ background, the theoretical uncertainties are significantly lower.
For all theoretical uncertainties on the signal modelling the impact is around 1%.

Since the impact of both the experimental and theoretical uncertainties discussed here are of
the order of a few percent, it is not expected that they are a limiting factor in this analysis.
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Table 5.26: Overview of the five experimental uncertainties that have the largest impact on the
acceptance of a heavy Higgs boson signal with a mass of mH = 600 GeV in the ggF production
mode, for narrow (a) and large (b) width and for the VBF production mode (c). The last row
shows the total uncertainty, taken from the quadratic sum of all experimental sources, including
those outside the ranking shown here.

a. Narrow width ggF production.

impact in the e
+
e
� channel impact in the µ

+
µ
� channel

Systematic uncertainty down(%) up(%) Systematic uncertainty down(%) up(%)
Jet flavor (composition) 1.22 -1.37 Jet flavor (composition) 1.26 -1.31
Electron identification efficiency (NP8) -0.34 0.98 Muon reconstruction efficiency (sys) -0.58 1.24
Jet energy scale (⌘ calibration) 0.66 -0.80 Jet energy scale (⌘ calibration) 0.72 -0.77
Jet pileup (µ) 0.57 -0.79 Jet pileup (µ) 0.57 -0.73
Pileup reweighting 0.78 -0.17 Muon isolation efficiency (sys) -0.08 0.72
Total 3.12 3.56 Total 3.12 3.50

b. Large width ggF production, where the width is 15% of the mass.

impact in the e
+
e
� channel impact in the µ

+
µ
� channel

Systematic uncertainty down(%) up(%) Systematic uncertainty down(%) up(%)
Jet flavor (composition) 1.42 -1.5 Jet flavor (composition) 1.39 -1.48
Electron identification efficiency (NP8) -0.31 1.05 Muon reconstruction efficiency (sys) -0.56 1.30
Jet energy scale (⌘ calibration) 0.83 -0.87 Jet energy scale (⌘ calibration) 0.79 -0.85
Pileup reweighting 0.83 -0.16 Jet pileup (µ) 0.63 -0.78
Jet pileup (⇢ topology) 0.75 -0.79 Muon isolation efficiency (sys) -0.04 0.77
Total 3.52 3.96 Total 3.52 3.92

c. Narrow width VBF production.

impact in the e
+
e
� channel impact in the µ

+
µ
� channel

Systematic uncertainty down(%) up(%) Systematic uncertainty down(%) up(%)
Jet flavor (composition) -2.21 2.04 Jet flavor (composition) -2.64 2.04
Jet energy scale (⌘ calibration) -1.69 1.74 Jet energy scale (⌘ calibration) -1.92 1.85
Jet pileup (µ) -0.88 1.12 Jet pileup (⇢ topology) -1.51 1.29
Electron identification efficiency (NP8) -0.32 1.09 Muon reconstruction efficiency (sys) -0.55 1.32
Jet pileup (⇢ topology) -0.90 1.04 Jet pileup (µ) -1.01 0.49
Total 4.31 4.61 Total 4.79 4.61

Table 5.27: Variations on the acceptance of heavy Higgs boson signals with a mass of 600 GeV,
under the narrow width approximation, related to the PDF, QCD scale and parton shower uncer-
tainties. The ggF signal is evaluated in the ggF category and the VBF signal is evaluated in the
VBF category.

PDF QCD Parton Shower
channel e

+
e
� (%) µ

+
µ
� (%) e

+
e
� (%) µ

+
µ
� (%) e

+
e
� (%) µ

+
µ
� (%)

up down up down up down up down up down up down
ggH600 1.26 -1.26 1.27 -1.27 0.29 -0.34 0.30 -0.35 0.12 -0.12 0.15 -0.15
VBF600 0.50 -0.50 0.60 -0.60 0.56 -1.20 0.60 -1.25 0.83 -0.83 0.99 -0.99
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5.3.3 Observed data

This section shows the final distribution of the expected data and compares this to the observed
data in the signal region. Figure 5.14 shows the distribution of the data in the ggF and VBF
categories, compared to the expectation. Note that no events are observed for a transverse ZZ

mass of 1600 GeV or higher in any of the categories. For ggF most events are in the low transverse
mass region, between 300 and 500 GeV. For the VBF category, few events are observed, and one
of the low transverse mass bins does not contain a data event. Still, the total observed yields agree
with the prediction within the uncertainties.
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Figure 5.14: Distribution of the transverse ZZ mass (mZZ
T ) in the ggF and VBF categories for

simulation and observed data. The top plots shows the e
+
e
� and µ

+
µ
� channels for the ggF

category, and the bottom plots show the same channels for the VBF category.
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Normalization of the ZZ background

To find the value for the normalization of the ZZ background, a background-only fit is performed
simultaneously in all categories, with the parameter of interest of the ggF and VBF signal fixed at
zero, but the parameter for the normalization of the ZZ process (µZZ) and the nuisance parameters
kept free. For each background with a corresponding control region, the expectation is normalized
to the scale factor that was derived. The floating ZZ normalization in the background-only fit is
found to be:

µZZ = 1.036± 0.058. (5.29)

This value of the ZZ normalization is compatible with unity. Therefore, the prediction of the ZZ

background given by the SM expectation is compatible with the observed yield. Table 5.28 lists
the yields of the various backgrounds after the fit in the ggF category. The uncertainties are given
by the total set of systematic uncertainties in the analysis. For the backgrounds for which the
normalization is determined using a scale factor, the systematic uncertainties are estimated using
a transfer factor, as described in the background Sections 5.2.3 to 5.2.5. The uncertainty of the
parameter µZZ is propagated to the predictions of the yields for the qqZZ and ggZZ background
processes.

Table 5.28: Post-fit yields in simulation and observed data. The uncertainty on the yields comes
from the total set of systematic uncertainties, both experimental and theoretical in origin.

Process Yields in the ggF region Yields in the VBF region
e
+
e
� channel µ

+
µ
� channel e

+
e
� channel µ

+
µ
� channel

qq ! ZZ 694.86 ± 38.99 795.39 ± 44.63 2.81 ± 0.16 3.35 ± 0.19
gg ! ZZ 86.48 ± 28.11 96.04 ± 31.14 0.90 ± 0.43 0.85 ± 0.37

qqZZjj 6.55 ± 0.50 7.00 ± 0.49 0.80 ± 0.12 0.89 ± 0.10
WZ 399.58 ± 13.47 442.74 ± 12.01 2.36 ± 0.48 2.62 ± 1.32

Z+jets 39.52 ± 12.18 56.53 ± 21.30 0.23 ± 0.20 0.34 ± 0.29
non-resonant `+`� 66.04 ± 5.71 76.82 ± 6.63 0.23 ± 0.16 0.27 ± 0.18

Other 5.86 ± 0.40 5.86 ± 0.35 0.08 ± 0.02 0.04 ± 0.01
Total 1298.89 ± 24.97 1480.38 ± 28.71 7.41 ± 0.76 8.36 ± 1.55
Data 1280 1498 7 9

5.3.4 Impact of systematic uncertainties

The full set of systematic uncertainties, from experimental and theoretical sources, is implemented
in the fit. For each uncertainty, the expected sensitivity of the analysis will decrease, and the
expected limit on the cross-section will increase (i.e., gets worse) as a result. For some systematic
uncertainties, the limit changes by a negligible amount, while for others the impact is significant.
In the final fit, each uncertainty has an associated nuisance parameter, as shown before in equation
(5.21). To estimate the impact of the nuisance parameters, they are ranked according to their
impact on the parameter of interest. An unconditional likelihood fit is performed to find the
best-fit value of each nuisance parameter. In addition, for each uncertainty a conditional fit
is performed where only its associated nuisance parameter is allowed to change, with all other
nuisance parameters set to their best-fit value. The nuisance parameter is then evaluated at its
+1� and -1� value. The difference in the parameter of interest between the variations and the
best-fit value is taken as the ranking criterion for the nuisance parameters. This difference is
normalized to the best-fit value of the parameter of interest. For the narrow width heavy Higgs
boson, this means systematic uncertainties will be evaluated in terms of the cross-section ��/�̂.
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Pulls and constraints

For each nuisance parameter, its predicted central value and its best-fit value are evaluated, as well
as the ±� variations of those values. Looking at the difference of the predicted central value with
respect to the best-fit value over the uncertainty: (✓̂� ✓)/�✓, it is expected that the central value
is at zero, with the variations at +1 and -1. Before the fit, this will be true by construction, as the
nuisance parameters are represented by a unit Gaussian around their central value. If, after the
fit, the nuisance parameter has a non-zero best-fit value, the nuisance parameter is pulled. If the
uncertainty given by the +1 or �1� value is below one, it is constrained. Such pulls or constrains
may indicate a problem in the fit or the nuisance parameters.

Asimov dataset and nuisance parameter ranking

To predict the impact of the nuisance parameters, an Asimov dataset is constructed for the ranking.
This is a dataset that simulates a measurement of the signal + background hypothesis. In this
dataset the maximum-likelihood estimators of the parameter of interest (bµ) and the nuisance
parameters (b~✓) take exactly their predicted nominal value. The backgrounds are all normalized
to their respective control regions, while the normalization of the ZZ background is set to its
expectation value of unity. The expected value of the parameter of interest in the SM is zero,
so to test the signal + background hypothesis, a cross-section has to be chosen as ‘expected’.
In the Asimov dataset, this is set to the expected limit on the cross-section, for each mass point
separately. Signals produced via ggF and VBF are treated separately. Thus, when constructing an
Asimov dataset for a ggF-produced Higgs boson, the parameter of interest for the ggF production
channel for this mass point is set to the expectation value, but the one for the VBF channel will be
zero. Figure 5.15 shows the nuisance parameter ranking and pulls for Asimov data with the 600
and 1000 GeV Higgs boson mass points in the ggF and VBF production channels. The rankings
for the 1000 and 1400 GeV mass Higgs bosons can be found in Appendix B. The impact of the
±1� values of the uncertainties are shown in light blue, and the exact value of the change in the
parameter of interest is written in light blue as well. To compare, the pre-fit impact of the nuisance
parameters is overlaid in orange, and in general there is good agreement between the pre-fit and
post-fit impacts.

Evaluation

No major pulls or constraints are seen in the nuisance parameter ranking. Taking the point with
the 600 GeV ggF-produced heavy Higgs boson as an example, the largest impact comes from
the uncertainty on both the EW and QCD higher order corrections to the qqZZ process2. Two
important points need to be taken into account to understand this. Firstly, the ZZ background
normalization is a free parameter in the fit, and as a result the systematic uncertainties impact
the relative acceptance of the ggZZ and qqZZ processes. For the higher order correction to the
qqZZ process holds that these have no impact on the ggZZ process. So, this relative uncertainty
does not reduce the impact, which is the same as the absolute uncertainty on the qqZZ process.
Secondly, the qqZZ process is the largest background in the analysis, and its NLO effects and
the associated uncertainties are sizable for both QCD and EW correction. With these two points
taken into account, it is reasonable to assume the uncertainties of these corrections will have the
largest effect on the limits.

The largest impact of an experimental uncertainty comes from the uncertainty in the Z+jets
sideband method. This is somewhat expected, as the uncertainties in the method are summed
into one single systematic uncertainty. This results in a large impact of this uncertainty, as it
has about 40% uncertainty in the ggF category. A similar argument can be made for the next
experimental uncertainty in the ranking, which is the statistical uncertainty originating from the
eµ control region, where low statistics are observed. Similarly, low statistics is observed in the
Z+jets sideband, and the statistical uncertainty on that method also appears in the list of the
highest ranking nuisance parameters for the 600 GeV ggF heavy Higgs boson.

2
Remember that the EW uncertainty is actually the uncertainty on how to combine EW and QCD corrections.

See Section 5.2.2
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Figure 5.15: Nuisance parameter ranking and pulls for Asimov data with an inserted signal of
a heavy Higgs boson. The left shows the nuisance parameter ranking for a heavy Higgs boson
with a mass of 600 GeV and the right for one with a mass of 1000 GeV. The top two plots show
the rankings for ggF production, and the bottom two for VBF. The impact of the ±1� values of
the uncertainties are shown in light blue, and the exact value of the change in the parameter of
interest is written in light blue as well. To compare, the pre-fit impact of the nuisance parameters
is overlaid in orange. The black lines give the pulls of the nuisance parameters.
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Correlations

Some of the nuisance parameter evaluated in the limit setting have a correlated effect on the
parameter of interest. The correlations between the various nuisance parameters are shown in the
correlation matrix in Figure 5.16. To find correlations between the searches in the ggF and VBF
production channels, both parameters of interest are kept free in the fit used to make this matrix,
and to present the matrix clearly, only correlations above 0.1 are shown here. The experimental
uncertainties are designed to be orthogonal to each other, and indeed no large correlations are found
between them. However, a large correlation is found between the µZZ and the QCD scale variations
on the ZZ processes. This is not surprising, as the large uncertainty on higher order QCD
correction in the ZZ backgrounds was the original reason to add the floating ZZ normalization.
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Figure 5.16: Correlation matrix when fitting a 600 GeV heavy Higgs boson signal + background
model to S+B Asimov data, where both the parameter of interest for the ggF and the one for the
VBF production mode are free in the fit. Only parameters with correlations above 0.1 are shown.

Impact using the observed dataset

The final step in investigating the impact of the systematic uncertainties is to look at the impact
in the observed dataset. In the actual measurement, the parameter of interest is probably not
found at exactly its expected value. Therefore, the nuisance parameter ranking is reevaluated for
the actual data. The result is shown in Figure 5.17 for the 600 and 1000 GeV mass points in
the ggF and VBF channels. The nuisance parameter ranking does not change much compared to
the one based on the Asimov dataset. But, for each nuisance parameter it can be seen that the
impact is larger than in the Asimov ranking. This is due to the absence of a signal. For the very
small signal yield that was found, the relative impact of the nuisance parameters is larger than
the Asimov set, where a signal was injected. Some pulls are observed for the uncertainties on the
higher order corrections, which is expected given the correlation of these uncertainties and the ZZ

normalization, as shown before.



5.3. FIT AND RESULTS 123

  JET JER EffectiveNP 2

  Lumi

  emu Scale syst

  ZZ Scale Shower

  Shape Pdf qqZZ

  JET Flavor Composition

  Shape Shower PS ggZZ

  JET JER EffectiveNP 1

  Zjets 1Dsb Stat

  Shape QCDscale ggZZ

  ZZ Scale QCD

  emu Scale stat

  Shape QCDscale qqZZ

  Zjets 1Dsb Sys

  qqZZ EW Corr

!")/0! - !(

2# 1# 0 1 2

mu_ggF$/mu_ggF$"

0.4# 0.2# 0 0.2 0.4

$ Postfit Effect on $+1 $ Prefit Effect on $+1

$ Postfit Effect on $-1 $ Prefit Effect on $-1

Pull

ATLAS Internal
%% ll& ZZ &H 

-1 = 13 TeV, 139 fbs

-0.020 -0.018

-0.021 -0.021

 0.022  0.022

-0.030 -0.022

-0.026 -0.027

 0.026  0.036

 0.035  0.032

-0.044 -0.037

 0.047  0.043

 0.055  0.046

-0.074 -0.042

 0.092  0.093

-0.142 -0.083

 0.127  0.118

-0.239 -0.227

 Impact$-1  Impact$+1

a. 600 GeV ggF channel

  Signal Scale Shower

  Shape QCDscale qqZZEWjj

  WZ Scale ThirdLepInEff

  JET JER EffectiveNP 1

  emu Scale stat

  Lumi

  Shape QCDscale ggZZ

  Shape Shower PS ggZZ

  Zjets 1Dsb Stat

  ZZ Scale QCD

  Shape Pdf qqZZ

  Zjets 1Dsb Sys

  Shape Shower PS qqZZ

  Shape QCDscale qqZZ

  qqZZ EW Corr

!")/0! - !(

2# 1# 0 1 2

mu_ggF$/mu_ggF$"

0.5# 0 0.5

$ Postfit Effect on $+1 $ Prefit Effect on $+1

$ Postfit Effect on $-1 $ Prefit Effect on $-1

Pull

ATLAS Internal
%% ll& ZZ &H 

-1 = 13 TeV, 139 fbs

-0.012 -0.012

-0.012 -0.013

 0.012  0.013

-0.015 -0.015

 0.020  0.021

-0.021 -0.020

 0.025  0.020

-0.027 -0.024

 0.028  0.027

 0.056  0.055

-0.063 -0.066

 0.078  0.080

-0.137 -0.142

-0.180 -0.147

-0.283 -0.267

 Impact$-1  Impact$+1

b. 1000 GeV ggF channel

  JET JER EffectiveNP 4

  emu Scale stat

  JET EtaIntercalibration TotalStat

  Zjets 1Dsb Sys

  JET Pileup OffsetMu

  JET Pileup OffsetNPV

  JET JER EffectiveNP 6

  Shape Shower PS qqZZ

  JET JER DataVsMC MC16

  JET JER EffectiveNP 2

  JET JER EffectiveNP 5

  qqZZ EW Corr

  ZZ Scale Shower

  JET JER EffectiveNP 1

  ZZ Scale QCD

!")/0! - !(

2# 1# 0 1 2

VBF
$/

VBF
$"

0.4# 0.2# 0 0.2 0.4

$ Postfit Effect on $+1 $ Prefit Effect on $+1

$ Postfit Effect on $-1 $ Prefit Effect on $-1

Pull

ATLAS Internal
%% ll& ZZ &H 

-1 = 13 TeV, 139 fbs

-0.030 -0.030

 0.031  0.032

-0.038 -0.026

 0.032  0.034

-0.053 -0.021

-0.040 -0.035

-0.040 -0.039

-0.057 -0.034

-0.059 -0.059

-0.059 -0.058

-0.064 -0.064

-0.083 -0.080

-0.092 -0.076

-0.161 -0.143

-0.217 -0.156

 Impact$-1  Impact$+1

c. 600 GeV VBF channel

  JET JER EffectiveNP 2

  JET JER EffectiveNP 5

  JET Flavor Response

  Shape Shower PS ggZZ

  JET EffectiveNP 1

  Shape Pdf qqZZ

  JET JER EffectiveNP 1

  Zjets 1Dsb Sys

  JET Pileup RhoTopology

  JET Pileup OffsetMu

  JET EtaIntercalibration Modelling

  Shape QCDscale qqZZ

  JET Flavor Composition

  Shape Shower PS qqZZ

  qqZZ EW Corr

!")/0! - !(

2# 1# 0 1 2

VBF
$/

VBF
$"

0.2# 0 0.2

$ Postfit Effect on $+1 $ Prefit Effect on $+1

$ Postfit Effect on $-1 $ Prefit Effect on $-1

Pull

ATLAS Internal
%% ll& ZZ &H 

-1 = 13 TeV, 139 fbs

 0.024  0.024

 0.025  0.026

-0.021 -0.031

 0.033  0.027

 0.033  0.029

 0.030  0.034

 0.036  0.032

-0.056 -0.049

 0.053  0.053

 0.051  0.057

 0.071  0.082

 0.086  0.079

 0.096  0.095

 0.158  0.110

 0.157  0.142

 Impact$-1  Impact$+1

d. 1000 GeV VBF channel

Figure 5.17: Nuisance parameter ranking and pulls for observed data in a search for a heavy
Higgs boson. The left shows the nuisance parameter ranking for the impact on a parameter of
interest for a heavy Higgs boson with a mass of 600 GeV and the right for one with a mass of 1000
GeV. The top two plots show the rankings for ggF production, and the bottom two for VBF. The
impact of the ±1� values of the uncertainties are shown in light blue, and the exact value of the
change in the parameter of interest is written in light blue as well. To compare, the pre-fit impact
of the nuisance parameters is overlaid in orange. The black lines give the pulls of the nuisance
parameters.
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5.3.5 Limits for a heavy Higgs boson in `+`�⌫⌫̄

Limits for the narrow width approximation

No significant excess was observed in the data, and an observation of the production of a heavy
Higgs boson cannot be claimed from the analysis. A limit is set on the Higgs boson production
cross-section for various mass points. Figure 5.18 shows the upper limits at 95% CL for the heavy
Higgs boson production cross-section in the small width approximation for the ggF and VBF
production channels, in the inclusive (e+e� + µ

+
µ
�) lepton channel. In the figure, the expected

limits are shown with a dotted line and in green and yellow are the 1� and 2� bands, respectively.
For a single mass point, i.e., when taking a vertical slice out of this figure, the distribution looks
like a Gaussian around a central value that corresponds to the expected limit. The observed limits
are given as a solid line, overlaid with the expected values. At the points where the observed
value exceeds the expected value, an excess of data events has been observed with respect to the
prediction. For both production channels over the entire mass range, the observed limit is within
two standard deviations from the expected limit. For ggF, the limits on the production cross-
section are between 4 and 300 fb, depending on the mass of the heavy Higgs boson. For VBF,
limits are in a wider range: between 3 and 400 fb.
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b. VBF production channel.

Figure 5.18: Distribution of the observed and expected limits on the production cross-section of a
heavy Higgs boson times its branching ratio into Z-bosons, as a function of the heavy Higgs boson
mass (mass of the scalar, ms). under the narrow width approximation. The limits are shown for
a Higgs boson produced in the ggF (a.) and VBF (b.) production channels. The limits are shown
as a function of the mass of the hypothesized Higgs boson.

Limits for the large width assumption

For a hypothesis with a large width Higgs boson, taking its interference with the backgrounds into
account, the limits change. For the large width hypothesis, the size of the signal and interference
depend on the parameter of interest as shown in equation (5.20). The background estimates are
the same as used for the narrow width hypothesis, with a floating ZZ normalization and several
control regions. The systematic uncertainties are assumed to have the same impact for all large
width hypotheses, and are based on the sample where the width is 15% of the heavy Higgs boson
mass. The predictions for other width points are derived from the 15% width sample, using the
reweighting method described in Section 2.2. The results for the large width Higgs boson are
shown in Figure 5.19 for various values if the heavy Higgs boson width as a percentage of the
mass. The large width Higgs boson is only evaluated in the ggF production mode.
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Figure 5.19: Distribution of the observed and expected limits on the heavy Higgs boson production
cross-section for a large width Higgs boson, as a function of the heavy Higgs boson mass (mass of
the scalar, ms). The limits are shown for various values of the Higgs boson width; as a percentage
of the mass these are: 1% (a.), 5% (b.), 10% (c.) and 15% (d.). The limits are shown as a function
of the mass of the heavy Higgs boson.
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Over the entire mass range, the limits get less stringent when comparing the narrow width to
the large width. This behavior is expected, as the wider traverse mass range of the signal makes it
harder to distinguish it from the background. The limits get between 15% and 60% less stringent
for low mass points of 1% and 15% width, respectively. This is attributed to the harsh E

miss
T cut

and the worse transverse mass resolution under the large width hypothesis. For high mass points,
the change is limited, and the limits approach the narrow width result in the case where the width
is 1% of the mass.

5.4 Conclusion and discussion
A search for heavy Higgs bosons decaying into two Z-bosons and subsequently into two leptons and
two neutrinos (`+`�⌫⌫̄) is performed and presented in this chapter. The search uses a subset of the
run II ATLAS dataset (139 fb�1) that is selected using a dedicated event selection, optimized to
select heavy Higgs boson events. Several hypotheses of the heavy Higgs boson are tested over the
mass range between 300 GeV and 2 TeV. For a heavy Higgs boson hypothesis with a narrow width,
production in both the ggF and VBF production channels is investigated. In addition, a search is
performed for large width Higgs boson production in the ggF channel, with a width ranging from
1% to 15% of the Higgs boson mass. No significant excess over the SM background is observed,
so the results are interpreted as a limit on the production cross-section times its branching ratio
into Z-bosons for the various hypotheses.

For the ggF production mode in the narrow width approximation, the limits range from 305
fb for a 300 GeV Higgs boson to 4-5 fb for a Higgs boson with a mass above 1.4 TeV. For the VBF
production mode this range is between 400 fb for a 300 GeV Higgs boson and 3-4 fb for a Higgs
boson with a mass of 1.4 TeV and higher. The limits for a large-width Higgs boson range from
260 fb for a 400 GeV Higgs boson, where the width is 15% of the mass to 4 fb for a Higgs boson
of 1.4 TeV and higher, where the width is 1% of the mass.

While no evidence for heavy Higgs boson resonances was found, this does not imply that there
are no heavy Higgs bosons. As the limit indicates, the heavy Higgs boson can only be excluded
up to a certain cross-section. When hypothesizing a heavy Higgs boson with a lower cross-section,
more luminosity will be required to measure such a resonance. The limits presented here are only
valid for a Higgs boson created in either ggF or VBF that decays into two Z-bosons. A Higgs
boson that does not couple to Z-bosons, or where the coupling is suppressed, will not be measured
in the `+`�⌫⌫̄ final state. Therefore, given the results presented here, such a Higgs boson can still
have a relatively high cross-section without being excluded.

Follow-up measurement: off-shell Standard Model Higgs boson

No evidence for BSM physics is found in this analysis, and a possible next step is to measure the
SM Higgs boson contribution in this region. As the signal region starts at a transverse ZZ mass
of 300 GeV, this would target off-shell production of the SM Higgs boson. This measurement is
the subject of the rest of this thesis and is interpreted as a measurement of the lifetime of the
SM Higgs boson. Before discussing the lifetime measurement, this section aims to explain why
a new analysis is needed and the heavy Higgs boson analysis cannot ‘simply’ be redone with a
SM hypothesis. Since the high mass Higgs boson search targets several hypotheses, with varying
mass and width, could the measurement of the SM Higgs boson not be done by choosing another
hypothesis in this search?

While the event kinematics, and therefore the event selection, are very similar between the high
mass search and the off-shell measurement, they differ in the statistical interpretation. Where the
high mass analysis searches for a peak on top of the SM (mostly ZZ) background, the off-shell
analysis measures the shape of the gg ! ZZ background, that depends on the interference with
the SM Higgs boson. In addition, the event selection is re-evaluated to optimize for the off-shell
signal, which also changes the background contributions and the control region selections that are
based on the signal region selection. For the ZZ background the change is more profound, as the
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ggZZ part of the background interferes with the off-shell Higgs boson signal, and the combined
normalization for qqZZ and ggZZ is correlated to the parameter of interest for the off-shell Higgs
boson. Therefore, the off-shell analysis requires another method to estimate the ZZ background.
Lastly, as a result of the interference, the higher order corrections on the ggZZ process, and
especially its associated uncertainties, have a large impact on the off-shell measurement, and are
reevaluated. This in contrast to the heavy Higgs boson search, where the higher order corrections
to the qqZZ process are more important. Chapter 6 will discuss the off-shell analysis in detail.
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Chapter 6

Off-shell Higgs boson signal strength
measurement

The second analysis described in this thesis is the measurement of the off-shell signal strength of
the Higgs boson. This measurement is interesting because it is related to the Higgs boson total
width (and thus its lifetime), which is related to the interaction strength of the Higgs boson to
all particles it interacts with, including possibly particles that have not (yet) been observed. The
relation between the Higgs boson width and the off-shell signal strength is described in Chapter
2, but its most important points are repeated here. The width is extracted by a combination of
the measurements of the on-shell and off-shell Higgs boson production cross-sections. The on-shell
signal strength is a measure of the ratio between the couplings and the width, while the off-shell
signal strength gives a measure of the couplings only. Combining these provides access to the
Higgs boson width.

The measurement of the on-shell Higgs boson signal strength [120] already gives a measure of
the width, however, this cannot be separated from the signal strength of the Higgs boson couplings.
For ggF Higgs boson production with a decay to two Z-bosons, the on-shell signal strength is given
by:

µon-shell =
�

on-shell

pp!h!ZZ

�
on-shell,SM

pp!h!ZZ

=

2
g,on-shell


2
V,on-shell

�h/�SM

h

, (6.1)

where � is the production cross-section, �h is the Higgs boson width and g and Z give the
effective couplings to gluons and Z-bosons, respectively. As in Chapter 5, h is used for the
Standard Model Higgs boson (while H is reserved for a hypothetical heavy Higgs boson). The
effective couplings are given by the ratio of the coupling of gluons and Z-bosons to the Higgs boson
divided by their SM expectation. To extract the width from this measurement, it is combined
with the measurement of the off-shell signal strength, which determines the couplings independent
of the width:

µoff-shell =
�

off-shell

pp!h!ZZ

�
off-shell,SM

pp!h!ZZ

= 
2
g,off-shell


2
V,off-shell

, (6.2)

which is the same as was shown in equation (2.35). The Higgs boson width with respect to its SM
prediction (4.115 MeV [36]) is then given by the ratio of these two measurements:

µoff-shell

µon-shell

=
�h
�SM

h

(6.3)
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This chapter focuses on the measurement of the off-shell signal strength by studying the decay
h
⇤
! ZZ in the invariant mass range above 200 GeV. In this chapter, the off-shell signal strength

µoff-shell is indicated simply as µ. As discussed in Section 2.4, the Higgs boson production in this
kinematic region cannot be seen separately from the gg ! ZZ background. These two processes
have a significant (destructive) interference, which depends on the off-shell signal strength. The
off-shell Higgs boson contribution is then estimated by the difference in the number of the inclusive
gg ! (h⇤

!)ZZ events, compared to the background-only prediction. This chapter is organized
as follows:

Section 6.1 describes how the total number of expected events behaves as a function of the
off-shell signal strength, taking into account the interference effects. The parameterization of the
off-shell signal strength in the VBF channel is discussed in Section 6.1.2. So far in this thesis, only
the off-shell Higgs boson production via the ggF process has been discussed. However, the off-shell
Higgs boson production via the VBF process is also used in the measurement of the Higgs boson
width. The advantage of including the production via VBF is that a different set of couplings is
measured; while ggF involves both a coupling of the Higgs boson to gluons and to vector bosons,
the VBF only involves couplings to vector bosons.

Section 6.2 describes the event selection in the off-shell analysis. The event selection for the
off-shell analysis is very similar to that of the High mass analysis (Chapter 5), as it targets the
same transverse mass (mZZ

T ) region. Since there are numerous similarities with the high mass
analysis, only the differences for the object selection (Section 6.2.1) are discussed here. In Section
6.2.2 the kinematic event selection is re-evaluated, and it is shown that the selection used in the
high mass analysis already provides a nearly optimal point for the off-shell analysis. However,
there are changes made to the classification of events in the ggF and VBF categories to optimize
for the off-shell signal, as explained in Section 6.2.3. For the estimation of the contributions of the
various background processes, the off-shell analysis takes a different approach than the high mass
search, and introduces floating normalizations for the three lepton, eµ and Z+jets background
processes, as described in Section 6.2.4.

Section 6.3 describes the expected precision on the off-shell measurement. In Section 6.3.1, the
construction of a confidence belt for the off-shell analysis is discussed, which yields different 1-
and 2� bands than in the previous analysis [49,121]. The systematic uncertainties are discussed in
Section 6.3.2, with special focus on the uncertainties related to the K-factors for signal, interference
and background. Finally, the full expected result is presented in 6.3.4.

In the final section, Section 6.4, the results of the off-shell measurement are presented.

6.1 Parameterization of the off-shell Higgs boson production
To measure the off-shell signal strength, the number of expected off-shell Higgs boson events is
compared to the observed number of events. Since the Higgs boson signal cannot be seen separate
from the irreducible gg ! ZZ background, this analysis looks at the number of expected events for
the signal, plus background, plus interference: SBI. As was explained in Section 2.4, the expected
number of Higgs boson signal events scales linearly with the off-shell signal strength, µ, and the
interference with p

µ. The total number of expected events for the SBI is therefore parametrized
by:

SBI(µ) = µS +
p
µI +B (6.4)

where S, I and B are the number of expected events for the Higgs boson process, the interference,
and the ggZZ background, respectively. Using this parameterization, the SBI can be built for
any value of the off-shell signal strength from the signal, background and interference predictions.
However, a direct prediction of the interference is not possible, as the interference is not a process
that can be simulated independently, in other words: It cannot be expressed as gg ! I ! ZZ.
The gg ! h

⇤
! ZZ signal, gg ! ZZ background and the SBI (also written as gg ! (h⇤

!)ZZ)
are all processes that can be simulated independently, and are used to ‘build’ a prediction for the



6.1. PARAMETERIZATION OF THE OFF-SHELL HIGGS BOSON PRODUCTION 131

interference. In this method, the interference term is constructed using the prediction for the SBI
in the SM, where µ = 1. The interference is then defined as:

I = SBI1 � S �B, (6.5)

where SBI1 is the sum of the signal, background and interference in the SM prediction (µ = 1).
Figure 6.1 shows the distribution of the interference as a function of the transverse ZZ mass. Note
that the interference is destructive (i.e., I < 0), and that the gg ! ZZ background is larger than
SBI1.

Figure 6.1: The shape of transverse ZZ mass distribution of the interference between the gg !

h
⇤
! ZZ signal and the gg ! ZZ background, as defined in equation (6.5). The interference

decreases the number of expected events with respect to the background-only scenario.

Substituting the interference term in equation (6.4) with the one given in equation (6.5) gives
the following term for the number of expected events as a function of the off-shell signal strength:

SBI(µ) = µS +
p
µ(SBI1 � S �B) +B

= (µ�
p
µ)S +

p
µSBI1 + (1�

p
µ)B

(6.6)

To construct the final parameterization used in the off-shell analysis, the QCD K-factors for
the signal, background and interference have to be added. The choice and construction of the
K-factors is described in Section 2.4.3. In the off-shell analysis, separate NLO/LO K-factors are
used for each process involved in building the interference (S, B, I, SBI1). These are applied
for each of the processes as a function of the invariant mass, mZZ , resulting in three K-factors
that are inserted in equation (6.6). As described in the aforementioned section, an additional
NNLO/NLO K-factor of 1.2 that is flat in mZZ is applied for all processes. Adding the K-factors
gives the complete parameterization used in the off-shell analysis:

SBI(µ) =(µ�
p
µ) · 1.2 · KS(mZZ) · S

+
p
µ · 1.2 · KSBI1(mZZ) · SBI1

+ (1�
p
µ) · 1.2 · KB(mZZ) ·B

(6.7)
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To understand the behavior of this parameterization, it is interesting to visualize how the
transverse mass distribution of the SBI changes as a function of the off-shell signal strength, µ,
which is discussed in the following section.

6.1.1 Properties of the off-shell Higgs boson production parameteriza-
tion

The off-shell analysis aims to measure the off-shell signal strength via the SBI, as defined in
equation (6.7). Information on both the number of expected event and on the shape of the
transverse mass distribution are used to obtain sensitivity, as both the shape and the number of
expected events depend on the value of the off-shell signal strength, µ. The expected number of
events for the signal, background and SBI1 for the ATLAS run II recorded luminosity of 139 fb�1

is given in Table 6.1. Both the NLO and NNLO K-factors are taken into account for the processes
in this table, giving the expected yields at NNLO. Using these numbers, the expected shape for
the transverse mass distributions needed for the off-shell measurement can be simulated.

Table 6.1: Expected number of events in the off-shell analysis for the three processes in the
parameterization shown in equation (6.7) for the ATLAS run II recorded luminosity of 139 fb�1.
These processes are the off-shell Higgs boson signal, the gg ! ZZ background and the sum of the
signal, background and interference.

Process Signal Background SBI1

Expected yield 118.2 268.1 224.2

Yield as a function of µ: The number of expected events as a function of the off-shell
signal strength depends on two opposing effects: the number of expected signal events increases
as a function of µ, while the destructive interference decreases the yield as a function of µ. As a
result of the interference, the number of expected events for low signal strength (0 < µ <⇠ 2) is
lower than the number of expected events for the background only. In contrast, for higher signal
strength the (positive) number of expected signal events is larger than the negative effect of the
interference, and the number of expected events is larger than the background only.

Figure 6.2 shows the expected yield as a function of µ, normalized to the SM expectation. The
off-shell parameterization has some interesting properties, such as a point where the expected yield
equals the SM expectation and one where the expected yield is minimal. In the SM expectation,
where µ = 1, the number of expected events is equal to SBI1, by definition. But, measuring
this exact number of events does not necessarily imply an SM signal strength, as a result of the
quadratic nature of the parameterization. Substituting the run II expected values for S, B and
SBI(µ) = SBI1 from Table 6.1 in equation (6.6) and solving for µ gives two solutions: µ = 1 or
µ ⇡ 0.14. The off-shell signal strength that gives the minimum number of expected events is given
by @SBI(µ)/@µ = 0. Solving for the off-shell signal strength, the minimum is found at µ = 0.47,
which is the minimum seen in Figure 6.2.
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Figure 6.2: The ratio of the expected yield for the SBI(µ), as parameterized in equation (6.7),
and the SM expectation, SBI1, as a function of the off-shell signal strength, µ. The behavior of
the yield is determined by the impacts of the positive signal and the negative interference. Due
to the quadratic nature of the parameterization, a non-trivial minimum occurs in the expected
yield, found at an off-shell signal strength of 0.47. At high values of µ, the impact interference
term starts to become negligible and the yield becomes linear in µ.

Shape as a function of µ: The shape of the transverse mass distribution also depends on the
off-shell signal strength. The distribution for SBI(µ) is plotted in Figure 6.3 for increasing values
of µ, together with the distributions for the gg ! ZZ background (µ = 0) and the SM expectation
(SBI1, where µ = 1). All processes are scaled to the run II expected yields. In the lower pad of
each plot, the ratio between the SBI(µ) and the SM expectation is shown. To understand the
effect of increasing values of µ, these figures will be discussed in more detail. Similar figures like
this, with more values for µ, are shown in appendix C.

Already for a small off-shell signal strength (µ = 0.1), the shape of SBI(µ) appears closer
to the SM expectation (µ = 1) than to the background (µ = 0). The effect is so large, despite
introducing only a tenth of the expected off-shell Higgs boson production, because the interference
scales with p

µB, increasing its contribution relative to the signal (/ µS) for values below one.
As shown in Figure 6.2, the yield around the point µ = 0.1 is close to the yield expected for the
SM expectation, but the shapes are different between the two, with the prediction with µ = 0.1
showing more events in the tail, but fewer events in the peak where the invariant mass is twice
the top-quark mass. This difference in shape allows to distinguish the two cases, even when the
expected yields are equal.



134 CHAPTER 6. OFF-SHELL HIGGS BOSON SIGNAL STRENGTH MEASUREMENT

Figure 6.3: Invariant mass distributions for the off-shell signal+background+interference as a
function of the off-shell signal strength (SBI(µ), black), compared to the SM expectation (blue)
and the gg ! ZZ background. The SBI(µ) is shown for, from top-to-bottom, left-to-right,
µ = 0.1, µ = 0.4, µ = 0.7, µ = 1.5, µ = 2, and µ = 5. In the lower pad of each plot, the
ratio between the SBI(µ) and the SM expectation is shown. For small values of mu, the negative
interference effect determines the shape with respect to the background, but at circa µ = 2, the
positive contribution of the signal becomes larger, and the SBI(µ) exceeds the background-only
expectation.
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In the top right plot of Figure 6.3 the off-shell signal strength is increased to µ = 0.4. This
is around the point where the expected yield is minimal, as was shown in Figure 6.2. Here, the
number of expected events for each point in the entire invariant mass range is decreased below
even the SM expectation, as a result of the negative interference. When increasing the off-shell
signal strength beyond this point, the total expected yield starts to rise again, because the rise
in the expected amount of pure signal events becomes large enough to counteract the negative
interference effects. This effect pushes the shape towards the SM expectation. The SBI(µ)
prediction for µ = 0.70 is shown in Figure 6.3, showing the shape changing towards the SM
expectation when compared to the prediction for µ = 0.40. A next step in increasing the off-shell
signal would be the point where the SBI(µ) is exactly the same as the SM expectation.

Increasing the off-shell signal strength beyond the SM expectation of µ = 1 pushes the expected
yield towards the point where it is equal to the background-only scenario, which is the point where
signal and interference cancel each other exactly. Solving equation (6.6) analytically for SBI(µ)
= B gives the point µ = 1.87. Figure 6.3 shows the shapes of the SBI(µ) shapes around this
point, for µ = 1.5 and µ = 2.0. At the peak at twice the top mass (345.52 GeV), the expected
yield already exceeds the background-only yield at µ = 1.5, but at other values of the invariant
mass the yield is lower for the SBI(µ) prediction, causing the total predicted yield to still be lower
than the one predicted for the background-only. In the next plot, where µ = 2, the signal strength
is increased beyond the point where the expected yield exceeds the background-only prediction.
Note that this increase in the number of events happens mainly at the double-top-mass peak, while
in the tails the yield is still reduced with respect to the background-only case due to the negative
interference. In the final plot, where µ = 5 the signal fully ‘takes over’ and the predicted yield is
much larger than the background-only yield. When increasing the off-shell signal strength even
higher, the impact of the interference will become negligible, and the SBI(µ) essentially behaves
as a ‘classic’ measurement of a signal that scales with a cross-section, µ, on top of a predicted
background.

The studies presented here show the expected shapes for various values of the off-shell signal
strength. The goal of the measurement is to find the value of µ that best fits the observed data.
If a value for µ below 1.87 is measured for the data, there are two values of µ that fit the number
of events observed in the data, but the difference in shapes can help solve this ambiguity. This is
discussed in more detail in Section 6.3.

6.1.2 Off-shell Higgs boson production in vector boson fusion
So far, this chapter has focused on off-shell Higgs boson production via gluon-gluon fusion (ggF),
but, as was mentioned in Section 2.3, Higgs bosons are also produced via the vector boson fusion
(VBF) process, albeit with a smaller cross-section. Off-shell Higgs bosons produced via VBF that
subsequently decay into two Z-bosons have the same enhancement of the production cross-section
at the ZZ invariant mass threshold. However, these do not have the enhancement at twice the top
quark mass, as there is no top-quark loop in VBF. In the off-shell measurement, both production
modes are targeted. Figure 6.4 shows the signal processes for off-shell Higgs boson production
via VBF. Where the ggF production only has an s-channel variant, the VBF production happens
via both s- and t-channel. Another important difference with respect to the ggF channel is the
different coupling in the production of the Higgs boson: In the VBF channel there is no coupling
of the Higgs boson to (top-)quarks, but both the production and decay scale with the coupling of
the Higgs boson to vector bosons. Therefore, the off-shell signal strength in the VBF channel is
expressed as:

µoff-shell = 
2
V,off-shell


2
Z,off-shell

. (6.8)

For the VBF channel, an interference effect occurs that is similar to the one seen in the ggF
channel. Also for VBF the interference with the background, as defined in equation (6.5), is
negative. However, the background process with which the VBF production interferes are very
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Figure 6.4: Feynman diagrams of off-shell Higgs boson production in the VBF channel. Left shows
the s-channel production and right shows the t-channel production.

different from the ones seen in ggF. Figure 6.5 shows the two processes that interfere with the
off-shell VBF signal. Both processes are vector boson scattering processes and involve two W -
bosons that that produce two Z-bosons via either Triple gauge boson couplings, (also called TGC)
or Quartic gauge boson couplings (QGC).

Figure 6.5: Feynman diagrams of vector boson scattering backgrounds of the off-shell Higgs boson
production in the VBF channel. Left shows the process involving Triboson gauge couplings and
right shows the process involving Quartic gauge couplings .

In the ggF channel, the signal is defined as pp ! h
⇤
! ZZ. The VBF equivalent would be of

the form qq ! h
⇤
qq ! ZZqq. However, this definition is not used in the VBF channel, because

it excludes the t-channel. The inclusive process qq ! ZZqq does include the t-channel signal,
but also includes the background and the interference, and is used as SBI in the analysis. This
gives an additional complication in the analysis, since the signal cannot be simulated in such a
way that it includes both the s- and t-channel, and still excludes all backgrounds. To make sure
both channels are included, the parameterization is performed using the background sample and
two SBI samples. The background is simulated by producing samples with the decay qq ! ZZqq

where the Higgs boson is excluded, while the SBI samples contain the same decay, but include
the Higgs boson with a specific signal strength. In this analysis, the background (µ = 0) sample
is used together with the SM expectation (µ = 1) and a sample with a signal strength of five time
the SM (µ = 5). Using equation (6.5), these three samples are parameterized as:

SBI0 =B

SBI1 =S + I +B

SBI5 =5S +
p
5I +B,

(6.9)

and the parameterization for SBI(µ) samples is derived by inverting the matrix in the equation:
2

4
SBI0

SBI1

SBI5

3

5 =

2

4
0 0 1
1 1 1
5

p
5 1

3

5 ·

2

4
S

I

B

3

5 . (6.10)
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The resulting inverse equations are:
2

4
S

I

B

3

5 =
1

p
5� 5

2

4
1�

p
5

p
5 �1

5� 1 �5 1
p
5� 5 0 0

3

5 ·

2

4
SBI0

SBI1

SBI5

3

5 . (6.11)

The off-shell parameterization is then found by inserting the expressions for S, B and I found in
equation (6.11) in equation (6.4) and simplifying the term multiplied with the background yield.
The resulting parameterization is used to measure the off-shell signal strength in the VBF channel:

SBI(µ) =
(
p
µ� 1)(

p
µ�

p
5)

p
5

·B +
5
p
µ�

p
5µ

5�
p
5

· SBI1 +
µ�

p
µ

5�
p
5
· SBI5 (6.12)

Figure 6.6 shows the distributions of the transverse ZZ mass of the background, SBI1 and SBI5

processes as well as a distribution for SBI(µ) with µ = 2, built with the parameterization shown
in equation (6.12).

Figure 6.6: Distribution of the ZZ transverse mass for the background, SBI1 and SBI5 processes
for VBF. These three are directly simulated: A VBF SBI sample without Higgs bosons, one with
the SM Higgs boson width, and one with a Higgs boson with a width of 5 time the SM width.
With these samples, the VBF SBI sample is parameterized for any value of µ, as shown in equation
(6.12). In cyan, the distribution of such a VBF SBI sample is shown, where the three other samples
are used to construct an SBI(µ) with µ = 2.

In the off-shell analysis, two separate measurements are performed, one giving the ggF and
the other the VBF off-shell signal strength. However, in the interpretation in terms of the Higgs
bosons width, no distinction is made between the µggF and the µV BF and the two are assumed
to be equal.
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Higgs-strahlung contribution and on-shell contamination

An additional complication in the off-shell measurement in the VBF channel is the Higgs-strahlung,
or VH contribution. When simulating SBI VBF events, i.e. when simulating the process qq !

qqllvvjj, VH events are produced as well1, in channels with either off-shell or on-shell Higgs
bosons. A priori, these processes cannot be distinguished from the VBF events. While the off-
shell VH contribution is not a problem, as it just adds more off-shell Higgs boson events, the
on-shell one is considered a background for the off-shell analysis. Figure 6.7 shows both processes.
The VH process produces three Z-bosons, and to mimic the VBF signal, one of these has to
decay into quarks. The difference between the off-shell contribution and the on-shell background
is in which Z-bosons decays hadronically. The signal consists of an off-shell Higgs boson decaying
into ZZ ! `

+
`
�
⌫⌫̄, while the addition Z-boson decays into jets, mimicking the off-shell Higgs

boson signal in the VBF production channel. The on-shell background occurs when an on-shell
Higgs boson is created, that decays into ZZ ! `

+
`
�
qq̄. When the additional Z-boson decays

into neutrinos, creating large missing energy, the on-shell Higgs boson events mimic the off-shell
Higgs boson signal. In the event selection (see Section 6.2) it is important that the on-shell VH
contamination is removed from the VBF signal region.

Figure 6.7: Feynman diagrams showing Higgs-strahlung processes that contribute to the off-shell
signal region. The left diagram shows an off-shell Higgs boson decaying into ZZ ! `

+
`
�
⌫⌫̄, which

is the signal targeted in the analysis. The right diagram shows a contribution where an on-shell
Higgs boson (marked in red) is created, and decays into ZZ ! `

+
`
�
qq̄. When the additional Z-

boson decays into neutrinos, creating large missing energy, the on-shell Higgs boson events mimic
the off-shell Higgs boson signal. This on-shell contamination has to be removed in the analysis.

This section described how the shape and number of events of the inclusive ZZ production
depend on the off-shell signal strength, µ. For small mu (0 < µ < 2) this is seen as a deficit in
event with respect to the ZZ background, due to the negative interference with the off-shell Higgs
boson production. For larger values of µ, the Higgs boson production itself becomes the dominant
factor, adding more events on top of the expected background. The analysis measures the off-shell
signal strength in both ggF and VBF production channels. When determining the Higgs boson
lifetime from the signal strength, a simultaneous fit is performed with the off-shell signal strength
µ = µggF = µV BF .

1
The total VH production cross-section at the LHC is of the same order of magnitude as the total VBF cross-

section. [34]
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6.2 Event selection
The event selection aims to select the signal, plus background, plus interference (SBI(µ)), dis-
cussed in Section 6.1, while rejecting other backgrounds. The event selection for the off-shell
analysis is very similar to that of the High mass analyses described in Chapter 5, as it targets the
same invariant mass region. The following will focus mainly on the differences between the two
selections.

6.2.1 Object selection: Changes with respect to the high mass analysis

The physics objects are largely the same as in to the high mass search (see Section 5.1), i.e. what
defines a signal electron, muon or jet is the same, except for some minor changes.

The object selection is changed in two places, following new recommendations provided by the
ATLAS combined performance groups. Firstly, a new b-tag algorithm, named DL1r, is used for
the b-jet veto. Since this veto is only used to reduce backgrounds involving top-quarks and since
these contribute less than 5% of the total events, the impact is expected to be small. The second
difference is in the jet vertex tagger (JVT), where an additional forward JVT (fJVT) has become
available, and is used in the off-shell analysis. Table 6.2 lists the jet definitions used in the off-shell
analysis, highlighting the changes with respect to the high mass analysis. The working points for
leptons and jets did not change; the off-shell analysis uses medium leptons as a signal.

Table 6.2: Summary of jet selection criteria used in the off-shell `+`�⌫⌫̄ analysis described in this
chapter. Definitions that differ with respect to the high mass analysis are in bold. The lepton
definitions did not change with respect to what was already shown in Table 5.1.

Jet Selection
Identification AntiKt4EMPFlow jets

Kinematic cuts pT > 30 GeV
|⌘| < 4.5

Pileup removal JVT > 0.5
fJVT > 0.4

Jet Cleaning Loose jets accepted
b-tagging DL1r at 85%

6.2.2 Kinematic event selection

Similar to the high mass analysis, the event selection is split in two parts, starting with a pre-
selection, followed by a kinematic event selection. The pre-selection is unchanged for the off-shell
analysis, and consists of the three criteria already described in the high mass chapter: Firstly
events from the good run list are selected, secondly events with a primary vertex with at least two
associated tracks are selected, and thirdly it is required that one of the two leptons triggered a
single lepton trigger.

The kinematic event selection is re-evaluated for the off-shell analysis. The signals targeted in
the off-shell and high mass analysis, shown in Figure 6.8, are extremely similar, the only difference
being the kind of Higgs boson that is involved. It is important to remember that the off-shell
signal cannot be seen separately from the gg ! ZZ background. To get an idea of the difference
between the two, the previous analysis targeting the off-shell Higgs boson production [122] and
the production of high mass Higgs bosons [123] in the ZZ channel are compared. As expected, the
selections in these two analyses are largely the same. The only two differences are in the selection
criterion for the E

miss
T and in the introduction of the E

miss
T -significance in this analysis, where the

latter can be seen as the equivalence of the ‘Emiss
T /HT ’ variable used in the previous analysis.

As described in the rest of this section, the high mass analysis described in Section 5.1 already
provides an event selection very close to the optimal for the off-shell analysis, and a choice was
made to use this selection unchanged in the off-shell analysis, as listed in Table 6.3.



140 CHAPTER 6. OFF-SHELL HIGGS BOSON SIGNAL STRENGTH MEASUREMENT

Figure 6.8: The Feynman diagrams of the Higgs boson signals in the off-shell (left) and high mass
(right) analysis. The two signals are extremely similar, the difference is only in the Higgs boson
itself, and as a result the event selection targeting high mass Higgs bosons is also suited for the
off-shell analysis.

Table 6.3: Criteria used to select events in the off-shell `+`�⌫⌫̄ analysis. As explained in the text,
the event selection is identical between the off-shell and high mass analyses.

Kinematic Selection

Criterion
Two same flavor opposite-sign leptons, with pT > 30, 20 GeV

Veto on any additional lepton
76 < M`` < 106 GeV
E

miss
T > 120 GeV
�R`` < 1.8

��(Z-boson ,Emiss
T ) > 2.5

��
�
jet(pT > 100GeV ) , Emiss

T

�
> 0.4

E
miss
T -significance > 10

b-jet veto

Expected backgrounds

An advantage of using the same event selection with respect to the high mass search is that
the expected backgrounds are already known. Later in this chapter, changes to the methods to
estimate these backgrounds are discussed in more detail. Table 6.4 and Figure 6.9 already give an
overview of the expected yields for various processes in the off-shell analysis, after applying the
event selection.
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Table 6.4: Expected yields
for various processes in the
off-shell analysis, after apply-
ing the event selection.

Process Yield
Signal processes
ggF 224.18
VBF 19.41

Background processes
qqZZ 1484.56
WZ 815.70

Z+jets 114.75
eµ 175.69

Others 12.63 Figure 6.9: Relative expected yields for various processes
in the off-shell analysis, after applying the event selection.

Optimization of the kinematic event selection

Since the signals between the off-shell and high mass analysis are very similar, it is assumed that
some selection criteria of the signal selection do not need to be re-evaluated. For example, criteria
such as the M``, �R`` requirement and the b-jet veto depend only on the properties of the Z-boson
decay. But, the off-shell also differs from the high mass signal: It is not a peaking signal, but
rather a continuous signal in the ZZ invariant mass. However, it should be noted the high mass
selection was not optimized for a single mass point, but for a search in the ZZ transverse mass
range between 200 and 2000 GeV, which also covers the off-shell signal. In addition, the off-shell
Higgs boson signal is not measured directly, but the observed ‘signal’ is the combination of the
Higgs boson production and its interference with the background. Therefore, it is expected that
there is some difference in the optimal selection criteria with respect to the high mass analysis. To
optimize the selection for the off-shell analysis, the Emiss

T and E
miss
T -significance selection thresholds

are varied and the significance of the signal at each variation is determined. This study uses the
Asimov significance [118], defined as:

Z0 =

s

2(Stot +BnI) ln

✓
1 +

Stot

BnI

◆
� Stot, (6.13)

where Stot is the yield of the total signal, and BnI is the non-interfering background. For this
study, the selection is optimized for the SM expectation, SBI1, which is used as the total signal.
The background is given by the sum of the background processes that do not interfere with the
signal, described in Section 5.2: the qq ! ZZ, WZ, Z+jets and non-resonant `+`� backgrounds.
A two-dimensional scan of the E

miss
T and E

miss
T -significance thresholds was performed, varying the

E
miss
T threshold between 0 and 300 GeV and varying the E

miss
T -significance threshold between 0

and 20. For each point in the scan, the significance defined in equation (6.13) was evaluated. The
resulting significance at each point is shown in Figure 6.10, together with a zoom of the region
with the highest significance. The maximum significance was found for Emiss

T > 90 GeV and E
miss
T -

significance > 9.5. But, the change in the expected limit for the off-shell signal strength is tiny;
the expected upper limit changes from µ < 2.1533 with the high mass selection to µ < 2.1535 with
the new selection criteria. Because the effect is so small, a decision was made not to change the
off-shell event selection with respect to the high mass analysis, such that the already determined
estimation of the systematic uncertainties and the background contributions can be re-used in the
off-shell analysis.

After the E
miss
T and E

miss
T -significance criteria are optimized for off-shell Higgs boson produc-

tion, one more criterion in Table 6.3 is investigated. It is possible that the cut on the��
�
jet, Emiss

T

�

variable does not increase the sensitivity for the off-shell signal. However, it is difficult to make an
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Figure 6.10: Left: Two-dimensional Asimov significance scan for the E
miss
T and E

miss
T -significance

cuts. A scan of the E
miss
T and E

miss
T -significance cut was performed, varying the selection criteria

and evaluating the significance at each point. Right: A zoom of the region with the highest
significance. The maximum significance was found for E

miss
T > 90 GeV and E

miss
T -significance >

9.5.

exact prediction as the NLO corrections that produce such high energy jets are quite complicated,
as discussed in Chapter 2. For the analysis, an additional check was performed to see if removing
this criterion improves the analysis, but it was found that doing so would reduce its sensitivity.

Contamination from on-shell Higgs boson events

The event selection is designed to target off-shell Higgs boson production, requiring two leptons,
plus high missing energy to select `+`�⌫⌫̄ events from two on-shell ZZ bosons. However, contam-
ination of on-shell Higgs boson can occur, for example in events with high, fake E

miss
T . A check is

performed to make sure no on-shell Higgs boson are present after the event selection. In the sim-
ulation, if the invariant mass of the two Z-bosons is between 0 and 140 GeV, the event is marked
as on-shell. Figure 6.11 shows the distributions of the on-shell events and the remaining, true
off-shell events for various observables used in the selection. From the distributions it is clear that
the selection of events with E

miss
T > 120 GeV does not remove all on-shell events. Fortunately, the

selection criteria E
miss
T -significance > 10 and especially the ��(Z-boson,Emiss

T ) > 2.5 are enough
to remove the on-shell events that remain after the E

miss
T requirement. In conclusion, this study

made sure no on-shell Higgs boson events are present in the off-shell signal region.

In conclusion, the optimal point for the event selection in the off-shell analysis is found very
close to the high mass selection, and a decision was made to re-use the high mass selection, such
that the background estimates of the high mass analysis can be also used in the off-shell analysis.
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Figure 6.11: From left to right, top to bottom: The m
Truth

ZZ , E
miss
T , ��(Z-boson ,Emiss

T ) and
E

miss
T -significance distributions at pre-selection level for the on-shell (red) and off-shell (blue)

Higgs boson events. The on-shell contribution has been scaled with a factor 25 to make it more
visible. Note that with the selection shown in Table 6.3 all on-shell events are removed.

6.2.3 Optimization of the VBF event selection

After the event selection discussed above, the off-shell analysis uses a dedicated selection to split
into events produced in ether the VBF or ggF channel. This creates two orthogonal channels,
based on the production channel of the Higgs boson. This split works in a way similar to what
was seen in the high mass analysis, as the aim is to create a VBF category that is very pure in VBF
events. This VBF category is therefore optimized to select VBF events, while reducing background
from ggF and VH processes. The main difference between the VBF and ggF production channels
are the two high energy jets in the VBF channel. To find the optimal selection for off-shell Higgs
boson produced in the VBF channel, the same jet-based observables used in the high mass VBF
categorization are optimized for the off-shell VBF production. These observables are the number
of jets, the di-jet invariant mass (mjj) and the angle between the two leading-pT jets (�⌘jj). The
required number of jets is determined by the event topology, as only events with two or more jets
are considered for inclusion in the VBF category. The two other variables are shown in Figure
6.12, where it is seen that VBF-produced off-shell Higgs bosons in the signal region are found
primarily in the bins with high values for mjj and �⌘jj .

The selection criteria for the di-jet invariant mass (mjj) and the angle between the two leading-
pT jets (�⌘jj) are optimized using a two-dimensional scan. In the scan, the lower limit of the VBF
selection criteria is varied, determining the lower limits that constitute the VBF region (mjj >
m

min
jj and �⌘jj > �⌘min

jj ). These lower limits are scanned in the range 0 < mjj < 700 GeV, with
steps of 50 GeV and the range 0 < �⌘jj < 5, with steps of 0.5. For each combination of the two
variables, the upper limit of the VBF-only off-shell signal strength (µV BF ) is determined at the
2� confidence level, which is used as the figure of merit to optimize the selection criteria. The aim
is to find the point with the lowest upper limit for the signal strength. As expected, it was found
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Figure 6.12: Distributions of jet related observables for the ggF and VBF produced Higgs boson
events and background events in the off-shell signal region. The left plot shows the di-jet invariant
mass (mjj) and the right plot shows the angle between the two leading-pT jets (�⌘jj). To select
VBF events, it is expected that selection criteria of high mjj and �⌘jj are required.

that selections with a cut at high values of mjj and �⌘jj improve the sensitivity for off-shell Higgs
boson produced in the VBF channel. The highest sensitivity is found at three points: (mjj > 600,
�⌘jj > 4.0), (mjj > 500, �⌘jj > 4.5), and (mjj > 600, �⌘jj > 4.5), which all obtain an upper
limit for µV BF of 4.5. It is also important to note that when a selection of �⌘jj > 4.0 is applied,
the sensitivity does not improve substantially when introducing an additional mjj criterion.

Based on the studies shown here, a choice was made for a selection criterion of �⌘jj > 4.0
to select VBF events, as shown in Table 6.5. This value was chosen because it is very close
to the optimum found and because the same optimum was found for the 4-lepton analysis that
complements this `+`�⌫⌫̄ analysis. Note that this creates two orthogonal signal regions.

Table 6.5: Criteria used to divide events into orthogonal ggF and VBF categories in the `+`�⌫⌫̄
off-shell measurement. In events with more than two jets, the two jets with the highest pT ’s are
used for this categorization.

ggF Category VBF Category
0 or 1 jet, or

� 2 jets and |�⌘jj |> 4.0
� 2 jets and |�⌘jj |  4.0

Table 6.6 shows how much ggF events fall in the VBF category, and vice versa, for the pro-
cesses used to parametrize ggF and VBF (plus the VBF s-channel signal). Note that the VBF
contribution is significantly enhanced in the VBF category, while the VBF contribution in the ggF
category is almost negligible.
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Table 6.6: Expected number of events for off-shell Higgs bosons for production via ggF (includes
the NNLO K-factors) and via VBF and their interfering backgrounds. The predicted yields for
both processes are shown in the ggF and VBF categories, which are defined in Table 6.5. The
VBF contribution is significantly enhanced in the VBF category. Uncertainty is statistical only.

Process Yield (ggF) Yield (VBF)
ggF SBI1 220.18 ± 0.36 4.00 ± 0.05
ggF Signal 115.20 ± 0.16 2.96 ± 0.03

ggF Background 263.07 ± 0.48 5.06 ± 0.07
VBF SBI1 15.13 ± 0.06 4.28 ± 0.03
VBF SBI5 34.54 ± 0.11 12.35 ± 0.06
VBF Signal 16.42 ± 0.04 7.17 ± 0.03

VBF Background 26.06 ± 0.08 9.70 ± 0.05

Checking for on-shell Higgs boson contamination

As discussed in Section 6.1.2, some VH events with an on-shell Higgs boson will mimic a VBF
off-shell Higgs boson signal, if one of the two Z-bosons produced by the Higgs boson decays to
jets. Similar to what was shown for the ggF channel, an additional check is performed for the
VBF selection, to make sure no on-shell contamination exists after applying the event selection.
The contamination can be found using the di-jet invariant mass, where the on-shell contamination
will appear as a peak where the two jets reconstruct to the Z-bosons mass (⇠91 GeV). Figure 6.13
shows the di-jet invariant mass for the events passing the off-shell event selection, and for events
passing the VBF selection. It can be seen that the on-shell contribution does indeed vanish when
applying the VBF selection criteria, as the peak at 91 MeV disappears completely after applying
the VBF selections.

Figure 6.13: Di-jet invariant mass distributions for VBF SBI events. The right plot shows the
distribution for events that pass the off-shell event selection, shown in Table 6.3. The left plot
shows the events are categorized as VBF, following the categorization shown in Table 6.5. The
large peak at the Z-boson mass (⇠91 GeV) in the left plot is due to contamination from VH
events, this contamination is not present in the VBF region, as shown in the right plot.
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6.2.4 Background estimation
Since the event selection did not change, the estimations of the background contributions for the
off-shell analysis are very similar to the one for the high mass search (Section 5.2). This section
will focus on the differences with the methods used in the high mass search. The backgrounds
can be categorized in three categories, based on the methods used to determine their contribution
in the high mass search: the ZZ background, which was floating, the reducible backgrounds
for which a control region has been defined (WZ, eµ and Z+jets), and the ‘other’ backgrounds
that are estimated from the simulation directly (tri-boson and tt̄V(V)). The biggest change is in
estimating the ZZ background, because its gg ! ZZ component is part of the SBI process in the
off-shell analysis. The control regions are used in a simultaneous fit in the off-shell analysis. The
method to estimate the ‘other’ backgrounds does not change between the two analyses. Below,
the changes related to the ZZ background and the control region backgrounds are explained in
more detail.

The (qq !)ZZ background

The ZZ background in the high mass analysis consists of circa 90% qq ! ZZ and 10% gg ! ZZ.
These two processes are grouped as a single ZZ background, because they cannot be distinguished
from each other. However, for the parameterization of the off-shell signal strength, the interference
of the gg ! ZZ and the off-shell Higgs boson needs to be taken into account. This interference
makes the gg ! ZZ a part of the off-shell measurement, seen as the combined signal, background
and interference (SBI). Therefore, only the qq ! ZZ background is taken into account here as the
ZZ background. Because this cannot be differentiated from the SBI, the floating normalization
cannot be used in the off-shell Higgs boson search in the `+`�⌫⌫̄ channel. For the off-shell mea-
surement that only used the `+`�⌫⌫̄ channel, this background is estimated from the simulation
directly.

The `+`�⌫⌫̄ off-shell measurement will eventually be combined with its 4-lepton counterpart
for the final interpretation in terms of the Higgs boson lifetime. In the 4-lepton measurement,
a floating normalization for the qq ! ZZ background is applied, by selecting events where the
invariant mass is about twice the Z-boson mass. This region is chosen because here the off-shell
signal strength does not impact the yield significantly, and is used to determine the normalization
of the qq ! ZZ. In the combination between the `+`�⌫⌫̄ and 4-lepton channels, both channels
will use the normalization from this 4-lepton control region. This normalization is determined
in a simultaneous fit, a method discussed in more detail in the following on the `+`�⌫⌫̄ control
regions.

Control regions for WZ, eµ and Z+jets backgrounds

The off-shell analysis uses three control regions: the 3` control region, targeting WZ events, the
eµ control region, targeting non-resonant `+`� events and the Z+jets control region, targeting
the background from Z+jets events. The selections of these control regions are unchanged with
respect to the high mass analysis, and are shown in Tables 5.12, 5.18 and 5.20. For the off-shell
analysis, selections that are inclusive in ggF and VBF selections are chosen. For each control
region, the normalization is added as a free parameter in the analysis. This normalization is
evaluated inclusively for the two production channels. This adds three parameters to the analysis,
one for each of the background processes, named µ3`, µZ+jets, and µeµ. The total number of
expected background events in each region is then given by:

Nbkg

exp
= µ3` · N3`

exp
+ µZ+jets · NZ+jets

exp
+ µeµ · Neµ

exp
+ Nothers

exp
. (6.14)

This approach adds three control regions to the two existing signal regions (ggF and VBF) in
the analysis, for a total of five analysis regions. In the final measurement, the parameters for the
background normalizations are determined by looking at the data in the five regions simultaneously.
Figure 6.14 shows the contributions of the various processes to the control regions. These are
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shown in a single bin, since the control regions are used only to determine the normalization.
Since the control regions are very pure in the backgrounds that they target, the normalization for
the background processes will be determined completely by the ratio of the data and the simulation
in these regions.

Figure 6.14: Contribution of the various processes to each of the control regions, with the back-
grounds stacked on top of any signal that is found in the control regions. These are shown in a
single bin, since the control regions are used only to determine the normalization. As intended,
the targeted background in each control region dominates over the other processes (WZ events in
the 3` control region, non-resonant `+`� events in the eµ control region and Z+jets events in the
Z+jets sideband region).

Table 6.7 shows the predicted yields for each process in each of the analysis regions. While
some signal in the control regions, and especially in the Z+jets sideband region, is expected, each
region should still be very pure in the background that it targets.
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Table 6.7: The expected yield of each background and signal process in each of the regions of the
off-shell analysis. The first two rows show the signal, plus background, plus interference processes
for an off-shell Higgs boson produced via ggF and VBF. NNLO K-factors are applied for the ggF
prediction. The other rows show the various background contributions. The second and third
columns show the ggF and VBF signal regions (SR), and the last three columns show the three
control regions (CR) in the off-shell analysis.

Process Number of expected events
ggF SR VBF SR 3`CR eµCR ZjetsCR

ggF SBI 220.18 4.00 0.09 0.03 27.53
VBF SBI 15.13 4.28 0.16 0.35 8.56
qq ! ZZ 1474.63 9.93 411.05 0.35 166.69

WZ 803.65 12.05 10553.23 2.11 219.69
Z+jets 112.68 2.07 252.51 0.27 1774.58

eµ 173.96 1.74 255.21 170.97 76.96
Others 12.39 0.24 12.63 2.06 7.24

In this section the optimization of the events selection for the off-shell `+`�⌫⌫̄ analysis was
discussed. The kinematics of the off-shell signal are very similar to the high mass analysis, and
the event selection therefore is derived from the selection that was already in place for the high
mass analysis. The categorization in ggF and VBF events was optimized for the off-shell analysis,
finding looser criteria compared to the high mass analysis and harmonizing the categorization
with the 4-lepton analysis. In the off analyses, three control regions are used, a 3` control region
an eµ control region and a Z+jets control region. The control regions help to determine the
normalization of the backgrounds a simultaneous fit. The fit and its expected sensitivity to the
off-shell signal strength are described in the next section.

6.3 Expected precision in the off-shell measurement
In the off-shell analysis, the predicted distributions in five orthogonal regions (the two signal
regions and three control regions) are compared to the observed data. This comparison is done in
all five regions simultaneously. In the two signal regions, one targeting ggF production and one
targeting VBF production, the transverse mass distributions in the range between 300 GeV and
3 TeV is studied. The control regions only test the normalization of the backgrounds, and each
consist of a single bin. To compare the predictions in these five regions to the observed data the
profile likelihood method is used [118]. This is the same method that is used for the high mass
search, and it is described in Chapter 5.3. Before introducing the profile likelihood for the off-shell
analysis, this section starts by looking at the parameterization of the total expected yield, and the
construction of a confidence interval.

Complete parameterization in the off-shell analysis

The total expected yield over all analysis regions is parameterized by combining the parameteri-
zations for the various signals and backgrounds: the ggF signal in equation (6.7), the VBF signal
in equation (6.12) and the backgrounds in equation (6.14). Putting all of these together gives the
total number of expected events, given by:

� = L

h
(µ�

p
µ) · NggF (S)

exp, NNLO
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where N↵
exp

gives the number of expected events for the process ↵, the NNLO in the ggF-related
terms indicated that the NNLO/LO K-factors (see Section 2.4.3) have been applied, L is the
luminosity, µ3`,Z+jets,eµ are the control region parameters and µ is the off-shell signal strength,
which is the parameter of interest for the off-shell analysis. Here, there is no distinction between
µggF and µV BF and a single off-shell signal strength is measured in the simultaneous measurement.
The values of the four µ-terms are determined by comparing the prediction to the observed data.

6.3.1 Confidence interval construction
For the hypothesis testing in the off-shell analysis, a confidence interval is constructed using a
Neyman construction [124,125]. Such an interval at X% confidence level is defined to contain the
true value of µ X% of the time. That is, for an observation of a given signal strength (bµ), an
interval [µ+, µ�] is determined, such that, when repeating the experiment, the true value of µ is
in the interval X% of the time. To construct this interval, several toy datasets are produced. Such
a toy is constructed from a dataset with a given, ‘true’ value of µ by varying the number of events
in each bin around its expected value, using a Poisson distribution (see equation (5.15)). Such a
toy dataset is then treated as if it was an actual measurement and fitted for the off-shell signal
strength. After performing the fit, an ‘observed’ value for µ, noted as bµ, is found. The confidence
interval is built from the distribution of bµ for many toy datasets of a given ‘true’ µ. To explain
this process, the distribution of 10,000 toy datasets based on µ = 5, shown in Figure 6.15, is used
as an example.

Figure 6.15: Distribution of best-fit values for the off-shell signal strength (bµ) for 10,000 toy
datasets, that are built based on the expected dataset for µ = 5.

To build a confidence interval from the bµ-distribution, an acceptance interval that contains
X% of the distribution is defined. How this interval is defined depends on the aim of the analysis,
as illustrated in Figure 6.16. For example, a one-sided interval is used when determining either
an upper or lower limit to the parameter of interest, while a two-sided interval is used for a
measurement of the parameter of interest, where both an upper and lower limit are derived. Even
more complicated definitions, with disjoint intervals can be chosen, if the measurement requires
this. The algorithm chosen to define the acceptance interval is called the ordering rule. To build
a confidence interval from the bµ-distribution, the ordering rule is used to define an acceptance
interval that contains X% of the distribution. In this section, the two-sided interval is used to
determine the confidence interval for a measurement of the off-shell signal strength.
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Figure 6.16: Acceptance intervals at X% confidence level for two ordering rule definitions, shown
using the distribution of bµ from Figure 6.15. The left shows the ordering rule for a measurement,
while the right shows one for setting an upper limit. In this section, the two-sided interval (left)
is used to determine the confidence interval for a measurement of the off-shell signal strength.

Confidence interval for the off-shell analysis

To build the full confidence interval for the off-shell analysis, 10,000 toy datasets are built for each
value of µ between zero and five, with steps of 0.1, and their best-fit values (bµ) are determined.
The resulting confidence belt is show in Figure 6.17. Each bin on the y-axis, shows a ‘slice’ with
a distribution of 10,000 toys such as the one shown in Figure 6.16. The yellow and blue bands in
the figure are determined by setting the ‘X’ in that figure. For the yellow band, X is set to 68.27%
confidence level (CL), corresponding to 1�, while in the blue band it is set to to 95.45% CL, for
2�. To explain the features of the plot in more detail, it is useful to divide it in four regions, based
on µ: Firstly, high values of µ (around 3.5 and higher), where the confidence interval follows the
line µ = bµ, secondly, the region around µ = 2, where low values of bµ fall in the 1�-band, thirdly,
the ‘bottleneck’ of bµ-values at µ = 0.4, and lastly, the broad confidence interval at µ = 0. To
understand Figure 6.17, it is good to keep in mind the expected yield as a function of µ, that was
shown in Figure 6.2.

High µ region: For the high mu region, the signal dominates over the interference, and
the measurement converges to a more conventional signal+background measurement. Here, the
distribution of bµ as a function of µ is a Gaussian distribution, as seen in Figure 6.15 for µ = 5.
Since the Gaussian distribution is symmetric around the central value, the 1�-band and 2�-band
in this region are symmetric around the line µ = bµ. Without interference, such behavior would be
expected for all values of µ. In off-shell analysis however, the interference complicates the behavior
for smaller values of µ.

Region around µ = 2: As seen in Figure 6.2, when going to lower values of µ (at µ = 1.87
and below), two values of µ give the same number of expected events. However, as seen in Figure
6.3, the shapes for, for example, the SBI(µ) with µ = 2 and the background (µ = 0) are different.
The number of events in the analysis is low enough that the uncertainty on the shape (given by
the Poisson distribution that is used to build the toys) allows for the possibility that a distribution
that was originally µ = 2, when varied within its uncertainty, fits better with the distribution for
µ = 0. Because of this effect, the distribution of bµ for toy datasets in this region show a double
peak. For example, a peak at both 0 and 2 is seen for datasets based on both µ = 0.1 and µ = 2,
as shown in Figure 6.18.
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Figure 6.17: Confidence interval for bµ as a function of µ in the off-shell analysis, build by con-
structing 10,000 toy datasets for each value of µ in the range zero to five, with steps of 0.1. In the
yellow, the 1�-band is shown, at 68.27% confidence level (CL), and in blue, the 2�-band is shown,
at 95.45% CL.

Region around µ = 0.4: In this region, the number of events as a function of µ is around its
minimum, which is also seen in Figure 6.2. This means fluctuations that increase the total number
of events in the toy datasets can result in either a lower or a higher value of bµ, depending on the
shape of the distribution. However, for fluctuations that decrease the total number of events,
there is no value of µ that can account for such a decrease. In such a case, the best fit value of
µ is unchanged from the true value of 0.4 (barring some shape effects). Because of this one-sided
effect, the size of the confidence interval decreases with respect to other values of µ.

Region at µ = 0: In the final region, where µ = 0, the same effect is seen as in the region
around µ = 2. Also here, there are two values of µ that give the same number of expected events.
In addition, since µ cannot be negative, there is a hard boundary at µ = 0. Because of this
boundary, toy datasets that have a positive fluctuation in the total number of expected events
behave different from toy datasets that have a negative fluctuation in the total number of expected
events. For a negative fluctuation, it is expected that the value of µ increases, as a higher value
gives a larger negative interference (though the exact behavior also depends on the shape). For
a positive fluctuation without the interference term, an opposite effect would be expected, with a
decrease in µ, but this is not possible, because the interference in equation (6.15) scales with the
square root of µ. Instead, looking purely at the total number of events, it is expected such toy
datasets give a bµ above 1.87.

Note that a measurement will be represented by a vertical line in Figure 6.17. For a given value
of bµ on the x-axis, there is an interval [µ+, µ�] where the vertical line intersects the confidence
interval, for example, for bµ = 3.9, the 2� interval in µ is [3.0, 4.8]. Because of the shape of the
confidence interval for the off-shell analysis, this can also be a discontinuous interval. For example,
for bµ = 3.1 the interval is at [0] and [2.0, 4.0].

Using the likelihood ratio as test-statistic to construct the confidence interval

The studies presented so far used the best-fit value of the parameter of interest (bµ) to build the
confidence belt. However, the confidence belt can be built with any parameter, also called the
test-statistic. Of particular interest is the profile likelihood ratio. Just like the high mass analysis,
the off-shell analysis uses a profile likelihood method, in this case to test hypotheses with a given
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Figure 6.18: Distribution of best-fit values for the off-shell signal strength (bµ) for 10,000 toy
datasets, that are built based on the expected dataset for µ = 0.1 (left) and µ = 2 (right).

off-shell signal strength. This method is described in more detail in Chapter 5.3. The profile
likelihood for the off-shell analysis is described by a Poisson distribution for each bin, that gives
the likelihood to observe n events, and a unit-area Gaussian for each of the nuisance parameters
(~✓). The only difference with respect to the high mass analysis is in the parameters of interest
that the yield depends on, as the off-shell analysis also includes the parameters for the various
control regions. The likelihood for a hypothesis with a given off-shell Higgs boson signal strength
(µ) is therefore given by:

L(n|�) =
nbinsY

i

Poisson(ni,�(µ, µ3`, µZ+jets, µeµ,
~✓)) ·

nNPsY

j

Gauss(✓j |✓0, 1), (6.16)

which is the equivalent of equation (5.21). The nuisance parameters in the off-shell analysis are
described later in this chapter. The expression for the likelihood ratio in the off-shell analysis is
the same as used in the high mass search (equation (5.22)):

qµ = �2 ln
L(µ,

bb~✓(µ))

L(bµ,b~✓)
. (6.17)

The advantage of using the likelihood ratio to build the confidence interval is that it is not
necessary to build thousands of toy datasets. Using Wilks’ theorem [126], it follows that, in the
asymptotic limit (i.e., with high enough statistics), the distribution of qµ (the probability density
function (p.d.f.)) is given by a �2 distribution. This distribution is independent of the parameter
of interest µ. Therefore, the shape of the confidence interval in the asymptotic limit is known for
each value of µ. To illustrate this, Figure 6.19 shows the acceptance interval in the likelihood-ratio
distribution for a hypothetical µ = 2 dataset in the asymptotic limit. As before, the confidence
interval, shown in the right plot in the figure, is built by combining the acceptance intervals for
many values of µ, which each form one ‘slice’ of the y-axis. Since the acceptance interval in this
slice is independent of µ, the confidence belt is determined without the need to construct toys
for each µ (as is done here explicitly). Figure 6.19 also shows a (purely hypothetical) observed
dataset in green. Note that when using the likelihood ratio as test-statistic, the observed dataset
is a function of the parameter µ. The observed limits of this dataset are found by computing
the intersection of the measurement (green line) with the confidence belt (blue dotted line), as is
indicated in the figure with the two red dotted lines.

For a first look at the expected limits in the off-shell analysis, the expected dataset with µ = 5
is used. As mentioned before, in this regime of the analysis, the signal dominates over the inter-
ference, and the measurement converges to a more conventional signal+background measurement.
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Figure 6.19: In the left plot: The acceptance interval in the likelihood-ratio distribution for a
hypothetical µ = 2 dataset in the asymptotic limit. In the right plot: Confidence interval for
the likelihood ratio as a function of µ in the asymptotic limit. Note that the distribution in the
likelihood ratio is independent of the parameter µ. The green line shows a purely hypothetical
measurement, as a function of µ. From [125].

That is, in this regime the distribution of the likelihood ratio follows a �2 distribution. The con-
fidence belts can therefore be determined using the method illustrated in Figure 6.19. As before,
two confidence belts are constructed, a 1�-belt at 68.27% CL and a 2�-belt at 95.45% CL. Figure
6.20 shows the expected profile of the likelihood ratio as a function of the off-shell signal strength,
for a dataset with µ = 5, together with the 1- and 2�-belts. Note that it is convention to show
the belts horizontally, and the belts in Figure 6.20 are turned a quarter turn with respect to the
belt shown in Figure 6.19.

The expected dataset is still a parabola that depends on µ. To quote the result of this mea-
surement, both the central value and the uncertainty on this value have to be known. The central
value is found by fitting the data to the prediction. Since this is an Asimov dataset, the result is
the original value: µ = 5. To evaluate the uncertainty on this value, the intersections of the mea-
surement (the green line in 6.20) with the 1� and 2� (dotted) lines are evaluated. The resulting
expected measurement of the off-shell signal strength is µ = 5.00±0.50. As mentioned, the high-µ
dataset is chosen because in this region the effect of the negative interference is not seen. When
looking at values of µ around the SM expectation of one however, there are significant challenges
in the construction of the confidence interval. Two important factors to take into account in this
region are the boundary at µ = 0 and the quadratic nature of the parameterization. The effect of
the latter was already seen in the region around µ = 2 in Figure 6.17.
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Figure 6.20: Profile of the log likelihood ratio (�2 ln⇤) as a function of the off-shell signal strength
(µ) for an expected result with µ = 5, showing the confidence belts at 1� and 2�.

Effect of a physical boundary

For measurements where the parameter of interest (bµ) is measured to be larger than, or equal to
zero, the ratio shown in equation (6.17) is used to quantify the likelihood of a given hypothesis.
For the off-shell analysis, there is an implicit demand for µ and bµ to be larger than zero, since the
parameterization in equation (6.15) does not have a real solution when taking the square root of
a negative µ. To explain the effect of this implicit demand, this section first discusses a thought-
experiment without interference, and then demands the parameter of interest to be larger than
zero. For a measurement without interference, a simple parameterization of the yield is:

� = L

⇣
µN(Stot)

exp
+ N(Btot)

exp

⌘
, (6.18)

where N
(Stot)
exp and N(Btot)

exp
are the expected number of events for the total signal and backgrounds,

respectively. Note that this thought experiment simply consists of signal + background. The
nature of the parameter of interest, µ did not change, it is still a cross-section ratio, meaning it
does not have a physical value below zero. What changed in this thought experiment is that a
dataset with bµ < 0 is now mathematically possible. To find a best-fit value below zero, a dataset
will need fewer events than expected from the background-only hypothesis (µ = 0). Since the
expected number of background events is set by the prediction, the best fit with the data is to
introduce a negative signal. While mathematically possible, such an unphysical result is not a
desired outcome. The best level of agreement between the dataset with bµ < 0 and a prediction
that is physically possible is at µ = 0, so the likelihood ratio is changed to [118,127]:

qµ =

8
>><

>>:

�2 ln L(µ,
bb~✓(µ))

L(bµ,b~✓)
bµ � 0

�2 ln L(µ,
bb~✓(µ))

L(0,
b~✓)

bµ < 0

. (6.19)

With this redefined test-statistic, any dataset with bµ < 0 is treated as maximally consistent with
the background-only hypothesis. The resulting confidence interval is no longer a perfect rectangle,
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but ‘pinches’ at low µ towards the point (0,0) [125], as seen in Figure 6.21. This pinching effect
is also observed in the off-shell confidence belt, but instead of occurring around µ = 0, it happens
around µ = 0.4, as seen in the next subsection.

Figure 6.21: Expected confidence interval for the likelihood ratio (equation (6.17)) as a function
of µ. The expected confidence interval is shown for a parameterization with a physical boundary
at µ = 0, which causes the interval to ‘pinch towards zero, due to the change in the likelihood
ratio, shown in equation (6.19). The green line shows a purely hypothetical measurement, as a
function of µ. From [125].

Confidence interval for the off-shell analysis: Using the likelihood ratio

For the off-shell analysis, there are two key differences to the situation described above: Firstly,
due to the negative interference, a yield lower than the background yield is the expected result,
and secondly, a solution with bµ < 0 is mathematically impossible. As a result, all datasets give
a signal strength of zero or higher, and unphysical results (i.e. results with a yield below the
minimal expected yield) will find a best-fit value around the expected minimum yield (at µ =
0.4). Therefore, unphysical results cannot be distinguished from physical results, something that
could be done in equation (6.19).

To construct the confidence interval in terms of the likelihood ratio for the off-shell analysis,
10,000 toy datasets are constructed for each value of the off-shell signal strength (µ). This is done
for values of µ between zero and five, with steps of 0.1. The resulting interval is shown in Figure
6.22, where the 68.27% (1�) interval is given in yellow and the 95.45% (2�) one is given in blue.
For this figure, it is convenient to look at the same regions that were discussed for Figure 6.17: a
high µ region, the regions with µ around zero and two, and the region around µ = 0.4.
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Figure 6.22: Confidence interval for the likelihood ratio (qµ in equation (6.17)) as a function of
µ in the off-shell analysis. For each value of the parameter of interest, µ, 10,000 toy datasets are
built, taking steps of 0.1 in µ. In yellow, the 1�-band is shown (68.27% confidence level), and in
blue, the 2�-band (95.45% confidence level.)

High µ region: For the region where the off-shell signal strength is large (µ >⇠ 3.5) the
interference effects become negligible, and the off-shell measurement behaves more like the thought-
experiment in equation (6.18). For this region, the confidence belt shows the expected behavior,
shown before in Figure 6.19, where the edge of the 1�-band is around the line where the likelihood
ratio is one, and the 2�-band is around the line where the likelihood ratio is four.

Region around µ = 2 and at µ = 0: As discussed before, for these regions, the quadratic
dependence of the number of events for µ is very important. Since there are two solutions for bµ
given an expected yield in these regions, the confidence belt broadens in this area.

To explain this broadening, Figure 6.23 shows two toy datasets, one based on a true distribution
where µ = 0 that, due to the fluctuations in this toy dataset, gives a best-fit value of circa 2, and
one based on µ = 2 that shows the reverse, with a best-fit value close to 0. In both figures, the
likelihood for the ‘true’ value of µ is indicated. The likelihood ratio (equation (6.17)) is then
given by the distance on the y-axis of this point to the x-axis, since logarithm of a ratio is the
same as the difference of the logarithms: qµ = ln(L(µ))/ ln(L(bµ)) = ln(L(µ)) � ln(L(bµ)). Both
toy datasets find a local minimum close to the ‘true’ value of µ, indicated by ‘qµ’ (with quotes).
However, due to the quadratic nature of the off-shell parameterization, a second minimum exists
for the likelihood ratio (qµ). For these specific toy datasets, it happens that the shape information
makes this minimum more likely than the minimum close to the ‘true’ µ. This causes a ‘jump’ in
the likelihood ratio, which broadens the confidence interval.

Region around µ = 0.4: In this region the number of events is at its minimum, and only
fluctuations that increase the number of events can change the best-fit value (bµ). For the toy
datasets where the number of events has decreased, bµ cannot change significantly. If the Poisson
can be approximated by a Gaussian (valid for ⇠20 events and higher), it is expected that about
half of the toy datasets do not change the off-shell signal strength away from 0.4. Therefore, the
likelihood ratio will be zero for these toy datasets. Because of this one-sided effect, the confidence
belt will ‘pinch’ around µ = 0.4. This effect is similar to the more conventional effect described
by equation (6.19), where the likelihood will ‘pinch’ around µ = 0.



6.3. EXPECTED PRECISION IN THE OFF-SHELL MEASUREMENT 157

Figure 6.23: Profiles of the log likelihood ratio (�2 ln⇤) as a function of the off-shell signal strength
(µ) showing the effect of a double minimum on the likelihood ratio. Due to the quadratic nature
of the off-shell parameterization, a degeneracy exists in the expected yield for µ = 0 and µ =⇠ 2.
The left plot shows a toy dataset based on µ = 0, where the best-fit value is around µ = 2. The
right plot shows the opposite, a toy dataset based on µ = 2, where the best-fit value is around
µ = 0. For each plot, two minima are seen, and the distance on the y-axis between the minima and
the likelihood for µ (Lµ) gives the likelihood ratio, as indicated by arrows. The local minimum,
close to the ‘true’ value of µ is indicated in red, with the label ‘qµ’ (with quotes) and the global
minimum is shown in blue, with the actual value of qµ. Note that the global minimum creates a
much larger likelihood ratio than is expected from the local minimum.

Expected sensitivity for a statistics-only off-shell signal strength measurement

Figure 6.24 shows the likelihood ratio as a function of the off-shell signal strength for a statistics-
only Asimov dataset. The left plot shows the asymptotic 1� and 2� bands, and the right plots
shows the confidence belts for the off-shell analysis. Note that the confidence interval on the signal
strength, given by the interval of the confidence belts and the likelihood ratio profile, gets worse
when introducing the correct confidence belts. The expected signal strength for a statistics-only
measurement using the asymptotic 1� band is:

µ
expected

off-shell
= 1.00+0.85

�0.88 (stat. only), (6.20)

when using the correct confidence belts, the uncertainties increase to:

µ
expected

off-shell
= 1.00+0.96

�0.94 (stat. only). (6.21)
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Figure 6.24: Profile of the log likelihood ratio (�2 ln⇤) as a function of the off-shell signal strength
(µ) for the Standard Model (µ = 1), with only statistical uncertainties are included. The left plot
shows the profile with asymptotic confidence belts (dotted lines) and the right plots shows the
confidence belts for the off-shell analysis.

6.3.2 Systematic uncertainties
The studies presented so far only take into account the uncertainty that originates from the
statistical fluctuations of the predictions. In the final analysis, the full set of uncertainties also
includes systematic uncertainties. As shown in equation (6.16), these uncertainties are added to
the analysis as nuisance parameters in the likelihood. This approach is the same as in the high mass
analysis, and in the relevant chapter the most important experimental systematic uncertainties
are described (Section 5.2.1). Since these uncertainties depend on the method used to determine
the various parameters used in the analysis (e.g.: jet energy, lepton reconstruction), and since
these did not change significantly compared to the high mass analysis, this list remains the same
for the off-shell analysis. However, the impact of the uncertainties might change between the
two analyses, because the calculations and recommendations for these uncertainties are under
constant development in the ATLAS combined performance groups. One example of updated
recommendations for the off-shell analysis are the new b-jet definitions, which also have associated
uncertainties. The full list of the systematic uncertainties in the off-shell analysis is given in
Appendix D.

Change in jet energy resolution uncertainty

An important change with respect to the high mass analysis is in the jet energy resolution uncer-
tainty. Before discussing the change itself, a problem with applying such a systematic uncertainty
has to be discussed. The energy resolution is simulated by smearing the jet energy with a specific
(usually Gaussian) distribution. Since the smearing changes the jet energy, any information on
the original value of the energy is lost. It is therefore impossible to ‘un-smear’ the jet energy.
Because of this, the uncertainty on the jet energy can only be applied one-sided: if the energy
resolution is worse than expected, the jet energy is smeared to simulate this, but if the resolution
is better than expected this cannot be simulated, as an ‘un-smearing’ procedure is required. In
the high mass analysis, this was solved by symmetrizing the uncertainty, thus creating a two-sided
uncertainty. Here, the ‘up’ variation of the jet energy resolution uncertainty was defined by smear-
ing the simulated data, and the impact of the ‘down’ variation was defined as the negative ‘up’
impact. While this works well as an approximation, there is no physical reason why the ‘down’
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impact has to be the negative ‘up’ impact. Because the jet energy resolution is one of the most
important systematic uncertainties in the `+`�⌫⌫̄ analyses, this approach was changed to a more
correct one in the off-shell analysis. Here, a pseudo-data smearing is used when the jet energy
resolution is better than expected. The pseudo data is built by adding the difference between the
observed and expected resolution as an additional uncertainty on the simulated data. This will
give a more correct, asymmetric uncertainty on the jet energy resolution, which is used for the
off-shell analysis.

In addition to the various experimental systematic uncertainties, there are also uncertainties
on the signal from theoretical sources. Specifically, the NNLO/LO K-factors that are derived for
the off-shell signal, background and interference.

Impact of K-factor uncertainties

Section 2.4.3 introduced the K-factors for the off-shell analysis. Each of the processes used to
parameterize the off-shell Higgs boson production (signal, background, interference and signal +
background + interference (SBI)) has an NLO/LO K-factor that depends on the invariant ZZ

mass, and in addition a flat NNLO/NLO K-factor of 1.2 is applied. The NLO/LO K-factors
each have an associated uncertainty, determined by the envelope of the QCD scale uncertain-
ties. The uncertainty on the individual K-factors was shown in Figure 2.14, and the impact of
this uncertainty in the off-shell analysis is discussed in the following. This impact depends on
the parameterization chosen for the off-shell analysis. The NLO K-factors can be added to the
parameterization in equation (6.6) in two ways:

SBI(µ) =µ
2
·KS(mZZ) · S

+
p
µ ·KI(mZZ) · (SBI1 � S �B)

+KB(mZZ) ·B,

(6.22)

or

SBI(µ) =(µ2
�
p
µ) ·KS(mZZ) · S

+
p
µ ·KSBI(mZZ) · SBI1

+ (1�
p
µ) ·KB(mZZ) ·B.

(6.23)

The difference between the two is in the choice between scaling the interference with its KI

factor, or scaling the SBI with its KSBI factor. In principle, both methods are valid, and should
even give the same results. However, the impact of the K-factor uncertainties depends on which
parameterization is chosen. The impact on the expected pre-selection yield for each of the off-shell
processes is shown in Table 6.8. Here, the flat NNLO/NLO K-factor is also applied, but this does
not add an additional uncertainty. Note that the two methods give very similar results in the
expected yields and the impact of the uncertainties.

A large difference is seen between the two parameterizations in the shape uncertainties of the
SBI(µ). To build these shapes, each event is assigned a K-factor and associated uncertainty, based
on the ZZ invariant mass and the inputs in Figure 2.14. This is done for both the KSBI and the KI

parameterization method. The two use the same inputs for the signal and background events, and
only differ in the inputs for the interference K-factor. Because the total uncertainty on the SBI(µ)
is determined is different combinations of the inputs, the resulting shape uncertainties are also
different between the two parameterizations. Figure 6.25 shows the distribution of the transverse
ZZ mass for the SBI at µ = 1 and µ = 5 with the uncertainties for the two parameterizations.
The KI parameterization shows some unexpected behavior, especially in the case of µ = 1, where
the ‘down’ variation at some value of the transverse mass is larger than the nominal, and even the
‘up’ value. This behavior is not seen at large values of µ, for example in the case of µ = 5, shown
in the same figure. For the KSBI method, such behavior is not seen.
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Table 6.8: The impact of the uncertainties of the NNLO/LO K-factors on the expected pre-
selection yields of various processes used in the off-shell parameterization. The Signal, Background
and the SM Signal+Background+Interference (SBI1) are all from simulated samples, while the
SBI(µ) are parameterized using either equation (6.22) (‘KI ’) or equation (6.23) (‘KSBI ’), choosing
µ as one or five.

Nominal Up Down
Signal 203.6 230.6 (+13.28%) 173.5 (-14.78%)
Background 952.3 1084.2 (+13.85%) 793.9 (-16.64%)
SBI1 829.9 937.9 (+13.02%) 698.1 (-15.88%)
SBI(µ = 1) (KI) 835.4 941.3 (+12.68%) 704.8 (-15.64%)
SBI(µ = 1) (KSBI) 829.9 937.9 (+13.02%) 698.1 (-15.88%)
SBI(µ = 5) (KI) 1253.6 1402.1 (+11.84%) 1074.2 (-14.31%)
SBI(µ = 5) (KSBI) 1241.2 1394.5 (+12.35%) 1059.1 (-14.67%)

Figure 6.25: Transverse mass distributions of SBI(µ) for the parameterizations shown in equa-
tions (6.22) (‘KI method’, top plots) and (6.23) (‘KSBI method’, bottom plots). The distributions
are shown for an off-shell signal strength of one (left plots) and five (right plots). The KI param-
eterization shows some unexpected behavior, especially in the case of µ = 1, where the ‘down’
variation at some value of the transverse mass is larger than the nominal, and even the ‘up’ value.

The difference in the uncertainties for the two parameterizations leads to a difference in the
expected limits. Figure 6.26 shows a scan of the likelihood ratio versus the off-shell signal strength
for the ggF production channel for three cases: The statistics only case, and the two parameter-
izations with all systematic uncertainties included. The uncertainty of each of the simulations is
given by its intersection with the 1� and 2� bands. Here, it is seen that the parameterization in
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equation (6.23) (‘KSBI method’) gives a significantly lower uncertainty compared to the parame-
terization in equation (6.22) (‘KI method’). Since its behavior is better understood, the K-factors
shown in equation (6.23) (‘KSBI method’) are used in the off-shell analysis.

Figure 6.26: Profile of the log likelihood ratio (�2 ln⇤) as a function of the off-shell signal strength
(µ) for the simulation with statistical uncertainties only and for the simulation that includes all
systematic uncertainties. In the blue line, the parameterization shown in equation (6.23) (the
‘KSBI method’) is used, while the red line uses the one shown in equation (6.22) (the ‘KI method’).
The large difference between the two parameterizations is likely caused by the discrepancy of the
uncertainties in the two methods, seen in Figure 6.25. The parameterization shown in equation
(6.23) (‘KSBI method’) is used in the off-shell analysis.

6.3.3 Effect of systematic uncertainties on the confidence interval

In Section 6.3.1 the confidence interval construction for the off-shell analysis was discussed. Equa-
tion 6.17 describes how the nuisance parameters related to the systematic uncertainties are in-
cluded in the likelihood ratio. As described in the aforementioned section, the addition of the
nuisance parameters to the likelihood ratio does not change its distribution in the asymptotic
regime (Wilks’ theorem). However, in the same section it was shown that the off-shell analysis is
not in this asymptotic regime. To investigate the effect if the nuisance parameters, the confidence
interval has to be constructed again, this time including the systematic uncertainties.

This construction is performed with a method similar to what is used for the case without nui-
sance parameters. To save on both time and computing power, the six most impactful systematic
uncertainties are used for this construction. The confidence belt is constructed with 10,000 toy
datasets for each value of the off-shell signal strength (µ). This is done for values of µ between zero
and five, with steps of 0.1. In each toy, for each of the nuisance parameters, a random value from
a Gaussian distribution is assigned as the ‘measured’ value for that specific toy. In addition, the
statistical uncertainties are taken into account using the Poisson fluctuations, which is the same
as performed for the case with no nuisance parameters (Section 6.3.1). In each toy, the likelihood
ratios at confidence intervals for 68.27% (1�) and 95.45% (2�) are computed. The result is shown
in Figure 6.27.
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Figure 6.27: Confidence interval for the likelihood ratio (qµ in equation (6.17)) as a function of
µ in the off-shell analysis. Here, the six systematic uncertainties with the highest impacts are
included. For each value of the parameter of interest, µ, 10,000 toy datasets are built, taking steps
of 0.1 in µ. In yellow, the 1�-band is shown (68.27% confidence level), and in blue, the 2�-band
(95.45% confidence level.)

Comparing to Figure 6.22, which does not include the nuisance parameters, the ‘peak’ that is
seen for around µ = 2 for the 1� belt has shifted towards higher values of µ. In addition, at low
values of µ, it is seen that introducing the nuisance parameters increases both the 1� and 2� belts
in terms of the likelihood ratio. These differences are seen more clearly in Figure 6.28, where the
confidence belts with and without nuisance parameters are shown together.

It was expected that the confidence belts with and without nuisance parameters would both
converge to a likelihood ratio of one for 1� and four for 2�. In the result shown here this it is not
clear whether this is the case for the belts with nuisance parameters, as the bands with nuisance
parameters might converge to slightly higher values. In a follow-up of the off-shell analysis it
would be good if this could be investigated in more detail. The confidence belts constructed with
the nuisance parameters included are used to compute the expected and observed limits on the
off-shell signal strength, µ.
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Figure 6.28: Confidence bands for 1� (68.27% confidence level), and 2� (95.45% confidence level.)
for the off-shell analysis. The confidence bands in red are constructed while including the six
nuisance parameters with the highest impact. The confidence belts in blue do not include any
nuisance parameters.

6.3.4 Expected limits for the Standard Model expectation
Figure 6.29 shows a scan of the likelihood ratio versus the off-shell signal strength for the Standard
Model expectation of off-shell analysis. Both the expectation for a statistic-only dataset is shown
and one where all systematic uncertainties are included. Note that at the statistics-only level
(equation (6.21)), the scenario µ = 0 (i.e. no off-shell Higgs boson production at all) could be
excluded at the 2� level. But, after introducing the systematic uncertainties, this is no longer the
case, and only an upper limit can be set on the expected value of the lifetime, at the crossing with
the 2� confidence belt:

µ
expected

off-shell
< 3.25. (6.24)

In Figure 6.30 the systematic uncertainties in the SM Asimov dataset are ranked according to
their impact on the parameter of interest µ. The impact is shown in blue and orange, and the pull
for each of the uncertainties is given as a black line. For a detailed description of the plots in this
section, see Section 5.3.4. The uncertainties with the largest impact are all from theory sources.
The largest impact is seen from the higher order QCD corrections to the qq ! ZZ background, and
the second largest is from the higher order electroweak corrections to the same background. Such
large impact is expected, since this is the largest background in the analysis, and the estimate of its
contribution is taken directly from the prediction. In the combination with the 4-lepton channel,
the normalization of the qq ! ZZ background will be determined by a dedicated control region,
which will reduce the impact of these systematic uncertainties. The third-largest impact is from
the uncertainty on the K-factor for the signal-background-interference (SBI). This uncertainty has
a large impact on the analysis, since it is directly related to the expected yield of the off-shell
Higgs boson. The experimental uncertainties are mostly jet related, which have a large impact
due to the E

miss
T requirement in the analysis.

There are several systematic uncertainties in Figure 6.30 that are constrained, i.e. that have a
pull in an interval smaller than [-1,1]. Notably, the uncertainty on the higher order QCD correction
of the qq ! ZZ background are significantly constrained, in addition to some of the jet energy
resolution (JER) uncertainties that appear lower in the ranking. To understand these constraints,
the correlations between various parameters in the fit are shown in Figure 6.31. There is a large
correlation between the higher order QCD correction in the qq ! ZZ process and the parameter
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Figure 6.29: Profile of the log likelihood ratio (�2 ln⇤) as a function of the off-shell signal strength
(µ) for the Standard Model (µ = 1) Asimov dataset. The dotted line shows the expected result
with only statistical uncertainties included, while the solid line shows the expected result when all
systematic uncertainties are added. The 1� and 2� bands shown here are derived with nuisance
parameters included.

of interest (µ). Such correlations are expected, since this background cannot be distinguished from
the signal gg ! (h⇤

!)ZZ process. Other large correlations are seen in the parameter for the
Z+jets control region and the uncertainties on the E

miss
T (MET) and the jets, in particular the

JER. The Z+jets background only appears in the signal region when large fake E
miss
T is present

and such correlations are expected.
Figure 6.32 shows the ranking of the systematic uncertainties for the three control regions.

For the 3` control region it is seen that the higher order QCD correction have by far the largest
impact and dominate the uncertainty on the normalization of the WZ background. For the eµ

control region normalization, the ranking is very similar to the ranking for µ. This is expected,
since a large part of this control region are WW events with an electron and a muon, plus genuine
missing energy, which is a signature that is similar to the `+`�⌫⌫̄ final state. For the Z+jets
control region, the largest impact is from MET (Emiss

T ) and Jet uncertainties, as Z+jets events
need large fake E

miss
T to mimic the Higgs boson signal.
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Figure 6.30: Ranking of the impact of the systematic uncertainties for the Standard Model ex-
pected dataset on the parameter of interest µ. The largest impact is due to the QCD corrections
in the qq ! ZZ background (HOQCD) and the K-factor for the signal-background-interference
that makes up the total off-shell Higgs boson signal (QCD_ggZZkSBI).
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Figure 6.31: Correlations matrix for the Standard Model expected dataset. Large correlations
are seen between the parameter of interest (mu) and the higher order correction to the qq ! ZZ

background (HOQCD) and between the normalization in the Z+jets control region (mu_Zjets)
and the uncertainties on the missing energy and jet energy.
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Figure 6.32: Ranking of the impact of the systematic uncertainties for the Standard Model ex-
pected dataset on the normalization factor of the three control regions. The top left plot shows
the ranking in the 3` control region, where the higher order QCD corrections dominate the uncer-
tainty. The top right plot shows the rankling in the eµ control region, which is very similar to the
ranking for µ, since the two regions have similar signatures. In the bottom plot, the ranking for
the Z+jets control region is shown, where uncertainties on the E

miss
T and the jets dominate due

to the fake E
miss
T in this region.
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6.4 Results
Comparing the prediction to the data, and extracting the off-shell signal strength is a process that
consists of two steps. First, the observed data in the control regions is compared to the predicted
yields in these regions. This provides insight in how well the background modelling is performing,
and can help find problems in the prediction before looking at the signal. In the second step, the
full simultaneous fit is performed, where the data in the signal regions is also included, and the
off-shell signal strength is measured.

6.4.1 Observed data
The observed data is shown in two steps: First focusing on the data in the control region and then
on the data in the signal regions. However, these number are obtained in the same, simultaneous
fit.

Data in the control regions

In Figure 6.33 the prediction and observed data in the control regions is shown. The control regions
are used as a single bin to determine the normalization of the backgrounds in a simultaneous fit.The
observed normalization factor in each of the control regions is:

µ3` = 1.045± 0.077

µeµ = 0.860± 0.079

µZ+jets = 0.994± 0.013

(6.25)

For both the 3` control region and the Z+jets control region a normalization of unity fall within the
uncertainties, which indicates that the prediction matches the observed data. For the eµ control
region, unity falls outside of the uncertainty margin. This is not considered to be a problem for the
analysis, as the normalization is still relatively close to unity, and the contribution of non-resonant
`
+
`
� background processes in the signal region is only about 5%. The origin of the mismodelling

in the eµ control region is unknown, though it should be noted that there is limited statistical
power in this region. Assuming the same effect is present in the signal region, the rescaling of the
non-resonant `+`� background would compensate for this effect, which is what the control region
is designed to do.

Data in the signal region

In Figure 6.34 the observed data in the ggF and VBF signal regions is compared to the predictions,
which have been scaled with the normalization factors shown in equation (6.25). The data and
the prediction match within the statistical uncertainties. In the high transverse mass region in
both the ggF and VBF, there is a bin where no data is observed. For the ggF category less than
one event was expected in this bin, and observing none is not unlikely. In the case of the VBF
signal region, the empty bin is more significant, since around two events are expected here.
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Figure 6.33: Comparison between pre-fit distributions of the observed data and the predictions in
the three control regions of the off-shell analysis. The 3` control region is shown as a distribution
of the missing energy, while the eµ control region and the Z+jets control region are shown as a
distribution of the ZZ transverse mass. The control regions are used as a single bin to determine
the normalization of the backgrounds in a simultaneous fit. The results of this fit are shown in
equation (6.25).

Figure 6.34: Pre-fit distributions of the ZZ transverse mass in the ggF and VBF categories,
comparing the predictions with the observed data. The overflow is added to the highest transverse
mass bin.W The backgrounds are normalized using the control regions.
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6.4.2 `+`�⌫⌫̄ off-shell signal strength
A simulations fit is performed in all signal and control region, using the parameterization shown
in equation (6.15). Figure 6.35 shows the likelihood ratio scan for the parameter of interest µ for
the expected and observed results. The observed dataset shows an improvement over the expected
results, especially for the lower limit of the off-shell signal strength. The limits observed at the 2�
confidence level (95% C.L.) are:

µoff-shell > 0.05

µoff-shell < 2.82
(6.26)

Figure 6.35: Profile of the log likelihood ratio (�2 ln⇤) as a function of the off-shell signal strength
(µ) for the expected and observed datasets. The observed dataset shows an improvement over
the expected results, especially for the lower limit of the off-shell signal strength. The 1� and 2�
bands shown here are derived with nuisance parameters included.

Note that this result excludes the scenario where no off-shell Higgs boson is present (µ = 0) at
95% confidence level. Since this scenario is excluded, this result is interpreted as a measurement
of the Higgs boson off-shell signal strength. Since this is a measurement, the uncertainties at the
1� level are used in the final result:

µoff-shell = 1.06+0.77
�0.61 (stat. only)

µoff-shell = 1.06+0.98
�0.62

(6.27)

This result is the first measurement of the Higgs boson off-shell signal strength with the ATLAS
detector.
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6.4.3 An estimate of the Higgs boson lifetime using the `+`�⌫⌫̄ off-shell
analysis

The aim of the off-shell measurement is to use its result to compute an estimate of the Higgs
boson lifetime. The procedure of the ATLAS measurement that this work is based on is to
first combine the off-shell measurements in the `+`�⌫⌫̄ and 4-lepton channels to a single µoff-shell

measurement, and then combine with the 4-lepton on-shell measurement [120] to extract the width,
and subsequently the lifetime, of the Higgs boson.

Since the 4-lepton off-shell measurement and its combination with the `+`�⌫⌫̄ channel are
ongoing and not included in this work, it is not yet possible to present the combined lifetime esti-
mate. Instead, the following aims to give an estimate using only the `+`�⌫⌫̄ off-shell measurement
and the 4-lepton on-shell result. The estimate of the on-shell signal strength from the ATLAS
4-lepton on-shell measurement, is shown in Figure 6.36. The on-shell signal strength found in this
measurement [120] is :

µ
4`
on-shell

= 1.01± 0.11. (6.28)

Figure 6.36: Profile of the log likelihood ratio (�2 ln�) in the 4-lepton channel as a function of
the on-shell signal strength (µ). From [120].

The central value is very close to unity, and the uncertainty on the on-shell measurement is about
six times better than the `

+
`
�
⌫⌫̄ off-shell analysis presented here. Because the difference in

precision is so large, it is expected that the uncertainties from the off-shell analysis will dominate
the interpretation in terms of the Higgs boson width. An estimate of the width is made by
combining with the results for the on-shell 4-lepton analysis, where the central value for the width
is given by the ratio of the off-shell and on-shell signal strengths (equation (6.3)). Note that in
this very naive interpretation, possible correlations between the uncertainties of the on-shell and
off-shell analysis are not taken into account. In this estimate the width of the Standard Model
Higgs boson is found to be:

�h = 4.34+3.99
�2.53 MeV. (6.29)

Which is interpreted as estimate of the mean Higgs boson lifetime:
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⌧h = 1.52+2.14
�0.73 · 10

�22 s, (6.30)

where the uncertainties have been determined by computing the values for the lifetime for the
upper and lower boundaries of the width measurement.
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Chapter 7

Conclusion and outlook

This thesis presents two analyses targeting the decay of Higgs bosons to two Z-bosons, in the
channel where one of the Z-bosons decays to charged leptons, and the other to neutrinos (ZZ !

`
+
`
�
⌫⌫̄). The analyses use 139 fb�1 of pp collision data recorded with the ATLAS during run II,

from 2015 to 2018. The first analysis is the search for beyond the Standard Model (BSM) heavy
Higgs bosons, while the second analysis is a measurement of the off-shell signal strength of the
Standard Model (SM) Higgs boson, which is used to estimate the width of the Higgs boson.

The `+`�⌫⌫̄ final state provides a challenge since the final state is not fully reconstructable,
due to the two neutrinos. Instead of fully reconstructing the final state, an event signature of two
same-flavor-opposite-sign leptons with large missing transverse energy is used. The two analyses
in this thesis use the transverse ZZ mass as an observable, targeting the range between 200 and
3000 GeV. The `+`�⌫⌫̄ analyses are complementary to ZZ ! 4` analyses, which have a fully
reconstructable final state, but suffer from a six times lower branching ratio. In the ATLAS pub-
lications of both the high mass search and off-shell signal strength measurement, the two channels
are combined.

Search for heavy Higgs Bosons
The search for heavy Higgs boson tests hypothesis for several masses and widths, covering the mass
range between 300 GeV and 2 TeV, and testing up to a width that is 15% of the mass. For a heavy
Higgs boson hypothesis with a narrow width, production in both the gluon-gluon fusion (ggF) and
vector-boson fusion (VBF) production channels is investigated. The hypothesis for a heavy Higgs
boson with a large width is tested in the ggF channel for widths that are 1%, 5%, 10% and 15%
of its mass. For the large width hypothesis, the interference with the SM background is taken
into account, with both the off-shell SM Higgs boson and the continuous gg ! ZZ background
(for narrow width this interference is negligible). No significant excess over the SM background
is observed, and the results are interpreted as a limit on the production cross-section times its
branching ratio into Z-bosons for the various hypotheses [4].

Measurement of the Higgs Boson off-shell signal strength
The second analysis, building on the heavy Higgs boson search, measures the off-shell produc-
tion cross-section of the SM Higgs boson in the high transverse mass region. The off-shell signal
strength, defined as the off-shell production cross-section over its SM expectation, is then inter-
preted as a constraint on the width of the Higgs boson. The off-shell Higgs boson production will
interfere with the continuous gg ! ZZ background. This is a negative interference, meaning the
expected number of gg ! ZZ events decreases as a function of the off-shell Higgs boson signal
strength. The signal strength is therefore measured by measuring the deficit in gg ! ZZ events.
By combining the off-shell measurement with the measurement of the on-shell signal strength, an
interpretation as a measurement of the total width of the Higgs boson is performed.

Like the narrow-width high mass search, the off-shell analysis consists of a ggF and a VBF
signal. In the VBF channel, a similar interference process occurs as in the ggF channel. Here, the

173
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VBF signal interferes negatively with the vector-boson scattering background. The two channels
are measured simultaneously to get a complete measurement of the off-shell signal strength. To
interpret this result, the 1� and 2� bands are constructed while taking the interference into
account, leading to non-conventional confidence belts. An off-shell signal strength of 1.06+0.98

�0.62

was measured. The signal strength measurement provides a lower limit at the 2� level, and was
interpreted as an estimate of the Higgs boson total width. The Higgs boson total width was found
to be �h = 4.33+3.99

�2.53 MeV .
The result presented here is based only on the `+`�⌫⌫̄ final state, and an effort is currently

underway to combine it with the complementary 4-lepton analysis. The results here provide a
preview of what can be expected from the combined measurement. There already exists internal
documentation on the full off-shell analysis within ATLAS [7], which is expected to be converted
into a publication with the ATLAS collaboration. The result presented in this work is the first
measurement of the off-shell signal strength with the ATLAS detector.

7.1 Improving the off-shell measurement
While this in itself is already a very exiting result, there are ideas to improve the precision of the
measurement. One method would be to redo the measurement at higher luminosity, following the
schedule outlined in Chapter 3.1. The measurement can be repeated at the end of run III, when
450 fb�1 of data is expected to be collected, and at the end of run IV, when the high-luminosity
upgrade of the LHC is expected to have pushed the integrated luminosity to 3000 fb�1. Another
way to improve the analysis result is to reduce the systematic uncertainties. In Figure 6.30 it is
seen that the most important systematic uncertainties in this analysis are from theory sources.
In particular, the higher-order QCD corrections to the modelling of the signal process and the
qq ! ZZ background process have a large impact on the analysis. The event selection of the
analysis can also optimized further. Especially in the VBF category, it is expected that some im-
provement can be gained. Another optimization would be to reduce the background contributions,
for example with a veto on hadronic ⌧ decays to reduce the WZ contribution. These optimization
are discussed in more detail in this section.

Reducing the leading systematic uncertainties
There are several systematic uncertainties that deteriorate the precision on the measurement
of the off-shell signal strength. The uncertainties with the highest impact are all related to
higher-order corrections to the modelling of the signal and the irreducible qq ! ZZ (qqZZ)
background. Specifically, the top three uncertainties with the highest impact are from higher-
order QCD and electroweak corrections to qqZZ and the uncertainties on the K-factor of the
signal+background+interference (SBI). The higher-order QCD correction and the K-factor uncer-
tainties are both determined by varying the factorization and renormalization scales by a factor
of two (see Section 2.4.3), while the uncertainty on the electroweak correction is given by the
difference between two methods to combine the NLO electroweak corrections with the NLO QCD
corrections. For all these, it is important to note that the uncertainties here do not give an exact
expectation of the true higher-order corrections, but rather give an estimate of the impact these
corrections would have, if available.

The next step in the off-shell analysis is the combination of the `+`�⌫⌫̄ result with the 4-
lepton result. In this combination, the qqZZ background normalization will be determined by a
floating normalization in the 4-lepton channel. It is expected that floating the normalization will
decrease the impact of the systematic uncertainties related to the qqZZ background. To reduce
the uncertainties on the K-factor of the SBI, a full NNLO calculation of this process is required.
In the signal, it is seen that for increasingly higher order the K-factor starts to converge towards
unity: From about 1.7 for NLO/LO to about 1.2 for NNLO/NLO. If the same pattern is true for
the SBI, an NNLO calculation will significantly reduce this uncertainty.
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A dedicated VBF category
In the current setup of the analysis, described in Section 6.2, the signal selection consists of two
steps: a main event selection to select `+`�⌫⌫̄ events and a subsequent categorization where events
are categorized in a ggF and a VBF signal region, based on the number of jets in the event and the
properties of those jets. For events to be classified as VBF, they are required to have at least two
jets, with an opening angle �⌘ > 4.0 between them. The criteria in the main event selection are
chosen to remove backgrounds that are expected in the ggF channel, with many criteria targeting
the Z+jets background. However, some of these selection criteria also reduce the VBF signal
contribution. In particular, cuts on the missing transverse energy (Emiss

T ) and E
miss
T -significance

variables remove a significant amount of VBF signal. Distributions of these variables for the VBF
SBI are shown in Figure 7.1. Note that with the current main event selection (Emiss

T > 120 GeV
and E

miss
T -significance > 10) a significant portion (circa 65%) of the VBF events is removed from

the analysis.

Figure 7.1: Distributions of the missing transverse energy (Emiss
T ) (left) and the E

miss
T -significance

(right) for the VBF off-shell SBI. Note that with the current main event selection (Emiss
T > 120

GeV and E
miss
T -significance > 10) a significant portion of the VBF events is removed from the

analysis.

An approach to prevent reducing the VBF signal contribution and improve the analysis is to
reverse the selection process. By first dividing the event selection in ggF and VBF categories,
based on the jet properties of the event, and only then optimizing the two categories separately. It
is expected that the VBF region requirement of two or more jets and a large opening angle between
them will already reduce the Z+jets contribution considerably. Therefore, the selection criteria
on the E

miss
T and E

miss
T -significance variables, which mainly target the Z+jets background, can

be relaxed with respect to the current main selection. This will improve the analysis by keeping
more VBF signal events in the signal region.

Reducing the WZ background yield with a hadronic ⌧-lepton veto
The largest background contributions in the `+`�⌫⌫̄ signal region are from the qq ! ZZ and
WZ processes. The qq ! ZZ is an irreducible background, as it cannot be distinguished from
the gg ! ZZ background, which interferes with the Higgs boson signal. On the other hand, an
effort can be made to reduce the WZ background. This process is currently suppressed by vetoing
events with three or more leptons, and has a dedicated control region that selects events with
exactly three leptons. Here, ‘leptons’ refers to either electrons or muons, as ⌧ -leptons will decay
before reaching the ATLAS detector. However, W -bosons will decay to ⌧ -leptons with the same
branching ratio as electrons or muons. If the ⌧ -lepton subsequently decays to lighter leptons, the
event will be removed by the third lepton veto, but 65% of ⌧ -leptons decay hadronically [10], in
which case no third lepton is present in the final state. Figure 7.2 shows a Feynman diagram for
a WZ event where the W -boson decays to a ⌧ -lepton, which subsequently decays hadronically.
Note that this event passes the requirements of the `+`�⌫⌫̄ signal region, as it has two leptons
originating from a Z-boson, as well as genuine missing transverse energy.
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Figure 7.2: Feynman diagram of a WZ event where the W -boson decays to a ⌧ -lepton, which
subsequently decays hadronically. Note that this event passes the requirements of the `+`�⌫⌫̄
signal region, as it has two leptons originating from a Z-boson, as well as genuine missing transverse
energy.

In the ATLAS collaboration, methods to reconstruct hadronic ⌧ -decays are already present
[128]. These can be used to apply a veto on events with hadronic ⌧ -decays, and reduce the WZ

background contribution, to improve the analysis.

Prospects for run III and the high-luminosity LHC
In the current LHC schedule, run III is planned to run until 2025, collecting 450 fb�1 of data.
After this, the high-luminosity LHC upgrade is planned to push the integrated luminosity to 3000
fb�1. To give an idea of the precision of the off-shell measurement in the future, the expected
dataset has been scaled to these luminosities. The systematic uncertainties in this prediction have
not been changed with respect to the run-II result. The resulting likelihood profiles are shown in
Figure 7.3, and the limits for the off-shell signal strength are:

µ
expected

off-shell
(450 fb�1) = 1.00+0.55

�0.53

µ
expected

off-shell
(3000 fb�1) = 1.00+0.20

�0.20

(7.1)

Note that as an effect of the increase in luminosity, the double minimum in the likelihood
profile starts to disappear. For the expected dataset (µ = 1) there is a degeneracy in the number
of expected events with µ = 0.14, as was shown in Figure 6.2. As a result, the scenarios µ = 1
and µ = 0.14 can only be distinguished based on the shape difference. As the uncertainty of the
shape decreased with higher luminosity, also the degeneracy between the two datasets disappears.

The ideas presented to improve the off-shell analysis show that the near future can bring an
even more precise estimate of the Higgs boson lifetime.
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Figure 7.3: Profile of the log likelihood ratio (�2 ln⇤) as a function of the off-shell signal strength
(µ) for the predicted luminosities of run III (left) and the high-luminosity run (right) of the
LHC. The dataset is made by scaling the expected dataset of the off-shell run II analysis to the
appropriate luminosity.
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Appendix A

Experimental systematic
uncertainties in the high mass Higgs
boson search

Section 5.2.1 already gives an overview of the most important systematic uncertainties in the
high mass Higgs boson search. This appendix gives the full list, shown in Table A.1, including
systematic uncertainties that are included in the analysis but do not impact the result significantly.

191



192 APPENDIX A.

Systematic variation Description
Luminosity

Lumi Total integrated Luminosity
Pile up reweighting

PRW_DATASF pileup µ profile reweighting
Electrons

EG_RESOLUTION_ALL electron resolution smearing
EG_SCALE_ALL electron energy calibration

EL_EFF_ID_CorrUncertaintyNP[0-15] electron identification efficiency
EL_EFF_ID_SIMPLIFIED_UncorrUncertaintyNP[0-17] electron identification efficiency

EL_EFF_Iso_TOTAL_1NPCOR_PLUS_UNCOR electron isolation efficiency
EL_EFF_Reco_TOTAL_1NPCOR_PLUS_UNCOR electron reconstruction efficiency

EL_EFF_Trigger_TOTAL_1NPCOR_PLUS_UNCOR electron trigger efficiency
EL_EFF_TriggerEff_TOTAL_1NPCOR_PLUS_UNCOR electron trigger efficiency

Muons
MUON_EFF_ISO_STAT muon isolation efficiency
MUON_EFF_ISO_SYS muon isolation efficiency

MUON_EFF_RECO_STAT muon reconstruction efficiency
MUON_EFF_RECO_STAT_LOWPT muon reconstruction efficiency

MUON_EFF_RECO_SYS muon reconstruction efficiency
MUON_EFF_RECO_SYS_LOWPT muon reconstruction efficiency

MUON_EFF_TrigStatUncertainty muon trigger efficiency
MUON_EFF_TrigSystUncertainty muon trigger efficiency

MUON_EFF_TTVA_STAT muon track-to-vertex association efficiency
MUON_EFF_TTVA_SYS muon track-to-vertex association efficiency

MUON_ID muon ID track smearing
MUON_MS muon MS track smearing

MUON_SAGITTA_RESBIAS muon momentum scale
MUON_SAGITTA_RHO muon momentum scale

MUON_SCALE muon momentum scale
Jets

JET_BJES_Response b-jet energy scale
JET_EffectiveNP_[1-8] jet energy scale

JET_EtaIntercalibration_Modelling jet energy scale
JET_EtaIntercalibration_NonClosure_highE Jet energy scale
JET_EtaIntercalibration_NonClosure_negEta jet energy scale
JET_EtaIntercalibration_NonClosure_posEta jet energy scale

JET_EtaIntercalibration_TotalStat jet energy scale
JET_SingleParticle_HighPt high pt jet energy scale
JET_Flavor_Composition jet flavor
JET_Flavor_Response jet flavor
JET_JER_DataVsMC jet energy resolution

JET_JER_EffectiveNP_[1-7] jet energy resolution
JET_JvtEfficiency JVT efficiency

JET_Pileup_OffsetMu jet pileup
JET_Pileup_OffsetNPV jet pileup
JET_Pileup_PtTerm jet pileup

JET_Pileup_RhoTopology jet pileup
JET_PunchThrough_MC16 jet punchthrough

Flavor tagging
FT_EFF_B_systematics b-jet tagging efficiency
FT_EFF_C_systematics c-jet tagging efficiency

FT_EFF_Light_systematics light-jet tagging efficiency
FT_EFF_extrapolation b-jet tagging efficiency with high pt extrapolation

FT_EFF_extrapolation_from_charm c-jet tagging efficiency with high pt extrapolation
Missing Transverse Energy

MET_SoftTrk_Scale E
miss
T energy scale

MET_SoftTrk_ResoPara E
miss
T energy resolution

MET_SoftTrk_ResoPerp E
miss
T energy resolution

Table A.1: Summary of experimental systematic uncertainties in the high mass Higgs boson search.



Appendix B

Nuisance parameter ranking in the
high mass Higgs boson search

This appendix shows the nuisance parameter rankings for the `+`�⌫⌫̄ heavy Higgs boson search
with Higgs boson masses at 300, 600, 1000 and 1400 GeV produced in either ggF or VBF. Rankings
are shown for Asimov data first and observed data after that.
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  JET Pileup OffsetMu

  EG SCALE ALL

  MET SoftTrk ResoPara

  ZZ Scale QCD

  JET Flavor Composition

  MET SoftTrk Scale

  Lumi

  Shape Shower PS ggZZ

  Shape QCDscale ggZZ

  emu Scale syst

  Zjets 1Dsb Stat

  Shape QCDscale qqZZ

  qqZZ EW Corr

  emu Scale stat

  Zjets 1Dsb Sys

!")/0! - !(

2# 1# 0 1 2

mu_ggF$/mu_ggF$"

0.2# 0 0.2

$ Postfit Effect on $+1 $ Prefit Effect on $+1

$ Postfit Effect on $-1 $ Prefit Effect on $-1

Pull

ATLAS Internal
%% ll& ZZ &H 

-1 = 13 TeV, 139 fbs
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Figure B.1: Nuisance parameter ranking for various mass points for Asimov data with a heavy
Higgs boson produced via ggF.
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Figure B.2: Nuisance parameter ranking for various mass points for Asimov data with a heavy
Higgs boson produced via VBF.
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Figure B.3: Nuisance parameter ranking for various mass points for observed data with a heavy
Higgs boson produced via ggF.
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Figure B.4: Nuisance parameter ranking for various mass points for observed data with a heavy
Higgs boson produced via VBF.
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Appendix C

Parameterization in the off-shell
analysis as a function of the signal
strength

Section 6.1.1 shows the invariant mass distribution for the signal + background + interference
(SBI) process for ggF off-shell Higgs boson production for various values of the off-shell signal
strength, µ. A selection is made for the plots shown in that section, focusing on the ones needed
to illustrate the behavior of the shape for the off-shell parameterization as a function of µ. This
appendix contains Plots for an even wider range of µ values. In Figures C.1-C.4, from top-to-
bottom, left-to-right, the invariant mass distributions are shown for SBI(µ) with µ = 0, µ = 0.01,
µ = 0.2, µ = 0.3, µ = 0.4, µ = 0.5, µ = 0.6, µ = 0.7, µ = 0.8, µ = 0.9, µ = 1.0, µ = 1.25, µ = 1.5,
µ = 1.75, µ = 1.87, µ = 2.0, µ = 2.5, µ = 3.0, µ = 4.0 and µ = 5.0.
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Figure C.1: Invariant mass distributions for the SBI process as a function of the off-shell signal
strength (SBI(µ), black), compared to the SM expectation (blue) and the gg ! ZZ background.
The SBI(µ) is shown for, from top-to-bottom, left-to-right, µ = 0, µ = 0.01, µ = 0.1, µ = 0.2,
µ = 0.3, and µ = 0.4.
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Figure C.2: Invariant mass distributions for the SBI process as a function of the off-shell signal
strength (SBI(µ), black), compared to the SM expectation (blue) and the gg ! ZZ background.
The SBI(µ) is shown for, from top-to-bottom, left-to-right, µ = 0.5, µ = 0.6, µ = 0.7, µ = 0.8,
µ = 0.9, and µ = 1.
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Figure C.3: Invariant mass distributions for the SBI process as a function of the off-shell signal
strength (SBI(µ), black), compared to the SM expectation (blue) and the gg ! ZZ background.
The SBI(µ) is shown for, from top-to-bottom, left-to-right, µ = 1.25, µ = 1.50, µ = 1.75, µ = 1.87,
µ = 2, and µ = 2.5.
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Figure C.4: Invariant mass distributions for the SBI process as a function of the off-shell signal
strength (SBI(µ), black), compared to the SM expectation (blue) and the gg ! ZZ background.
The SBI(µ) is shown for, from top-to-bottom, left-to-right, µ = 3, µ = 4, and µ = 5.
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Appendix D

Experimental systematic
uncertainties in the off-shell
measurement

Section 6.3.2 discusses the systematic uncertainties in the off-shell signal strength measurement.
This appendix gives the full list, shown in Table D.1, including systematic uncertainties that are
included in the analysis but do not impact the result significantly.
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Systematic variation Description
Luminosity

Lumi Total integrated Luminosity
Pile up reweighting

PRW_DATASF pileup µ profile reweighting
Electrons

EG_RESOLUTION_ALL electron resolution smearing
EG_SCALE_ALL electron energy calibration

EL_EFF_ID_CorrUncertaintyNP[0-15] electron identification efficiency
EL_EFF_ID_SIMPLIFIED_UncorrUncertaintyNP[0-17] electron identification efficiency

EL_EFF_Iso_TOTAL_1NPCOR_PLUS_UNCOR electron isolation efficiency
EL_EFF_Reco_TOTAL_1NPCOR_PLUS_UNCOR electron reconstruction efficiency

EL_EFF_Trigger_TOTAL_1NPCOR_PLUS_UNCOR electron trigger efficiency
EL_EFF_TriggerEff_TOTAL_1NPCOR_PLUS_UNCOR electron trigger efficiency

Muons
MUON_EFF_ISO_STAT muon isolation efficiency
MUON_EFF_ISO_SYS muon isolation efficiency

MUON_EFF_RECO_STAT muon reconstruction efficiency
MUON_EFF_RECO_STAT_LOWPT muon reconstruction efficiency

MUON_EFF_RECO_SYS muon reconstruction efficiency
MUON_EFF_RECO_SYS_LOWPT muon reconstruction efficiency

MUON_EFF_TrigStatUncertainty muon trigger efficiency
MUON_EFF_TrigSystUncertainty muon trigger efficiency

MUON_EFF_TTVA_STAT muon track-to-vertex association efficiency
MUON_EFF_TTVA_SYS muon track-to-vertex association efficiency

MUON_ID muon ID track smearing
MUON_MS muon MS track smearing

MUON_SAGITTA_RESBIAS muon momentum scale
MUON_SAGITTA_RHO muon momentum scale

MUON_SCALE muon momentum scale
Jets

JET_BJES_Response b-jet energy scale
JET_EffectiveNP_Detector_[1-2] jet energy scale
JET_EffectiveNP_Mixed_[1-3] jet energy scale

JET_EffectiveNP_Modelling_[1-4] jet energy scale
JET_EffectiveNP_Statistical_[1-6] jet energy scale
JET_EtaIntercalibration_Modelling jet energy scale

JET_EtaIntercalibration_NonClosure_highE Jet energy scale
JET_EtaIntercalibration_NonClosure_negEta jet energy scale
JET_EtaIntercalibration_NonClosure_posEta jet energy scale

JET_EtaIntercalibration_NonClosure_2018data jet energy scale
JET_EtaIntercalibration_TotalStat jet energy scale

JET_SingleParticle_HighPt high pt jet energy scale
JET_Flavor_Composition jet flavor
JET_Flavor_Response jet flavor
JET_JER_DataVsMC jet energy resolution

JET_JER_EffectiveNP_[1-12] jet energy resolution
JET_JvtEfficiency JVT efficiency
JET_fJvtEfficiency forward JVT efficiency
JET_Pileup_OffsetMu jet pileup
JET_Pileup_OffsetNPV jet pileup
JET_Pileup_PtTerm jet pileup

JET_Pileup_RhoTopology jet pileup
JET_PunchThrough_MC16 jet punchthrough

Flavor tagging
FT_EFF_B_systematics b-jet tagging efficiency
FT_EFF_C_systematics c-jet tagging efficiency

FT_EFF_Light_systematics light-jet tagging efficiency
FT_EFF_extrapolation b-jet tagging efficiency with high pt extrapolation

FT_EFF_extrapolation_from_charm c-jet tagging efficiency with high pt extrapolation
Missing Transverse Energy

MET_SoftTrk_Scale E
miss
T energy scale

MET_SoftTrk_ResoPara E
miss
T energy resolution

MET_SoftTrk_ResoPerp E
miss
T energy resolution

Table D.1: Summary of experimental systematic uncertainties in the off-shell signal strength
measurement.



Samenvatting

Dit proefschrift beschrijft twee onderzoeken over het Higgs boson, een deeltje in het hart van de
deeltjesfysica. In de deeltjesfysica probeert men te begrijpen waar alles in het universum van
gemaakt is. De kleinste bouwstenen van het universum worden elementaire deeltjes genoemd.
Onze kennis van deze deeltjes is samengevat in het standaardmodel (SM) van de deeltjesfysica,
dat in het volgende kort beschreven wordt. Het SM kent zes soorten quarks, waarvan de lichtste
varianten de bouwstenen zijn van protonen en neutronen, die op hun beurt de bouwstenen zijn
van atoomkernen. De quarks worden bij elkaar gehouden via de sterke kernkracht, die gedragen
wordt door gluonen. Naast de quarks zijn er ook zes leptonen, waarvan drie een elektrische lading
hebben. De elektrische kracht die koppelt aan deze lading wordt gedragen door het lichtdeeltje,
het foton. Het meest bekende geladen lepton is het elektron (e), dat in elk atoom om de atoomkern
heen draait. Er zijn ook het muon (µ) en de tau (⌧), die net als het elektron elektrisch geladen
zijn, maar een grotere massa hebben. De leptonen zonder elektrische lading worden neutrino’s (⌫)
genoemd. Naast de al genoemde sterke en elektrische krachten, is er ook de zwakke kernkracht, die
bijvoorbeeld voor radioactief verval zorgt. Deze kracht wordt gedragen door het Z-boson en twee
W -bosonen. Het laatste deeltje in het standaardmodel is het Higgs boson (h), dat verantwoordelijk
is voor de massa van de SM deeltjes 1. In de onderzoeken in dit proefschrift maken we gebruik
van koppeling (het verval) van het Higgs boson naar twee Z-bosonen, die op hun beurt weer in
leptonen vervallen. Specifiek kijken we naar het verval van één Z-boson in geladen leptonen (`±)
(behalve de tau) samen met het verval van het andere Z-boson in neutrino’s. Dit proces wordt
geschreven als ‘h ! ZZ ! `

+
`
�
⌫⌫̄’. Een schematische weergave van dit vervalkanaal is gegeven

in Figuur S.1.

Figuur S.1: Schematische weergave van het vervalkanaal van het Higgs boson dat gebruikt wordt in
de onderzoeken in dit proefschrift. Het Higgs boson (h) vervalt naar twee Z-bosonen (Z), waarvan
één vervalt naar twee geladen leptonen (`) en de andere vervalt naar twee neutrino’s (⌫).

Introductie: het Higgs boson

Van de deeltjes in het SM is het Higgs boson het meest recent ontdekt. In 2012 werd dit deeltje
gevonden door twee experimenten: ATLAS en CMS. Deze experimenten detecteren deeltjes uit
proton-proton botsingen bij de Large Hadron Collider2 (LHC), een deeltjesversneller bij CERN in
Genève. Omdat het Higgs boson een instabiel deeltje is wordt het niet direct gedetecteerd in de
experimenten, maar vervalt het eerst in andere deeltjes, die eventueel ook weer kunnen vervallen.
De laatste set deeltjes die overblijft en uiteindelijk gedetecteerd wordt, heet de final state. Voor dit

1
Behalve, voor zover wij weten, de neutrino’s.

2
Letterlijk: Grote Hadronen Botser
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proefschrift wordt gekeken naar Higgs boson verval in de `+`�⌫⌫̄ final state, gedetecteerd met de
ATLAS detector tussen 2015 en 2018. Een uitdaging in deze final state is dat de twee neutrino’s
niet direct gedetecteerd kunnen worden in de ATLAS detector, maar als missende energie gezien
worden.

Na de ontdekking van het Higgs boson zijn alle deeltjes in het SM bekend, maar een grote vraag
in de deeltjesfysica is of er ook Buiten het Standaard Model (BSM) fysica bestaat. Sommige ob-
servaties in het universum kunnen niet uitgelegd worden met het SM, zoals de zwaartekracht,
donkere materie, of het feit dat ons universum vrijwel geheel uit materie, en nauwelijks uit anti-
materie bestaat. BSM fysica kan een basis geven om deze observaties binnen de deeltjesfysica uit
te leggen. Naast de zoektocht naar nieuwe fysica, proberen wij ook heel precies de eigenschappen
van de ons bekende deeltjes te begrijpen. Als er eigenschappen ontdekt worden die niet exact
overeenkomen met de voorspellingen uit het SM, dan kan dit ook een hint geven van BSM fysica.
Dit proefschrift beschrijft zowel een zoektocht naar een BSM deeltje, namelijk een extra Higgs
boson, als een meting van één van de eigenschappen van het Higgs boson, namelijk de levensduur.

De levensduur van het Higgs boson kan in theorie bepaald worden in de 4-lepton final state, die
vrijwel hetzelfde is als de `+`�⌫⌫̄, behalve dat de twee Z-bosonen allebei naar geladen leptonen
vervallen. Omdat alle deeltjes in deze final state direct gedetecteerd kunnen worden, kan men de
breedte van de piek van het Higgs boson bepalen, waar de vier leptonen gereconstrueerd kunnen
worden tot een deeltje met de massa van het Higgs boson (125 GeV [10]). We zeggen dan dat
de invariante massa van de vier leptonen gelijk is aan de Higgs boson massa. Uit deze breedte
kan de waarde voor de Higgs boson levensduur bepaald worden. Deze Higgs boson breedte is
gelijk aan de som van alle koppelingen van het Higgs boson aan alle deeltjes, inclusief deeltjes die
(nog) niet bekend zijn. Door de levensduur (en dus de breedte) van het Higgs boson te bepalen
kan men dus iets zeggen over hoeveel het Higgs boson koppelt aan deeltjes die we niet kennen.
Helaas is de energieresolutie van de experimenten aan de LHC niet toereikend om deze breedte
precies genoeg uit de piek te bepalen. Een limiet op de breedte van < 5.0 GeV is gevonden op
deze manier [40], terwijl een breedte van 4.115 MeV [36] voorspeld is. Een factor duizend verschil
dus. Het onderzoek in dit proefschrift gebruikt een andere methode, waarbij gekeken wordt naar
zogenaamde off-shell productie van het Higgs boson. In off-shell productie wordt er via een kwan-
tummechanisch proces een Higgs boson geproduceerd dat energie ‘leent’ om tijdelijk deeltjes met
een grotere massa te produceren dan is toegestaan door de wet van behoud van energie.

Figuur S.2 laat een histogram zien van de invariante massa van de twee Z-bosonen in het Higgs
boson verval. De ‘normale’ Higgs boson piek (ook wel on-shell genoemd) is te zien bij de massa van
125 GeV (mh) en de off-shell productie van Higgs bosonen. Hier zien we dat de off-shell productie
toeneemt waar de invariante massa gelijk is aan de massa van twee Z-bosonen (2mZ ⇡ 180 GeV),
waarbij ons vervalkanaal (het verval van het Higgs boson naar twee Z-bosonen) van ons onderzoek
versterkt wordt. Er is ook een kleine toename te zien op het punt waar de invariante massa gelijk
is aan tweemaal de top-quark massa (2mt ⇡ 346 GeV), deze quark speelt een belangrijke rol in de
productie van het Higgs boson bij de LHC.

Het meten van de Higgs boson breedte wordt gedaan door de off-shell productie te vergelijken
met de on-shell productie. De verwachte hoeveelheid on-shell Higgs bosonen hangt direct af van
de levensduur, maar ook van de grootte van de koppelingen van het Higgs boson aan gluonen (om
deze te produceren bij de LHC) en aan Z-bosonen (vanwege ons vervalkanaal). Om de breedte
te kunnen meten moeten we dus eerst weten wat de grootte van deze koppelingen is. Dit kan
bepaald worden door naar de off-shell productie te kijken, want deze hangt niet af van de breedte,
maar alleen van de koppelingen. Bij het meten van de off-shell productie meten, moeten we er
eerst zeker van zijn dat er geen BSM fysica in deze regio voorkomt die ons een vertekend beeld zal
geven van de hoeveelheid off-shell productie. Hierbij is het andere onderzoek in dit proefschrift
handig, waarbij gezocht wordt naar hypothetische, zware Higgs bosonen in de `+`�⌫⌫̄ final state.
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Figuur S.2: Een histogram van het verwachte aantal Higgs bosonen dat geproduceerd wordt als
functie van de invariant massa van de twee Z-bosonen in het proces pp ! h ! ZZ. Te zien is de
on-shell piek op exact de Higgs boson massa (mh) en de toename in off-shell Higgs boson productie
waar de invariante massa gelijk is aan tweemaal de Z-boson massa (2mZ) en waar deze gelijk is
aan tweemaal de top-quark massa (2mt).

Onderzoek naar zware Higgs bosonen

Extra Higgs bosonen worden voorspeld door verschillende BSM theorieën, zoals bijvoorbeeld het
Two-Higgs-Doublet Model (2HDM) dat voorspelt dat er vijf verschillende Higgs bosonen bestaan.
Onder deze Higgs bosonen zijn twee bosonen met dezelfde eigenschappen als het ontdekte SM
Higgs boson, maar waarschijnlijk met een andere massa. Als we ervan uitgaan dat één van deze
bosonen het SM Higgs boson is, dan zou er dus nog een tweede, zwaarder Higgs boson te vinden
zijn. In de zoektocht naar zo een hypothetisch, zwaar Higgs boson zijn zowel de massa als de
breedte niet voorspeld door de theorie. In het onderzoek zoeken wij naar Higgs bosonen met alle
massa’s tussen 200 GeV en 2 TeV en met zowel heel kleine breedtes (zoals het SM Higgs boson) en
met grote breedtes, tot en met 15% van de massa. Het zware Higgs boson wordt gezocht in twee
verschillende productiemodi, afhankelijk van welk deel van het proton het Higgs boson creëert. In
één productiemodus wordt het Higgs boson gemaakt door een effectieve koppeling aan de gluonen
in het proton, deze productie heet de gluon-gluon fusie (ggF) en in het geval van het SM Higgs
boson komt deze het meest voor. In de andere productiemodus wordt het Higgs boson gemaakt
door een effectieve koppeling aan de quarks in het proton, dit gebeurt via Z- of W -bosonen en
wordt vector boson fusie (VBF) genoemd. Figuur S.3 laat de diagrammen zien van beide produc-
tiemodi. Het is a priori niet te voorspellen hoe het hypothetische Higgs boson geproduceerd gaat
worden, dus wordt er naar beide productiemodi gezocht.
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Figuur S.3: Productiemodi van de hypothetische zware Higgs bosonen in de `+`�⌫⌫̄ final state.
Links is de ggF productiemodus te zien, waarbij twee gluonen uit de protonen via top-quarks aan
het Higgs boson koppelt. Rechts is de VBF productiemodus te zien, waarbij twee quarks uit de
protonen koppelen aan het Higgs boson, via de Z� of W�bosonen.

Bij de zoektocht naar het zware Higgs boson, en bij onderzoeken in de `+`�⌫⌫̄ final state in het
algemeen, moet rekening gehouden worden met verschillende achtergronden. Dit zijn processen
die voortkomen uit de proton-proton botsingen en er ongeveer hetzelfde uitzien als het zware
Higgs boson signaal dat we zoeken. Bijvoorbeeld de productie van off-shell SM Higgs bosonen,
zoals eerder beschreven, is een achtergrond in de zoektocht naar zware Higgs bosonen. Er zijn ook
processen die geen Higgs bosonen bevatten, maar wel een achtergrond zijn voor dit onderzoek.
Figuur S.4 laat deze achtergronden zien en hoe vaak ze voorkomen in onderzoeken in de `+`�⌫⌫̄
final state. De meest voorkomende is de productie van twee Z-bosonen via quarks, afgekort tot
qqZZ. De twee Z-bosonen vervallen vervolgens naar de `+`�⌫⌫̄ final state (ZZ ! `

+
`
�
⌫⌫̄). Er

is ook de WZ achtergrond, waarbij het Z-boson vervalt naar twee geladen leptonen (Z ! `
+
`
�)

en het W -boson verval naar een geladen lepton en een neutrino (W ! `
±
⌫). Als één van de drie

leptonen in dit proces niet gedetecteerd wordt (meestal het lepton uit het W -boson), ziet dit er in
de detector hetzelfde uit als de `+`�⌫⌫̄ final state. De Z+jets achtergrond bestaat uit een Z-boson,
dat vervalt in dit geval weer naar twee geladen leptonen, en uit jets, dat zijn quarks en gluonen
in de final state. Het komt voor dat deze jets niet, of verkeerd, gereconstrueerd worden en als
missende energie gezien worden. Als dit gebeurt ziet het proces eruit als twee geladen leptonen en
missende energie, wat hetzelfde is als de `+`�⌫⌫̄ final state. Een laatste belangrijke achtergrond
zijn processen die wel twee geladen leptonen en twee neutrino’s kunnen produceren, maar waarbij
de twee geladen leptonen niet uit hetzelfde deeltje komen, bijvoorbeeld een proces met twee W -
bosonen, waarbij elk van de bosonen verval naar een lepton en een neutrino (WW ! `

+
⌫`

�
⌫̄).

Zulke achtergronden worden ook wel de eµ-achtergrond genoemd, omdat de geladen leptonen in
dit geval niet hetzelfde hoeven te zijn. Deze drie soorten achtergronden, de WZ, de Z+jets en de
eµ, hebben elk een toegewijde controle regio. Dit is een regio waarin bijna alleen maar botsingen
geselecteerd worden met als final state één van deze achtergronden (en dus geen signaal). Hier
controleren wij of onze voorspelling van de achtergrond overeenkomt met de geobserveerde data.
Als er een verschil is tussen verwachting en observatie, schalen wij onze voorspelling zodat deze
overeenkomen.
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Figuur S.4: Diagram van de verschillende achtergronden in onderzoeken in de `+`�⌫⌫̄ final state
en hoe vaak deze voorkomen.

Als alle achtergronden gecontroleerd zijn met behulp van de controle regio’s en eventueel
geschaald zijn, vergelijken we het signaal met de voorspelling. In dit onderzoek is geen signif-
icant verschil gevonden tussen de achtergrondvoorspelling en de geobserveerde data. Er is dus
geen signaal van een zwaar Higgs boson gevonden. De resultaten van het onderzoek worden
daarom gepresenteerd als een bovenlimiet op de werkzame doorsnede van de productie van het
zware Higgs boson. Deze doorsnede geeft de minimale waarde waarop het Higgs boson in theorie
nog wel geproduceerd kan worden, maar er niet genoeg Higgs bosonen geproduceerd worden om
in dit onderzoek gemeten te worden. Figuur S.5 laat deze waardes zien voor de verwachting, als
gestippelde lijn, en voor de observatie, als ononderbroken lijn. In geel en groen zijn de onzek-
erheden aangegeven van de voorspelling. De resultaten zijn hier te zien voor de ggF en VBF
productiemodi en voor voorspellingen waar de breedte 5% en 15% van de Higgs boson massa is.
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a. ggF productiemodus.
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b. VBF productiemodus.
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c. Breedte 5%.
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d. Breedte 15%.

Figuur S.5: Resultaten van de zoektocht naar het zware Higgs boson. De resultaten zijn gepresen-
teerd als een bovenlimiet op de werkzame doorsnede van de productie van het zware Higgs boson.
De voorspelde waardes zijn te zien als stippellijn, en de geobserveerde waardes als ononderbroken
lijn. In geel en groen zijn de onzekerheden aangegeven van de voorspelling.
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Onderzoek naar de Higgs boson breedte via de off-shell productie

Het tweede onderzoek in dit proefschrift is de meting van de SM Higgs boson breedte via de off-
shell productie. Deze analyse lijkt op de zoektocht naar zware Higgs bosonen, waarbij in plaats
van een zwaar Higgs boson een off-shell Higgs boson gezocht wordt. Daarom zullen ook de achter-
gronden hetzelfde zijn als ind de eerdere analyse. Een grote verandering is dat de SM ggF en VBF
productiemodi, te zien als achtergrond in Figuur S.4, nu juist het onderzochte signaal zijn. Om
de breedte te bepalen is een meting van zowel de on-shell als de off-shell Higgs boson productie
nodig. De on-shell Higgs boson signaalsterkte is al bekend [120], en dit onderzoek heeft als doel
om de off-shell signaalsterkte te meten.

Omdat het off-shell signaal zoveel lijkt op het zware Higgs boson uit de hiervoor beschreven
analyse, kunnen dezelfde controle regio’s gebruikt worden voor de achtergronden die niet de ZZ

final state hebben. Bij de off-shell productie moet ook rekening gehouden worden met een achter-
grond die nog niet expliciet genoemd is, het proces waarin vanuit twee gluonen twee Z-bosonen
gecreëerd worden, genoteerd als ggZZ. Zoals te zien in Figuur S.6 heeft deze achtergrond dezelfde
begin en einddeeltjes als de off-shell Higgs boson productie. Dit leidt tot een interferentie tussen
de twee processen, die in dit geval een negatief effect heeft op hoeveel ggZZ er verwacht wordt in
de analyse. In andere woorden, de meting van de off-shell signaalsterkte is eigenlijk een meting van
hoeveel ggZZ er ontbreekt ten opzichte van de hypothese waarin er geen off-shell Higgs bosonen
zijn.

Figuur S.6: Diagrammen voor het gg ! h ! ZZ proces (links), en de gg ! ZZ achtergrond
(rechts). De twee processen kunnen niet onafhankelijk van elkaar gemeten worden, door grote
interferentie effecten.

Het effect van de interferentie is geïllustreerd in Figuur S.7, waar de distributies van de in-
variante massa van de twee Z-bosonen gegeven is voor de off-shell Higgs boson productie (S),
de ggZZ achtergrond (B) en voor de totaalsom van signaal, achtergrond en interferentie (SBI).
Zoals hier te zien is, is de som van SBI kleiner dan alleen de achtergrond, dit is een gevolg van
de negatieve interferentie. In de figuur is ook een hypothetisch scenario aangegeven waarin de
off-shell signaalsterkte vijf keer zo groot is al verwacht in het SM. Als de signaalsterkte zo groot
is, dan is de positieve contributie van het Higgs boson signaal groter dan de negatieve contributie
van de interferentie en zien we dat de totaalsom groter is dan wat verwacht wordt voor alleen de
achtergrond.
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Figuur S.7: Simulatie van de distributie van de invariante massa van het off-shell Higgs boson
signaal (S: gg ! h ! ZZ, in rood), de ggZZ achtergrond (B: gg ! ZZ, in blauw), de totaalsom
van signaal, achtergrond en interferentie (SBI) voor het SM (pp ! (h !)ZZ, in zwart) en de SBI
met een off-shell signaalsterkte die vijf keer zo groot is als verwacht in het SM (SBI5, in cyaan).

Een extra uitdaging in de meting van de off-shell signaalsterkte is in de statistische interpretatie,
het vergelijken van de voorspelling met de observatie. Met name het berekenen van de onzekerheid
op deze meting heeft extra stappen die niet benodigd zijn in bijvoorbeeld het onderzoek naar zware
Higgs bosonen. Dit wordt veroorzaakt door de negatieve interferentie, die ervoor zorgt dat de
signaalsterkte niet recht evenredig schaalt met het aantal geobserveerde Higgs bosonen3. Dit is te
zien in Figuur S.8, waar de signaalsterkte (µ) is afgezet tegen het verwachte aantal geproduceerde
Higgs bosonen, genormaliseerd naar de SM waarde. Zoals hier te zien, is er een parabolische
afhankelijkheid van het aantal verwachte Higgs bosonen t.o.v de signaalsterkte. Twee belangrijke
kenmerken van deze figuur zijn het minimum rond µ = 0.4 en dat voor µ van ongeveer 0 en voor
µ van ongeveer 1.8 dezelfde oplossing voor het verwachte aantal geproduceerde Higgs bosonen
gevonden wordt. Deze kenmerken komen terug bij het berekenen van de onzekerheid op de meting
van de Higgs boson breedte.

3
Ter vergelijk: in de zoektocht naar zware Higgs bosonen schaalt de signaalsterkte van het hypothetische zware

Higgs boson direct met hoeveel zware Higgs bosonen er geproduceerd zouden worden.
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Figuur S.8: De signaalsterkte van de off-shell Higgs boson productie, afgezet tegen het aantal
geproduceerde Higgs bosonen, genormaliseerd naar de SM waarde.

Figuur S.9 laat het resultaat van de meting van de off-shell signaalsterkte zien als een scan van
de logaritmische waarschijnlijkheidsfactor 4 (�2 ln⇤). De curve van de waarschijnlijkheidsfactor
geeft weer hoe goed de meting past bij een voorspelling met een gegeven waarde voor µ. Het
minimum is dus de waarde van de signaalsterkte waarvoor de voorspelling het beste bij de meting
past, dit is onze gemeten waarde. In ononderbroken rood is de verwachte meting weergegeven,
waarnaast de rode stippellijn de verwachte meting weergeeft zonder systematische onzekerheden.
In blauw wordt hetzelfde weergegeven voor de daadwerkelijke meting. De gemeten signaalsterkte,
het minimum in de curve van de gemeten waarschijnlijkheidsfactor, is 1.06. De onzekerheid op
deze meting wordt gegeven door het punt waarop de ononderbroken blauwe lijn snijdt met de
1� lijn, de onderste zwarte stippellijn. Hier zijn de kenmerken voor de signaalsterkte belangrijk
die eerder besproken waren: het minimum rond 0.4 geeft ook een minimum in de 1� lijn, en de
dubbele oplossing voor µ = 0 en µ = 1.8 zorgen voor een maximum in de 1� lijn. De punten
waarop deze lijn en de observatie elkaar snijden zijn µ = 0.44 en µ = 2.04. De meting van de
signaalsterkte is dus:

µoff-shell = 1.06+0.98
�0.62 (D.1)

Dit is de eerste meting ooit van de off-shell signaalsterkte met de ATLAS detector. Deze kan
nu gebruikt worden om de breedte van het Higgs boson te bepalen. Voor de ATLAS analyse
wordt dit gedaan nadat deze meting gecombineerd is met een andere complementaire meting,
namelijk de meting van de off-shell signaalsterkte in de 4-lepton final state. Omdat deze ten tijde
van het schrijven van dit proefschrift nog niet gecombineerd zijn, kan hier de volledige meting

4
Engels: log likelihood ratio
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Figuur S.9: Scan van de logaritmische waarschijnlijkheidsfactor (�2 ln⇤) als functie van de off-
shell signaalsterkte voor verwachte (‘Expected’, in rood) en geobserveerde (‘Observed’, in blauw)
datasets. De curve van de waarschijnlijkheidsfactor geeft weer hoe goed de meting past bij een
voorspelling met een gegeven waarde voor µ. De 1� lijn (gestippeld in zwart) wordt gebruikt om
de onzekerheid op de meting te bepalen.

van de breedte niet gegeven worden. In plaats daarvan wordt een naïeve combinatie van de off-
shell meting in de `

+
`
�
⌫⌫̄ final state met de on-shell meting hier gedaan, waarbij de off-shell

signaalsterkte in de 4-lepton final state voor het gemak niet meegenomen wordt. Dit geeft een
breedte van:

�h = 4.34+3.99
�2.53 MeV. (D.2)

Wat correspondeert met een Higgs boson levensduur van:

⌧h = 1.52+2.14
�0.73 · 10

�22 s . (D.3)

In conclusie, dit proefschrift beschrijft twee onderzoeken betreffende het Higgs boson. De
eerste is een zoektocht naar zware, hypothetische Higgs bosonen, waarbij geen significant verschil
gevonden is tussen de achtergrondvoorspelling en de geobserveerde data. De resultaten zijn geïn-
terpreteerd als een bovenlimiet op de werkzame doorsnede voor de productie van het hypothetische
Higgs boson. Het tweede onderzoek is een meting van de off-shell signaalsterkte van het Higgs
boson met als uiteindelijke doel om de levensduur van het Higgs boson te bepalen. Dit proefschrift
beschrijft dit onderzoek in de `+`�⌫⌫̄ final state, met een (versimpelde) interpretatie in termen
van de levensduur. Dit is de eerste meting van de off-shell signaalsterkte met het ATLAS exper-
iment. Deze meting zal gecombineerd worden met een soortgelijk onderzoek in de 4-lepton final
state tot een volledige meting van de Higgs boson levensduur.



Summary

This thesis describes two particle physics studies on the Higgs boson, a particle at the heart of
particle physics. Particle physicists try to understand what everything in the universe is made
of. The smallest building blocks of the universe are called elementary particles. Our knowledge
of these particles is summarized in the Standard Model (SM) of particle physics, which is briefly
described in the following. The SM has six types of quarks, of which the lightest variants are the
building blocks of protons and neutrons, which in turn are the building blocks of atomic nuclei.
The quarks are held together by the strong force, which is carried by gluons. Besides the quarks
there are also six leptons, three of which have an electrical charge. The electrical force that couples
to this charge is carried by the light particle, the photon. The best-known charged lepton is the
electron (e), which revolves around the nucleus in every atom. There are also the muon (µ) and
the tau (⌧), which are electrically charged like the electron, but have a higher mass. The leptons
without electrical charge are called neutrinos (⌫). In addition to the strong and electrical forces
already mentioned, there is also the weak force, which causes for example radioactive decay. This
force is carried by the Z-boson and two W -bosons. The last particle in the Standard Model is the
Higgs boson (h), which is responsible for the mass of the SM particles 5. In the studies in this
thesis we make use of coupling (the decay) of the Higgs boson into two Z-bosons, which in turn
decay into leptons. Specifically, we look at the decay of one Z-boson into charged leptons (`±)
(except the tau) along with the decay of the other Z-boson into neutrinos. This process is writ-
ten as ‘h ! ZZ ! `

+
`
�
⌫⌫̄’. A schematic representation of this decay channel is given in Figure S.1.

Figure S.1: Schematic representation of the Higgs boson decay channel used in the studies in this
thesis. The Higgs boson (h) decays into two Z-bosons (Z), one of which decays into two charged
leptons (`) and the other decays into two neutrinos (⌫).

Introduction: the Higgs boson

Of the particles in the SM, the Higgs boson is the most recently discovered. In 2012, this particle
was found by two experiments: ATLAS and CMS. These experiments detect particles from proton-
proton collisions at the Large Hadron Collider (LHC), a particle accelerator at CERN in Geneva.
Because the Higgs boson is an unstable particle, it is not directly detected in the experiments,
but first decays into other particles, which may also decay again. The last set of particles that
remains and is finally detected is called the final state. This thesis looks at Higgs boson decays in
the `+`�⌫⌫̄ final state, detected with the ATLAS detector between 2015 and 2018. A challenge in
this final state is that the two neutrinos cannot be directly detected in the ATLAS detector, but

5
Except, to the best of our knowledge, the neutrinos.
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are seen as missing energy.

After the discovery of the Higgs boson, all particles in the SM are known, but a big question
in particle physics is whether there exists also Beyond the Standard Model (BSM) Physics. Some
observations in the universe cannot be explained with the SM, such as gravity, dark matter, or the
fact that our universe consists almost entirely of matter and hardly any antimatter. BSM physics
can provide a basis to explain these observations within particle physics. In addition to the search
for new physics, we also try to understand very precisely the properties of the particles we know.
If properties are discovered that do not exactly match the SM predictions, this may also give a
hint of BSM physics. This thesis describes both a search for a BSM particle, namely an extra
Higgs boson, and a measurement of one of the properties of the Higgs boson, namely the lifetime.

The lifetime of the Higgs boson can in principle be determined in the 4-lepton final state,
which is much the same as the `+`�⌫⌫̄, except that the two Z-bosons both decay into charged
leptons. Since all particles in this final state can be directly detected, one can determine the
width of the Higgs boson peak, where the four leptons can be reconstructed into a particle with
the mass of the Higgs boson (125 GeV [10]). We say here that the invariant mass of the four
leptons is equal to the Higgs boson mass. From this width the value for the Higgs boson lifetime
can be determined. This Higgs boson width is equal to the sum of all couplings of the Higgs
boson to all particles, including particles that are not (yet) known. By determining the lifetime
(and thus the width) of the Higgs boson, one can therefore say something about how much the
Higgs boson couples to particles that we do not know. Unfortunately, the energy resolution of
the experiments at the LHC is not sufficient to determine this width precisely enough from the
peak. A limit on the width of < 5.0 GeV has been found this way [40], while a width of 4.115
MeV [36] has been predicted. A factor of one thousand difference. The research in this thesis
uses a different method, looking at off-shell production of the Higgs boson. In off-shell produc-
tion, a Higgs boson is produced through a quantum mechanical process that ’borrows’ energy to
temporarily produce particles with a higher mass than allowed by the law of conservation of energy.

Figure S.2 shows a histogram of the invariant mass of the two Z-bosons in the Higgs boson
decay. The ‘normal’ Higgs boson peak (also called on-shell) can be seen at the mass of 125 GeV
(mh) and the off-shell production of Higgs bosons. Here we see that off-shell production increases
where the invariant mass is equal to the mass of two Z-bosons (2mZ ⇡ 180 GeV), where our decay
channel (the decay of the Higgs boson to two Z-bosons) of our research is enhanced. There is
also a small increase at the point where the invariant mass is equal to twice the top quark mass
(2mt ⇡ 346 GeV), this quark plays an important role in the production of the Higgs boson at the
LHC .

Measuring the Higgs boson width is done by comparing the off-shell production with the on-
shell production. The expected amount of on-shell Higgs boson directly depends on its lifetime,
but also on the size of the Higgs boson couplings to gluons (to produce them at the LHC) and to
Z-bosons (because of our decay channel). To be able to measure the width, we must first know
what the size of these couplings is. This can be determined by looking at the off-shell production,
as it does not depend on the width, but only on the couplings. When measuring off-shell produc-
tion, we first need to make sure that there is no BSM physics in this region that would give us
a biased picture of the amount of off-shell production. This is where the other research in this
thesis comes in, looking for hypothetical heavy Higgs bosons in the `+`�⌫⌫̄ final state.
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Figure S.2: A histogram of the expected number of Higgs bosons produced as a function of the
invariant mass of the two Z-bosons in the process pp ! h ! ZZ. It shows the on-shell peak at
exactly the Higgs boson mass (mh) and the increase in off-shell Higgs boson production where the
invariant mass equals twice the Z-boson mass (2mZ) and where it equals is at twice the top quark
mass (2mt).

Research on heavy Higgs bosons

Additional Higgs bosons are predicted by various BSM theories, such as for example the Two-

Higgs-Doublet Model (2HDM) which predicts the existence of five different Higgs bosons. Among
these Higgs bosons are two bosons with the same properties as the discovered SM Higgs boson, but
probably with different masses. If we assume that one of these bosons is the SM Higgs boson, then
there would be a second, heavier Higgs boson to be found. In the search for such a hypothetical,
heavy Higgs boson, neither the mass nor the width are predicted by theory. In the study, we look
for Higgs bosons with all masses between 200 GeV and 2 TeV and with both very small widths (such
as the SM Higgs boson) and large widths, up to and including 15% of the mass. The heavy Higgs
boson is sought in two different production modes, depending on which part of the proton creates
the Higgs boson. In one production mode, the Higgs boson is made by effective coupling to the
gluons in the proton, this production is called the gluon-gluon fusion (ggF) and is most common
in the case of the SM Higgs boson. In the other mode of production, the Higgs boson is made by
effective coupling to the quarks in the proton via Z or W bosons and is called vector boson fusion
(VBF). Figure S.3 shows the diagrams of both production modes. It is impossible to predict a pri-
ori how the hypothetical Higgs boson will be produced, so both production modes are investigated.
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Figure S.3: Production modes of the hypothetical heavy Higgs bosons in the `+`�⌫⌫̄ final state.
The ggF production mode is shown on the left, in which two gluons from the protons couple via
top quarks to the Higgs boson. On the right is the VBF production mode, where two quarks from
the protons couple to the Higgs boson, via the Z or W bosons.

In the search for the heavy Higgs boson, and in research in the `+`�⌫⌫̄ final state in gen-
eral, different backgrounds must be taken into account. These are processes that arise from the
proton-proton collisions and look similar to the heavy Higgs boson signal we are looking for. For
example, the production of off-shell SM Higgs bosons, as described earlier, is a background in
the search for heavy Higgs bosons. There are also processes that do not contain Higgs bosons,
but are a background for this investigation. Figure S.4 shows these backgrounds and how often
they appear in studies in the `+`�⌫⌫̄ final state. The most common is the production of two
Z-bosons via quarks, abbreviated to qqZZ. The two Z-bosons then decay to the `+`�⌫⌫̄ final state
(ZZ ! `

+
`
�
⌫⌫̄). There is also the WZ background, where the Z-boson decays into two charged

leptons (Z ! `
+
`
�) and the W -boson decays into a charged lepton and a neutrino (W ! `

±
⌫). If

one of the three leptons is not detected in this process (usually the lepton from the W -boson), it
will look the same as the `+`�⌫⌫̄ final state in the detector. The Z+jets background consists of a
Z-boson, which in this case decays back to two charged leptons, and of jets, which are quarks and
gluons in the final state. It happens that these jets are not, or incorrectly, reconstructed and are
seen as missing energy. When this happens the process looks like two charged leptons and missing
energy, which is the same as the `+`�⌫⌫̄ final state. A final important background is processes
that can produce two charged leptons and two neutrinos, but where the two charged leptons do
not come from the same particle, for example a process with two W -bosons, where each of the
bosons decays into a lepton and a neutrino (WW ! `

+
⌫`

�
⌫̄). Such backgrounds are also called

the eµ background, because the charged leptons do not have to be the same in this case. These
three kinds of backgrounds, the WZ, the Z+jets and the eµ, each have a dedicated control region.
This is a region in which almost only collisions are selected with one of these backgrounds as the
final state (and therefore no signal). Here we check whether our prediction of the background
agrees with the observed data. If there is a difference between expectation and observation, we
scale our prediction to match.
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Figure S.4: Diagram of the different backgrounds in investigations in the `+`�⌫⌫̄ final state and
how often they occur.

When all backgrounds are validated using the control regions and possibly scaled, we compare
the signal with the prediction. In this study no significant difference was found between the
background prediction and the observed data. So, no heavy Higgs boson signal was found. The
results of the study are therefore presented as an upper limit on the cross-section of the production
of the heavy Higgs boson. This cross-section gives the minimum value at which the Higgs boson
can theoretically still be produced, but not enough Higgs boson are produced to be measured
in this study. Figure S.5 shows these values for the expectation, as a dotted line, and for the
observation, as a solid line. The uncertainties of the prediction are indicated in yellow and green.
The results are shown here for the ggF and VBF production modes and for predictions where the
width is 5% and 15% of the Higgs boson mass.
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a. ggF production mode.
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b. VBF production mode.
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c. Width 5%.
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d. Width 15%.

Figure S.5: Results of the search for the heavy Higgs boson. The results are presented as an upper
limit on the cross-section of the heavy Higgs boson production. The predicted values are shown
as a dotted line, and the observed values as a solid line. The uncertainties of the prediction are
indicated in yellow and green.
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Exploring the Higgs boson width via off-shell production

The second research in this thesis is the measurement of the SM Higgs boson width through the
off-shell production. This analysis is similar to the search for heavy Higgs boson, searching for an
off-shell Higgs boson instead of a heavy Higgs boson. Therefore, the backgrounds will also be the
same as already shown in the previous analysis. A major change is that the SM ggF and VBF
production modes, seen as background in Figure S.4, are now the signal under investigation. To
determine the width, a measurement of both the on-shell and the off-shell Higgs boson production
is required. The on-shell Higgs boson signal strength is already known [120], and this study aims
to measure the off-shell signal strength.

Because the off-shell signal is so similar to the heavy Higgs boson from the analysis described
before, the same control regions can be used for the backgrounds that do not have the ZZ final
state. The off-shell production must also take into account a background that has not yet been
explicitly mentioned, the process in which two Z-bosons are created from two gluons, noted as
ggZZ. As shown in Figure S.6, this background has the same initial and final particles as the
off-shell Higgs boson production. This leads to an interference between the two processes, which
in this case has a negative effect on how much ggZZ is expected in the analysis. In other words,
the measurement of the off-shell signal strength is actually a measurement of how much ggZZ is
missing relative to the hypothesis in which there are no off-shell Higgs bosons.

Figure S.6: Diagrams for the gg ! h ! ZZ process (left), and the gg ! ZZ background (right).
The two processes cannot be measured independently of each other, due to large interference
effects.

The effect of the interference is illustrated in Figure S.7, where the distributions of the invariant
masses of the two Z-bosons are given for the off-shell Higgs boson production (S), the ggZZ

background (B) and for the total sum of signal, background and interference (SBI). As seen here,
the sum of SBI is less than just the background, this is a result of the negative interference. The
figure also shows a hypothetical scenario in which the off-shell signal strength is five times greater
than expected in the SM. If the signal strength is this large, then the positive contribution of the
Higgs boson signal is greater than the negative contribution of the interference and we see that
the total sum is greater than what is expected for background alone.
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Figure S.7: Simulation of the invariant mass distribution of the off-shell Higgs boson signal (S:
gg ! h ! ZZ, in red), the ggZZ background (B: gg ! ZZ, in blue), the total sum of signal,
background, and interference (SBI) for the SM (pp ! (h !)ZZ, in black) and the SBI with an
off-shell signal strength five times greater than expected in the SM (SBI5, in cyan).

An additional challenge in off-shell signal strength measurement is in the statistical inter-
pretation, comparing the prediction with the observation. In particular, the calculation of the
uncertainty on this measurement has extra steps that are not necessary in, for example, the study
of heavy Higgs bosons. This is caused by the negative interference, which makes that the signal
strength is not directly proportional to the number of observed Higgs bosons6 This is seen in
Figure S.8, where the signal strength (µ) is plotted against the expected number of Higgs boson
produced, normalized to the SM value. As seen here, there is a parabolic dependence of the num-
ber of expected Higgs bosons on the signal strength. Two important features of this figure are the
minimum around µ = 0.4 and that for µ of about 0 and µ of about 1.8 the same solution is found
for the expected number of Higgs bosons produced. These characteristics will be reflected in the
calculation of the uncertainty on the measurement of the Higgs boson width.

6
For comparison, in the search for heavy Higgs bosons, the signal strength of the hypothetical heavy Higgs boson

scales directly by how many heavy Higgs bosons would be produced.
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Figure S.8: The signal strength of the off-shell Higgs boson production, plotted against the number
of Higgs boson produced, normalized to the SM value.

Figure S.9 shows the result of the off-shell signal strength measurement as a scan of the
logarithmic likelihood ratio (�2 ln⇤). The likelihood ratio curve shows how well the measurement
fits a prediction with a given value for µ. So, the minimum is the signal strength value for which
the prediction best fits the measurement, this is our measured value. The expected measurement
is shown in solid red, next to which the red dotted line represents the expected measurement
without systematic uncertainties. The same is shown in blue for the actual measurement. The
measured signal strength, the minimum in the curve of the measured likelihood ratio, is 1.06. The
uncertainty on this measurement is given by the point where the solid blue line intersects the 1�
line, the lower black dotted line. Important here are the signal strength characteristics discussed
earlier: the minimum around 0.4 also gives a minimum in the 1� line, and the double solution for
µ = 0 and µ = 1.8 gives a maximum in the 1� line. The points where this line and the observation
intersect are µ = 0.44 and µ = 2.04. So, the signal strength measurement is:

µoff-shell = 1.06+0.98
�0.62 (D.4)

This is the first ever measurement of off-shell signal strength with the ATLAS detector. This
can now be used to determine the width of the Higgs boson. For the ATLAS analysis, this is
done after this measurement is combined with another complementary measurement, namely the
measurement of the off-shell signal strength in the 4-lepton final state. Because these have not
yet been combined at the time of writing this thesis, the full measurement of the width cannot be
given here. Instead, a naive combination of the off-shell measurement in the `+`�⌫⌫̄ final state
with the on-shell measurement is done here, ignoring the off-shell signal strength in the 4-lepton
final state for convenience. This gives a width of:

�h = 4.34+3.99
�2.53 MeV. (D.5)
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Figure S.9: Scan of the logarithmic likelihood ratio (�2 ln⇤) as a function of off-shell signal
strength for expected (‘Expected’, in red) and observed (‘Observed’, in blue) datasets. The likeli-
hood ratio curve shows how well the measurement fits a prediction with a given value for µ. The
1� line (dotted in black) is used to determine the measurement uncertainty.

Which corresponds to a Higgs boson lifetime of:

⌧h = 1.52+2.14
�0.73 · 10

�22 s . (D.6)

In conclusion, this thesis describes two studies on the Higgs boson. The first is a search for
heavy, hypothetical Higgs bosons, where no significant difference was found between the back-
ground prediction and the observed data. The results have been interpreted as an upper limit
on the production cross-section of the hypothetical Higgs boson. The second study is a measure-
ment of the off-shell signal strength of the Higgs boson with the ultimate goal of determining the
lifetime of the Higgs boson. This thesis describes this research in the `+`�⌫⌫̄ final state, with a
(simplified) interpretation in terms of the lifespan. This is the first measurement of the off-shell
signal strength with the ATLAS experiment. This measurement will be combined with a similar
study in the 4-lepton final state to a full measurement of the Higgs boson lifetime.
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