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Short abstract:
The main objective of this thesis is exploiting the main caratheristics of the Higgs decay into
two W boson and consequently in a pair of opposite sign leptons and two neutrinos by using the
ATLAS detector at the Large Hadron Collider.
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Abstract:

This thesis aims to draw a clear picture of the Higgs boson (H) when decaying in twoW
bosons. The specific decay H→W±W∓∗→ l−ν̄ll

′+νl′ , where the two W bosons decay in a
pair of different flavor leptons, is chosen as the target decay mode. This decay is particularly
powerful in testing the Standard Model of particle physics (sm) given its large branching
fraction (bf) and the possibility of investigating theWW scattering through its vector-boson
fusion (vbf) production mode.

The first analysis presented in this thesis uses the kinematics of the gluon-fusion (ggf)
process with two additional jets to constrain the charge conjugation-parity (cp) properties
of the effective Higgs–gluon interaction. The cp of the Higgs is performed through the
analysis of the top-Yukawa coupling, whose cp properties are propagated into the angular
correlation between the two outgoing jets. The azimuthal difference among the 2 leading
jets is a particularly sensitive quantity to set constraints of cp properties, the effects of
new non-sm particles in the loop in the ggf effective vertex, or a combination of both
these effects. For this measurement, a dataset corresponding to 36.1 fb−1 of

√
s = 13 TeV

proton–proton collisions recorded by the atlas experiment at the lhc is used. Parametrizing
with α the mixing angle between cp-even and cp-odd distribution, a value of tanα =

0.0 ± 0.4 (stat.) ± 0.3 (syst.) is obtained. This result is consistent with sm prediction and
complements existing studies of the cp properties of the Higgs boson. The signal strength
parameter for the ggf production of the Higgs boson in addition with 2 jets is also determined
and it is found to be µggF+2jets = 0.5± 0.4 (stat.)+0.7

−0.6 (syst.).

The second study, with a larger dataset of 139 fb−1, derives the Higgs boson production
cross-section for ggf and vbf. The measurement is performed by combining 4 different,
separately optimized, and orthogonal sub-analyses. The products of the total ggf and vbf
cross sections times the H→WW ∗ bf are respectively measured to be 12.0± 1.4 pb and
0.75+0.19

−0.16 pb, in agreement with sm predictions. Additionally, the first observation of the
vbf production in the H→WW ∗ channel is obtained with a significance of 5.8 standard
deviations. On top of this, the cross sections in specific phase space regions are extracted
according to the ’Simplified Template Cross Section’ scheme, for which 11 categories are
defined. The results are in agreement with sm predictions with a p-value of 53%.





Testa alta
un passo alla volta

e sii coraggiosa.
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Introduction

After almost 10 years after its discovery, the Higgs boson is still the holy grail of particle physics.

Developed in the second half of the 20th century, the Standard Model of particle physics (sm)
had the aim of describing coherently and inclusively the fundamental particles discovered and
their interactions. Despite the effort, a problem needed to be solved: according to the theory,
the particles were supposed to be massless, which was in direct contradiction with the results
from experiments. With the use of a mathematical technique, the spontaneous symmetry breaking,
already used to explain superconductivity in solid-state physics, the issue was resolved, and as
a side product, the Higgs boson was predicted. After years of futile searches using the Large
Electron Positron Collider at Conseil Européen pour la Recherche Nucléaire, and the TeVatron at
Fermilab, its observation was finally announced on July 4th, 2012 using the Large Hadron Collider,
a newer and more powerful accelerator built for this purpose.

The Higgs boson is the simplest particle in the Standard model scenario: as far as we know, it
has no spin, no charge, and no internal structure. This simplicity paradoxically generates a rich
palette of interactions: it can easily couple to every known massive particle, and maybe—who
knows—also to the particles that have not been discovered yet. After the decay into a b and anti-b
quark pair, the decay into twoW bosons has the largest branching ratio, which allows to collect
enough data to probe (the H→WW ∗ characteristics) with high precision. In this thesis, the
H→WW ∗ decay mode is studied for the case in which the two W bosons decay leptonically.
Different production modes are investigated and their cross-sections are measured. But it is not
the full story: also searches beyond the Standard Model can be performed. By looking at the
top-Yukawa coupling, for example, constraints can be set on the charge conjugation-parity (cp)
properties.

“Why is there a complex in the title of this thesis?”, one might ask. A major challenge is found
in the analyzed decay channel: the two neutrinos in the final state are not directly detectable by
the atlas experiment. This translates into the impossibility of fully reconstructing the mass of
theWW ∗ system. Fortunately, a successful optimization of the analysis strategies and the use of
multivariate analysis techniques, made the extraction of the results smoother.

Organization of the manuscript and own contribution

Chapter 1 introduces quantum field theory and illustrates the key features of the Standard Model
of particle physics. This Chapter also contains a description of the physics related to the Higgs
boson, as well as models to characterize it.



I
2 I. Introduction

Chapter 2 describes the experimental setup including the lhc accelerator complex and the atlas
detector. Details on the used algorithms to reconstruct the proton-proton collisions follow.

Chapter 3 summarizes the statistical methods for the interpretation of the results discussed in this
thesis.

Chapter 4 illustrates the basic concepts of H→WW ∗ events, from the signal topology to the
background modeling that will be used in the following Chapters. A list of useful variables for
discrimination is also provided after the definition of the physics objects used in the analyses.

Chapter 5 consists of the trigger requirements for selecting data for the H→WW ∗ analyses and
illustrates the Monte Carlo generators for the modeling of the used samples and their uncertain-
ties.

Chapter 6 focuses on the cp properties of the Higgs boson produced via gluon-fusion (ggf) in
association with two jets in the H→WW ∗ decay. I had a strong involvement in the statistical
analysis of the results.

Chapters 7 and 8 present the measurement of the ggf and vector-boson fusion (vbf) cross-section
in the H→WW ∗ decay channel, as well as the ’Simplified Template Cross Section’ (stxs). I
contributed to the improvement of the analysis in two ways: I re-trained the boosted decision
tree used in the previous publication for the vbf production mode to have a reference to compare
the new neural network machine and I optimised the binning for the stxs measurement. On top
of this, I assumed a leading role in the development of the fitting strategies and the combination
of the results. They were further provided as input for a combined interpretation of various Higgs
boson productions and decays.

A list of acronyms is in Chapter L.
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1

Why: the Higgs boson and the
theoretical framework

In the second half of the 20th century, a huge effort was made to describe three of the four known
fundamental forces, as well as classifying all known elementary particles, in a single theory: the
Standard Model of particle physics (sm). This theory is described in Section 1.1, with a focus on
the physics of the Higgs boson following in Section 1.2. Despite the effort, some phenomena still
lack a complete explanation, and Section 1.3 gives a brief description of them. The Chapter closes
with Section 1.4, dedicated to the effective field theories and models useful to explain the analyses
presented in this thesis.
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4 1. Why: the Higgs boson and the theoretical framework

1.1 The Standard Model of particles physics

The sm is the framework that captures our current understanding of the laws of nature. Developed
in the second half of the twentieth century, it describes the fundamental building blocks of the
universe, the elementary particles, and their interactions.
Figure 1.1 shows a representation of the particle content of the sm based on [4], where the main
characteristics of the particles, such as electric charge, color charge, mass, and spin, are listed.
According to the theory, all matter consists of 12 types of fermions, and their anti-particles, in
addition to 5 types of force carriers, and 1 Goldstone boson. Fermions, which are half-integer
spin particles, can be distinguished in leptons, with integer electric charge, and quarks with -1/3
or +2/3 electrical charge and equipped with a color charge. The anti-fermions have identical
masses and opposite quantum numbers. While leptons can be observed as isolated particles,
quarks are always bound to form colorless particles with integer electric charge, called hadrons. If
hadrons are built-up from three quarks they are called baryons and have half-integer spin, instead,
a quark/anti-quark pair forms a meson with integer spin.
The interaction among the fermions is mediated by bosons, elementary particles with integer
spin. The gluon, g, mediates the strong force between color-charged quarks. It also carries a color
charge itself and therefore it can self-interact. The photon, γ, mediates the electric force and thus
couples with particles with a non-zero electric charge. The weak bosons,W+,W− and Z , mediate
the weak force among all fermions. Lastly, the Higgs boson, H , is responsible for providing mass
to bosons through a mechanism called Electroweak symmetry breaking.

The interactions between particles are not described by the sm as collisions of rigid objects but
as fields coupling to matter particles mediating their interactions. This interpretation and the
underlying mathematical formulation are commonly referred to as quantum field theory (qft) [5].
The dynamic of these fields is described through the Lagrangian density, L , which is commonly
called the Lagrangian.
The Lagrangian L is function of the fields φj(x) (where x is the four-vector with components
(t,x)) and their spatial and temporal derivatives ∂φj(x)

∂xµ
≡ ∂µφj(x):

L (t,x) = L (φj(x), ∂µφj(x)),

where µ = 0 identifies the temporal component and µ = 1, 2, 3 the spatial ones.
By integrating L (x) over the spatial coordinates, the integrated Lagrangian L is obtained:

L(t) =

∫

d3xL (x),

while the integration of L (x) over the spatial and temporal coordinates gives the action S:

S =

∫

L(x)dt =

∫

d4xL (φj(x), ∂µφj(x)).
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Figure 1.1: Custom-made depiction of the particle content of the sm including the respective quantum
numbers as well as mass measurements and limits, based on [4]. The first three columns show the three
generations of fermions with leptons, where in two columns in the top leptons are described, and the
quarks in the last two ones. On the right-hand side of the figure, the force carriers and the Higgs boson
have their place.

The equations of the motion are obtained from the equation of Euler-Lagrange:

∂L

∂φj
− ∂

∂xµ

(

∂L

∂∂µφj(x)

)

= 0 (1.1)

which derive from the principle of Least Action1:

δ

∫ t2

t1

L(t)dt = 0,

where t1 and t2 are arbitrary and the variation of fields in t = t1 and t = t2 are set to 0. Deriving
the equations of motion by applying the Equation (1.1) is not always possible, sometimes the
differential equations cannot be solved exactly. In this case, a common approach consists in first
assuming that the dominant influence is the only factor and then making small corrections for

1The path taken by the system between times t1 and t2 is the one for which the action is stationary (no change) to
first order.
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additional factors. Considering for example the Lagrangian of the φ4 theory:

L =
1

2
(∂φ)2 − 1

2
m2φ2 +

λ

4!
φ4 (1.2)

where φ is a scalar field with mass m, self-interacting with a coupling strength λ. Under the
assumption that λ is small enough, the interacting Green function2 solution of Equation (1.2) can
be expanded in a power series of λ. Since the individual contributions may yield infinite results
the original field can be rescaled through a number Z ∈ C as

φ→
√
ZφR.

Equation (1.2) then becomes

L =
1

2
Z(∂φ)2 − 1

2
Zm2φ2 +

Z2λ

4!
φ4

with the bare parameters Z,m and g, which can be infinite. These parameters can be rewritten as
normalized parameters as

Z = 1 + δZ , m2Z = m2
R + δm, and Z2g = gR + δλ

in order to obtain the renormalized Lagrangian

L =
1

2
(∂φR)

2 − 1

2
m2φ2

R +
λ

4!
φ4
R +

1

2
δZ(∂φR)

2 − 1

2
m2δ2m +

δλ

4!
φ4
R.

The counter terms δ can be used to absorb the divergence. In the case of a theory in which they
are sufficient to absorb all the infinities appearing, the theory is called renormalizable. In order
to resolve the ambiguities, a renormalization scale is chosen, and this introduces an unphysical
constant for the subtraction scheme and which vanishes as more terms of the power series are
included. Renormalizability is not just an artifact to get rid of infinities but is also a criterion that
defines universality in a theory: theories, where the physics at long distances do not depend on
the microscopic detail, are renormalizable.

1.1.1 Symmetries of the sm

In the context of the sm, symmetries have a big relevance: according to Noether’s theorem, [6],
for each interaction presenting a symmetry there are corresponding conserved quantities whose
values are conserved in time.
A theory is symmetric under a group if the Lagrangian is left invariant when a transformation
belonging to that group is applied. What distinguishes a global transformation from a local one is
that the transformation is the same for each point of space-time for the first case, and can differ
between points in the latter case. The Lagrangian described by Equation (1.2) without the φ4 term

2The Green function G(x,s) of a linear differential operator L(x) is defined as LG(x, s) = δ(x− s).
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is indeed invariant under any global phase transformation

φ(x) → U(α)φ(x) (1.3)

where the transformation
U(α) = eiα (1.4)

is from the abelian Lie group U(1). The field φ thus transforms as φ(x) → (1 + iα)φ(x). The
invariance requires the Lagrangian to stay unchanged, so

0 = δL

=
∂L

∂φ
+

∂L

∂(∂µφ)
δ(∂µφ) + h.c.

= iα

[

∂L

∂φ
− ∂µ

(

∂L

∂∂µ
φ

)]

φ+ iα∂µ

(

∂L

∂∂µ
φ

)

+ h.c. (1.5)

where the first term vanishes thanks to the Euler-Lagrange described in equation (1.1), and the
following relation has been used:

∂µ

(

∂L

∂∂µ
δφ

)

= ∂µ
∂L

∂∂µ
· δφ+

∂L

∂∂µ
· ∂µδφ.

Equation (1.5) reduces to the form of ∂µjµ = 0 where, thanks to the Noether theorem [6] a current
jµ is conserved.
In the case of local symmetries, the parameter α in equation (1.3) is a function of x: α → α(x),
and it may happen that the Lagrangian of a specific process is no longer invariant under this type
of local U(1) gauge transformation. In order to enforce the local invariance a covariant derivative
can be defined to replace ∂µ:

Dµ ≡ ∂µ + igAµ(x) (1.6)

where Aµ(x) is an additional gauge field and g is the coupling constant of the Lagrangian to
transform. The local phase transformations become:

Dµ → Dµφ(x)
′ = eigα(x)Dµφ(x)

Aµ(x) → Aµ(x)
′ = Aµ(x)− ∂µα(x).

With reference to equation (1.4), a Lie group is a continuous group and a differentiable (C∞)
manifold, i.e, locally it is similar enough to linear space for the operation of the group to allow for
differential calculus. Given this property, each group element can be written as

U = eiθ
aTa

1

where θa are the parameters the group elements, 1 the identity matrix and T a the group generators.
These generators satisfy the commutation relation through the structure constants fabc

[T a, T b] = ifabcT c.
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If fabc = 0 ∀a, b, c the group is called abelian, it is non-abelian otherwise.

The sm is a non-abelian gauge theory with a gauge group

SU(3)C × SU(2)L × SU(1)Y .

The internal symmetries of the sm are the strong interaction (SU(3)C , acting on colour charge), the
weak interaction (SU(2)L, acting on left handed fermions) and the electromagnetic (em) (SU(1)Y ,
acting on hypercharge). The local SU(2)L × SU(1)Y symmetry is called electroweak (ew). The
single symmetries are described in Sections 1.1.2, 1.1.3, 1.1.4.

1.1.2 Quantum electrodynamics

Quantum electrodynamics (qed) is the qft that describes the phenomena involving charged
particles interacting through the em force. It is an Abelian gauge field theory with a gauge group
U(1). The Lagrangian for the electron-positron interaction mediated by photons is

L = ψ̄(ih̄γµD
µ −m2)ψ − 1

4
FµνF

µν

where

ψ (ψ̄) is the spinor (anti-spinor) of Dirac representing the charged particles (ψ̄ = ψ†γ0),

Dµ is the covariant derivative introduced in equation (1.6) with g = −e (being e the electric
charge) and Aµ the potential vector covariant of the em field,

Fµν is the tensor of the em field defined as

Fµν = ∂µAν − ∂νAµ

representing the kinetic term of the photon,

γµ are the Dirac matrices, defined as

γ0 =

(

1 0 0 0
0 1 0 0
0 0 −1 0
0 0 0 −1

)

, γ1 =

(

0 0 0 1
0 0 1 0
0 −1 0 0
−1 0 0 0

)

, γ2 =

(

0 0 0 −i
0 0 i 0
0 i 0 0
−i 0 0 0

)

, γ3 =

(

0 0 1 0
0 0 0 −1
−1 0 0 0
0 1 0 0

)

satisfying the following relations with k ∈ 1, 2, 3

(γ0)2 = I, (γk)2 = −I, γ0† = γ0, γk† = −γk, {γµ, γν} ≡ γµγν + γνγµ2ηµνI4

with η the Minkowski metric with signature (+- - -) and I4 the 4× 4 identity matrix.

It is not possible to introduce a mass term for the em field as it would break the gauge invariance.
This implies that the photon, as mediator of the em interaction, must be massless.
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1.1.3 Electroweak theory

The ew theory is a chiral theory since it distinguishes between left- and right-handed fermions
field defined as

ψL = PLψ =
1

2
(1− γ5)ψ

ψR = PRψ =
1

2
(1 + γ5)ψ,

where PL,R assumes the name of projector operator and it is defined through the Dirac matrices.
γ5 is defined as

γ5 ≡ iγ0γ1γ2γ3 =











0 0 1 0

0 0 0 1

1 0 0 0

0 1 0 0











,

satisfying
(γ5)2 = 1, γ5† = γ5, γ5γµ = −γµγ5.

The operators PL and PR have the opposite effect when acting on anti-fermions. The left-chiral
fermions are combined into doublets of isospin I in SU(2)L space, whereas right-chiral fermions
are iso-singlets; this template is shown in Table 1.1.

Quarks Leptons

left-handed
(

u

d

)

L

(

c

s

)

L

(

t

b

)

L

(

νe
e

)

L

(

νµ
µ

)

L

(

ντ
τ

)

L

right-handed uR, cR, tR, dR, sR, bR, tR eR, µR, τR

Table 1.1: Arrangement of quarks and leptons in weak iso-doublets and iso-singlets.

The symmetry of this interaction (also called the Glashow-Salam-Weinberg interaction, [7]) is a
local gauge transformation of the form

U(x) = exp
(

i
Y

2
α(x) + iI

∑

i

σiβi(x)

)

,

where α and β are local functions and σi are the Pauli matrices defined as

σ1 =

(

0 1

1 0

)

, σ2 =

(

0 −i
i 0

)

, σ3 =

(

1 0

0 −1

)

,

I the weak isospin (equal to 1/2 for left-handed fermions and 0 for right-handed fermions) and
where Y is the hypercharge defined as

Y = 2(Q− I3),
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where the electric charge Q and the third component of the weak isospin are combined. The
covariant derivative Dµ that preserves the local invariance SU(2)L×U(1)Y on left-chiral spinors
and U(1)Y on right-chiral spinor is of the form

Dµ = ∂µ − i
g

2
σiW

i
µ(x)− i

g′

2
Y Bµ(x), (1.7)

where g and g′ are the coupling strength of SU(2)L and U(1)Y respectively, W i
µ(i = 1, 2, 3)

are the SU(2)L gauge boson fields, and Bµ is the U(1)Y one. The full Lagrangian consists of a
fermionic term (Lψ) and a term only involving gauge boson (Lgauge):

Lψ = −1

4
(W i

µν)
2 − 1

4
B2
µν

Lgauge = iψ̄γµ∂
µψ − g

2
ψ̄γµσiW

i
µ −

g′

2
Y ψ̄γµBµψ,

where Bµν andW i
µν represents the field tensor of the form

Bµν = ∂µBν − ∂νBµ

W i
µν = ∂µW

i
ν − ∂νW

i
µ − gεijkW j

µW
k
µ ,

with the totally antisymmetric tensor3 εijk. The unphysical fieldsW i
µ and Bµ relate to the charged

bosonW as follows:
W± =

1

2
(W 1

µ ∓ iW 2
µ)

and the neutral Z boson and the field associated with the photon γ relate as
(

γ

Z

)

=

(

cos θW sin θW
− sin θW cos θW

)(

B

W 3

)

,

where θW is the weak mixing angle or Weinberg angle defined as

cos θW =
g

√

g2 + g′2
and sin θW =

g′
√

g2 + g′2
. (1.8)

1.1.4 Quantum chromodynamics

Quantum chromodynamics (qcd) is the qft that describes the phenomena involving quarks,
which are arranged in colour triplets. It is a non-abelian gauge theory of the SU(3) gauge group
with transformation

U(x) = exp
{

i

8
∑

j=1

α(x)
λj

2

}

, (1.9)

3A tensor is antisymmetric if it alternates sign when any two indices of the subset are interchanged.
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with arbitrary gauge function α(x) acting on the triplets. The generators of this SU(3) are the
eight 3× 3 λj matrices, called Gell-Mann matrices:

λ1 =





0 1 0

1 0 0

0 0 0



 , λ2 =





0 −i 0

i 0 0

0 0 0



 , λ3 =





1 0 0

0 −1 0

0 0 0





λ4 =





0 0 1

0 0 0

1 0 0



 , λ5 =





0 0 0− i

0 0 0

i 0 0



 , λ6 =





0 0 0

0 0 1

0 1 0





λ7 =





0 0 0

0 0 −i
0 i 0



 , λ8 =
1√
3





1 0 0

0 1 0

0 0 −2



 ,

which respect the following relations

tr(λiλj) = 2δij,

[λi, λj] = 2i
∑

k

f ijkλk,

{λi, λj} =
4

3
δijI + 2

∑

j

dijkλc,

with structure constants

f ijk = −1

4
tr(λi[λj, λk]) and dijk = −1

4
tr(λi{λj, λk}). (1.10)

The covariant derivative Dµ which preserves the local gauge symmetry this time is of the form

Dµ = ∂µ + igC

8
∑

j=1

λj

2
Gj
µ(x),

with the gluon fields Gj
µ(x) and the strong coupling constant gC . The index j runs over each type

of gluon identified by a specific colour-anticolour combination. The qcd Lagrangian is

L = −1

4
G
µν
i G

i
µν ,

where the gluon field strength tensor is defined as

Gi
µν = ∂µG

i
ν − ∂νG

i
µ − gC

8
∑

j,k=1

f ijkGj
µG

k
ν

with the structure constant f ijk introduced in equation (1.10); also here, no mass term is present
in order not to break the symmetry.
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Running coupling strength αs
The coupling constant for the qcd interaction appearing Equation (1.9) can be expressed as a
function of the transferred energy in the interaction Q

αs(Q
2) =

gC

4π
=

12π

(11nc − 2nf ) ln Q2

Λ2qcd

with nc and nf the number of colour and quark flavour respectively, and Λ2qcd is the energy scale
at which the perturbative qcd coupling diverges (∼ 200MeV). This perturbative approach works
only when the energy scale Q2 is much larger than Λqcd. The divergence of the coupling at low
energy causes the quarks and gluons to form hadronic color singlets (a qcd property also known
as confinement), while the dependency of αs on Q2 leads to the fact that at Q2 → ∞ quarks
behave as free particles.

1.1.5 Symmetry breaking and Brout-Englert-Higgs mechanism

So far, no mass term has been added for either the fermions or the gauge fields since they would
make the Lagrangian not invariant anymore under the respective gauge transformation. Experi-
mental evidence instead suggests that fermions and gauge bosons have mass. The introduction of
an additional complex scalar field can resolve this inconsistency between the theory presented
here and the experimental results:

Symmetry breaking in scalar field
Introducing a mass term by hand in the Lagrangian often breaks the global or local symmetry of
the theory. An alternative mechanism that can be introduced to give mass to the fields of a theory
is called symmetry breaking. This method consists of introducing a potential of the scalar φ of the
form

V (φ) = µ2φφ− λ

4
φ2φ2 (1.11)

to a kinetic Lagrangian for φ: L = 1
2
(∂µφ)(∂

µφ). The resulting Lagrangian is invariant under
any transformation of the type

φ→ φeiα.

The potential of equation (1.11) has its minimum at

|φ| =
√

2µ2

λ
≡ v.

The excitation of the field φ can be obtained by considering perturbations around v, called also
the vacuum state, by defining

φ(x) = v + η(x).
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Given that ∂µφ = ∂µη, the Lagrangian expressed in terms of η is of the form:

L =
1

2
(∂µη)(∂

µη)− V (η)

=
1

2
(∂µη)(∂

µη)− 1

2
µ2(v + η)2 − 1

4
λ(v + η)4

(using µ2 = λv2) =
1

2
(∂µη)(∂

µη) + λv2η2 + λvη3 − 1

4
λη4 +

1

4
λv4.

By comparison, with the free scalar-field Lagrangian described in equation (1.2), the term propor-
tional to η2 can be interpreted as a massm = −

√
−2λv2 =

√

2µ2 where the terms proportional
to η3 and η4 can be identified as triple and quartic interaction terms and the term λv4/4 as constant.
By performing these substitutions, the Lagrangian can be written as

L (η) =
1

2
(∂µη)(∂

µη)− 1

2
m2
ηη

2 − V (η) with V (η) = λvη3 +
1

4
λη4. (1.12)

Equation (1.12) is identical to equation (1.2), re-expressed as excitation around the minimum.

Symmetry breaking in a complex scalar field
The idea can be extended to a complex scalar field

φ =
1√
2
(φ1 + iφ2)

with a corresponding Lagrangian

L (η) =
1

2
(∂µφ)

∗(∂µφ)− V (φ) with V (φ) = µ2(φ∗φ)− λ(φ∗φ)2.

The shape of the potential depends on the sign of µ2. If µ2 < 0, the minimum occurs when
φ1 = φ2 = 0, while for µ2 > 0, the potential has an infinite set of minima defined by

φ1 + φ2 =
µ2

λ
= v.

Without loss of generality, the vacuum state can be chosen at φ2 = 0 and φ1 = v, so that the field
φ can be expanded around the vacuum state as

φ =
1√
2
(η + v + iε)

where
φ1(x) = η(x) + v

φ2(x) = ε(x).

By following the same steps as for the case of a real scalar field, the Lagrangian can be written
as

L (η) =
1

2
(∂µη)(∂

µη)− 1

2
m2
η − η2

1

2
(∂µε)(∂

µε)− Vint(η, ε)
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withmη =
√
−2λv and the interaction potential given by

Vint(η, ε) = λvη3 +
1

4
λη4 +

1

4
λε4λvηε2 +

1

2
λη2ε2.

The excitation of the massive field η produces the appearance of a massless particle ε by virtue of
spontaneously breaking a continuous symmetry. This result is known as Goldstone’s theorem,
and the massless scalar particle is called a Goldstone boson [8].

Brout-Englert-Higgs mechanism
The Brout-Englert-Higgs mechanism [9, 10] predicts in their simplest model a complex scalar field
with four degrees of freedom. In fact, three Goldstone bosons are required in order to provide the
longitudinal degree of freedom of theW+,W−, and Z bosons with in addition one massive scalar
particle corresponding to the chosen field excitation. Since the mass of the neutral Z boson is
created with this mechanism, one of the fields must be neutral and the other one must be charged,
φ+ and (φ+)† = φ−, in order to produce the masses of theW+ and theW−.
The minimal Higgs model predicts a scalar field of the form

φ =

(

φ+

φ0

)

=
1√
2

(

φ1 + iφ2

φ3 + iφ4

)

, (1.13)

and the associated Lagrangian is of the form

L (η) =
1

2
(∂µφ)

†(∂µφ)− V (φ) with V (φ) = µ2(φ†φ)− λ(φ†φ)2. (1.14)

The fields can be expanded around the the minimum satisfying φ†φ = 1/2(φ2
1+φ

2
2+φ

2
3+φ

2
4) =

µ2

λ

as
φ(x) =

1√
2

(

φ1(x) + iφ2(x)

v + η(x) + iφ4

)

. (1.15)

By breaking the symmetry as described in Section 1.1.5, the Higgs doublet can be expressed as

φ(x) =
1√
2

(

0

v + h(x)

)

. (1.16)

Gauge bosons mass
Applying the covariant derivative of the ew interaction (Equation (1.7))4 to the Higgs field, the
kinetic term (Dµφ)

†)(Dµφ)) of the ew interaction can be derived as

Dµφ =
1

2
√
2

(

2∂µ + igW
(3)
µ + ig′Bµ ig(W

(1)
µ − iW

(2)
µ )

ig(W
(1)
µ + iW

(2)
µ ) 2∂µ − igW

(3)
µ + ig′Bµ

)

(

0

v + h(x)

)

=
1

2
√
2

(

ig(W
(1)
µ − iW

(2)
µ )(v + h)

(2∂µ − igW
(3)
µ + ig′Bµ)(v + h)

)

.

4where Y = 1 since the lower component of the Higgs doublet is neutral and it has thus I(3)
W

= − 1
2 .
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When calculating (Dµφ
†)(Dµφ), the following is obtained:

(Dµφ
†)(Dµφ) =

1

2
(∂µh)(∂

µh) +
1

8
g2(W (1)

µ + iW (2)
µ )(W (1)µ − iW (2)µ)(v + h)2

+
1

8
(gW (3)

µ − g′Bµ)(gW
(3)µ − g′Bµ)(v + h)2.

The gauge bosons masses are determined by the quadratic terms in the equation

1

8
v2g2(W (1)

µ W (1)µ +W (2)
µ W (2)µ) +

1

8
v2(gW (3)

µ − g′Bµ)(gW
(3)µ − g′Bµ) (1.17)

as
1

2
m2
WW

(1)
µ W (1)µ and 1

2
m2
WW

(2)
µ W (2)µ,

therefore the mass of theW boson is

mW =
1

2
gv. (1.18)

For the mass of the Z boson, the terms quadratic in the neutral W (3) and B fields need to be
considered:

v2

8
(gW (3)

µ − g′Bµ)(gW
(3)µ − g′Bµ) =

v2

8

(

W
(3)
µ Bµ

)

(

g2 −gg′
−gg′ g′2

)

(

W
(3)
µ

Bµ

)

.

Here, the central matrix needs to be diagonal in order to retrieve the physical boson fields5

v2

8

(

Aµ Zµ
)

=

(

0 0

0 g′2 + g2

)(

Aµ

Zµ

)

,

from which the mass of the photon and the Z can be obtained

mγ = 0 andmZ =
1

2
v
√

g2 + g′2. (1.19)

Moreover, by combining equation (1.8), equation (1.19) and equation (1.18), the following relation
can be obtained

mW

mZ

= cos θW .

Last but not least, the value of v can be extracted from equation (1.18) and it is found that the
vacuum expectation value of the Higgs field is 246GeV.

5The physical boson fields propagate as eigenstates if the free particle Hamiltonian, where the mass matrix is

diagonal:
(

Aµ Zµ
)

=

(

m2
A

0
0 m2

Z

)(

Aµ

Zµ

)

.
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Coupling to theW bosons
The second term of equation (1.17) can be written in terms of the physicalW± fields

1

4
g2W−

µ W
+µ(v + h)2 =

1

4
g2v2W−

µ W
+µ +

1

2
g2vW−

µ W
+µh+

1

4
g2W−

µ W
+µhh,

where the first term gives the mass of theW±, while the hW+W− and hhW+W− are the triple
and quartic couplings of Higgs boson to W bosons. In particular, the coupling strength at the
hW+W− vertex is

gH→W−W+ =
1

2
g2v ≡ gmW ,

where equation (1.18) is used.

Fermions mass and Yukawa couplings
The mass of the fermions can be obtained by using the same mechanism used with the bosons
while paying attention that the left- and right-chiral components respect different symmetries,
since they are placed in SU(2) doublets and SU(2) singlets. In the covariant derivative of the ew
interaction (equation (1.7)), the SU(2) infinitesimal transformation acting on an SU(2) doublet φ
as the Higgs field, has the form

φ→ φ′ = (I + gε(x) · T)φ

with T being generators of the group transformation. The same transformation is applied on a
left-handed L and on L̄ = L†γ0, where it assumes the form L̄ → L̄′ = L̄(I + gε(x) · T). This
construct implies that L̄φ is invariant under the SU(2)L transformation. In order to have an
invariance under SU(2)⊗ U(1)Y a Lagrangian of the form −g(L̄φR + R̄φ†L) is chosen. Taking
a fermion l and the associated neutrino νl, the corresponding Lagrangian follows

Ll = −g
[

(

ν̄l l̄
)

L

(

φ+

φ0

)

lR + l̄R
(

φ+∗ φ0∗)
(

νl

l

)

L

]

which becomes, after plugging in the Higgs doublet in the unitary gauge (equation (1.16)),

Ll = − g√
2
v(l̄LlR + l̄RlL)−

g√
2
h(l̄LlR + l̄RlL). (1.20)

By comparing the first term of equation (1.20) with the Dirac Lagrangian, it is clear that this has
the form of a mass term for the lepton. The parameter g is not predicted by the Higgs mechanism
but it can be chosen to be consistent with the observation of the lepton mass, i.e.

g =
√
2
ml

v
.

The parameter g is called Yukawa coupling. The described mechanism confers mass to the lower
component of the doublets only, so it is not directly applicable to derive the mass of the quarks.
Instead of using the Higgs doublet in the unitary gauge, the conjugated doublet (described in
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Section 1.1.6) φc of the Higgs field expressed in equation (1.13), can be constructed as

φc = −iσ2φ∗ =

(

−φ0∗+

φ−

)

=
1√
2

(

−φ3 + iφ4

φ1 − iφ2

)

,

and transforms exactly as φ (Section 1.1.6). The gauge invariant mass term for the up-type quarks
is constructed then from the invariant as −g(L̄φcR + R̄φ†

cL) and after symmetry breaking the
Lagrangian has the form

Lup-type = − g√
2
v(ūLuR + ūRuL)−

g√
2
h(ūLuR + ūRuL),

with the Yukawa coupling given by g =
√
2mu

v
. Generalizing to all fermion types the Yukawa

coupling gf is
g =

√
2
mf

v
. (1.21)

With a top quark mass that has experimentally been measured to have a mass of (172.76 ±
0.30)GeV [4], its couplings with the Higgs is notably almost exactly unity.

1.1.6 Charge conjugation, parity and time transformations

It is interesting to consider the effect of three discrete symmetries the sm:

Charge conjugation is a discrete symmetry transformation that replaces particles with the
corresponding anti-particles. The charge conjugation operator Ĉ acts on a wave function ψ
as it follows Ĉψ = iγ2ψ∗. If ψ is a Dirac spinor, Ĉψ still satisfies the Dirac equation.

Parity symmetry is a discrete symmetry transformation that corresponds to spatial inversion
through the origin

x′ = −x y′ = −y z′ = −z and t′ = t.

The parity operator is acting on ψ as P̂ψ = γ0ψ. If ψ is a Dirac spinor, P̂ψ still satisfies the
Dirac equation.

Time symmetry is a discrete symmetry transformation that corresponds to time inversion
through the origin

x′ = x y′ = y z′ = z and t′ = −t.

The product of these three symmetries, cpt, is believed to be an exact symmetry of the universe.
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1.2 Standard Model Higgs boson physics

The sm Higgs boson is a massive, chargeless elementary particle with spin 0, positive charge
conjugation-parity (cp), with a measured mass ofmH = 125.25±0.17GeV [4].

Since the Higgs Lagrangian is quadratic in its field h (equation (1.14)), it remains invariant under
cp conjugation, where the following three scenarios can be considered

ĉp(h) = h⇒h is a ĉp even scalar
ĉp(h) = −h⇒h is a ĉp odd pseudo-scalar

ĉp(h) = c1heven + c2hodd ⇒h is a ĉp mixed state,

where Ĉ and P̂ are the operators described in Section 1.1.6 and the ratio c2/c1 is the mixing angle
of the two eigenstates.

In order to confirm that the Higgs boson observed is the one described by the sm, alternative
options on spin and cp properties have to be experimentally excluded. A study providing evidence
for the spin-0 nature of the Higgs boson, with positive parity being strongly preferred, can be found
in [11], from which Figure 1.2 has been extracted. The Figure shows a column per investigated JP
scenario, where the expected and observed confidence levels (CLs)6 are shown, favoring a JP in
agreement with the sm.

Experimental results on the cp properties will be shown in Section 1.4.4, where the for such
measurement is introduced.

1.2.1 Higgs production modes

For a process xy → jk, the cross section σ is defined as the probability that a particle j and k are
produced by the interaction of particles x and y; the cross-section has a dimension of an area
and it is usually measured in units of barn (1 b=10−24 cm2). There are four major mechanisms
that produce a Higgs boson in a proton-proton collision (pp→ H +X) and their leading order
(lo) Feynman diagrams are depicted in Figure 1.37. Feynman diagrams are a useful graphical
representation of a perturbative contribution to the transition amplitude. In these diagrams, each
interaction vertex is associated with a factor depending on the strength of the interaction, internal
lines correspond to a factor of the virtual particle’s propagator8 and incoming and outgoing lines
carry energy, momentum and spin.

6The confidence level is a way of expressing the probability of obtaining the same result if repeating the experiment.
A 0% confidence level means that there is no faith that the same result can be obtained if repeating the experiment,
while 100% means that the same result will be obtained in a new experiment with no doubt.

7The relative contribution of each production mode, as a function of center-of-mass energy, are displayed in Figure
1.5.

8It is a function that specifies the probability amplitude for a particle to travel from one place to another in a given
period of time, or to travel with a certain energy and momentum.
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(a)

Figure 1.2:Different JP scenarios of the Higgs boson. The simulated scenario according to the sm (expected)
(blue triangles/dashed lines) and observed (black circles/solid lines) confidence level CLs for alternative
spin-parity hypotheses assuming a JP = 0+ signal. The green band represents the 68% CLs expected
exclusion range for a signal with assumed JP = 0+ [11].

Thecross-section values introduced below refer to a smHiggs bosonwith amass ofmH =125.0GeV.

Gluon-fusion (ggf) via quark loop is the leading mechanism for Higgs boson production at
the lhc. It is initiated by gluons that couple to the Higgs via a fermion loop. Since the
couplings with the Higgs depend on the mass of the fermion (equation (1.21)) the largest
contribution comes from quarks, in particular from the top quark. In the approximation of
infinite mass for the top quark, the cross-section can be calculated at next to next to next to
leading order (nnnlo) [12] and is

σggf = 48.58 pb+4.56%
−6.72% (theory)± 3.20% (pdf+ αs),

where the uncertainty depends on theory prediction, the parton distribution function (pdf)
and the uncertainty on αs. In this process no initial-state radiation is present, which results
in the Higgs boson not having significant transverse momentum.

Vector-boson fusion (vbf) is the second largest production cross section. Two quarks from the
protons radiate vector bosons, which initiate the process by fusing and producing the Higgs
boson. The cross section has been calculated to next to next to leading order (nnlo) in qcd
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Figure 1.3: Feynman diagrams of leading order Higgs boson production.

and includes next to leading order (nlo) ew corrections [12], and corresponds to

σvbf = 3.78 pb+0.43%
−0.33% (scale)± 2.1% (PDF+ αs).

In this process, the initial state radiation involves only vector bosons, therefore the quarks
retain their longitudinal momentum. This process produces jets close to the beamline,
so-called forward jets, and results in large values of the di-jet invariant massmjj .

Higgs strahlung (V H) produces a Higgs boson in association with aW or a Z vector boson.
The cross-section has been calculated at nnlo qcd with nlo ew corrections, where the
calculation has been split into Drell-Yan induced, top-loop induced, photon-induced correc-
tions:

σW+H (W+→l+ν) = 94.26 fb+0.5%
−0.7% (scale)± 1.8% (pdf+ αs)

σW−H (W+→l−ν̄) = 59.83 fb+0.4%
−0.7% (scale)± 2.0% (pdf+ αs)

σZH (Z→l+l−) = 29.82 fb+3.8%
−3.1% (scale)± 1.6% (pdf+ αs)

σZH (Z→ν+ν̄) = 177.62 fb+3.8%
−3.3% (scale)± 1.6% (pdf+ αs).

Quark associated production (tt̄H) , where a top quark pair is produced in association with
the Higgs boson, has been calculated at nlo qcd with nlo ew corrections

σtt̄H = 507.1 fb+5.8%
−9.2% (scale)± 3.6% (pdf+ αs).

All Higgs cross sections presented are summarized in a more compact way in Table 1.2, where a
percentage expresses how often a Higgs boson is produced via each decay mode is also given. In
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Figure 1.4: Cross sections (fixed to their sm predictions) times bf for ggF, VBF, V H and tt̄H + tH
production in each relevant decay mode, normalized to their SM predictions. The values are obtained from
a simultaneous fit to all channels [13].

the table, the total quoted uncertainties are estimated assuming no correlations between αs and
pdf uncertainties.

ggf vbf WH ZH tt̄H total
σ (pb) 48.6+4.6%

−6.7% 3.78+2.2%
−2.2% 1.37+2.6%

−2.6% 0.884.1%−3.5% 0.5+6.8%
−9.9% 55.1

% 88.20 6.86 2.49 1.60 0.91

Table 1.2: Production cross section (in pb) for an Higgs boson with mH=125GeV at
√
s=13TeV [4].

The cross section values in Table 1.2 have been tested against the sm in multiple mesurements.
Figure 1.4 shows the combined measurements in terms of cross sections times branching fraction
(bf) for all production and decay modes. The level of compatibility between the measurement and
the sm prediction corresponds to a p-value of pSM = 72% [13].
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Figure 1.5: Higgs boson production cross sections as a function of the centre-of-mass-energies. The width
of the lines encode the respective theory uncertainties [14].

1.2.2 Decay modes

Very shortly after the Higgs boson is produced, it decays into a pair of bosons fermions. The bf of
each final state Xi is defined as

BR(H → Xi) =
Γ(H → Xi)
∑

i Γ(H → Xi)

where
∑

i Γ(H → Xi) corresponds to the sum of the relative widths of all the possible Higgs
boson decay modes, is depicted for a Higgs boson with mH=125GeV in Figure 1.6(a), where the
explicit percentages are shown in Figure 1.6(b), and it is

Contributions from electrons, first generation quarks and neutrinos are assumed negligible.
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ZZ 2.619
γγ 0.227
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µµ 0.022

W+W− → qqqq 9.636
W+W− → lνqq 9.396
W+W− → τνlν 1.283
W+W− → eνeν/µνµν 0.551
W+W− → eνµν 0.504

(b)

Figure 1.6: Branching fraction of the Higgs boson with mH=125GeV. The decay into W bosons is further
subdivided based on the W boson decay mode [4].

1.3 Beyond the sm

The sm described in Section 1.1 is a self-consistent theory offering a precise description of all
physical phenomena in its domain. A section of open issues is described below.

Hierarchy problem if the sm were a complete description of the nature, no large energy gaps
would present in the explored scales, for example between the ew scale (O(102 GeV)) and
the scale of new physics. Moreover, at the Plank scale (O(1019 GeV)) the laws of physics
appear not valid anymore.

Gravity the description of gravity is not included in the sm. Quantum gravity theories hypothe-
size a similar field behavior for gravity, with a mediator called graviton that has not been
observed so far.

Dark matter and energy astrophysical studies show that 95% of the universe is made up of
matter and energy that do not interact via em force, but that are subject to gravity. Even if
there are no direct measurements of this form of energy and matter, its existence has been
hypothized to explain why galaxies hold together, evolve and move in the way they do.

Neutrino masses are zero according to the sm, however, the observation of neutrino flavour
oscillation implies a non-zero mass for neutrinos [15].

The world in which we live is made of matter, and although the violation of cp in the sm can
account for some of the asymmetry between matter and antimatter, it does not explain
why this thesis is not annihilating within your hands.
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Many theories beyond the sm (BSM) have been built over the years in order to provide answers to
these questions, ranging from extending the sm (Additional Electroweak Singlet, Composite Higgs
model, SuperSymmetry), to entirely rebuilding it (String theory).

1.4 Effective field theories and effective frameworks

Several theories andmodels can be used to interpret the data and compare themwith the theoretical
predictions. In this Section, some of them are described.

An effective field theory (eft) is a theory based on the assumption that one can describe deviations
from a known theory at a lower energy scale that are due to the presence of new physics at a
higher energy scale. An eft is based on the idea that physics at low energies (long distances) does
not depend on details of physics at high energy (short distances). In order to model this effect a
cut-off energy scale,Λ, that separates low and high energy, is introduced. The description of the
observed physics with an eft is thus valid up to Λ. An example of eft is the Fermi theory of β
decay [16] which can be seen as an eft of the sm.

Searches for physics beyond sm assume that the Lagrangian of the theory can be written as the
sum of the sm Lagrangian and contributions from scales above an energy cut scale Λ as

L = LSM +
∑

k

1

Λk
gik(Λ)Oik

where Oik are the operators constructed from combination of sm fields and gik are the correspond-
ing coupling constants, also referred to as Wilson coefficients.

1.4.1 Kappa framework

Describing the nature through efts is not the only method to search effect of new physics. A
new parametrization, which introduces new degrees of freedom in which to observe possible
deviations, can be built without the need of constructing a Lagrangian. A common example of
this approach is the parametrization of the presence or the absence of a new particleX by using a
signal strength parameter µ, defined in terms of the observed cross-section σobs and predicted one
σtheo of X for specific decay/measurement:

µX =
σobs,X

σtheo,X
. (1.22)

If a new scaling factor, for each coupling is introduced to the sm as a degree of freedom, the
framework is called the Kappa framework [17]. These scaling factors are scalars, which implies
that no differences in the shape of kinematic distributions can be observed unless a factor is given
per sub-region of the analyzed quantity; this latter case is treated in Section 1.4.2.
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The Kappa framework has been mainly set up to measure Higgs couplings deviation from the sm
and is based on the following assumptions:

• The signals observed in different searches originated from a single resonance with a mass
of 125GeV.

• The resonance has a narrow width so that the zero-width approximation can be used to
decompose the cross section as

σ × BR(i→ H → f) =
σi · Γf
ΓH

where σi is the production cross section of the initial state i, Γf the partial decay width into
the final state f and ΓH is the total width of the Higgs boson.

• The only modification is in the coupling strength, the tensor structure of the sm stays is
always assumed.

As the κ parameters scale amplitude, they appear quadratically in all cross-section expressions:

σ × BR(i→ H → f) =
σSMi κ2i · ΓSMf κ2f

ΓSMH k2H
→ µ

f
i ≡

σ · BR
σSM · BRSM

=
κ2i · κ2f
κ2H

where µ is the predicted rate relative to the sm expectation, and κ2H expresses the Higgs width
modification introduced by the κ factors:

κ2H ≡
∑

j

ΓSMj
ΓSMH

=
ΓH
ΓSMH

,

with j enumerating the decay modes of the Higgs boson listed in Figure 1.6. Equation 1.4.1 is
derived under the assumption that no additional BSM Higgs decay modes (into either invisible
or undetectable final states (i → H → inv)) contribute to the total width. Contributions from
electrons, first-generation quarks, and neutrinos are assumed to have a negligible effect on the
total width. In case of invisible (or undetectable) final states, contributing to the total width, the
following relation can be used instead:

ΓH =
κ2HΓ

SM
H

1− (BFinv +BFundet)
.

The coupling strength of the Higgs boson to individual particles, expressed through coupling
modifiers κ, has been tested against the sm, showing no significant deviation from the sm. Figure
1.7 shows the result of this model in terms of absolute coupling strength, where the measured
scale factor κF multiplies the sm predicted coupling strength mF

ν
for fermions as a function of the

particle mass mF , assuming a sm Higgs boson with a mass of 125.09GeV, ν=246GeV vacuum
expectation value of the Higgs field and the square root of the bosonic coupling scale factors
scales the sm predictions for the coupling strength toW and Z bosons.
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field ν = 246GeV. The sm prediction for both cases is also shown with a red line [13].

1.4.2 Simplified Template Cross Sections

The simplified template cross sections (stxs) framework [12, 18, 19] aims to model not only scalar
changes of the Higgs signal strength but also the shape of differential distributions by introducing
individual scale factors for separated kinematic regions of these data. These subsets can be defined
for example by Higgs production mode, jet multiplicity, transverse momentum of the Higgs boson,
or mass of the di-jet system if present. The data measurement is performed in simplified fiducial
volumes to maximize the measurement’s sensitivity while minimizing the theory dependence.
The fiducial space is divided into exclusive regions of phase space called bins which are specific to
the different production modes. Their definitions are motivated by

• minimizing the dependence on theoretical uncertainties that are directly folded into the
measurements

• maximizing the experimental sensitivity
• isolation of possible BSM effects
• minimizing the number of bins without loss of experimental sensitivity.

The number of separately measured bins evolved with time, increasing with the increase of the
integrated luminosity. The current adopted scheme, called Stage 1.2 will be described in detail in
Section 7.
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1.4.3 Higgs characterization framework

The Higgs Characterization (HC) [20] framework is an effective parametrization of the sm: the
Lagrangian of the sm is taken after symmetry breaking, but without the Higgs sector LSM−H

while adding a new term with energy cut-off scale Λ = 1TeV for a generic spin 0 Higgs bosonX0

(like in equation (1.15)):
LHC = LSM−H + LX0

where LX0 contains the kinematic and the interaction term of X0 with sm particles and possibly
BSM particles. The operators of LX0 are gauge invariant under local transformation of SU(2)L ×
U(1)Y . LX0 allows mixing between cp-even states and cp-odd ones, with the parameter α
parametrizing the degree of mixing. Defining cα ≡ cosα and sα ≡ sinα and restricting only to
the third fermion generations for simplicity, the LX0 is of the form

L
f
X0

= −
∑

f=t,bτ

ψ̄f (cακHffgHff + isακAffgAffγ
5)ψfX0

where φf is the fermionic field, gHff is the scalar sm Higgs coupling (gHff = mf/v), gAff is
the pseudoscalar Higgs coupling to the fermion (gAff = mf/v) and κi real scalar variables as
introduced in Section 1.4.1.
The Higgs interaction with the vector bosons is described by

L
V
X0
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2
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µ W
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− 1
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2
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4
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− 1

4

1

Λ
(cακHZZZµνZ

µν + sακAZZZµνZ̃
µν) (1.25)

− 1

2

1

Λ
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− 1

Λ
cα(κH∂γZν∂µA
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µν + (κH∂WW

+
ν ∂µW

−,µν + h.c.)]X0,

where the V = A,Z,W+,W− and G fields are implemented as

Vµν = ∂µVν − ∂νVµ

Ga
µν = ∂µG

a
ν − ∂νG

a
µ − gCf

abcGbGc

Ṽµν = εµνρσV
ρσ

G̃a
µν = εµνρσG

a,ρσ.
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Figure 1.8: Simulated according to the sm (expected) and observed distributions of the test statistic for
the combination of the H→WW ∗→ eνµν and the H→ZZ∗→ 4l analyses. The distributions are shown
as a function of the BSM coupling ratio (κ̃AV V /κSM ) · tanα. The 68% and 95% CL exclusion regions are
indicated as lying above the corresponding horizontal lines. The expected distributions are simulated for
the SM signal strength µ = 1 and presented for the signal strengths obtained from the fit to data [21].

The generic X0 Higgs boson coincides with the sm one for cα = 1 and κHff = 1 (which leads to
sα = 0), while a completely cp odd pseudoscalar X0 is obtained for sα = 1 and κAff = 1 (which
leads to cα = 0).

1.4.4 Testing the cp properties of the Higgs boson

The HC framework can be used to test the cp properties of the Higgs boson, and the study in
the decay channel in twoW bosons in this framework is presented in Section 6. Figure 1.8[21]
presents the results of an earlier study, using both H→WW ∗ and H → ZZ∗ decays, using only
terms ((1.23),(1.25),(1.26)) to quantify the presence of BSM contribution.

The parameter analysed was BSM coupling ratio, (κ̃AV V /κSM) · tanα, where κ̃AV V = 1
4
1
Λ
κAV V

with v the vacuum expectation value of the sm field, and here was assumed that the BSM coupling
ratio has the same value for the two decay modes. Figure 1.8 shows the distribution of the
test statistics, which will be described more in detail in Section 3.1, for the combination of the
H→WW ∗→ eνµν and theH→ZZ∗→ 4l analyses. The plot shows that the pure cp odd scenario
is excluded, while a cp mixed scenario is possible with a cp odd contribution up to ∼30%.
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Proton-proton collisions are fertile ground to test the sm prediction illustrated in Chapter 1. A
description of the accelerator complex of cern is described in section 2.1, while in Section 2.2
the atlas detector is illustrated, which is responsible for collecting the data used in this thesis.
The data need to be processed in order to reconstruct the physical objects that will be used in
the various analyses. The procedures are described in Section 2.3. The Chapter closes with an
overview of the scheduled upgrades of the lhc and the atlas detector, with a focus on the Inner
Tracker one.
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2.1 The Large Hadron Collider

The Large Hadron Collider (lhc) [22] is a circular superconducting hadron accelerator and collider
that is built, maintained and operated by Conseil Européen pour la Recherche Nucléaire (cern).
Installed in a 26.7 km tunnel constructed for the former Large Electron Positron Collider (lep)
[23], lhc is the largest and most powerful particle accelerator built to date.
lhc has been designed to collide protons at a centre-of-mass energy1 of 14 TeV with an instanta-
neous luminosity of 1034 cm−2 s−1. The machine is also able to accelerate and collide heavy ions
(Pb) with an energy of 2.8 TeV per nucleon with a peak luminosity of 1027 cm−2 s−1.
Among the main purposes of lhc are the intensive study of the Higgs boson, the exploration of
the TeV mass scale and precise tests of the sm.

2.1.1 From lep to lhc

At the first phase of lep, electrons and positions were accelerated to an energy of 45 GeV per
beam, sufficient for the production and the extensive study of the Z boson. During the second
phase, the energy of the beams was increased to study the WWZ couplings. During the final
phase, the energy of the beams was pushed to its limit in an attempt to discover the Higgs boson.
The lep collider, like other electron-positron machines, was excellent for precision physics (no
substructure of the collided components results in clean events, and complete annihilation results
in the precise knowledge of the collision energy). Unfortunately, the downside of accelerating
low-mass particles is the loss of energy due to synchrotron radiation. Reaching higher energy,
thus, was extremely complicated at lep. Indeed, when a charged particle with energy E and mass
m is accelerated in a circular trajectory of radius R, it radiates power according to Larmor’s law
[24]:

P =
2

3

e2c

R2

(

E

mc2

)4

.

Comparing the emitted power of an accelerated electron (e) and proton (p)

Pe

Pp
=

(

mp

me

)4

= 1.13 · 1013

it is evident that accelerating protons for a given radius leads to a smaller loss of energy.

The choice of going from lep to lhc was driven not only by the will to explore new energy
scales, which were impossible to achieve with the technology available during the lep time, but
also to investigate the substructure of the particles involved in the interactions. At the lhc, the
acceleration power is not limited by synchrotron radiation but by the peak field of the dipoles in
the storage ring. The nominal field is 8.33 T, corresponding to an energy of 7TeV per beam.

1The centre-of-mass energy of a system is defined as the energy measured in the centre-of-mass frame. This energy
corresponds to all the energy available to create new particles or to explore the internal structure of particles.
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2.1.2 How the beams are created and accelerated

The cern accelerator complex consists of a series of linear and circular machines. A sketch of the
accelerator chain is present in Figure 2.1, and a description follows.

Figure 2.1: Simplified view of the acceleration chain for the lhc and its main detectors.

Protons are delivered by a duoplasmatron source [25], depicted in the bottom right hand side of
Figure 2.1. A sketch of the duoplasmatron is shown in Figure 2.2. The working principle of this
device is to generate a discharge that releases the electrons from the protons through a process of
the type:

H2 + e− → H+
2 + 2e−

H+
2 + e− → H+ +H + e−

H + e− → H+ + 2e−

H2 → 2H+ + 2e−

.

The protons are accelerated by a 90 keV potential difference and leave the duoplasmatron with
1.4% speed of light.

The pre-accelerated protons are further accelerated up to 50MeV in the linac2. The linac2 is a
linear accelerator consisting of a series of coaxial metallic tubes connected by metallic chambers.
These chambers, known as radio frequency (rf) cavities, are modeled to a specific size and shape
so that electromagnetic waves become resonant and build up inside the cavity. Charged particles
passing through the cavity feel the overall force and direction of the resulting electromagnetic
field, which transfers energy to push them forwards along the accelerator. Figure 2.3 shows a
schematic view of a linear accelerating structure. The lengths of the tube segments are chosen
such that the particles reach the gap between two successive tubes only when the rf field is
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Figure 2.2: Sketch of the duoplasmatron that serves the linac2. Proton gas is injected in a chamber that is
ionized in order to extract proton beams.

accelerating. The acceleration is most efficient when the distance between the centre of two
adjacent gaps is equal to the travel time of the particles from one gap to the next.

Figure 2.3: Scheme of an accelerating linear structure [26]. A variable electric field is responsible for the
acceleration of the particles.

The protons are then accelerated up to 1.4GeV in the Proton Synchrotron Booster (psb). This
accelerator is composed of four separate synchrotron pipes, stacked on top of each other, with a
25m radius. From here, the protons are injected into the Proton Synchrotron (ps), where they
reach an energy of 25GeV. Following that is the Super Proton Synchrotron (sps), which brings the
energy of the protons up to 450GeV, before injecting them into the lhc. The last acceleration step,
which accelerates the protons to their final energy, is performed by the lhc, where the protons
are injected in a clockwise and anticlockwise direction.

The lhc is equipped with 10000 superconducting magnets [27], including 1232 superconducting
main dipole magnets, which provide a magnetic field up to 8.3T responsible for keeping the
particles on a circular trajectory. The lhc is divided into eight sections called octants.
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One octant houses the acceleration system: eight superconducting radio-frequency cavities for
each beam are responsible for the increase of the particle energy and for the reduction of the
energy differences among the particles of the same beam. In two octants the beams are monitored:
any particle straying from the ideal beam trajectory is absorbed by devices known as collimators.
One octant is connected to the lhc main dump used as end of the road of particles: blocks of
graphite, are used to absorb the beams when a lhc run needs to be stopped. The remaining four
octants accommodate interaction points where the beams can collide, and where the experiments
are located. This octant structure, as well as the four of the main experiments that are described
in Section 2.1.4 is shown in Figure 2.1.

2.1.3 lhc luminosity and pileup

The accelerated beam consists of bunches of protons organized in small cylinders a few cm long
and with a diameter of the order of a mm. Each proton bunch is squeezed at the interaction point
down to a transverse size of a few µm. The number of protons contained in each bunch (Np)
decreases over time, due to beam loss and pp collisions in the following way

Np(t) =
Np(0)

(1 + t/τbunch(L))2
,

where Np(0) is the initial amount of protons and τbunch(L) is a parameter that depends from the
structure of the bunch and the beam and how two bunches interact.

The parameter L is called instantaneous luminosity and it is defined as the number of particles col-
liding per second and per effective unit area of the overlapping beams in a Gaussian approximation,
in other words:

L(t) = frev
n1n2nbγ

4πεnβ∗ F [cm−2 s−1]

where

frev is the revolution frequency of the beam

n1, n2 are the protons contained in each colliding bunches

nb is the number of bunches per beam

γ is the relativistic factor

εn is the normalized beam emittance which measures the average spread of particle coordinates
in the position-momentum phase space

β∗ is the beta focusing function at the collision point indicating what is the transverse size of the
particle beam in the nominal beam trajectory
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Figure 2.4: Integrated luminosity versus time delivered by the lhc to atlas, during stable beam conditions
for pp collisions for the period 2011-2012 and 2015-2018 [28].

F is a factor that reduces the luminosity by taking into account the fact that the bunches may
not cross head-to-head.

The design values of the parameters described above and their operational values for the period
2015-2018 can be found in [4].

The luminosity integrated over time (integrated luminosity) is the final figure of merit because it
relates directly to the number of total observed events for a specific process x→ jk:

Lint =
∫ T

0

L(t′)dt′, Lint · σx→jk = number of x→ jk events.

The cumulative integrated luminosity delivered to atlas at in the periods2 2011-2012 and 2015-2018
is shown in Figure 2.4.

If multiple collisions happen in the same readout window, with a resulting high occupancy of the
detector, this is called pile-up. Two types of pile-up are possible:

• in-time pile-up which refers to the inelastic pp collisions per bunch crossing. Following
a Poissonian distribution, its mean value µ depends on the instantaneous luminosity as
follows:

µ =
Lσie
nbfrev

2The first period of data taking of the atlas experiment is called Run 1 and it covers the years 2011 and 2012. A
second Run took place from 2015-2018, known by the name of Run 2.
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Figure 2.5: The luminosity weighted distribution of the mean number of interactions for the period 2015-
2018 recorded by the atlas experiment. The mean number of interactions per crossing corresponds to the
mean of the Poisson distribution of the number of interactions per crossing calculated for each bunch [28].

where σie is the total inelastic cross-section of the pp collisions, nb is the number of bunches
per beam which has frev as revolution frequency;

• out of time pile-up which refers to additional collisions coming from neighboring bunch
crossing.

Figure 2.5 shows the luminosity-weighted distribution of the mean number of interactions for the
period 2015-2018 by the atlas collaboration.

Since the two proton bunches have a Gaussian density and do not have an infinitesimal length, the
collisions will not happen all in the same place but instead will be spread out in space (along the
beamline). Figure 2.6 shows a candidate Z boson event when an additional 24 reconstructed pile-up
interactions are found. The bottom panel shows the longitudinal view of the 25 reconstructed
vertices and how they are spread over a length of ∼5 cm.

2.1.4 Experiments at lhc

Around the four interaction points (octants 1, 2, 5, 8 depicted in Figure 2.1) different experiments
are located: TOTal Elastic and diffractive cross section Measurement (totem) [30] focusing on
measuring the total pp cross section, as well as elastic and diffractive scattering processes; Large
Hadron Collider forward (lhcf) [31] dedicated to the measurement of neutral particles emitted
in the forward region; Monopole and Exotics Detector at the LHC (moedal) [32] searching for
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Figure 2.6: A candidate Z → µ+µ− event with 25 reconstructed interactions is shown in different
projections of the atlas detector. The bottom panel shows a zoom-in of the view that the detector has of
the event on the line where the collisions happened [29].
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magnetic monopoles and for highly-ionising massive particles; A Large Ion Collider Experiment
(alice) [33] is dedicated to studying the physics of strongly interacting matter at extreme energy
densities, where a quark-gluon plasma forms; Large Hadron Collider beauty (lhcb) [34] focuses
on b-physics, in particular, to measure the parameters of cp violation in the interactions of B
hadrons; Compact Muon Solenoid (cms) [35] and A Toroidal LHC ApparatuS (atlas) [36]
are general-purpose detectors, designed to study a wide range of physics in pp and heavy ions
collisions. The last two collaborations work independently and cross-check each other’s results.

2.2 The atlas detector

atlas is a general-purpose detector that has as its main goals the investigation of the sm, as well
as searches for beyond sm physics, if accessible at the lhc. The detector’s aim is to record the
interesting collisions happening right in its centre. Collisions take place at a nominal bunch
crossing rate of 40MHz and triggers (Section 2.3.1) select in real time which collision to store
because it is impossible to store all data from all bunch crossing. The layout of the detector (see
Figure 2.7) is symmetric in the forward-backward direction, with a cylindrical geometry with a
radius of 12m, a length of 44m and a weight of approximately 7000 tons.

Figure 2.7: Schematic view of the atlas detector showing the main sub-detectors and the magnet systems
[36] described in the text.

The components of the detector, arranged in an onion-like design, from the interaction point (ip)
outwards, are:

• inner detector (id), to reconstruct charged particles tracks and the interaction vertices,
• electromagnetic calorimeter (ecal), used for electron and photon energy reconstruction,
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• hadronic calorimeter (hcal), for hadron detection
• muon spectrometer (ms), equipped for muon identification

The whole system is immersed in a magnetic field to measure the charged particle momenta in
the id and ms.

2.2.1 Coordinate system

The atlas detector uses a right-handed coordinate system with its origin set at the nominal ip in
the centre of the detector and the z-axis set along the beam pipe. The x-axis points from the ip
towards the centre of the lhc ring, and the y-axis points upwards. All the kinematic transverse
quantities associated with an event are defined in the x− y plane. Cylindrical coordinates (r, φ)
are used in the transverse plane, φ ∈ (−π, π] being the azimuthal angle around the z-axis. In
order to have a Lorentz-invariant set of angular coordinates,the pseudorapidity η is defined as a
function of the polar angle θ with respect to the z-axis as:

η = − ln
[

tan
(

θ

2

)]

.

The angular distance ∆R between physics objects is defined as:

∆R ≡
√

(∆η)2 + (∆φ)2,

where
∆φ ≡ min(|φ1 − φ2|, 2π − |φ1 − φ2|).

2.2.2 Inner detector

The id [37], depicted in Figure 2.8, is the main charged particle tracking device of atlas. For this
purpose, it is placed as close as possible to the ip. It is designed to measure the momenta and
trajectories of charged particles with high resolution and to resolve both primary and secondary
vertices. Due to its position, the id needs to maintain a low material density, not to alter particle
trajectories. Additionally, it requires high resistance to radiation for the sensors, electronics,
mechanical structures, and services.

The inner detector is immersed in a 2T solenoidal magnetic field and provides pseudorapidity
coverage up to |η| = 2.5 thanks to a barrel and two end caps sub-detectors. The atlas solenoid
magnet system [39] consists of a coil of superconducting material providing an axial magnetic
field of 2T for the id with a stored energy of 38MJ. It is 5.3m long, 4.5 cm thick and with a 2.4m
inner diameter. In order to optimize the material budget the coil is placed inside the calorimeter
cryostat.
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Figure 2.8: Sketch of atlas id showing the arrangements of its sub-detectors [38].

A solenoid consists of a long wire wrapped around a cylinder in a helical shape, a sketch of which
is depicted in Figure 2.9. When a current with intensity I flows through the wire, a magnetic field
B is generated inside the coil. The field depends on the length of the solenoid l and the number of
turns N :

B = µ0
NI

l
.

If the length of the solenoid is longer than the wire diameter (which is the case for the atlas
solenoid) B is parallel to the axis of the solenoid. The direction of ~B can be found with the
Right-hand rule (and it is depicted with blue lines in Figure 2.9).

The id is composed of 3 sub-detectors, and while they are different in design they share the same
principle of detection: the charged particle passing through each sub-detector ionizes the detector
material, and the reconstructions of the measured charge provide evidence of passing particles.
The two detectors close to the beam are silicon-based, while the outer detector is gas-based.

The id transverse momentum (pT) resolution [40] in the central region can be roughly parametrized
as:

σpT
pT

∼ 0.5% · pT ⊕ 1%.

Pixel detector
The Pixel detector [41] consists of 1744 silicon pixel modules, with individual pixels size of
50× 400 µm4 and 250 µm thick. The pixels are arranged in four layers in the form of concentric
cylinders in the barrel region and three disks perpendicular to the beamline in the end-cap regions.
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Figure 2.9: Sketch of a solenoid, which is composed of a long wire wrapped around in a helical shape in
which a current with intensity I flows. The direction of the magnetic field is indicated by the blue arrows.

The layers in the barrel are placed at radial distances from the beam pipe of 31mm, 50.5mm,
88.95mm and 122.5mm covering a pseudorapidity range of |η| < 2.5. The disks in the end-cap
regions are arranged at radial distances of 49.5mm, 58mm, 65mm. The sensors are segmented in
R− φ and z and they can resolve a hit with an accuracy of 10 µm in the transverse direction and
115 µm in the longitudinal direction.
The insertable B-layer
The innermost pixel layer in the barrel is called insertable B-layer (ibl) [42]. It was installed
between Run 1 and Run 2 between the previously inner-most pixel layer and the beam pipe. The
additional space for the installation of the ibl was obtained by reducing the inner diameter of the
beryllium beam pipe from 59mm to 47mm. ibl is made of 12 million pixels of size 50× 250 µm4,
mounted on 14 staves that are placed at overlapping angles to provide coverage around the beam
pipe. The hit resolution of the hit provided by the ibl is 8.5 µm in the transverse plane and
47 µm in the longitudinal direction. The motivation for this extra pixel layer, very close to the
beamline, is the need to maintain high tracking and vertex finding efficiency with the increased
luminosity of Run 2. Figure 2.10 shows the improvement of the resolution on d0 (the transverse
impact parameter) and on z0 (the longitudinal impact parameter) as a function of pT for values of
0 < |η| < 0.2 due to the addition of the ibl.
The semi-conductor tracker
The semi-conductor tracker (sct) is a strip detector consisting of 4088 modules mounted on four
layers in the barrel and nine disks in each end-cap [44, 45]. Located at medium radii of the id
volume (299mm < r < 514mm), the sct offers a hit resolution of 17 µm in the R− φ plane and
a 115 µm in the longitudinal direction.
The transition radiation tracker
The transition radiation tracker (trt) [46, 47] is a straw tube detector, it works both as a drift
chamber and as a transition radiation detector, where the amount of transition radiation depends
on the mass of the particle.

The total energy loss of a charged particle in the transition of material is mostly directed forward
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(a) σ(d0). (b) σ(z0).

Figure 2.10: Comparison of transverse and longitudinal impact parameters with and without the ibl as
function of pT for values of 0 < |η| < 0.2, with data taken in 2012 at

√
s = 8TeV (no ibl) and data taken

in 2015 at
√
s = 13TeV (with ibl). The lower plots show the ratio between the data collected in 2015 and

2012 [43].

and depends on γ = E/mc2 wherem is the mass of the particle:

I =
z2e2γwp

3c
.

The hit resolution of the trt is 130 µm in the transverse direction.

2.2.3 Calorimeters

A particle traveling in a medium interacts with it. In the case of a calorimeter, the medium is
highly dense in order to favor the interactions that lead to the deposit of energy that is collected.
The cascade generated by the interaction of the particle with the medium is called a shower and it
lasts until all particles of the shower are absorbed. Detecting the light emitted by a scintillating
material, or detecting the charge produced when ionizing a gas or a liquid, are two different
ways to estimate the deposited energy. An electromagnetic shower is produced when photons or
electrons interact at high energy with matter via pair production and bremsstrahlung respectively.
The parameters for caracterizing an electromagnetic shower are its depth and width.
The depth is defined as the length L of material that contains 95% of the longitudinal energy
profile. The length L depends on the incident particle energy E0, the atomic number Z of the
material in which the particle is showering Z , and a parameter Cj that depends on whether the
incident particle is a photon (+0.5) or an electron (-0.5):

L = [ln
(

E0

Ec

)

+ Cj] + 0.08 · Z + 9.6[X0].
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In the previous equation,Ec represents the critical energy, belowwhich energy is mainly dissipated
through ionization and excitation, and the radiation length X0 which represents the amount of
material that causes an electron beam to have a reduction of its energy by a factor e (E = E0e

− x
X0 ).

The values of Ec and X0 are parametrized as follows:

Ec =
610MeV
Z + 1.24

, X0 =
716.4[g cm−2] · A

Z(Z + 1) ln
(

287/
√
Z
) ,

with A being the atomic weight of the material. For the material used in the electromagnetic
calorimeter (ecal) and forward calorimeter (fcal) the parameters for liquid argon (LAr) and lead
(Pb) are the following:

ELAr
c = 32.84MeV, XLAr

0 = 14 cm,

EPb
c = 7.43MeV, XPb

0 = 0.56 cm.

The width of an electromagnetic shower is defined as the radius of a cylinder containing 95% of
the shower’s energy deposition:

R =
21MeV
Ec

X0,

this quantity is named after German physicist Paul Molière, as Molière radius.
Hadronic showers are produced by hadron, as the name suggests, mostly via the strong nuclear
force. Such showers consist of an electromagnetic component from the decay of photons and light
particles generated in the absorption process, and of a hadronic component in which hadrons are
produced. At every material interaction, about one-third of the deposited energy goes into an
electromagnetic shower. Furthermore, a fraction of energy is lost for detection due to hadrons
breaking up nuclear bonds, or the formation of long-lived or stable neutral particles escape
(neutrons, K0

L). The depth of a hadronic shower (longitudinal length in which 95% of the shower
is contained, L) is given from the definition of the nuclear interaction length λ:

λ ≃ 35 · A1/3g cm−2,

as
L = 2λE0.13 + 0.2 ln(E[GeV]) + 0.7[λ].

The width of a hadronic shower is approximately 2 times the Molière radius.

The atlas calorimeter system [48], shown in Figure 2.11, surrounds the id and the solenoid magnet
and its purpose is to measure the energy and direction of incident electrons, photons, hadrons,
and jets. It consists of electromagnetic and hadronic sampling calorimeters with a total coverage
of up to |η| = 4.9. The ecal, the calorimeter closer to the beam pipe, covers the pseudorapidity
region |η| < 3.2, is based on liquid argon as scintillator, with lead plates as absorbers.
The hadronic calorimeter (had), the outermost layer of the calorimeter, covers the pseudorapidity
region |η| < 3.9, and uses scintillating tiles interleaved with steel plates as absorbers. The fcal,
covering the pseudorapidity range 3.1 < |η| < 4.9, uses liquid argon with a copper absorber for
the electromagnetic part, and two tungsten absorbers for hadronic measurements.
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Figure 2.11: Sketch of the calorimeters of atlas, showing the end-cap and barrel components of the
sub-calorimeters [38].

The relative uncertainty on energy measurement is of the form:

σE/E =
a√
E

⊕ b

E
⊕ c,

where a, b, and c are parameters dependent on the specific detector:

a dominates at low energy and it is also referred to stochastic term since it depends on the
statistical nature of the particle showers. It also depends on the fraction of active medium
in the calorimeter.

b is the noise term, which depends on pile-up and includes electronic noise. It is usually negligible
in the range of energies studied by atlas.

c dominates at high energy and it is mostly due to non-uniformities of the instrumentation.

The design energy resolution of the ecal is parametrized as σE/E = 10%
√

E/GeV ⊕ 0.7%. For the fcal
the resolution is σE/E = 50%

√

E/GeV ⊕ 3%, and for the had the resolution is σE/E = 100%
√

E/GeV ⊕ 10%
[49].
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Figure 2.12: Sketch of the magnetic system of atlas showing the components of the ms [38].

2.2.4 Muon spectrometer

The ms [50] depicted in Figure 2.12 is located beyond the had, and as the name suggests, it is
dedicated to muon identification. The ms consists of one central barrel and two end-caps to cover
the pseudorapidity region |η| < 2.7, apart from a gap for |η| < 0.1 needed for services.

Specifically, there are

• resistive plate chamberss (rpcs) covering the range |η| < 1.05 and thin gap chambers (tgcs)
in the range 1.05 < |η| < 2.4 that provide rapid information to the trigger system. These
chambers measure the position of the muons in η (bending plane) and φ (non-bending plane)
with a resolution of 5-10mm. The rpcs are wireless chambers with anode and cathode plates
based on an organic gas mixture. The tgcs are multi-wire proportional chambers filled with
a mixture of n-pentane and CO2, where the wire-to-cathode distances are smaller than the
wire-to-wire distances;

• eight layers of monitored drift tubes (mdts) with anode wires reaching up to |η| < 2.7

(except for the innermost end-cap layer ending at |η| < 2.0) to measure the curvature
of tracks with a per-tube resolution of 80 µm and cathode strip chamber (csc) multi-wire
proportional chambers with the cathodes segmented into strips in the orthogonal directions,
with a resolution of 60 µm, both using an argon-based gas mixture.

The ms is immersed in a toroidal magnetic field composed by
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• a barrel Toroid system, consisting of 8 separate coils providing each a field of 0.5T. These
magnets are placed outside the calorimeters. Each barrel is 25.3m long, with a 20.1m outer
diameter.

• an end-cap Toroid system, composed of 2 separate end-cap coils providing a field of 2T.
These magnets are placed outside the calorimeters as well. Each end-cap has 5m axial
length and 10.7m outer diameter.

A toroid is an effectively endless solenoid in the form of a ring, see Figure 2.13. The generated
magnetic field B is similar to the solenoidal one, and can be calculated according to Ampere’s law
and depends additionally on the radius of the torus:

B = µ0
NI

2πR
.

If R is very large compared with the radius of the cross-section of the torus, the field is approxi-
mately uniform inside the torus, while the magnetic field is 0 outside (i.e. the net current passing
through any circular path laying outside the toroid is zero).

Figure 2.13: Sketch of a toroid where in red is indicated the direction of the flow of the current, and in
blue the direction of the magnetic fields.

The total uncertainty on the measured pT of muons is around 3% over a wide range of pT, and up
to 10% for muons with 1 TeV of transverse momentum [51].

2.3 From the experiment to physics objects

Each kind of detectable particle leaves a characteristic signature, since it interacts differently
with the various sub-detectors. Interpreting that information together is the main purpose of
the reconstruction procedure. Figure 2.14 is a computer-generated image showing how various
particles leave different signatures in atlas.



2

48 2. Where: the atlas experiment at the lhc

Figure 2.14: Computer generated images of particle paths in the atlas detector [38].

In atlas the translation of detector signals to physics objects is perfomed by a variety of different
algorithms, which influence efficiency and performance of the reconstruction process. In order to
account for that, the procedures used for reconstructions and calibration of objects are applied in
the same way also to Monte Carlo (mc) simulated events.

It is necessary to mention that the collisions processed by the atlas detector are only a subset of
all collisions that happen. This selection is performed by the atlas trigger system described in
the next section.

2.3.1 Trigger system

The atlas detector is designed to observe up to 1.7 billion pp collisions per second, far larger than
the number of events than can be possibly be recorded. The atlas trigger system reduces the flow
of data to manageable levels by selecting approximately 1000 out of the 1.7 billion collisions.

The trigger system is thus responsible to make fast and educated decisions on accepting or
discarding events. The atlas trigger system has two decision levels:

level-1 trigger (l1) , [52] implemented in custom electronic hardware. l1 uses information from
the rpcs and tgcs in the muon system, as well as calorimeter information. The performed
reduction of the data rate is from ∼40MHz to 100 kHz. Moreover, this trigger identifies
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regions of interest (rois) which are portions of the detectors where an object coming from
a hard scatter is present.

the high level trigger (hlt) [53] is a software-based trigger that uses reconstruction algorithms
close to the ones used for off-line reconstruction on the detector areas identified by the rois.
The hlt reduces the events rate further to roughly 1 kHz.

Multiple trigger classes are present in the sequence of the hlt, and they aim at selecting:

single object triggers, consisting of at least one characteristic object

multiple object triggers, consisting of at least two characteristic objects of the same time

combined object triggers, consisting of at least two characteristic objects of different types

topological object triggers, based on information from more than one roi.

Events selected by any trigger are written to disk and reconstructed on the Worldwide lhc Com-
puting Grid, which is also used for generating of simulation data.

2.3.2 Tracking

The bases for the creation of tracks are hits, which represent the interactions of the particle with
the sensitive material of the tracking detectors. The procedure of tracking can be divided into
four stages [54]:

space-point formation: clusters of individual cells from the silicon detectors are formed by
connecting adjacent hits. The splitting of clusters caused by multiple nearby particles is
performed with a neural network.

space-point seeded track finding: three hits are requested to initiate a track. They are pro-
cessed by applying initial cuts and a combinatorial Kalman filter technique [55] in order to
form a combined particle track.

ambiguity solving: in case of ambiguities, track candidates are given a score, based on fit quality
and usage of hits, e.g. a track sharing hits with other track candidates is penalized.

trt extension: tracks that are identified as not ambiguous, and which are within the coverage of
the trt detector are then extended into the trt volume. A successful extension increases
the momentum resolution significantly.
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2.3.3 Vertex finding

Vertices are reconstructed by combining tracks through three main steps: seeding, track assign-
ment, and fitting [56] that can be roughly outlined as follows:

• The information on the impact parameter z0 of all the reconstructed tracks is used to
generate seeds, where z0 of a track is defined as the longitudinal distance with respect to
the primary vertex. A Likelihood maximization method is fed with the seed and used to
find the most likely value of the vertex position.

• All the tracks compatible with the chosen seed are grouped together for fitting.
• The adaptive vertex fitting algorithm [57] is used to estimate the position of the vertex and
its uncertainty.

• Tracks that are not used in the vertex, are available to repeat the procedure starting with
the creation of a new seed.

2.3.4 Calorimeter clusters

The signals deriving from the calorimeters are combined into topological clusters [58]. The
procedure used is guided by reconstructing three-dimensional “energy clusters” from particle
showers in the active calorimeter volume. The aim is to attempt to extract a significant signal
from the background of electronic noise. For this reason, the topological clusters are seeded
by calorimeter cells with absolute energy |Ecell| > 4σnoise, where σnoise is the average noise
in the respective cell. The seed cell forms a proto-cluster. If a neighboring proto-cluster has
|Ecell| > 2σnoise, it is added to the first one, and this procedure is repeated iteratively. Neighboring
cells are defined as a) cells in the same layer and subsystem that are directly adjacent, b) those
in the adjacent layer of the same calorimeter that have at least partial overlap on η and φ and
c) adjoint cells in the transition regions between two subsystems. The resulting proto-cluster
obtained in this way can be large and contain deposits from several particles, most likely in cases
with collimated jets. They are subsequently split, using a topological algorithm, to obtain the final
topological clusters representing particles.

The described approach here is called the Super cluster approach [59] and it differs from the Sliding
window approach [60] used in 2015-2016, which is operating with a fixed window size for the
cluster. Topological clusters allow modeling the behavior of the em showers more closely.

2.3.5 Physics objects

As seen from Figure 2.14, each detectable particle leaves a set of signals in the various sub-detectors:
the reconstructed vertex, the tracks, and energy deposits are combined to construct physics objects
and to identify the particles from which the signal originated. The following sections present an
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Figure 2.15: Algorithm flow diagram for the electron and photon reconstruction [59].

overview of how objects are reconstructed. Specific criteria of identification and/or isolation are
described later in the text (Section 4.3) if they depend on the analysis in which they are used.

Electrons and Photons
A typical electron signature consists of an associated track in the id, an energy cluster in the ecal
and a presampler [61]. A converted photon has a deposit in the calorimeter as well, is matched to a
conversion vertex (or vertices), but has no ”proper” associated track since it is a neutral particle (it
does has a track when it is converted). A photon has a deposit in the calorimeter as well, with no
associated tracks and matched to neither an electron track nor a conversion vertex. The described
objects are reconstructed in the region with |η| < 2.5. The reconstructions process of electrons
and photons is shown in Figure 2.15 and consists of the following steps [59]:

• preparing the tracks and the clusters (as illustrated in Section 2.3.2 and in Section 2.3.4)
• building clusters of energy after applying calibrations and corrections
• building analysis objects after resolving ambiguities among the objects. These ambiguities
can come from the fact that electron and photon superclusters are built independently
making it possible that a given seed cluster can produce both an electron and a photon. In
these cases, a procedure illustrated in Figure 2.16 is followed.

Muons
The reconstruction ofmuons [62] is performed independently in the id, the ms, and the calorimeters.
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Figure 2.16: Flowchart showing how the ambiguity between an electron and a photon is resolved during
object reconstructions. An innermost hit is a hit in the pixel layer nearest to the beam line along the track
trajectory, E/p is the ratio of the energy of the supercluster and the measured momentum of the matched
track, Rconv is the radial position of the conversion vertex and RfirstHit is the smallest radial position of a
hit in the track or tracks that make a conversion vertex [59].

Depending on which sub-detector information is used in reconstruction, five types of muons can
be defined:

• Combined (cb) muons, if the track reconstruction is performed independently in the id and
in the ms. The combined track is formed with a global refit that uses the hits coming from
the two sub-detectors. If muons are reconstructed first in the ms and then extrapolated
inwards to match an id track the procedure is called outside-in pattern recognition, while
the complementary approach (inside-out) happens when the id tracks are extrapolated
outwards.

• Segment-tagged (st) muons, a track in the id is classified as a muon if it is associated with
at least one local ms track segment, once extrapolated to the ms.

• Calorimeter-tagged (ct) muons, if a track in the id can be matched to an energy deposit
in the calorimeter compatible with a minimum-ionizing particle. This algorithm recovers
muon passing through the region with |η| < 0.1, which is only partially instrumented.

• Extrapolated (me) muons, when the muon is reconstructed from the ms track only, extrapo-
lated and loosely matched to the ip. The track in the ms needs to be well reconstructed with
segments at least in two layers.

• Inside-out combined (io) muons are reconstructed using a complementary inside-out al-
gorithm, which extrapolates id tracks to the ms and searches for at least three aligned ms
hits to be used in a combined track fit. This algorithm recovers low-pT muons which do not
reach the middle ms station.

In case of a track shared among different two muon tracks, preference is given to cb muons, then
io, then st, and lastly to ct ones.

Jets
Jet reconstruction starts by combining the four-momenta of all particle signals found within a cone
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around each other. These inputs can be either obtained from energy deposits in the calorimeter or
from a combination of the latter and tracks in the id. Jets reconstructed using only calorimeter
information are referred to as EMTopo jets and are used for the analysis of the 2015-2016 dataset
in Chapter 6. Jets whose reconstruction uses also id information are called particle flow (pflow),
this approach is used for the analysis of the full 2015-2018 dataset in Chapter 7. The calorimeter
energy and track information is used as input to the anti-kt algorithm [63] that defines the jets.
For each pair of objects i, j, the distance measure

dij = min(k−2
ti , k

−2
tj )

∆R2
ij

∆R2

is introduced, where kt describes the transverse momentum, ∆Rij the distance between both
objects in η-φ space. The other parameter ∆R determines the characteristic size of the final jets
and is chosen to be ∆R = 0.4. In each iteration, the procedure groups the two objects i and j
with the smallest distance dij together. The iteration stops when dij > k−2

ti for all other objects j
and the remaining objects are then called jets.

The energy of each jet is then calibrated [64] in order to match the jet energy scale (JES) of truth
jets defined at particle-level, with a procedure that consists of the following steps:

• The reconstructed energy is corrected for contributions from pile-up interactions, which
depend on the jet area size and the number of pile-up interactions.

• The energy in the reconstructed jets and the energy of particle-level jets are compared for
di-jets events and from that comparison, the absolute energy calibration is defined.

• More detailed corrections, dependent on information from all detector parts, are applied.
These corrections can be for example dependent on hadron flavor and energy leakage.

• Lastly, differences between simulation and data are removed by comparing jets to well-
measured reference objects.

The assumptions that are made in each step in order to perform the calibration are taken into
account in specific uncertainties, e.g. pile-up uncertainties and jet energy resolution (JER), as
detailed in Section 5.3.2. Figure 2.17 gives an overview of the calibration process described
above.

Di-jets are also useful to generate a two-dimensional likelihood, which is at the basis of the
multivariate discriminate jet vertex tagger (jvt) [65]. The jvt is used to reduce the impact of
pile-up on jet reconstruction in the central region. The two observables considered are:

• Jet vertex fraction (jvf), defined as the ratio of the scalar pT sum of all the tracks associated
with the jet which originate from the same primary vertex over the scalar pT sum of all the
tracks corrected for its dependence on the number of vertices, nk, in the event :

jvf =

∑

k p
trkk(PV0)
T

∑

l p
trkl
T (PV0) +

∑

n≥1

∑

l p
trkl
T (PVn)

nk

,
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Figure 2.17: Stages of jet energy scale calibrations. Each one is applied to the four-momentum of the jet
[64].

where (PV0) is the primary vertex and (PVn), corresponds to additional primary vertices
due to pileup interactions in the same bunch crossing.

• RpT , defined as the ratio of scalar pT sum of all the tracks in the jet originating from the
same primary vertex over the fully calibrated measured pT of the jet:

RpT =

∑

k p
trkk
T (PV0)

p
jet
T

.

In the case of jets initiated by c or b-quarks, slightly different signatures are exhibited, which are
used in flavor-tagging algorithms [66]. As c and b hadrons have a sufficiently long lifetime, they
travel away, often on the scale of millimeters, before decaying. The presence of a secondary vertex,
together with the presence of a soft muon in the jet, can be an indicator of a heavy quark flavor.
Dedicated identifiers, usually multivariate analysis discriminants, are built in order to provide
discrimination between jets of different quark flavor.

τ-leptons
Given its short lifetime, the τ-lepton typically decays before reaching the active regions of the atlas
detector, and given itsmass, it can decay either leptonically (∼ 35%of the time, τ → ℓνℓντ , ℓ = e, µ)
or hadronically (τ → hadrons ντ ). While in leptonic decays the light leptons are reconstructed,
for hadronic decays a procedure similar to jets is needed. Hadronic reconstruction is seeded
from anti-kt 0.4 jets with pT > 10GeV and η < 2.5, excluding the region 1.37 < η < 1.52. In
order to form a τ vertex, the candidate vertex with the largest fraction of momentum from tracks
associated with ∆R < 0.2 with respect to the jet is chosen. The tracks within 0.2 < ∆R < 0.4

are used to define isolation criteria (Loose, Medium, and Tight) with an efficiency independent of
pT, but dependent on the number of charged particles in the final state (”prongs”). In turn, these
isolation criteria are employed in a multivariate identification algorithm, to discriminate the τ -jets
from the quark- or gluon-initiated jets background [67].

Missing transverse energy
Given the nature of the pp collision at the lhc, it can be assumed that the transverse momenta
of the interacting protons are balanced, leading to the vectorial sum of all traverse momenta in
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the final state of the event always equal to zero. This is true unless undetectable particles such as
neutrinos escape. This yields to an effective mechanism to measure invisible particles via Emiss

T ,
missing transverse energy (met) [68], a vector fully determined by its magnitude and its azimuthal
angle. The x and y components of the Emiss

T are a sum of the reconstructed physics objects:

Emiss
x,y =

∑

i

Emiss,i
x,y with i = e, µ, γ, τ, jets, soft (2.1)

where each term is given by the negative vectorial sum of the momenta of the respective calibrated
objects and the soft term is reconstructed from detector signal objects not associated with any
object passing the selection criteria used in the particle identification algorithms. The soft term is
from deposits in the calorimeter and tracks. From Equation (2.1) the magnitude of Emiss

T and its
azimuthal angle φmiss are calculated as:

Emiss
T =

√

(Emiss
x )2 + (Emiss

y )2

φmiss = arctan
(

Emiss
y /Emiss

x

)

.

There exist several different definitions for this quantity and they will be presented in Section
4.4.

2.4 Future of lhc

Significant changes will be made to the lhc and the atlas detector during the Long shutdown
2 (ls2) (the operational break from the end of 2018 to the beginning of 2021) in order to reach
and cope with the ultimate design luminosity of Phase-I [69]. After a data-taking period of 4
years, at the end of 2025, another break in the lhc data taking, called Long shutdown 3 (ls3) will
occur, during which the High Luminosity-Large Hadron Collider (hl-lhc) will be installed. In
this period the atlas detector will be further upgraded.

2.4.1 lhc upgrade

In order to increase the potential for discoveries, the lhc is upgraded to hl-lhc [70]. The objective
is to increase luminosity by a factor of 10 beyond the current design value. This increase will
enable the observation of rare processes which occur below the current sensitivity level. The
hl-lhc will be operational after 2029 and will make use of several new technologies:

• More powerful focusing magnets, generating a 12T magnetic field, will substitute the
current ones (producing 8T) in order to produce more intense and more concentrated
beams.

• New beam optics will be employed to maintain the luminosity at a constant level throughout
the lifespan of the beam.
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• More compact and powerful bending magnets will be installed in order to bend the trajectory
of the protons over 11m instead of 15m.

• linac4 will replace the current Linear accelerator 2 (linac2), pre-accelerating the protons
beam to 160MeV (instead of to 50MeV).

2.4.2 atlas upgrade

The main improvements to the atlas detector during the ls2 involve:

• l1 trigger - LAr Super cells. These improve the trigger energy resolution and efficiency
to select electrons, photons, leptons, jets, and Emiss

T , while enhancing the discrimination
against backgrounds and fakes in an environment with high instantaneous luminosity. The
improvement will be achieved by exploiting the higher resolution and the longitudinal
shower information from the calorimeter used in the Level-1 trigger processors [71].

• New Small Wheels. The new detector will help reduce the large background rate suffered in
the muon detector end-caps [72].

The main improvements to the atlas detector during the ls3, called also atlas Phase-II, will
involve:

• New all-silicon inner tracking detector.
• New l1 trigger system architecture, where the mdt chambers will be part of the l1 trigger
providing extra background reduction at low-pT. (At the moment the current L1 trigger rate
is ∼200 kHz with a latency of ∼20 µs is constrained by the mdt read out speed).

• New calorimeter and muon system electronics, required by the new trigger rates [73–75].
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3
How: Statistics framework

The statistical tools used in the analyses contained in this thesis are described in this Chapter.
Section 3.1 illustrates how to construct a test statistic. How the uncertainties of a fit model are
estimated is described in Section 3.2. The picture is completed with the prescription on how
to produce the post-fit distribution (Section 3.3) and an illustration of the morphing technique
advantageous for simulating and testing different values of the parameter of models beyond sm
(Section 3.4).
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3.1 Hypothesis testing

Statistical methods are the tools that allow testing the data collected at atlas against theoretical
predictions.

Given a set of observations y = y1, y2, ..., yN resulting from the outcome of an experiment, one
can define the probability of these data given a certain hypothesis.
In order to construct a test statistic with good discriminating power, two hypotheses need to be
provided: a null one, H0 representing the possibility that the model predictions are true and any
observed deviation is a result of pure chance, and H1 representing the alternative hypothesis,
which implies the presence of new physics effects producing the observed deviations.
Both hypotheses can depend on several parameters:

nuisance parameters (nps) are parameters related to the effects of simulation statistics and
systematics uncertainties, they can be allowed to float within physical limits or fixed to
some value. In the latter case, these parameters are no longer nps. The nps are usually
indicated with θj , where ~θ refers to the total set of nps.

parameters of interest (pois) are the free parameters the analysis is focused on. Typical choices
for a poi are the signal strength ~θ, as in equation (1.22), the mass of a particle as in Figure
1.7 or the angle among two different cp hypothesis as in Figure 1.8.

Given an observed signal, one can define the statistical significance by using the p-value, defined
as the probability, under the tested hypothesis, to observe a deviation at least as extreme as the
observed deviation or more. Defining α as a predefined threshold of confidence, two different
cases can be distinguished:

• p-value(H0)< α: in this case H0 can be discarded. Commonly used thresholds are p <
2.87 · 10−7 that defines a discovery and p < 1.35 · 10−3 that defines an evidence. For a
Gaussian probability distribution, a discovery corresponds to a deviation of 5σ with respect
to the expectation value, while evidence corresponds to 3σ.

• p-value(H1)< α: in this caseH1 can be discarded and considered an exclusion. A commonly
used value is p < 0.05 corresponding for a Gaussian probability distribution to a deviation
of 2σ with respect to the expectation value.

There is actually a third option, for the case in which one does not aim to exclude a fixed hypothesis
H1, a floating hypothesis Hµ can be defined, where µ is a parameter which is varied to find the
point where p-value(H1)< α.

One can construct a test statistic using the given definitions to estimate a quantity from the data.
This test statistic helps in assessing the probability of the observed results being consistent with
either the null or the alternative hypothesis.
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3.1.1 The Likelihood function

The Likelihood function [76] for a binned counting experiment, meaning that the measurements
are taken in multiple independent i regions of the explored phase space, in which the yields di are
measured, has the form

L =
∏

bin i

P (di|ni(µ, ~θ)) ·
∏

θk

Ck(θk) (3.1)

where ni(µ, ~θ) represents the expected yield in the bin i as function of pois and the set of nps and
P (d|n) is the Poisson probability of observing d events when the theory predicts n events:

P (d|n) = nd

d!
e−n.

The Ck terms represent pdfs from subsidiary measurements that act as constraints on the parame-
ters θk. The estimation of the pois is obtained by maximizing the Likelihood with respect to ~θ
and ~µ or equivalently minimizing the negative log-likelihood (nll). Given that most pdfs Ck are
implemented in the form of a unit Gaussian, the possible shift of the value of the parameters θ
with respect to their nominal value (θ̂k − θk,nominal) can be interpreted as a pull.

3.1.2 The log-Likelihood ratio

In order to test a chosen value of µ, the profiled Likelihood ratio λ(µ) can be constructed:

λ(µ) =
L(µ,

ˆ̂
~θ(µ))

L(µ̂, ~̂θ)
. (3.2)

L(µ,
ˆ̂
~θ) is the profiled likelihood, in which

ˆ̂
~θ is the set of np values that maximizes the Likelihood

for some given value of µ; while µ̂ and ~̂θ are the values which maximize the Likelihood over the
full parameter spaces of µ and θ.

Thus, one can call the numerator the conditional maximum-Likelihood, whereas the denominator
is the unconditional maximum-likelihood. From Equation (3.2) one can see that 0 ≤ λ(µ) ≤ 1,
λ(µ) values close to 1 indicate that the observed data is very probable under the hypothesis µ. A
test statistic can be constructed as follows,

tµ = −2 lnλ(µ) = 2∆nll, (3.3)

where tµ = 0 now expresses the maximal compatibility of the data with the tested hypothesis.
The advantage of using the equation (3.3) is that Wilks’ theorem can be applied. This theorem
states that the distribution of tµ is asymptotically distributed as a χ2 with Nparameters degrees of
freedom [77, 78]. This allows to directly calculate the p-value from λobservedµ .
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Testing the presence of the signal
Denoting s the expected signal yields, and b the background one, the expected yield in the bin i is
ni(µ, ~θ) = b(~θ) + µs(~θ). The null hypothesis H0 does predict no signal and therefore only the
presence of background, L(H0) = L(0, ~θ(0)), while the unconditional or alternative hypothesis

Hµ has an associated L(Hµ) = L(µ̂,
ˆ̂
~θ(µ)), and therefore it predicts the presence of signal in

addition to background.
Generally, retrieving the p-value is straightforward, one needs to know the distribution of the test
statistic expected, ftµ(x), for the hypothesis that is being tested:

p =

∫ ∞

xobserved
ftµ(x)dx.

By applying Willks’ theorem, with one degree of freedom, the p-value is calculated as:

p =

∫ ∞

xobserved

1√
2Γ(1/2)

e−x/2e−x/2dx.

The p-value can be translated into the significance Z , defined as the number of standard deviations
from the expected result as

Z = Φ−1(1− p) for a one-sided distribution
Z = Φ−1(1− 2p) for a two-sided distribution

where Φ is the quantile of the cumulative of a Gaussian distribution.

Asimov Dataset
A measurement’s expected sensitivity is studied by creating an artificial dataset, an Asimov dataset
where the ~θ are taken at their nominal value. This peculiar dataset allows also the study of the
constraints of the nps that could be obtained with the expected data distributions and statistical
uncertainties. Any difference in constraints of a given nuisance parameter between the result of
the Asimov dataset fit and the data helps to diagnose unexpected constraints from data in the
fit.

3.2 Modelling and estimation of uncertainties

As introduced in Section 3.1, the nps describe the effect of the experimental and theoretical
uncertainties, as well as the Monte Carlo (mc) statistical uncertainties. Prior knowledge on this
parameter is often available and is used to constrain these parameters within certain bounds. The
form of this prior knowledge is parametrized as Ck in Equation (3.1).

After performing the minimization of the likelihood, the nps are measured from data.



3

3.2. Modelling and estimation of uncertainties 65

3.2.1 Form of the nuisance parameter constraints

According to the type of uncertainty the np is associated to, the constraint Ck follows a different
distribution, where θ̂ is the maximum Likelihood estimation of θ:

Statistical uncertainties are related to statistical fluctuations of data in each bin of the input
distribution and thus their distribution is Poissonian

Poisson(θ̂|θλ) = (θλ)θ̂

θ̂!
e−θλ,

with λ constant, often taken as the nominal value of θ.

Systematic uncertainties are all uncertainties that are not directly due to the statistics of the
data, and they can be split into two groups. The uncertainty related to the statistical
fluctuation of the simulated events, which follow a Poissonian distribution, depending on
the predicted signal and background composition, and the uncertainties related to subsidiary
measurements which are assumed to have a Gaussian constraint distribution:

G(θ̂|θ, σ) = 1√
2πσ2

e−
(θ̂−θ)2

2σ2

By convention θ is scaled such that the distribution is G(θ̂|0, 1).

Nomenclature of the nuisance parameters used
The uncertainties used in the analyses presented in this thesis follow the scheme

theo_: identifies the theory uncertainties, they can be both normalization and shape uncertainties;

ATLAS_norm_: identifies the normalization uncertainty of a background process that is con-
strained by data in a phase space region enriched in that background sample;

ATLAS_: (except ATLAS_norm_) identifies the experimental uncertainties in the model of the
detector;

gamma_stat_: identifies the mc statistical uncertainties. The Barlow Beeston [79] approximation
is used, i.e. one gamma_stat_ is defined per bin i and it contains the mc uncertainties of all
the samples in that bin.

3.2.2 Uncertainty estimation

After performing the minimization of the likelihood, the post-fit uncertainty for a given np can be
obtained from the diagonal elements of the covariance matrix Vij = cov(θ̂i, θ̂j) which is related to
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the Hessian of the nll in the following way:

Hij(θ̂) = (V −1)ij = −∂
2 logL(~̂θ)
∂θi∂θj

near the minimum. Alternatively, the uncertainty of the np can be estimated separately for each
θi by using the profile log-Likelihood ratio

tµ(θ
′
i) = −2 log L(µ,

ˆ̂
~θ(θk = θ′k))

L(µ̂, ~̂θ(θk = θ̂k))

where the condition θk = θ′k reflects the condition of the fit. According to the asymptotic
approximation, tµ(θ′i) is distributed according to a χ2 distribution whose confidence level (cl)
can be given in terms of two-sided confidence intervals of a normal distribution with standard
deviation σ. In particular the confidence interval corresponds to n · σ where n =

√
2∆nll.

Ranking of uncertainties
In order to quantify the impact of a specific np θi on the total uncertainty of a poi µ, two commonly
used methods can be used: impacts and breakdowns. The impact approach computes the positive
and negative impacts I±i (θi) comparing:

• an unconditional fit giving θ̂i (for which the poi µ = µ̂(θi = θ̂i))
• a conditional fit with a fixed θi = θ̂i ± σθ̂i ( for which the poi µ = µ(θ̂i,nominal ± σθ̂i)),

and then performs the difference as

I±i (θi) = µ(θ̂i,nominal ± σθ̂i)− µ̂(θi = θ̂i).

The breakdown approach performs a conditional fit where θi is set constant at its best-fit value
from the unconditional fit and then it computes the positive and negative breakdown B±(θi) as:

B±(θi) =
√

(σ±
unconditional)

2 − (σ±
conditional)

2.

Extending the concept, the breakdown of groups of uncertainties is similarly defined. The effect of
the limited data statistics is quantified as the residual uncertainties of the poi taken after fixing all
nuisance parameters to their best-fit values.

3.3 Post-fit distributions

With the minimization of the nll ni,post-fit = ni(~̂θunconditional) is calculated, and through that the
post-fit yields. Retrieving the yields in another observable bin (mj for example), or in another
region that did not enter the fit is not exactly possible1, but the following approximation can be

1In order to have a correct estimate, a mapping of the event is necessary.
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used: mj,post-fit = mj,pre-fit ·
∑

i ni,post−fit
∑

i ni,pre−fit
.

The post-fit uncertainties, related to the yield of one or more processes l, are calculated by taking
into account the linear correlation coefficient from the covariance matrix, as follows:

σl = δl(θi)(V
−1)ijδl(θj),

where δl(θi) is the symmetrized yield change of l depending on the np θi defined as:

δl(θi) = [l(θ̂i + 1σpost-fit(θi))− l(θ̂i − 1σpost-fit(θi))]/2.

3.4 The morphing technique

The Lagrangian Morphing technique [80] allows for a continuous description of an arbitrary
observable in a multidimensional space of couplings parameters. This technique is useful when
testing different values of the parameter of a BSM model. Instead of generating a mc sample for
each point in the parameter space, the morphing method can be used to interpolate between a
few existing mc samples, generated for small or finite parameter choices.

This technique is crucial to be able to use statistical methods that require models with a continuous
parametrization in their parameters such as the profile likelihood ratio method.
In general, a physical observable T depends on a configuration of a set of beyond-sm Higgs boson
couplings ~gtarget ≡ {gSM , gBSM,1, .., gBSM,n} to known particles in the following way

Tout(~gtarget) =
∑

i

wi(~gtarget;~gi)Tin(~gi),

where Tin are the input distributions that can be both scalars or differential distributions of selected
discrete coupling configurations ~gi = {g̃SM,i, g̃BSM,1, .., g̃BSM,n}. The input distributions Tin are
normalized to their expected cross sections such that Tout includes not only the correct shape, but
also the correct cross section prediction.
The Tin are obtained from the mc simulation of the signal process for a given coupling configuration
~gi. In order to describe the signal at all possible coupling configurations, N samples are needed,
where N depends on how many coupling parameters enter the production (np) and the decay (nd)
vertex:

N =
np (np + 1)

2
· nd (nd + 1)

2
+

(

4 + ns − 1

4

)

(3.4)

+

(

np · ns +
ns (ns + 1)

2

)

· nd (nd + 1)

2
(3.5)

+

(

nd · ns +
ns (ns + 1)

2

)

· np (np + 1)

2
(3.6)

+
ns (ns + 1)

2
· np · nd + (np + nd)

(

3 + ns − 1

3

)

, (3.7)
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and where ns is the number of couplings shared in production and in decay.

In this expression the individual contribution can be identified:

• Equation (3.4) contains the terms affecting only production, only decay, or only shared
couplings (this is the case where one coupling parameter is affecting either only produc-
tion/decay and one or more are affecting the other vertex (decay/production) or the case
where there are only parameters that are shared among production and decay);

• Equation (3.5) contains the terms that are of second order in decay-only couplings (this is
the case where there are couplings affecting the production, couplings shared between the
production and decay, and only one coupling parameter affects the decay) ;

• Equation (3.6) contains the terms that are of second order in production-only couplings
(this is the case where there are couplings affecting only the decay, couplings that are
shared between the production and decay, and only one coupling parameter is affecting the
production);

• Equation (3.7) contains the terms that are in first order in either production or decay or both
(this is the case where there are multiple coupling parameters affecting only the production,
multiple couplings affecting only the decay, and couplings affecting both vertices)

In the case of the Higgs gluon fusion process with subsequent decays to vector bosons, the
production and decay will have a completely disjoint set of couplings, and the number of input
samples will be given by equation Equation (3.4) by setting ns = 0, np = 2 (cp-even and cp-odd
couplings), nd = 1 (only the sm cp-even HWW coupling):

NggF =
np(np + 1)

2
= 3.
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4
The H→WW ∗ analysis concepts

This thesis presents two analyses, one, the Properties analysis, with the aim of studying the cp
properties of the top-Yukawa coupling (Section 1.1.5), while the second, the Couplings analysis
studies the ggf and vbf cross section of the Higgs boson in the H→WW ∗ decay channel.
This Chapter is to be intended as a general illustration of the common points of the two analyses:
the topology of theH→WW ∗ decay (Section 4.1), the backgrounds that affect it (Section 4.2), and
how the physics objects used are defined (Section 4.3). The Chapter concludes with the observables
useful for signal-background discrimination (Section 4.4).
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4.1 The H→WW ∗→ ℓνℓν decay channel

As presented in Section 1.2.2, the second highest branching fraction decay mode of the Higgs
boson is a pair of opposite chargeW bosons. TheW bosons live too shortly to be detected, while
their decay products can be measured. The measured branching fractions of all relevant decay
modes are depicted in Figure 4.1. While electrons and muons are stable enough to be measured by
the detector, taus generally decay further inside the atlas detector, and it is for this reason that
in Figure 4.1 the observed τ decay branching ratios are also shown.

The total branching fraction of the W boson to leptons, BW→eµ/µν/τν , is ∼ 32.7%, with the
branching fraction Bτ→eµ/µν of τ decaying to lighter leptons (l = e, µ) being ∼ 35.2%. The decays
W → τντ → lνlντ are included in the notation that is used in the text: H→WW ∗→ ℓνℓν.

Given the numbers in Figure 4.1, the approximate total chances of finding a Higgs boson decay via
a pair ofW bosons to two leptons, a single lepton or a fully hadronic final state can be calculated.
Indeed in 37% of the H→WW ∗ cases, the final state contains a single lepton, in 6.4% of the cases
two leptons, and in the remaining cases, the final state will be fully hadronic (55.9% of the time).
This calculation is only an approximation, since the numbers of Figure 4.1 refer to an on-shellW
boson, while in the H→WW ∗ decay one of theW boson is off-shell.

Despite the really small percentage of H→WW ∗ ending up with a final state containing two
leptons, having two highly energetic and oppositely charged leptons allows to select events by
using dedicated triggers on leptons. These two leptons are ordered with respect to their transverse
momentum: pleadT (or pl1T ) denotes the lepton with the highest, or leading, transverse momentum,
and psubleadT (or pl2T ) indicates the sub-leading one. The two leptons used in the analyses are selected
to be of different-flavour (df) to reduce the background which arises from the Drell-Yan (dy)
processes, or from pair production. For this reason, the process is denoted from here on as
H→W±W∓∗→ l−ν̄ll

′+νl′ .

In the next sections, the spin and kinematic properties of the decay will be used to distinguish these
H→W±W∓∗→ l−ν̄ll

′+νl′ decays from other processes producing opposite sign lepton pairs.

4.1.1 The spin-correlation argument

Figure 4.2 shows, in the Higgs rest frame, the three possible decays H→W±W∓∗→ l−ν̄ll
′+νl′ ,

allowed by spin conservation, where the black arrows indicate the particles’ direction of motion
and the blue arrow indicate their spin projection. Since the Higgs boson has spin 0, there are three
possible scenarios:
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W �µν

W �τν
τ �µν

τ �eν

τ � other

W �eν

W �hadrons

(a)

Decay mode %

W �eν 10.71±0.16

W �τν 11.38±0.21

W �µν 10.63±0.15

W �hadrons 67.41±0.27

τ �eν 17.82±0.04

τ �µν 17.39±0.04

τ � other 64.79±0.06

(b)

Figure 4.1: Measured branching fraction of the decay of the W boson in percentage with the respective
uncertainty. The measured decay branching ratio of the τ lepton is also shown, [4].

• (left) the W bosons exhibit a positive helicity1 λ. The direction of the spin of the decay
products of the W+ needs to be the same: the neutrino, being right-handed has its spin
opposite to the direction of motion, while the anti-lepton has its spin aligned with the
direction of motion. For theW− the same argument applies: the anti-neutrino needs to
have positive helicity, and the lepton negative one.

• (right) the W bosons exhibit a negative helicity. The direction of the spin of the decay
products of theW+ needs to be the same: the neutrino has its spin opposite to its direction of
motion, while the anti-lepton has positive helicity. Similarly for theW−: the anti-neutrino
shows positive helicity and the leptons negative one.

• (middle) the W bosons have helicity equal to 0. The direction of the spin of the decay
products of theW+ needs to be opposite, therefore the neutrino has negative helicity and
the anti-lepton is forced to have negative helicity as well. The same reasoning applies to
theW−: the positive helicity of the anti-neutrino forces the lepton to have positive helicity.
Despite the fact that the light leptons are not massless, their mass is infinitesimal with
respect to the mass of theW bosons (even in the off-shell scenario), forcing them to have
their helicity equal to their chirality. For this reason, this decay is suppressed.

In conclusion, the charged leptons, are preferably emitted in the same direction with the opening
angle decay between them tending to be small, whereas the two neutrinos are emitted in the
opposite direction resulting in a large missing transverse energy, ET, due to the structure of the
weak interaction.

1The helicity of a particle is defined as the projection of the spin onto the direction of its momentum. In the case
of massless particles, or particles with an extremely small mass, helicity coincides with chirality. This leads to
the fact that massless right-handed particles need to have positive helicity, and left-handed ones need to have
negative helicity.
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Figure 4.2: Spin-correlation in the H→W±W∓∗→ l−ν̄ll
′+νl′ decay channel. The black arrows indicate

the direction of motion of the particles, and the blue arrows indicate the direction of the spin. The left
(right) configuration exhibits a positive (negative) helicity (λ) with the two charged leptons emitted in the
same hemisphere, opposite to the neutrinos. The middle configuration is suppressed.

4.2 Main backgrounds

Several processes mimic the final state of the H→WW ∗→ ℓνℓν, the most important ones are
top production (tt̄ andWt),WW ,W + jets, Z → ττ , Z → ee/µµ, andWZ . Further significant
contributions stem fromWγ(∗), and ZZ production.

Top quark background
Top quark production, mainly tt̄ and Wt, produces the majority of the di-lepton+Emiss

T events at
the lhc. This happens because the decay width of the top quark is dominated by the two-body
channel t→ Wb [4]. When theW bosons decay leptonically, this final state is similar to the final
state of the signal process, with the exception of the presence of b-jets. Because of that distinction,
a veto on the presence of the b-quarks is usually applied to reduce this background.

WW background
TheWW contribution includes the gg → WW and qq̄/g → WW processes, which are further
split in contributions containing only electroweak vertices (ewWW ) and those containing a qcd
vertex (qcdWW ).

Z+jets background
The Z/γ∗ → ττ background arises from pair production of τ leptons, where one τ decays to an
electron and a neutrino and the other decays to a muon and a neutrino, thus mimicking the final
state signature of the H→WW ∗→ ℓνℓν analysis. However, the two charged leptons tend to be
oppositely aligned, resulting in a lower total momentum, which makes it possible to reduce this
background with kinematic selection criteria.

W+jets background
When aW boson is produced in association with one or more jets, it is usually referred to asW+jets
background. It is considered a background for the signal when one of the jets is misidentified
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as prompt lepton. A misidentified lepton can be a non-prompt lepton which arises from leptonic
decays of heavy quarks, or a fake lepton when light jets are accounted as leptons. The method to
estimate the amount of fake leptons is described in Section 5.4.1.

Other diboson backgrounds
Wγ(∗) production can mimic the signal final state when a photon converts to an electron-positron
pair and the lepton with the highest pT is reconstructed as a lepton candidate. Furthermore,WZ

and ZZ final states containing two, three, or four leptons constitute a background when the
additional leptons are lost or misidentified.

Other Higgs backgrounds
TheHiggs production modes that are not targeted by the specific analysis, as well as V H ,H → ττ ,
and tt̄H , are considered backgrounds.

4.2.1 Modelling of the backgrounds

In order to model some of the backgrounds and to cross-check the accuracy of their simulation,
control regions (crs), are defined. These regions are enriched in a given type of background events
and have a negligible contribution from the signal events. The regions enriched in signal are called
signal regions (srs).
When defining a region crX enriched of background X , a normalization factor (nf) is defined as
the ratio between the number of observed data events over the number of simulated background
events in the cr:

nfX =
NdatacrX

N
X,MC
crX

.

Using the nfX scale factor the number of background events in the sr can be corrected as

NXsr = nfX ·NX,MC
sr .

However, this approach is valid only if there are no large kinematic differences between the sr
and the cr.

In case of multiple crs, a Matrix Inversion method is used to calculate the different nfs, by taking
into account that a single background can be present in multiple crs. The matrix relation for two
crs is defined as follows:





NdatacrX

NdatacrY



 =





N
X,MC
crX

N
Y,MC
crX

N
X,MC
crY

N
Y,MC
crY



 ·





nfX

nfY



 ,
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from which the nfs can be extracted:




nfX

nfY



 =





N
X,MC
crX

N
Y,MC
crX

N
X,MC
crY

N
Y,MC
crY





−1

·





NdatacrX

NdatacrY



 . (4.1)

The total number of background events X and Y is calculated as

NX+Y
sr =

(

N
X,MC
sr N

Y,MC
sr

)

·
(

nfX
nfY

)

.

The matrix inversion method is used to correct the background events in the srs for optimization
and illustration purposes only. When the signal extraction is performed the nfs are free parameters
that are constrained simultaneously in the srs and crs.

4.3 Object definition

After being reconstructed, as presented in Section 2.3, the physics objects are classified according
to further requirements listed below.

4.3.1 Electrons

Identification
A likelihood approach is used to distinguish the real electrons originating from hard scatter-
ing, from the falsely reconstructed ones, e.g. jets faking electrons. The features of the electron
candidate are evaluated with multivariate analysis techniques, thanks to which the electron is
categorized as true or fake. Three operating points, optimized in bins of |η| andET, are constructed
in order to have three nested levels of identification: LooseLH , MediumLH and TightLH , so that
the tighter selections include the looser ones.

Isolation
The energy of the particles produced nearby the identified electron is used to distinguish prompt
electrons from electrons originating from converted photons, from heavy flavour hadron decays,
and from light hadrons wrongly identified as electrons. Five isolation working points are defined:
Loose, Tight , Gradient, GradientLoose and LooseTrackOnly using two discriminating variables:

• Econe0.2
T , defined as the sum of transverse energies of topological clusters found within a

cone of ∆R = 0.2, with ∆R =
√

∆Φ2 +∆η2 around the electron candidate, excluding the
clusters of the electron itself;

• pvarcone0.2T , defined as the sum of transverse momenta of all the tracks found within a cone
of ∆R = 0.2 around the electron candidate track, excluding the track of the electron itself.
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The Loose and Tight requirements provide an isolation efficiency not depending on pT, of 99%
and 95% respectively. Instead, Gradient and GradientLoose provide isolation efficiency depending
on pT. Finally, LooseTrackOnly provides an isolation efficiency depending only on tracks, not
depending on pT.

Definition
In order to be considered, an identified and isolated electron needs to have an ET > 15 GeV.
Electrons with ET < 25 GeV have to pass the TightLH identification criteria, while electrons with
ET > 25 GeV must pass the MediumLH identification definition [81].
The absolute value of the longitudinal impact parameter of each electron track, calculated with
respect to the primary vertex, is required to fulfill |z0 sin θ| < 0.5 mm, whereas the transverse
impact parameter significance needs to satisfy |d0|/σd0 < 5.

Properties analysis: Objects are rejected if they have been reconstructed as
both an electron candidate and as a converted photon. Additionally, electron
candidates are required to be sufficiently isolated from hadronic activity to reduce
the background from hadrons faking electron signatures or heavy-flavour decays
inside jets. For candidates with ET < 25 GeV, E∆R=0.2

T has to be smaller than
0.11 ·ET. In addition, the transverse momentum sum around the electron track in a
radius ∆R = 0.4 in the Inner Detector is required to be smaller than 0.06 · ET. For
candidates with ET > 25 GeV, the ET and η dependent Gradient isolation criterion
is applied.

Couplings analysis: An additional identification working point is defined: Very-
LooseLH . In this working point, the energy sum within∆R = 0.2 in the calorimeter
system around the electron cluster has to be smaller than 0.06 ·pT and the transverse
momentum sum around the electron track in ∆R = 0.2 in the id is required to be
smaller than 0.06 · ET independently of the pT of the electron.

A summary of the various electron selection requirements is given in Table 4.1.

4.3.2 Muons

Identification
The identification procedure for muons aims at discriminating prompt muons from background
muons coming from pion and kaon decays, by looking at discriminate variables such as cb tracks,
charge and momentum ratio of the muons, pT of the tracks. Based on the quality of the re-
constructed objects, muon candidates are defined as either Loose, Medium or Tight [51], with
increasing purity of prompt muons.

Isolation
Similarly to the electron case, in order to distinguish prompt muons from the ones originated by
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jets, two discriminating variables are built to create the isolation working point: Econe0.2
T defined

as in the electron case, pvarcone0.3T defined as the sum of transverse momenta of all the tracks found
within a cone of ∆R = 0.3 around the muon candidate track, excluding the track of the muon
itself, with pT >1 GeV.

Definition
In order to be considered, an identified and isolated electron needs to have an pT > 15 GeV and
|η| < 2.5. The candidates are required to comply with Tight quality criteria. The requirements
on the longitudinal and transverse impact parameters are |z0 sin θ| < 0.5 mm and |d0|/σd0 < 3,
respectively. As for electron candidates, muons are required to be sufficiently isolated from
hadronic activity.

Properties analysis: In order to be considered as isolated, the energy sum within
a radius ∆R equal to 0.3 in the calorimeter system around the combined track has
to be smaller than 0.09 · pT. In addition, the transverse momentum sum around the
muon track in a radius R = 0.2 in the id is required to be smaller than 0.06 · pT.

Couplings analysis: An extra identification working point is defined: High-pT.
The energy sum within a radius ∆R = 0.3 in the calorimeter system around
the combined track has to be smaller than 0.04 · pT. In addition, the transverse
momentum sum around the muon track in a radius R = 0.2 in the id is required to
be smaller than 0.15 · pT.

A summary of the various muon selection requirements is given in Table 4.1.

4.3.3 Jets

After being reconstructed, as described in Section 2.3.5, only the jets with an absolute value of the
pseudorapidity smaller than 4.5 and with pT ≥ 30 GeV are accepted. To reduce the number of
jets originating from pile-up vertices, jets with pT < 60 GeV and |η| < 2.4 are required to have a
jvt response ( Section 2.3.5) larger than 0.59[82]. Furthermore, to reduce pile-up contributions
in the forward regions, the forward jet vertex tagger (fjvt) tagger is applied [83] on jets with
2.5 < |η| < 4.5 with an operating point that has an overall efficiency of 90% for jets originating
from the hard process.

Jets containing b-hadrons
Algorithms for recognizing jets originating from b-hadron decays are implemented to define b-jets.
A working point is adopted that has an average 85% b-jet tagging efficiency, as estimated from
simulated tt̄ events. For the purpose of finding b-jets, also sub-threshold jets are considered as
long as their pT is larger than 20 GeV.

Properties analysis: The algorithm used is called MV2c10 [84, 85].
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Electrons Muons

Identification 15 GeV < pT < 25 GeV pT > 25 GeV pT > 15 GeV
TightLH MediumLH Tight

η range |η| < 2.47 excluding 1.37 < |η| < 1.52 |η| < 2.5

Impact parameter z0 sin θ < 0.5 mm
d0/σ(d0) < 5 d0/σ(d0) < 3

Properties:

Isolation

E∆R=0.2
T < 0.11 · ET Gradient isolation E∆R=0.3

T < 0.09 · pT
p∆R=0.4
T < 0.06 · ET p∆R=0.2

T < 0.06 · pT
Couplings:

E∆R=0.2
T < 0.06 · pT E∆R=0.3

T < 0.04 · pT
p∆R=0.2
T < 0.06 · ET E∆R=0.2

T < 0.15 · pT

Table 4.1: Object definition requirements for electron and muon candidates.

Couplings analysis: The algorithm used consists of a neural network discriminant,
DL1r, based on lower-level taggers [66, 86].

4.3.4 Overlap removal

Since the different object reconstruction algorithms are largely independent, there is a potential
overlap in their result. In case of an overlap between two objects, the following procedure is
applied:

electron-electron: if there is an overlapping second layer cluster or a shared track, the lower pT
electron is removed.

electron-muon: if a combined muon shares an id track with an electron, the electron is removed.
These correspond to cases in which the muon’s final state radiation (fsr) photon is misiden-
tified as an electron. If instead, a ct muon shares an id track with an electron, the muon is
removed.

electron/muon-jet: since a physical electron has a track and leaves a deposit in the calorimeter,
it can be reconstructed as a jet, as well as an electron produced during the jet evolution. The
two case are distinguished by using a proximity criterion: if the jet is within∆R < 0.2 of an
electron and it is not b-tagged it is rejected in favour o keepingf the electron, if an electron
is within 0.2 < ∆R < min(0.4, 0.4 + 10 GeV/pT) of any remaining jet, then the electron is
removed, unless the jet is identified as a pile-up jet. While considering the overlap with a
muon, the jet is only removed if it has less than three associated tracks with pT > 500 MeV
or if p

muon
T
p
jet
T

> 0.5 and pmuon
T
Σpjet,T

> 0.7.
In addition, electron candidates are removed if they share an id track with a muon candidate.
However, if a ct muon shares an id track with an electron, the muon is removed instead.
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4.4 Variables for signal-background discrimination

Two production modes of the H→WW ∗ are targeted in the analyses presented in this thesis:
gluon-fusion and vector-boson fusion. In order to isolate the signal from the main backgrounds
the following variables are defined and used:

• pℓℓT : is transverse momentum of the di-lepton system. This variable is used to reject dy
events: dy events tend to have the charged leptons emitted in opposite directions with
similar pT, which leads to small pℓℓT .

• ∆φll: the products of the leptonic H→WW ∗→ ℓνℓν decay tend to be collimated because
of the spin correlation argument described in Section 4.1.1.

• mℓℓ: the invariant mass of the two leptons originating from the hard scattering interaction.
The signal tends to concentrate at lowmℓℓ because of the small ∆φℓℓ given the relation

mℓℓ ∼
√

2pelectronT pmuon(1−∆φℓℓ).

• mττ is the estimated mass of di-τ lepton systems decaying leptonically. In the dy events
of Z → ττ → eµ+ 4ν an approximation to reconstruct the event can be used (given the
difficulty in the reconstruction of 4 neutrinos): the Z boson is much more massive than the
τ leptons, so a large fraction of the Z-boson energy is passed onto the τ leptons as kinetic
energy. When the τleptons decay further, their comparatively small mass is not sufficient
to change the direction of flight of the daughter particles significantly. In this scenario the
collinear approximation [88] tomττ is used: the charged leptons and neutrinos continue
on the same trajectory as their respective mother particles, and the entire Emiss

T originates
from the four neutrinos. In this approximation,mττ is then constructed as [89]:

mττ =
mℓℓ√
x1x2

x1 =
A

p
µ
yEmiss

x − p
µ
xEmiss

y + A

x2 =
A

pexE
miss
y − peyE

miss
x + A

A = pexp
µ
y − peyp

µ
x,

where the indices x, y specify the components of the vectors.
• Emiss

T , defined as in Equation 2.1, helps reduce discriminating the signal from the background
arising from qcd and dy background where most events do not contain high-pT neutrinos
in the final state. Multiple methods of calculating the Emiss

T are possible: cst Emiss
T , based

only on calorimeter measurements pile-up interactions, and track Emiss
T based only on the

momenta of the tracks in the id. These two methods alone are vulnerable to either pile-up
interactions (cst Emiss

T ), or fail in taking into account neutral particles (track Emiss
T ). A

good compromise between the two just described methods is called tst Emiss
T , constructed

from calorimeter-based measurements for the hard objects and from tracks to estimates
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soft terms, [87]. The tst Emiss
T is the Emiss

T used in the presentedH→WW ∗ analyses unless
stated differently.

• mT: the transverse mass defined as:

mT =

√

(Eℓℓ + Emiss
T )

2 − |~pT,ℓℓ + ~Emiss
T |2

where Eℓℓ =
√

|~pT,ℓℓ|2 +m2
ℓℓ, and ~pT,ℓℓ is the combined di-lepton momentum in the trans-

verse plane. The distribution ofmT has an upper bond at the Higgs boson mass, making it a
powerful discriminating variable against theWW and top backgrounds.

• mℓ
T, defined as the transverse masse of a single lepton ℓ:

mℓ
T =

√

2 · pℓT · Emiss
T · (1− cos∆φℓ,Emiss

T
).

mℓ
T has large values in the signal process, due to the high momentum of the leptons and the

large opening angle, while for the dy background it tends to have small values because the
leptons and the Emiss

T tend to travel in a similar direction.
• ptotT : defined as pT

l1+pT
l2+Emiss

T +
∑

pT
jets, where the sum over jets runs over all jets which

pass the final selection criteria. The signal process tends to result in relatively small values of
ptotT : two collimated neutrinos give a precise Emiss

T estimation and the process is balanced in
the transverse plane. For background events, for example in the tt̄ process with an emitted
soft radiation, the 2ℓℓ+ 2j system recoils against the emitted radiation that might not be
detected because the produced jet is not enough energetic to pass the selection criteria.

• mjj : defined as the invariant mass of the two leading jets. It tends to be large for signal
events.

The two highly energetic forward jets present in the event are originating from the incoming
quarks that are part of the protons. Given that the other produced particles do not interact via the
strong force, the level of hadronic activity between the two leading jets is expected to be small for
signal events. What it is expected in the resulting rapidity gap is low pT qcd jets. Three further
observables are defined:

• central-jet pT: defined as the jet with the largest pT among all jets that lie within the rapidity
gap of the two leading jets. The pT of this jet is used to define the central-jet veto (cjv) as

cjv
{

= 1 : no central jet or central jet with pT < 30 GeV is present in the event.
= 0 : a central jet with pT > 30 GeV is present in the event.

• Cℓ quantifies how central the leptons are with respect to the two tag jets in the η-plane:
This observable is illustrated in Figure 4.3. A lepton is defined as ”central” if its centrality
has a value between 0 and 1, corresponding to the red region in the Figure.

• Emiss
T significance [91] is a observable that quantifies how compatible theEmiss

T measurement
is with the hypothesis that the event does not contain real Emiss

T . This variable provides a
good discrimination against tt̄ for the following reason: the top mass is significantly larger
than the sum of its decay products (the b-quark and theW boson), resulting in them being
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Figure 4.3: Schematic view of the centrality ([90]) which is calculated with respect to two reference objects.
A lepton is central if the value of its centrality is smaller than 1, ending up in the red region of the picture.

boosted. This gives rise to higher Emiss
T with respect to what is expected from the off-shell

W from a Higgs decay.
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5
Data sets, simulation and
systematic uncertainties

The interesting events for the H→WW ∗ analyses are hiding among the 1.7 billion pp collisions
happening per second. The job of the trigger is to draw them out. Section 5.1 lists the trigger
requirements for an event to enter the H→WW ∗ analyses. In order to describe, as closely
as possible, the pp collision events to analyze, Monte Carlo (mc) generators are employed. mc
generators provide the estimate of background processes and signal templates. The different
stages of simulation are illustrated in Section 5.2, followed by the list of the generators used. The
estimation of background and signal processes have associated uncertainties that are described in
Section 5.3.

The chapter closes with the Data Driven methods described in Section 5.4, together with their
associated uncertainties used to estimate the contribution of those backgrounds where it is hard
to trust simulation from first principles. In these cases, we use simulation in a control region
together with the measured data to draw the estimation of the background.
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5.1 atlas data sets

As anticipated in Section 2.3.1, the trigger system of atlas is responsible for deciding whether
to keep or discard a particular event. The trigger requirements aim at selecting characteristic
signatures and they can depend on the instantaneous luminosity during the run. As a general idea,
the more interactions take place, the more the trigger requirements need to be tightened, in order
not to receive an amount of data that is too big to process. An alternative solution can be using a
looser threshold but saving only a fraction of the events passing the trigger requirements. In this
case, what is used is a prescaled trigger. Multiple triggers are active at the same time, and each
event can fire multiple triggers. This information is stored in the event data, and it is accessible
for reprocessing. The same triggers are also applied to the mc samples used in the analyses.

For the two analyses described in this thesis, four lists of triggers, or menus, have been used.
While they are common in their goal to select light leptons, they do not always share energy and
momentum thresholds, identification, and isolation working points. The triggers used in these
analyses are described in Table 5.1.

The Properties analysis used menu A for selecting data collected in 2015, menu B for the data
collected in the year 2016 up to June. For the rest of the data collected in 2016 the menu C has
been used. The reason for tightening the triggers thresholds is that at the end of June 2016, in a
period called D4, a luminosity of 1034cm−2 s−1 was reached, [92].
For the Couplings analysis, menu A was employed on the 2015 year data set, but a different
approach, a single trigger menu, menu D, was employed for the data in the period 2016-2018.
While for the Properties analysis, it made sense to use low thresholds in the first part of the
year 2016 to process more data, for the Couplings analysis, instead, the gain in a lower threshold
in triggers did not justify the effort of having too many triggers menus.

The following description is for Menu B. For other menus, refer to Table 5.1. Three different hlt
triggers on leptons are used and their output is combined by a logic OR:

a single-electron trigger selects events with at least one electron candidate satisfying a peT >
24GeV, tight identification and an isolation requirement. Given that the rate of high trans-
verse momenta is lower, an additional trigger is created with pT thresholds at 60 and 120 GeV,
with looser identification criteria and no isolation requirements. For all three pT thresholds,
at stage l1 an electromagnetic calorimeter object is required, with a cut on the energy
deposit of ET, which varies as a function of |η| to account for energy loss.

a single-muon trigger for the muons passing the pT > 20GeV thresholds at stage l1, two hlt
triggers are defined: pµT > 24GeV requiring that the muon is isolated and pµT > 50 without
isolation criteria.

a di-lepton trigger which combines an electron and a muon requirement and allows to collect
events with lower-pT leptons. The l1 thresholds are at 15GeV and 10GeV, respectively.

Next, the events passing the trigger requirements need to pass the data quality check [93], in order
to be used in physics analyses. Given the complexity of the subsystems of atlas, the events are
scrutinized to ensure they are clean from any hardware or software-related issues. Thanks to the
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Lepton L1 hlt Used bythreshold threshold e LH µ Isolation
Year 2015. Menu A.

e ET & 20GeV
peT > 24GeV medium
peT > 60GeV medium
peT > 120GeV loose Properties

µ pT > 15GeV pµT > 20GeV X and
pµT > 50GeV Couplings

eµ
(e) ET & 15GeV peT > 17GeV loose
(µ) pT > 10GeV pµT > 14GeV

Year 2016 before D4. Menu B.

e ET & 20GeV
peT > 24GeV tight X

Properties

peT > 60GeV medium
peT > 120GeV loose

µ pT > 15GeV pµT > 24GeV X

pµT > 50GeV

eµ
(e) ET & 15GeV peT > 17GeV loose
(µ) pT > 10GeV pµT > 14GeV

From Year 2016 after D4 to Year 2016. Menu C.

e ET & 20GeV
peT > 26GeV tight X

Properties

peT > 60GeV medium
peT > 120GeV loose

µ pT > 15GeV pµT > 24GeV X

pµT > 50GeV

eµ
(e) ET & 15GeV peT > 17GeV loose
(µ) pT > 10GeV pµT > 14GeV

From Year 2016 - 2018. Menu D.

e ET & 22GeV
peT > 26GeV tight X

Couplings

peT > 60GeV medium
peT > 140GeV loose

µ pT > 20GeV pµT > 26GeV X

pµT > 50GeV

eµ
(e) ET & 15GeV peT > 17GeV loose
(µ) pT > 10GeV pµT > 14GeV

Table 5.1: Event triggers for the H→WW ∗ analyses. The energy and momentum thresholds of the L1 and
hlt triggers are listed as well as the electron identification and isolation criteria. For single-lepton triggers,
each line defines an independent trigger. For the di-lepton trigger, the criteria for both the electron and
muon need to be satisfied.

continuous improvements, for the full Run 2, 95% of the collected data passes all quality checks.
It is worth mentioning that the reconstruction of objects for trigger purposes is performed with
fast algorithms in order to be executable on-line. Once an event has passed the trigger selection,
its objects are reconstructed off-line with the more computing-intensive procedures, described
in Section 4.3. A procedure, called trigger matching, ensures that the on-line triggered object(s)
match the off-line reconstructed one(s).
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fa(xa, Q
2)

fb(xb, Q
2)

factorization

hard process

parton shower

hadronization

decay

Figure 5.1: Schematic overview of the effects complicating the calculation of a process with two baryons
in the initial state (left) and hadrons in the final state (right). In green are indicated the possible initial and
final state radiations, in red the hard scattering part, in grey blobs the hadronization process, and in yellow
the decay products.

5.2 Monte Carlo simulation

In order to compare the measured data with theory predictions, signal and backgrounds samples
predictions are produced with mc generators, or with data-driven methods when the simulations
are not reliable enough.
The sm, described in Section 1.1, predicts the existence of physics processes that can be calculated
up to a certain precision, for example, qcd processes. Their simulations are usually done in two
phases: the highly energetic interactions, characterized by small coupling constants, are computed
with perturbation theory, while the low energy ones need to be described empirically. For the
non-perturbative physics inside the proton, this is performed with pdfs. A schematic view of a
hadron collision event showing the evolution of the produced particles is shown in Figure 5.1.
The individual stages and the basic ingredients of the used mc generators follow, [4, 94].

5.2.1 Hard process

A proton-proton (pp) collision can be categorized as a:

Soft Collision: the protons do not collide head-on with low transferred momentum. This results
in final state particles with small transverse momentum. These events are called minimum
bias.
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Figure 5.2: pdfs computed for Q2 =10GeV2 and Q2 =104 GeV2, where Q2 is the energy scale where the
interaction happens [95].

Hard Collision: only one of the partons for each proton takes part in the interaction while
the others act as spectators. The spectators act as in the soft collision. These partons are
generally still present in the final state, and this contribution is usually referred to as
underlaying event (ue). A hard collision is characterized by high momentum exchange and
the production of high-momentum particles.

In the latter case, the most interesting one from the experimental point of view, the center-of-mass
energy

√
ŝ depends on the fraction of the momentum carried by the initial partons taking part in

the interaction. This energy is lower than the pp centre-of-mass energy
√
s and depends on the

fraction of the proton momenta (xa,xb) carried by the scattering partons (a, b) in the following
way: √

ŝ =
√
sxaxb.

The cross section for the hard pp collision producing X , with a center-of-mass energy
√
ŝ, can be

written by using factorization1, in the following way:

σpp→X =

∫

dxadxbfa(xa, Q2)fb(xb, Q
2)σ̂ab→X(xa, xb), (5.1)

where fa(xa, Q2), fb(xb, Q
2) are the pdfs, defined as the probability density for finding the partons

with longitudinal momentum fractions xa, xb at an energy scale of Q2, and σ̂ab→X(xa, xb) is the
cross-section of the elementary interaction among two partons a and b. The functional form of the
pdfs needs to be obtained from experiments since it is not known at priori. Figure 5.2 shows the
pdfs for the quarks in a proton evaluated for an energy scale at Q2 =10GeV2 and Q2 =104 GeV2.
The cross section (σ̂ab→X ) term of equation (5.1) can be written explicitly as function of the matrix

1Factorization is the ability to independently describe the effect of short-distance physics and the long-distance
physics in a given process.
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element Mab→X in the following way

σ̂ab→X =

∫

dΦX |Mab→X |2,

in order to stress that the matrix element is integrated all over the allowed phase space dΦX of
the final particles X . This latter term, Mab→X is calculated with the perturbation theory and its
precision depends on the number of Feynman diagrams included in the calculation. The hard
interaction is depicted in red in Figure 5.1.

5.2.2 Parton shower

Once the two initial partons have interacted, thanks to the running of the qcd coupling constant,
a multitude of low-energetic partons is produced. In order to give an estimation of how probable
it is to generate a certain amount of additional parton radiation, parton shower (ps) methods are
employed.
Given the cross-section σab→X , the cross-section for the same process, but with a radiated parton,
σ′ = σab→X+x can be computed if the emission angle is small (collinear approximation) and the
emission is low-energetic ( i.e. the soft approximation). This approximation is valid up to a cut-off
scale since the calculation of the cross-section σ′ diverges in the limiting case of an emission angle
of 0 and extremely low energetic emitted partons. However, these very collinear emissions are
not physically distinguishable, given that any physical measurement cannot tell apart a collinear
pair of partons from a single parton with the same total momentum and other quantum numbers.
Defining as hardness the ordering variable in which the energy and angular dependence of the
cross-section are incorporated, the comparison between σ and σ′ returns the emission probability
at a certain hardness scale. In particular, the higher the hardness is, the lower the probability of
emitting a parton. The modeling of the evolution of the ps is done as follows: the hardness scale
of the primary process is considered, using the emission probability for the hardness at which the
parton split that occurs can be determined. This process is iterated until the hardness reaches the
hadronization scale at which hadrons form and the perturbation theory is no longer valid.
ps methods are also used to calculate the probability of both initial state radiation (isr) and final
state radiation (fsr), depicted in green in Figure 5.1. The only difference is in the treatment of the
time evolution of the emissions. For isr emissions, this is calculated backward in time.

Matching
In order to obtain a good description of any partonic states, the two methods described above need
to be combined. While the matrix element calculations work when simulating well-separated hard
partons (in a small number), a shortcoming is represented by the calculation of collinear and soft
partons. For the latter, the ps algorithms are able to help. The combination of the two methods is
possible, but it needs to be performed in a way such that double counting or undercounting are
avoided. Multiple methods of matching have been developed that provide a matching scheme for
lo and nlo.
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5.2.3 Hadronization, decays and soft interactions

The mentioned cut-off in the ps is used to construct the hadronization scale, which is defined as
the energy at which partons start forming hadron states. The process of forming hadrons cannot
be treated with perturbative methods. mc generators use qcd-inspired phenomenological models
to describe this stage, [4]. Among the models used, two are commonly used and they are at the
base of the mc generators used in this thesis:

The String model
A color-connected qq̄ pair emerging from the ps are considered affected by a linear potential,
a string. As the quarks drift apart, the string can break with a probability proportional to the
distance. The energy released by the breaking creates another color-connected qq̄ pair. The process
is repeated until the di-quark mass is too low to create further quarks. In this picture, the gluons
are inserted by introducing a kink in the string potential. In this way, new systems, like qgq̄, qgggq̄,
and so on, are included. The set of quarks that is left at the end of the string-breaking process
is then combined into hadrons, with a momentum that is determined by energy conservation
laws.

The Cluster model
The gluons are forced to split into qq̄ pairs at the end of the ps. After the breaking up, a new
qq̄ pair, with lower mass, is produced. During this step, due to mass differences, the production
of strange quarks is suppressed in favor of light quarks. If the newly formed qiq̄j pair has a
mass higher than a cut-off, it is forced to decay as qiq̄j → qiq̄k + qkq̄j , where the index of q
labels the flavor of the parton. Next, close-by pairs of qq̄ are combined into meson-like clus-
ters. Depending on the energy of each cluster, low-energetic states, hadrons with heavy flavor or
strange quarks can be produced. The hadronization processes is depicted as grey blobs in Figure 5.1.

The primary hadrons, originated by either string or cluster decays, are unstable states that are
going to decay further until their products are stable particles. A particle is defined as stable if,
according to [4], its mean life τ times the speed of light c (i.e. cτ ) is greater than 10mm. Typically,
mc generators responsible for simulating the hadronization step, implement this through dedicated
matrix elements. The stable hadrons are usually produced in a cone around the primary hadron,
which is reconstructed in the detector as a jet. The decay products are depicted as yellow blobs on
the right-hand side of Figure 5.1.
The effects not directly related to the hard interaction, are referred to ue, and characterized as
mentioned in Section 5.2.1, with low transferred momentum. Also, pile-up collisions are simulated.
These are soft collisions between protons that happen in the same readout window of the hard
event.
At this point, the physical information of the hard interacting partons has been encoded into the
final states particles, this information is usually referred to as the particle level. What is missing is
the simulation of how the detector records the specific event, the reconstruction level information.
The GEANT4 [96] is the framework used in the atlas experiment, to simulate how the particles
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interact with the detector matter. On top of this, the effect of the pile-up interaction is added, as
well as the detector noise.

5.2.4 Monte Carlo generators

The main generators employed in this thesis are the following:

• Sherpa [97] is a multi-purpose mc generator, it computes the matrix element, isr and fsr,
ues, as well as ps, In this thesis, it is mainly employed in modeling background events,
except for top final states. Its ps modelling is performed with the cluster model.

• Powheg-Box [98] is a nlo mc generator which simulates the hard scattering, for the samples
used in this thesis it is usually interfaced with the Pythia generator for the ps and to model
signal events, and top background events.

• Pythia [99] is a multi-purpose mc generator. However, in this thesis it is used for the
modeling of ps, when matched to Powheg-Box and MadGraph5_aMC@NLO, and it is used
for pile-up modeling. It uses the String Model for ps modeling.

• MadGraph5_aMC@NLO [100] is a mc generator that calculates the matrix element at nlo
as suggested by the name, and it is interfaced with Pythia or Herwig for the samples in
this thesis.

• Herwig [101] is a multi-purpose mc generator, but in this thesis is mainly employed for ps
and hadronization. It uses the cluster model for the modelling of the ps.

As described in Section 4.2, the main background for the two analyses presented in this thesis are
top (tt̄ andWt),WW , Z → ττ , Z → ee/µµ,WZ ,Wγ(∗) and ZZ , which can be simulated with
mc generators, andW + jets, for which a data-driven approach (Section 5.4) is used.

Properties analysis: Table 5.2 shows an overview of the samples used in the analysis
and the generators used to produce their matrix element, the ues and the ps (ue/ps), the
PDF used, as well as the accuracy at which the calculation of the cross-section
normalization has been performed. The simulated events were overlaid with additional
inelastic pp interactions that were generated with Pythia 8.153 in order to match the
pile-up conditions2 observed in the atlas data recorded during the 2015 and 2016 runs of
the lhc.

Couplings analysis: The mc generators used to model signal and background processes
are listed in Table 5.3. For most processes, separate programs are used to generate the hard
scattering process and to model the ps, hadronization and the ue. All simulated samples
include the effect of pile-up from multiple interactions in the same and neighboring bunch
crossing.

2An average of 13 (21) interactions per bunch crossing were observed during the 2015 (2016) run.
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Process Matrix element ue/ps pdf set Perturbative accuracy
(alternative model) of total cross section

ggfH MG5_aMC@NLO 2.4.2 [102, 103] Pythia 8.212[104, 105] NNPDF3.0 nlo [106] nnnlo qcd[107]
(MG5_aMC@NLO 2.4.2 + Herwig 7.0.1)

vbf H Powheg-Box v2 [98] Pythia 8.212 PDF4LHC15 nlo nnlo qcd+nlo ew[108]
(MG5_aMC@NLO 2.3.3 + Pythia 8.212)

(Powheg-Box v2 + Herwig 7.0.1)
V H Powheg-Box v2 [109, 110] Pythia 8.186 PDF4LHC15 nlo nnlo qcd+nlo ew
tt̄ Powheg-Box v2 Pythia 8.210 NNPDF3.0 nlo[111] nnlo+nnlo qcd [112].

(Sherpa 2.2.1)
(Powheg-Box v2 + Herwig 7.0.1)

Wt Powheg-Box v2 Pythia 6.428 CT10 [101] nlo qcd [113]
(MG5_aMC@NLO 2.2.2 + Herwig++)

(Powheg-Box v2 + Herwig++)
WZ/γ∗, ZZ/γ∗ Sherpa 2.2.2[114, 115] NNPDF3.0 nnlo nlo qcd [116]

(MG5_aMC@NLO 2.3.3 + Pythia 8.212)
Wγ,Zγ Sherpa 2.2.2 NNPDF3.0 nnlo nlo qcd

(MG5_aMC@NLO 2.3.3 + Pythia 8.212)
qq, qg → WW Sherpa 2.2.2 NNPDF3.0 nnlo nlo qcd

(MG5_aMC@NLO 2.3.3 + Pythia 8.212)
gg → WW Sherpa 2.1.1 CT10 nlo qcd

Z/γ∗ Sherpa 2.2.1 NNPDF3.0 nnlo nnlo qcd
(MG5_aMC@NLO 2.2.2 + Pythia 8.186)

Table 5.2: Overview of the simulation tools used to generate signal and background processes, and to
model the ue and ps, in the Properties analysis. The pdf sets are also summarised. Alternative event
generators and configurations used to estimate systematic uncertainties are shown in parentheses.

Process Matrix element pdf set ue/ps model Prediction order
(alternative) (alternative model) for total cross section

ggf H Powheg-Box v2 [98, 117–120] PDF4LHC15 nnlo [121] Pythia 8 [122] nnnlo qcd + nlo ew [123–132]nnloPS [117, 133, 134]
(MG5_aMC@NLO) [135, 136] (Herwig 7) [137]

vbf H Powheg-Box v2 [98, 119, 120, 133] PDF4LHC15 nlo Pythia 8 nnlo qcd + nlo ew [138–140]
(MG5_aMC@NLO) (Herwig 7)

V H excl. gg → ZH Powheg-Box v2 PDF4LHC15 nlo Pythia 8 nnlo qcd + nlo ew [141–145]
tt̄H Powheg-Box v2 NNPDF3.0nlo Pythia 8 nlo [107]
gg → ZH Powheg-Box v2 PDF4LHC15 nlo Pythia 8 nnll [146, 147]
qq → WW Sherpa 2.2.2 [148] NNPDF3.0nnlo [106] Sherpa 2.2.2 [149–154] nlo [116, 155, 156]

(Qcut) (Sherpa 2.2.2 [150, 157]; µq)
qq → WWqq MadGraph [135] NNPDF3.0nlo Pythia 8 lo

(Herwig 7)
gg → WW/ZZ Sherpa 2.2.2 NNPDF3.0nnlo Sherpa 2.2.2 lo [158]
WZ/V γ∗/ZZ Sherpa 2.2.2 NNPDF3.0nnlo Sherpa 2.2.2 nlo [159]
V γ Sherpa 2.2.8 [148] NNPDF3.0nnlo Sherpa 2.2.8 nlo [159]
V V V Sherpa 2.2.2 NNPDF3.0nnlo Sherpa 2.2.2 lo
tt̄ Powheg-Box v2 NNPDF3.0nlo Pythia 8 nnlo+nnll [160–166]

(MG5_aMC@NLO) (Herwig 7)
Wt Powheg-Box v2 NNPDF3.0nlo Pythia 8 nnlo [167, 168]

(MG5_aMC@NLO) (Herwig 7)
Z/γ∗ Sherpa 2.2.1 NNPDF3.0nnlo Sherpa 2.2.1 nnlo [169]

(MG5_aMC@NLO)

Table 5.3: Overview of simulation tools used to generate signal and background processes, and to model
the ue/ps, in the Couplings analysis. The pdf sets are also summarised. Alternative event generators and
configurations used to estimate systematic uncertainties are shown in parentheses.
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5.3 Systematic uncertainties

The systematics uncertainties can be divided into two main groups, the experimental uncertainties,
related to the atlas detector and its simulation, and the theory uncertainties, describing systematic
effects related to the mc simulation. The handling of systematic uncertainties is very similar to
all the analyses presented in this thesis. This section thus contains a general summary of the
treatment, that will be elaborated in the individual chapters in case of discrepancies.

5.3.1 Theory uncertainties

Theory systematics are in general estimated by comparing different mc generators. The alternative
generator, for each considered sample, is listed in parenthesis in Table 5.2 for the Properties
analysis, and in Table 5.3 for the Couplings one. The versions of the generators used are
omitted from the text, but they are listed in the reference tables. For each process, the theoretical
uncertainties considered are related to the choice of the qcd scale, the pdf set and the ps model.
The uncertainties are computed for the observable providing discrimination in the fit.

Signal uncertainties

• Perturbative qcd: the impact of missing higher order corrections in fixed-order perturba-
tive predictions is estimated via the Stewart-Tackmann (ST) [170] method that evaluates
uncertainties in exclusive jet binning based on scale variations in inclusive bins. The idea of
the method is to determine the uncertainties in the inclusive N -jet cross section σ≥N , and
then compute the uncertainty of the exclusive N -jet cross section σN as

σ≥N = σN − σ≥N+1.

The uncertainty ∆σN on σN is calculated as ∆σ2
N = ∆σ2

≥N +∆σ2
≥N+1.

The results are propagated across bins in terms of yield components, which are correlated
across bins, and migration components which are anti-correlated across bins. The largest of
the variations is taken as a symmetrized uncertainty. For Couplings, when a measurement
of the cross-section is performed in bins of other observables, like pHT , a modified ST method
is used: the Higgs Weight Tool (HWT). The HWT is an atlas tool that encodes the yield
and migration components that result from applying the ST method to kinematic bins as
nps and exist for the binning prescribed by the stxs.

• pdfs: the pdfs uncertainties are estimated comparing the event yields of the nominal mc
sample with an alternative prediction using a different set of pdfs. For the qcd uncertainties,
the largest variation among the different models is taken. For Couplings only, variations
in the strong coupling constant value αs = 0.1180± 0.0015, [4, 94], are considered.

• ps: the ps model uncertainties are evaluated by comparing the selection efficiencies re-
sulting from the nominal generator configuration to the alternative predictions. This
translates, for Properties, into the comparison of (MadGraph5_aMC@NLO +Pythia)



5

5.3. Systematic uncertainties 93

vs (MadGraph5_aMC@NLO +Herwig) for ggf and (Powheg-Box +Pythia) vs (Powheg-
Box +Herwig) for vbf, while for Couplings (Powheg-Box +Pythia) vs (Powheg-Box
+Herwig).

• Hard scattering (for Couplings only): the uncertainty on the matrix element is performed
by comparing Powheg-Box and MadGraph5_aMC@NLO. Powheg-Box computes the
hard scatter using fixed order perturbation theory accurate to nnlo and it is interfaced to
Pythia 8 ps showering at nnlo order. MadGraph5_aMC@NLO combines nlo H + 0, 1, 2

jet processes and it is interfaced to Pythia via the FxFx merging scheme [171]. There is an
inevitable bit of double-counting between this uncertainty evaluation and the evaluation of
perturbative qcd scales; nevertheless, both are kept as a conservative estimates.

Background uncertainties
The uncertainty due to neglected higher orders in qcd is estimated by simultaneously increasing
(decreasing) the renormalization and factorization scales µR and µF by a factor of 2 (0.5). The
largest variation is symmetrized and used as uncertainty. The effect of pdf uncertainties is
evaluated by comparing the event yields of the nominal mc sample with an alternative prediction
using a different set of pdfs. Similarly, the effect of αs is evaluated using replicas with different
settings of αs. The computation of the ps uncertainty is performed by comparing the nominal
mc generator to an alternative one. The details of this procedure for each process are described
below

• tt̄:

– Properties: Powheg-Box + Pythia are compared to Sherpa to extract differences
in the matching between the matrix element and ps. ps modeling uncertainties are
derived by replacing Pythia with Herwig and comparing the corresponding yields
and shapes with those from the nominal set-up.

– Couplings: the nominal Powheg-Box + Pythia is comparedwithMadGraph5_aMC@NLO
+ Pythia for the computation of the matrix element and matching, while the compari-
son with Powheg-Box +Herwig is used for the ps uncertainty.

The uncertainty due to additional radiation is evaluated by increasing/decreasing the inter-
nal weights for isr and fsr.

• Wt:

– Properties: Powheg-Box +Pythia are compared to MadGraph5_aMC@NLO
+Herwig, for the uncertainties in the matching between the matrix element and
ps, while the uncertainty on the ps is obtained by comparing the nominal sample with
Powheg-Box +Herwig.

– Couplings: the treatment forWt is identical to that of the tt̄.

An additional uncertainty is applied to single-top processes to account for the effect of
the interference with the tt̄ samples. It is computed by comparing samples with different
diagram removal (DR) scheme and with diagram subtraction (DS) scheme [172].

• Z+jets:
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– Properties: matrix element and ps uncertainty are computed by comparing the
predictions of the Sherpa generator with those of MadGraph5_aMC@NLO + Pythia.

– Couplings: the matrix element uncertainty is calculated by comparing the predic-
tions of the Sherpa with MadGraph5_aMC@NLO +Pythia.

• qq → WW :

– Properties: The uncertainties in the modeling of the production of diboson with jets
are evaluated by comparing the predictions of the Sherpa andMadGraph5_aMC@NLO
+ Pythia generators, where the latter provides nlo precision in qcd for the simulation
of production modes, with up to one parton in addition to the diboson system [89].
The FxFx matching scheme is used, [171]. Variations of the matching scale are also
considered, where the nominal value, 20 GeV, is changed to 30 GeV and 15 GeV.

– Couplings: The Sherpa ps allows to vary how the momentum recoil is evaluated
during the parton shower evolution. Therefore, the nominal Sherpa ps is compared
with Sherpa with momentum recoil changed to compute the ps uncertainties. Merging
and matching variations are implemented for this sample.

• ew qq → WWqq

For Couplings only: For the ps uncertainty, MadGraph5_aMC@NLO +Herwig is com-
pared to MadGraph5_aMC@NLO +Pythia. On top of this, the ewWW process has a 15%
symmetrized normalization uncertainty due to nlo ew corrections, as calculated using the
leading-log approximation [173].

• Other diboson (WZ/γ∗, ZZ/γ∗, V γ):

– Properties: Matrix element uncertainties are computed by comparing the predictions
of the Sherpa and MadGraph5_aMC@NLO + Pythia. Variations of the matching
scale are also considered.

– Couplings:
For V γ a −50%/+100% normalization uncertainty is applied to account for potential
mis-modeling of the γ → e misidentification rate primarily affecting events with
mT . 80GeV. ForWZ/γ∗, ZZ/γ∗ a ±12% normalisation uncertainty is applied.

• gg → WW :
For Couplings only: the gg → WW process is simulated at lo precision for up to one
additional parton emission, and normalized to nlo calculations. Therefore, a conservative
−50%/+100% normalization uncertainty is assigned on this process for the Njets≥2 categories,
while for the Njets<2 categories the nlo scale uncertainties are considered with the latest
theoretical prediction.

• Triboson with jets:
For Couplings only: for triboson processes, a 12% normalization uncertainty is applied.
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• V H and tt̄H :
The associated production of Higgs boson with a vector boson or a pair of tt̄ is considered
as background.
A flat ±50% normalization uncertainty is applied.

For background samples that are normalized to cr yields, uncertainties are estimated on the
extrapolation factors between the crs and srs. Only uncertainties that change the ratio between
the yields in the srs and crs affect the extrapolation. The uncertainties on the extrapolation
factors are treated as uncorrelated between different jet multiplicities.

5.3.2 Experimental uncertainties

Three types of experimental uncertainties are considered:

• four-vector or p4 systematics, related to the kinematic properties of an object, for example,
the uncertainty linked to the momentum measurement of a muon;

• scale factor or sf systematics, accounting for the difference in efficiency among data and mc
that the various algorithms involved in the reconstruction of the physics objects have;

• fake factor systematics, related to the estimation of the fakes, which will be described in
Section 5.4.3.

The procedure to estimate the effect of p4 and sf systematics in the analysis is presented with a
simplified example. The Combined Performance groups provide uncertainties on the elementary
physics objects, for example stating that the pT of a muon is known with 1% uncertainty. The
H→WW ∗ analysis is then repeated by varying the pT of the muons up and down with 1%. From
the comparison of these two scenarios, the uncertainty affecting the H→WW ∗ analysis is ob-
tained.
In particular, the original samples are reprocessed with modified weights to account for uncertainty
in selection efficiencies, or with modified kinematic properties. In the first case, the modification
affects the yields that are predicted by the sum of weight, while in the second it is the momenta
of the reconstructed objects that are chosen. The final ±1σ variation of the nuisance parame-
ters associated with the uncertainties is taken as the difference between the nominal and the
interpolation among the varied distributions [174].

Leptons
Decays of Z → ℓ+ℓ−, W± → ℓ±ν and J/ψ → ℓ+ℓ− are studied in order to estimate the
uncertainties on leptons related to momentum and energy scale, as well as what concerns the
identification of the leptons: identification, isolation, reconstruction, and trigger. Scale factors
are obtained in order to match the simulation with the observed data. For electrons, it is worth
mentioning, that in order to describe the uncertainty of the lengthy reconstruction procedure
accurately 17 distinct variations are used, [59]. Lastly, for muons, an additional correction for the
efficiency of the muon track-to-vertex association is considered, [62].
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Jets
The jet energy scale (jes) and jet energy resolution (jer) are the two components of the jet
uncertainties. They are derived as a function of pT and η of the jet as well as the pile-up conditions
and average expected flavor composition. A combination of simulated and data samples is used
to measure and model the response of the detector at jets, [175]. On top of this, an uncertainty
on the jvt performance is assigned. For the identification of jets via algorithms, scale factors are
derived to correct their performances in comparison with data. The uncertainties of these scale
factors are described by independent eigenvectors for each jet flavor [86, 176].

Emiss
T

Given its construction (Equation (2.1)), the uncertainties on Emiss
T are strictly connected with the

uncertainties on its components, and no separate uncertainty is defined. Variations for the Emiss
T

scale and resolution are taken into account [68].

Pile-up
In order to model pile-up conditions correctly, a data scale factor is applied to the mc samples
before re-weighting them to match the data. The uncertainty on the pile-up reweighting is evalu-
ated by varying upward and downward this parameter. Uncertainties originating from the pileup
jet rejection tool are also included.

Luminosity
On top of all the previously mentioned uncertainties, a np is defined to quantify the relative
Luminosity uncertainty, ±2% for the Properties analysis, and ±1.7% for the Couplings one.
This uncertainty is applied to all mc processes that do not have a normalization factor constrained in
a cr [177]. These uncertainties are based on the separate luminosity measurements for the dataset
used by the Properties analysis (36±0.8 fb−1), and for the full Run 2 dataset (L = 136±2.4
fb−1).

The experimental uncertainties above described are encoded in the nps whose names are given
in the following tables: Table 5.4 for electron and muons and Table 5.5 for jets and Emiss

T . In the
tables, the information related to the type of uncertainty, the naming code (without the ATLAS_
as described in Section 3.2.1), and the purpose of the np is illustrated. Besides, the letter in the last
column of each table indicates if the np is used in the Properties analysis (P), in the Couplings
one (C), or in both (B).
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Electrons
resolution EG_RESOLUTION_ALL track smearing in the inner

detector
p4 B

scale ATLAS_EG_SCALE_ALLCORR,
ATLAS_EG_SCALE_E4SCINTILLATOR,

ATLAS_EG_SCALE_LARCALIB_EXTRA2015PRE,
ATLAS_EG_SCALE_LARTEMPERATURE_EXTRA2015PRE,
ATLAS_EG_SCALE_LARTEMPERATURE_EXTRA2016PRE

variations in momentum scale
originating from different sources

p4 P

EG_SCALE_ALL,EG_SCALE_AF2 p4 C
identification EL_EFF_ID_CorrUncertainty_NP,

EL_EFF_ID_UncorrUncertainty_NP
correlated and uncorrelated
variations in identification
efficiency

sf B

isolation EL_EFF_Iso_TOTAL_1NPCOR_PLUS_UNCOR variations in isolation efficiency sf B
reconstruction EL_EFF_Reco_TOTAL_1NPCOR_PLUS_UNCOR variation in reconstruction

efficiency
sf B

trigger EL_EFF_Trigger_TOTAL_1NPCOR_PLUS_UNCOR variation in trigger efficiency sf B
Muons

resolution MUONS_ID, MUONS_MS track momentum smearing in the
inner detector and muon
spectrometer

p4 B

ATLAS_MUONS_SAGITTA_RHO,
ATLAS_MUONS_SAGITTA_RESBIAS

p4 C

scale MUONS_SCALE variation in muon momentum scale p4 B
identification MUONS_EFF_STAT, MUONS_EFF_SYS statistical and systematic variations

in identification efficiency
sf P

reconstruction MUONS_EFF_RECO_STAT, MUONS_EFF_RECO_SYS variation in reconstruction
efficiency

sf C

ATLAS_MUON_EFF_TTVA_STAT,
ATLAS_MUON_EFF_TTVA_SYS

statistical and systematic variations
of the additional correction for the
efficiency of the muon
track-to-vertex association cuts

sf B

isolation MUON_ISO_STAT, MUON_ISO_SYS statistical and systematic variations
in isolation efficiency

sf B

trigger MUONS_EFF_TrigUncertainty_STAT,
MUONS_EFF_TrigUncertainty_SYS

statistical and systematic variations
in trigger efficiency

sf B

Table 5.4: Experimental systematic uncertainties connected with electrons and muons. The type of
uncertainty, its typical name, and what it aims to model is included in the table, as well as the information
on which analysis the uncertainty is applied on: in the Properties analysis (P), in the Couplings one
(C), or in both (B).



5

98 5. Data sets, simulation and systematic uncertainties

Jets
resolution JER Single nuisance parameter covering jet energy

resolution uncertainties
p4 P

JER_DataVsMC Jet energy resolution uncertainty comparing data
and mc

p4 C

JER_Effective_NP Linear decomposition of jet energy resolution
uncertainties

p4 C

scale JES_AFII Uncertainty arising from the use of the ATLFast-II
fast simulation framework

p4 P

JES_BJES Heavy-flavour jet energy scale uncertainty p4 B
JES_EffectiveNP_ Linear decomposition of jet energy scale

uncertainties
p4 B

JES_EtaInter_Model, JES_EtaInter_NonClosure,
JES_EtaInter_Stat

Uncertainties covering η-dependence of the jet
energy scale

p4 B

JES_Flavor_Comp, JES_Flavor_Resp Uncertainties covering flavour-dependence of the jet
energy scale

p4 B

JES_HighPt High-pT jet energy scale uncertainty p4 B
JES_PU_OffsetMu, JES_PU_OffsetNPV,

JES_PU_PtTerm, JES_PU_Rho
Uncertainties covering the effects of pile-up on the
jet energy scale

p4 B

JES_PunchThrough Uncertainty covering effects of the calorimeter not
covering the entirety of the shower due to
insufficient thickness

p4 B

JVT Uncertainty on jet vertex tagging sf B
flavour tagging FT_EFF_Eigen_B_ Eigen-vector decomposition of b-tagging

uncertainties
sf B

FT_EFF_Eigen_C_ Eigen-vector decomposition of c-tagging
uncertainties

sf B

FT_EFF_Eigen_Light_ Eigen-vector decomposition of light flavour tagging
uncertainties

sf B

FT_EFF_extra uncertainty covering extrapolation from Run 1 to
Run 2

sf B

FT_EFF_extrapolation_from_charm charm-quark specific extrapolation uncertainty sf B
Emiss

T
MET_SoftTrk_ResoPara, MET_SoftTrk_ResoPerp Soft term resolution p4 B

MET_SoftTrk_Scale Soft term scale p4 B
ATLAS_MET_JetTrk_Scale C

Table 5.5: Experimental systematic uncertainties connected with jets and Emiss
T . The type of uncertainty,

its typical name, and what it aims to model is included in the table, as well as the information on which
analysis the uncertainty is applied on: in the Properties analysis (P), in the Couplings one (C), or in
both (B).
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5.4 Data driven estimates

A data driven method is commonly used when it is not possible to rely on mc simulation, to
describe a physics process for example when trying to estimate the rate of misidentified leptons.
Indeed, despite the fact that the chance of having a jet misidentified as lepton is extremely small
(with a ratio of 1:1000 for electrons and 1:10000 for muons [178]), the high cross section for
multi-jet production leads to a large number of jets being misidentified. In analyses where the
number of leptons is a key signature of the physical process, a precise estimation of fakes is thus
needed.

5.4.1 The fake factor method

The aim of the so-called fake factor method is to estimate the number of events containing fake
leptons. In order to do so, in addition to the signal selection that is used in the nominal analysis,
a control selection is defined as enriched in events with fake leptons. In order to identify these
selections and their leptons, the following notation is introduced:
a lepton is called ID (i) if it passes the quality cuts and Anti-ID (a) if it satisfies the control-selection
criteria. The corresponding requirements are listed in Table 5.6, and they are valid for both
analyses.

From the mathematical derivation of the method [179], the number of events with two leptons
passing the signal selection (ID,ID), in which at least one lepton is fake, N i,i

≥1 fake, is equal to:

N i,i
≥1 fake = F2(N

i,a −N i,a
2 prompt) + F1(N

a,i −N a,i
2 prompt)− F1F2(N

a,a −N a,a
2 prompt), (5.2)

where the superscript and the subscript specify the following:

N
identification of the leptons
how many leptons are prompt leptons(i.e. non-fake),

and F1, F2 are the fake factors for the first and second lepton (using the same order as the
superscript), and depend on the properties of the lepton they applied to. The order of the superscript
indicates the leading, and sub-leading lepton. If no subscript is given, no selection based on truth
information is applied.
On the right-hand side of equation (5.2), the event yields without an index are measured in
data. The number of events with 2 prompt leptons is sometimes referred to as “ew subtraction”
and is simulated with mc samples. The first two terms of the right-hand side of equation (5.2)
correspond to the contribution of single-fake events while the third one, with two fake factors
applied, constitutes a correction for double-fake events.
The equation (5.2) is computed in two different selections and applied independently for the two
leptons. N i,i

≥1 fake(electron) and N
i,i
≥1 fake(muon) are functions of pT and η of the lepton they are

associated with. The factors Fx are defined as the ratio between the fake events passing the ID
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Electron Muon
identified anti-identified identified anti-identified

pT > 15 GeV pT > 15 GeV
|η| < 2.47,excluding 1.37 < |η| < 1.52 |η| < 2.5

|z0 sin θ| < 0.5 mm |z0 sin θ| < 0.5 mm
|d0|/σ(d0) < 5 |d0|/σ(d0) < 3 |d0|/σ(d0) < 15

Pass LHTight if
pT < 25 GeV Pass LHLoose Pass Quality Tight Pass Quality Medium

Pass LHMedium if
pT > 25 GeV

Pass Tight isolation Pass Tight isolation
Author = 1

Veto against identified
electron

Veto against identified
muon

Table 5.6: Requirements for fully identified and anti-identified leptons, in the Properties and Couplings
analysis. Author = 1 is a variable that ensures that what is reconstructed is an electron and not a photon.

Figure 5.3: Feynman diagram of a Z+jet event. If the mass of the Z-boson is reconstructed via the di-lepton
mass, and another lepton is found in the event, the latter is a fake one.

selection and the ones passing the Anti-ID selection:

Fx =
N i

1 fake
Na

1 fake
. (5.3)

The calculation of F1 and F2 is performed in a region pure in leptonic Z-boson decays with a
three-lepton selection, and it is illustrated in Section 5.4.2.

5.4.2 Z+jets fake factor

The selection of the fakes in the Z+jets events, of which the Feynman diagram is shown in Figure
5.3, is particularly convenient given the topology of the event: if the mass of the Z-boson is
reconstructed via the di-lepton mass, and another lepton is found in the event, the latter is a fake
one. In order to perform the measurement, an analysis region sufficiently pure in Z+jets needs to
be defined. Its requirements follow. Three leptons with pT > 15 GeV must be found, two of which
must be of the same flavor and of opposite charge to qualify as Z decay particles. They are selected
with the same criteria in Table 5.6, with the exception that they only need to be Loose isolated and
pass a LooseLH identification point for the electron, or Medium for the muon. Moreover, if they
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Figure 5.4: Distributions of the invariant mass of the reconstructed Z-boson candidate at the stage of
Z-boson identification (left) and after applying a cut on the transverse mass mW

T < 50 GeV (right).
Normalization factors are not applied. The stacked histograms are background mc processes not including
Z+fake. The measured data is shown in black data points. The blue data points are the data-driven Z+fake
estimate. They are calculated by taking the difference between data and the stacked MC processes. They
can be compared to the green Z+jets MC, which is not stacked on top of the other MC processes. The
agreement between the data-driven fakes estimate and Z+jets MC can be seen by comparing the blue
data points to the green Z+jets MC, although it should be noted that good closure between the two is not
necessarily expected due to inaccuracies in the Z+jets MC to predict the rate at which fake leptons are
produced.

are muons, they need to be in an invariant-mass window of [70, 110] GeV, while electrons need to
be in a tighter window of [70, 110] GeV in order to reduce the Zγ background. If at least one of
the two leptons is matched to an object firing the single-lepton trigger, the leptons are accepted
as Z-boson candidates. If multiple lepton combinations satisfy this requirement, the pair with
the invariant mass closest to the Z boson is chosen. The remaining lepton is the fake candidate.
When applied to a Z+jets mc sample, this algorithm correctly assigns leptons to the Z boson in
about 99% of all cases. In order to reject events with leptonicWZ decays, a cut onmW

T < 50 GeV
is applied, wheremW

T =
√

2Emiss
T Efake cand.

T (1− cosφEmiss
T ,fake cand). The pseudorapidity of the fake

candidate is restricted to |η| < 2.5 for muons and |η| < 2.47 for electrons, which corresponds
to the lepton acceptance region in the main analysis. Then, for each fake lepton type, electron
and muon, two regions are constructed depending on whether the fake lepton passes the ID or
Anti-ID cuts. The region above a transverse mass mW

T of 50 GeV, where the fake candidate is
required to pass the ID criteria, is used as a control region for theWZ process.The reconstructed
Z-boson peak can be seen in Figure 5.4 before (a) and after (b) the cut onmW

T , for the Couplings
analysis.

The fake factors defined in equation (5.3) are measured as a ratio of events in the 3-lepton
selection:

F =
N i,i,i −N

i,i,i
non-Z+jets

N i,i,a −N
i,i,a
non-Z+jets

.

When being applied to equation (5.2), the terms with one Anti-ID lepton cancel out and the yield
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with only ID leptons remains in the numerator.

5.4.3 Uncertainties associated with the determination of the fake factor

Sample composition
Using a different phase space to estimate the F that is used in the analysis is justified by the
assumption that the fake lepton efficiency only depends on the properties of the lepton, not
on the remainder of the event. Therefore, the fake factor can be estimated in a three-lepton
selection, where two leptons originate from a Z-boson decay and the additional lepton is the
fake candidate, which is still valid when applied in a two-lepton selection. What can affect a
precise computation of the F is the characteristic of the fake lepton3, which may cause important
differences, thus the fake factor must be corrected for potential sample dependencies. A way of
proceeding consists in calculating a correction factor, defined as the ratio between the fake factor
measured in Z+jets and W+jets mc, where the same selections are applied to the mc samples as
are used in data. The correction factor, CF =

FW
MC
FZ

MC
, is then multiplied by the fake factor derived in

the three-lepton Z+jets selection in data to give a fake factor that can be applied toW+jets data
FW

data = CF × FZ
data.

It should be generally noted that: the data-driven estimation is used because generally, the mc
simulations are not accurate enough in modeling fake leptons. This translates into a correction
factor that has the same mc limitation. In the end, the CF is valid as long as mc mis-estimates
the data-driven fake factor by the same factor x across samples, FW

MC
FW

data
=

FZ
MC

FZ
data

= x. Since fake
factors are found by taking the ratio of ID to Anti-ID leptons, this translates to the requirement
that mc mis-estimates the ratio of ID to Anti-ID leptons by the same factor inW+jets and Z+jets
selections.

ew subtraction
The Z+jets analysis region, constructed to calculate the F factor, is not composed of 100% Z+jets
events. Some other backgrounds, with their uncertainty, need to be subtracted from the data
yield, to calculate the F factor. The uncertainty related to this process is usually referred to as
the ew subtraction uncertainty. The estimate of the ew subtraction uncertainty is performed
by recalculating the F with the backgrounds varied up and down according to their theoretical
uncertainties. For small background, a conservative 10% up and down variation is considered.

The error associated with the F factor takes also into account the statistical uncertainties of the
sample used.

Finally, lepton properties that commonly affect the fake factor, are pT and η. Therefore these are
variables in which the F factors are measured. The specific values of the F and their errors in the
two analyses follow.

3What is intended here with the characteristic of the lepton is basically the flavor of the quark that has originated
the jets misidentified as lepton.
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Properties analysis
The uncertainties on the Z+jets fake factor are summarized in Table 5.7. The systematic
uncertainties are of the order of 40% for electrons and range from 30% to 150% for muons
depending on their pT. For electrons, the uncertainty is not completely dominated by one
source, but at the low pT the sample composition uncertainty is the largest, at high pT
the statistical and ew subtraction uncertainties are more important. For muons, the ew
subtraction uncertainty is very large at high-pT .

Kinematic region
(|η| and pT range)

Value Statistical ew
Subtraction

Sample
Composition

Total

Electron:
0.0 < |η| < 1.5

15− 20 GeV 0.030 27 13 32 44
20− 25 GeV 0.080 25 16 32 44
25− 35 GeV 0.170 23 16 13 31

35− 1000 GeV 0.284 26 33 13 44
1.5 < |η| < 2.5

15− 20 GeV 0.046 26 13 32 43
20− 25 GeV 0.058 54 16 32 65
25− 35 GeV 0.224 27 16 13 34

35− 1000 GeV 0.259 32 33 13 47
Muon:
0.0 < |η| < 2.5

15− 20 GeV 0.108 11 9 23 27
20− 25 GeV 0.125 24 17 23 37

25− 1000 GeV 0.112 76 143 23 163

Table 5.7: Summary of the fake factors from the Z+jets estimates with uncertainties in the Properties
analysis. All uncertainties are quoted in percent on the nominal value. Value denotes the nominal fake
factor value. Statistical denotes the statistical uncertainties on the fake factors including the extrapolation
uncertainty for the highest muon pT bin. ew Subtraction denotes the uncertainty due to the ew backgrounds
that enter the Z+jets fake factor estimate. Sample Composition denotes the uncertainty that accounts for
differences in fake factors betweenZ+jets andW+jets processes and includes both statistical and systematic
uncertainty on the correction factors. The column Total sums all individual contributions in quadrature to
give an overview of the total uncertainty of the fake factor. In the fit, however, the ew subtraction and
sample composition uncertainties are treated as correlated between different bins, while the statistical
uncertainty is uncorrelated.

Couplings analysis
The uncertainties on the Z+jets fake factor are summarized in Table 5.8. The electron
fake factor was observed to be very similar between high and low η bins. Therefore, it is
not measured as a function of η. The binning in pT is mainly determined by the limited
statistics and high background contamination in the ID selections. Since fake leptons are
very rare at high pT, the fake factor is only binned at small transverse momenta. In order
to reduce the ew subtraction uncertainty, the highest bin in pT for muons, is extrapolated
from the neighboring pT bin.
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Kinematic region
(|η| and pT range)

Value Statistical ew
Subtraction

Sample
Composition

Total

Electron:
0.0 < |η| < 2.5

15.0− 20.0 GeV 0.076 6.2 3.9 7.5 10
20.0− 25.0 GeV 0.086 11 8.1 31 34
25.0− 35.0 GeV 0.14 13 14 7.4 20
35.0−∞ GeV 0.21 12 25 21 35

Muon:
0.0 < |η| < 1.05

15.0− 20.0 GeV 0.042 8.4 7.1 8.1 14
20.0− 25.0 GeV 0.017 35 34 11 50
25.0− 50.0 GeV 0.026 39 58 11 71
50.0−∞ GeV 0.043 47 58 11 75

1.05 < |η| < 2.5
15.0− 20.0 GeV 0.060 6.7 5.3 8.1 12
20.0− 25.0 GeV 0.042 17 14 11 25
25.0− 50.0 GeV 0.065 19 28 11 36
50.0−∞ GeV 0.11 32 28 11 44

Table 5.8: Summary of the fake factors from the Z+jets estimate with uncertainties in the Couplings
analysis. All uncertainties are quoted in percent on the nominal value. Value denotes the nominal fake
factor value. Statistical denotes the statistical uncertainties on the fake factors including the extrapolation
uncertainty for the highest muon pT bin. ew Subtraction denotes the uncertainty due to the ew backgrounds
that enter the Z+jets fake factor estimate. Sample Composition denotes the uncertainty that accounts for
differences in fake factors betweenZ+jets andW+jets processes, and includes both statistical and systematic
uncertainty on the correction factors. The column Total sums all individual contributions in quadrature to
give an overview of the total uncertainty of the fake factor. In the fit, however, the ew subtraction and
sample composition uncertainties are treated as correlated between different bins, while the statistical
uncertainty is uncorrelated.
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6
What: cp properties of the Higgs boson

”Is the Higgs boson a cp-even scalar (JCP = 0++) particle, as prescribed by the sm?” is the question
that this Chapter is going to address. The motivation for this analysis is presented in Section
6.1, while the strategy and how the selection of the data is performed is described in Section 6.2.
Following that are the statistical concepts, where the pruning procedure is described in Section
6.3. The results of the cp measurement of the Higgs boson are provided in Section 6.4, which is
followed by the determination of the µggF+2jets signal strength measurement in Section 6.5.
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6.1 Motivation

Searching for cp violation is one of the most important topics in searches for new physics.
Measuring a cp-odd contribution to Higgs decay, in fact, would represent a sign of physics beyond
the sm. As shown in Section 1.4.4, a previous analysis of the cp properties of the Higgs boson has
been performed by using Run 1 data fromH→WW ∗ andH → ZZ∗ decays. That study analyzed
the Higgs decay vertex, and a pure cp-odd scenario was excluded. However, a cp-mixed scenario
is possible with a cp-odd contribution up to ∼30%, [21].

What has not been investigated yet, and is the scope of this Chapter, is the amount of cp in the
production vertex of the H→WW ∗ processes.

Given its high production rate, the gluon-fusion production mode has been chosen for this study.
In this analysis, an additional two jets are required in order to define a cp sensitive observable in
the final state.
According to the Higgs Characterization (HC) framework, described in Section 1.4.3, the effective
Lagrangian that corresponds to the Higgs-gluon interaction is given by equation (1.24), i.e.:

L
Higgs-gluon interaction
X0

= −gHgg
4

(cos(α)κggGµνG
µν + sin(α)κggGa

µνG̃
a,µν)H. (6.1)

In equation (6.1), gHgg is the effective coupling for the sm cp-even ggH interaction, kgg is the
coupling-strength scale factor for the effective Higgs-gluon interaction and α is the cp-mixing
angle. The gluon fields strength tensors G are defined as

Ga
µν = ∂µG

a
ν − ∂νG

a
µ − gSf

abcGbGc.

The Lagrangian presented in Equation (6.1) not only describes the effective ggX0 vertex that
corresponds to diagrams like the one shown in Figure 6.1 (a), but also effective gggX0 and ggggX0

vertices (Figures 6.1(b), 6.1(c) respectively)

Three example benchmark scenarios with different cp properties are considered, illustrated in
Table 6.1. The predictions of the sm are represented by the pure cp-even case, additionally, a pure
cp-odd and a cp-mixed scenario (50% cp-even and 50% cp-odd) are generated. Further cp-mixing
scenarios can be obtained by combining these three benchmark models within the morphing
procedure illustrated in Section 3.4.

Scenario Parameters
cp-even (sm) κgg = 1, cos(α) = 1

cp-odd κgg = 1, cos(α) = 0

cp-mix κgg = 1, cos(α) = 1√
2

Table 6.1: Definition of the three exemplary benchmark scenarios used in the ggf +2jets analysis. The
parameter settings correspond to a cp-even, a cp-odd and one cp-mixed scenario. The other parameters κi
of the HC model that are not explicitly mentioned here are chosen to be equal to 0.
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Figure 6.1: Exemplary Feynman diagrams contributing to the production of a Higgs boson in association
with two jets via the fusion of two gluons at lo in qcd. The presented diagrams show examples for the
subprocesses qq → Hjj (a), qg → Hjj (b) and gg → Hjj (c).

These three cp scenarios result in different shapes of the distribution of the azimuthal angle
between the two associated jets, ∆φjj . The event fraction for cp-even, cp-odd and cp-mixed
benchmark models in Hjj events that have been produced via gluon-fusion is shown in Figures
6.2 (a) and (b), for the inclusive case and the case with |∆φjj |>3.0 respectively. Figure 6.2 (b) also
shows that the differences between the ∆φjj distributions of the three models is enhanced if the
two leading jets have a large pseudo-rapidity gap.

In the context of the Properties analysis, four different quantities are studied: µggF+2jets, tanα
κHgg cosα and κAgg sinα of which the meaning is below explained.

• The signal strength parameter µggF+2jets for the ggf +2jets signal process. This parameter is
defined as the ratio of the measured signal yield to that predicted by the sm. This analysis
expands [180] where the signal strength for 0 and 1 jets was found to be µggF+0/1jet =

1.10+0.10
−0.09(stat.)+0.19

−0.17(syst.).
• In order to constrain BSM effects in the effective Higgs–gluon coupling scenarios assuming
different values of tanα are scanned. Two different configurations are used in the fitting
procedure:

– The normalization of the signal process is unconstrained, in this case, the analysis
only exploits the shape information of the fit input distribution to distinguish between
the different cp scenarios.

– The signal normalization is constrained to the model predictions. In this scenario,
both the shape and rate information are considered for each cp hypothesis. Using rate
information in addition to the shape in the fit increases the sensitivity to distinguish
between the benchmark points of Table 6.1. However, the rate can also be affected
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(a) Inclusive event sample (b) Events with |∆ηjj |> 3.0 between the
two leading jets

Figure 6.2: Distributions of the ∆φjj observable are shown for ggf induced production modes of Hjj
events for a cp-even, a cp-odd and a cp-mixed benchmark model. These distributions are depicted in an
inclusive event sample (a) and for the case that only events are considered for which the two leading jets
have a pseudorapidity gap |∆ηjj > 3.0| (b).

by other BSM effects, while the shape information is more specifically sensitive to
cp-dependent variations.

• A simultaneous fit of the coupling-strength scale factors κHgg cosα and κAgg sinα is per-
formed. This study exploits both shape and rate information.

6.2 Strategy and event selection

In order to perform the Properties analysis, final states corresponding to the production of the
Higgs boson plus at least two jets via ggf and a subsequent H→WW ∗→ ℓνℓν decay are selected
using the trigger configuration defined in Section 5.1.

Preselection
On top of the trigger selection, a preselection of the candidate events is applied. In order to be
selected the candidates need to have:

• exactly two charged light leptons with opposite electrical charge and different flavor. This
requirement suppresses Z+jets background;

• pleadT >22 GeV, psubleadT >15 GeV. These cuts are dictated by experimental triggers and efficiency
and help reject theW+jets and qcd backgrounds;

• mℓℓ >10 GeV, which suppresses backgrounds from low-mass resonances such as J/Ψ and
dy processes;

• at least two jets with pT > 30 GeV. This requirement suppresses contamination from qcd
processes and pileup;
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• the angular separation between the two leading jets ∆Rjj needs to be larger than 1.0.
This cut reduces the contribution of gg → Hg events that do not carry any cp sensitive
information.

After the preselection, further requirements are applied in order to create sr and crs. The sr is
created by applying specific selection cuts to decrease the contributions of the most dominant
backgrounds, while a set of different cuts is instead used to create regions where the main
backgrounds can be constrained, the crs. In this analysis, a boosted decision tree is used to
optimize the separation between the signal process and the most relevant backgrounds, and it is
going to be described before the definition of the sr and crs.

6.2.1 Signal discrimination with boosted decision tree

A boosted decision tree (bdt) is a multivariate analysis technique consisting of different decision
trees [181]. These decisions aim at classifying events either as signal-like or background-like. Each
decision tree takes a set of input features, i.e. physics quantities, and splits input data recursively
based on those features, as shown in a sketch in Figure 6.3. From the root node, a succession of
decision is completed until a score, typically a number within -1 to 1, is assigned to the event. This
score, also known as bdtresponse and often specified with wbdt, indicates if the particular event is
more signal-like (high values scores) or background-like (low values scores).

Figure 6.3: Example of a decision tree. Starting from the root node, in yellow, binary splits follow based on
the values of the discriminating variables xi. Each split uses the variable that at this node gives the best
separation between signal and background when being cut on. The leaf nodes at the bottom end of the tree
are labeled “S” for signal and “B” for background depending on the majority of events that end up in the
respective nodes [182].
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Before having the bdt applied to data, the classifier is trained and tested on mc samples. In order
to be sure that the bdt response has no dependence on the statistical fluctuation of the training
sample the following cross-evaluation approach is chosen:

• the input dataset is split into two independent parts: even and odd, accordingly to event
numbers.

• bdteven is trained on sample even and tested on sample odd
• bdtodd is trained on sample odd and tested on sample even
• the final discriminant, the bdtresponse, is used in the following way

bdtresponse =

{

bdteven applied on odd events
bdtodd applied on even events.

Training of the bdt
The settings used to train the bdt are summarized in Table 6.2. These settings have been optimized
to increase signal and background separation while avoiding overtraining.

Parameter Value
Boosting type Gradient
Separation type Gini-Index
NTrees 600
MinNodeSize 5%
nCuts 30
Depth 5

Table 6.2: Parameters of the boosted decision trees as they have been used in the training.

In order to enter the training, each mc event has to pass the sr event selection, which will be
described in Section 6.2.2.

The signal sample used to train the signal selection bdt consists of a mixture of the three different
cp hypotheses of the gg → Hjj process, while the background sample is composed of events
stemming from vbf-induced Higgs-boson production and the main backgrounds as described in
Section 4.2. On top of this, for top and Z+jets events, not only the nominal mc samples have
been considered, but also the alternative mc samples used to obtain the theoretical uncertainty
variations. This procedural choice has been made to decrease the dependence of the training
result on a specific mc model. Multiple observables have been tested as input for the bdt, and
the six most discriminating, which did not show strong correlations with each other, have been
selected:

• invariant di-lepton massmℓℓ,
• transverse massmT,
• pT of the di-lepton system pℓℓT ,
• the ∆φ of the two charged leptons ∆φℓℓ,
• the minimum of the ∆R of the leading leptons with one of the jets min∆R(ℓlead, ji),
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• the minimum of the ∆R of the subleading leptons with one of the jets min∆R(ℓsublead, ji).

Their linear correlations are shown in Figure 6.4 for signal (a) and for the sum of backgrounds (b).
Most of the input quantities show only a very weak correlation towards the other input quantities,
with the expected exception of [∆R

(

ℓlead, ji
)

, ∆R
(

ℓsublead, ji
)

] and [pℓℓT , mℓℓ ]. The presence of
these correlations does not represent a problem: given that they are different between signal and
background, the bdt can use this information to further discriminate.

These observables are measured to have similar importance in the two training sets, as shown in
Table 6.3.

Variable name Variable importance
mℓℓ 0.257
mT 0.199
∆φℓℓ 0.165
min∆R(ℓlead1 , ji) 0.135
pℓℓT 0.124
min∆R(ℓsublead2 , ji) 0.121

(a) Sample even

Variable name Variable importance
mℓℓ 0.236
mT 0.192
∆φℓℓ 0.190
min∆R(ℓlead, ji) 0.130
pℓℓT 0.127
min∆R(ℓsublead, ji) 0.126

(b) Sample odd

Table 6.3: Importance of the various bdt input quantities presented for the boosted decision trees that are
trained in order to separate signal events from the various background processes. The exact values of the
variable importance are normalised to all variables together having an importance equal to one. The values
are presented separately for the case when the training is performed with the set even (a) and with set odd
(b).

6.2.2 Signal and control regions definition

Signal region
The aim of the signal region is to suppress the main backgrounds as much as possible while leaving
a significant amount of signal events. The observables mℓℓ and mT are required to be smaller
than 90 GeV and 150 GeV, respectively, to reduce contributions from top-quark pairs, Wt and
W+jets events. The observable mττ , instead, needs to be below 66 GeV, with pℓℓ,T >20 GeV to
suppress Z+jets background. A veto of jets tagged as b-jet is applied to reduce contributions from
single-top and tt̄ pair production.

Top control region
The Top cr uses the same cuts as the sr, except for the requirement of having a jet b-tagged.
The transverse momentum of this jet is required to be above 30 GeV. A normalization factor
nf = 1.029±0.008 is calculated via equation (4.1) for the combined tt̄ and Wt in the Top control
region, which has a purity of 94%. This correction factor is then applied to both the tt̄ and Wt
backgrounds in order to adjust their normalization to the data in the pre-fit plots.
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Preselection

Two isolated, different-flavour leptons (ℓ= e, µ) with opposite charge
pleadT > 22 GeV , psubleadT > 15 GeV

mℓℓ> 10 GeV
N
pT>30 GeV
jets = 2

∆Rjj>1.0

sr Top cr Z+jets cr WW cr
mℓℓ < 90 GeV mℓℓ > 90 GeV
mT < 150 GeV -

mττ < 66 GeV |mz −mττ | < 25 mττ < 66 GeV
pℓℓ,T > 20 GeV - pℓℓ,T > 20 GeV

N
pT>20 GeV
b-jets = 0 N

pT>30 GeV
b-jets = 1 N

pT>20 GeV
b-jets = 0

Table 6.4: Summary of the preselection cuts, signal region, Top cr, Z+jets cr and WW cr for the
Properties analysis.

Z+jets control region
This cr aims at constraining the contribution ofZ/γ∗ decays. In order to construct this cr, the same
cuts of the sr are used, with two exceptions: themττ cut is replaced with |mz −mττ | < 25 GeV
and the pℓℓ,T is removed in order to increase the statistics. A normalization factor nf = 0.829± 0.024
is calculated via equation (4.1) in the Z+jets cr which has a purity of 69.7%.

WW control region
The WW cr is obtained by inverting the requirement on mℓℓ: only events with mℓℓ > 90 GeV
enter this cr. In addition, the cut on mT is omitted. A normalization factor nf = 0.829 ± 0.069
is calculated via equation (4.1), similar to previous listed crs. The purity of this region is only
21.7%, due to the high contamination of tt̄ andWt backgrounds. This contamination is due to the
fact that the leptons originating from the top quark decays are very similar in their kinematic
properties to those coming from theWW backgrounds.

A summary of all requirements for the preselection, sr and crs is shown in Table 6.4.

The three obtained nfs are applied to the pre-fit plots in order to validate the modeling of the
backgrounds. The input observables to the bdt (mℓℓ,mT, pℓℓT , ∆φℓℓ, ∆R(ℓlead, ji), ∆R(ℓsublead, ji))
are shown in Figure 6.5 for the Top cr, in Figure 6.6 for the Z+jets cr, and in Figure 6.7 for the
W+jets cr. The bdt response is shown in Figure 6.8 for all crs. Moreover, the yields for each
process are displayed in Table 6.5, where theWt and tt̄, Z+jets and WW nfs are again applied.

Same-sign validation region
A dedicated region to validateWZ,ZZ, V γ, as well asW+jets processes is obtained by exclusively
selecting, events that have a pair of same-sign leptons, after the preselection. Figure 6.9 shows the
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Top cr Z+jets cr WW cr
Process Yields % Yields % Yields %
ggf 33.27± 1.24 0.2 19.43± 0.83 0.7 0.12± 0.04 0.0
V BF 8.72± 0.13 0.0 6.86± 0.10 0.2 0.01± 0.00 0.0
Other Higgs 6.09± 0.22 0.0 20.09± 0.35 0.8 2.45± 0.12 0.1
tt̄/Wt 17761.83± 57.91 93.8 433.56± 8.64 15.2 3459.07± 25.82 72.3
Z+jets 246.85± 9.86 1.3 1970.83± 38.59 69.2 18.94± 2.79 0.4
WW 126.75± 2.33 0.7 150.32± 2.50 5.3 1036.07± 7.32 21.7
W+jets 692.51± 27.75 3.7 96.45± 15.16 3.3 151.20± 12.98 3.2
WZ,ZZ, V γ 54.70± 5.14 0.3 149.53± 11.01 5.2 113.65± 4.32 2.4
Sum 18930.72± 65.22 2847.08± 43.84 4781.52± 30.25
Observed 18886 2800 4778

Table 6.5: Event yields and relative sample composition in the crs and the observed yields in data. The
event yields of both the Wt and tt̄, Z+jets and WW backgrounds are corrected by their normalisation
factors. In addition, the statistical uncertainties on the respective signal and background processes are
shown as well.

modeling in these regions of the input observables of the bdt, where theWt and tt̄, Z+jets and
WW nfs are applied.

Low bdt response value region
As a blinding strategy is followed, the modeling of the input bdt quantities should not be studied in
the sr. However, as mentioned in Section 6.2.1, at low values of the bdt response, only few signal
events are supposed to be present. Given that, the modeling of the region with bdt response < 0

can be safely checked. Figure 6.10 shows the modeling of these regions, where the contributions
of theWt and tt̄, Z+jets and WW backgrounds are corrected by the pre-fit normalisation scale
factors. Additionally, Figure 6.11 shows the shape comparison between the ggf +vbf signal vs the
sum of the backgrounds of the bdt response, when both distributions are normalized to a unit
area.
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Figure 6.4: Matrices of the linear correlation coefficients for the final set of bdt input quantities for the
signal (a) and the sum of background processes (b). A colour varying from light green to red indicates
a positive correlation, while from dark green to violet a negative one. For simplicity the correlation
coefficients are also displayed.
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Figure 6.5: Pre-fit distributions of the six bdt input quantitiesmℓℓ (a),mT (b), pℓℓT (c),∆φℓℓ (d),∆R(ℓlead, ji)
(e) and ∆R(ℓsublead, ji) (f) presented in the Top control region. Data-to-simulation ratios are shown at the
bottom of each plot. The contributions of the Wt and tt̄, Z+jets and WW backgrounds are corrected by the
pre-fit normalisation scale factors. The uncertainty band represents the quadratic sum of the statistical and
the dominant experimental uncertainties.
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Figure 6.6: Pre-fit distributions of the six bdt input quantitiesmℓℓ (a),mT (b), pℓℓT (c),∆φℓℓ (d),∆R(ℓlead, ji)
(e) and ∆R(ℓsublead, ji) (f) presented in the Z+jets cr. Data-to-simulation ratios are shown at the bottom of
each plot. The contributions of the Wt and tt̄, Z+jets and WW backgrounds are corrected by the pre-fit
normalisation scale factors. The uncertainty band represents the quadratic sum of the statistical and the
dominant experimental uncertainties.
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Figure 6.7: Pre-fit distributions of the six bdt input quantitiesmℓℓ (a),mT (b), pℓℓT (c),∆φℓℓ (d),∆R(ℓlead, ji)
(e) and ∆R(ℓsublead, ji) (f) presented in the WW control region. Data-to-simulation ratios are shown at
the bottom of each plot. The contributions of the Top, WW and Z+jets backgrounds are corrected by the
pre-fit normalisation scale factors. The uncertainty band represents the quadratic sum of the statistical and
the dominant experimental uncertainties.
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Figure 6.8: Pre-fit distributions of the bdt response in the Top cr (a), Z+jets cr (b), and WW cr (c). Data-
to-simulation ratios are shown at the bottom of each plot. The contributions of the Wt and tt̄, Z+jets and
WW backgrounds are corrected by the pre-fit normalisation scale factors. The uncertainty band represents
the quadratic sum of the statistical and the dominant experimental uncertainties.
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Figure 6.9: Pre-fit distributions of the six bdt input quantitiesmℓℓ (a),mT (b), pℓℓT (c),∆φℓℓ (d),∆R(ℓlead, ji)
(e) and ∆R(ℓsublead, ji) (f) presented in the same-sign region. Data-to-simulation ratios are shown at the
bottom of each plot. The contributions of the Wt and tt̄, Z+jets and WW backgrounds are corrected by the
pre-fit normalisation scale factors. The uncertainty band represents the quadratic sum of the statistical and
the dominant experimental uncertainties.
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Figure 6.10: Pre-fit distributions of the six bdt input quantitiesmℓℓ (a),mT (b), pℓℓT (c),∆φℓℓ (d),∆R(ℓlead, ji)
(e) and ∆R(ℓsublead, ji) (f) presented in the low-bdt values region. Data-to-simulation ratios are shown at
the bottom of each plot. The contributions of the Wt and tt̄, Z+jets and WW backgrounds are corrected by
the pre-fit normalisation scale factors. The uncertainty band represents the quadratic sum of the statistical
and the dominant experimental uncertainties.
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Figure 6.11: Shape comparison of the bdt response wbdt distribution between H(→ WW ∗ → eνµν)
+ 2 jets events and the sum of backgrounds. The distribution for H + 2jets represents the sum of events
produced via the ggf +2jets and vbf production modes. Both distributions are normalised to unit area. The
errors are statistical only.

6.2.3 Fitted observables

As mentioned earlier in the text, two kinds of measurements are performed: the signal strength
µggf + 2jets, or the cp properties of the Higgs boson.

The bdt response is used as the fitting observable for the first case. The choice of the binning has
been made with the intent of maximizing the significance1, and it was tested using an Asimov
dataset (Section 3.1.2). The chosen configuration has 24 bins and presents a finer binning for
high values of the bdt response where the fraction of signal is higher. The bins definitions of the
observables are shown in Table 6.6, while the distribution of the observable in simulated data is
shown in Figure 6.12.

For the study of the cp properties of the top-Yukawa coupling the fitting observable consist of a
three-dimensional distribution in wbdt, ∆ηjj as well as the ∆φjj . This choice is motivated by
the fact that the cp-even, cp-odd and cp-mixed benchmark models in Hjj produced by gluon-
fusion show shape differences in the ∆φjj on the two leading jets and that the shape difference is
enhanced at large ∆ηjj values, as was already shown in Figure 6.2. Without loss of information,
the three-dimensional distribution is unrolled to a one-dimensional distribution. This lead to the
∆φjj distribution divided into several different bdt bins, and in turn split into several bins of
|∆ηjj |. The binning has been chosen by testing it on the Asimov dataset and it was decided to
define 5 bins in bdt response, 4 in |∆ηjj | and 14 in ∆φjj , for a total of 280 bins. The procedure is
illustrated in Table 6.7 and shown in Figure 6.13.

1The significance Z0 is approximated as
√

2((s+ b) ln(1 + s/b)− s), where s indicates the signal events and b the
background ones.
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Bin bdt response range
1 wbdt < −0.86
2 −0.86 < wbdt < −0.72
3 −0.72 < wbdt < −0.58
4 −0.58 < wbdt < −0.44
5 −0.44 < wbdt < −0.3
6 −0.3 < wbdt < −0.22
7 −0.22 < wbdt < −0.14
8 −0.14 < wbdt < −0.06
9 −0.06 < wbdt < 0.02
10 0.02 < wbdt < 0.1
11 0.1 < wbdt < 0.16
12 0.16 < wbdt < 0.22

Bin bdt response range
13 0.22 < wbdt < 0.28
14 0.28 < wbdt < 0.34
15 0.34 < wbdt < 0.4
16 0.4 < wbdt < 0.46
17 0.46 < wbdt < 0.52
18 0.52 < wbdt < 0.58
19 0.58 < wbdt < 0.64
20 0.64 < wbdt < 0.7
21 0.7 < wbdt < 0.76
22 0.76< wbdt < 0.82
23 0.82 < wbdt < 0.88
24 wbdt > 0.88

Table 6.6: Maps of the binning of the fitting variable for the signal strength measurement. Taken from
[183].

Figure 6.12: Binning of the fitting variable for the signal strength measurement of ggf +2jet. The x-axis
shows the bin numbers.

As can be seen in Figure 6.13, the amount of mc in each bin is not always optimal. Indeed, several
bins contain a negative amount of events in one of the samples2, and others feature a sum of all
background events smaller than one event. Both scenarios can cause instability in the fit, so a bin
merging strategy is applied.

Starting from the rightmost bin of the unrolled distribution, bins are merged with the bin on their
left until both the conditions that there is no less than one mc event and that there are no negative
entries in a mc sample in the merged bin, are fulfilled. If the very first of a bdt distribution requires
merging, the bin is merged with the first neighboring one on the right. An example of the merging
strategy is shown in Figure 6.14. This procedure reduces the number of bins from 280 to 184 bins
and the resulting distribution is shown in Figure 6.15.

2Negative entries are due to negative generator weights.
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Bin bdt response range
1 wbdt < −0.3
2 −0.3 < wbdt < 0.1
3 0.1 < wbdt < 0.4
4 0.4 < wbdt < 0.7
5 wbdt > 0.7

(a)

Bin |∆ηjj | range
1 |∆ηjj| < 1.0
2 1.0 < |∆ηjj| < 2.0
3 2.0 < |∆ηjj| < 3.0
4 |∆ηjj| > 3.0

(b)

Bin ∆φjj response range
1 ∆φjj < 2π/14
2 2π/14 < ∆φjj < 4π/14
3 4π/14 < ∆φjj < 6π/14
4 6π/14 < ∆φjj < 8π/14
5 8π/14 < ∆φjj < 10π/14
6 10π/14 < ∆φjj < 12π/14
7 12π/14 < ∆φjj < π

(c)

Bin ∆φjj response range
8 π < ∆φjj < 16π/14
9 16π/14 < ∆φjj < 18π/14
10 18π/14 < ∆φjj < 20π/14
11 20π/14 < ∆φjj < 22π/14
12 22π/14 < ∆φjj < 24π/14
13 24π/14 < ∆φjj < 26π/14
14 ∆φjj > 26π/14

(d)

Table 6.7: Binning for the bdt response (a), |∆ηjj | (b) and ∆φjj (c-d) in the unrolled fitting variable for
the cp measurement. Taken from [183].

Figure 6.13: Binning of the fitting variable for the cp measurement. The x-axis shows the bin numbers.
The different |∆ηjj |, bdt response and ∆φjj bins are indicated. The cp-even ggf mc sample is shown.
Taken from [183].
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Figure 6.14: Unrolling example from 2D to 1D for bins with less than 1 event and negative entries for any
mc sample. The red arrow shows the direction of the merging. In general, the empty bin is merged with the
neighboring one on the left side in the same bdt row, with the exception of the case when there is no left
bin, in that case, the empty bin is merged with the neighboring right bin, as happens in the first top row.
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Figure 6.15: The distribution of the bdt response versus ∆Φjj in 4 different ∆ηjj bins after merging all
bins with negative entries or with a few events.
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6.3 Statistical analysis

A maximum Likelihood fit, as described in Section 3.1.1 is used for the statistical interpretation
of the data. The fit is jointly performed on all sr and crs in order to simultaneously constrain
the poi, the normalization of backgrounds and the nps describing the systematic uncertainties.
The list of defined uncertainties in the Properties analysis can be found in Section 5.3. Each
uncertainty has a double effect on the mc sample is related to: it has a normalization component,
affecting only its yield, and a shape component, which changes the shape of the mc sample in a
specific distribution, but leaves untouched the yield. These two effects are parametrized by the
same np, but exceptions exist.

Contribution from ggf +0/1jet events
Due to the presence of pile-up jets or mis-measurements of jet energies, ggf +0/1jet events3 can
migrate into the ggf +2jets signal region. These ggf +0/1jet events are considered as background
since they are not sensitive to the cp nature of the effective Higgs-gluon coupling. The statistics
of the ggf +0/1jet templates are strongly limited, such that each ∆Φjj distribution within the
wbdt-∆Φjj-∆ηjj observables, is dominated by statistical fluctuations. To mitigate unphysical
behavior, the ggf +0/1jet background is assumed to have a flat ∆Φjj distribution (i.e. the bin
contents within every wbdt-∆ηjj region are set to the average value of the event yields of the
corresponding 14 ∆Φjj bins). To account for the lack of information on the ∆Φjj shapes, a flat
uncertainty of 100% is assumed on the ggf +0/1jet background contribution to the ggf +2jets
signal region.

A comparison of the distributions of the (wbdt-∆ηjj) observables for the ggf +2jets and ggf +0/1
jet production modes is shown in Figure 6.164.

Pruning procedure
An automatic parameter pruning procedure is applied to the likelihood function, in order to
simplify the convergence of the minimization procedure and to reduce the fit execution time.

• Normalization systematics producing a normalization effect smaller than 1.0% are neglected.
• Shape systematics neglected if the variation in none of the bins is greater than 1.0%.

The pruning is applied independently for each systematic uncertainty in each analysis region for
each process and may leave uncertainties with only one of the components (shape or normaliza-
tion).

After the Likelihood maximization is performed, the best-fit values for all the parameters are
extracted and used to build the post-fit model.

3The ggf +0/1jet contribution is defined as all gluon-fusion induced Higgs-boson events that do not have two or
more jets at particle level with pT > 30 GeV and |η| < 4.5

4The order of the bins in the following: the 5 bdt bins described in Table 6.13 (a) are repeated for the 4 bins of ∆ηjj
(Table 6.13(b)). The ggf +2jets wbdt individual distribution behaves as shown in Figure 6.11.



6

134 6. What: cp properties of the Higgs boson

bin number

E
v
e
n
ts

5

10

15 2≥
jets

Ne channel, µ+µ=13 TeV, es

ATLAS  Simulation Internal

ggF + 2 jets

ggF + 0/1 jets

bin number

5 10 15 20

R
a

ti
o

0.5

1

Figure 6.16: Comparison of the ggf +2jets and ggf +0/1 jet contributions to the signal region.

6.4 µggF rate measurement

The signal strength parameter of the ggf +2jets process is found to be

µggF+2jets = 0.5± 0.4(stat.)+0.7
−0.6(syst.)

and the post-fit distribution of the bdt weights is shown in Figure 6.17. In this measurement, the
contribution of vbf is fixed to the sm predictions. The post-fit event yields in the signal region
and the various control regions are presented in Table 6.8.

The µggF+2jets rate measurement precision is limited by the impact of systematic uncertainties, in
particular, to the ps and the matrix element modeling for the tt̄ process are limiting factors. On
top of this also the uncertainty of the b-jet reconstruction algorithm plays an important role, as
can be seen from the breakdown of uncertainties presented in Table 6.9.

In Table 6.9 only contributions larger than 0.01 are included in the breakdown. Given the correla-
tions among the individual components, the sum of these in quadrature may differ slightly from
the total uncertainty.

The measurement of µggF+2jets can also be performed when the vbf contribution is not fixed to the
sm. In this case a simultaneous fit ofµggF+2jets andµVBF results inµggF+2jets = 0.7± 0.4 (stat.)+0.8

−0.7 (syst.)
and µVBF = 0.3 ± 0.4 (stat.) ± 0.4 (syst.) respectively. The two signal strengths have a linear
correlation coefficient of −0.34. The 2-dimensional fit result is also shown in Figure 6.18, where
the red star indicates the sm prediction, and the black star indicates the observed best-fit values.
Additionally, the 68% and 95% cl contours are shown as a solid and dotted line respectively.
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Figure 6.17: Post-fit distribution of the bdt response observable presented in the four |∆ηjj | categories
of the ggF + 2 jets signal region, with signal and background yields fixed from the fit for µggF+2jets. Data-
to-simulation ratios are shown at the bottom of the plot. The shaded areas depict the total uncertainty.
The distributions of the ggF + 2 jets and VBF processes are overlaid with their respective contributions
multiplied by 50.

Process Top CR WW CR Z → ττ CR SR
ggf + 2jets 20± 20 < 0.1 10± 10 60± 80

ggf + 0/1 jets 4± 1 < 0.1 3± 1 40± 20

vbf 8± 1 < 0.1 7± 1 70± 10

Other Higgs 6± 3 2± 1 20± 10 30± 10

tt̄,Wt 17800± 200 3100± 500 390± 60 2300± 300

WW 180± 80 1400± 500 200± 70 1200± 400

Z+jets 220± 30 16± 3 1960± 70 1000± 100

W+jets 600± 200 140± 30 90± 20 390± 80

Non-WW dibosons 40± 30 100± 30 120± 50 240± 80

Observed 18886 4778 2800 5209

Table 6.8: Post-fit event yields in the signal and control regions obtained from the study of the signal
strength parameter µggF+2jets. The quoted uncertainties include those from theoretical and experimental
systematic sources and those due to sample statistics. The fit constrains the total expected yield to the
observed yield.
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Source error contribution on µggF+2jets

Data statistical uncertainty 0.41

sr statistical uncertainty 0.38

cr statistical uncertainty 0.07

Total systematic uncertainty 0.68

MC statistical uncertainty 0.13

Theoretical uncertainty 0.44

Top-quark bkg. 0.33

ggF signal 0.13

WZ , ZZ , Wγ, Zγ bkg. 0.16

WW bkg. 0.1

Z/γ∗ bkg. 0.05

VBF bkg. 0.06

Experimental uncertainty 0.36

b-tagging 0.33

Modelling of pile-up 0.17

Jets 0.04

Misidentified leptons 0.11

Luminosity 0.03

Total 0.82

Table 6.9: The contributions of the individual systematics grouped into categories together with the data
statistical uncertainties in the observed fit of the µggF+2jets signal strength. The theoretical and experimental
uncertainties are subdivided further in categories.
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Figure 6.18: 68% and 95% cl two-dimensional Likelihood contours of the coupling strength parameters
µggF+2jets and µVBF for a fit to the atlas data within the ggF + 2 jets sr. The best-fit point is represented
as a black star, while the SM prediction is represented by a red star. The signal strength parameters of
the ggF + 2 jets and VBF processes are determined to be µggF+2jets = 0.7 ± 0.4 (stat.)+0.8

−0.7 (syst.) and
µVBF = 0.3 ± 0.4 (stat.) ± 0.4 (syst.) respectively, with a linear correlation coefficient of −0.34.
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6.5 Measurement of the cp properties of the Higgs boson

In order to retrieve the cp information, the values of the nll (Section 3.1.1) are evaluated at
fixed values of tan(α), with a step size of 0.2 between the scenarios. The minima of all fits are
consistent with zero, i.e. the sm hypothesis. If only the shape information is used, the data are
not sensitive enough to provide 68% cl intervals on tan(α), as can be seen from Figure 6.19
(a). The fit configuration that uses both shape and rate information provides a best-fit value of
tan(α) = 0.0 ± 0.4 (stat.) ± 0.3 (syst.) for both the fits to data and to Asimov data as shown
Figure 6.19 (b). The observed sensitivity is slightly worse than the expected sensitivity due to
lower-than-expected signal yields, consistent with a signal strength value below unity. Hence,
the fit to the observed data does not provide a 95% cl interval. The relative impact of the main
uncertainties on the measurement of tan(α) is presented in Table 6.10.

The uncertainty on the tan(α) measurement is dominated by the limited data statistics, contrary
to the µggF+2jets measurement, where the fitted distribution contains far fewer bins. Another big
source of uncertainty is represented by theps and matrix element modeling of the tt̄ background, as
well as the one on the b−jets reconstruction algorithm, similarly as for the µggF+2jets measurement.
uncertainty on the measurement.
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Figure 6.19: Expected and observed Likelihood curves for scans (a) over tan(α) where only the shape is
taken into account in the fit, and (b) over tan(α) when both shape and normalisation are used.

The post-fit fitted estimate of the distribution of (wbdt-∆Φjj-∆ηjj) is shown in Figures 6.21 and
6.22 in bins of |∆ηjj |. The plots show the ratio between observed data and prediction, from which
a good agreement can be inferred.

The two-dimensional 68% and 95% cl Likelihood contours of the scan over the cp-even and
cp-odd coupling strength parameters κgg cos(α) and κgg sin(α), exploiting both shape and rate
information, are presented in Figure 6.23. The best-fit values observed in the data are consistent
with the SM predictions at the 68% cl, while |κgg cos(α)| values above 1.6 and |κgg sin(α)| values
above 1.1 are excluded at 95% cl.5

5Precise measurements of the inclusive ggf cross section give tighter constraints on the individual parameters [184],
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Source error contribution on tan(α)
Data statistical uncertainty 0.4

sr statistical uncertainty 0.33

cr statistical uncertainty 0.10

Total systematic uncertainty 0.28

MC statistical uncertainty 0.14

Theoretical uncertainty 0.23

Top-quark bkg. 0.15

ggF signal 0.14

WZ , ZZ , Wγ, Zγ bkg. 0.06

WW bkg. 0.06

Z/γ∗ bkg. 0.016

VBF bkg. 0.015

Experimental uncertainty 0.21

b-tagging 0.16

Modelling of pile-up 0.10

Jets 0.07

Misidentified leptons 0.04

Luminosity 0.034

Total 0.5

Table 6.10: Breakdown of the main contributions to the total uncertainty in tan(α) based on the fit that
exploits both shape and rate information. Individual sources of systematic uncertainty are grouped into
either the theoretical or the experimental uncertainty. The sum in quadrature of the individual components
differs from the total uncertainty due to correlations between the components.

The measurements presented in this Chapter can obviously be further improved in the future.

As for many other analyses in atlas, the modeling of complex processes like tt̄, can represent
a main source of uncertainty. For this reason, a continuous effort is made by the pmg (Physics
Modelling Group), to develop, validate and correct mc modeling. This effect could reduce the
differences among the nominal and alternative mc sample generators, leading to smaller generator-
related uncertainties, as described in Section 5.3.1. In the case of the Properties analysis, the
uncertainty is calculated as the difference between Powheg-Box + Pythia and Sherpa to extract
differences in the matching between the matrix element and ps.

In order to reduce the uncertainty linked to the b−jets reconstruction algorithm and to improve
its performance, the MV2c10 [84, 85] approach, mentioned in Section 4.3.3, is going to be
replaced with a neural network discriminant algorithm, DL1r [66, 86] (which is already used in
the Couplings analysis). According to [86], for a b-tagging efficiency of 85%, the MV2c10 used in
the Properties analysis has a rejection factor for light-jets of 25, while DL1r results is a factor of
29. This difference translates into an improvement of rejecting light-jets of 16% when upgrading
the b-jet tagging algorithm.

due to its dependence on κ2
gg

cos2(α) and κ2
gg

sin2(α).
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Figure 6.20: Expected and observed Likelihood curves for a scan over the cp-mixing angle α when both
shape and normalization are used in the fit.

Finally, the collection of new data can strongly reduce the impact of limited data statistics. The
current data statistics uncertainty can be reduced by a factor of 2 going from 36 fb−1, the partial
Run 2 dataset used in this analysis, to 139 fb−1, which corresponds to the full Run 2 dataset.
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Figure 6.21: Post-fit distribution of the wbdt-∆Φjj-∆ηjj variable in the range of 0<|∆ηjj |<1 and 1<|∆ηjj
|<2. The total uncertainty is shown.
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Figure 6.22: Post-fit distribution of the wbdt-∆Φjj-∆ηjj variable in the range of 2<|∆ηjj |<3 and |∆ηjj
|>3. The total uncertainty is shown.
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7
What: Couplings measurement of the sm

Higgs boson
In this Chapter the measurement of the ggf and vbf Higgs signal strength, and inclusive sections
with theH→WW ∗→ ℓνℓν decay mode is presented. The study is performed using the full Run 2
integrated luminosity of 139 fb−1, taken by the atlas detector in the years 2015 through 2018 at
the center-of-mass energy

√
s = 13 TeV. In Section 7.1 the strategy of the analysis and the event

selection procedure is described. Following that an illustration of the statistical methods used is
presented, where the pruning is also treated, in Section 7.2. Then Section 7.3 presents the results
of the analysis. The Chapter closes with the display of four events candidates as they are seen by
the atlas detector, in Section 7.4.
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7.1 Strategy and event selection

To perform the Couplings analysis, final states corresponding to the production of the Higgs
boson via ggf and vbf with subsequentH→WW ∗→ ℓνℓν decay are selected thanks to the trigger
defined in Section 5.1.

Preselection
On top of this, preselection cuts (apart from object definitions) on the candidate events are applied.
In order to be selected for the analysis, the candidates need to have:

• exactly two charged light leptonswith opposite electrical charge and different flavor (eµ+µe).
This requirement suppresses Z+jets background,

• no additional lepton, defined with looser identification criteria1, and with pT >15 GeV to
ensure orthogonality to the VH analyses with 3l and 4l final states,

• pleadT >22 GeV, psubleadT >15 GeV. These cuts are dictated by experimental triggers and efficiency
in rejection of theW+jets and qcd backgrounds,

• mℓℓ >10 GeV, which suppresses backgrounds from low-mass resonances such as J/Ψ and
dy processes,

• pmiss
T > 20 GeV, to significantly reduce both the Z → ττ background and the multi-jet

backgrounds with misidentified leptons, when targeting the ggf production mode,
• Events containing b-jets with pT > 20 GeV are vetoed to reject background from top-quark
production.

After these cuts, a split into subsamples with different jet multiplicities (Njet) is performed and
different Emiss

T selections are applied. Figure 7.1 shows the jet multiplicity distribution at the
preselection level. The different background compositions as a function of jet multiplicity motivate
the division of the data sample into Njet categories, which are further subdivided into separate
srs. Four main analysis categories are defined: the Njet =0 category targeting the ggf production
mode described in Section 7.1.1, theNjet =1 category targeting the ggf production mode described
in Section 7.1.2, the Njet ≥ 2 category targeting the vbf production mode described in Section
7.1.3, and the Njet ≥ 2 category targeting the ggf production mode described in Section 7.1.4. It is
worth mentioning that not only the background composition provides a good reason to split in jet
multiplicity, but also the change of signal kinematics. When the Higgs is produced via ggf, with
no associated jets, its transverse momentum is small, in contrast with Higgs boson events in the
Njet =1 bin, where a fair amount of traverse momentum is present to balance the pT of the jet.

The additional selection criteria used to define the analysis srs are described separately for each
category of events below, while Table 7.1 provides a summary of the full set of sr selections.

1These looser working points are defined similarly as in Chapter 5.1. The differences are the isolation working
points FixedCutLoose for both lepton flavors and the quality and likelihood working points Medium for muons
and electrons.



7

7.1. Strategy and event selection 145

0

100

200

300

400

500

600

310×

E
v
e
n
ts

 Data  Uncertainty

ggFH VBFH 

H Other Wt/tt 

WW *γZ/ 

 Mis-Id )V(VV Other 

ATLAS
-1

 = 13 TeV, 139 fbs

νµνe →* WW → H

Preselection

0 1 2 3 4 5 6

jet
N

0.9

1

1.1

D
a

ta
 /
 P

re
d
. 

Figure 7.1: Jet multiplicity distribution, after applying the preselection criteria (pre-fit normalizations).
The hatched band shows the normalization component of the total pre-fit uncertainty, assuming sm Higgs
boson production. The various background components are discussed in more detail in Section 4.2.

Category Njet,(pT>30 GeV) = 0 ggF Njet,(pT>30 GeV) = 1 ggF Njet,(pT>30 GeV) ≥ 2 ggF Njet,(pT>30 GeV) ≥ 2 VBF

Preselection

Two isolated, different-flavor leptons (ℓ= e, µ) with opposite charge
pleadT > 22 GeV , psubleadT > 15 GeV

mℓℓ> 10 GeV
pmiss
T > 20 GeV

Background rejection
Nb-jet,(pT>20GeV) = 0

∆φℓℓ,Emiss
T

> π/2 mττ <mZ − 25 GeV
pℓℓT > 30 GeV max

(

mℓ
T
)

> 50 GeV

H→WW ∗→ eνµν

topology

mℓℓ< 55 GeV
∆φℓℓ< 1.8

fail central jet veto
or central jet veto

fail outside lepton veto outside lepton veto
|mjj − 85| > 15 GeV mjj > 120 GeV

or
∆yjj > 1.2

Discriminating fit variable mT DNN

Table 7.1: Event selection criteria used to define the srs in the H→WW ∗→ eνµν analysis. All the
variables are defined in the text.
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7.1.1 The Njet =0 category

In this category, the absence of a jet implies that the Emiss
T vector and the ∆φℓℓ direction point

away from each other: this reasoning justifies the ∆φℓℓ,Emiss
T

> π/2 cut. Given that the charged
leptons are emitted preferably in the same direction due to spin-correlations (Section 4.1.1) their
combined transverse momentum is expected to be large. The requirement of pℓℓT > 30 GeV reduces
dy events in which the two leptons are emitted back-to-back ( in which case pℓℓT is small). To
further reduce the dy and WW background, cuts on mℓℓ(< 55 GeV) and on ∆φℓℓ(< 1.8) are
applied.

Themℓℓ and∆φℓℓ selections in theNjet =0 category with indicated by dashed lines in Figures 7.2(a)
and 7.2(b), with an arrow at the top pointing to the region that is selected. The bottom panels
show the normalized distributions for the signal and backgrounds, from which it can be inferred
which background processes are primarily removed by the indicated selections. The Njet =0 sr is
further split into four regions that are later used in the fit to extract the signal, with boundaries in
mℓℓ as well as in the pT of the sub-leading lepton at psubleadT = 20 GeV.

WW control region
The background from continuum qqWW → lνlν production is normalized using a control region
that differs from the signal region in the selection of the di-lepton invariant mass. The region used
for theWW control region is 55 < mℓℓ < 110 GeV. An additional cut ∆φℓℓ < 2.6 reduces the
Z → ττ contamination. TheWW control region is used to normalize the qqWW background
to the data. The associated scale factor is evaluated by subtracting the mc predicted non-qqWW

backgrounds and the predicted signal (1% of the expected yield in the control region) from the
data events and taking the ratio of the remaining data yield to the predicted qqWW yield. This
ratio is used to correct the qqWW contribution predicted by the mc generator in the signal region.
The resulting normalization factor is 1.094 ± 0.012 (stat.). The control region is dominated by
WW production and has a purity of ∼ 67%. Modeling of key kinematic distributions, including
the variables which define the signal region, are presented in Figure A.1 in Appendix ⁇ for the
WW Njet = 0 control region, with the normalization factors applied.

Top control region
Top events are strongly suppressed by the jet and b-jet vetoes in the Njet =0 category but are still
significant because of the large cross-section. The Top cr definition makes use of the b-tagging
requirement on the sub-threshold jets. Specifically, Nb-jet,(pT>20GeV) > 0 is required (at least one
jet 20 < pT < 30 needs to identify as a b-jet). The remaining selection is as for the signal region,
except that the cut onmℓℓ is dropped and the cut on∆φℓℓ is loosened. The resulting normalization
factor is 1.023 ± 0.011 (stat.). The purity of the Top cr is 89%. Distributions for some of the
characteristics variables in this cr are shown in Figure A.2 in A forNjet =0, with the normalization
factors applied.

Z → ττ control region
For the Z → ττ cr the following cuts are applied: ∆φℓℓ > 2.8, mℓℓ < 80 GeV, and b-jets veto.
These additional requirements separate Z → ττ control region from the signal region, in a way
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Figure 7.2: Distributions of mℓℓ (a) and ∆φℓℓ (b) in the Njet =0 category as well as mℓℓ (c) and ∆φℓℓ (d) in
the Njet =1 category, after the preselection and background rejection steps, and also after the selection
on mℓℓ for the ∆φℓℓ plots. The dashed lines indicate where the selection on the observable is made.
The distributions are normalised to their nominal yields, before the final fit to all srs and crs (pre-fit
normalisations). The hatched band shows the normalisation component of the total pre-fit uncertainty,
assuming sm Higgs boson production. The bottom panels show the normalised distributions for the signal
and backgrounds, from which it can be inferred which background processes are primarily removed by the
indicated selections.

that results in a control region that is completely dominated by Z → ττ background. The purity
of this control region, defined as a fraction of the Z → ττ component of the total expectation, is
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94%. The Z → ee/µµ component is only 1.5% of the total dy yield. The resulting normalization
factor is 0.9497 ± 0.0027 (stat.). Distributions for some of the characteristics variables in the
Z → ττ cr are shown in Appendix A Figure A.3 for Njet =0, with the normalization factors
applied.

Same-sign validation region
In all of theH→WW ∗→ ℓνℓν validation regions, the charges of lepton pairs are required to have
the opposite sign (OS), because the sm Higgs boson is neutral and decays to a pair of oppositely
chargedW bosons. Requiring same sign (SS) leptons (−− or ++) rejects the signal and theWW ,
Top, and Z/γ∗ → ee/µµ/ττ backgrounds, leaving the only “Non-WW” diboson backgrounds
(Wγ, Wγ∗, WZ , and ZZ), along with W+jets. Therefore, kinematic regions with same-sign
requirements could be used to validate the estimation of these backgrounds. The contribution of
the ZZ(∗) background is not completely symmetric between OS and SS because of the contribution
from events in which both the leptons come from the decay of one of the Z(∗) bosons to τ leptons.
However, the ZZ(∗) process is almost negligibly small in the eµ/µe SS cr and srs, it is only 0.2%
of the expected background in the Njet =0 srs and less than 0.2% of the expected background in
the CR. The other dominant process which contributes to the SS region isW+jets, with one fake
lepton. Its contribution is not symmetric between SS and OS but it can be predicted separately
for each of the SS and OS regions using the procedure described in Section 5.4.1. The same-sign
region is built from the events passing all the signal region cuts, including the ∆φℓℓ requirement,
but with the opposite sign requirement replaced by a same-sign one.

In Figure 7.3 the scheme of the selection criteria for the Njet =0 regions is depicted. Arrows are
labeled with the cuts that are applied when moving from one region to another. Bold text indicates
that a cut provides orthogonality between regions. A cut is crossed out if it is removed when
going from one region to another.

7.1.2 The Njet =1 category

For the Njet =1 category, a new variablemℓi
T is defined for a single lepton ℓi:

mℓi
T =

√

2 pℓiT · Emiss
T · (1− cos∆φ (ℓi, Emiss

T )),

where ℓi can be either the leading or the sub-leading lepton. mℓi
T tends to have small values for

the dy background and large values for the signal process. It also has small values for multi-jet
production, where misidentified leptons are frequently measured with an energy lower than the
jets from which they originate. Therefore, these backgrounds are substantially reduced with a
requirement of max

(

mℓ
T
)

> 50 GeV. A requirement ofmττ <mZ − 25 GeV, wheremττ is defined
in Section 4.4, significantly reduces the dy contribution and is applied in all categories with
Njet ≥ 1. The same ∆φℓℓ and mℓℓ selections as described in Section 7.1.1 are also applied in the
Njet =1 category and are illustrated in Figures 7.2(c) and 7.2(d), respectively. The bottom panels
show the normalised distributions for the signal and backgrounds, from which it can be inferred
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Figure 7.3:Visual representation of the cuts separating the srs and the crs for theNjet =0 analysis category.
Arrows are labeled with the cuts that are applied when moving from one region to another. Bold text
indicates that a cut provides orthogonality between regions. A cut is crossed out if it is removed when
going from one region to another. Units of GeV have been omitted. Adapted from [185].

which background processes are primarily removed by the indicated selections. The Njet =1 sr is
further split into four regions with the same boundaries as defined for the Njet =0 category.

WW control region
The qqWW background is normalized using a dedicated control region as for theNjet =0 analysis.
The control region is constructed after the cuts aiming to reject top and Z → ττ backgrounds.
These include: a veto of the events with b-jets with pT > 20 GeV, a cut on mW

T larger than
50 GeV,mττ required to be less thanmZ − 25 GeV and di-lepton invariant massmℓℓ required to
be greater than 80 GeV. The purity of theWW Njet =1 control region is only 34% and the derived
normalization factor for qqWW is 0.883 ± 0.015 (stat.). Modeling of key kinematic distributions,
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including the variables which define the signal region, are presented in Appendix A in Figure A.4
for theWW Njet =1 control region, with the normalization factor applied.

Top control region
In the Njet =1 category, the normalization of the top-quark background is determined from a
control region distinguished from the signal region by requiring that the one jet with pT > 30 GeV
is b-tagged. A b-veto on the 20 GeV < pT < 30 GeV jets is also applied resulting in a similar tt̄/Wt

ratio than for the signal region. The purity of the cr is about 98%. The normalization factor is
1.021 ± 0.004 (stat.). Distributions for some of the characteristic variables in the Top-quark cr
are shown in Appendix A in Figure A.5 for Njet =1.

Z → ττ control region
The Z → ττ control region is defined using events passing the nominal analysis selection for
Njet =1 and including the b-jet veto and the max(mW

T ) requirement, except that the Emiss, track
T

requirement is dropped. The control region is then defined as the events withmℓℓ < 80 GeV and
failing theZ → ττ veto,mττ > mZ−25GeV. The purity of this control region is 76%. The resulting
normalisation factor for the Z → ττ mc prediction is 0.882 ± 0.011 (stat.). The Z → ee/µµ

component is only 3.0% of the total dy yield. Distributions for some of the characteristics variables
in the Z → ττ cr are shown in Appendix A in Figure A.6 for Njet =1.

Same-sign validation region
A Njet =1 (SS) validation region is defined with the same principles as the Njet =0 SS region. It is
built from the events passing all the signal region cuts (including the ∆φℓℓ requirement) with the
opposite sign requirement replaced by the same sign one. In Figure 7.4 the scheme of the cuts for
the Njet =1 regions is depicted. Arrows are labeled with the cuts that are applied when moving
from one region to another. Bold text indicates that a cut provides orthogonality between regions.
A cut is crossed out if it is removed when going from one region to another.

7.1.3 The vbf-enriched Njet ≥ 2 category

The kinematics of the Higgs boson produced by vbf is characterized by the presence of (at least)
two jets predominantly emitted in the forward region. Low levels of hadronic activity between
these jets are registered due to the mediating weak bosons that do not exchange color charge. In
order to construct a sr enriched in this vbf topology, events are rejected if they contain either
additional jets with pT > 30 GeV that lie in the gap between the two tagged jets in pseudo-rapidity
(cjv), or if either lepton outside the gap between the two tagged jets in pseudo-rapidity (outside-
lepton veto (olv)). Furthermore, the invariant mass of the two leading jets,mjj , is required to be
above 120 GeV to ensure orthogonality with analyses targeting the V (→ qq)H production mode.
The events in this category are analyzed using a deep neural network (dnn) that is implemented
through Keras [186] and TensorFlow [187], considering vbf Higgs boson production as signal and
the rest of the processes as background (including the other Higgs boson production processes).

Signal discrimination with dnn
Similarly for what has been done for the Properties analysis, theCouplings one uses a machine
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Figure 7.4:Visual representation of the cuts separating the srs and the crs for theNjet =1 analysis category.
Arrows are labeled with the cuts that are applied when moving from one region to another. Bold text
indicates that a cut provides orthogonality between regions. A cut is crossed out if it is removed when
going from one region to another. Units of GeV have been omitted. Cuts based on the mass of the Z boson
have been shortened, i.e. mZ − 25GeV ≈ 66GeV ≡ 66. Adapted from [185].

learning technique to take advantage of multiple discriminating variables for the vbf production
mode. The bdt approach was deprecated in favor of the dnn [188]. Studies confirmed that the
dnn approach in case of large enough datasets can exploit high statistics training samples better
than the bdt can.

The dnn used is an artificial feed-forward network [189]. What characterizes this type of machine
learning algorithm is the presence of one or more layers, on which nodes are arranged. In
this specific case, the layers have {15, 256, 128, 64, 32, 16, 8, 1} nodes, and adjacent layers are
connected by edges. There is a weight associated with each edge and a bias assigned for each
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node. Similar to the bdt, the goal of the training is to adjust weights and biases such that signal
events are assigned an output value of 1 and background a value of 0.

Also in this case, a cross-evaluation approach is chosen where the training data is split in two
and each half trains a different model. After multiple studies, 15 observables have been chosen as
input to the dnn, after checking their modeling with mc simulation in comparison to data. The
observables chosen can be classified as

• kinematic variables linked to the vbf topology: mjj , the difference between the two jet
rapidities (∆yjj), the lepton η-centrality (ηcentralityℓ , where Cℓ = |2ηℓ −

∑

ηj|/∆ηjj) as
defined in Section ⁇, the pT of the three leading jets (pjet1T , pjet2T , pjet3T , where pjet3T is set to
0 GeV if there is no third jet in the event), and the invariant masses of all four possible
lepton–jet pairs between the leptons and the two leading jets (mℓ1j1,mℓ1j2,mℓ2j1,mℓ2j2).

• kinematic variables regarding the H→WW ∗→ eνµν topology: mℓℓ, ∆φℓℓ, andmT

• variables to reject tt̄ events: ptotT , Emiss
T significance, which provides separation between events

with undetected high-pT particles and events where the Emiss
T is the result of resolution

effects [91].

The observables providing the best discrimination between signal and background aremjj and
∆yjj , and their distributions in the Njet ≥ 2 vbf sr are shown in Figure 7.5.
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Figure 7.5: Distributions of mjj (a) and ∆yjj (b) in the Njet ≥ 2 vbf sr. The solid line shows the expected
vbf signal scaled by a factor of 50. The signal and background yields are normalized to the output from
the final fit to all srs and crs. The hatched band shows the normalization component of the total post-fit
uncertainty, assuming sm Higgs boson production. The last bin of the distributions is inclusive (it includes
the overflow).

The dnn output reflects the compatibility of an event with having vbf-like kinematics and thus
is used as a classifier, with the signal purity improving as the output value increases. The dnn
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bin boundaries in the vbf sensitive range are chosen with an algorithm that aims to split the
bins as finely as possible, while also requiring at least 10 expected signal and background events
each per bin as well as a maximum relative statistical uncertainty on the background of 20%. This
yields smaller bin widths on average for larger values of the dnn output, resulting in a total of
7 bins. In the bin with the highest dnn output, the expected vbf signal-to-background ratio is
approximately 2.

Correlation among observables
In addition to verifying that each training observable is well-modeled, the modeling of correlations
among the dnn training observables have been investigated. For any two training observables Xi

and Xj used in the dnn, distributions of 〈Xi〉 vs Xj as well as 〈Xj〉 vs Xi are plotted for the data
and the mc model. Figure 7.6 presents the correlations of each pair of the training variables for the
low dnn validation region (dnn < 0.25) at the vbf preselection stage. The dedicated normalization
factors derived at this cut stage (see above) are applied. The profile plots compare the data (black)
and mc model (red). The data/mc agreement is quantified using a simple χ2 calculation. All
uncertainties are statistical only. The canvas frame colour for each plot encodes the χ2 probability
p(χ2) from the comparison: green represents p > 0.05, yellow represents 0.005 < p < 0.05, and
red represents p < 0.005. The fact that the latter case happen 13 times out of 210 times (when
only a single case is expected) is not worrying. By looking more in detail at the red plots, it is
clear that the agreement is qualitatively good, and that the low p− value is mainly due to the fact
that no systematics are included in the calculation.

Top control region
The Top cr is defined as exactly the same as the sr, with the b-jet veto replaced by requiring
exactly one b-tagged jet (Nb−jet = 1). The reason for Nb−jet = 1 instead of an inclusive b-tagged
region is to bring the flavour composition of tag jets closer to the b-vetoed sr. The obtained nf is
1.00 ± 0.01 (stat.), while the purity of the top control region is of about 97%. The modeling of
some of the dnn training observables in the Top cr are shown in Figure A.10 in Appendix A. The
dnn distribution in the Top cr is presented in Figure 7.7 with a uniform binning (top) and with
the binning as used in the fit (bottom).

Z → ττ control region
The Z → ττ control region is defined as the vbf SR, but with an inverted Z → ττ veto (|mττ −
mZ | < 25) that selects a mass around the Z-peak, and ensures the orthogonality to the SR.
Additionally, a cut on mll < 70 GeV is applied to purify the region. The obtained Z → ττ nf
is 1.00 ± 0.03 (stat.), while the purity of the Z → ττ control region is 77%. The modeling of
some of the dnn training observables in the Z → ττ cr is shown in Figure A.11 in Appendix A.
The dnn distribution in the Z → ττ cr is shown in Figure 7.8 with a flat bin (top) and with the
binning as used in the fit (bottom).

In Figure 7.9 the scheme of the cuts for the vbf-enriched Njet ≥ 2 regions is depicted. Arrows
are labeled with the cuts that are applied when moving from one region to another. Bold text
indicates that a cut provides orthogonality between regions. A cut is crossed out if it is removed
when going from one region to another.
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Figure 7.6: Correlation plots of dnn training variables for the low dnn validation region (dnn < 0.25).
Distributions of 〈Xi〉 vs Xj as well as 〈Xj〉 vs Xi are shown for each pair of training variables in the dnn
at the vbf pre-selection stage. The black points show the data profiles, the red points show the profiles of
the mc model. The canvas frame colour for each plot encodes the χ2 probability p(χ2) from the comparison:
green represents p > 0.05, yellow represents 0.005 < p < 0.05, and red represents p < 0.005. The
uncertainties are statistical only. If you are reading the paper version and you want to zoom in scan the QR
Code in Figure 7.6 with your mobile device.

7.1.4 The ggf-enriched Njet ≥ 2 category

The Njet ≥ 2 events that are not selected in the vbf-enriched category are considered for the
measurement of ggf production. The ggf-enriched category is forced to be mutually exclusive
to the vbf-enriched category by requiring events to fail either the cjv or the olv. Furthermore,
V (→ qq)H production is suppressed by rejecting events in a region defined by |mjj − 85| ≤
15 GeV and ∆yjj ≤ 1.2. The same ∆φℓℓ and mℓℓ selections as described in Section 7.1.1 are
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Figure 7.7: The dnn distribution in the Top cr with a binning that ensures the signal is not unblinded
(left) and the unblinded region with a finer binning (right). The yellow band represents the mc statistical
uncertainties and the main sources of experimental uncertainties.

also applied in the ggf-enriched Njet ≥ 2 category and are shown in Figures 7.10(a) and 7.10(b),
respectively, together with themττ selection in Figure 7.10(c), where an arrow at the top points
to the region retained. The bottom panels show the normalized distributions for the signal and
backgrounds, from which it can be inferred which background processes are primarily removed
by the indicated selections. The ggf-enriched Njet ≥ 2 sr is further split into two regions that are
later used in the fit with a boundary atmℓℓ = 30 GeV.

WW control region
The WW cr is defined by requiring: Emiss, track

T > 20GeV, Z → ττ veto mττ < (mZ − 25)GeV,
mℓℓ > 80GeV, andmT2 > 165GeV, wheremT2 is used in decay chains with two resonances, that
both partly decay into invisible particles. It takes as input the four vectors of the visible particles
”vis” and the neutrinos from resonance 1 and 2 to calculate a transverse mass:

mT2 = min
~pT,ν1+~pT,ν2=

~Emiss
T

(

max(m2
T(p

µ
vis1 , p

µ
ν1
), m2

T(p
µ
vis2 , p

µ
ν2
))
)

.

The variable itself represents a lower bound on the mass of the parent particle, and can therefore
be used to separate WW from top quark pair events. Further details can be found in [190].
Failure to pass either the olv or the cjv is required to veto vbf events, and ∆yjj > 1.2 or
|mjj − 85GeV| > 15GeV to veto VH events. Orthogonality with the sr is achieved by inverting
the cut on mℓℓ. The NF for qqWW (ggWW is not included in the NF) is 0.729 ± 0.083 (stat.),
while the purity of the region is 39%. Figure A.8 in Appendix A shows a comparison of data and
simulation for a number of kinematic variables in theWW region. The modeling is reasonably
good for this region.

Top control region
The top quark events are the most abundant background process even after applying a veto on
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Figure 7.8: The dnn distribution in the Z → ττ cr with a coarse binning and the signal stacked in the
last bin (left) and the unblinded region with a finer binning (right). The yellow band represents the mc
statistical uncertainties and the main sources of experimental uncertainties (JES/JER/MET/flavour-tagging).

VBF

SR

top

CR
Z/γ∗

CR

Nb-jets=1

mjj

Nb-jets=0

mjj >120

|mττ−mZ|<25

mll<70

mjj

mττ <66
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mjj >120

Nb-jets=1

mττ <66

Nb-jets=0

|mττ−mZ|<25

Figure 7.9: Visual representation of the cuts separating the srs and the crs for the vbf-enriched Njet ≥ 2
analysis category. Arrows are labeled with the cuts that are applied when moving from one region to
another. Bold text indicates that a cut provides orthogonality between regions. A cut is crossed out if it is
removed when going from one region to another. Units of GeV have been omitted. Cuts based on the mass
of the Z boson have been shortened, i.e. mZ − 25GeV ≈ 66GeV ≡ 66. Adapted from [185].

events with b-jets. This allows a cr to be defined for top quark processes without making a
requirement on b-tagged jets. The Top cr is defined as follows: Emiss, track

T is required to be greater
than 20 GeV, b-jet veto, a Z → ττ veto that is implemented as cut on mττ < (mZ − 25)GeV,
mℓℓ > 80GeV, and mT2 < 165GeV. On top of this, the events are required to fail either the olv
or the cjv to veto vbf events, and ∆yjj > 1.2 or |mjj − 85GeV| > 15GeV to veto VH events.
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Figure 7.10: Distributions of ∆φℓℓ (a), mℓℓ (b), and mττ (c) in the ggf-enriched Njet ≥ 2 category, after
requiring all selections up to the corresponding observable. The dashed lines indicate where the selection
on the observable is made. The distributions are normalized to their nominal yields, before the final fit
to all srs and crs (pre-fit normalizations). The hatched band shows the normalization component of the
total pre-fit uncertainty, assuming sm Higgs boson production. The bottom panels show the normalized
distributions for the signal and backgrounds, from which it can be inferred which background processes
are primarily removed by the indicated selections.

Since the b-tag requirement is the same as for the sr, the orthogonality with the latter is achieved
by inverting the cut on mℓℓ. Since top quark events populate the high mℓℓ region, the mℓℓ cut
is increased to mℓℓ > 80GeV, as was done in the Run 1 measurement [191]. The cut on mT2 is
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included to maintain orthogonality with theWW cr, which otherwise would be kinematically
identical to the Top cr. A nf for this region is found to be 1.05 ± 0.03 (stat.), while the purity for
this region is around 71%. Figure A.7 in Appendix A shows a comparison of data and simulation
for a number of kinematic variables in the b-veto Top cr. The modeling is fairly good for this
region.

Z → ττ control region
In the Run 1 measurement, this region was defined after the b-veto, with the requirement that
mℓℓ < 70GeV and ∆φℓℓ > 2.8, as well as requiring that events fail either the cjv or olv cuts. The
cr was around 73% pure in Z/γ∗ → ττ events and had a NF of 1.02 ± 0.09 (stat.). For the full
Run 2 analysis, some modifications are made to this definition of the Z/γ∗ → ττ cr, in order to
improve purity, modeling, and the nf uncertainty. Themℓℓ requirement is made identical to the sr
since this cut results in a nf closer to unity. The ∆φℓℓ cut is removed due to mismodeling of the
∆φℓℓ spectrum at high ∆φℓℓ. The cr is defined then by requiring no b−jets, an inverse Z → ττ

veto (mZ − 25) < mττ ,mℓℓ < 55GeV, together with the vbf veto and VH veto in the same way
of the other two crs. Orthogonality with the sr is achieved by making the inverse cut on mττ .
The vbf and VH vetos are applied to maintain orthogonality with the vbf and VH analyses. The
nf is found to be 0.898 ± 0.020, while the purity for this region is around 76%. Figure A.9 in
Appendix A shows a comparison of data and simulation for a number of kinematic variables in
the Z/γ∗ → ττ cr.

In Figure 7.11 the scheme of the cuts for the ggf-enriched Njet ≥ 2 regions is depicted. Arrows
are labeled with the cuts that are applied when moving from one region to another. Bold text
indicates that a cut provides orthogonality between regions. A cut is crossed out if it is removed
when going from one region to another.

7.2 Statistical analysis

Results are obtained from a profile likelihood fit to data in the srs and crs. The included uncertain-
ties are described in Section 5.3. Experimental uncertainties affecting both signal and background
are in general modeled as correlated between srs and crs in all analysis categories. Theoretical
uncertainties on the backgrounds and the background nfs are assumed to be uncorrelated between
different analysis categories.

ThemT distribution is used as the final discriminant in each of four regions, defined bymℓℓ and
sub-leading lepton pT in both the Njet =0 and Njet =1 categories, as described in Sections 7.1.1
and 7.1.2. The samemT distribution binning [0-90, 90-100, 100-110, 110-120, 120-130, 130-∞] is
used in all regions. The sr in the ggf-enriched Njet ≥ 2 category is split in two bins of mℓℓ, but
there is no split in sub-leading lepton pT. In both regions, the mT distribution is divided in six
bins with the same boundaries as for the Njet =0 and Njet =1 categories. For the vbf-enriched
Njet ≥ 2 category, the dnn output is used as the discriminating variable. The distribution is divided
into seven bins: [0-0.25, 0.25-0.52, 0.52-0.68, 0.68-0.77, 0.77-0.83, 0.83-0.87, 0.87-1.00]. In the
context of the Couplings analysis, two different scenarios are studied:
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Figure 7.11: Visual representation of the cuts separating the srs and the crs for the ggf-enriched Njet ≥ 2
analysis category. Arrows are labeled with the cuts that are applied when moving from one region to
another. Bold text indicates that a cut provides orthogonality between regions. A cut is crossed out if it is
removed when going from one region to another. Units of GeV have been omitted. Cuts based on the mass
of the Z boson have been shortened, i.e. mZ − 25GeV ≈ 66GeV ≡ 66. Adapted from [185].

• The signal strengths and cross sections for the ggf and vbf production modes are deter-
mined in a simultaneous fit to all nominal srs and crs in the Njet =0, Njet =1, and Njet ≥ 2

categories.
• A single poi for the combined ggf and vbf yield is extracted when using the same regions
of the previous fit.

Pruning procedure
Similarly to the Properties analysis, a pruning procedure is applied, but not only on parameters
with a negligible impact on the final uncertainty. The general rules for pruning are:

• Normalization uncertainties are neglected if their relative impact is < 0.1% or > 80%.
The latter is only applied in regions and for processes with small yields, where the large
variations are caused by large mc statistical uncertainty.

• Normalization uncertainties are neglected if their relative impact is < 0.2σstat, where σstat

is the statistical fluctuation of the mc simulation. This is only applied to uncertainties
estimated with four-vector variations, where migrations between neighboring bins and
regions can cause large statistical fluctuations.
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• Shape uncertainties are neglected if they agree with the nominal distribution well within
statistical uncertainties and their p-value is p > 0.95.

• Experimental shape uncertainties are neglected for Z/γ∗ → ττ , other diboson, where the
lack of statistics makes the precision of mc samples too low for a reliable estimate.

7.3 Results

Signal strength measurement
The signal strengths for the ggf and vbf production modes for a Higgs boson with massmH =

125.09 GeV in the H→WW ∗ decay channel are jointly measured to be

µggF = 1.15 +0.16
−0.15

= 1.15 ± 0.06 (stat.) +0.09
−0.08 (exp syst.) +0.09

−0.07 (sig theo.) +0.08
−0.07 (bkg theo.)

µVBF = 0.92 +0.24
−0.20

= 0.92 +0.14
−0.13 (stat.) +0.08

−0.07 (exp syst.) +0.15
−0.11 (sig theo.) +0.09

−0.08 (bkg theo.)

with a correlation of -5%.

The post-fit sr yields for all of the four analysis categories defined in Section 7.1 are presented in
Table 7.2. The uncertainty on the total expected yield reflects the knowledge of the observed yield
in each analysis category and is not indicative of the precision of the analysis, which is better
captured by the uncertainty on the signal component.

Process Njet =0 ggf Njet =1 ggf Njet ≥ 2 ggf Njet ≥ 2 vbf
dnn:

Inclusive [0.87, 1.0]

Hggf 2100± 220 1100± 130 440± 90 209± 40 2.6 ± 0.9
Hvbf 23± 9 103± 30 46± 12 180± 40 28.8 ± 5.5

Other Higgs 40± 20 55± 28 55± 27 29± 15 0.04± 0.02
WW 9700± 350 3500± 410 1500± 470 2100± 340 4.6 ± 1.2
tt̄/Wt 2200± 210 5300± 340 6100± 500 7600± 370 2.6 ± 0.8
Z/γ∗ 140± 50 280± 40 930± 70 1300± 300 0.6 ± 0.1
Other V V 1400± 130 840± 100 470± 90 380± 80 0.6 ± 0.1
Mis-Id 1200± 130 720± 90 470± 50 330± 40 1.7 ± 0.2

Total 16 770± 130 11 940± 110 10 030± 100 12 200± 180 42.0 ± 5.1
Observed 16 726 11 917 9 982 12 189 38

Table 7.2: Post-fit mc and data yields in the ggf and vbf srs. Yields in the bin with the highest vbf dnn
output are also presented. The quoted uncertainties correspond to the statistical uncertainties, together
with the experimental and theory modelling systematic uncertainties. The sum of all the contributions may
differ from the total value due to rounding.

From the post-fit model, themT distributions for the separate Njet =0, Njet =1, and ggf-enriched
Njet ≥ 2 srs, as well as the combination of the ggf srs can be extracted, and are shown in Figure 7.12.
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The bottom panels of Figure 7.12 display the difference between the data and the total estimated
background formT distribution of a sm Higgs boson withmH = 125.09 GeV. The total observed
signal in all categories of about 4000 events (see Table 7.2) is in agreement, in both shape and rate,
with the expected sm signal. The observed (expected) signal yields using only the ggf-enriched
Njet ≥ 2 category with the vbf contribution fixed to the standard model prediction reaches a
significance of 2.2 (1.6) σ above the background only expectation.

The vbf dnn output distribution in the final sr is presented in Figure 7.13. The observed (expected)
vbf signal reaches a significance of 5.8 (6.2)σ above the background only expectation. This result is
the first of its kind: it provides an observation of the vbf production of Higgs bosons subsequently
decaying to a pair of W bosons with the atlas detector.

Cross section measurement
The cross sections times branching fraction, σggf · BH→WW ∗ and σvbf · BH→WW ∗ , are jointly
measured to be

σggf · BH→WW ∗ = 12.0 ± 1.4 pb
= 12.0 ± 0.6 (stat.)+0.9

−0.8 (exp syst.) +0.6
−0.5 (sig theo.) ± 0.8 (bkg theo.) pb

σvbf · BH→WW ∗ = 0.75 +0.19
−0.16 pb

= 0.75 ±0.11 (stat.) +0.07
−0.06 (exp syst.) +0.12

−0.08 (sig theo.) +0.07
−0.06 (bkg theo.) pb,

to be compared with the sm predicted values of 10.4 ± 0.6 pb and 0.81 ± 0.02 pb for ggf and
vbf [107], respectively. The combined cross section times branching fraction, σggf+vbf·BH→WW ∗ ,
is measured to be

σggf+vbf · BH→WW ∗ = 12.3 ± 1.3 pb
= 12.3 ± 0.6(stat.)+0.8

−0.7(exp syst.)± 0.6(sig theo.)± 0.7(bkg theo.) pb,

in comparison to the sm predicted value of 11.3± 0.5 pb.

Figure 7.14 shows the best-fit values and uncertainties of the H→WW ∗ cross section times
branching fraction for the ggf and vbf processes and their combination, normalised to the
corresponding sm prediction. The relative impact of the main uncertainties on the measured
cross-section values is shown in Table 7.3 for σggf+vbf · BH→WW ∗ , σggf · BH→WW ∗ , and σvbf ·
BH→WW ∗ .

It is nice to see that the amount of effort in collecting more data, has led to measurements not
anymore dominated by systematic uncertainties. The largest contribution to the total uncertainty
in the ggf and vbf analysis originates from the respective signal processes, in particular from the
imprecise determination of the ps of these two processes. Similar to the Properties case, the
modeling of the tt̄ process plays a non-negligible role, with the main uncertainty originating from
its matching uncertainty.

The next-largest group of uncertainty contains experimental effects, mainly coming from the Emiss
T

resolution. It is worth mentioning how the change in the b−jet tagging algorithm reduces the
impact of the flavor tagging drastically in both analyses.
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Figure 7.12: Post-fit mT distributions with the signal and the background modeled contributions in the
(a) Njet =0, (b) Njet =1, (c) ggf-enriched Njet ≥ 2, and (d) combined signal regions. The last bin of the
distributions is inclusive (it includes the overflow). The hatched band shows the total uncertainty, assuming
sm Higgs boson production. The middle panel shows the ratio of the data to the sum of the fitted signal
and background. The bottom panel displays the difference between the data and the estimated background
compared to the distribution for a sm Higgs boson with mH = 125 GeV, where the hatched band indicates
the combined statistical and systematic uncertainty for the fitted signal and background.
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Figure 7.13: Post-fit distribution of the dnn output in the vbf sr. The hatched band shows the total
uncertainty, assuming sm Higgs boson production. The middle panel shows the ratio of the data to the
sum of the fitted signal and background. The bottom panel displays the signal-to-background ratio, where
the hatched band indicates the combined statistical and systematic uncertainty for the fitted signal and
background.

Another way of displaying the two-dimensional cross section fit is housed in Figure 7.15 whereThe
68% and 95% confidence level two-dimensional contours of σggf · BH→WW ∗ and σvbf · BH→WW ∗

are shown. The measurement is consistent with the sm predictions.

As previously mentioned, the precision of the presented measurements is affected by uncertainties
that can be individually reduced.
Starting from the main ones, efforts to produce more precise mc samples are ongoing, which will
reduce modeling uncertainties. Thanks to the increasing computer power, the production of the
mc samples, will also be more massive. This will contribute to a more precise measurement by
reducing the total mc uncertainties and improving the background normalizations.
Last but not least, collecting twice the amount of data of the Full Run 2 will help in reducing the
data statistics by ∼70%.
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Source ∆σggF+VBF·BH→WW∗

σggF+VBF·BH→WW∗
[%] ∆σggF·BH→WW∗

σggF·BH→WW∗
[%] ∆σVBF·BH→WW∗

σVBF·BH→WW∗
[%]

Data statistical uncertainties 4.6 5.1 15
Total systematic uncertainties 9.5 11 18
mc statistical uncertainties 3.0 3.8 4.9
Experimental uncertainties 5.2 6.3 6.7

Flavour Tagging 2.3 2.7 1.0
Jet energy scale 0.9 1.1 3.7
Jet energy resolution 2.0 2.4 2.1
Emiss

T 0.7 2.2 4.9
Muons 1.8 2.1 0.8
Electrons 1.3 1.6 0.4
Fake factors 2.1 2.4 0.8
Pile-up 2.4 2.5 1.3
Luminosity 2.1 2.0 2.2

Theoretical uncertainties 6.8 7.8 16
ggf 3.8 4.3 4.6
vbf 3.2 0.7 12
WW 3.5 4.2 5.5
Top 2.9 3.8 6.4
Zττ 1.8 2.3 1.0
Other V V 2.3 2.9 1.5
Other Higgs 0.9 0.4 0.4

Background normalisations 3.6 4.5 4.9
WW 2.2 2.8 0.6
Top 1.9 2.3 3.4
Zττ 2.7 3.1 3.4

TOTAL 10 12 23

Table 7.3: Breakdown of the main contributions to the total uncertainty in σggf+vbf · BH→WW ∗ , σggf ·
BH→WW ∗ , and σvbf · BH→WW ∗ , relative to the measured value. The individual sources of systematic
uncertainties are grouped together. The sum in quadrature of the individual components differs from the
total uncertainty due to correlations between the components.

7.4 Example event displays for the Couplings analysis

This section shows four event candidates, one per analysis category. The displays are obtained
with the atlas event visualization tool and they expose the transverse plane and the lateral plane
of the detector, as well as the energy of the reconstructed objects. The color code is the following:
yellow for electrons, blue for muons, red for the leading jet, green for the sub-leading jet, and
white for Emiss

T .

Figure 7.16 displays the candidate event display for a Higgs boson produced via the ggf produc-
tion mode entering the Njet =0 analysis category, while in Figure 7.17 a ggf event produced in
association with one jet is shown. The latter event is the event in which the Higgs boson has the
highest pT in all the reconstructed events in the analysis.
Figure 7.18 shows a vbf event with a dnn score of 0.99 with a signal-to-background ratio of & 6

and finally, Figure 7.19 displays a ggf + 2 jets event candidate.
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Figure 7.16: Candidate event display for a Higgs boson produced through the ggf production mode entering
the Njet =0 analysis category. The Figure shows the transverse plane (top-left), the lateral plane of the
detector (bottom), and a focus of the latter (top-right).

Figure 7.17: Candidate event display for a Higgs boson produced through the ggf production mode entering
the Njet =1 analysis category. The value of pHT for the event is 625 GeV, the highest out of all reconstructed
events in the analysis. The Figure shows the transverse plane (top-left), the lateral plane of the detector
(bottom), and the energy of the objects (top-right).
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Figure 7.18: Candidate event display for a Higgs boson produced through the vbf production mode. The
Figure shows the transverse plane (top-left), the lateral plane of the detector (bottom), and the energy of
the objects (top-right). The dnn score of an event from the highest dnn bin, corresponding to a signal to
background ratio of & 6.

Figure 7.19: Candidate event display for a Higgs boson produced through the ggf production mode in
association with two jets, entering the ggf-enriched Njet ≥ 2 analysis category. The Figure shows the
transverse plane (top-left), the lateral plane of the detector (bottom), and the energy of the objects (top-
right).
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8
What: Simplified Template Cross Section

Measurements
The stxs measurement formally belongs to the Couplings analysis. It can be treated indeed as
an extension of it. This Chapter contains an introduction on the reasons behind the choice of the
stxs methodology, Section 8.1, the analysis strategy follows in Section 8.2, and it finishes with an
illustration of the results in Section 8.4, after a brief introduction of the statistical methods used in
this part of the analysis (Section 8.3).
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8.1 Motivation

Once the inclusive cross-sections for the ggf and vbf processes have been measured, a step
forwards can be taken and a measurement of cross-sections of fiducial regions in phase space
can be performed. The simplified template cross sections framework [107, 192, 193] has been
developed mainly for two purposes: providing more finely-grained measurements for individual
Higgs production modes, and reducing the theoretical uncertainties already folded into the
measurements. These cross-sections are defined in mutually exclusive regions of phase space,
called “bins” for simplicity, and are specific to the different production modes. In order to facilitate
combinations of different decay channels, prescriptions on the bin characteristics have been given.
In this thesis, stage-1.2 definition of stxs is used.

8.1.1 vbf Stage 1.2

The vbf template process for stage 1.2 is part of the electroweak qqH production, of this process
the t-channel is represented by the usual vbf topology, while the s-channel is represented by
the pp → V (→ qq̄)H topology with hadronic V → qq̄ decays. The two processes can only be
distinguished by enriching either type of contribution via kinematic cuts.

Figure 8.1 depicts the maximal number of regions that are possible in stxs stage-1.2 which are
described below:

• The qqH signal is first split into 0-jet, 1-jet and in ≥ 2-jet bins.
• The 0-jet and 1-jet bin contain only a small amount of vbf signal that is especially difficult
to distinguish from the ggf background.

• The ≥ 2-jet bin is split into low-mjj and high-mjj bins withmjj < 350 GeV andmjj > 350
GeV , respectively.

– In the kinematic region defined bymjj < 350 GeV bin contributions from the actual
vbf process of interest are still very hard to distinguish from the ggf background.

– Themjj > 350 GeV bin targets the nominal vbf production process.

• Themjj >350 GeV bin is split into low-pHT and high-pHT bins with pHT < 200 GeV and pHT >
200 GeV, respectively. This bin has mjj boundaries defined at mjj = 700, 1000, and 1500
GeV. In addition, it has a bin boundary defined at pHjjT = 25 GeV. The observable pHjjT
measures the transverse momentum of the combined system of the Higgs boson and the
two leading jets. It is sensitive to the amount of additional radiation beyond the second jet.
While the pHT < 200 GeV bin contains most of the (accessible) vbf signal, the pHT > 200 GeV
bin only contains a small fraction. However, this last bin is sensitive to BSM contributions,
because at a pHT value greater than the top mass, effects of the top quark can be resolved.
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Figure 8.1: stxs scheme for Electroweak qqH production (vbf + Hadronic V H) Stage 1.2.

8.1.2 ggf Stage 1.2

The ggf template process for stage 1.2 is defined for the gg → H process plus higher-order qcd
and electroweak corrections. Figure 8.2 depicts the maximal number of regions that is possible to
define in stxs stage-1.2, which are described below:

• The ggH signal is first split into pHT < 200 GeV and pHT > 200 GeV bins.
• The pHT > 200 GeV bin is sensitive to BSM effects.

– This bin is further split into 4 pHT bins, namely pHT < 300 GeV, 300 GeV <pHT < 450
GeV, 450 GeV <pHT < 650 GeV, pHT > 650 GeV.

• The pHT < 200 GeV bin contains most of the cross section.
• The latter bin is split into 0-jet, 1-jet, and ≥ 2-jets bins.

– The 0-jet bin is split into pHT < 10 GeV, which contains a sizeable fraction of the
cross-section, and pHT >10 GeV.

– The 1-jet bin is split into 3 pHT bins, namely pHT < 60 GeV, 60 GeV <pHT < 120 GeV, pHT
> 120 GeV.

– The ≥2-jets bin has a split into low-mjj and high-mjj regions.

• The ≥ 2-jets bin into low-mjj and high-mjj bins withmjj <350 GeV andmjj >350 GeV. In
addition, a boundary at pHjjT is used in order to provide a separation into 2-jet and ≥ 3-jet
like phase space.

– The mjj < 350 GeV bin contains most of the event of the ≥2 jets region . It is split
into 3 pHT bins, namely pHT < 60 GeV, 60 GeV <pHT < 120 GeV, pHT > 120 GeV, aligned
with the 1-jet bin. The pHjjT boundary here is kept as a sub-bin boundary.
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– Themjj > 350 GeV bin contains only a small fraction of the total cross-section, which
however constitutes the main background to vbf production. Hence it uses the same
splitting as the corresponding high-mjj vbf bins (in section 8.1.1) with boundaries
defined atmjj = 700, 1000, and 1500 GeV. The pHjjT boundary here is kept as a sub-bin
boundary.
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Figure 8.2: stxs scheme for ggH Stage 1.2.

8.1.3 Variation from the Stage 1.2 scheme

Due to limited experimental sensitivity, some of the bins previously described need to be merged,
the resulting categorization is called ”reduced stage-1.2”, which is shown in the left-hand side of
Figure 8.3, and includes the following modifications:

• The ggH 0-jet process is not split at pHT = 10GeV. This is not done because the low pHT bin
is difficult to resolve due to the two neutrinos in the final state and due to the uncertainties
carried by the ~Emiss

T reconstruction. Indeed, studies showed that the region with low pHT
has only 32% purity, [194].

• The ggH pHT < 200GeV processes with two or more jets do not present a split in mjj .
These events in fact are very similar to the equivalent EW qqH events producing a strong
correlation in the measurement. The observed anti-correlation is ∼80%, as shown in
citeslides:correlations.

• The high-pHT ggH events are considered as a single category, without any further split in pHT
or pHjjT . This bin is measured separately in the 3 ggf phase space regions.

• For the EW qqH process, only events withmjj > 350GeV are considered in the reduced
stxs 1.2. This is due to the difficult distinction between vbf and ggf, at lowmjj .

• The EW qqH pHT > 200GeV andmjj > 350GeV processes are grouped in a single bin.
• The bin EW qqH pHT < 200GeV withmjj > 350GeV does not present a pHjjT split, but it is
divided inmjj sub-bins.
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The reduced stage-1.2 scheme results in 11 particle-level-cross-sections-bin to measure.

8.2 Strategy and Event Selection

The definitions of the srs and crs for the stxs measurement are inherited from the inclusive
cross-section measurement analysis, as well as the fitting observablemT for the ggf categories
and the dnn observable for the vbf one.

ggf Njet =0

Given that no split is present in the ggf Njet =0 reduced stxs scheme, the Njet =0 srs and crs
remain the same as in the inclusive cross section measurement: 4 srs split in pT,ℓsublead andmℓℓ, and
3 crs (Top, Z → ττ andWW ). In principle, a ggf Njet =0 pHT > 200GeV sr should be defined,
however, has been estimated that the amount of ggH events with pHT > 200GeV is smaller than
0.1, hence it can be neglected.

ggf Njet =1

The pHT split in the Njet =1 phase space is reproduced in the srs. However in order to not reduce
the pre-bin statistics, the split in pT,ℓsublead andmℓℓ is removed. The ggf Njet =1 categories consist
of 4 srs and 12 crs (Top, Z → ττ andWW , times the 4 pHT categories).

ggf Njet ≥ 2

The particle-level split in the ggH categories is replicated in the ggf Njet ≥ 2 phase space by
splitting the srs and crs according to pHT . The ggf Njet ≥ 2 categories are formed by 4 srs (split in
mℓℓ and pHT ) and 6 crs (Top, Z → ττ andWW times the 2 pHT categories).

vbf Njet ≥ 2

The same split as the particle-level categories is kept for the vbf srs resulting in 5 srs. For the
background, due to limited statistics, only 3 crs per background type (Top and Z → ττ ) are
formed: 350GeV < mjj < 700GeV with pHT < 200GeV, mjj > 700GeV with pHT < 200GeV,
and pHT > 200GeV.

The srs just defined are shown on the right-hand side of Figure 8.3 with the mapping between the
truth-categories to measure and the reconstructed srs.

The overview of the expected signal composition in the srs is shown in Figure 8.4.

8.3 Statistical Analysis

The pruning procedure, which is utilized in the measurement of the inclusive cross-section, is also
adopted and shared in the stxs analysis. In contrast, the binning scheme formT remains unchanged
in the case of ggf analyses, previously defined as {0, 90, 100, 110, 120, 130,∞}GeV. For the vbf
analysis, various alternatives have been investigated. First, an optimized dnn for each sr was
considered, but the improvement obtained did not justify the increasing complexity in the theory
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Figure 8.3: Two sets (Production Mode Stage and Reduced Stage 1.2) of exclusive phase-space regions
(production bins) defined at particle-level for the measurement of the Higgs boson production cross sections
(left and middle-left shaded panels), and the corresponding reconstructed signal regions (right panel). The
colours of each reconstructed signal region box indicate the stxs category which provides the largest
relative contribution, and it corresponds to the one in Figure 8.4.

systematics treatment. Second, a binning algorithm is implemented in order to optimize the binning
choice in the 5 sr independently. As a result, the sr with 350GeV < mjj < 700GeV has bin
boundaries at {0, 0.27, 0.5, 0.84, 1}, while in the other 4 srs the binning is {0, 0.5, 0.74, 0.87, 1}.

The uncertainties related to the signal are calculated separately for all the stxs categories. They
cover both uncertainties on the overall ggf and vbf cross-sections, as well as the migration of
events between the stxs regions. In the case of limited statistics in a particular region, merged
regions are used to determine the uncertainties. Since only cross sections are measured for stxs
(and not signal strengths), only acceptance uncertainties apply to the signal.

Lastly, the stxs categories not explicitly considered in this analysis, for example, the vbf Njet =0

or the forward components, have a cross-section assigned as predicted in the sm, and appropriate
uncertainties.

As in the previously described analyses, the results are obtained from a profile likelihood fit to
data in the srs and crs, in this case 17 srs and 27 crs. The included uncertainties are described in
Section 5.3.
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Figure 8.4: Relative sm signal composition in terms of the measured stxs categories for each reconstructed
signal region. The y−axis shows the reconstructed signal regions while in the plot are displayed the truth
categories. The colour code corresponds to the one in Figure 8.3.

8.4 Results

A summary of the cross sections measured in each of the 11 stxs categories and normalized to
their corresponding SM prediction is provided in Figure 8.5.

For the ggH cross sections, the measurement is dominated by the systematics uncertainty, with the
exception of the Njet =1 category with 120GeV < pHT < 200GeV and the high-pHT category.

The measured cross sections for the five stxs categories targeting the EW qqH production is on
average lower than the µVBF measured in the inclusive analysis. Events with highmjj or high pHT
carry a larger statistical weight in the inclusive analysis compared to events at lowmjj , and in
these stxs categories the measured value is close to one.

The breakdown of the main uncertainty groups for each pois is shown in Figure 8.6, where Table 8.1
provides the central values and uncertainties on each of the measured stxs cross sections, together
with the sm predictions.

In the ggH categories, the Njet =0 dominates the cross-section, so it is not a surprise that the
Njet =0 stxs category has similar uncertainties to those shown in Table 7.3. TheNjet =1 categories
uncertainties are dominated by theoretical uncertainties on the background processes (mainly
top andWW processes). The top background uncertainty also affects the ggH Njet ≥ 2 category
strongly. For the EW qqH processes with lowermjj , the theoretical uncertainties related to the
ggf uncertainties become important, while in the highermjj regions the low statistics is dominant
in the uncertainty composition. Last, the correlation matrix of the measured parameters is shown
in Figure 8.7.
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Figure 8.5: Best-fit values and uncertainties for the cross sections measured in each of the stxs categories
normalized to the corresponding sm prediction. The black error bars, green boxes yellow tan boxes show the
total, systematic, and statistical uncertainties in the measurements, respectively. The grey band represents
the theory uncertainty on the signal production corresponding to the stxs category.

The obtained results (Figure 8.5) can be compared with the study performed by the cms collabo-
ration in the H→WW ∗ channel on a dataset of 138 fb−1, [195]. Figure 8.8 shows the observed
cross sections for the stxs measured categories. Even if some differences are present, a few points
can be stressed:

• for the ggH , high pHT category, cms offers a two-bin measurement with a precision compat-
ible with the single bin of atlas, however, for the cms study, the same-flavor category is
included, that likely provides additional discrimination.

• atlas provides 4 bins measurement for the ggfNjet =1 category, with a relative error going
from 55% to 83%, while the two bins measured by cms have a relative uncertainty of 24%
and 117%.

• in the common EW qqH-2j, high pHT category, atlas outperforms the cms measurement by
a factor of almost 2.
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Table 8.1: Best-fit values and uncertainties for the production cross-section times H→WW ∗ branching
ratio (σi × BH→WW ∗) in each stxs category.

STXS category (σi × BH→WW ∗)
Value Uncertainty [fb] SM prediction

[fb] Total Stat. Exp. Syst. Sig. Theo. Bkg. Theo. [fb]

ggH-0j, low pHT
pHT < 200 GeV

7100 +950
−910

+480
−470

+570
−530

+320
−260

+490
−480 5870± 390

ggH-1j, very low pHT
pHT < 60 GeV

1140 +800
−820

+420
−410

+380
−380

+80
−70

+570
−600 1400± 190

ggH-1j, low pHT
60 < pHT < 120 GeV

540 +470
−470

+310
−310

+230
−230

+42
−47

+270
−280 970± 150

ggH-1j, med pHT
120 < pHT < 200 GeV

230 +130
−120

+100
−100

+60
−60

+10
−10

+50
−50 160± 30

ggH-2j, low pHT
pHT < 200 GeV

1610 +900
−890

+440
−440

+430
−420

+300
−150

+640
−650 1010± 220

ggH , high pHT
pHT > 200 GeV

260 +100
−100

+80
−80

+40
−40

+40
−20

+40
−40 122± 31

EW qqH-2j, low mjj-low pHT
350 < mjj < 700GeV, pHT < 200 GeV

6 +63
−62

+46
−42

+31
−34

+11
−14

+24
−26 109± 7

EW qqH-2j, med mjj-low pHT
700 < mjj < 1000GeV, pHT < 200 GeV

31 +35
−33

+30
−27

+15
−14

+8
−7

+11
−10 56± 4

EW qqH-2j, high mjj-low pHT
1000 < mjj < 1500GeV, pHT < 200 GeV

60 +26
−23

+23
−21

+7
−7

+9
−5

+5
−5 51± 4

EW qqH-2j, very high mjj-low pHT
mjj > 1500 GeV, pHT < 200 GeV

57 +20
−18

+18
−17

+5
−5

+3
−3

+4
−4 50± 4

EW qqH-2j, high pHT
mjj > 350 GeV, pHT > 200 GeV

37 +16
−14

+14
−13

+4
−3

+4
−3

+3
−3 32± 1
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Figure 8.7: Correlations between the cross-section measurements in the 11 stxs categories for the
H→WW ∗→ eνµν analysis.

Figure 8.8: Observed cross sections over sm cross section for the stxs categories measured by the cms
collaboration in the H→WW ∗ channel on a dataset of 138 fb−1.
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Summary

Similar to the way cats like to knock down objects, particle physicists appreciate colliding protons.
While cats run experiments with gravity, our inquiries aim in proving or disproving the existing
theories about how the subatomic world works.
The Standard Model of particle physics (sm) is the model that is currently used to describe the
subatomic world. It is a complex mathematical theory which incorporates all the discoveries of
new elementary particles starting from the discovery of the electron in 1897, to the Higgs boson
(H), of which the discovery was claimed almost 10 years ago. The Higgs boson was not just the
last missing piece of the elegant sm, but it was also a pretty important one. Its introduction, in
fact, resolves divergences in the model that otherwise would lead to having processes, within the
theory, with a probability to happen greater than one.
These past 10 years have seen multiple studies focusing the Higgs boson, but one of the questions
still left to answer is whether the discovered particle is the one theorized by the sm, or just
something that resembles it. This thesis’ aim is to contribute to this effort. In particular, what is
studied is the Higgs decay into twoW bosons, the particles responsible for radioactive decays. This
process is usually denoted as H→WW ∗, where the asterisk indicates that one of theW bosons
is ”off-shell” or ”virtual”, meaning that its mass is away from the normal W peak at ∼80 GeV. The
H→WW ∗ process occurs relatively often: almost 22% of the time, a Higgs boson decays in this
way, this allows to collect enough data for probing its decay characteristics with high precision.
In this manuscript, two analyses performed at the lhc with the atlas experiment are presented.

The Couplings analysis quantifies the Higgs boson production in the gluon-fusion (ggf) and
vector-boson fusion (vbf) channels, of which graphical representations are given by Feynman
diagrams in Figure S.1.
There are multiple reasons to care about each of these processes: the ggf process, represented
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Figure S.1: Feynman diagrams for the ggf process (a) and vbf process (b).
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with its Feynman diagram in Figure S.1(a), is the process that sees two gluons (g) fusing into a
loop of massive quarks (triangle of solid lines) to generate a Higgs boson (white circle). The Higgs
boson then couples with the two vector bosonsW (striped circle). Because it is the largest Higgs
production cross-section at the lhc, ggf provides us with sufficient data for sensitive measurement
across many kinematic regions. The vbf process, of which the Feynman diagram is displayed in
Figure S.1(b), instead sees two quarks (q) radiating two vector bosons V , which in turn couple
with the Higgs boson (striped circle). The same physics interaction is again present in the Higgs
decaying into the 2W bosons. The vbf process is exciting because this production channel in
H→WW ∗ has not been observed, until now. I am proud of having participated in this observation.
Furthermore, this process is required to prevent unitarity violation in WW scattering at high
energies. The vbf process includes two occurrences of Higgs-vector boson interaction (the two
stripped circles) which makes it very sensitive to the Higgs coupling to vector bosons.
Observing these processes and measuring inclusive cross-section times branching ratio (a quantity
indicating of how often this process happens) probes consistency with the sm. The same measure-
ment can also be performed separately in mutually exclusive kinematic regions, according to the
simplified template cross sections (stxs) prescription, to provide additional sensitivity to regions
where effects of physics not in the sm might be enhanced.

The overall strategy of this analysis, of which a sketch is depicted in Figure S.2 is as follows: first,

Preselection

Njet = 1Njet = 0 Njet ≥ 2

ggF-

enriched

VBF-

enriched

............ ......

Target ggF Target VBF

Figure S.2: Sketch of the overall strategy for the Couplings analysis.

a preselection is performed where the signal processes are targeted. Two leptons with different
flavors are selected in order to reduce backgrounds mimic the signal topology, then several features
of the Higgs boson decay are exploited: given that one of the W bosons tends to be off-shell,
asymmetric lepton cuts on the transverse momentum (pT) of the leptons are used to maximize the
signal acceptance. The spin-0 nature of the Higgs and the intrinsic property of the interaction
(the chirality of the weak interaction) cause the two charged leptons to be preferably emitted with
a small opening angle, which is exploited. Another core feature of the analysis is that it splits the
data into channels according to jet multiplicity, which is done to take advantage of the varying
background composition per jet bin. We end up with Njet =0, Njet =1 and Njet ≥ 2 multiplicity
bins targeting the ggf process. A series of selection cuts and machine learning techniques are
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Figure S.3: Post-fit mT distributions with the signal and the background modeled contributions in the
combined signal regions. More details in Figure 7.12(d) in the text (a). Post-fit distribution of the dnn
output in the vbf sr. More details in Figure 7.13 in the text (b).

used to create signal regions in each of these channels that are sufficiently pure in the processes of
interest to allow measurements of the cross-section times branching ratio for both ggf and vbf.

The Couplings analysis differentiates from the previous iteration through the inclusion of the
ggf Njet ≥ 2 channel, a more advanced multivariate analysis technique (dnn instead of the bdt)
and the study of the cross-section in stxs bins. For the final result, a simultaneous fit is performed
across ggf and vbf channels where the final discriminant is eithermT (for ggf channels) shown
in Figure S.3(a) or the dnn output score (for vbf channel) shown in Figure S.3(b).
The results in terms of signal strength and cross-sections both show good consistency with the
sm. The products of the total ggf and vbf cross sections times theH → WW ∗ branching fraction
are respectively measured to be 12.0± 1.4 pb and 0.75 +0.19

−0.16 pb, while the cross sections times the
H → WW ∗ branching fraction measurements for the stxs categories are displayed in Figure S.4.
This analysis provides the first observation of vbf H→WW ∗ production with a significance of
Z0 = 5.8σ (6.2 σ expected). A significance of 5.8σ means that the probability of that the observed
signal being the result of a statistical fluctuation is less than 1 in 150 million.

These measurements have already entered the most recent Higgs combination where they con-
tribute substantially to its precision.
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Figure S.4: Best-fit values for the measured stxs, more details in Figure 8.5 in the text.

The Properties analysis aims to constraint the cp properties of the Higgs boson, where C stands
for ”Charge conjugation”, a discrete symmetry transformation that replaces particles with the
corresponding anti-particles, and P stands for ”Parity”, a discrete symmetry transformation that
corresponds to spatial inversion through the origin.
According to the sm, the Higgs boson is a cp-even scalar particle. However, the equation of motion
representing the Higgs fields would allow also a cp-odd scenario, as well as a cp-mixed one, i.e.
c1cp-even+ c2cp-odd, where c1/c2 = cosα is defined as mixing angle among the two scenarios.
This study investigates the properties of the effective Higgs–gluon interaction by selecting Higgs
bosons produced via ggf in association with two jets. The presence of these jets is crucial because
their angular correlation expresses sensitivity to the cp properties of the interaction. The two
outgoing jets indeed show a different distribution in∆ηjj depending on the cp of the Higgs boson,
as shown in Figure S.5.

Similarly to the Couplings analysis, a preselection is applied, targeting the signal process (in this
case only ggf Njet ≥ 2): two leptons with different flavors are selected, asymmetric pT lepton cuts
are used, as well as a small opening between the two charged leptons is required. Further cuts are
used to define optimized signal and control regions so that the value of tanα can be extracted.
Lastly, this analysis makes use of a machine learning algorithm to better enhance the signal over
background ratio and exploit the discrimination power of multiple observables.

The result is found to be tan(α) = 0.0± 0.4(stat.)± 0.3(syst.), compatible with the sm prediction
of tan(α) = 0.
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(a)

Figure S.5: Distributions of the ∆φjj observable are shown for ggf induced production modes of Hjj
events for a cp-even, a cp-odd and a cp-mixed benchmark model. Figure 6.2 in the text.

This measurement has been performed with a reduced dataset of 36 fb−1, and is dominated by the
limited statistics on data, leaving room for further more precise studies with Run-2 and Run-3
data in the next years. Stay tuned!
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Samenvatting

Vergelijkbaar met de manier waarop katten objecten omver willen gooien, waarderen deeltjesfysici
het botsen van protonen. Terwijl katten experimenten uitvoeren met zwaartekracht, streven
onze onderzoeken ernaar om de bestaande theorieën over hoe de subatomaire wereld werkt, te
bewijzen of te weerleggen.
Het Standaardmodel (Standard Model of particle physics) is het model dat momenteel wordt
gebruikt om de subatomaire wereld te beschrijven. Het is een complexe wiskundige theorie die
alle ontdekkingen van nieuwe elementaire deeltjes omvat, beginnend met de ontdekking van
het elektron in 1897, tot het higgsboson (H), waarvan de ontdekking bijna 10 jaar geleden werd
geclaimd. Het higgsboson was niet alleen het laatste ontbrekende puzzelstukje van het elegante
Standard Model of particle physics, maar ook een zeer belangrijk puzzelstukje. De introductie
ervan lost namelijk divergenties in het model op die anders zouden leiden tot processen binnen
de theorie met een waarschijnlijkheid groter dan één.
De afgelopen 10 jaar zijn er meerdere studies geweest die zich richtten op het higgsboson, maar
een van de nog openstaande vragen is of het ontdekte deeltje hetzelfde is als het voorspelde deeltje
in het Standard Model of particle physics, of dat het slechts iets is dat erop lijkt. Het doel van
deze scriptie is om bij te dragen aan deze inspanning. In het bijzonder wordt onderzocht hoe het
higgsboson vervalt in twee W -bosonen, de deeltjes die verantwoordelijk zijn voor radioactief
verval. Dit proces wordt meestal aangeduid als H→WW ∗, waarbij het sterretje aangeeft dat
een van deW -bosonen ”off-shell” of ”virtueel” is, wat betekent dat de massa ervan afwijkt van
de normale W-piek bij ongeveer 80 GeV. Het H→WW ∗-proces komt relatief vaak voor: bijna
22% van de tijd vervalt een higgsboson op deze manier, waardoor er voldoende gegevens kunnen
worden verzameld om de vervalkenmerken met hoge precisie te onderzoeken.
In dit proefschrift worden twee analyses gepresenteerd die zijn uitgevoerd bij de LHC met behulp
van het ATLAS-experiment.

De Couplings-analyse kwantificeert de productie van het higgsboson in de gluon-fusion (ggf)
en de vector-boson fusion (vbf) kanalen, waarvan grafische voorstellingen worden gegeven door
Feynman-diagrammen in Figuur S.1.
Er zijn meerdere redenen om elk van deze processen belangrijk te vinden: Het ggf-proces,
weergegeven met het Feynman-diagram in Figuur S.1(a), is het proces waarbij twee gluonen
(g) samensmelten tot een lus van massieve quarks (driehoek van doorgetrokken lijnen) om een
higgsboson (witte cirkel) te genereren. Het higgsboson koppelt vervolgens met de twee W
vectorbosonen (gestreepte cirkel). Omdat dit het proces met de grootste werkzame doorsnede voor
higgsproductie is bij de lhc, levert ggf ons voldoende gegevens voor gevoelige metingen over
veel kinematische regio’s. Het vbf-proces, waarvan het Feynman-diagram wordt weergegeven
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Figure S.1: Feynman-diagrammen voor het ggf-proces (a) en het vbf-proces (b).

in Figuur S.1(b), laat daarentegen twee quarks (q) zien die twee vectorbosonen V uitstralen, die
op hun beurt koppelen met het higgsboson (gestreepte cirkel). Dezelfde fysische interactie komt
ook voor bij het verval van het higgsboson in de 2 W -bosonen. Het vbf-proces is interessant
omdat dit productiekanaal in H→WW ∗ tot nu toe niet is waargenomen. Ik ben er trots op dat ik
aan deze waarneming heb bijgedragen. Bovendien is dit proces nodig om unitariteitschending in
WW -verstrooiing bij hoge energieën te voorkomen. Het vbf-proces omvat twee gevallen van
Higgs-vectorboson-interactie (de twee gestreepte cirkels), waardoor het zeer gevoelig is voor de
koppeling van het higgsboson aan vectorbosonen.
Het waarnemen van deze processen en het meten van de inclusieve doorsnede vermenigvuldigd
met de vervalverhouding (een hoeveelheid die aangeeft hoe vaak dit proces plaatsvindt) onderzoekt
de consistentie met het sm. Dezelfde meting kan ook afzonderlijk worden uitgevoerd in onderling
uitsluitende kinematische regio’s, volgens de voorschriften van de simplified template cross
sections (stxs), om extra gevoeligheid te bieden voor regio’s waar effecten van fysica die niet in
het sm voorkomt mogelijk worden versterkt.

De algehele strategie van deze analyse, waarvan een schets wordt weergegeven in Figuur S.2,
is als volgt: Eerst wordt er een voorselectie uitgevoerd waarbij de signaalprocessen worden

Preselection

Njet = 1Njet = 0 Njet ≥ 2

ggF-

enriched

VBF-

enriched

............ ......

Target ggF Target VBF

Figure S.2: Schets van de algehele strategie voor de Couplings analyse.

gericht. Twee leptonen met verschillende smaken worden geselecteerd om achtergrondruis na
te bootsen die de signaal-topologie nabootst. Vervolgens worden verschillende kenmerken van
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Figure S.3: Post-fit verdelingen van mT met de bijdragen van het signaal en de achtergrond gemodelleerd
in de gecombineerde signaalregio’s. Meer details in Figuur 7.12(d) in de tekst (a). Post-fit verdeling van de
dnn output in het vbf sr. Meer details in Figuur 7.13 in de tekst (b).

het verval van het higgsboson benut: aangezien een van deW -bosonen de neiging heeft off-shell
te zijn, worden asymmetrische lepton-snedes op de transversale impuls (pT) van de leptonen
gebruikt om de signaalacceptatie te maximaliseren. De spin-0 aard van het higgsboson en de
intrinsieke eigenschap van de interactie (de chiraliteit van de zwakke interactie) zorgen ervoor
dat de twee geladen leptonen bij voorkeur met een kleine openingshoek worden uitgezonden, wat
wordt benut. Een andere kernfunctie van de analyse is dat de gegevens worden onderverdeeld in
kanalen op basis van de jet-multipliciteit, wat wordt gedaan om te profiteren van de variërende
achtergrondsamenstelling per jet-bin. We eindigen met Njet =0, Njet =1 en Njet ≥ 2 multipliciteit
bins die zich richten op het ggf proces. Een reeks selectiecriteria en machine learning-technieken
worden gebruikt om signaalregio’s te creëren in elk van deze kanalen die voldoende zuiver zijn
voor de processen van belang om metingen van de doorsnede vermenigvuldigd met de verhouding
van vertakkingen te mogelijk te maken voor zowel ggf als vbf.

De Couplings analyse verschilt van de vorige iteratie door de toevoeging van het ggf Njet ≥ 2

kanaal, een meer geavanceerde multivariate analyse techniek (neurale netwerken in plaats van de
bdt) en de studie van de doorsnede in stxs bins. Voor het uiteindelijke resultaat wordt er een
simultane fit uitgevoerd over de ggf en vbf kanalen, waarbij de uiteindelijke onderscheidende
grootheid ofwelmT (voor ggf kanalen) zoals weergegeven in Figuur S.3(a), ofwel de score van de
dnn output (voor vbf kanaal) zoals weergegeven in Figuur S.3(b) wordt gebruikt.

De resultaten in termen van signaalsterkte en doorsnedes tonen goede consistentie met het sm.
De producten van de totale ggf en vbf doorsnedes vermenigvuldigd met de H → WW ∗ vervals-



S

190 S. Samenvatting

1− 0 1 2 3 4 5 6 7 8

SM
)

*WW→H
B⋅σ / (

*WW→H
B⋅σ

 0.44−
 0.49+

1.17    ,  0.40−
 0.45+

                                 0.17−
 0.20+

                                                 (                      )          0.05± 200 GeV≥ H

T
p 350 GeV, ≥ 

jj
m, j-2qqHEW 

 0.36−
 0.40+

1.14    ,  0.34−
 0.37+

                                 0.14−
 0.15+

                                                 (                      )          0.08± < 200 GeVH

T
p 1500 GeV, ≥ 

jj
m, j-2qqHEW 

 0.45−
 0.52+

1.18    ,  0.41−
 0.45+

                                 0.19−
 0.25+

                                                 (                      )          0.07± < 200 GeVH

T
p < 1500 GeV, 

jj
m ≤, 1000 j-2qqHEW 

 0.58−
 0.63+

0.56    ,  0.48−
 0.53+

                                 0.34−
 0.35+

                                                 (                      )          0.07± < 200 GeVH

T
p < 1000 GeV, 

jj
m ≤, 700 j-2qqHEW 

 0.57−
 0.57+

0.05    ,  0.38−
 0.42+

                                 0.41−
 0.39+

                                                 (                      )          0.07± < 200 GeVH

T
p < 700 GeV, 

jj
m ≤, 350 j-2qqHEW 

 0.83−
 0.87+

2.11    ,  0.66−
 0.68+

                                 0.51−
 0.55+

                                                 (                      )          0.26± 200 GeV≥ H

T
p, ggH

 0.87−
 0.89+

1.59    ,  0.44−
 0.44+

                                 0.76−
 0.78+

                                                 (                      )          0.22± < 200 GeVH

T
p, j-2ggH

 0.77−
 0.80+

1.46    ,  0.62−
 0.63+

                                 0.47−
 0.49+

                                                 (                      )          0.19± < 200 GeVH

T
p ≤, 120 j-1ggH

 0.48−
 0.48+

0.58    ,  0.32−
 0.32+

                                 0.36−
 0.36+

                                                 (                      )          0.15± < 120 GeVH

T
p ≤, 60 j-1ggH

 0.59−
 0.57+

0.82    ,  0.30−
 0.30+

                                 0.51−
 0.49+

                                                 (                      )          0.14± < 60 GeVH

T
p, j-1ggH

 0.16−
 0.16+

1.21    ,  0.08−
 0.08+

                                 0.13−
 0.14+

                                                 (                      )          0.07± < 200 GeVH

T
p, j-0ggH

Total ( Stat.  Syst. ) SM Unc.

Total
Statistical Unc.
Systematic Unc.
SM Prediction

ATLAS   
 1− = 13 TeV, 139 fbs

νµνe →* WW → H
-value = 53%p

(a)

Figure S.4: Best-fit waarden voor de gemeten stxs, meer details in Figuur 8.5 in de tekst.

fractie worden respectievelijk gemeten als 12.0± 1.4 pb en 0.75;+0.19
−0.16 pb, terwijl de doorsnedes

vermenigvuldigd met de H → WW ∗ vervalsfractie metingen voor de stxs categorieën worden
weergegeven in Figuur S.4.
Deze analyse biedt de eerste observatie van vbf H→WW ∗ productie met een significantie van
Z0 = 5.8σ (6.2 σ verwacht). Een significantie van 5.8σ betekent dat de kans dat het waargenomen
signaal het gevolg is van een statistische fluctuatie kleiner is dan 1 op 150 miljoen.

Deze metingen zijn al opgenomen in de meest recente Higgs-combinatie, waar ze aanzienlijk
bijdragen aan de precisie ervan.

De Properties-analyse heeft tot doel de cp-eigenschappen van het higgsboson te bepalen, waar-
bij C staat voor ”ladingsconjugatie”, een discrete symmetrietransformatie die deeltjes vervangt
door de bijbehorende antideeltjes, en P staat voor ”pariteit”, een discrete symmetrietransformatie
die overeenkomt met ruimtelijke inversie door de oorsprong.
Volgens het sm is het higgsboson een cp-even scalair deeltje. Echter, de bewegingsvergelijking
die de Higgs-velden representeert, zou ook een cp-oneven scenario toestaan, evenals een cp-
gemengd scenario, d.w.z. c1cp-even+ c2cp-oneven, waarbij c1/c2 = cosα wordt gedefinieerd als
de menghoek tussen de twee scenario’s.
Dit onderzoek onderzoekt de eigenschappen van de effectieve Higgs-gluoninteractie door hig-
gsbosonen te selecteren die via ggf tegelijkertijd worden geproduceerd met twee jets. De aan-
wezigheid van deze jets is cruciaal omdat hun onderlinge hoekcorrelatie gevoeligheid uitdrukt
voor de cp-eigenschappen van de interactie. De twee uitgaande jets vertonen inderdaad een
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(a)

Figure S.5: Verdelingen van de waarneembare∆φjj worden getoond voor ggf-geïnduceerde productiemodi
van Hjj-gebeurtenissen voor een cp-even, een cp-oneven en een cp-gemengd referentiemodel. Figuur 6.2
in de tekst.

verschillende verdeling in ∆ηjj afhankelijk van de cp van het higgsboson, zoals getoond in
Figuur S.5.

Vergelijkbaar met de Couplings-analyse wordt er een voorselectie toegepast, gericht op het
signaalproces (in dit geval alleen ggf Njet ≥ 2): er worden twee leptonen met verschillende
smaken geselecteerd, asymmetrische snedes op pT-lepton worden gebruikt, en er wordt een
kleine opening tussen de twee geladen leptonen vereist. Verdere selectiecriteria worden gebruikt
om geoptimaliseerde signaal- en controlegebieden te definiëren, zodat de waarde van tanα kan
worden bepaald. Ten slotte maakt deze analyse gebruik van een machine learning-algoritme om
de signaal-achtergrondverhouding te verbeteren en het onderscheidend vermogen van meerdere
waarneembare grootheden te benutten.

Het resultaat is tan(α) = 0.0 ± 0.4(stat.) ± 0.3(syst.), wat in overeenstemming is met de sm-
voorspelling van tan(α) = 0.
Deze meting is uitgevoerd met een verkleinde dataset van 36 fb−1en wordt gedomineerd door de
beperkte statistiek van de gegevens, waardoor er ruimte is voor verdere, nauwkeurigere studies
met Run-2- en Run-3-gegevens in de komende jaren. Blijf op de hoogte!
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A
control regions plots in the Couplings

analysis
In the following plots, the normalization factor derived from the cr has been applied. The hatched
band in the upper plot, and the shaded band in the ratio plot, give the statistical uncertainty on
the mc.
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Figure A.1: Comparison of data and mc in the WW control region in the Njet =0 category.
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Figure A.2: Comparison of data and mc in the Top region in the Njet =0 category.
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Figure A.3: Comparison of data and mc in the Z → ττ control region in the Njet =0 category.
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Figure A.4: Comparison of data and mc in the WW control region in the Njet =1 category.
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Figure A.5: Comparison of data and mc in the Top control region in the Njet =1 category.
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Figure A.6: Comparison of data and mc in the Z → ττ control region in the Njet =1 category.
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Figure A.7: Comparison of data and mc in the Top CR in the ggf Njet ≥ 2 category.
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Figure A.8: Comparison of data and mc in the WW region in the ggF2+ jet category.
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Figure A.9: Comparison of data and mc in the Z → ττ cr in the ggF2+ jet category.
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Figure A.10: Comparison of data and mc in the Top cr in the vbf Njet ≥ 2 category.
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(a) ∆φℓℓ (b) ∆yjj (c)mjj

(d)mT (e) ptotT (f) ηcentrality
ℓ

Figure A.11: Comparison of data and mc in the Z → ττ cr in the vbf Njet ≥ 2 category.
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