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Resumo

A violação da simetria de carga e paridade (CP) no universo primordial é necessária para explicar

a discrepância entre a evidência de o universo ser presentemente dominado por matéria, e a hipótese

de o mesmo número de partı́culas e anti-partı́culas ter sido produzido no Big Bang. O modelo padrão

não explica esta discrepância. Este trabalho usa a teoria de campo efetiva, baseada no modelo padrão,

para estudar acoplamentos anómalos na produção de um bosão de Higgs, que decai para dois quarks

b, associado a um bosão W, que decai em leptões. O foco é num operador CP-ı́mpar, cHW̃ , que

afeta este processo e é uma possı́vel fonte de violação de CP. Dois outros operadores CP-par são

também considerados: cHW e c(3)Hq. Obtiveram-se distribuições de quatro variáveis para investigar a sua

sensibilidade à presença destes operadores: o momento transverso do bosão W, a distância angular

entre os jatos b e duas variáveis angulares. A combinação do momento transverso e uma das variáveis

angulares é adequada para obter uma parametrização da secção eficaz do processo em função das

contribuições anómalas, também feita para as variáveis separadas. A parametrização é finalmente

usada num fit para impor limites nos valores de cHW̃ , e, portanto, na magnitude do acoplamento CP-

ı́mpar. Este trabalho usa dados da experiência ATLAS de colisões de protões da Run 2 do LHC,

com
√
s = 13 TeV, e é uma contribuição para um artigo em preparação sobre violação de CP em

acoplamentos anómalos na produção associada de WH.

Palavras-chave: Bosão de Higgs, Violação de CP, Experiência ATLAS, Teoria de Campo

Efetiva
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Abstract

The violation of charge and parity symmetry (CP) must have occurred in the early universe to ex-

plain the discrepancy between the hypothesis that particles and anti-particles were produced in equal

numbers in the Big Bang, and the observation that the universe today is matter-dominated. This is not

explained by the Standard Model. This work uses the Standard Model effective field theory framework to

study anomalous couplings of associated production of a Higgs boson, decaying into two b-quarks, and

a W boson, decaying leptonically, focusing on cHW̃ , a CP-odd operator affecting this process, that can

cause CP violation. Two other CP-even operators are also considered: cHW and c(3)Hq. The distributions

of four variables were studied to probe their sensitivity to these operators - the transverse momentum

of the W boson, the angular distance between the b-jets, and two angular observables. The transverse

momentum and one of the angular observables were chosen as the combination of observables with a

suitable sensitivity to perform a binned parameterisation of the WH associated production cross section,

in terms of the anomalous contributions. This parameterisation is performed independently for the two

observables and in combination, and is later used in a likelihood fit to constrain the possible values of

cHW̃ , and so, the magnitude of the CP-odd coupling. This work uses ATLAS Run 2 proton-proton col-

lision data, with
√
s = 13 TeV, and is a contribution to a paper in preparation, studying CP violation in

anomalous couplings in WH associated production.

Keywords: Higgs boson, CP violation, ATLAS experiment, Effective Field Theory
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Chapter 1

Introduction

One of the most important open questions in particle physics is related to explaining why there exists

more matter than anti-matter in the universe. This observable difference goes against what is proposed

by the theory, which suggests the same amount of both was produced in the Big Bang. To explain this

imbalance when considering that anti-matter and matter were produced in the same numbers, there has

to have existed a violation of charge-parity symmetry in the early universe.

All known elementary particles and the interactions between them, mediated by the fundamental forces,

can be described by the Standard Model of particle physics (SM). Even though there are sources of CP

violation in this theory, they do not account for so large an imbalance between matter and anti-matter as

is observed. Thus the question remains.

There are, however, some theories Beyond the Standard Model (BSM) that suggest anomalous cou-

plings with the Higgs boson (H) as a possible source of CP violation. This work focuses on the search

for CP violation in interactions between the Higgs boson and W bosons via the HWW interaction vertex,

using Effective Field Theory (EFT) to study and constrain a new additional CP-odd contribution to this

coupling which may produce CP violation. The study here being reported is developed in the context of

the ATLAS experiment at the LHC, as a part of an analysis probing the CP characteristics of leptonic

WH associated production of a Higgs boson.

The goal of this work is to perform an interpretation of the differential cross section measurements of

the WH associated production channel in terms of the strength of potential anomalous couplings, within

the framework based on the SM fields. To this end, simulated events of the HWW interaction, with the H

boson decaying into a pair of b-quarks and the W boson decaying leptonically (pp → WH → ℓνbb) are

used to study the distribution of a set of observables known to be sensitive to CP-odd contributions.

Following the standard of Higgs sector studies, the Simplified Template Cross Sections (STXS) frame-

work [1] is used to classify the events in bins of specific kinematic and angular observables, to produce

a parameterisation of the cross sections of the pp→WH → ℓνbb process in terms of BSM contributions

that is sensitive to the CP-odd couplings. The resulting parameterisation coefficients can then be used

in the fit of data from the ATLAS experiment, to constrain the possible magnitude of the CP-odd terms

in the HWW vertex.

1



In Chapter 2, the theoretical basis of this work is explained and the latest results in this field are pre-

sented, including what has been achieved in CP-violation studies in the Higgs sector, and the measure-

ment of CP-odd contributions. In Chapter 3, the LHC and the ATLAS detector are briefly described.

Chapter 4 details the ATLAS study that provides a basis for this work. In Chapter 5, the methodology

and results of this work are presented, including the study of the distributions of variables sensitive to

anomalous couplings and the cross section parameterisation in terms of the STXS bins. The likelihood

fit performed to constrain the limits of the CP-odd operator is also described, and its results are pre-

sented. Chapter 6 mentions the conclusions and future work of this analysis.

2



Chapter 2

The Standard Model of Particle

Physics

2.1 Theoretical Framework

The Standard Model of particle physics (SM) took its present shape in the 1970s and describes the

fundamental particles and the interactions between them. Although there are four fundamental forces,

the model accounts for the effect of only three of them, as it cannot include the description of gravity.

Nonetheless, the gravitational force between fundamental particles is so much weaker than the other

interactions that it can be safely ignored.

In the Standard Model, the particles arise from quantum field excitations, so they are described using

Most attempts are too simple, or they ignore important interconnections or
are jumbled and overwhelming.

Consider the most common visualization, which shows a periodic table of
particles:

This approach doesn’t offer insight into the relationships between the
particles. The force-carrying particles (namely the photon, which conveys
the electromagnetic force; the W and Z bosons, which convey the weak
force; and the gluons, which convey the strong force) are put on the same
footing as the matter particles those forces act between — quarks, electrons
and their kin. Furthermore, key properties like “color” are left out.

23/09/24, 11:05 A New Map of All the Particles and Forces | Quanta Magazine

https://www.quantamagazine.org/a-new-map-of-the-standard-model-of-particle-physics-20201022/?print=1 2/10

Figure 2.1: The Standard Model [2]
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Quantum Field Theory Lagrangians, L. Focusing on the electroweak sector, the dynamics of the fields

are governed by the Glashow-Salam-Weinberg Model (GSW), which is a gauge theory requiring a U(1)

and SU(2) local gauge symmetry [3]. To verify this symmetry, the gauge bosons, W± and Z, would have

to be massless, in which case they could not mediate the weak processes they are known to be involved

in. This means a mechanism needed to be introduced to solve this inconsistency [4], which is where the

Higgs boson and field come in.

Despite making very accurate predictions confirmed by experiment, there are some observed phenom-

ena that the SM does not explain, namely the fact that neutrinos have mass, nor does it incorporate

gravity. Another phenomenon the SM does not explain is the asymmetry between matter and anti-

matter in the universe. According to the theory, there was no imbalance between matter and anti-matter

in the Big Bang, requiring the same amount of particles and anti-particles to have been produced. Ob-

servational evidence, however, shows that anti-matter has nearly fully disappeared, leaving a universe

made up of matter [5].

2.1.1 The Higgs Field

The Higgs mechanism was first proposed in 1964 [6–8], allowing the SM to be consistent with mas-

sive gauge bosons while maintaining gauge symmetry. Besides this, the mechanism is also responsible

for the other fundamental particles acquiring mass. Even though its existence was theorised in the

1960s, the Higgs boson was only discovered in 2012, by the ATLAS and CMS collaborations at CERN’s

LHC [9, 10].

The Higgs Mechanism

A generic Lagrangian includes two parts: a kinetic energy term, and a component that includes

mass terms and interactions between the fields considered. In the SM, the Higgs field (ϕ) is a scalar

field, which means that its Lagrangian takes the form of Eq. 2.1. The first term corresponds to the

kinetic energy, where D is the covariant derivative, replacing the partial derivative, ∂. This guarantees

the required SU(2) × U(1) local gauge symmetry. For SU(2), this symmetry arises from the middle term

of the derivative (Eq. 2.2), which corresponds to the multiplication of σ, the set of Pauli matrices and the

symmetry generators, by Wµ =
[
W

(1)
µ W

(2)
µ W

(3)
µ

]
, which are three fields. As for the last term in Eq.

2.2, it provides U(1) symmetry, with Bµ corresponding to the final field being considered. gW and g′ are

constants.

LH(ϕ) = (Dµϕ)
†(Dµϕ)− µ2ϕ†ϕ− λ(ϕ†ϕ)2 (2.1)

Dµ = ∂µ +
1

2
(igWσ ·Wµ + ig′Bµ) =

1

2

2∂µ + igWW
(3)
µ + ig′Bµ igW (W

(1)
µ − iW (2)

µ )

igW (W
(1)
µ + iW

(2)
µ ) 2∂µ − igWW

(3)
µ + ig′Bµ

 (2.2)

The last two terms of Eq. 2.1 correspond to the potential for the ϕ field (V (ϕ)), which we will focus

on. A very relevant information about the Lagrangian potential is the position of its minimum values,
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corresponding to the lowest possible energy state. These are called the vacuum states, v, and depend

on the two parameters of the potential: λ and µ2. In order for a finite minimum to exist, λ has to be

positive [3], but V (ϕ) has different possible behaviors, depending on the sign of µ2. If µ2 > 0, the only

possible minimum state require ϕ†ϕ = 0. If, on the other hand, µ2 < 0, then there is a set of degenerate

minima.

In the SM, the Higgs field is a doublet of complex scalar fields. It can be written as Eq. 2.3, where ϕ is

written in terms of ϕ+ and ϕ0, as there must be a charged, and a neutral field [3].

ϕ =

ϕ+
ϕ0

 =
1√
2

ϕ1 + iϕ2

ϕ3 + iϕ4

 (2.3)

The equation for the set of degenerate minima, corresponding to µ2 < 0, can be written in terms of these

doublet components, as seen in Eq.2.4.

ϕ†ϕ =
1

2
(ϕ21 + ϕ22 + ϕ23 + ϕ24) = −

µ2

2λ
≡ v2

2
(2.4)

All the states that fulfill this requirement are possible vacuum states, but only one will be the physical

state, which spontaneously breaks the symmetry of the potential. This is a key characteristic of the

Higgs mechanism, represented in Figure 2.2, that allows other particles to acquire mass.

ϕ+

ϕ0

V (ϕ)

Figure 2.2: Standard Model Higgs potential. The red dot represents a broken symmetry. (Adapted from
[11])

Because all states are equivalent, any can be chosen, without a loss of generality. This includes

the one seen in the first part of Eq. 2.5. From here, ϕ can be described as perturbations about this

minimum, as seen in the second part of the same equation, where h(x) is the Higgs field. This, in turn,

can be plugged into the Lagrangian of the Higgs field (Eq. 2.1), giving us the corresponding expanded

Lagrangian shown in Eq. 2.6.

⟨0|ϕ|0⟩ = 1√
2

0
v

⇒ ϕ(x) =
1√
2

 0

v + h(x)

 (2.5)
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LH =
1

2
(∂µh)(∂

µh) +
1

8
g2W (W (1)

µ W (1)µ +W (2)
µ W (2)µ)(v + h)2

+
1

8
(gWW (3)

µ − g′Bµ)(gWW (3)µ − g′Bµ)(v + h)2 − µ2

2
(v + h)2 − λ

4
(v + h)4 (2.6)

The second term concerns the W+ and W− bosons. They relate to the W (1) and W (2) fields through

Eq. 2.7. From this, the mass of these bosons can be found by equating this term to the mass term of

the W (i) field, following Eq. 2.8, for i = 1, 2 [3].

W±
µ =

W
(1)
µ ∓ iW (2)

µ√
2

(2.7)

1

2
m2

WW (i)
µ W (i)µ =

1

8
g2W v2W (i)

µ W (i)µ ⇒mW =
1

2
gW v (2.8)

Repeating the same procedure for the third term, where the two neutral bosons - Z and the photon

(represented by the field A) - are related to the W (3) and B fields through

Zµ =
gWW

(3)
µ − g′Bµ√
g2W + g′2

Aµ =
g′W

(3)
µ + gWBµ√
g2W + g′2

From this, the masses of these two bosons are also acquired:

mZ =
v

2

√
g2W + g′2 mA = 0

The relation of Eq. 2.8 can be used, alongside the measurements of mW and gW to find the vacuum ex-

pectation value of the Higgs field, resulting in v = 246 GeV [3]. As to the mass of the Higgs boson, there

was no prediction as to what its value should be. However, it has been measured by both the ATLAS and

CMS collaborations, and simultaneously fitting the mass peaks obtained by the two experiments gives a

Higgs boson mass value of 125.11± 0.11 GeV [12].

Adding to the Higgs L of Eq. 2.1 (I) the contributions related to the gauge boson fields (II), fermions (III)

and fermion mass [13] (IV) gives the full SM Lagrangian of the Electroweak sector (Eq. 2.9). Here ψ

correspond to the fermion fields.

LSM = (Dµϕ)
†(Dµϕ)− µ2ϕ†ϕ− λ(ϕ†ϕ)2︸ ︷︷ ︸

(I)

−1

4
WµνW

µν − 1

4
BµνB

µν︸ ︷︷ ︸
(II)

+ψ /Dψ︸ ︷︷ ︸
(III)

− yij [ψiLϕψjR + (ψiLϕψjR)
∗]︸ ︷︷ ︸

(IV)

(2.9)

The field strengths are given by:

Wµν = ∂µWν − ∂νWµ − igW [Wµ,Wν ], Bµν = ∂µBν − ∂νBµ

while, for γµ corresponding to the Dirac gamma matrices, and q to the fermion charge,

/D = γµ(i∂µ − qAµ).
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Finally, the Yukawa coupling, yij , characterises the interactions of fermions to the Higgs field from which

their mass appears. The value of the coupling is not given by the Higgs mechanism, and is instead

chosen to guarantee the mass of the fermions matches observational data, through yij =
mf

v [3].

The Higgs Boson

Ever since the Higgs Boson was discovered, its properties have been continuously studied to achieve

the most reliable characterisation of this particle. This includes its production and decay methods as well.

There are several processes through which a Higgs boson is created in proton-proton collisions, seen in

Figure 2.3. According to the SM [14], at a collision energy of
√
s = 13 TeV, the majority of events (87 %),

correspond to the production of a Higgs boson via gluon-gluon fusion (ggF). Other relevant processes

include vector boson fusion (VBF), accounting for 7% of produced Higgs bosons; associated production

of a Higgs boson and a vector boson (VH), occurring 4% of the time; and generation of a Higgs boson

together with a top or bottom quark, corresponding to 1% of events. This is in agreement with what is

seen in the data [15, 16].

The Higgs boson has a very short lifetime, decaying after 1.8× 10−22 s [17]. The most important Higgs
a
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g

H
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✁
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W/Z

q’

q

q’

H

q

c

✁
W/Z

q’

q

H

W/Z

d

✁g
g

t/b

H

t/b

e

✁W

q

b

q’

H

t

f

✁H
W/Z

W/Z

g

✁W W

W

γ/Z

γ

H ✁t/b/τ

t/b/τ

t/b/τ

γ/Z

γ

H

h

✁H
b/c

b/c
i

✁H
τ/µ

τ/µ
Figure 2.3: Feynman diagrams for the most relevant Higgs boson production processes. From left to
right: gluon-gluon fusion, vector bosons fusion, VH associated production, and production of a Higgs
boson with a top or bottom quark pair. (Adapted from [15])

decay processes can be seen in Figure 2.4, with their branching ratios mentioned in Table 2.1. There

are other possible Higgs boson decay processes, which occur for under 1% of particles, so they are not

mentioned here [14].

Table 2.1: Main Higgs boson decay processes and respective branching ratios [14]

Higgs Decay Process Branching Ratio
Branching Ratio

Theoretical Uncertainty (%)

H → bb 0.58 ±0.65
H →W+W− 0.22 ±0.99
H → τ−τ+ 0.06 +1.17− 1.16

H → ZZ 0.03 ±0.99

2.2 Violation of Charge-Parity Symmetry

Except for their internal quantum numbers, like electric charge or lepton number, matter and anti-

matter are indistinguishable, so the Big Bang would have produced the same amount of each. This is in
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Figure 2.4: Feynman diagrams for the most relevant Higgs boson decay processes. From left to right,
decay into a vector boson pair, into a pair of b-quarks, and into a pair of τ . (Adapted from [15])

opposition to what is seen in the present universe, which is nearly exclusively made up of matter. This

asymmetry has to have arisen in the early universe, and to reconcile it with the theoretical predictions

for the Big Bang, a set of conditions was proposed - the Sakharov conditions. In his 1966 paper [5],

Sakharov enumerates these conditions: the need for interactions that violate baryonic number; which

occur away from thermodynamic equilibrium; and that violate charge conjugation symmetry, as well as

CP [18]. The LHC is well-suited in this search for CP violation, since, as it can access increasingly

higher energies, it can reproduce the conditions in the early universe, and allow to better understand

this baryonic asymmetry. Out of these aforementioned conditions, this work focuses on charge-parity

symmetry violation (CPV).

The Standard Model has one source of CP violation, in the Cabibbo-Kobayashi-Maskawa matrix (CKM)

that describes quarks interacting through the weak force. These processes, however, do not account

for the magnitude of the asymmetry found in the universe, which means other sources are needed to

explain this phenomenon [3].

This creates a need to look beyond the SM for possible sources of CPV that would explain the observed

asymmetry. One of the simplest of BSM theories is the Two-Higgs Doublet Model (2HDM), in which the

Higgs field is described by two doublets, instead of just the one of Eq. 2.3. This means that the Higgs

mechanism described in Section 2.1.1 would produce five, instead of one SM Higgs boson. Among

these, there would be one CP-odd boson, opening the door for CP violation in interactions with this

particle [19]. A CP-odd particle involved in an interaction undergoing a charge conjugation and parity

transformation produces a change of sign, as opposed to a CP-even one. Only a CP-odd behaviour can

allow for CP violation.

2.3 Effective Field Theory

To study theories BSM in the search for new physics phenomena, it is useful to have a formalism

that could be employed generally, independent of a specific model. In this pursuit, effective field theory

(EFT) is particularly helpful.

EFT simplifies an analysis by separating the fields in a model by their energy scale, into light and heavy

fields. An effective theory of the light fields is only valid for energy scales much lower than the masses

of the heavy fields, so these have very little influence on the processes studied, and can therefore be

integrated out. The New Physics scale, Λ, is the energy value that limits the validity of this approach,
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requiring that the energies this theory focuses on are much smaller than Λ. EFT makes the physics

easier to handle since removing the heavy fields transforms some processes into an effective vertex,

with much simpler calculations. This theory breaks down, however, when approaching the scale of the

heavy fields, where their dynamics need to be taken into account to fully describe a model [20].

The particular framework used in this work is Standard Model effective field theory (SMEFT), which uses

the SM fields and symmetries to build the framework. Considering only the electroweak sector, SMEFT

adds to the Lagrangian of Eq. 2.9 a set of operators acting on the SM fields. These operators alter the

physics of certain interactions and depend on the BSM model considered. To have a renormalisable

theory, L has to have terms of mass-dimension 4 [20], which means that, as the order of operators

increases, they are scaled by increasing powers of 1
Λ . After adding these new terms, L becomes that of

Eq. 2.10, which works for any BSM theory using the SM fields.

LSMEFT = LSM +
1

Λ

∑
i

c
(5)
i O

(5)
i +

1

Λ2

∑
j

c
(6)
j O

(6)
j + · · · (2.10)

In this equation, the sums run through every possible operator, O(n), of order n. A coefficient (c) affects

each term - the Wilson coefficient - modifying the magnitude of each operator contribution.

There is only one mass-dimension 5 operator in SMEFT, the Weinberg operator, in which lepton num-

ber is not conserved [20]. Since the processes in this work conserve lepton number, this operator is not

relevant, and can therefore be disregarded. The higher order operators have increasingly little influence

on the processes, which means the terms above order 6 can be discarded, leaving only O(6) to be con-

sidered.

The cross section of a process is proportional to the square of the amplitude of the matrix element of the

interaction, and thus to the square of the Lagrangian. This means the cross sections in this framework

can be written as in Eq. 2.11, for a set of i operators and excluding quadratic cross terms between

different operators. The first term corresponds to the cross section of all the processes encoded in the

Standard Model. As it has no dependence on the operator, it is referred to as order 0. The last element

arises from the Lagrangian portion featuring the operator. The operator contribution appears squared

(and so does the Wilson coefficient), so this term is referred to as the order 2, or quadratic term. The

middle term corresponds to the cross term, featuring the interference between the SM and operator

contributions. It is linear in the operator, being therefore called order 1.

The quadratic term of the operator can only produce a CP-even term, but the order 1 term has a linear

dependence on the operator, so it is here that a CP-odd contribution can appear. This makes it the only

possible term where CP violation can be featured.

σSMEFT = σSM +
∑
i

(
ci
Λ2
σi,int +

c2i
Λ4
σi,BSM

)
(2.11)

2.3.1 The HWW Vertex

This work focuses on studying CPV in interactions between the Higgs and the W bosons. The chosen

coupling to perform this analysis is the HWW vertex in which a Higgs boson is produced by associated
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production with a W boson. The Feynman diagram for HW associated production, originating from

proton collisions like those occurring at the LHC, can be seen in Fig. 2.5.

W W
H

q′

q

b

b

ν`

`

2

Figure 2.5: Feynman diagram of the HW associated production process

There are some advantages of studying interactions with the W through WH associated production.

In VBF the only boson appearing in the final state is the Higgs boson, which makes the HWW and HZZ

vertices indistinguishable. A Higgs boson decaying into a W+W− is also a HWW vertex, but its analysis

may be less susceptible to BSM effects, due to the kinematic cuts that are implemented during selection

and reconstruction of events [21], making this process, therefore, not adequate to study the relevant

vertex.

There are only four CP-even mass-dimension 6 operators that affect the HWW vertex, referred from here

on out by their respective Wilson coefficient. All can be seen in Table 2.2. Additionally, there is a CP-odd

operator also considered, shown in the same table.
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Table 2.2: Operators affecting WH associated production with their respective Wilson coefficients in the
Warsaw basis and the vertices they affect. p is a quark flavour index, while I is an isospin index. τ = 1

2σ,
σ being the Pauli matrices. h†i

←→
D I

µh ≡ h†iτ IDµh− (iDµτ
Ih†)h and W̃ I

µν = 1
2ϵµνρσW

Iρσ, where ϵµνρσ is
the antisymmetric tensor. [22–25]

Wilson coeff. Operator Vertex

CP-even

c
(3)
Hq (h†i

←→
D I

µh)(qpτ
Iγµqr)

q W

q′ H

1

cH□ (h†h)□(h†h)

W

H

W

1

cHW h†hW I
µνW

Iµν

cHDD (h†Dµh)∗(h†Dµh)

CP-odd cHW̃ h†hW̃ I
µνW

Iµν

2.4 State of the Art

2.4.1 CP violation in the Higgs sector

Studies of CP violation in the Higgs sector can be divided into two categories: couplings with

fermions, and interactions with vector bosons, because of the different characteristics of the couplings.

Fermionic couplings

The SMEFT Lagrangian for the Yukawa coupling between the Higgs boson and fermions (f ) is given

by Eq. 2.12 [26]. kf corresponds to the Yukawa coupling scaling factor, while α corresponds to the CP-

mixing angle. This angle quantifies the CP-even and CP-odd contributions to a coupling, with sinα = 1

(α = 90◦ or α = 270◦) corresponding to a purely CP-odd interaction and α = 0 or 180◦ (cosα = 1) leading

to a pure CP-even one. If α = 0 and kf = 1, the SM coupling is recovered. This equation also shows

that CP-odd contributions are added to the Lagrangian at tree level, without this term being suppressed

by any power of Λ, unlike what happens for interactions between the Higgs and vector bosons.

LSMEFT, HFF = −mf

v
kf (cos (α)ψψ + sin (α)ψiγ5ψ)h (2.12)
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The ATLAS experiment probed CP violation in ttH and tH production, with the Higgs boson decaying

into two photons [27] or into a pair of b quarks [28]. Proton-proton collision data from Run 2 was used,

with a luminosity 1 of 139 fb−1 and a center of mass (CM) beam energy of
√
s = 13 TeV, to constrain

the mixing angle α, and, thus, the CP-odd contribution. A value of |α| > 43◦ was excluded at a 95%

confidence level (CL), which rules out the possibility of having a purely CP-odd coupling [27]. A best-fit

value was achieved in [28] of α = 11◦+55◦

−77◦ . The CMS experiment performed a similar study [29] on CP

proprieties of ttH and tH couplings, including H → WW , H → ττ , H → ZZ and H → γγ decays,

at a luminosity of 138 fb−1. The possibility of a purely CP-odd coupling was also excluded, finding that

kt cos (α) ∈ [0.86, 1.26] and kt sin (α) ∈ [−1.07, 1.07], at a 95% CL.

Bosonic couplings

When studying CP violation in interactions between the Higgs and vector bosons (HV V ), the goal is

often to constrain the values of the CP-odd Wilson coefficients, and thus the possibility for CPV. Several

studies using data from the various channels have been performed, using observables sensitive to the

various operators to constrain the coefficients. Some of these are mentioned in this section, culminating

in a compilation of the most recent results.

The ATLAS experiment has published a series of studies, mostly focusing on VBF, as this is a produc-

tion process with a large cross section. A group of these analyses focuses on a matrix element-based

observable sensitive to CP violation, with different distributions for CP-even and CP-odd interactions,

and which can be used for any Higgs decay [30]. Figure 2.6 shows the constraints on a set of CP-odd

operators using this procedure for studies of VBF, where H → ZZ → 4ℓ and H → γγ decays are con-

sidered [30, 31], again using data from proton-proton collisions with the proton beams having center of

mass energy of
√
s = 13 TeV. The luminosity of the accelerator was 139 fb−1. Besides cHW̃ , two other

operators were considered, both of which affect only the HZZ vertex, cHB̃ and cHW̃B [22], correspond-

ing, respectively to the operators in Eq. 2.13 and 2.14 [25]. Together with cHW̃ , these are the only three

CP-odd operators affecting the HV V vertices.

OHB̃ = h†hB̃µνB
µν (2.13) OHW̃B = h†τ IhW̃ I

µνB
µν (2.14)

VBF studies with the Higgs boson decaying into two W bosons are particularly interesting for this work

since the HWW interaction can be present in both the production and decay vertices. One of these anal-

yses was performed by the ATLAS collaboration, described in [32], studying the H → WW ∗ → eνµν

channel, using data in the same conditions as mentioned above. This analysis relies on an angular

observable, ∆ϕℓℓ, the difference between the azimuthal angle of the electron and muon, as this is a vari-

able also sensitive to CP-odd couplings, with CP-odd operators creating an asymmetry in its distribution.

The three operators were studied separately, by keeping the others at c = 0. The results in constraining

the Wilson coefficients are also shown in Figure 2.6. As seen in this plot, all these results are consistent

with the Standard Model predictions.

The most recent constraints on CP violation in the HWW vertex from the ATLAS experiment pertains
1This quantity refers to the integrated luminosity of the LHC and related to the number of events produced (see Chapter 3).
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Figure 2.6: CP-odd Wilson coefficient results from VBF Higgs production and varying decay processes,
considering both linear and quadratic terms for all channels but H → ZZ → 4ℓ, where the quadratic
contribution is negligible and only the linear term is included. The bars correspond to a 68% CL showing
statistical and systematic uncertainties. d̃ corresponds to operators in a basis other than the Warsaw
basis and is not relevant to this work. [26]

to the study of VBF production of the Higgs boson, with this boson decaying through H → τ+τ− [33].

Using data from Run 2 of the LHC, with a luminosity of 140 fb−1 and
√
s = 13 TeV, this study consid-

ered cHW̃ , cHB̃ and cHW̃B , and performed a binned analysis for two cases: considering only ∆ϕjj , the

difference between the azimuthal angles of the two leading jets produced alongside the Higgs boson in

VBF, and studying this variable alongside with the transverse momentum of the Higgs boson, pHT . There

was a particular focus on cHW̃ , since ∆ϕjj shows an asymmetric distribution for a non-zero cHW̃ , and a

symmetric one when considering CP-even operators. Further dividing the data into bins of pHT increases

the sensitivity to the CP-odd coupling.

The aforementioned analysis culminated in constraining the values of the coefficients of the CP-odd

operators coefficients (Figure 2.7), as well as its CP-even counterparts (cHW , cHB and cHWB), again

considering all operators separately and setting the others at c = 0. Again these results are in agree-

ment with the SM predictions, but this work was able to produce the strongest constraint on cHW̃ up to

date, expected to be within [-0.60,0.60] at a 95% confidence level.

The CMS collaboration, on the other hand, has performed a CPV study in Higgs associated production,

considering both W and Z bosons decaying leptonically and the Higgs boson decaying through H → bb,

as described in [34]. This analysis was, therefore, concerned with the same processes as is the focus of

this thesis. Data from proton collisions at the LHC with a CM energy
√
s = 13 TeV and for a luminosity of

138 fb−1 is used, and the three CP-odd operators of HV V vertex, cHW̃ , cHB̃ and cHW̃B are considered.

In this study new variables are built from linear combinations of these Wilson coefficients, forming a new

mass-eigenstate basis that makes the analysis depend on fewer parameters. Out of these, only one can

be constrained in studies of VH associated production, so it will be the only variable mentioned. It can

be found in Eq. 2.15, where θw is the weak mixing angle. A similar variable, gZZ
2 can be built for the
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Figure 2.7: CP-odd Wilson coefficient results from VBF Higgs production and H → τ+τ−, computed
considering the distribution in bins of ∆ϕjj and pHT simultaneously. [33]

CP-even operators affecting VH associated production, simply by replacing the CP-odd operators in the

expression with their CP-even counterpart.

g̃ZZ
2 = −2 v

2

Λ2
(sin2 θwcHB̃ + cos2 θwcHW̃ + sin θw cos θwcHW̃B) (2.15)

The values of these variables were then constrained by keeping the values of all coefficients as free

parameters. Again, the results were in accordance with the SM predictions, with g̃ZZ
2 ∈ [−0.366, 0.352]

at a 68% CL, and [−0.601, 0.615] at a 95% CL. As for the CP-even variable, gZZ
2 ∈ [−0.259, 0.409] at a

68% CL, and [−0.573, 0.614] at a 95% CL.
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Chapter 3

The LHC and the ATLAS experiment

This chapter briefly details the components of the LHC and the ATLAS detector, as well as some of

their principal characteristics. It also describes some object reconstruction procedures relevant in the

study of qq′ →WH → ℓνbb.

3.1 The Large Hadron Collider

The LHC at CERN is a particle accelerator at the forefront of searches in high-energy physics, and

the ATLAS experiment employs the largest general-purpose detector at the accelerator. The LHC has

been running since 2009, having had three runs so far, separated by shutdown periods. Run 1 lasted

from 2010 to 2012, while Run 2 spanned from 2015 to 2018. It is currently on its Run 3 which started in

2022 and will last until 2026.

This work uses simulated data of the ATLAS detector for Run 2, so this chapter focuses on the charac-

teristics of the detector and the LHC during this period. Besides this, even though the accelerator can

be used to collide other particles, like heavy lead ions, as this work is only concerned with proton-proton

collisions, they are the only ones mentioned.

Two quantities characterise each run of the LHC, the first of which is the center of mass energy of the

proton beams colliding,
√
s. During Run 2, this value was

√
s = 13 TeV, and the higher the energy of the

proton beams, the higher the energy of the phenomena that can be probed in the collisions. The other

one is the instantaneous luminosity of the accelerator. It gives the number of events that occur per unit

area and time and can be integrated throughout the operation of the accelerator to find the integrated

luminosity, following Eq. 3.1. L is the instantaneous luminosity, t is the operation time of the accelerator

being considered, and N is the resulting number of events of a process with cross section σ.

N = σ

∫
L(t) dt (3.1)

The goal is to have an instantaneous luminosity as large as possible, so as to increase the statistics

available for the various processes. With the improvement of technology, it has been increasing ever
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since the first LHC run. Figure 3.1 shows the integrated luminosity achieved for different years of Runs

1 and 2, but, the increasing slope of the plots for more recent data-taking, when comparing the same

period of each year, shows the improvement in instantaneous luminosity in the LHC. As for the integrated

luminosity, the ATLAS experiment measured it to be 147 fb−1 for Run 2. This is an improvement from Run

1, which delivered an integrated luminosity of 5 fb−1 for
√
s = 7 TeV and 21 fb−1 for

√
s = 8 TeV. As for

Run 3, it is expected to reach a luminosity of 250 fb−1 over the four years of operation, for
√
s = 13.6 TeV

[35].

Figure 3.1: Integrated luminosity throughout the years delivered to the ATLAS detector with stable proton
beams. [35]

3.2 The ATLAS detector

The ATLAS experiment is a general purpose detector that investigates a wide range of physics at

the LHC. A schematic representation of the detector can be seen in Figure 3.2. The protons are made

to collide at the center of the detector, and the different particles produced interact with the detector

components, producing signatures that are then interpreted to identify them.

The ATLAS detector can cover nearly the full 4π solid angle around the collision point. Figure 3.3 shows

the coordinate system used by the ATLAS experiment, where z corresponds to the beam axis, x is the

direction from the collision point to the center of the LHC, and y points upwards. ϕ is the azimuthal

angle about z, and θ is the polar angle, from the beam axis to the three-momentum of the particle, −→p .

The transverse momentum of a particle, −→pT , is the projection of −→p in the x − y plane. Instead of using

θ, however, it is the standard in the LHC experiments to use the pseudorapidity, η, which is related to

θ through η = − ln tan(θ/2). This is done because in proton-proton collisions, the distribution of the

proton momentum between the quarks and gluons it is composed of is not known. This means the

momentum of the interacting particles is not known, and neither is their boost in the z direction, relative
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Figure 3.2: Schematic of the Run 2 ATLAS detector [36]

to the lab frame. The pseudorapidity then proves to be a useful variable, as the difference in η between

two particles is independent of boosts in the beam direction [37]. Furthermore, the ATLAS detector can

be divided into two regions depending on this variable: the central region, corresponding to |η| < 2.5,

and the forward region, for 2.5 < |η| < 4.9.

ATLAS

y

z
x

p⃗Tp⃗

N

LHC

CMS

ALICE

LHCb

ϕ
θ

Figure 3.3: Coordinates system used by the ATLAS experiment (Adapted from https://tikz.net/

axis3d_cms/)

3.2.1 ATLAS Sub-Detectors

Going from the collision point outwards, the particles resulting from the proton interactions first en-

counter the inner detectors (ID). This detector set is formed by a pixel detector, a semiconductor tracker,

and the transition radiation tracker (TRT), covering a range of |η| < 2.5. All of these components con-

tribute to information on the track of charged particles, with the TRT using the characteristic radiation
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Figure 3.4: Schematics of the ATLAS detector calorimetry system [36]

that particles emit when passing through inhomogeneous media to allow for the better identification of

electrons. A superconducting solenoid magnet around the ID provides a 2 T magnetic field in the direc-

tion of the beam axis, and is responsible for bending the trajectory of charged particles depending on

their electric charge [35].

The next layer consists of a system of hadronic and electromagnetic calorimeters (Figure 3.4). This is

where most particles are stopped, generating cascades of new particles and allowing for their energy to

be measured. These calorimeters can be divided into two categories, depending on the type of particles

they interact with. Lead and liquid argon electromagnetic calorimeters, both at the barrel and endcaps,

are responsible for stopping photons and electrons, in the range of |η| < 3.2. Detecting hadrons requires

another set of calorimeters. One made of scintillating tiles surrounds ID and can detect particles found at

|η| < 1.7. There is also an endcap liquid argon hadronic calorimeter covering up to |η| = 3.2. To be able

to account for particles traveling in nearly all directions, there are both electromagnetic and hadronic

liquid argon forward calorimeters at the center of the endcaps that can measure particles in the forward

region, up to |η| < 4.9 [35, 36].

There are, however, two kinds of particles, that do not end their trajectory at the calorimeters: the muons

and the neutrinos. A muon spectrometer system surrounds the calorimeters, with detectors at the bar-

rel and endcaps. This system has great precision in tracking muons, working together with toroidal

magnets that deflect the muon trajectory to achieve high-resolution measurements of the momentum of

these particles, up to a pseudorapidity of η = 2.7 [36]. The presence of neutrinos, however, has to be

inferred from the presence of missing transverse momentum, a quantity that should sum up to zero by

momentum conservation.
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3.2.2 Trigger

The collisions at the LHC produce a very large amount of data every second and it is impossible

to store the full volume at such a fast rate. If only a fraction of all collisions can be saved, one needs

a system capable of choosing the events that can potentially harbour new physics. This is where the

trigger system comes in.

The first step when selecting events is the Level 1 hardware trigger, which uses electronics to reduce

the amount of data to be stored. It makes a decision within a 2.5 µs latency and can reduce the data

output rate from 40 MHz (at the detector output) to 100 kHz (after the trigger) [38]. This system makes

very fast decisions, selecting events with high-momentum particles and with large missing transverse

energy, based on information from the calorimeter and muon chambers.

The events that pass the selection of the Level 1 trigger are then directed to the High-Level Trigger

(HLT), which is based on software. The HLT may use the regions of interest of the detector, flagged by

the Level 1 trigger as containing objects that passed its selection criteria, or the full event information

[36]. It does a more thorough evaluation of the event to verify if it indeed meets the criteria required,

looking at the information not only from the calorimeters and muon chambers but also at the tracks from

the inner detector, and using the full granularity of the detector. After passing through the HLT, the data

is stored at a more feasible output rate of 1.2 kHz [38].

3.3 Object Reconstruction

Information from the different sub-detectors can be combined to reconstruct the particles that make

up the final state of an event. Firstly, the tracks from the inner detector are matched to the vertices that

originated the particles. The vertex with the largest squared transverse momentum sum is chosen as

corresponding to the primary hard scattering vertex [39].

3.3.1 Electrons, Photons and Muons

Electrons are reconstructed by corresponding tracks from the inner detector to deposits of energy

in the electromagnetic calorimeter. Naively, since the electrons are the only particles that leave both

energy deposits in this calorimeter and a track in the ID (as the photons do not leave a track), this pro-

cess should uniquely identify the electrons. There is, however, the possibility that a photon in an event

produces an electron-positron pair in the ID (converted photon). There would be a cluster of deposited

energy in the calorimeter and two tracks in the inner detector, and to identify this phenomenon, these

signatures must be matched to a conversion vertex. Unconverted photons, have a signature made up

of only an energy deposit in the calorimeters, which can also be reconstructed as converted photons

[40]. The presence of these phenomena requires that likelihood-based evaluation criteria be used to

evaluate electron candidates, based on information from the ID and electromagnetic calorimeter [41].
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For an increasing number of rejected events, electron identification can meet loose, medium, or tight

criteria, which correspond to 93%, 88%, and 80% classification efficiencies, respectively [40]. Similarly,

to improve hadron background rejection further isolation criteria of electrons are used. Electrons are

required to meet loose isolation and identification criteria.

Electrons candidates are also required to have a pseudorapidity |η|< 2.47, as this is the range of accep-

tance that guarantees efficient reconstruction of the electrons and background rejection in the ATLAS

barrel, and the transverse momentum is required to be above 7 GeV, the minimum limit usually consid-

ered [41]. As to the ID tracks, there are restrictions on the quantities that characterise them as well.

They are required to have z0 sin θ < 0.5 mm and |d0|/σd0
< 5 [39], where z0 is the longitudinal impact

parameter in relation to the primary vertex, while d0 is the transverse one. Its uncertainty is given by

σd0 , with their ratio corresponding to the significance of d0 [40]. While the restriction on d0 is related to

its use in the likelihood, the restriction on z0 is required as a parameter for isolating the electrons [40].

As for the muons, their reconstruction relies on matching the ID tracks to information from the muon

spectrometer, instead of the calorimeter. Regarding muon acceptance, the muon spectrometer guaran-

tees an efficient reconstruction for |η|< 2.7, and |d0|/σd0<3 is also required [42]. The limits on z0 and

transverse momentum are the same as for the electrons, and, like these particles, muon candidates are

required to meet loose identification and isolation criteria [39].

3.3.2 Jets

The shower and hadronisation processes of quarks and gluons (and subsequent hadron decays)

produce collimated sprays of hadrons called jets that can provide information about the partons that

originated them 1. These collimated sprays are clustered into jets via jet clustering algorithms. Jets act

as proxies to the parton originating the spray.

The jets are created using information from the tracks in the inner detector, coupled with the energy de-

posits in both the electromagnetic and the hadronic calorimeters. They are defined using the anti-kt jet

clustering algorithm [43]. This algorithm groups the particles with the smallest distance between them,

defined by their angular distance in the η − ϕ plane, multiplied by the inverse momentum of the particle

with the largest transverse momentum. It starts with the most energetic particles, whose momentum

and position are unlikely to be affected by other particles, and groups around them the less energetic

ones, forming a cone. This algorithm is effective in the study of jets, clustering together particles likely to

have the same origin [43] [44, Ch. 2]. One of the most important variables in this algorithm is the radius

parameter of jets, set at R = 0.4 (small-R jets) or R = 1.0 (large-R jets).

If small-R jets are found in the central region ( |η|<2.5 ), they are required to have a minimum trans-

verse momentum of 20 GeV. In the forward region ( 2.5<|η|<4.9 ), outside of the acceptance of the inner

detector, they are required to have a transverse momentum pT>30 GeV [39]. This cut is performed to

guarantee the efficiency and purity of jet reconstruction [36]. Furthermore, a likelihood-based jet-vertex-

1The final state includes not only high-energy particles originating from hard scattering, but also other low-energy ones, coming
from additional partonic interactions in the collision (underlying event).
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tagging procedure can also be applied to low-momentum jets with pT<60 GeV in the central region and

pT<120 GeV in the forward one to better remove jets originating from pile-up interactions, which are

more likely to have low energy [45].

As for large-R jets, they may include more energy deposits belonging to pile-up and underlying event,

since these jets encompass a larger area of the detector. This means that a procedure is needed to

remove unwanted energy contributions, namely using jet trimming. This method consists of subdividing

the jet into smaller ones and then removing the sub-jets with the lowest transverse momenta, and keep-

ing the rest [46]. It is also required that the large-R jets have |η|<2.0, which means they are found in a

more interior region of inner detector, avoiding the outer regions of the ID where reconstruction is not as

reliable [45].

One important feature of jet reconstruction is flavour tagging, where a jet can be classified as a b- or

c-jet, depending on whether it contains a b- or a c-hadron. If a jet fits neither of these classifications, it is

called a light jet. The B hadrons present have a long lifetime, which means they travel a few millimeters

on average before decaying. This produces a signature of a secondary vertex emerging some millime-

ters away from the primary one, roughly along the same direction as the jet [3]. In addition, B-hadrons

have a large mass, so the particles resulting from their decay tend to have large momenta, which does

not happen when originating from light quarks. These two characteristics are used in b-jet identification

[47].

The DL1r tagger developed by the ATLAS collaboration [48] uses a neural network to find the probability

of a jet being a b- or c-jet. From this, the b-score of a jet can be calculated, with a high probability of

having a b-hadron leading to a high b-score, and a high probability of having a c-hadron or no heavy

hadrons leading to a low b-score. The same is done for c-jets, but as the lifetime of c-hadrons is shorter

than that of b-hadrons, the efficiency of this process is lower [49]. If a jet meets the 70% operating point,

which corresponds to a tagging efficiency of 70% in a specific test dataset, the jet is classified as a b-jet.

If this does not happen, but the jet meets the 45% operating point for c-tagging, the jet is classified as a

c-jet [39, 49].

3.3.3 Neutrinos

Neutrinos interact very little with matter. As such, these particles cannot be detected directly by the

ATLAS detector. Their characteristics can, however, be inferred from the missing transverse energy

(Emiss
T ) of an event. This variable corresponds to the symmetric of the sum of all detected momentum

in the transverse direction, to guarantee the conservation of transverse momentum after the collision,

which is zero before it. To calculate Emiss
T , the momenta of all reconstructed particles are included, along

with an additional term corresponding to tracks in the inner detector left by charged particles that orig-

inate from the hard-scattering vertex of the event, but do not correspond to an object reconstructed in

the detector. By requiring that the tracks be matched to the interaction vertex, the possible influence of

pile-up is reduced [50].
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In the case of there being a W boson that decays into one charged lepton and a neutrino, it is assumed

that the neutrino momentum corresponds to Emiss
T , in the transverse direction. The longitudinal compo-

nent of its momentum, however, is calculated from the kinematic constraint that the squared module of

the neutrino and charged lepton four-momenta must yield the squared mass of the W-boson from which

they originated [39].
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Chapter 4

WH associated production

measurements with the ATLAS

detector

In this chapter, the ATLAS analysis providing the basis for this work is detailed, along with the modi-

fications done in this thesis to be able to constrain the values of the CP-odd operator.

The legacy Run 2 analysis by the ATLAS experiment of VH associated production [39] is mainly con-

cerned with measuring differential cross sections, to constrain the Yukawa coupling in Higgs bosons

decaying into b or c quark pairs. Although the legacy analysis focuses on WH and ZH associated pro-

duction, only the production of a Higgs and a W boson will be regarded, as this is the process that

concerns this thesis. In [39], the analysis focuses on measurements of the cross sections of the WH(bb)

process, which is also what is done for this work, so it provides a good guideline for this thesis. The

legacy analysis uses 13 TeV pp data from Run 2 of the LHC, for signal and most backgrounds. Since

the analysis does not take CP-odd couplings into account, modifications have to be made so it can be

suitable for probing these interactions.

4.1 Event Generation

The focus of the analysis is the vertex in Figure 2.5, but the W and H bosons cannot be measured

directly, since they decay too quickly to be detected. Only the stable products of this decay can be

observed in the detector. As mentioned before, the leptonic decay of W bosons provides a cleaner

signature for detection, since the majority of backgrounds are made up of hadrons 1. As for the Higgs

boson, the decay channel considered is into a bb quark pair, since this is the dominant decay.
1In this thesis, only W bosons decaying into electrons and muons (and their corresponding neutrinos) are considered. As for

τ , its lifetime is 290 × 10−15 s [17], so it cannot be detected directly. It can, however, decay into muons or electrons, which are
stable. If so, the W boson decaying into a τ (and its neutrino) is included, since electrons and muons are the charged leptons the
thesis considers. If the tau decays hadronically, it is disregarded.
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The first step in this analysis was the generation of the events, performed using Monte Carlo (MC) gener-

ation. Event generation is a complex endeavour, as thousands of particles are produced in each event.

In MC event generation, the proton-proton collision is factorised into a series of processes, until the

particles reach the detector, as illustrated in Figure 4.1. Briefly, this starts with the partons, the proton

constituents, described through their distribution function (PDF). This function is based on perturbative

theory and can be written as f(x,Q2), where x is the fraction of proton momentum carried by the parton

and Q2 is the factorization scale that determines the resolution at which the proton can be probed [51].

This is set to correspond to the energy transferred between protons in the collision [52]. One parton

can branch into others spontaneously, which will result in the production of other partons, to guarantee

momentum and flavour are conserved. These particles, which will not intervene in the collision, form

the initial-state radiation, as they contribute to the final state, but are not related to the process being

studied.

In the collision, two partons interact (hard scattering) and can produce high-energy particles. This pro-

cess and the PDFs refer to distinct energy scales, separated by the factorization scale, which means

these two processes can be treated separately. This results in a total cross section after hard scattering

described by Eq. 4.1 [51, 52]. The first two integrals correspond to the probability of having a combi-

nation of partons q and q′ in the event and the sum accounts for all possible quark flavours. The last

integral corresponds to the probability of having the two partons interacting and producing the desired

final state X, with dΩ = d cos θdϕ corresponding to the solid angle.

σqq′→X =
∑
q,q′

∫
dx1

∫
dx2fq(x1, Q2)fq′(x2, Q

2)

∫
dΩ

dσ̂
dΩ

(4.1)

In WH associated production, hard scattering results in the production of the W and H bosons. If quarks

and gluons are produced in the final state, they can again branch into other particles sequentially, form-

ing a parton shower. These can again radiate other partons, akin to a Bremsstrahlung process, forming

final-state radiation [51, 52]. In the process studied, a parton shower is included, since the Higgs boson

decays into two b-quarks. Due to the effect of confinement, once their energy is low enough, partons join

together, and form colourless hadrons (hadronisation) [3], which, if unstable, will decay. In the process

studied, the b-quarks hadronize into B-hadrons, which then decay into stable particles.

The framework used to perform calculations for the Lagrangian in question and to produce the events

is given by SMEFTSIM3 [54], which only considers leading order (LO) contributions. This package uses

the SMEFT formalism detailed in Section 2.3, where the operators can be chosen, as well as the value

of their coefficient. The specific model, U35, guarantees maximum flavour symmetry, U(3)5, only allow-

ing operators whose contributions do not distinguish between the quark flavours. As such, the flavour

contribution of these operators can be removed, as it will be the same whichever particles are involved

[54]. This greatly reduces the number of parameters of the model and is quite useful in an analysis such

as this, where flavour is not relevant. This model is implemented using FEYNRULES [55] package, so it

can link with the next steps. The calculation of the matrix elements and generation of the hard-scatter

process is done with MADGRAPH AMC@NLO [56]. This software uses the NNPDF23LO set [57] to de-
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Figure 4.1: Illustration of event generation in a collision experiment [53]

fine the PDF, and it also models the parton level interactions, calculating their cross sections. After this,

PYTHIA8 [58] is run, to simulate the parton shower and hadronisation of the particles and the unstable

hadron decay is modeled by EVTGEN [59], giving the truth-level final state of the events.

The complete event generation also takes into account the simulation of the interactions of particles with

the ATLAS detector, which is done using the Geant4 software [60].

4.2 Event Selection

The next step consists of selecting the events corresponding to the relevant signal, and efficiently

rejecting background events. This requires implementing selection cuts on leptons, jets, and neutrinos

to identify the signal.

In the final state considered, there is only one charged lepton - an electron or a muon. These events

are filtered using the trigger system of the LHC. If the W boson decays into an electron, the event is

selected by the single electron trigger. If it decays into a muon of pWT <150 GeV, it is similarly selected

by the single muon trigger, but if the muon momentum is above this value, the Emiss
T trigger is used.

The Emiss
T trigger is only efficient at high energies, due to its limited resolution, and uses information

only from the calorimeters [61]. As W → µνµ results in a final state with a muon, which deposits little

energy in the calorimeter, and a neutrino, which cannot be detected directly, the Emiss
T trigger labels the

event as having a large missing transverse energy. As such, the Emiss
T trigger is efficient in selecting

high-momentum muons [61].

When studying VH associated production, events are usually categorised depending on the V boson

transverse momentum: pVT < 400 GeV corresponds to the resolved regime, and pVT > 400 GeV is called
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the boosted regime. While in the resolved regime the two b-quarks can be resolved with two small-R jets

[45], in the boosted regime, for a high-momentum Higgs boson, the b-quarks are emitted close together

and have to be reconstructed from a single large-R jet. Because of this, jet event selection criteria are

different depending on the regime.

In the resolved regime, an event must have two b-tagged jets to be considered in the signal region, with

an invariant mass (mjj) of at least 50 GeV, and with the jet of highest momentum fulfilling pJ1

T >45 GeV

[39]. Besides this, the angular distance between the two jets, ∆Rjj , defined in Eq. 5.1, must be lower

than π. In the boosted regime, the large-R jet with the highest transverse momentum is considered,

requiring that it has pjT>250 GeV. Within this large-R jet, smaller radius jets are built from track-only

information (track-jets) and are considered for b-tagging. Akin to the resolved regime, the two leading

track-jets must be b-tagged and the mass of the large-R jet (mJ ) must be at least 50 GeV. In both

regimes, the jets must also meet tight cleaning criteria, consisting of evaluating several variables that

measure jet quality to effectively reject background signatures and select signal jets [62].

Additionally, when the final state includes an electron, the missing transverse energy of an event is

required to be at least 30 GeV, in the resolved regime, or 50 GeV, in the boosted one. All the event

selection cuts can be seen in Table 4.1.

After selecting these events, a series of boosted decision trees (BDT) are employed, based on the

Cuts Resolved Regime Boosted Regime
Number of leptons 1 electron or muon

pW
T < 400 GeV > 400 GeV

Electron channel trigger single electron trigger

Muon channel trigger pWT <150 GeV : single muon trigger
Emiss

T trigger
pWT >150 GeV : Emiss

T trigger
Number of jets ≥ 2 small-R jets ≥ 1 large-R jet

b-jets 2 b-tagged small-R jets 2 b-tagged track-jets in the large-R jet
Jet invariant mass mjj = 50 GeV mJ = 50 GeV

Leading jet pj
T 45 GeV 250 GeV

∆Rjj < π -
Emiss

T in electron channel 30 GeV 50 GeV

Table 4.1: Event selection cuts of the legacy analysis in the resolved and boosted regimes [39]

various observables in the analysis. The BDT outputs are used to find the yields of signal and back-

ground processes to use when fitting the data, and allow for a better differentiation between signal and

background [39].

4.3 Background Events

Several processes produce similar final states to the signal event: bbℓνℓ, which hinders the signal

event identification. In this section, the most important of these background events are mentioned and

shown in Figure 4.2.

One of the most significant backgrounds is tt production, where each top quark decays into a W boson

and a b quark (which occurs for 96% of top quarks [17]), with one of the W bosons decaying leptonically
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Figure 4.2: Feynman diagrams for the most important backgrounds in WH associated production with
WH → bbℓν: tt production (a), Wt production (b) and production of a W boson and b-jets (c).

and the other one hadronically (Figure 4.2a). Events involving the production of a top quark and a W

boson make up another background, considering again that the top quark decays into a W boson and a

b quark, with one W boson decaying hadronically and the other leptonically (Figure 4.2b).

The other main background process affecting this analysis is the production of a W boson along with

jets. In the resolved regime, after event selection, about 85-95% of jets in this process are b-jets [39], in

the region where signal is most likely to be found (signal region). This makes this process an irreducible

background, when the W boson decays leptonically, as it has a final state identical to the signal events

(Figure 4.2c).

Additionally, the associated production of a W and a Z boson (also called diboson) contributes to the set

of backgrounds, since in the signal region after event selection, about 90% of these events correspond

to a Z boson decaying into a bb quark pair [39], producing a final state identical to the signal events,

when the W boson decays leptonically. The invariant mass of the b-jets in this process shows a peak at

the mass of the Z boson that originates them (about 90 GeV), so it is useful for validation purposes. This

behaviour can be seen in Figure 4.3, which shows the distribution of the mass of the two b-jets for signal

and background, where a peak for the diboson background is evident around the mass of the Z boson.

A multi-jet background arises from hadronic jets being wrongly identified as leptons, and from semi-

leptonic decays of b-hadrons. Multijet events, however, do not have a source of missing transverse

energy, and the selection cuts described in the previous section are effective in suppressing this back-

ground in muon final states. In the electron channel, however, it may reach 2% of total backgrounds in

electron final states [45]. This is, therefore, a reducible background.

4.3.1 Control Regions

The cuts presented in the previous section define the signal region of the analysis, but in addition to

this, two control regions (CR) are also defined to contain a reduced number of signal events, but where

the backgrounds still exist in similar number as in the signal region. This is done to better predict the

background signatures, independently of the signal event so it can be more efficiently identified. The

signal and control regions are defined so there is no overlap between them. In the legacy analysis, con-
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Figure 4.3: Distribution of the mass of two b-tagged jets for a one-lepton final state, considering signal
and background events in the 250 GeV <pWT < 450 GeV [39]

trol regions are defined differently for the resolved and boosted regimes, targeting the most important

background processes.

In the resolved regime, two control regions are defined, which differ from the signal region based solely

on the angular distance between the two b-tagged jets, ∆Rjj . The High-∆R region is made up of events

with high values of ∆Rjj , above what is found for the signal region. This is used to study the tt produc-

tion background. Similarly, the other CR, Low-∆R, is characterised by events with ∆Rjj below what is

seen in the signal region. This is a region with a higher number of events from the production of a W

boson and jets than the other regions, making it suitable to make predictions on this background [39].

As for the boosted regime, only one CR region is defined, where events are required to have a b-tagged

jet not belonging to the large-R jet, while keeping the remaining event selection criteria of the signal

region. This requirement ensures this region includes a large number of tt production events, as is evi-

dent from the diagram of Figure 4.2a, where the decay products of the hadronically-decaying top-quark

can be included in a large-R jet, while the other b-jet (from the semileptonic top decay) is produced far

from this jet [39]. As the production of a W boson and jets is characterised by small angular distances

between the final state objects, this background is not constrained in the boosted regime, where this is

also a feature of the signal jets.

4.4 Simplified Template Cross Section measurements

A common framework used when studying cross sections in the Higgs sector is the simplified tem-

plate cross sections (STXS) [1]. It provides a guideline of the regions in which to divide data when

measuring couplings of the Higgs boson, based on truth-level quantities, to maximise the sensitivity to

relevant information. The bin division is chosen so that, within each bin, there is only a small fluctuation
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in signal acceptance, which corresponds to the fraction of events that pass the cuts applied. A small

fluctuation of this quantity corresponds to a reduced dependence on theoretical predictions, which is an

objective of the STXS framework [1].

For qq′ →WH, data is divided into regions of pWT , and, within these, separated depending on the number

of jets in the event, to further increase the sensitivity, and to separate events with different experimental

uncertainties [14]. This division follows what is seen in Figure 4.4.

qq̄′ → WH

0-jet 1-jet ≥ 2-jet

gg → ZH

0-jet 1-jet ≥ 2-jet

qq̄ → ZH

0-jet 1-jet ≥ 2-jet

V H = V (→ leptons)H

75

0
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250

400

∞

pV
T

Stage 1.2

Figure 4.4: STXS bins for VH associated production [63]

4.4.1 Legacy Analysis Procedure

After performing the event selection in the ATLAS VH legacy analysis, the signal and background

events are used to perform several likelihood fits, but only one is relevant to this thesis. Although the

fit procedure is described in detail in Section 5.5, it is be briefly mentioned here. The events are then

divided into the STXS bins and the number of signal and background events in each bin are input into

the likelihood function. A fit of this data is then performed, as a function of the parameter of interest,

which is, in this case, the cross section times branching ratio for the processes studied (WH or ZH asso-

ciated production, with the Higgs boson decaying into b or c quarks). The goal is then to maximise the

likelihood function to find the best-fit value of the signal cross section, for each of the STXS bins.

4.4.2 Systematic Uncertainties

In the legacy analysis, measurements are affected by systematic uncertainties that can originate

from shortcomings in the theoretical model, or in the object reconstruction by the ATLAS detector.

The systematic uncertainties associated with simulating the signal events include acceptance uncer-

tainties, which arise from the possibility of event migration between regions, and therefore depend on

the event yields in the signal and control regions considered in the analysis. Besides this, systematic
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uncertainties can arise from changes in the shape of the pWT distribution within a bin of this variable.

Shape uncertainties are also included to account for electroweak and QCD scale corrections of the sig-

nal process [39].

As for background processes, their modeling also leads to systematic uncertainties that include normal-

isation uncertainties, which are independent of the binning, but affect each background process; as well

as acceptance and shape uncertainties, which are analogous to what was described for signal events

[39]. These uncertainties are calculated separately for each background.

As for experimental systematic uncertainties, the most relevant ones are related to jets. They include

uncertainties due to the limited resolution and calibration of jet energy, as well as uncertainties from the

flavour-tagging procedure [39].

4.4.3 Legacy Analysis Results

The legacy analysis used events from Run 2 of the LHC, corresponding to a luminosity of 140 fb−1

and a center-of-mass energy of the proton beams of
√
s = 13 TeV. It found that the WH cross section

measurements presented large relative uncertainties, above 100% for some bins of W boson transverse

momentum, and that there was a smaller number of events available than for ZH. This meant that the

further division of events depending on the number of jets was only performed for the ZH analysis. The

resulting cross section (times branching ratio) measurements can be seen in Figure 4.5, as well as the

ratio to the SM values. All the results are consistent with the SM predictions.
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ratios as a function of pWT and the number of jets. The lower panel shows the ratio of this quantity to the
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4.5 Probing CP-violating couplings in the HWW vertex

The search for CP-odd HWW interactions is based on the VH legacy analysis, with some changes

designed to obtain the best sensitivity to these couplings. In this section, a series of angular observables

that have proven to be sensitive to the HWW interaction are defined, along with the necessary changes

to the STXS binning to include them in a study of this interaction.

4.5.1 Angular Observable Study

In the work of this thesis, to perform an analysis of CP-odd couplings in WH associated production,

one needs suitable observables that are sensitive to the linear contribution of cHW̃ . A relevant set of

angular variables to search for anomalous couplings is introduced in [21], which describes a CPV study

for WH associated production with WH → ℓνbb. The variables are defined in Eq. 4.2, 4.3, and 4.4. In

these equations, p(X)
Y corresponds to the three-momentum of particle Y in the rest frame of X, and pY

corresponds to the momentum of Y in the lab frame.

cos θ∗ =
p
(W )
ℓ · pW

|p(W )
ℓ ||pW |

(4.2)

cos δ+ =
p
(W )
ℓ · (pH × pW )

|p(W )
ℓ ||(pH × pW )|

(4.3)

cos δ− =
(p

(H−)
ℓ1

× p
(H−)
ℓ2

) · pW

|(p(H−)
ℓ1

× p
(H−)
ℓ2

)||pW |
(4.4)

The angular variable cos θ∗ corresponds to the angle between the charged lepton produced in the W

boson decay (in the W boson rest frame) and the trajectory of the W boson, giving information on the

polarisation of this particle. This observable proved to have different distributions for the SM prediction

and some BSM contributions. It could not, however, distinguish the CP-odd contribution from the CP-

even ones.

To probe possible CP violation, other variables, such as cos δ+ and cos δ−, are built. For the latter, p(H−)
ℓ

corresponds to the momentum of a lepton in the rest frame of a Higgs boson with symmetric momen-

tum. These angular variables depend on the CP-odd linear term of the interaction. Their distributions

show an asymmetry in the presence of the CP-odd coupling, dependent on the magnitude of the Wilson

coefficient. This does not happen for the SM or CP-even operators. cos δ− seems to have a greater

asymmetry than cos δ+, but proved more difficult to differentiate between the SM and CP-even contribu-

tions [21]. Since this thesis also considers the CP-even operators, cos δ+, in particular, proves to be a

variable well-suited for the work.

As noted in [64], when considering the CP-odd operator, events with positive W bosons produce a cos δ+

distribution symmetric to what is found for negative W bosons. This results in a reduced asymmetry, as

cos δ+ takes positive and negative values alternately, thus having a shape close to what is found for
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CP-even or SM contributions. To improve on this, instead of considering cos δ+, its value is multiplied

by the charge of the lepton (and therefore of the W boson) involved: Qℓ cos δ
+, to increase the desired

asymmetry.

4.5.2 STXS-like bins

As Qℓ cos δ
+ has proved to be suitable to study the contribution of the CP-odd operator cHW̃ , it is

relevant to include it when establishing the bins to study in this work. As such, an STXS-like framework

is used, keeping the pWT bins, but subdividing the data further into two Qℓ cos δ
+ bins, as is sketched

in Figure 4.6. To calculate Qℓ cos δ
+, however, the full momentum of the W boson is needed, which

requires the reconstruction of the longitudinal component of the neutrino momentum, as described in

Section 3.3.3. The limited resolution of this reconstruction leads to a limited resolution in Qℓ cos δ
+ as

well. To avoid resolution effects that result in large bin migrations, only two bins are chosen for this

observable: Qℓ cos δ
+<0 and Qℓ cos δ

+>0.

Furthermore, as the focus of this thesis is on constraining a BSM operator, instead of focusing on the

Figure 4.6: STXS-like bins used in the analysis

cross sections measurements (as the ATLAS legacy analysis does), it is useful to perform a likelihood

fit using instead a parameterisation of the ratio of the BSM WH associated production cross section to

the SM prediction. This procedure is described in detail in the following chapter.

In summary, the ATLAS WH → ℓνbb analysis is the basis for the methodology employed in this work.The

project this thesis is a part of has, however, the novelty of exploring and adding an angular variable

(Qℓ cos δ
+) to the analysis, allowing, for the first time, to extract a measurement of the contribution of the

cHW̃ operator in the HWW vertex.
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Chapter 5

Methodology and Results

This chapter details the methodology used in this thesis and the results achieved. The goal of this

work was to produce a parameterisation of cross sections of WH associated production events, with

HW → bbℓν making up the final state, in terms of different BSM contributions and with a special focus

on the cHW̃ operator. For this purpose, only signal, truth-level events were considered. To achieve

this, the work was divided into five stages: the event generation for the SM and BSM hypothesis; the

implementation of the event selection and analysis; the study and interpretation of several observables

potentially sensitive to BSM effects; and the parameterisation of cross sections, dividing the events into

bins of the transverse momentum of the W boson and of an angular variable. The parameterisation was

then used as input for a fit to constrain the BSM contributions.

5.1 Event Generation

The parameterisation of the cross sections is done using truth-level events, without including the

simulation of the final state particles interacting with the detector. As such, there is no need to include

a software to provide particle reconstruction, as would happen in the detector. Only signal events are

considered in this thesis, so qq′ → HW → bbℓν is the only process for which events were generated.

The backbone of this procedure was the EFTTOOLS repository [65], which employs a number of soft-

ware packages to arrive at the final state particles.

The event generation is performed for a center-of-mass energy of
√
s = 13 TeV. The final state is speci-

fied requiring a νℓℓ+ or a νℓℓ− pair in the final state (for ℓ = e or µ), corresponding to the decay of a W+

or a W− boson, respectively; and a Higgs boson decaying into a bb pair using PYTHIA8, following the SM

predictions. The charged leptons are required to have a minimum transverse momentum of 1 GeV and

the transverse momenta of jets and b hadrons in the events have a minimum value of 20 GeV. These

are usual cuts performed for the jets, so they can be calibrated and included in the event final state. The

events are generated independently for the SM, and for the linear and quadratic terms of each operator.
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5.1.1 Operator Choice

A study of the operators affecting the HWW vertex (seen in Table 2.2) was performed, to understand

their influence on the cross section. This was done for the linear and quadratic terms (second and

third terms in Eq. 2.11, respectively). The study was also done separately for W+H → νℓℓ
+H and

W−H → νℓℓ
−H, using MADGRAPH, since the two final states could only be generated separately. The

resulting cross sections, found in Tables 5.1 and 5.2, respectively, for 10 × 103 events in each, demon-

strate that the operators c(3)Hq, cHW and cHW̃ have the largest impact on the cross section. The remaining

operators do not affect the kinematics of the process, only its cross section [66], and are therefore dis-

regarded in what follows. In the case of cHW̃ , it is clear that the linear term of this operator (the CP-odd

one) does not cause any change in the cross section of the processes. The coupling has to be studied,

therefore, by looking at the changes in kinematics it can produce. Besides this, only the values for the

CP-odd linear coupling show a difference between the two tables, which is motivated by statistical fluc-

tuations, evident by the large uncertainties associated with each value. There is, however, an overlap

between the uncertainty intervals of the two couplings.

Table 5.1: Relative cross section for each operator acting on the HWW vertex for a ℓ+νℓH final state.
All coefficients are set at c = 1, with Λ = 1 TeV and the SM cross section was found to be σSM =
0.1257± 0.0002 pb.

Wilson

coefficient

σ/σSM

Linear Term Quadratic Term

c
(3)
Hq 1.976± 0.009 2.96± 0.02

cHW 0.866± 0.004 0.360± 0.002

cHW̃ (3.7± 13.5)× 10−4 0.230± 0.001

cH□ 0.1161± 0.0005 (3.67± 0.01)× 10−3

cHDD −0.02902± 0.00002 (2.300± 0.009)× 10−4

Table 5.2: Relative cross section for each operator acting on the HWW vertex for a ℓ−νℓH final state.
All coefficients are set at c = 1, with Λ = 1 TeV and the SM cross section was found to be σSM =
0.0676± 0.0002 pb.

Wilson

coefficient

σ/σSM

Linear Term Quadratic Term

c
(3)
Hq 1.93± 0.01 2.52± 0.02

cHW 0.830± 0.005 0.348± 0.002

cHW̃ (−1.8± 1.3)× 10−3 0.228± 0.001

cH□ 0.1154± 0.0006 (3.68± 0.02)× 10−3

cHDD −0.02885± 0.00001 (2.30± 0.02)× 10−4

After this study was performed, c(3)Hq, cHW and cHW̃ are considered to generate events at both the

linear order (order 1) and the quadratic (order 2). For each of the operators, two symmetric values of
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c were used, to study the differences between them, as can be seen in Table 5.3. The influence of

cHW and cHW̃ on the cross section is much smaller than for c(3)Hq, which means that when comparing

distributions proportionally to this quantity, it is helpful to use a larger value of cHW and cHW̃ . Even

though cHW = 1.0 and cHW̃ = ±1.0 are excluded at 95 % CL based on the latest measurements [33],

this choice helps in better seeing differences in the plots. This will not be relevant in later steps, since

the parameterisation produced is independent of the values of the Wilson coefficients. To compare the

CP-odd operator with its CP-even counterpart, cHW̃ is studied for the same values as cHW .

Table 5.3: Operator and their values used in the analysis.

Operator Values

c
(3)
Hq ±0.1

cHW ±1.0
cHW̃ ±1.0

13 different sets of events were generated: one order 0 (SM), and four for each of the BSM operators

(two values of c chosen, for order 1 and order 2 contributions). This was done by producing a total of

500× 103 events, for each case.

5.2 Analysis of Simulated Data

The distributions of four observables were studied in the first part of this thesis. In this section, the

variables and their definitions are presented, followed by a description of the analysis, along with its

results.

5.2.1 Choice of Observables

Angular distance

The angular distance between two objects, i and j, ∆Rij , is one of the observables considered. It is

given by Eq. 5.1, where η is the pseudorapidity and ϕ is the azimuthal angle.

∆Rij =
√
(ηi − ηj)2 + (ϕi − ϕj)2 (5.1)

The angular distance considered here is the distance between two b-jets in the event, resulting from

the Higgs boson decay. This variable is sensitive to the boost of the Higgs boson, since the higher its

momentum is, the closer together the b quarks from its decay are produced. This in turn leads to smaller

values of ∆R. This is the variable that allows for the separation of signal and control regions.
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W boson transverse momentum

The transverse momentum of the W boson, pWT , is also taken into account. This is the projection of

the momentum in the plane perpendicular to the beam axis and can be calculated from the transverse

momenta of the lepton and neutrino, following Eq. 5.2. If there is no other source of Emiss
T , as there

is not in this case, and because the neutrino mass can be neglected, the transverse momentum of the

neutrino will correspond to Emiss
T .

pWT = pℓT + pνℓ

T = pℓT + Emiss
T (5.2)

cos δ+

This angular variable follows Eq. 5.3, and its choice is motivated in Chapter 4.

cos δ+ =
p
(W )
ℓ · (pH × pW )

|p(W )
ℓ ||(pH × pW )|

(5.3)

cos θ∗

This variable follows 5.4, with its choice again being motivated in Chapter 4.

cos θ∗ =
p
(W )
ℓ · pW

|p(W )
ℓ ||pW |

(5.4)

5.2.2 Event selection and analysis

The analysis of the events was done using the RIVET3 analysis toolkit [67]. The routine was produced

for this work, and can be found in the VHBB CP repository [68], under NEWSPECTRAANALYSIS WH.CC.

It follows the same structure as the routines of EFTTOOLS, but is updated to work with a more recent

version of Rivet, 3.1.6. The goal of this routine is to produce the distributions of the four variables

mentioned above, for the different operators. In this section, the routine will be described.

This work focuses on the resolved regime, as the number of events in the boosted regime is small,

which means that, firstly, events with two b-tagged jets are selected. It is also checked if the leptons

originate from a W boson. In this routine, events are generated for W+ and W− simultaneously, in the

same proportion of as was found in Tables 5.1 and 5.2. After these two conditions are met, the values

of the four variables mentioned above are calculated using kinematic information of the event particles.

Moreover, this analysis is performed by setting Λ = 1 TeV.

Jets and the H boson

In this routine only small-R jets are taken into account and a cut is applied to require the momentum

of the jets is at least 20 GeV.

The only jets of relevance are those that include the two b-quarks from the Higgs boson decay. As such,

there must be two jets in the event considered that are b-jets. This analysis is concerned with truth-level
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data, so b-jet identification is done by ghost-association of B-hadrons to jets, instead of through experi-

mental signatures like secondary vertices. In ghost-association, the B-hadron momentum is reduced to

a negligible value and it is then added to the stable final state particle list, allowing the anti-kt algorithm

to choose to which jet to cluster each B-hadron [69].

After finding the two leading b-jets, which are considered to correspond to the Higgs boson decay, the

angular distance between them is calculated, and the momentum of the Higgs boson is found by sum-

ming the momenta of the two jets. The Higgs boson momentum is also used to calculate the values of

the angular observables.

Leptons and the W boson

Leptonically decaying W bosons can be reconstructed automatically in RIVET, using WFINDER. The

momentum of the boson is found using the information from the leading charged lepton of the event,

along with the missing four-momentum of the final state, which will correspond to that of the neutrino.

The lepton is also required to have a pseudorapidity |η|< 2.5, and the transverse momentum larger than

15 GeV, over the minimum threshold usually considered for electron and muon selection in the ATLAS

detector.

The momentum of the reconstructed W boson is used not only to produce a distribution of its transverse

component but also to calculate the value of the angular variables for the event. Furthermore, the mo-

mentum of the lepton is also used to calculate the angular variables, after it is boosted to the W boson

rest frame.

5.2.3 Observable Distributions

The routine described in the previous section was run for a sample of 50 × 103 events, for the linear

and quadratic terms of the operators with the values of Table 5.3, as well as for the SM term. The results

were then merged so that the distributions produced could combine the contributions from the order 0,

1, and 2.

Firstly, it is relevant to present the cross sections and sum of event weights of each anomalous con-

tribution, as these are the two quantities that govern the histogram scaling, and give some information

about the most influential contributions in the analysis. Each event has an associated weight, which is

attributed to account for its corresponding differential cross section [70]. The event weights for the SM

and the different BSM contributions are presented in Table 5.4.

The linear term corresponds to the interference between the contribution of an operator and the SM,

which can be constructive or destructive. This means that there can be events with positive or negative

weights. As was seen before in Tables 5.1 and 5.2, the linear term of the cHW̃ contribution does not af-

fect the cross section, which can also be seen in this table, including from the fact that the event weights

sum to a value close to zero, orders of magnitude lower than for the other operators. As for the CP-even

operators, there is no difference in the magnitude of the sum of weights for the two values studied, which
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Table 5.4: Cross sections and sum of weights for 50× 103 generated events, for a σSM = 0.3929 pb, with
weights summing to 1.965 × 104. Here, σint corresponds to the linear contribution to the cross section,
and σBSM corresponds to the quadratic term.

Operator c Value σint (pb)
Sum of Weights

σBSM (pb)
Sum of Weights

Order 1 Order 2

cHW̃

1.0 1.065× 10−4 5.755 0.08853 4.427× 103

−1.0 −5.487× 10−4 −27.58 0.08848 4.424× 103

cHW

1.0 0.3480 1.740× 104 0.1383 6.916× 103

−1.0 −0.3478 −1.740× 104 0.1383 6.916× 103

c
(3)
Hq

0.1 0.07566 3.782× 103 9.690× 10−3 484.2

−0.1 −0.07574 −3.787× 103 9.684× 10−3 484.2

suggests the weights have consistent values in both cases, although with opposite signs.

By looking at the sum of weights for order 1 in the table, it is evident that when considering negative

values of the operators, there is a greater prevalence of negative event weights. This means that when

the histograms for the three orders of an operator are merged, the negative coefficients will produce

distributions with lower yields, when compared to their positive counterparts. This does not happen,

however, for the quadratic term, as it is the same for the two symmetric values of each operator. For

order 2, cHW̃ and cHW present similar event weights, but an order of magnitude above what is found for

c
(3)
Hq. This is due to the fact that the former are studied for a value that is also one order of magnitude

above the value chosen for c(3)Hq.

To further probe the relevance of negative weights in each contribution, Table 5.5 shows the number

of events with negative weights for each coupling. As is expected, the number of events with negative

weights for the SM and order 2 contributions is negligible. As for order 1, the CP-even operators with

c>0 prove to include a low number of events with negative weights. When comparing this to the cor-

responding c<0 case, however, it is clear that the weight distributions are symmetric: the number of

events with positive weights when c>0 is consistent with the number of events with negative weights for

c<0. This, therefore, explains why the sum of weights in Table 5.4 is symmetric for order 1 CP-even

contributions. As for the CP-odd operator, however, there is an equal number of events with positive and

negative weights for both cases, c = 1.0 and c = −1.0, which again explains why the sum of weights

shown in Table 5.4 is reduced for these contributions, as the weights cancel themselves out in the two

cases. It is also of note that when dividing events onto the STXS bins, the fraction of negative events

remained constant for increasing of pWT , so the influence of these event weights is the same for all the

regions considered.

Figure 5.1 shows the distribution of ∆R between the two b-tagged jets, comparing the SM prediction

to the three operators. It is noticeable that all plots have similar shapes, and that for ∆R ≳ 4.5, not all

bins are populated. It is clear that the yield for cHW = 1.0 is larger than for all other cases (and smaller

for cHW = −1.0), but there is no marked difference in the distributions of the different operators (which

show overlapping ratios to the SM), except for cHW . This variable is important when establishing the
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Table 5.5: Number of negative weights in 50× 103 generated events of each operator value. The SM file
contains 17 events with negative weights.

Operator c Value Order 1 Events Order 2 Events

cHW̃

1.0 25008 31
−1.0 25022 25

cHW
1.0 1628 24
−1.0 48387 26

c
(3)
Hq

0.1 31 94
−0.1 49980 122

BDT and control regions mentioned above, but will not be used in the parameterisation that follows, as

it does not clearly differentiate the CP-odd contribution from the CP-even ones.

When analyzing the distribution of cos θ∗ in Figure 5.2, looking at the ratio of BSM to SM contribution
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Figure 5.1: Distributions of ∆R, for the SM prediction and the sum of the SM, linear and quadratic
contributions of three operators. A positive value (solid) and its symmetric (dashed), are represented.
The ratio to the SM distribution is at the bottom. All plots are normalised to the cross-section.

provides easier-to-read information. This plot shows that, for c(3)Hq, the ratio to the SM appears nearly

constant for all values of the observable, indicating the shape of the distribution is similar to the SM.

There is, however, an asymmetry in the distribution ratios of both cHW and cHW̃ . This variable can

therefore provide a distinction between the SM and cHW or cHW̃ , but, as cHW̃ = ±1.0 have overlapping

distributions, it cannot differentiate between different contributions of this operator. As such, it is not

suitable to study CP-odd couplings individually.

The study of pWT is shown separately for each of the operators in Figure 5.3. It is noticeable that most

operators lead to an increase in the number of events with high-momentum W bosons, which suggests

BSM contributions are likely to appear in this momentum region. This stems from the fact that BSM

effects increase with the energy of a collision, so they will be more prevalent in high-momentum regions.

Once again looking at the ratio of a contribution compared to the SM provides added information, with
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Figure 5.2: Distributions of cos θ∗, for the SM prediction and the sum of the SM, linear, and quadratic
contributions of three operators. A positive value (solid) and its symmetric (dashed), are represented.
The ratio to the SM distribution is at the bottom. All plots are normalised to the cross-section.

cHW̃ showing the same behaviour independently of its value, which suggests that this variable is not

sensitive to the linear term of this operator. The magnitude of BSM effects is larger in the quadratic

contribution, so the increase in the number of high pWT events will be driven by this order 2 (and not

order 1) terms. It is clear from these plots that pWT is a variable that can separate between SM and BSM

couplings, and, following the standard of ATLAS analyses [1], it will be included in the following steps.

The distributions of Qℓ cos δ
+ for the three operators considered can be seen in Figure 5.4. Both of the

CP-even operators produce distributions similar in shape to the SM, but the CP-odd operator (Figure

5.4a), however, leads to an asymmetric distribution, distinct from all other cases. Moreover, changing

cHW̃ also produces alterations in the shape of Qℓ cos δ
+, as the symmetric values of the Wilson coeffi-

cient produce symmetric distributions of this variable. This shows that this observable is mostly governed

by the linear term of the operator, responsible for the CP-odd coupling, since the quadratic term is the

same for both values of cHW̃ [21]. Qℓ cos δ
+ is thus suitable to be used in the next stages of this work.

5.3 Sorting events into the STXS-like bins

To obtain the distribution of the events into the STXS-like bins described in Section 4.5.2, a RIVET

routine was developed, which can be found in STXSANALYSIS WH.CC in the VHBB CP repository [68].

It is used to create a set of histograms that are filled according to the number of events fitting each

bin’s criteria. Three sets of histograms are produced: a division of the events into the five pWT bins; a

separation into the two Qℓ cos δ
+ regions; and a combination of both into a 2D binning. This portion of
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Figure 5.3: Distributions of pWT for the SM prediction and the sum of the SM, linear and quadratic contri-
butions of operators cHW̃ (a), cHW (b) and c(3)Hq (c). A positive value and its symmetric is represented in
each and the ratio to the SM distribution is at the bottom of each figure. All plots are normalised to the
cross-section.

the work used a set of 500× 103 events for each sample and, again, Λ = 1.0 TeV.

The basis of this routine is the same as what was described in 5.2.2. The main difference in this process

is the way the Higgs is reconstructed. Instead of summing the jets momenta to get pH , the HEPMC

event record [71] is accessed to recover the truth Higgs information, since the STXS framework requires

the use of truth-level quantities. A cut is then applied, requiring that the Higgs boson is produced with

|η|< 2.5, as this is the acceptance of ATLAS’s inner detector, but no cut is applied on the leptons, as is

recommended by the STXS framework [1]. The MC-truth momenta of the Higgs boson, the W boson

and the charged lepton are accessed directly to calculate Qℓ cos δ
+.

To understand the statistical significance of the results in each bin, the number of events in each of the

pWT STXS bins was calculated, for the events in the SM sample. The number of events decreases with

the increase of transverse momentum, and while in the first bin (pWT <75 GeV) there were about 100×103
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Figure 5.4: Distributions of Qℓ cos δ
+ for the SM prediction and the sum of the SM, linear and quadratic

contributions of operators cHW̃ (a), cHW (b) and c
(3)
Hq (c). A positive value and its symmetric is repre-

sented in each and the ratio to the SM distribution is at the bottom of each figure. All plots are normalised
to the cross-section.

events, the last bin (pWT >400 GeV) had only about 1% of this number of events. The breakdown of how

many events populate each bin can be found in Table 5.6. This shows that there will be a much higher

statistical uncertainty in the results from the last bins.

Table 5.6: Number of events in each pWT STXS bin, for the SM signal sample

pW
T (GeV) [0, 75] [75, 150] [150, 250] [250,400] [400,∞]

Number of events 117581 77217 24365 6112 1350

5.4 Cross section parameterisation

After the RIVET routine described has divided the events into the STXS-like bins, they are plugged

into a parameterisation routine. This process follows what is described in [23], adding to the CP-even
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operators used in the paper, the CP-odd one this work is concerned with.

The cross section of any process calculated within the EFT framework follows Eq. 2.11. This equation

can be rewritten for an operator, i, and for each STXS region in consideration, p, as shown in the left

side of Eq. 5.5. It is also useful to represent this equation in terms of the relative cross section, i.e.,

the ratio to the SM cross section, as shown on the right side of Eq. 5.5. Here, Aσp

i and B
σp

i are the

parameterisation coefficients for the linear and quadratic operator terms, respectively. They are used to

describe the dependence of the relative cross section on the Wilson coefficient.

σp,SMEFT = σp,SM +
ci
Λ2
σi, p,int +

c2i
Λ4
σi, p,BSM ⇔

σp,SMEFT

σp,SM
= 1 +A

σp

i ci +B
σp

i c2i (5.5)

To implement the parameterisation, the histograms produced in the RIVET routine described in Section

5.3 are input into the parameterisation routine of the EFTTOOLS repository [65]. The parameterisation

coefficients are found by solving a least squares problem for each term, y = A
σp

i ci for order 1 and

y = B
σp

i c2i for order 2, where y is the relative cross-section with respect to the SM. This procedure also

includes the use of 200 bootstrap samples, the default value in the routine, to calculate the standard

deviation of the parameterisation parameters for each bin. This is done by taking 200 random samples

from the totality of events in a bin (with replacement) and finding the parameterisation coefficients for

each one. The distribution of the parameterisation coefficients from each sample can then be built, with

the standard deviation of this distribution being used as the value for uncertainty of the parameterisation

coefficients for totality of events in a bin.

5.4.1 Parameterisation Results

The parameterisation coefficients Ai and Bi, along with their uncertainties are obtained by the afore-

mentioned procedure, using 500 × 103 events for each sample. The tables presenting the parameteri-

sation results for the cHW̃ operator can be seen in this section (Tables 5.7-5.12), as this is the operator

used in the subsequent steps of the analysis. The parameterisation results for the two other operators,

cHW and c(3)Hq can be found in Appendix A.

To better visualise the Ai and Bi coefficients, however, a set of six plots is presented, with the linear and

quadratic coefficients for a parameterisation of Qℓ cos δ
+, pWT , and the combination of the two variables,

considering the three operators. As the parameterisation of Eq. 5.5 describes, the values of Ai and

Bi are independent of c. The parameterisation was, however, performed for the positive and negative

values of each coefficient to guarantee this was fulfilled, even in the bins with high pWT where there

is less statistics. The plots presented below use only the results for the positive values of Wilson coef-

ficients, but are equivalent to what was found from the negative ones (as can be confirmed in the tables).
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Qℓ cos δ
+ parameterisation

The Qℓ cos δ
+ parameterisation results for the CP-odd operator can be seen in Tables 5.7 and 5.8,

while the CP-even operator coefficients are shown in Appendix A.1. Two plots are also presented, show-

ing the parameterisation coefficients for the three operators in the same figure, for comparison. This can

be seen in Figures 5.5 (considering order 1) and 5.6 (considering order 2).

Table 5.7: Parameterisation of cross section in
terms of Qℓ cos δ

+ for cHW̃ = 1.0, excluding all
other operators, considering the linear (order 1) or
the quadratic term (order 2)

Bin Order 1 Order 2

[−1, 0] −0.156± 0.001 0.280± 0.001

[0, 1] 0.157± 0.001 0.279± 0.001

Table 5.8: Parameterisation of cross section in
terms of Qℓ cos δ

+ for cHW̃ = −1.0, excluding all
other operators, considering the linear (order 1) or
the quadratic term (order 2)

Bin Order 1 Order 2

[−1, 0] −0.158± 0.001 0.279± 0.001

[0, 1] 0.159± 0.001 0.279± 0.001

As suggested by distributions of Qℓ cos δ
+ (Figure 5.4), the parameterisation coefficients for CP-even

contributions are the same for the two bins of this variable, within their uncertainties. As for the CP-odd

operator (see Tables 5.7 and 5.8), its asymmetric distribution due to the linear order term leads to the

two bins having Ai of opposite signs, but keeping the same magnitude. When considering order 2,

however, there is no difference in Bi between the two bins (within the uncertainty intervals). This is to

be expected, since, for the CP-odd operator, Qℓ cos δ
+ is only sensitive to its linear contribution.

Figure 5.5: Linear parameterisation coefficient for each bin of Qℓ cos δ
+, for cHW̃ , cHW and c

(3)
Hq. The

uncertainties of each bin are smaller than the width of the line.
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Figure 5.6: Quadratic parameterisation coefficient for each bin of Qℓ cos δ
+, for cHW̃ , cHW and c(3)Hq. The

uncertainties of each bin are smaller than the width of the line.

Parameterisation on the transverse momentum of the W boson

As for the parameterisation of pWT , its results can be seen in Tables 5.9 and 5.10 for cHW̃ , and in

Appendix A.2 for cHW and c
(3)
Hq. Figures 5.7 and 5.8 show the plots with these results for Ai and Bi,

respectively, for the three operators.

Table 5.9: Parameterisation of cross section in
terms of pWT (GeV) for cHW̃ = 1.0, excluding all
other operators, considering the linear (order 1) or
the quadratic term (order 2)

Bin Order 1 Order 2

[0, 75] 0.0000± 0.0009 0.1194± 0.0006

[75, 150] −0.001± 0.002 0.257± 0.001

[150, 250] 0.002± 0.004 0.621± 0.005

[250, 400] 0.000± 0.009 1.45± 0.02

[400,∞] 0.01± 0.02 4.0± 0.1

Table 5.10: Parameterisation of cross section in
terms of pWT (GeV) for cHW̃ = −1.0, excluding all
other operators, considering the linear (order 1) or
the quadratic term (order 2)

Bin Order 1 Order 2

[0, 75] 0.000± 0.001 0.1198± 0.0006

[75, 150] 0.000± 0.003 0.257± 0.001

[150, 250] −0.003± 0.003 0.623± 0.004

[250, 400] 0.013± 0.009 1.46± 0.02

[400,∞] 0.027± 0.03 3.9± 0.1

The linear order parameterisation coefficient for cHW̃ in each bin is consistent with a null coefficient

(see Tables 5.9 and 5.10). This is to be expected from the results of the previous sections which showed

the order 1 term of this operator did not influence the cross section of the signal process. For cHW ,

the linear term does modify the relative cross section, with the coefficient for each bin being within 10%

of the value of the next bin. This means the interference term of this operator adds a nearly constant

contribution to the WH production relative cross section. As for c(3)Hq, it is already clear just from order 1

that the higher the momentum of the W boson, the more a bin impacts the cross section value. As to

the order 2 parameterisation, it is clear that for all operators, their contribution to the total WH production
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cross section increases with pWT . This argues in favor of using events in the boosted regime, as they are

more sensitive to the BSM Wilson coefficients.
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Figure 5.7: Linear parameterisation coefficient for each bin of pWT , for cHW̃ , cHW and c(3)Hq.
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Figure 5.8: Quadratic parameterisation coefficient for each bin of pWT , for cHW̃ , cHW and c
(3)
Hq. The

uncertainties of each bin are smaller than the width of the line.

Two-dimensional parameterisation

The final parameterisation, from a simultaneous analysis of both Qℓ cos δ
+ and pWT bins, can be found

in Tables 5.11 and 5.12 for the cHW̃ operator, and in Appendix A.3 for cHW and c(3)Hq. Two plots combine

the results for the positive values of the three operators, which can be seen in Figures 5.9 and 5.10 for

orders 1 and 2, respectively.
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Table 5.11: Parameterisation of cross section in terms of pWT (GeV) and Qℓ cos δ
+ for cHW̃ = 1.0,

excluding all other operators, considering the linear (order 1) or the quadratic term (order 2)

pWT Bin Qℓ cos δ
+ Bin Order 1 Order 2

[0, 75]
[−1, 0] −0.056± 0.001 0.1196± 0.0009

[0, 1] 0.057± 0.001 0.1192± 0.0008

[75, 150]
[−1, 0] −0.174± 0.002 0.257± 0.002

[0, 1] 0.171± 0.002 0.257± 0.002

[150, 250]
[−1, 0] −0.378± 0.006 0.615± 0.006

[0, 1] 0.394± 0.007 0.628± 0.007

[250, 400]
[−1, 0] −0.73± 0.02 1.50± 0.03

[0, 1] 0.69± 0.02 1.41± 0.03

[400,∞]
[−1, 0] −1.16± 0.05 3.7± 0.1

[0, 1] 1.36± 0.07 4.3± 0.2

Table 5.12: Parameterisation of cross section in terms of pWT (GeV) and Qℓ cos δ
+ for cHW̃ = −1.0,

excluding all other operators, considering the linear (order 1) or the quadratic term (order 2)

pWT Bin Qℓ cos δ
+ Bin Order 1 Order 2

[0, 75]
[−1, 0] −0.056± 0.001 0.1200± 0.0008

[0, 1] 0.056± 0.001 0.1196± 0.0008

[75, 150]
[−1, 0] −0.175± 0.002 0.257± 0.002

[0, 1] 0.174± 0.002 0.257± 0.002

[150, 250]
[−1, 0] −0.393± 0.006 0.617± 0.007

[0, 1] 0.398± 0.006 0.630± 0.007

[250, 400]
[−1, 0] −0.72± 0.02 1.50± 0.03

[0, 1] 0.72± 0.02 1.43± 0.03

[400,∞]
[−1, 0] −1.23± 0.05 3.6± 0.1

[0, 1] 1.48± 0.07 4.2± 0.2

As the events are divided into bins of pWT and Qℓ cos δ
+, it provides a parameterisation most sensitive

to the operator this work is concerned with. Both for order 1 and 2, the parameterisation coefficients are

consistent within the uncertainty intervals between the two Qℓ cos δ
+ bins with the same pWT , for the bins

with pWT <150 GeV, which is to be expected from the parameterisation of Qℓ cos δ
+. This is not true in

some bins with higher transverse momenta (pWt >150 GeV), but here the results still agree within 2σ.

The uncertainties quoted in the tables, in all bins, do not exceed 5%, which guarantees that the param-

eterisation will be accurate up to c ≲
√

1
0.05 ≃ 4.5 [72], which is one order of magnitude above what is

considered in EFT and above the experimental limits reported in the most recent studies mentioned in

Chapter 2, since [33] found that cHW̃ ∈ [−0.31, 0.88] at a 95% CL.
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Figure 5.9: Linear parameterisation coefficient for each bin of pWT ×Qℓ cos δ
+, for cHW̃ , cHW and c(3)Hq.

5.5 Likelihood fit

The parameterisation results are used in a maximum-likelihood fit of signal and background data

(now including object reconstruction) into the STXS bins, as was mentioned in the previous chapter.

Although this portion of the analysis was developed outside of the scope of this thesis, a likelihood scan

as a function of the value of cHW̃ was performed, whose results are presented in this section. The

likelihood fit is also briefly explained here, as the last step to reach a constraint on the operator values.

The inputs to binned maximum-likelihood fits are the BDT output distributions described in Chapter 4.

Their bin contents are described by a Poisson distribution, as each bin is simply populated by the number

of events that fulfill the bin’s requirement. As such, the expected number of events in bin i with ni total

entries is given by E[ni] = µsi + bi, where si is the mean expected count of signal events (correspond-

ing to the process described in this thesis) in that bin, while bi is the equivalent for background events

[73] (the backgrounds included are mentioned in Chapter 4). µ is the signal strength [26], given by Eq.

5.6. This corresponds, therefore, to the cross section parameterisation described in the previous section.

µi =
σi,SMEFT

σi,SM
(5.6)

This leads to a likelihood following Eq. 5.7. Two other contributions are added, the first of which corre-

sponds to the inclusion of nuisance parameters in the model, θ. These are quantities that change the

distributions of the background and signal, but that the analysis is not concerned with. They include

systematic uncertainties, from the detector, or the model itself (as mentioned in Section 4.4.2), that

would affect both si and bi. The last term models the limitation of having a reduced number of simulated

events to study which will lead to a statistical uncertainty, especially for the more numerous background

events. As such this term is added to account for this uncertainty, with γi corresponding to a scaling

parameter for each i bin and βi = 1/σ2
rel, with σrel being the statistical uncertainty in a bin relative to the
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Figure 5.10: Quadatic parameterisation coefficient for each bin of pWT × Qℓ cos δ
+, for cHW̃ , cHW and

c
(3)
Hq.

total background sample. Lastly, τ corresponds to background normalisation factors.

L(µ,θ,γ, τ ) =
∏

i∈bins

Poisson(ni|µsi(µ) + bi(θ,γ, τ ))
∏
θ∈θ

1√
2π
e−θ2/2

∏
i∈bins

Gauss(βi|γiβi,
√
γiβi) (5.7)

A fit is then performed to maximise the likelihood. After this is done, it is useful to calculate the log-

likelihood ratio, qµ (Eq. 5.8) [73]. The numerator denotes the maximum likelihood fixing a specific value

of µ, with ˆ̂
θ and ˆ̂γ giving the parameters maximise the likelihood in this condition. The denominator is

the maximum unconditional likelihood, where no parameters are restricted. The log-likelihood ratio then

gives a measure of how good the agreement between a model with a certain µ, and the data is.

qµ = −2 ln L(µ,
ˆ̂θ, ˆ̂γ)

L(µ̂, θ̂, γ̂)
(5.8)

It was shown that when considering only one parameter, qµ could also be written in the form of Eq. 5.9

[73], where N is the sample size.

qµ =
(µ− µ̂)2
σ2

+O(1/
√
N) (5.9)

If the dataset considered is large so that the second term in Eq.5.9 can be disregarded, one can assume

qµ follows a non-central χ2 distribution. Here is where it is useful to use an Asimov dataset, in which the

value of each parameter matches its expectation value under the SM hypothesis and which allows for

the use of a smaller data sample representative of the larger dataset, thus reducing the computational

power required, while allowing for the non-central χ2 distribution of qµ [73].

One important metric when performing a maximum-likelihood fit to data is the p-value (pµ), which mea-

sures the probability of finding the observed results under the null hypothesis. In this work, the null

hypothesis corresponds to the fit of SM predictions and here pµ = 2(1 − Φ(
√
qµ)), where Φ is the cu-

mulative distribution function for a Gaussian. In particle physics, however, the significance, Z, is usually
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preferred to the p-value. This quantity follows Eq. 5.10, setting the limit of Z above which a hypothesis

can be validated.

Zµ = Φ−1(1− pµ) =
√
qµ (5.10)

A log-likelihood profile can also be obtained in terms of a range of Wilson coefficient values. From this

profile, the best-fit value of the Wilson coefficients can therefore be found, corresponding to the log-

likelihood minimum.

For a two-sided χ2 distribution where only one parameter is considered, the threshold of the distribution

marking the 68% and 95% confidence levels (CL) corresponds to a log-likelihood ratio of 0.99 and 3.84,

respectively. This means confidence intervals of the Wilson coefficients correspond to the values that

produce a log-likelihood ratio of ±0.49 or ±1.92, respectively.

The likelihood is calculated using WH associated production signal events, and background events cor-

responding to the processes described in the previous chapter. The event selection and analysis regions

correspond to what was used in the legacy analysis, while the events are divided into bins of pWT and

Qℓ cos δ
+.

The profile likelihood for pWT ×Qℓ cos δ
+ bins, considering the linear order parameterisation of the CP-odd

operator, cHW̃ , can be seen in Figure 5.11, where to each point is subtracted the log-likelihood of the

best-fit value. This shows the expected sensitivity of the analysis, that can constrain the Wilson coeffi-

cient to [-0.32, 0.33] at a 68% CL, and [-0.65,0.65] at 95% CL. These limits are consistent with the results

of the analysis in [33], which found the expected contribution of the operator to be within [-0.60,0.60] at

a 95% CL for a linear parameterisation. The results presented in this section are, therefore, competitive

with the current ones of other analyses, with more symmetric limits. Furthermore, this is the first analysis

that is sensitive only to the HWW vertex, as other studies consider VBF, which cannot unambiguously

distinguish between HWW and HZZ.
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Chapter 6

Conclusions

This thesis was developed as part of a study probing CP-violation in the HWW interaction. It used

truth-level simulated data of LHC proton-proton collisions with
√
s = 13 TeV, integrated in the ATLAS

experiment, and focusing on WH associated production with WH → ℓνbb. The basis of this analysis

was the SMEFT framework, considering operators that modify the HWW vertex of the process. An ini-

tial study was performed to understand which operators influence the WH production cross section the

most, resulting in three operators being considered: cHW̃ , cHW and c(3)Hq.

The distributions of four variables sensitive to these operators were plotted, ∆R, pWT , Qℓ cos δ
+, and

cos θ∗. This was performed for different values of the Wilson coefficients considering both the linear and

quadratic terms of an operator at a time.

From the study of their distributions, pWT , Qℓ cos δ
+ and cos θ∗ are found to be sensitive to the BSM

couplings. Although cos θ∗ showed an asymmetry for cHW̃ and cHW , being able to separate these con-

tributions from the SM prediction, the behaviour of this variable was similar for these two operators,

thus not being suitable in studies of the CP-odd coupling. Qℓ cos δ
+, on the other hand, showed an

asymmetric distribution when considering cHW̃ only, thus being an observable sensitive mainly to this

operator. The distribution of this variable was studied for cHW̃ = ±1, resulting in a behaviour of Qℓ cos δ
+

for cHW̃ = 1.0 symmetric to what is found for cHW̃ = −1.0. This shows that this variable is sensitive to

the linear term of the operator, the one responsible for the CP-odd contribution.

The STXS framework used in studies of the cross section of Higgs boson production processes was

adapted to divide data into regions that would increase the sensitivity of the analysis to the CP-odd

operator. In this work, the data was then divided into the STXS bins of pWT and two bins of Qℓ cos δ
+:

Qℓ cos δ
+ ≤ 0 and Qℓ cos δ

+ > 0. The WH production cross section obtained from non-zero BSM Wilson

coefficients (ci) was parameterised in terms of Qℓ cos δ
+, pWT and pWT × Qℓ cos δ

+, by solving a least

squares problem: σBSM/σSM = Aici, for the linear term, and σBSM/σSM = Bic
2
i , for the quadratic one.

Since Ai and Bi are independent of the value of ci, the two values considered for each operator pro-

duced similar parameterisations. The linear coefficients had little sensitivity to the value of pWT , with Ai

being constant for the whole range of momentum values, for both cHW̃ and cHW . It is the quadratic term

that alters the momentum distribution, when compared to the SM, which can be seen in the increasing
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values of Bi. As to the Qℓ cos δ
+ linear parameterisation coefficients, for the CP-even operators there is

no difference in the value of Ai in the two bins of this observable, in opposition to what is found for cHW̃ .

For this operator, the two bins ofQℓ cos δ
+ considered had symmetric linear parameterisation coefficients

for the same value of the Wilson coefficient, thus showing the asymmetry found in the distribution of this

variable for cHW̃ . With this parameterisation, the goals of this thesis were achieved.

This parameterisation was used as the signal strength in a likelihood function where WH associated

production with WH → bbℓν is the signal process, and where events are divided into bins of pWT and

Qℓ cos δ
+. Although this was not developed in the scope of this thesis, a scan of the log-likelihood profile

for a linear parameterisation was performed, finding the values of cHW̃ to be in [-0.32,0.33] at a 68% CL

and [-0.65,0.65] at a 95% CL, when considering the SM hypothesis.

The next steps in this analysis include adding the CP-even parameterisations to perform a likelihood fit,

as these operators influence the distribution of pWT . Besides this, new machine learning methods can

be employed to constrain the operator, such as simulation-based inference techniques [64]. This would

improve the capability of this analysis of studying detector data.
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[64] R. Barrué, P. C. Muı́ño, V. Dao, and R. Santos. Simulation-based inference in the search for CP

violation in leptonic WH production. Journal of High Energy Physics, 2024(4):14, Apr 2024. ISSN

1029-8479. doi: 10.1007/JHEP04(2024)014.
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Appendix A

Parameterisation Tables

This appendix contains the results and uncertainties for three cross section parameterisations: con-

sidering Qℓ cos δ
+; pWT ; and both, presented for two values of the CP-even operators studied: cHW , and

c
(3)
Hq. The parameterisation for these operators was performed (even though it is not used in this thesis),

since they affect the pWT bins used in this work, and can therefore be useful in future studies of the

influence of these operators on the analysis.

A.1 Qℓ cos δ
+ Parameterisation

A.1.1 cHW

Table A.1: Parameterisation of cross section in
terms of Qℓ cos δ

+ for cHW = 1.0, excluding all
other operators, considering the linear (order 1) or
the quadratic term (order 2)

Bin Order 1 Order 2

[−1, 0] 0.913± 0.004 0.410± 0.002

[0, 1] 0.911± 0.004 0.409± 0.002

Table A.2: Parameterisation of cross section in
terms of Qℓ cos δ

+ for cHW = −1.0, excluding all
other operators, considering the linear (order 1) or
the quadratic term (order 2)

Bin Order 1 Order 2

[−1, 0] 0.909± 0.004 0.409± 0.001

[0, 1] 0.914± 0.004 0.410± 0.001

A.1.2 c
(3)
Hq

Table A.3: Parameterisation of cross section in
terms of Qℓ cos δ

+ for c
(3)
Hq = 0.1, excluding all

other operators, considering the linear (order 1) or
the quadratic term (order 2)

Bin Order 1 Order 2

[−1, 0] 2.25± 0.01 3.45± 0.01

[0, 1] 2.24± 0.01 3.44± 0.01

Table A.4: Parameterisation of cross section in
terms of Qℓ cos δ

+ for c
(3)
Hq = −0.1, excluding all

other operators, considering the linear (order 1) or
the quadratic term (order 2)

Bin Order 1 Order 2

[−1, 0] 2.24± 0.01 3.44± 0.01

[0, 1] 2.25± 0.01 3.43± 0.01
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A.2 pWT Parameterisation

A.2.1 cHW

Table A.5: Parameterisation of cross section in
terms of pWT (GeV) for cHW = 1.0, excluding all
other operators, considering the linear (order 1) or
the quadratic term (order 2)

Bin Order 1 Order 2

[0, 75] 0.848± 0.003 0.241± 0.001

[75, 150] 0.952± 0.004 0.390± 0.002

[150, 250] 1.04± 0.01 0.767± 0.006

[250, 400] 1.09± 0.02 1.63± 0.02

[400,∞] 1.18± 0.05 4.2± 0.1

Table A.6: Parameterisation of cross section in
terms of pWT (GeV) for cHW = −1.0, excluding all
other operators, considering the linear (order 1) or
the quadratic term (order 2)

Bin Order 1 Order 2

[0, 75] 0.850± 0.004 0.242± 0.001

[75, 150] 0.952± 0.005 0.392± 0.002

[150, 250] 1.02± 0.01 0.768± 0.006

[250, 400] 1.09± 0.02 1.60± 0.02

[400,∞] 1.14± 0.06 4.1± 0.1
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A.2.2 c
(3)
Hq

Table A.7: Parameterisation of cross section in
terms of pWT (GeV) for c

(3)
Hq = 0.1, excluding all

other operators, considering the linear (order 1) or
the quadratic term (order 2)

Bin Order 1 Order 2

[0, 75] 1.358± 0.006 0.655± 0.005

[75, 150] 2.13± 0.01 1.528± 0.009

[150, 250] 4.13± 0.03 5.69± 0.04

[250, 400] 8.8± 0.1 25.0± 0.3

[400,∞] 23.3± 0.7 218± 6

Table A.8: Parameterisation of cross section in
terms of pWT (GeV) for c(3)Hq = −0.1, excluding all
other operators, considering the linear (order 1) or
the quadratic term (order 2)

Bin Order 1 Order 2

[0, 75] 1.354± 0.006 0.647± 0.004

[75, 150] 2.13± 0.01 1.546± 0.008

[150, 250] 4.15± 0.03 5.68± 0.04

[250, 400] 8.7± 0.1 25.3± 0.3

[400,∞] 23.4± 0.6 216± 6

A.3 pWT and Qℓ cos δ
+ Parameterisation

A.3.1 cHW

Table A.9: Parameterisation of cross section in terms of pWT (GeV) and Qℓ cos δ
+ for cHW = 1.0, ex-

cluding all other operators, considering the linear (order 1) or the quadratic term (order 2)

pWT Bin Qℓ cos δ
+ Bin Order 1 Order 2

[0, 75]
[−1, 0] 0.851± 0.005 0.241± 0.002

[0, 1] 0.845± 0.005 0.241± 0.002

[75, 150]
[−1, 0] 0.952± 0.007 0.393± 0.003

[0, 1] 0.951± 0.007 0.388± 0.003

[150, 250]
[−1, 0] 1.02± 0.01 0.754± 0.008

[0, 1] 1.05± 0.01 0.780± 0.009

[250, 400]
[−1, 0] 1.13± 0.03 1.68± 0.04

[0, 1] 1.06± 0.03 1.59± 0.03

[400,∞]
[−1, 0] 1.12± 0.07 3.9± 0.2

[0, 1] 1.26± 0.07 4.5± 0.2
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Table A.10: Parameterisation of cross section in terms of pWT (GeV) and Qℓ cos δ
+ for cHW = −1.0,

excluding all other operators, considering the linear (order 1) or the quadratic term (order 2)

pWT Bin Qℓ cos δ
+ Bin Order 1 Order 2

[0, 75]
[−1, 0] 0.848± 0.005 0.242± 0.002

[0, 1] 0.852± 0.005 0.242± 0.001

[75, 150]
[−1, 0] 0.954± 0.007 0.392± 0.003

[0, 1] 0.949± 0.007 0.392± 0.003

[150, 250]
[−1, 0] 1.01± 0.01 0.758± 0.009

[0, 1] 1.04± 0.01 0.779± 0.009

[250, 400]
[−1, 0] 1.08± 0.03 1.62± 0.03

[0, 1] 1.10± 0.03 1.57± 0.03

[400,∞]
[−1, 0] 1.07± 0.07 3.9± 0.1

[0, 1] 1.23± 0.08 4.4± 0.2

A.3.2 c
(3)
Hq

Table A.11: Parameterisation of cross section in terms of pWT (GeV) and Qℓ cos δ
+ for c(3)Hq = 0.1, ex-

cluding all other operators, considering the linear (order 1) or the quadratic term (order 2)

pWT Bin Qℓ cos δ
+ Bin Order 1 Order 2

[0, 75]
[−1, 0] 1.367± 0.009 0.658± 0.006

[0, 1] 1.349± 0.007 0.652± 0.006

[75, 150]
[−1, 0] 2.12± 0.02 1.54± 0.01

[0, 1] 2.13± 0.02 1.51± 0.01

[150, 250]
[−1, 0] 4.10± 0.04 5.58± 0.06

[0, 1] 4.15± 0.05 5.81± 0.06

[250, 400]
[−1, 0] 9.0± 0.2 25.6± 0.5

[0, 1] 8.5± 0.2 24.3± 0.5

[400,∞]
[−1, 0] 21.7± 0.8 204± 7

[0, 1] 25± 1 235± 10
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Table A.12: Parameterisation of cross section in terms of pWT (GeV) and Qℓ cos δ
+ for c

(3)
Hq = −0.1,

excluding all other operators, considering the linear (order 1) or the quadratic term (order 2)

pWT Bin Qℓ cos δ
+ Bin Order 1 Order 2

[0, 75]
[−1, 0] 1.354± 0.009 0.647± 0.006

[0, 1] 1.353± 0.008 0.647± 0.006

[75, 150]
[−1, 0] 2.13± 0.02 1.56± 0.01

[0, 1] 2.12± 0.02 1.54± 0.01

[150, 250]
[−1, 0] 4.09± 0.05 5.60± 0.06

[0, 1] 4.21± 0.04 5.75± 0.06

[250, 400]
[−1, 0] 8.9± 0.2 26.0± 0.4

[0, 1] 8.4± 0.2 24.6± 0.5

[400,∞]
[−1, 0] 21.5± 0.9 202± 8

[0, 1] 26± 1 232± 10
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