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Abstract

The discovery of the Higgs boson at CERN’s Large Hadron Collider (LHC) con-
firmed the mechanism by which particles acquire mass, the last fundamental parti-
cle foreseen by the Standard Model. Despite its success, the Standard Model leaves
many fundamental questions unanswered, including the origin of the universe’s matter-
antimatter asymmetry. One possibility to address these gaps lies in exploring deviations
in the properties of the Higgs boson with respect to the Standard Model predictions,
particularly its couplings to other particles. This study focuses on anomalous interac-
tions between the Higgs boson and W bosons (HWW couplings), which could provide
evidence of new physics beyond the Standard Model. By modifying the charge-parity
(CP) properties of the Higgs boson within the SMEFTsim framework and simulating
these interactions using MadGraph, we aim to identify possible observables sensitive
to the Higgs CP quantum number that can be used in the future with ATLAS data to
probe such anomalous interactions.
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1 Introduction

1.1 The Standard Model

The Standard Model, or SM, of Particle Physics codifies and relates elementary parti-
cles and forces of our universe. Although it leaves some questions unanswered [1], this
framework has proven to be an extremely useful theory for the modelling and subsequent
prediction of interactions in the subatomic world between the set of fundamental, indivis-
ible particles presented in Table 1.

Category Particle Symbol Properties
Up u Charge: +%, Mass: ~ 2.2 MeV
Down Charge: f%, Mass: ~ 4.7 MeV
Quarks Charm c Charge: +%, Mass: ~ 1.28 GeV
Strange s Charge: —%, Mass: ~ 96 MeV
Top t Charge: +%, Mass: ~ 173 GeV
Bottom b Charge: —%, Mass: ~ 4.18 GeV
Electron e~ Charge: —1, Mass: ~ 0.511 MeV
Electron Neutrino Ve Charge: 0, Mass: < 2.2 eV
Leptons Muon wo Charge: —1, Mass: ~ 105.7 MeV
Muon Neutrino vy Charge: 0, Mass: < 0.17 MeV
Tau T Charge: —1, Mass: ~ 1.777 GeV
Tau Neutrino vr Charge: 0, Mass: < 15.5 MeV
Photon ¥ Mediates electromagnetic force, Mass: 0
W Boson wt Mediates weak force, Mass: ~ 80.4 GeV
Gauge Bosons Z Boson Z0 Mediates weak force, Mass: ~ 91.2 GeV
Gluon g Mediates strong force, Mass: 0
Higgs Boson Gives particles mass, Mass: ~ 125 GeV

Table 1: Summary of the Standard Model of Particle Physics

Particles are divided into two main categories: matter particles and gauge bosons. The
former type, matter particles, can be divided further into two categories: quarks and lep-
tons. Quarks form hadrons — familiar examples of which are protons and neutrons — and
interact via the strong force; whereas leptons do not.

Matter particles are arranged in what are known as generations, which are groups of
particles with similar properties. Each generation is composed of a pair of quarks and a
pair of leptons. The first generation is the lightest and does not decay, i.e. the up and
down quarks and the electron and electron neutrino; while the third is the heaviest, i.e. the



top and bottom quarks, and the tau lepton and tau neutrino. A difference to note within
the respective generations is, however, that neutrinos are considered to be of a negligible
mass.

Having established the make-up of the fundamental particles of our cosmos, the SM
also describes the functionality behind forces. Particles in the category known as gauge
bosons are the medium through which forces are exchanged: the electromagnetic force is
exchanged between particles through photons, the strong force through the gluon, and the
weak force through the W and Z bosons.

A facet of interest in the SM has been a particle known as the Higgs boson, as seen
in Table 1. It is the last of the gauge bosons, and is posited to give mass to all particles
in the Standard Model. This particle and its properties will be investigated in this essay,
both within the scope of the SM and beyond it.

1.2 The Higgs Boson

The Higgs boson, and its associated Higgs field, were postulated in the mid-20th century
as a solution to the electroweak theory necessitating massless W and Z bosons. Providing
mass to both bosons would result in breaking the fundamental symmetry of the theory.
In order to account for this, a phenomenon known as spontaneous symmetry breaking was
postulated.

In this mechanism, the symmetry of natural laws remains unchanged, but that of the
physical system is broken. A familiar example of this would be a pencil placed on its tip
on a surface. The laws of physics do not determine a predefined direction for the direc-
tion to fall in, but due to the instability of the system, it does fall in a specific direction. [2]

This situation is but an analogy for the process of giving mass by the Higgs boson.

The Higgs boson has a field known as the Higgs field associated with it, which per-
meates the universe. The potential of the field is thought to have a mexican hat shape
[2], as seen below in Figure 1. Here, the Higgs potential was said to be introduced in
the early universe at the blue point, which is is a local maximum; yet highly unstable.As
the universe expanded and cooled, the Higgs potential spontaneously rolled to the min-
imum of the field at the red point, giving rise to the mass of the W bosons, Z bosons,
and all other particles. The mechanism by which this occurs is known as a coupling of
the Higgs field, the mathematical details of which are outside the scope of this paper [3].
The Higgs mechanism thereby provides mass to the known particles in the Standard Model.

Presently, the Higgs particle is predicted to have positive charge-parity symmetry and
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Figure 1: The Higgs Field’s "Mexican Hat” Shape

zero spin [4]. The CP-symmetry of the Higgs ensures that interactions remain unchanged
even when particles are replaced with their antiparticles and spatial coordinates are in-
verted.

1.3 Beyond the Standard Model

Despite the SM’s success in various endeavours, it fails to explain the dominance of matter
over antimatter in the universe, dark energy, dark matter, and most importantly, grav-
ity. Beyond the Standard Model Theories, or BSM theories, may explain some of these
unanswered questions, and typically predict new particles: such as more Higgs bosons.
The existence of said particles implies differences in the currently discovered Higgs boson’s
behavior. By varying possibilities of quantum numbers and charge-parity violation of the
Higgs boson, light can be shed on these new theories.

1.4 Theory
1.4.1 Standard Model Conditions

Covered in Section 1, the Higgs is known to have a spin of 0 and be CP-even in the Stan-
dard Model. Its subsequent coupling to the W bosons is shown by Equations 1 through 3
below. Equation 1 shows the Lagrangian — a way to express the HWW coupling — of the
Standard Model; governing the dynamics of particles in the Higgs field.

In order to relate the following theory to data, we must go over the key points of the
Higgs field and how couplings relate to experimental observations. The Higgs field is what
is known as a complex SU(2)r, doublet [6], given below:
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Here, ¢4 is a positively charged component of the Higgs field, and ¢g is a neutral
component of the Higgs field, given by the following equation:

g0 = \2(@+H+i><) )

Where v is the vacuum expectation value, explained later in this section; H is the phys-

ical Higgs boson, which is a scalar particle; and x is the Goldstone boson, which is later
absorbed to give mass to the W bosons.

This field has a potential V' that is given by [6]:

V(@) = @?|@f + A|0[* 3)

This is the function that gives rise to the aforementioned Mexican hat shape [6]. When
relating the field to other particles, we describe their interactions using what is known as
the Lagrangian, given by Equation 4.

Lsy = |Duq)|2 (4)
Here, D,, is the covariant derivative, given [7, 6] by Equation 5:
/
g gY
D, :(@L - 257‘an7 - ZTB#) (5)

Oy here is the variation of spacetime; 7¢ are the Pauli matrices, which describe the gen-
erators of SU(2)r symmetry; W are the gauge W bosons associated with SU(2).; g is a
coupling constant for SU(2)r; B, is the gauge boson associated with U(1)y; and ¢’ is the
coupling constant for U(1)y. To calculate the Lagrangian for the Higgs-W couplings, we
can substitute this derivative into Equation 4.

/ T /
Lsy = | D, 9| :(au@ - igTan‘j@ - z'%Bu@) (8“(1) - igT“WW@ - z’%B“‘I)) (6)

The process of substitution is not entirely straightforward, because ® is a vector. To get a
scalar product, the Hermitian conjugate — a row vector — of D,,® denoted by { is multiplied
with the column vector D#*®. The Lagrangian also must be found when the Higgs field
breaks symmetry, as described in Section 1.2. The field gets what is known as a vacuum



expectation value, v, or a minimum potential as shown in Figure 1. In doing so and sub-
stituting the necessary parts of the equation, computation leads to Equation 8.

(D) :<¢+> 5L (2)1} ~ 246 GeV (7)

bo V2
2,,2 2 2
_ g-v —+ — g-v + — g 2 + — 1 a auv 1 v
£SM == TW‘M W# + THW# WH + ZH W# le‘ — ZW ,MVW e ZBNVBu
mas;rterm Higgs—W coupling HHWW quartic vertex kineti::rterms

(8)

Equation 8 gives the final Lagrangian for the Higgs-W boson couplings in the Standard

Model [7, 8]. In the next section, we will explore the addition of further terms which affect
charge-parity.

1.4.2 Beyond Standard Model Conditions

This paper explores a specific case of beyond-SM conditions; known as charge-parity viola-
tion, or CP-violation. Charge parity violation consists of two components; the first being
charge symmetry.

Charge symmetry

is a property of a system that states that under the reversal of the charges on every involved
particle, interactions remain unchanged.

Parity symmetry

is a property of a system that states that under the reversal of spatial coordinates on every
involved particle, interactions remain unchanged.

In the Standard Model, the Higgs sector is entirely CP-even; meaning that charge and
parity symmetry is respected [9]. However, we can introduce terms in the Lagrangian that
break this symmetry, as seen in Equation 9 [10, 11, 12].

921} CHWg2
Lpsy = THijuf + THWLWuyf

| —
Standard Model Coupling CP-Even Modification

/

caw g . 1 1
+ L HW W — W W — 1B, B

CP-0Odd Modification kinetic terms




Here, three new terms are added. cyw and ¢gw are known as Wilson coefficients,
which act as magnitudes of the modifications to the charge-parity symmetry. These are
the parameters that will be controlled in order to distinguish between distributions in the
next section.

Next, A is the energy scale of new physics: this is the value of energies beyond which
these modifications stop being signficiant. It acts as a threshold for the modifications: the
higher the value of A, the smaller the contribution of the new physics terms at low energies,
making them harder to detect.

Finally, W, is the field strength tensor, and ij is the dual field strength tensor.
Without delving into unnecessary detail, the field strength tensor describing the transfor-
mation of the gauge field W, under spacetime transformations. The dual field strength
tensor achieves the same purpose, but incorporates asymmetry when transformed; as it
switches signs.

Section 3.2 will explore how different magnitudes of the CP-even and CP-odd modifi-
cations affect certain key observables of the aforementioned diffractive production channel,
whose Feynman diagram is seen in Figure 2.

1.5 Aim

In order to do so, this research focuses on the interaction between the Higgs boson and
the W+ and W- bosons; or the HWW couplings. In doing so, we will explore one main
diffractive production channel in SM and non-SM conditions; which is seen in Figure 2.
In simple words, the diagram above shows the result from a collision of two protons. As
they interact with the electromagnetic force, they exchange two photons. The two photons
collide and form a pair of W bosons, both of which decay into pairs of leptons; and a Higgs
boson, which decays into a pair of bottom quarks.

BSM CP-odd Higgs boson couplings to the W-bosons affect angular distributions in
processes like pp — vy — WWh [14]. By simulating and studying these distributions, we
can search for observables that allow to distinguish between CP-even and CP-odd contri-
butions, that can later be used experimentally in determining whether CP violation occurs
in Higgs interactions.
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Figure 2: Feynman diagram of the pp — ppWW H diffractive production process [13]

2 Methodology

2.1 Tools
2.1.1 MadGraph

MadGraph is a software that allows for ”"the automated computation of tree-level and
next-to-leading order differential cross sections, and their matching to parton shower sim-
ulations” [15]. T used it to generate the simulation data which was subsequently analysed
in ROOT.

2.1.2 Universal FeynRules Output

that incorporates new theoretical parameters and interactions, allowing for the simulation
of physics scenarios that deviate from SM predictions. In this study, the UFO model
used is the SMEFTsim,__ U35 __MuwScheme framework, which introduces effective field theory
operators that modify the Higgs-W boson coupling to test CP-even and CP-odd interactions
[16].

2.1.3 ROOT

CERN’s ROOT is a sophisticated piece of high-energy physics analysis software that aids
the storage, processing, visualisation and analysis of scientific data [17]. T used ROOT in



order to plot kinematic observables of the MadGraph-produced data such as transverse
momentum, pseudorapidity, and angular distribution.

2.2 Procedure

To achieve the aim set forth in this paper, I analysed the transverse momentum, pseudo-
rapidity, and basic angular distributions of particles in the chosen diffractive production
channel — once under Standard Model conditions, and in four different non-Standard Model
scenarios with varying charge-parity assumptions. These assumptions will be controlled
by Wilson coefficients, namely cyw and ¢gw. cgw increases the probability of even-CP
behaviour, which is set to either +0.5 and —0.5, whereas ¢y increases the probability of
CP-odd behaviour, and is set to either —1.2 or 1.2. An important aspect is that we consider
the energy scale of this new physics, A, to be 1 TeV. These distributions will be studied as
a function of the kind of HWW couplings in order to find key markers and characteristics
which can be observed in future experimental data.

3 Results and Discussion

3.1 Comparisons and Analysis
3.1.1 Transverse Momentum

Transverse momentum is a measure of a particle’s momentum perpendicular to the beam-
line. In theory: Increasing coupling strength — by keeping cpyyw values positive — would
create a narrower, taller, and right-shifted peak in the distribution, whereas decreasing the
coupling strength — by keeping cpyw values negative — would flatten the distribution, dull
the peak, and shift it leftwards. Alterations to égw ' change the probability of producing
H and W bosons with high transverse momentum.

Observations

The transverse momenta of all three bosons follow certain key features in all five conditions.
Firstly, a large amount of entries exist at a low transverse momentum, close to 75 GeV.
The density of events at higher transverse momenta begins to decrease compared to the
peak. Where these qualities mainly differ between conditions is peak height. SM conditions
and negative ¢gw conditions follow a nearly identical pattern; whereas both positive and
negative cyyw conditions see a flatter distribution of events; and positive ¢py conditions
spurs data that is uniformly distributed. This property is characteristic of CP-odd events,
which means that a larger number of events at high transverse momentum in real data
could signal towards CP-violation.

1Note that on distributions, ¢gw is referred to as ¢cHWtil.
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Figure 3: Distribution of the transverse momentum of the particles involved in the SM
WWH diffractive production in black and for two BSM scenarios with increased CP-even
coupling in blue and CP-odd coupling in red

3.1.2 Ap

An is a calculated property, equal to the difference in pseuodrapidity between a pair of a
lepton and its antilepton. This is somewhat analogous to the angle subtended between the
path of each particle, parallel to the beam axis. Theoretically, deviations from the SM in
terms of charge-parity violation can drastically change the distribution of An as interac-
tions between particles and anti-particles will no longer undergo similar interactions. The

explorations can be seen below.

Observations

Figure (a) shows the effects of changing cyw on the An distributions. In the Standard
Model, two peaks are seen at the values of around -5 and 5, and a local minimum at 0.
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Figure 4: Distribution of the pseudorapidity difference between the charged leptons coming
from the W-boson decays for the SM WWH diffractive production in black and for two
BSM scenarios with increased CP-even coupling in blue and decreased CP-odd coupling in
red.

This means that very few lepton-antilepton pairs are ejected from the collision in the same
direction. However, both reducing and increasing the CP-even term cpyy dramatically
increases the number of events at 0 An, and decreases the peaks at -5 and 5. Hence,
a larger number of lepton-antilepton pairs travelled in the same direction, and less were
highly separated. More unidirectional jets could be observed in both cases. However,
increasing CP-odd terms creates significantly different event topology: as can be seen in
Figure (b), an immensely large peak is seen at An = 0, compared to the minimum in
Standard Model conditions. Decreasing the CP-odd term makes minimal differences in the
distribution. Hence, a strong sign of CP-violation in physics data would be very dense
particle jets in the same direction.

3.1.3 A¢

A¢ is similar to An, but instead measures the azimuthal angular distribution between a
lepton and an antilepton perpendicular to the beam axis.

Observations

In both plots, we can see very minimal changes in distributions. In Figure (a), it can be
seen that in Standard Model conditions, a relatively flat distribution is seen with a slight
peak near A¢ = 0, showing a marginally higher number of lepton-antilepton pairs being

12
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Figure 5: Distribution of the azimuthal angle difference between the charged leptons coming
from the W-boson decays for the SM WWH diffractive production in black and for two
BSM scenarios with increased CP-even coupling in blue and CP-odd coupling in red.

ejected along the same angle perpendicular to the beam axis. However, increasing the CP-
even terms cpyw narrows the distribution and creates a higher peak at A¢ = 0, showing
a higher number of lepton-antilepton pairs being ejected at the same angle. Decreasing
the CP-even terms has the same impact. This can be seen also in the CP-odd terms; the
same effect is seen in both decreasing and increasing the terms. Increasing CP-violating
effects creates an exacerbated peak at A¢ = 0, more significantly than CP-even terms.
Decreasing CP-odd terms harbors nearly no effects, creating a distribution similar to that
of the Standard Model.

3.1.4 Pseudo-Rapidity

As discussed above, pseudo-rapidity is a measure of the angular separation of a particle
parallel to the beam axis. The distributions below can give insight into not the relative
separation of particles and anti-particles, but the overall topology of the event.

Observations

The Higgs bosons are mostly ejected centrally in the detector, with || < 2. There are
no notable differences between the five configurations of CP-even and CP-odd terms, but
there is a higher proportion of centrally produced Higgs bosons atn = 0 in the CP-odd
terms.
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Figure 6: Distribution of the transverse momentum of the particles involved in the SM
WWH diffractive production in black and for two BSM scenarios with increased CP-even
coupling in blue and CP-odd coupling in red

As for the W- bosons, the Standard Model and lowered CP-odd terms exhibit similar
plots. Both show a minimum at n = 0, and two maxima around n = —4 and n = 4. This
indicates that there are multiple W- bosons ejected along the beam axis, whereas few were
ejected perpendicular to the beam axis. Both CP-even configurations show flatter plots,
showing an even distribution of W- bosons in both cases parallel to the beam. However, an
increased CP-odd term, shown by the solid red plot, shows a drastic difference: a high peak
at n = 0, indicating a very large proportion of W-bosons being ejected nearly perpendicular
to the beam. This is a sign to search for in physical data of CP-violation taking place.The
W+ bosons exhibit the same distributions as the W- bosons.
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4 Conclusion

In the search for charge-parity violation with respect to Higgs boson decay processes,
the results indicate several key pointers to look out for in data. For one, flatter and
varied distributions in the transverse momentum of all involved particles point towards CP-
violation. Furthermore, smaller separation between lepton-antilepton pairs is a cornerstone
in this configuration both along the beam axis as well as perpendicular to the beam axis.
Theoretically, a large number of ejected W+ and W- bosons perpendicular to the beam
axis is a crucial component of CP-violation. The full shape of the An,+.- plot can also be
used to distinguish between CP-even and CP-odd couplings in the HWW interactions..
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