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Abstract

Exploring Extended Scalar Sectors, Neutrinos and Flavour Anomalies

by Shyam BALAJI

The best current theory describing the fundamental interactions of matter in our
universe is the Standard Model of Particle Physics. However, it leaves many important
physical questions unanswered. These include, providing a consistent explanation for
the predominance of matter over antimatter, the origin of neutrino masses, unification
of quantum gauge fields at high energy scales as well as flavour violation as hinted
at by results of recent experiments. This thesis focuses on providing explanations for
these questions whilst outlining solutions that predict phenomena that can be tested
in collider searches and through cosmological observables.

The topics presented in this thesis can be separated into several categories in-
cluding the potential existence of extended scalar sectors. This begins with a pre-
sentation of a dedicated search for new Higgs particles at the Large Hadron Collider.
The physics analysis, performed with data drawn from the ATLAS experiment, fo-
cuses on Two-Higgs-Doublet models, which provide an elegant explanation for the
abundance of matter over antimatter in our universe through an early universe cos-
mological phase transition. On a related note, we also explicitly calculate such a
phase transition dynamically and the speed with which it propagates in the early
universe plasma for a particular extended scalar potential. Such transitions produce
compelling phenomenology such as gravitational waves that could be detected at in-
terferometer experiments such as LIGO. Developing general techniques, like the ones
outlined in this work, that determine how fast these transitions travel accurately, is
of crucial importance in predicting experimental signatures that may result from such
processes.

Beyond this, we explore the phenomenon of C'P violation which is a necessary
condition for the generation of matter—antimatter asymmetry. In this thesis, we cal-
culate novel fundamental C'P properties of fermions such as the C'P asymmetry in
the neutrino and top quark transition dipole moments. Such properties directly af-
fect their respective decay rates for several interesting channels. Finally, we explore
grand unified field theories that yield exotic low energy phenomenology and thereby
provide UV complete explanations for tensions in the flavour sector. These tensions
provide some of the most compelling experimental evidence yet for physics beyond
the Standard Model.
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Chapter 1

Introduction

The best description of fundamental particles and their interactions in our universe
is currently given by the Standard Model (SM). It was developed in the late 1960s,
and it was within this framework that the Higgs mechanism was proposed. The
Higgs mechanism itself was formulated in an attempt to explain why elementary
particles have mass. In the same decade, C'P violation was first discovered. Despite
its remarkable success in describing known fundamental interactions to a very high
degree of precision, there is strong evidence that the SM of particle physics in its
current form is incomplete. The discovery of the Higgs boson in 2012 meant that an
important piece of the SM was finally validated, but we are still far from the final
picture of nature and several important questions remain unanswered. Among these
are, why is there an asymmetry between matter and antimatter in our current universe,
what is the mechanism by which neutrinos acquire mass, what is the nature of dark
matter and is flavour universality violated for fermions. In this chapter we present
an overview of the SM of particle physics, outline the aforementioned outstanding
challenges the SM is facing and provide the requisite background to motivate and
outline potential resolutions to these fundamental problems which will be covered in
the following chapters.

In Chapter [2| we outline the search for a heavy C'P odd Higgs boson, A, decay-
ing to another heavy C'P even Higgs boson, H, and a Z boson, which subsequently
decay to £¢bb and LUWW (€lqqqq) final states. The mass of the H boson is assumed
to be larger than the SM-like Higgs of 125GeV discovered at CERN. The search for
such Two-Higgs-Doublet models (2HDM) is motivated by the possibility that they
provide a first—order phase transition in the early universe, necessary for electroweak
baryogenesis. Electroweak baryogenesis will be explained further in Section [I.1.5] and
Section [1.3] Using 13TeV proton—proton collision data collected with the ATLAS
detector at the Large Hadron Collider (LHC) that corresponds to an integrated lumi-
nosity of 139fb~!, the chapter focuses on mass ranges up to 800(700)GeV for the A
(H) bosons respectively.

In Chapter [3] we explore first-order cosmological phase transitions, similar to the
ones that arise from the scalar sector outlined in Chapter This is an important
area of study since the asymptotic velocity of expanding bubbles is of crucial relevance
for predicting observables like the spectrum of stochastic gravitational waves, or for
establishing the viability of mechanisms explaining fundamental properties of the uni-
verse, such as the observed baryon asymmetry. In these dynamic phase transitions,
it is generally accepted that subluminal bubble expansion requires out-of-equilibrium
interactions with the plasma. These are typically captured by friction terms in the
equations of motion for the scalar field.
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However, this has been disputed in works pointing out subluminal velocities in lo-
cal equilibrium arising either from hydrodynamic effects in transitions of deflagration
type or from the entropy change across the bubble wall in general situations. In this
chapter, we aim to explore both effects and their relations which can be understood
from the conservation of the entropy of the degrees of freedom in local equilibrium.
This naturally leads to subluminal speeds for both deflagration and detonation type
transitions which are of high phenomenological interest. The friction effects arising
from the background field dependence of the plasma are studied and accounted for con-
sidering local conservation of stress-energy and by including field dependent thermal
contributions to the effective scalar potential. Furthermore, we focus on illustrating
these effects with explicit calculations of dynamic and static bubbles for a first—order
electroweak transition in a SM extension with additional scalar fields. The results are
compared and contrasted with recent analysis linking friction forces in local equilib-
rium with entropy changes across the bubble. We outline novel corrections from the
temperature and velocity gradients.

In Chapter [d, we explore previously undiscovered sources of C'P violation and
potential signals of new physics. The radiative decay of charged and neutral fermions
has been studied for decades but C' P violation induced within such a paradigm has not
been studied explicitly. C'P violation in the radiative decay of fermions can produce
an asymmetry between circularly polarised directions of the radiated light and creates
an important source of net circular polarisation in particle and astroparticle physics
observables.

We compute this in Section [£.I] and the results presented outline the general con-
nection between C P violation and circular polarisation through conservation of angu-
lar momentum for both Dirac and Majorana fermions and can be used for any class
of models that enable such radiative decays. The total C'P violation is calculated
based on a widely studied Yukawa interaction considered in both active and sterile
neutrino radiative decay scenarios as well as searches for dark matter via direct detec-
tion and collider signatures. The phenomenological implications of the formalism on
topical scenarios such as keV sterile neutrino decay, leptogenesis-induced right-handed
neutrino radiative decay and IceCube-driven heavy dark matter decay are discussed.

In Section [£.2] the C'P violation in the neutrino transition electromagnetic dipole
moment is discussed in the context of the SM with an arbitrary number of right—
handed singlet neutrinos. The transition dipole moment is a key electromagnetic
property of the neutrino. A full one-loop calculation of the neutrino electromagnetic
form factors is performed in the Feynman gauge. A non—zero C'P asymmetry is
generated by requiring threshold conditions for the neutrino masses along with non-
vanishing C'P violating phases in the lepton flavour mixing matrix. We apply the
formalism to a minimal seesaw model with two heavy right—handed neutrinos denoted
N; and N3 and discuss the C' P asymmetries for decays into light neutrinos N — vy
and the more experimentally interesting No — N7 which can reach of order unity.
We find that even if the Dirac C'P phase ¢ is the only source of C'P violation, a large
CP asymmetry around 107°-1072 is comfortably achieved.

In Section [4.3] we explore fundamental properties of the top quark through the
CP properties of its flavour violating decays. The rare radiative flavour changing
top decays t — ¢y and t — cg (and the even rarer ¢ — wy and ¢t — ug) have been
processes of interest for decades as they offer a key probe for studying top quark
properties. However an explicit analytical study of the branching ratios and CP
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asymmetries resulting from these loop level processes has thus far evaded attention.
In this section, we provide the formulation for the C'P asymmetry resulting from the
total kinetic contribution of the loop integrals and their imaginary parts, as well as
an updated numerical computation of the predicted SM branching fractions. These
rare processes are suppressed in the SM by the Glashow-Iliopoulos-Maiani (GIM)
mechanism.

The results presented in this chapter can easily be exported for use in minimal
extensions of the SM including vector-like quarks (VLQs) or in 2HDMs such as the one
described in Chapter 2] In these beyond the SM scenarios, radiative fermionic decay
processes can be enhanced relative to the SM by several orders of magnitude. Such
processes provide an experimentally clean signature for new fundamental physics and
can potentially be tested by current collider experiments. These topical beyond the
SM theories are an elegant means to provide improved global fits to the latest results
emerging from flavour physics, Cabibbo-Kobayashi-Maskawa (CKM) and precision
electroweak measurements.

In Chapter [5] we study the B physics anomalies which suggest a strong hint in
favour of violation of lepton flavour universality (LFU) and possible beyond the SM
explanations. We first discuss a variant of the famous unified Pati-Salam model, with
gauge group SU(4)c x SU(2)r x U(1)y in Section [5.1] wherein chiral left-handed
quarks and leptons are unified into a 4 of SU(4)¢, while the right—handed quarks and
leptons have quite a distinct treatment. The model introduces particles that couple
to both quarks and leptons called leptoquarks. The SU(4)¢ leptoquark gauge bosons
can explain the measured deviation of lepton flavour universality in the rare decays
B — KM@, ¢ = p, e, which directly effect the measured Rx and Ry~ ratios.

Beyond this, we also present a theory based on gauge group SU(4)c x SU(2)r X
SU(2)g in Section The left-handed quarks and leptons are unified into the same
fundamental representation of SU(4)¢ as in Section while right-handed quarks
and leptons have a separate treatment. The deviations measured in the rare semilep-
tonic decays B — D™ 7, which effect the measured Rp and Rp- ratios, are explained
by a scalar leptoquark which couples to right—handed fields and is contained in the
SU(4)c x SU(2) g-breaking scalar multiplet. The measured deviation of lepton flavour
universality in the rare decays B — K®/¢t0~ ¢ = p, e is explained via the SU(4)¢
leptoquark gauge boson. We also discuss a prediction of a new sub-GeV scale ster-
ile neutrino which participates in the anomaly and can be searched for in upcoming
neutrino experiments. Both theories satisfy the current most sensitive experimental
constraints and their allowable parameter regions will be probed as more precise mea-
surements from the LHCb and Belle II experiments become available.

1.1 The Standard Model of Particle Physics

The SM is an ensemble of quantum field theories (QFTS) that successfully describes
all known particle properties and their interactions. More specifically, it has provided
a consistent description of the electromagnetic, weak and strong forces using the prin-
ciples of gauge theory. It was developed over several decades and remains the best
available model to describe subatomic processes. The first pieces of the SM were born
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during the late 1920s when Paul Dirac applied QFT to the electromagnetic interac-
tion, this established framework for the now well known Dirac equation. The Dirac
equation describes the behaviour of half-integral spin particles called fermions. This
development later gave rise to the theory of Quantum Electrodynamics (QED), which
was further improved and formalised by Tomaga, Feynman and Schwinger [8-13].
The second major addition was the successful description of the weak interaction by
Glashow, Weinberg and Salam in the 1960s who later showed that the electromagnetic
and weak interactions could unified into a single electroweak theory [14,/15]. The third
and final addition was a consistent description of the strong forces which is now called
Quantum Chromodynamics (QCD) [16].

Particle interactions can crudely be described as fermions exchanging gauge bosons.
Fermions as mentioned earlier, carry half-integral spin while bosons carry integral
spin. Fermionic particles have an additional requirement that they must satisfy the
Pauli Exclusion principle which states that no two fermions can occupy the exact
same quantum state. The fundamental fermions are viewed as quarks and leptons,
which exhibit no internal structure down to scales of at least 10~ ¥m.

mass - =2.3 MeV/ic* =1.275 GeWic? =173.07 GeVic? 1] =126 GeVic?
charge - 2/3 u 213 C 23 t 0 i 0 H
spin 112 = 2 " 4 12 4 1 @ 0
up charm top gluon bHolgsg?'n
=4.8 MeV/c* =95 MeVic* =4.18 GeVic”® 0
BT d 103 S A3 b 0
12 = 12 S 102 < 1 ‘”
down strange bottom photon
0.511 MeVic* 105.7 MeVic® 1,777 GeVic 91.2 GeVic?
-1 e -1 -1 T o 4
12 32 ]’1 12 1 b
electron muon tau Z boson
w <2.2 eVic? <0.17 MeVic* <15.5 MeVic* 80.4 GeVic*
1] 0 0 E3l b
112 ])e 12 ‘I)I'l 112 .I')T 1 W
electron muon tau
neutrino neutrino neutrino W boson

FicUurE 1.1: The Standard Model of particle physics depicted pictorially. The
matter particles (first three columns) are displayed in purple for the quarks and green
for the leptons. The bosons (last two columns) are given in red for the gauge bosons
and yellow for the scalar Higgs boson. The interactions between the matter particles
and the gauge bosons are indicated by the light grey lines with a beige background.
The quarks are colour charged and therefore interact with the strong force (gluons),
the quarks and leptons interact with the electromagnetic force (photons) and every
matter particle interacts with the weak interactions (W and Z bosons) |17].

The SM, depicted visually in Figure is based on the gauge group SU(3)¢ X
SU(2)r x U(1)y where SU(3)¢ corresponds to the strong interactions and the sub-
script C' denotes the quantum number "colour". SU(2)z, x U(1)y corresponds to the
combined gauge group describing the electroweak interactions, the subscript L denotes
the "left-handedness" of the weak interactions and the subscript Y for the quantum
number "weak hypercharge".
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There are eight vector bosons (gluons) associated with the strong force, three
vector bosons (W* and Z bosons) associated with the weak force and one vector
boson (the photon) associated with the electromagnetic force. The photon and the
gluons are massless while the W= and Z bosons are massive particles [1821]. Apart
from these gauge bosons, there is also one other boson called the "Higgs" boson with
zero spin that corresponds to an excitation of the Higgs field. Gravity is a fundamental
force that is not yet captured within the SM.

In order to properly generate the masses of the gauge bosons in the SM without vi-
olating gauge invariance, Guralnik, Hagen and Kibble 22|, Brout and Englert 23] and,
Higgs |24] proposed their novel Englert-Brout-Kibble-Guralnik-Hagen-Higgs mecha-
nism. The mechanism introduced the aforementioned Higgs field, which acquires a
nonzero vacuum expectation value (vev) because it is an energetically favourable con-
figuration due to its quartic potential. The quartic structure itself is required to ensure
the theory is renormalisable. As a consequence, when the W and Z bosons interact
with this field, they acquire a mass. This will be elucidated further in the following
section. The complete SM Lagrangian in its non-expanded form is given by

ESM — lGa Gy _ EWG Werw _ lBa B

1 G W 1B
+ i Py

+ iy 06

+|Duo|* = V(¢) + h.c., (1.1)

where the gauge field strength terms are given in full generality by F,, = 0,A4j —
oA+ geabCAzAg, 1) represents fermion fields, ¢ is the Higgs field, D,, is the covariant
derivative and y;; the Yukawa couplings. Note we have used the Feynman slash
notation where ¢ = v, a*.

The first line in Eq. describes the kinetic and self-interactions of the gauge
bosons while the second term describes the kinetic terms of fermions and their inter-
action with gauge bosons. The third describes the interactions of the fermions with
the Higgs field. The last term contains the kinetic and self-interactions of the Higgs
boson.

1.1.1 Electroweak Symmetry Breaking

Since some of the most relevant aspects of the SM Lagrangian given in Eq. have
been covered, we can now discuss the Higgs mechanism in the electroweak sector.
The non—zero vacuum expectation of the Higgs field initiates spontaneous symmetry
breaking of the electroweak sector

SU(3)C X SU(?)L X U(l)y — SU(3)C X U(l)Q. (1.2)

Where @ represents the usual quantum number for electric charge. The gauge field
dependent part of the Lagrangian is

1 1 1
ﬁgauge = _ZGZVGLMW _ 1I/Vlizy’[/’[/'a,/ﬂ/ _ ZBMVBM/ (13)
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where Wi has a = 1,2,3 corresponding to three electroweak gauge bosons and Gj,
has a = 1, ..., 8 corresponding to eight gluons, with the field strength tensors defined
by

B, = 0,8, — 0,B,,

W5, = 0, W — 0,W + ge"™Whwy,

G4, = 0,G% — 0,GY% + go f** G Ge, (1.4)
where B, is the hypercharge gauge boson, W,‘j and g are the SU(2); gauge boson
and coupling respectively while g is the SU(3)¢ strong coupling constant. The terms

€ and f%¢ are the structure constants of SU(2) and SU(3)¢c respectively. The
covariant derivative is defined

WCLO.(Z /
Dy = 8, —ig—5— - i%BM, (1.5)

with ¢ (a = 1,2,3) being the Pauli matrices and ¢’ denoting the U(1)y hyper-
charge coupling. The Higgs potential requires inclusion of an SU(2) doublet field
¢ = (¢ ¢")T with Lagrangian

Liiggs = (D"®)1(D,®) + 12®Td — M(@TD)?, (1.6)

where ©? and A are free parameters. The quartic coupling requires A > 0, since
the potential must be Hermitian and positive-definite. The unique potential that
facilitates the symmetry breaking as per (|1.2) is

V(®) = —p|®]2 + M| (1.7)
This potential is minimised at |®| = % = %, where v is the vev of the Higgs field.

Since ® is a two-component complex object, it has four degrees of freedom (two real
and two imaginary), three of which will correspond to massless Goldstone modes 7%
(a = 1,2, 3) which eventually are consumed by the longitudinal modes of the W, W~
and Z bosons. The remaining degree of freedom is identified as the massive Higgs
boson with real field h. Hence, a convenient parametrisation about the minimum

becomes
050 0
®=c 7 | yon (1.8)
V2

where the Goldstone boson fields 7® are associated with each broken generator o
corresponding to the Pauli matrices with a = 1,2, 3. It is simpler to study this theory
in unitary gauge, so we will proceed setting the rotation parameter £* = 0.

Upon substitution of the expression , in the unitary gauge, into the covariant
derivative and the scalar potential , the mass terms associated with three
massive gauge bosons can be obtained. When we diagonalise the resulting mass ma-
trix, we obtain two linear combinations of the hypercharge gauge boson with one of
the generators of SU(2) corresponding to one massless and one massive eigenstate



1.1. The Standard Model of Particle Physics 7

respectively. These are the well-known massless photon A, and the Z,, gauge bosons

A, = —Wj’ sin 0, + By, cos 0y, ,
Z, = WS cos by, + By sin b, , (1.9)

with the weak mixing angle defined by tanf, = ¢’/g. In the on-shell scheme this is
calculated to be sin? 6, = 0.2233 [25]. Additionally, we also find the definition for the
massive W bosons,

1
Wi=—
V2

and the mass terms in the SM Lagrangian are given by

(W, FiWy2) (1.10)

g2
miy = sz, my =

v?, (1.11)

which directly relate the massive weak boson masses to the gauge coupling constants
and the Higgs vev. Furthermore, we note that gauge invariance forbids terms like
%mzA“AM, which would correspond to a massive photon. We also have the following
useful relations between the gauge coupling constants

e = gsinb, = g cosb, (1.12)

Direct fermionic mass terms are not allowed in the SM Lagrangian shown in Eq. ,
since they break gauge invariance. However, the inclusion of the scalar field ¢ into the
Lagrangian will also generate the missing fermion mass terms. This will be discussed
in the following section.

On a phenomenological level, the electroweak vev can be determined from the
measurements of the muon lifetime. This is because the Fermi constant Gp =
1.1663787(6) x 107°GeV 2 [26] can be determined from the muon lifetime and is
related to the electroweak vev via the relation v? = \/§le This fixes v ~ 246GeV.
The Higgs mass was found to be my, = 125.09(24)GeV [26| and implies that the quar-
tic coupling is A = m?/(2v?) ~ 0.13 which is perturbative. This is consistent with

the current experimental averages for the W+ and Z bosons, masses which are [26]

my = 80.385(15)GeV, m% = 91.1876(21)GeV. (1.13)

1.1.2 Fermion Masses

We shall now turn our attention to how fermions in the SM acquire their masses.
There are three generations of SU(2)y leptons and quarks in the SM

Lp; = <Z§Z> , Qui= (Z?) (1.14)

where the generation index is ¢ = e, u, 7 for the lepton doublet L and i = (u, ¢, t) and
i = (d, s,b) for the up and down type quarks respectively. The right—handed fermions
are written simply as £gr;, ug; and dg; respectively as they are gauge singlets.

Left— and right-handed fermions have different hypercharges. We can denote Y
and Y7, as the hypercharge of the left—-handed quark and lepton fields respectively,



8 Chapter 1. Introduction

while Ye, Y, and Y, denote the hypercharges of the right—handed fields. The field
content and their representations under the different gauge groups in the SM are
shown in Table where the first two columns show the transformation properties
under SU(3)¢ and SU(2)r, while the last column shows the hypercharge of each field.

Name ‘ ‘ SU3)c,SU(2)L,U(1)y
Matter Fields (Spin-1/2)
Q (uL dL) (372%)
Quarks (3 Gen.) | 7 u}% (317_%)
d dl, (3.1,1)
T
Leptons (3 Gen.) f/ (v TEL) (12.—5)
e iR (1,1,1)
Gauge Fields (Spin-1)
B Boson B (1,1,0)
W Bosons w (1,3,0)
Gluons g (8,1,0)
Scalar Fields (Spin-0)
Higgs boson | @ | (¢ ¢°) | (1,2,5)

TABLE 1.1: The Standard Model matter and gauge field content with associated
quantum numbers for each field. Quarks and leptons both have three families that
transform the same under the SM gauge group.

A lepton mass term in the SM Lagrangian would have the form m,[lralra +
ol Ra] Where L and R stand for left— and right—hand chiralities and « stands for gen-
eration. The left— and right—chiralities transform differently under SU(2)z and U(1)y.
As a consequence, the explicit mass terms are forbidden in the SM Lagrangian since
they violate gauge invariance. The resolution to this problem is achieved by means
of the Higgs field and its interactions with fermions, known as Yukawa interactions.
When the Higgs field acquires its vev v, the Yukawa interactions lead to fermion mass
terms as well as mixing between different generations in the SM Lagrangian (1.1). For
the fermions, the Yukawa interaction is given by

Ly ukawa = —(Y0)ij Li®lrj — (Ya)ijQ;PdR; — (yu)ijQ;Purj + h.c, (1.15)

where the conjugate scalar doublet is defined ® = ioy®* while Yye,Yyq and vy, are
the 3 x 3 lepton, down and up quark Yukawa coupling matrices in generation space
respectively. This Lagrangian is gauge invariant and we note that both left—handed
leptons and the Higgs field are SU(2) doublets while the right-handed fields are SU(2)
singlets as shown in Table After symmetry breaking, the Yukawa Lagrangian in
the unitary gauge becomes

h+v - -~ _
Ly ukawa = — ( 7 ) [(e)ijlrilr; + (Yu)ijUriur; + (Ya)ijdridr;| + h.c.  (1.16)

Hence we can see that the mass terms for charged fermions are of the form

Yr
me = —=v 1.17
f \/i ( )
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where f = ¢, u, d after symmetry breaking, while neutrinos remain massless. There are
no right—-handed neutrino states vg in the SM (since none have been experimentally
observed yet), which would be required to produce a neutrino mass term via an
interaction with the Higgs field.

The fermion mass matrices are non-diagonal and can be diagonalised to the mass
matrix M}hag by the bi—unitary transformations

my = Vi MRV (1.18)

where VLf and VI{ are unitary rotation matices that can be absorbed by redefining the
left- and right-handed fermion fields like

YrL — VgT¢fL, ViR — VI{WRL. (1.19)

The neutral currents remain diagonal under such a transformation, while the charged
ones become flavour violating.

1.1.3 Cabbibo—Kobayashi—-Maskawa Matrix

If the change of basis is performed as (1.19)), the W= interactions couple to the physical
left-handed quark field ¢qr,, leading to a mixing between generations in the charged
current interactions

g _
Liin = ——=turv"Vermdr W + h.c, 1.20
k \/§ LiY" VCKMOALj ( )

where Voxy = VL“VLdT is known as the CKM matrix [27]. The CKM matrix is a 3 x 3
unitary matrix that can be parameterised by three mixing angles and one phase 28|,

c12€13 512€13 s13e”"
_ i i
Vexkm = | —s12023 — c12523513€"  c12c23 — S12523513€" 593€13 | » (1.21)
i i
512823 — C12C23513€"0  —C12823 — 512€23513€"°  €23C13

where s;; = sin#;; and ¢;; = cos 6;; correspond to rotations in the (7, j) flavour planes
and ¢ is the phase that accounts for C'P violation in the SME

The three angles and one complex phase, must be extracted from experiment,
similar to the fermion masses. To clarify this, we note that any n x n unitary matrix
has n? parameters, from which n(n —1)/2 are real and n(n+1)/2 are complex. Some
of the complex parameters can be absorbed by re—phasing the quark fields. More
specifically, by redefining the n down type quarks and the n up type quarks and by
imposing baryon number conservation, we can eliminate 2n — 1 phases (the relative
phases of the quark fields) [29]. Therefore, by taking n = 3 we obtain that the CKM
matrix has n(n —1)/2 = 3 angles, and (n — 1)(n — 2)/2 = 1 phase. The observation
that a third generation is needed in order to have C'P violation in the SM is known
as the Kobayashi-Maskawa mechanism [29]. We discuss what C'P violation is in more
detail in the following section.

!The necessary condition for C'P invariance is that all elements of the CKM matrix are real. This
is true for the three quark generation case, only if § =0 or § = «. If § differs from these two values,
it means that the CKM matrix is a source of C'P violation as observed in nature.
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1.1.4 CP Violation in the Standard Model

Parity (P) and charge—conjugation (C) are two fundamental discrete operations which
can be performed on a physical system. At one time, it was thought that nature
was invariant under these operations. In other words, a parity-transformed or charge-
conjugate system would be an equally viable system which could be observed in nature.
In particle physics terms, the charge—conjugation parity (C'P) symmetry signifies that
the laws of physics should be the same if a particle is replaced with its antiparticle
while its spatial coordinates are inverted. Hence, assuming that the evolution of
the universe preserves the ratio between matter and antimatter components, the C'P
symmetry must have been violated in the early universe somehow to explain the
overwhelming predominance of matter over antimatter in our current universe. This
comprises one of the Sakharov’s conditions as discussed in the following Section [1.1.5

In the previous section, we explained how C'P violation appears in weak interac-
tions in the SM. This was observed for the first time in processes, such as neutral Kp,
decays |30], and established later in B and D decays. However, the amount of C'P
asymmetry generated during such weak interactions is simply not enough to explain
the observed over abundance of matter over antimatter. This strongly suggests that,
besides weak interactions in the quark sector there must exist some additional sources
of C'P violation, comprising physics beyond the SM.

1.1.5 Sakharov’s Conditions

In 1967 Andrei Sakharov proposed three necessary conditions for a matter dominated
universe [31]. In the quark sector, this process is referred to as baryogenesis.

e A mechanism for baryon number violation. Baryon number refers to the dif-
ference in the number of baryons B and anti-baryons B: ng = B — B. Any
theory that starts from a symmetric universe where np = 0 and transitions to
a universe where np # 0 has to violate the conservation of baryon number [32].

e The presence of C'P violation. This is required because otherwise the transition
probabilities for a process generating a baryon asymmetry would be equivalent
for the C' or C'P conjugate process producing the same asymmetry but with
opposite charge. Therefore, even in the presence of baryon number violation
there would be no net baryon number without C' and C'P violation.

An intuitive way to understand this is by realising that a universe with zero net
baryon number is symmetric under the exchange of particles with antiparticles
(C symmetry) whereas a universe with finite net baryon number cannot be.
Hence there has to be some source of C' and C'P violation in order to explain
the np > 0, which we clearly observe with the significant presence of baryonic
matter in our universe [32].

e A first-order phase transition. This is an out-of-equilibrium condition that can
also be understood intuitively. In thermal equilibrium the expectation values of
all observables are constant as equilibrium by definition is time translationally
invariant. If we want to go from a universe with ng = 0 to a universe with
np # 0 there must be an out—of-equilibrium phase to overcome this. Since
in equilibrium, the mass of a particle and its antiparticle are equal, the CPT
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theorem would mean equal numbers of particles and antiparticles are enforced
(321

An extension to the SM known as the 2HDM introduces a new Higgs doublet
where four new Higgs bosons are hypothesised. The 2HDM is able to produce the
required phase transition and potentially generate the C' P violation conditions in some
regions of its parameter space. One specific case is the A — ZH decay, which may be
considered the smoking gun for electroweak baryogenesis. We discuss this further in
the following Section [1.2

1.2 The Two Higgs Doublet Model

After the Big Bang, it is thought that baryonic matter was at equilibrium with photons
Y+~ = p+p. As the temperature of the universe dropped and it expanded, the forward
direction into matter stopped. Then, with further expansion, the density of baryons
and anti-baryons fell further, and the backwards process also fell, eventually freezing
the number of baryons and anti—baryons with an experimentally measured number
density ratio of nbn;ﬁ ~ 1077 |33]. As mentioned in Section [1.1.4] the experimentally
observed matter—antimatter asymmetry today is not consistent with the limited C'P
violation induced by the CKM matrix. A successful extension of the SM must be
invoked in order to properly explain the baryon asymmetry as the universe transitioned
out of thermal equilibrium.

Simple extensions of the SM include adding one or two real scalar singlets or one
or two complex singlets or doublets respectively. The 2HDMs [341[35] are in the latter
category. The scalar spectrum of the 2HDM introduces five new bosons and consists of
several types, both of which will be introduced here. It is one of the most well known
and well studied extensions, and can be used as a general benchmark for additional
Higgs bosons or as part of the Minimal Supersymmetric SM [34]. 2HDMs may be used
to explain the baryon asymmetry [36H39] through electroweak baryogenesis |40|, and
similar models with two complex Higgs doublets are also part of some dark matter [41]
and neutrino mass models [42].

In the 2HDM, an additional complex SU(2) doublet is added to the Higgs sector.
After symmetry breaking, we get [34]

(®1) = \2 (i) : (®y) = \}i <Q?2> (1.22)

where v1 and vy are the real valued vevs of the two doublets ®; and ®9 respectively.
We require v? + v = v? to recover SM like Higgs phenomenology for the lightest
neutral scalar in the model [35]. Complex and zero vev models are also possible but
we shall focus on the real-valued case here for simplicity. The gauge invariant scalar
potential can then be written

2The CPT theorem states that the laws of physics are invariant under a charge—conjugation, parity
and time transformation. It is satisfied in all Lorentz invariant local quantum field theories.
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A1

V(®1, By) = m3 &I + mAy®ldy — m2y(®] 0y + D) + ?(qf{q»l)? (1.23)

A2
2
A

+ @] P2)* + (Bh1)?).

+ Z2(BIDy)% + A3DI B LDy + N DDy DI D,

With two complex SU(2) doublets, there are eight fields,

o
Pa = (\}Q(Ua + pa + im)) ' (1.24)

Three of these get “eaten” to give mass to the W* and Z gauge bosons and the
remaining five scalars are the physical Higgs fields. There is a charged scalar, two
neutral scalars and one pseudoscalar. Substituting the minimisation condition
into the scalar potential , the mass terms in the Lagrangian for the charged
scalars becomes

9 B B Y2 _q qb+
Lyt = [miy — (A + Xs)vivg] (67 65) <111 m) <¢#) : (1.25)
Vo 2
There is a zero eigenvalue corresponding to the charged Goldstone mode G* which
gets eaten by the W*. Hence the mass of the charged Higgs is given by,

2 .92

9 mi,v
S DL 1.26
i V1V2 — Ag — As (1.26)

while for the neutral psuedoscalars, 1, we get

Ly = m72A (m ) ( s —1112’02) <771> ; (1.27)

V2 —V1V9 V3 M2

2
Mg
V1V2

where m2A = { — 2>\5] v2. in the limit mi2 — 0 and A5 — 0 the physical pseu-
doscalar is massless. Constructing the squared mass matrix for the neutral scalars, p,

we get

2 vy 2 2
miy 2 + A\v —mig + A3a5v102 [ p1
o 129, 1 12 ’ 1.98
P (p1 ’02) <—m%2 + A3450102 m%Q% + A3 02 ( )

with Ag45 = A3 + A4 + 5. The squared mass matrix of the scalars can consequently
be diagonalised with the angle a defined as the rotation from mass to interaction
basis. One of the other important angles is the vev ratio tanf§ = f}—f, which is the
rotation angle that diagonalises the squared mass matrices of the charged scalars and
pseudoscalars. If we perform a field redefinition of the doublets,

Hy = cos P + sin SP,, Hy = —sin P + cos Do, (1.29)

it follows that the lower component of H; has a real and positive vev v/yv/2 =
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Vi +v§)/\/§ while Hs has a zero vev. Therefore, the parameters a and S to-
gether, determine the interactions of the various Higgs fields with the gauge bosons
and fermions. Hence, they are crucial when it comes to phenomenological predictions
of the model.

1.2.1 Two-Higgs-Doublet Model Types and Flavour Conservation

One of the most serious problems 2HDMs face is the potential existence of tree level
flavour-changing neutral currents (FCNC). For example, the Yukawa couplings of the
down type quarks will be

Ly ukawa = Y1550 P1 + Yaij 010 Po (1.30)
where i, j are quark generation indices. The mass matrix is then given by

M; (1.31)

. U1 V2
j = ylij\ﬁ + yQUE .
In the SM, diagonalisation of the mass matrices automatically diagonalises the Yukawa
interactions, therefore there is no tree level FCNC. However, in the 2HDM, simulta-
neous diagonalisation of the y; and yo matrices is not possible, as they correspond
to couplings with different field doublets. We end up getting neutral Higgs scalars ¢
mediating FCNC of the form ds¢ and similar flavour violating operators.

It should be noted that such FCNC can predict many observables that are tightly
constrained by experimental measurements. For example, it can induce K—K meson
mixing at tree level. If the coupling is comparable to the b quark mass, then the
exchanged scalar mass would have to be above 10TeV [35]. With reasonable assump-
tions, models with these FCNC may still be viable. In the 2HDM, FCNC at tree level
can only be removed by the introduction of discrete or continuous symmetries.

Studying the quark sector of the 2HDM, there are two possibilities of interest in
this work. In the type—I 2HDM, all quarks couple to just one of the Higgs doublets
(convention dictates this to be ®2) [35]. In the type-II 2HDM, the @ = 2/3 right—-
handed quarks couple to one Higgs doublet (chosen to be ®3) and the @ = —1/3
right—-handed quarks couple to the other (®1) [35]. The type-I 2HDM can be en-
forced with a simple ®; — —®; discrete Zy symmetry, whereas the type-II 2HDM
is enforced with a combined ®; — —®1, dr; — —dpg; discrete symmetry. The Zj
symmetry is softly broken in the aforementioned potential by not setting m?, to zero
while otherwise keeping the Lagrangian invariant under the ®; — —®; interchange to
ensure C'P conservation. Note that the original Peccei-Quinn models [43] as well as
supersymmetric models give the same Yukawa couplings as in a type—II 2HDM, but
do so by using continuous symmetries.

For this discussion, we will consider the case where there is no C'P violating phase
in the vevs of the scalar doublets ®; 2. This means that v{2 will be assumed to be
both real and positive. Thus, we may write

ot
(b] - <Uj+P}‘7+Z'77j ’ (132)
V2
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with v; = vcos 8 and vy = vsin 8. The neutral Goldstone boson can be written as
the linear combination G° = n; cos 8 + 12 sin 3. The orthogonal combination to G is
the physical pseudoscalar

A =mnysin B — nycos . (1.33)

The physical scalars are a lighter h and a heavier H, which are orthogonal combina-
tions of p; and ps9,

h = pisina — pscosa

H = —pjcosa — pasina. (1.34)
In such a scenario, it turns out that the SM Higgs is given by

hsar = p1cos B+ pasin 8
= hsin(a — f). (1.35)

One can then, without loss of generality, assume that £ is in the first quadrant i.e.
v1,v2 > 0 and real, adding 7 to a which inverts the sign of both the h and H fields,
without affecting any physics [44].

In the lepton—specific 2HDM, the right—handed quarks all couple to @2 and the
right-handed leptons couple to ®; [35]. In the flipped 2HDM, one has the @ = 2/3
right-handed quarks coupling to ®9 and the Q = —1/3 right-handed quarks coupling
to @1, as in the type-II 2HDM, but now the right-handed leptons couple to ®5 as
well [35]. We may characterise the various 2HDMs as

e Type-I, in which the right-handed up and down type quarks and the right—
handed charged leptons couple to ®.

e Type-II, in which only the right—-handed up type quarks couple to ®- and the
right—handed down type quarks and the right—-handed charged leptons couple to
D;.

e Lepton—specific, where the right-handed quarks couple to ®5 and the right—
handed charged leptons to ®;.

e Flipped, where the right—-handed up type quarks and the right—-handed charged
leptons couple to 2 and right—-handed down type quarks to ®;.

Model UR; d Ri €R;
Type—I (I)Q @2 (I)Q
Type—II (1)2 ‘I)l P,
Lepton—Specific L2 Py (o]
Flipped (1)2 @1 (I>2

TABLE 1.2: Summary of Two-Higgs-Doublet Model types by scalar—fermion inter-
actions [35]

The coupling of H to a pair of vector bosons is the same as the SM but with an
additional factor of cos( — «), and the physical pseudoscalar A couples to V' and
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both the neutral scalars like [17]

guvy = cos(B — a)gith/,
gAzh x cos(f — a)gfy‘/, (1.36)
gazn  sin(8 — ). (1.37)

For type-I and lepton—specific models, the gluon-gluon fusion production for A dom-
inates (as it does for the SM Higgs) in proton—proton collisions. While b-associated
production (via fusion of b quarks) becomes important for the other two models for
large values of tan 3 [35[45].

The ability for a 2HDM to generate a strong first—order phase transition to in-
duce baryogenesis is found through Monte Carlo (MC) simulations by scanning a wide
range of m4, my, tan § and o — 8 values . Any points satisfying unitarity require-
ments, precision constraints and collider bounds are considered physical, while points
also passing v./T. > 1 (v, being the magnitude of the broken vev at the critical tem-
perature T;) will lead to the required strong phase transition. The results are shown
in Figure [1.2] as heat maps visualising the density of points passing the criteria. In
general, models near the alignment limit (cos(5 — «) = 0) are favoured, especially for
larger mpy. A relatively large mass difference m4 — mpy is also favoured with most
points lying in for m4 > mpg.

Physical Strong PT

200 300 400 500 600 200 300 400 500 600
mpy, [GeV] mpy, [GeV]

FIGURE 1.2: Heat maps for the physical region (left) and region with a strongly
first—order electroweak phase transition (right). Top: (mg, O‘T_B) plane. Bottom:
(mm,ma) plane. The dotted black line corresponds to the resonance condition

ma =mg-+mg .

In Figure , we show the branching ratios for H and A close to and away
from the alignment limit as a function of mass my. For the H decay, the WW
final state dominates away from alignment. For the A decay, the branching ratio is
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less dependent on the alignment, and A — ¢t becomes dominant at mpy 2> 250GeV.
These figures provide some preliminary indications on the expected sensitivity for the
A — ZH — bb(LW W) decays. We expect falling sensitivity past my = 250GeV.
There is one ATLAS study on the A — tt channel using limited Run 1 data [46], but
extra care has to be taken due to the interference with the SM ¢t decay. We shall
make some more assumptions on the properties of the Higgs bosons to simplify the
following analysis. The lightest C'P even boson (h) is assumed to be the SM Higgs
at my, = 125GeV with mgy > my, the heavier CP even boson is lighter than the
CP odd (myg < mya), and the charged bosons have the same mass as the CP odd
(mpg+ = ma).The parameter m?, is defined as
9 m? tan 3

RAT; S 1.38
myg 1 +tan267 ( )

10"

10"

10~

] S
=

BRy,

— ZH, 0

— Zh
—

200 250 300 350 100 107 200 750 300 350 100
my, [GeV] my, [GeV]

F1GURE 1.3: Left: Main Branching Ratios of the C'P-odd scalar A as a function of
mpg for my = mli_l = 400GeV, tan 8 = 2, u = 100GeV, a — 8 = 0.0017 (solid lines)
and a — 8 = 0.17 (dotted lines). Right: Main Branching Ratios of H as a function
of mpy (same benchmark parameters as in the left panel) [45].

For the ATLAS analysis discussed in Chapter [2] production cross sections are
calculated by SusHi 1.7.0 [47-53| using the parton distribution functions (PDFs) from
the LHAPDF 6.3.0 [54] library, the partial decay widths and branching ratios are
calculated by 2HDMC 1.7.0 [55]. These values have been calculated for —1 < cos(5 —
a) < 1 in steps of 0.1, 0.5 < tan 8 < 3 in steps of 0.5, and (m4, mg) = (300,200) to
(800, 700)GeV in steps of 50GeV in the (m 4, m ) plane with the previously mentioned
condition that m4 > mpy. Under these constraints, the A — ZH decay dominates
[52].

Current limits on a and g are shown in Figure The result on the top left panel
is made at the alignment limit. However, it should be noted that the results from the
top right and bottom panels are not directly comparable to the top left panel and the
results shown in this work. This is because they are indirect searches that assume
very large masses for both A and H, making it possible to integrate out the heavy
fields [45]. It should also be noted that no CMS results for type-I 2HDM currently
exist.
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FIGURE 1.4: Top left: Exclusion bounds for type-I 2HDM from the previous it-
eration of the AZH analysis , Top right: combined results from ATLAS and
CMS and finally the, Bottom: latest ATLAS results [58].

1.3 Cosmological Phase Transitions and Baryogenesis

In Section [1.2] we have discussed the 2HDM and its searches at the ATLAS experi-
ment. We also motivated the reason for its existence as it produces the correct scalar
potential to enable a first—order phase transition in the early universe. As we men-
tioned in in Section [I.1.5] a phase—transition is a Sakharov condition that is required
for baryogenesis to occur. The phase transition(s) themselves may give rise to a vari-
ety of physical processes with rich phenomenology, and some of their effects may be
observable in our current universe, such as the production of a stochastic gravitational
wave background ,. In these bubbles a meta—stable phase may exist alongside
a stable one for some band of temperatures. For a very large system wherein the
temperature is modulated at a very slow rate, the phase transition takes place at a
temperature called the critical temperature 7.

If the temperature reduction rate is finite, as would be the case in a universe that
is expanding, the temperature of the phase transition differs from 7,.. At T, nothing of
interest happens per se, the high temperature region simply moves into a super—cooled
state. However, at a somewhat lower temperature, bubbles of the new phase begin
to nucleate. The bubbles can then grow and convert the region of space with the old
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field value to the new field value. The new phase will have a lower energy density
than the old one. Hence, in the phase transition the universe is heated up to a certain
temperature lower than the critical temperature. After completions of the transition,
the universe starts to cool again as usual. Such super—cooling is crucial for scenarios
in electroweak scale baryogenesis [61].

Hence it is of crucial importance to study how these phase transitions propagate
in the early universe plasma. Since first—order phase transitions occur via bubble
nucleation and subsequent expansion, it is essential to understand the velocity of the
expanding bubble wall v,,. This is because, for example, the electroweak baryogene-
sis is based on particle asymmetries diffusing into the plasma in front of the bubble
wall [61]. Subsonic bubble walls are necessary to build up a large baryon asymme-
try (note here that “sonic” refers to the speed of sound in the plasma of interest).
However, fast moving walls are essential for the production of a sizeable amount of
gravitational radiation by bubble collisions [60,/62,/63|, turbulence [64] or magnetic
fields |65]. Determining this wall velocity in a numerically accurate way comprises the
main topic of investigation in Chapter [3]

The analysis of the bubble wall velocity generally assumes that after a short period
of acceleration of order ~ 1/T', (where T represents the typical energy scale associated
with the temperature or latent heat of the transition) the pressure difference that
drives the bubble expansion is balanced by friction and the bubbles subsequently
expand with a constant speed due to the net force being zero as shown in Figure[1.5
Determining the amount of friction requires solving a coupled system of Boltzmann
equations for all particle species with a large coupling to the Higgs field. This type
of calculation has thus far only been performed in the SM [66] and in the Minimal
Supersymmetric Standard Model (MSSM) [67] under the assumption of small v,,. On
the other hand, in the limit of v, < ¢ it is found that the friction in the plasma
approaches a constant value [68| (potentially up to log(vs,) corrections where ~,, =

ﬁ) This enables the possibility of continuously accelerating “runaway” bubble
-z

walls where the pressure difference along the wall overcomes this threshold. This
runaway behaviour is in fact realistic in many models, if no hydrodynamic obstruction
prohibits the highly relativistic regime from being reached [61].

(#) #0 (¢) =0
V(T) Friction

Uwall

FicURE 1.5: Force balance shown at the bubble wall. The latent heat released
during the phase transition drives the bubble outwards, while its interaction with
the plasma of light particles creates friction. When the two forces are balanced, the
net force is zero and the wall ceases to accelerate [69].

Therefore an important analysis to perform is to identify and compute possible
obstruction forces based on the plasma heating in front of the phase boundary during
bubble expansion. Such an effect has previously been observed [66}, 70|, where finite
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vy were found with very small and even vanishing friction. More recently |71|, this
result was obtained under the assumption that the temperature in the Higgs wall is
identified with the temperature in front of the bubble. Additionally, the study focused
on models with a scalar potential similar to the SM.

What is preferable is to determine a simple criterion for the occurrence of such back
reaction forces. If the criterion holds for specific cases, the v, is subsonic and elec-
troweak baryogenesis is possible. Such a heating effect only provides an upper bound
and a more precise determination of the wall velocity still requires some knowledge of
friction. However, if the friction is not too large (like in the SM) the resulting v,, are
fairly accurate [61]. Furthermore, the baryon asymmetry in electroweak baryogenesis
is not highly sensitive to the wall velocity, therefore, as long as it is significantly below
the speed of sound and large enough to avoid a saturation of the sphaleron process.

1.3.1 The Nucleation Temperature

In a first—order phase transition, the nucleation of bubbles is governed by the three
dimensional instanton action for field ¢,

S3 = 47?/ r2dr
0

where the potential is defined V (¢(r),T) = F(¢,T)—F(0,T) and F is the free energy
of the field and T is the temperature. The bounce solution of this action is obtained by
extremising S3. This yields the radial configuration of the nucleated bubble assuming
that it is spherically symmetric [72]. The action for this bounce solution coincides
with the free energy of a critical bubble, in other words, a bubble in an unstable
equilibrium between states of expansion and contraction. Using the Euler-Lagrange
equations, we find the bounce solution obeys the equation

d¢

;(m)2+vw&»n , (1.39)

¢  2do ,
g = V@ (1.40)
with the boundary conditions
do .
%(0) =0, rlggo o(r)=0. (1.41)

Then we may compute the tunneling probability for bubble nucleation per unit time
and volume which is given by [72]

[(T) ~ A(T)e 3D/T (1.42)

where A(T) = [S3(T)/2xT)*?. The nucleation temperature Ty is defined as the
temperature at which the probability of finding a bubble in a causal volume is 1, so

/tN AT(T)V =1, (1.43)

where t. is the time at which the universe reaches the critical temperature T, and £ is
the time at which the first bubbles are nucleated in a causal volume V. The nucleation
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rate ['(T') can be calculated by numerically solving for the bubble profile from ([1.40)
and ([1.41)) before substituting back into the bounce action (1.39)) integrating and

finally computing ([1.42)).

1.3.2 Origin of the Friction Force

The combined “wall-plasma’” system dynamics is described by the equations of motion
of the Higgs field and the plasma. However, for the following discussion, it is ad-
vantageous to replace the equation of motion of the plasma (similar to a Boltzmann
equation) by the assumption of local thermal equilibrium and energy-momentum
conservation, leading to a hydrodynamic approximation [61]. The energy-momentum
tensor of the Higgs field ¢ is then given by

T, = 0,000 — v | 59560°6 — V()| (149

where Vj(¢) is the re-normalised vacuum potential. Since the field ¢ is a background
field which interacts will all particle content: Higgs bosons, gauge fields, leptons and
quarks), this combination of fields form a plasma. If one approximates the equilibrium
distribution functions f; for ¢ particle species with four-momentum k* by a relativistic
fluid u*, the stress-energy momentum tensor of the fluid is

Tﬁi@sma o Z/ d3k k‘ k‘,,fz( ) (1'45)

if this plasma is in local equilibrium, this may then be conveniently written as

TPES™ = wuyuy, — gup, (1.46)

where w and p represent the enthalpy and pressure of the plasma respectively. The
quantity u,, is the four-velocity field of the plasma related to the usual three-velocity
v by u, = (7,7v) where v is the canonical Lorentz factor.

There is a contribution to the total pressure from the constant ¢ background, we
may denote this total pressure as p. The enthalpy w, the entropy density ¢ and the
energy density E' can then be defined by the relations

ap _Op dp

where T is the plasma temperature. It then follows that
w=FE+p. (1.48)
Energy-momentum conservation then yields
T, = OPTS, + OMTH™ = 0. (1.49)

Since we want to analyse a system where the bounce propagates at a constant speed.
Assuming there is no time-dependence i.e. in the static limit, (1.49)) in the wall-frame
(with the wall and fluid velocities aligned in the z direction), the above equation
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becomes
2.7T% = 9. T*° = 0. (1.50)

Integrating the above equations and denoting the fields in front of and behind the
bubble wall by subscripts + and —, respectively, in the wall frame, we get

wivin +pp =w 02y +po, wvy] = wov_n?. (1.51)
From here it follows that |61]

P+ —P- vy  E_+py

= . 1.52
E+ —FE_ ’ v_ E+ +p_ ( )

V4V- =
For a chosen model, the thermodynamic potentials can be calculated in the front and
back sections of the wall and the temperature at which the phase transition begins
can be determined using numerical techniques. Then, we are left with three unknown
variables (T_, v; and v_) and only two equations, so the viable family of solutions
are parametrised by one parameter. It is convenient to parametrise the solution by
its wall velocity vy, as this is the observable of interest.

The wall velocity is obtained from the equation of motion of the Higgs |61]

Oo + 8i - K(¢) =0. (1.53)
¢

Where the bubble expansion is driven by the the free energy F and K(¢) represents the
friction term that arises from deviations of the particle distributions in the plasma
from equilibrium. It was shown in Ref. |[61] that a subsonic v, could be reached
even if the friction is vanishingly small. This is in contrast to the previous intuitive
expectation of faster than sound velocity or runaway behaviour in the low friction
limit. However, , shows that in steady state, the size of the bubble is large
enough that a planar limit can be used wherein integration of the pressure field in the
wall frame can yield the force driving the expansion

oF
o9
This equation may be interpreted as showing that the pressure change in the wall
driving the bubble expansion and this driving force Fy, is ultimately being balanced
by the friction force Fy, in order to reach a constant v,, as shown before in Figure @

Without the bubble, the pressure change is always positive definite, since nucle-
ation requires T4 < T.. However, a heating effect in front of the bubble wall may
be created due to some particles being reflected at the wall. Hence a hydrodynamic
obstruction force can occur and the temperature experienced by the wall is also in-
creased. This means that the bubbles may accelerate while building up a compression
wave in front of the Higgs wall [61]. At some wall velocity v,,, the average temperature
in the wall might approach T,, then Fy. — 0 and the bubble cannot further accelerate
even in the limit of zero friction.

Fyy = / d20,¢ d20,0K = Fy,. (1.54)
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1.3.3 Calculating the Wall Velocity

If we consider a system with the bag equation of state in the broken phase (behind
the wall) we have

1
p_ = ga,Tf +e E_=a_T*—¢ (1.55)

and in the symmetric phase (in front of the wall)

1
Py = §G+T47 By =a; Ty, (1.56)

with a different number of light degrees of freedom across the wall and hence a4 # a_
and a4 > a_ and different temperatures on either side of the wall i.e. T4 # T_. In
the above expression € represents the false vacuum energy resulting from the Higgs
potential. The above bag equation of state approximation is only applicable when
the Higgs vev does not change significantly between T, and zero. However a more
accurate treatment for temperatures close to the critical one is [61]

1 T 1
o~ el T =1 ~ Zaq, T 1.57
b 3a+ — c (Tc ) ) b+ 3a+ ) ( )
-~ G+Tf — ec, E+ ~ CL+T_Z,’1_,

where /. is the latent heat at T,. Comparing with the bag case, one can write down

4

le = g(a+—a,)Tf = 4e (1.58)
Using the bag equation of state (1.55) and (1.56)) and substituting into (1.52]) we get
1-(1-3 3+(1-3
v = L= (L= 3ay)r v _ 3+ (1= 3ap)r (159)
3—-3(1+ay)r v 14+3(1+ay)r

where we have made use of the convenient definitions

€ KC Q_A,_Ti
T AT T da T Tt (1.60)

The parameter a is the vacuum energy to radiation energy density ratio and char-
acterises the strength of the phase transition. We may now solve Eq. ((1.59) simulta-
neously to obtain [61]

1 v 1 v 1 \? 2 1
— = )+ =4 A S,V p—— 1.61
T T ay <2 +61)_> \/(2 +61)_> fartgar—g|, (16D

this results in three classes of solutions for the bulk fluid motion. These are commonly
referred to as detonations, deflagrations and hybrid solutions [61]. In the case of
detonations, the bubble wall expands at supersonic velocities and the vacuum energy
of the Higgs leads to a rarefaction wave behind the bubble wall. This occurs while the
plasma in front of the wall is at rest. In detonations the wall velocity is vy, = vy > v_,
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and therefore they are identified with the positive branch of solutions in Eq. .
For deflagrations, the plasma is dominantly affected by particles being reflected at the
bubble wall and therefore a compression wave builds up in front of the wall while the
plasma behind the wall is at rest. In this case, the wall velocity is identified with v,, =
v— > vy. This corresponds to the negative branch of solutions. “Pure” deflagrations
are subsonic, while the hybrid case corresponds to supersonic deflagrations where both
compression and refraction waves are present. We may show this diagrammatically
as in Figure [1.6

v v v v
detonation deflagration
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FIGURE 1.6: Top: Representation of the velocity vectors on each side of the wall, in
the wall frame. Bottom: Contours of the fluid velocities v4+ and v_ in the wall frame
for fixed ay values. In the shaded region in the top—Ileft no consistent solutions
to the hydrodynamic equations exist. Flow profiles in the shaded region in the
bottom-right decay into hybrid solutions [71].

From Ref. [71], we have the central equation describing the velocity profile

2% = 42(1 — vuy) [“2 - 1] Ov (1.62)

UV c? Ovy,’

with the Lorentz transformed fluid velocity pu defined

Uy — U

(v, v) = (1.63)

1 —vuv’
in general, c; is the speed of sound in the plasma and depends on its equation of state,
in the bag case c¢2 = 1/3. Most generally, cs will be v,, dependent but will usually be
around 1/3. Setting cs = 1/v/3 in Eq. (1.62), it is immediately clear that there are
fixed points at v,, = ¢s and v = 0 and another for v,, = v = 1. By introducing a new
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quantity 7, we may rewrite ((1.62) as

dv

v vy
dr

= 20c2(1 — v?)(1 — vuv), p
-

= vu[(vw — )% = (1 — vyv)? (1.64)

The above region can be contour plotted as shown in Figure [[.7 In Chapter. [3] we
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FIGURE 1.7: Contours of the fluid velocity v(§) in the frame of the bubble cen-
tre (with ¢2 = 1/3). Detonation curves start below u(¢,v) = c¢s (dashed-dotted
curve) and end at (£,v) = (¢s,0). Deflagration curves start below v = £ and end at
(&, v)¢ = 2 (dashed curve) corresponding to the shock front. There are no consis-
tent solutions in the shaded regions [71]. Note that in the above plot the variable
assignment & = v,, is used.

aim to confirm that indeed local equilibrium is compatible with the above discussed
subluminal bubble expansion, clarify the local origin of the friction forces and elucidate
the relation to the hydrodynamic effects detailed above. Beyond this, we provide
consistent estimates of bubble velocities. Rather than including additional terms
in the scalar’s equation of motion, the friction—like behaviour in the presence of local
equilibrium is caused by the field dependence of the local entropy and enthalpy density
itself, which enters into the hydrodynamic equations of the plasma similar to the
heating effect discussed above.

1.4 Neutrino Physics

Neutrinos are half-integral spin electrically neutral particles which appear in three
flavours v, (electron), v, (muon) and v, (tau)ﬂ Direct Dirac neutrino mass terms
cannot be included in the SM Lagrangian due to violation of gauge invariance and
as a consequence they are assumed to be massless. Nevertheless, many neutrino
experiments have now shown that these particles do in fact possess nonzero, albeit
very tiny masses since they can oscillate, changing from one flavour to another in flight
v; = v;. Hence, a leptonic mixing matrix will appear analogous to the CKM matrix

3 An example of electron-type neutrino production is in nuclear beta decay, particularly in neutron
decay processes n — p+ e~ + e, they are also produced in muon decays ut — e 4+ 7, (1v,) + ve(Te).
Muon—type neutrinos and anti-neutrinos are produced in muon decays and pion decays 7+ — ui +
v, (7). Tau-type neutrinos are produced in 7% decays.
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discussed in Section. [[.1.3] This gives rise to a leptonic charged current interaction of
the form -
Lrin = %ummﬂpmvv; + hee. (1.65)

5

with
Vo = UniV; (166)

where a = e, u, 7 are the flavour eigenstates, ¢ = 1,2,..,n are the mass eigenstates
and U,; is a 3 X n matrix that rotates mass eigenstates into flavour eigenstates.
This matrix was introduced by Ziro Maki, Masami Nakagawa and Shoichi Sakata in
1962 |73] to describe neutrino oscillations. The idea of neutrino oscillation dates back
to 1958 when Bruno Pontecorvo proposed the neutrino-antineutrino transition [74].
Today, the mixing matrix is known simply as the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix.

Studying neutrinos has deepened our understanding of nature for decades [75].
Even though their very tiny but nonzero masses (for two or more of their generations)
and flavour mixing in the lepton sector has been observed and verified by neutrino
oscillation experiments, some fundamental questions about neutrinos still exist. This
includes understanding their exact electromagnetic properties, whether they are Dirac
or Majorana fermions, whether there are additional sources of C'P violation and if they
have additional species existing in nature.

1.4.1 Dirac vs Majorana Neutrinos

In this section we will discuss the possible origins for neutrino masses. Since the nature
of neutrinos being Dirac or Majorana is still an open question, both possibilities will
be discussed.

Dirac Mass Term

In order to generate a Dirac neutrino mass, it is necessary to introduce additional
right—handed neutrino singlets v into the SM Lagrangian. This enables one to obtain
neutrino mass terms through symmetry breaking and the Higgs mechanism, just like
in the case of quarks and the charged leptons.

The right-handed neutrino fields are invariant under SM symmetry, since they
don’t transform under SU(3)c x SU(2)y and have hypercharge Y = 0. Since they
do not participate in weak interactions they are referred to as sterile neutrinos. The
number of sterile neutrinos that can be introduced to extend the SM is not constrained
by the theory. In the case where three sterile neutrinos, one for each flavour, are
introduced to the SM, the extended Lagrangian mass term for leptons is now

Ly ukawa = —(Ye)ij LiPerj — (yu)ijzi&)VRj + h.c., (1.67)

where 7, and 7, are the Yukawa matrices and L is the lepton doublet given in Eq.
and
Ve
VR = m . (168)

Vs R
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After electroweak symmetry breaking, the mass terms of neutrinos becomes
—mpULVR + h.c. (1.69)

To diagonalise the leptonic Lagrangian, we can make the field re-definitions in flavour
space

4 vl
/L,R = | ) V/L,R = V;/L ) (1.70)
/ /
T/ LR Yr/ LR
Wi.th lLR= VLZ,TR }J’R’ y;liag = v”yyvé for the charged leptons and vy, p = VLV’%V}J’R,
yoes — V¥y,, V¥, where y?lag and y3?8 are the diagonalised Yukawa matrices. It

should be noted that the rotation matrices Vy/  and Vﬁ r are all unitary. The leptonic
Lagragian can now be written

v+ h - .
Ly ukawa = — ( \/i ) |:(y€)1]€le€,R] - (yly)ijV/LiV;%j} + h.c., (171)

by rotating into the mass basis where the Yukawa coupling matrices y, and y, are
diagonal, we then get the Dirac mass terms

v diag7 diag—
L s = VG [yéilagELigRi + yy;agyLiVRz} + h.c. (1.72)
Hence it is clear that the charged and neutral lepton masses are given by M; is the
diagonal mass matrix for charged leptons and

ydiagv
My; = li/§ )
where [ can be either £ or v for the charged and neutral lepton case respectively.
The Yukawa matrix y, can be diagonalised in a similar way as the charged leptons,
see Section [1.1.2] and this is

(1.73)

VLV, @Tyy ,ZVE L _ ygiag’ (174)

where VL” and V;;g £ are the left and right hanged 3 x 3 unitary matrices and the right—
hand side is the diagonalised Yukawa matrix. Hence when introducing this change of
basis and the diagonalised mass matrix in Eq. the Dirac neutrino masses terms
are finally obtained in the Lagrangian given by

1- 1
Loinass = §€LiMMRz’ + §vLiM1/VRi + h.c. (1.75)

where M, is the diagonalised mass matrix for charged leptons and

diag
_ Yy Y

M, Nl

The mass terms of leptons in the Lagrangian, including neutrino masses, is given in

Eq. (1.75)). Following a similar treatment as for the quarks as per (|1.1.3]), the change

(1.76)
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of basis for neutrinos shown above induces mixing between the lepton flavours. It is
straightforward to show that for three Dirac neutrinos the change of basis is therefore
given as

ub = vy vt (1.77)

It should be noted that the mass hierarchy problem remains and the Yukawa cou-
plings have to be fine-tuned to explain the smallness of m,. The lepton numbers
by generation L., L, and L, are violated, since charged currents do not conserve
these quantities, but the total lepton number remains conserved. It is an exact global
symmetry at the classical level like baryon number B. This kind of SM extension
generates a mixing matrix in the leptonic sector analogous to the CKM matrix with
the inclusion of the heavy neutrino species. For Dirac neutrinos the mixing matrix
depends on three mixing angles and one C'P violating phase. We will discuss this
further in Section [[.4.2]

Majorana Mass Term

In 1937 Ettore Majorana established that a massive neutral fermion can be described
by a real wave function rather than a complex one [76]. This implies that a Majorana
fermion can be its own antiparticle. This led to the Majorana condition

v=1=Crul (1.78)

where C is the charge conjugation matrix defined according to C'y/r‘fC_l = —7v,. By
using the charge conjugated field for one generation of Majorana neutrino we may
write the Majorana Lagrangian

M
LM = = (v dvp, + v Pvs) — TL(ﬁiuL +TLL) (1.79)

N

Mp — x
TL(VECTVL-‘,-VLCVL)

where the factor of % in the mass term is included to avoid double counting since vy,
and v§ are not independent fields. We note that we have not needed to introduce right-
handed singlet fields since we used the Majorana field definitions where v = v, + l/g
and ¢ = CoT.
If three generations of Majorana neutrinos are considered the Majorana mass term
becomes
M LT ety — e, (1.80)
mass 9 al L)ap¥BL 2 al L)ag”BL- :
As in the Dirac neutrino case, it is necessary to diagonalise the complex symmetric
matrix Mp. This, as usual, is achieved by introducing the 3 x 3 unitary rotation
matrix V}
(V' MMV = M, (1.81)

The diagonalisation is achieved by rotating from the interaction eigenstates into the
mass eigenstates via the transformation vy, = V;’ T1/’L. Hence, the Majorana mass term
can be written as

1
LM = —m5 v + hec. (1.82)

mass 2
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As in the case of Dirac neutrinos, the leptonic Lagrangian with Majorana neutrinos
can be written as with the Majorana lepton mixing matrix Y™ . However, there
is a crucial difference compared to the Dirac mixing matrix. The Majorana mass term
is not invariant under the global U(1) symmetry. Therefore there are three physical
C'P violating phases in the Majorana mixing matrix instead of one. The Majorana
mixing matrix can be written in terms of the unitary Dirac mixing matrix in Eq.
and a diagonal matrix P, with two independent phases

uM =urp, (1.83)

In the following section, we shall discuss exact parametrisations of the lepton
mixing matrices further.

1.4.2 Pontecorvo—Maki—Nakagawa—Sakata Matrix
The PMNS matrix given in Egs. (1.77) and (1.83) for Dirac and Majorana neutrinos,

can generically be written as

Uni = Pt aaVe 1 VIiPoii, (1.84)

where P, is a 3 x 3 phase matrix and P, a diagonal matrix, both introduced such that
they reduce the number of phases in the PMNS matrix (Upyvns). In the standard PDG
parametrisation of the Upyng |75], the matrix for three neutrinos is assumed to be
unitary, this yields three flavour mixing angles 612 , 013 , 623 and one (or three) C'P vio-
lating phase(s) corresponding to Dirac (or Majorana) neutrinos. This parametrisation
of can be written explicitly as

1 0 0 c13 0 813671.6” C12 si2 O
Upmns = |0 co3 s23 0o 1 0 —s12 c2 0| P,
0 —s23 cCo3 —813616” 0 C13 0 0 1
-5,
C12C13 S12€13 S13€

5 5
= | —s12C23 — C12513523€°”  C12C23 — S12513523€%  ci3s23 | P, (1.85)
5 5
512823 — C12513C23€™Y  —C12823 — §12513C23€°Y  C13C23

where ¢;; = cos0;; and s;; = sinf;;. ¢, is the C'P violating phase which is referred
to as Dirac phase. Analogous to the quark case discussed in Section the mixing
matrix for Dirac neutrinos depends on these four physical parameters. Therefore, the
diagonal matrix P, will simply be a 3 x 3 identity matrix.

In the case where neutrinos are considered to be Majorana particles, the diagonal
P, contains additional arbitrary phases, p and o, called Majorana phases. As a
consequence, there are three physical C'P violating phases in the Majorana mixing
matrix. This is because, as mentioned earlier, the Majorana mass term in Eq.
is not invariant under global U(1) gauge transformations meaning there is additional
freedom in selection of the phases.

1.4.3 Neutrino Oscillation

Neutrino flavour oscillations occur due to the mixing of different massive neutrinos
[77,/78]. The probability of the neutrino to oscillate in a vacuum from one state to
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another will be discussed in this section |79].
A neutrino with flavour « created in a charged current interaction process from a
charged lepton ¢, is described by the flavour state according to ([1.66))

Va) = Z U |vi). (1.86)

the massive neutrino quantum states evolve in time as plane waves,
wi(6)) = e B ), (1.87)

where E; = /p?+m? is its relativistic energy. From and - ) the time
evolution of a neutrino state of flavour « is given by

|va(t) Z e i), (1.88)

Using the unitarity relation, we can write the mass eigenstates in terms of the flavour
eigenstates as follows

i) = Uailva) (1.89)

and this result can be introduced into Eq. (1.88)) to obtain
Va(t) ZZ e EilY g |vg) (1.90)

this means that the superposition of massive neutrino states |v4(t)), where |v4(0)) =
|Va), becomes a superposition of different flavour states if neutrino mixing is allowed.
The amplitude of the transition v, — v as a function of time is then given by

Avgsog (t Z it (1.91)
and the transition probability is given by Py, sy, (t) = |Av, -0, (1)

Pyysn(8) =D U Us il UG je " FimFi)t (1.92)

In the case of ultra-relativistic neutrinos m; << |p], the energy-momentum rela-

tion E; = /p2 + m? can be approximated by

2

E; ~ E+ﬁ with E = |p] (1.93)

then, the transition probability can be written in terms of the neutrino squared mass
difference Amfj =m? — m?

Va—ﬂlﬁ Z Z u,@zua]uﬁ]

L

S

Uj

(1.94)
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where we have approximated ¢t ~ L and L is the distance from the neutrino source to
the detector. From ([1.94)) we can conclude the following

e Neutrino oscillation measurements provide information on the values of the

squared—mass differences Am?j and the elements of the Upyng matrix

e [t is only possible to obtain values of the squared—mass differences but not the
absolute values of neutrino masses

e The oscillation probability depends on the elements of the mixing matrix Upyins
through the quartet
Uy Us iuaju;;j. (1.95)

This does not depend on the choice of parametrisation and is invariant under
re—phasing transformations.

This means that it is independent of any phases that can be factorised. Therefore
in the case of Majorana neutrinos, neutrino oscillations are independent of the
Majorana phases p and o, which can be factorised in a diagonal matrix on the
right, see Eq. . Consequently, Majorana phases are inaccessible in neutrino
oscillation experiments.

1.4.4 Seesaw Mechanism

We may now write the most general neutrino Lagrangian with both Dirac and Majo-
rana mass terms

mass mass mass mass?

where M L and M R denote left—and right—-handed Majorana Lagrangians respectively,
defined like

D
‘C’mass

m
= —mpVgrvy + h.c, LME — —TLﬁchZ/L + h.c.,

LM — —%ﬂECTl/R + h.c., (1.97)

mass

in general we may consider m right-handed neutrinos

/c

1%
/ VIL / V/eL / .
_ _ c __ .
NL = V/C ) vy = Z/NL y VR = : . (198)
R 4 /c
TL VmR

The mass term is then

1
LO+M §N£TCTMD+M N} + h.c (1.99)

mass

where the total mass matrix

T
MP+M <mL mD> : (1.100)

mp mg
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In general, mp is a 3 X m complex matrix and mgr and mjy are m X m symmetric
matrices, in fact expansion of ((1.99) yields

1
Lo — 3 [I/ILTCTTTLLV/L +vICtmEVs + VST Cimpr, + VETCTmRz/}%] . (1.101)

Hence the Dirac part of the Lagrangian above can be simplified with matrix indices
like

1 -

3 [V'LYQCT(mD)z;V% + vl CHmp)ijvi; | = Vri(mp)iv;. (1.102)
We may diagonalise this matrix to the operator as usual to ?ij%i?gu,;j, where we
procure three linear combinations

Ur(mp)ij

YRS )P

with mass m‘g?g in the basis (v, vg;)T. There are m—3 remaining linear combinations
of right-handed neutrinos that don’t participate in the Dirac mass term.

In the special case that my, = 0, we can diagonalise the Dirac-Majorana mass term
MP+M ¢4 obtain m + 3 massive Majorana neutrinos and if M; > mp;, this yields the
well known Seesaw formula for the light neutrinos

(1.103)

my, ~ —mp(mg)~tm5 (1.104)

where M, corresponds to the eigenvalues of mpg;. The matrices m, and mp are in
general complex so provide sources of C'P violation. In order to illustrate the seesaw
mechanism, we may study a toy model with a 2 X 2 matrix with real coefficents of the

form
0 m
(0 om w108

which has eigenvalues m o = %(Mi\/ M? + 4m). Where if M >> m we find m; — M

and mg — —mﬁz. From here it is clear that the first mass eigenstate is very heavy and
the second one is very light. The light neutrinos in such a scenario would correspond
to the light neutrinos observed in nature. One can always introduce a phase matrix
to produce positive masses.

If all the eigenvalues of the matrix mpg are much larger than the Higgs vev v this is
considered to be the canonical Seesaw mechanism. In this scenario, sterile neutrinos
are integrated out and at low energy and we have an effective theory with three light
active Majorana neutrinos. If some eigenvalue of mp is larger than or equal to v,
the mass matrix diagonalisation yields more than three light Majorana neutrinos. If
one of the eigenvalues of mp equals zero, it is equivalent to imposing lepton number
conservation. In this case we can identify three sterile neutrinos as the right—handed
component of the left-handed Dirac fields [80].
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1.4.5 Thermal Leptogenesis

Leptogenesis is scenario in which baryogenesis can be induced while also providing
a viable mechanism for light active neutrinos [81]. When the seesaw mechanism is
invoked, as described in the previous section, it is almost impossible to avoid lep-
togenesis. Indeed, the seesaw mechanism itself, requires lepton number violation by
construction. It also introduces new general C'P violating phases in the neutrino
Yukawa interactions and for significant portions of the parameter space, predicts that
new heavy singlet neutrinos may decay out of thermal equilibrium [81]. Hence, the
three Sakharov conditions listed in Section [I.I.5 are naturally fulfilled. Therefore, the
possibility of leptogenesis being the source of the observed baryon asymmetry in the
universe is a consistent one within the seesaw framework.

There are several ways to produce a baryon asymmetry in seesaw models. They
all require the introduction of singlet neutrinos N; with masses M that are usually
heavier than the electroweak breaking scale where M; > v;. However, they may
diverge in the type of cosmological scenario and in the values of the seesaw parameters
(as mentioned in the previous section, the number of seesaw parameters, particularly
in the Majorana case, is much larger than the number of measured light neutrino
parameters). A popular possibility, is “thermal leptogenesis” with hierarchical masses,
M, <« Mj>q |81]. In this scenario, Ny particles are produced by scattering in the
thermal bath. This means that their number density can be calculated from the
seesaw parameters and the reheating temperature of the universe.

If we consider the case with mass ordering M; < Ms < Mj and the relevant
Yukawa operator

L=y Ngd'ti + hec. (1.106)
the following decays for the right—handed neutrino can occur
Np — 01, + ¢, Ngr = lr + ¢, (1.107)

where ¢ corresponds to the charged longitudinal component of the Higgs doublet that
gets eaten by the W+ bosons after symmetry breaking. The branching ratios of these

@
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FI1GURE 1.8: The simplest diagrams giving rise to a net lepton number production.
Note that there is a Majorana mass insertion before the vertex in the left diagram
and one inside the loop in the right diagram.

processes differ if C'P is violated through the one-loop radiative correction with the
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Higgs. The net lepton number production due to the decay of the lightest right—
handed neutrino N 11% arises from the interference of the two diagrams in Figure ,
and its magnitude is calculated as [|81]

9 i Im?/MZZ]
— 2 Iyt oty s 1.108

with the loop factor

I(z) :\/5<1+(1+m)10g1j_m>. (1.109)

Hence the out—of—equilibrium Sakharov condition for baryon asymmetry is satisfied

if the temperature T of the plasma is smaller than the mass Mj;. This means that

(yyHi

the inverse process is blocked at the time when the decay rate I' = 5= is equal to

a 1.7,/gT?

the expansion rate of the universe ¢ ~ —+ P where g is the number of degrees of
P

I'my, 2
\/‘a < Ml .

This provides us with a source of lepton number violation but we still need to
explain the baryon number asymmetry. This occurs because the presence of instanton

like electroweak processes effect the baryon asymmetry changes like [82]

freedom and myy; is the Planck mass, this can be simplified to the relation

AB(t) = %A(B — L)+ %A(B + L)e ™, (1.110)

with the factor v ~ T'. At electroweak symmetry breaking, the exponent is m—\% ~ 1016
and hence the second term is heavily suppressed. This leads to a direct relation
between the baryon asymmetry and the lepton asymmetry

(AL);
2

AB = — (1.111)
which survives till the present day.

Thus we have seen that the seesaw mechanism provides an elegant means for
producing neutrino masses and the baryon and lepton asymmetry of the universe.
Another process of significant interest that occurs in seesaw models is the radiative
loop level decay Np — vr7y. Furthermore, such a process occurs via the neutrino
transition dipole moment which has additional sources of C'P violation that produces
an observable photon polarisation asymmetry in the final states. Computing this effect

and studying the resulting phenomenology is one of the main topics of discussion in
Chapter [

1.5 Lepton Flavour Universality Violation in B Decays

In the last two decades, the experimental study of B decays has been carried out at
the LHC and at the B factories. Two related experiments, BaBar and Belle, finished
operating in 2008 and 2010 respectively while the upgrade of Belle, Belle II, started
collecting data in early 2018. At the LHC, three experiments are involved in the study
of B physics, ATLAS, CMS and LHCDb, where the latter was specially designed for
studying the production and the decay of charm and beauty hadrons.
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Over the past several years BaBar, LHCb, and Belle, have reported anomalies in
decays associated with the b — ¢ and b — s transitions. Violations of LFU, known
to be theoretically clean probes of new physics, are of particular interest. We note
that LFU is a striking prediction of some processes in the 2HDM models discussed
in Chapter [2] variations of which are equipped to explain these anomalies. In the
SM, LFU is only broken by the lepton masses. Hence, hints for additional sources of
LFU violation have been observed in the ratios of branching ratios of flavour-changing
charged current and neutral current decays of B mesons. The ratios of interest are
commonly referred to as Ry, Rx+, Rp and Rp+ where

I(B— KWyutur)
I'(B— K®ete)’

F(B — D(*)Tl/)
I'(D — D®v)

and ¢ = e, u. The experimental world averages of Rp and Rp~ from the heavy flavour
averaging group (HFLAV) based on BaBar [83|, Belle [84-86|, and LHCD [87,88| read

Rp = 0.340 £ 0.027 £ 0.013 [89],  Rp- = 0.295 + 0.011 + 0.008 [89],  (1.113)

with a correlation error of p = —38%. The corresponding SM theoretical predictions
are known with high precision [90H92|. The values adopted by HFLAV are

RIM = 0.299 + 0.003 [89], RIM = 0.258 & 0.005 [89]. (1.114)

Therefore, the combined discrepancy between the SM prediction and experimental
world averages of Rp and Rp- is at the 3.10 level. The most precise measurement to
date of the LFU ratio Rx has been performed by LHCb

Ry = 0.8467508010-016 for 1.1GeV? < ¢* < 6GeV?, (1.115)

with ¢? denoting the squared invariant mass of the dilepton system in the final state.
The SM predicts Rf(M ~ 1 with current theoretical uncertainties being held signifi-
cantly below experimental ones |93|. It is important to note however that the above
experimental value is now closer to the SM prediction than the Run-1 result |94].
However, the improved precision of the measurement still implies a notable tension
between theory and experiment of 2.50.

The most precise measurement of the Ry« ratio thus far is from the Run-1 LHCb
analysis [94] that finds

observed q? range
Ry« 0.6670014+0.03 0.045GeV? < ¢? < 1.1GeV?
0.69700r £0.05  1.1GeV? < ¢? < 6GeV?

where both ¢? bins are in tension with the SM prediction [93], RY =~ 1, by
~ 2.50. More recent measurements by Belle [95,[96] are shown in Table[1.3| which are
compatible with both the SM prediction and the LHCb results.

In Chapter 5| we propose Pati-Salam model variants that aim to resolve the anoma-
lies. This is discussed in Section by introducing a SU(4)c x SU(2)r, x U(1)y’
gauge group in which the chiral left-handed quarks and leptons are unified into a 4
of SU(4)¢ while the right-handed quarks and leptons are treated differently. After
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observed ¢? range
Ry« 0.907537+0.1  0.1GeV? < ¢ < 8GeV?

1187052 £0.1  15GeV? < ¢% < 19GeV?

R 0.98702040.06 1GeV? < ¢* < 6GeV?
L117033 4 0.07  14.18GeV? < ¢?GeV?

TABLE 1.3: Latest Rx and R+ measurements from the Belle experiment

symmetry breaking to the SM gauge group, a new SU(4)¢ gauge leptoquark can po-
tentially explain the Ry and Rx+ measurements through new tree level contributions
that interfere both positively and negatively with the SM processes.

Similarly in Section [5.2] we propose a Pati-Salam theory, but this time based on
the gauge group SU(4)c x SU(2)r, x SU(2)r. The left-handed quarks and leptons
are once again unified into a fundamental representation of SU(4)¢, however the
Rp and Rp+ deviations are explained by a scalar leptoquark which couples to right—
handed fields and is contained in the SU(4)c x SU(2)g-breaking scalar multiplet.
The measured deviation of lepton flavour universality in Rx and Rg+ can once again
explained via the SU(4)¢ leptoquark gauge boson. The model predicts a new sub-
GeV scale sterile neutrino which is involved in the process and can be searched for in
new neutrino experiments.

1.6 Modelling of Proton Collisions

Hadrons are strong interaction bound states of quarks. While a proton can naively be
considered as a composition of two up quarks and one down quark, this is only a crude
approximation since quarks constantly radiate and reabsorb gluons that themselves
further split into gluons and quarks [97]. The effective description of these interactions
manifests as the “nuclear force” in the low energy regime. But at high energies, such
as those at probed at the LHC, a more fundamental description of hadron interaction
phenomenology must be adopted in order to make meaningful predictions [97].

High energy collisions between protons can be characterised as elastic collisions
that result in two outgoing protons, or inelastic collisions in which constituents of
one or both protons interact and create new particles. The probability of a given
interaction occurring is related to its cross section, the equivalent target area presented
by the proton under the interaction [97]. This is often quoted in barns (1b = 10~2%m?).
The probability of producing a pair of particles from a two-to-two (1 +2 — 3 + 4)
process can be computed from the differential cross section do that is determined
using Fermi’s golden rule, which may be expressed in the form

1 |ps| 2
0= |p1’\M\ Q. (1.116)
Where M is the Lorentz invariant matrix element and df2 is the differential solid angle
element which must be integrated over in order to determine the total cross section
o. It should be noted that this is in the centre—of-mass frame where |pi| = |p2|
and |ps| = |p4|. At lowest order, the matrix elements are given by M oc (f|Hineli)
where H;,; is the interaction Hamiltonian. The expansion of the matrix elements can
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be expressed in terms of Feynman diagrams. Figure [I.9) describes a tree level pro-
cess, which corresponds to the leading order (LO) term in M for two-to-two electron
scattering. Higher order terms include an increasing number of vertices, are called
next-to-leading order (NLO), next-next-to-leading order NNLO etc. An example of
an NLO process is also shown in Figure [I.9]

Terms in the matrix elements contain coupling constants depending on the inter-
action between two particles. The coupling at four-momentum exchange ¢ is denoted
a(q?) and for electromagnetic interactions has approximately a/(0) = ﬁ which is the
fine-structure constant, and it only increases slowly for higher ¢>. As each higher
order term gains an additional factor of a(q?) in the matrix element, additional terms
in the perturbative expansion quickly become suppressed. The coupling a(q?) for
the strong interaction is around unity at low energies and non—perturbative (since
the expansion of the matrix element will contain many significant terms), but as(g?)
decreases asymptotically for higher ¢ to about 0.1 at relevant energies (typically set
to the pole mass of the Z boson), which makes QCD perturbative at higher energies.
These higher—order terms are still significant and therefore must be included when
making predictions.

og

oc\/?

e (a) LO e g (b) NLO &

FIGURE 1.9: (a) Tree level Coulomb scattering between two electrons through the
exchange of a photon. (b) NLO QCD process between gluons [17]

The decay width or decay rate of an unstable particle can be expressed in a similar
way to the cross section, for example for a 2-body decay P — 1 + 2

1 2
Iy = 32772]\42/|MZ| p1]de2, (L.117)
where momenta |p;| = |p2| in the centre-of-mass frame and M is the mass of the

decaying mother particle P. Since unstable particles may decay to numerous different
final states, each with a unique amplitude, we require unique decay rates for each
process i. The total decay width can then simply be computed by summing the
individual widths I';. The branching ratio B = I';/T" is the fraction of a particular
decay channel relative to all possible channels. The decay width of a particle is
intrinsically related to the particles mean lifetime 7 = % The survival probability of
a particle with p* = (E, p) in the lab-frame over a time ¢y is then given by

P(ty) = e Mtl/E (1.118)
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and the probability that it travels a distance x or greater is
P(xg) = e~ Mrol/Ipl (1.119)

The probability of extracting specific partons a and b (quarks and gluons) from the
proton—proton collision and having these interact to form a new particle z can be
calculated independently and is known as the factorisation theorem. This can be
demonstrated mathematically like

1
ox= ), / drdas fo(@1, 1) fo (2, 1B)Fabsx, (1.120)
0

a,b=q,9

where the functions f, are the probability distributions of extracting a parton a with
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FIGURE 1.10: Parton distribution functions shown at two energy scales. We note
that the vertical axis shows z f, the product of x and the PDF f for a given parton
193]

a fraction x of the momentum from the parent proton. These are the PDFs mentioned
earlier. They can be visualised as follows at two distinct energy scales as shown in
Figure [T.10

The valence quarks of protons (uud) are more probable at high = than the virtual
sea quarks. This signifies that the finer structure of the proton becomes relevant.
Hence, it is most probable that very low momentum partons are extracted, particularly
gluons and this is why most proton—proton collisions produce soft scatter events which
are of little phenomenological interest.

The first term in Eq. integrates the PDFs over all momentum fractions
x1 and z9. The second term yields the cross section for forming particle X from
the partons a and b, which contains the matrix elements for M(ab — X). Finally,
the full product is summed over for all gluons and quarks. The theorem depends on
the factorisation ppr and renormalisation pug scales, which are introduced to suppress
divergences. The dependence on these unphysical scales decreases when including
higher—order Feynman diagrams. The sum of cross sections for all possible processes,
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proton - (anti)proton cross sections
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FIGURE 1.11: Predicted cross sections of various processes at the Tevatron and
LHC hadron colliders over a range of collision energies. The right-hand axis shows
the event rate corresponding to the cross-sections for a fixed luminosity. The dis-
continuity in the curves corresponds to a change in the choice of colliding particles

from pp to pp

including diffractive ones, gives the total cross section oyy.

The total event rate is related to the instantaneous luminosity £(t), which can be
integrated over time to give the integrated luminosity L = [ £(t)dt. From these, one
can calculate the total number of interactions, N = o4, L. The instantaneous luminos-
ity depends on many factors, including the collision frequency f = 1/(25ns) = 40MHz,
the number of particles in the colliding bunches and the cross—sectional area of the
beams. Using the equation for the total number of interactions, one can calculate
the cross section of a given process by s = N/(Le), where € contains selection effi-
ciencies as well as the detector acceptances. The total proton—proton cross section
Otot = Oel+Tinel can be thought of as the sum of the elastic and inelastic cross sections.
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1.6.1 Components of Events

We may characterise the events at a hadron collider as shown in Figure [[.12] The

FI1GURE 1.12: A pictorial representation of a hard scatter process including initial
and final state radiation, particle showering (shown in grey), and hadronisation (grey
and yellow) [17].

various types of events are

e The hard scatter/process is where a fraction of momentum =z is carried by the
partons from the colliding protons (left-most lines). These partons interact and
form a virtual particle shown as a propagator (dark wavy line), which subse-
quently transforms into two on-shell (real) particles.

e Underlying event refers to the remnants of the protons after the hard scatter
as well as soft particles produced in the QCD field between the hard scatter
and the remnants. This includes photons or gluons radiated by the incoming
particles, called initial state radiation (ISR) and outgoing particles, final state
radiation (FSR) particles, shown in the illustration as light pink wavy lines.
The underlying event may contain additional interactions between the partons,
known as multiple parton interactions (MPI), which may produce additional
high transverse momentum pr particles.

e Minimum bias events refer to parton collisions with very loose trigger condi-
tions. Most collisions are actually of this type. Multiple protons interact in
ATLAS with upwards of 55 [100] interactions per bunch-crossing. These events
are termed “pileup”. Pileup also covers the average number of interactions per
bunch—crossing (u). These interactions happen some distance from the location
of the hard interaction and can be suppressed by requiring reconstruction of the
coordinates of the individual proton—proton interactions. Minimum bias from
an earlier or later collision may interfere with measurements in the detectors
and are known as out-of-time pileup.

1.6.2 Particle Interactions With the Detector

As the particles traverse the detector volume, their interactions with the environment
must be accurately captured. For example, due to their low mass, electrons, will
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primarily lose energy through bremsstrahlung radiation at £ > 7MeV when passing
through absorbing matter. This is shown for electrons travelling through lead in
Figure [[.13] on the left panel. However, this mode of energy loss is approximately
suppressed by a factor of 1/m?, where m is the particle mass, making it negligible
for heavier particles, for example the heavier muon and tau leptons. The effect is
negligible until they have much higher energy = O(100)GeV. This is shown for
antimuons travelling through copper in the right panel of Figure [[.13]
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FIGURE 1.13: Left: Energy loss for electrons in lead, Right: Energy loss for an-
timuons in copper [25].

In general, the average energy loss per unit length for "intermediate energies"
labelled in the Bethe band, can be described by the Bethe formula

2 2\ 2 2 92
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dx mec? 52 \ dmeg I(1 - B?)
where v is the speed of the incident particle with charge z (in multiples of electron
charge), and energy E, travelling a distance z into the target of electron number
density n and an average excitation potential of I. It should be noted that c is the
speed of light and € is the vacuum permittivity while 8 = v/c is the usual relativistic

velocity ratio.

We note that in this rather large range of approximately 100MeV to 100GeV,
particles will pass through even dense detectors with minimal energy loss. At even
higher momenta, muons will lose some energy via bremsstrahlung, but will then reach
energies where they become minimum ionisation particles. However, at very low
energies, particles quickly lose energy by ionising the traversed material [17].

A relevant property of a material is also its radiation length X, which is defined
as the distance a particle travels in a material before having 1/e ~ 0.37 of its initial
energy. For example, as electrons travel through sufficiently dense matter, they will
radiate bremsstrahlung photons, which will again travel some distance before pair-
producing an electron—positron pair from their matter interactions. Hence a successive
cascade of pair—producing bremsstrahlung photons follows, which is the main mode
of energy loss for the electrons. After travelling a distance of x radiation lengths, an
electron will on average have an energy of E/2x [17|. This continues repeatedly, until
the energy of the electron is so low that it eventually loses all its remaining energy to
ionisation.
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In a detector such as ATLAS, the energy of these radiated Bremmstrahlung pho-
tons can be transferred by devices called scintillators to be measured by photomulti-
plier tubes [17]. For hadrons, the length scale is called the nuclear interaction length
instead. Other sources of energy losses are delta rays coming from liberated matter
electrons that ionise the matter and Coulomb scattering. Coulomb scattering only
causes significant energy loss for electrons, but all particles will scatter randomly
multiple times, which contributes significantly to the momentum uncertainty.

1.6.3 Jets and Jet Algorithms

When analysing high energy particle collisions, one has to often consider processes
where quarks and gluons are produced in the final state. At the LHC, there is a
number of such processes involving high energy QCD particles in the final state. This
is because in proton collisions, a hard QCD parton can be radiated from the incoming
partons. Then, other states that are created like the electroweak gauge bosons and
Higgs bosons can themselves decay to QCD states like quarks and gluons. Finally, in
new particle searches, decay chains with quarks and gluons resulting must often be
considered.

The quarks and gluons at high energy mentioned above, are not directly observ-
able in the final state of the interaction. This is because, as mentioned in the previous
sections, they undergo successive collinear branchings, this produces a series of colli-
mated quarks and gluons [101]. The resulting parton shower being collimated is due
to the collinear divergence of QCD. Starting from a highly virtual parton (around
the hard scale of the process), the parton shower will produce a sequence of branch-
ings into further partons of decreasing virtuality, until one reaches a non—perturbative
(hadronisation) scale, typically of order Agcp or 1GeV [101].

At this stage, due to QCD confinement, these quarks and gluons undergo a process
called “hadronisation”, referring to the formation of hadrons as shown in Figure [[.12
Colour confinement itself refers to the phenomenon that colour charged particles (such
as quarks and gluons) cannot be isolated into colour singlets, and therefore cannot
be directly observed in conditions below the Hagedorn temperature of ~ 2TK (cor-
responding to energies of approximately 130—140MeV per particle). Although some
analytic approaches to model hadronisation exist, this process is non—perturbative
and often relies on models implemented in MC event generators [101].

The produced high energy partons appear in the final state as a collimated col-
lection of hadrons that are called collectively as jets. In principle they are collimated
flows of hadrons and can be viewed as composite proxies to the fundamental quarks
and gluons produced in the hard scatter [101].

The above discussion of jets is crude in a few respects. Firstly, because partons
themselves are not well defined objects, for example due to higher—order QCD correc-
tions where additional partons, real or virtual, have to be included [101]. Furthermore,
whether two or more particles are part of the same jet or belong to two distinct jets
is also somewhat ad hoc.

Hence the above oversimplified concept of a jet is insufficient to practically identify
jets arising in an event. To do this, there must be a well defined procedure that
demonstrates how to reconstruct the jets from the set of hadrons in the final state
of the collision, commonly referred to as a “jet definition”. A jet definition usually
requires a ‘jet algorithm”, which corresponds to a set of free parameters associated
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with the algorithm. A typical parameter example, is the jet radius which essentially
provides a distance in the rapidity-azimuth (y, ¢) plane above which two particles are
considered as no longer part of the same jet [101].

In addition to this, a jet definition typically uses a recombination scheme which
provides a specification about how the kinematic properties of the jet are obtained
from its constituents. Most applications today use the so—called “E-scheme” recombi-
nation scheme which sums the components of the four—vectors.

Several jet substructure applications make use of the winner-take-all (WTA) re-
combination scheme [102]| where the result of the recombination of two particles has
the azimuth, rapidity and mass of the particle with the larger py, and a pr equal to
the sum of the two pr values. The immediate advantage of this approach is that it
reduces effects related to recoil of the jet axis when computing observables that share
similarities with the event—shape broadening [101].

A number of jet algorithms have been proposed over the last few decades. These
typically come under two major categories: cone algorithms and sequential recom-
bination algorithms. A comprehensive review of jet algorithms can be found here
Ref. [103].

1.6.4 Missing Transverse Energy

Neutral weakly interacting particles, such as neutrinos, escape from typical collider
detectors without producing any visible signature in the detector elements. Hence,
the presence of such “inert” particles must be inferred from the imbalance of total
momentum in the event [104]. The vector momentum imbalance in the transverse
direction is particularly useful in proton—proton colliders. This is known as missing
transverse momentum denoted usually as pr. Its energy equivalent is called missing
transverse energy, and is denoted E%liss.

Ejl?iss is one of the most important observables for discriminating several decays
including leptonic decays of W bosons and top quarks from background events which
do not contain neutrinos. It is also an important variable in searches for new weakly
interacting long-lived particles. Many beyond the SM scenarios including dark matter,
heavy neutrinos, Z’ and supersymmetry searches predict events with large E%nss.
Therefore the accurate reconstruction of this variable is very sensitive to particle
mis—identification, momentum mis—measurements, detector malfunctions, cosmic ray
backgrounds and beam halo particles, which may result in artificial E [104].

1.6.5 Monte Carlo Event Generators

QFT calculations today must be performed at increasingly higher orders of pertur-
bation theory in order to properly match the experimental precision that has been
achieved at colliders. This means that the number of integrals that need to be com-
puted for the increasingly complicated processes grows rapidly with each order [97].
These calculations generally require the assistance of computer programs using MC
methods. MC generators are modular tools that perform parts of the QFT calcula-
tions required to describe the full hadronic interaction [97]. The interaction described
by the MC is intrinsically random since specific partons that participate in the in-
teraction have their momenta distributed according to their PDFs. Hence, even if
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the collision was hypothetically with monochromatic beams of protons with known
momenta, the interaction would be inherently probabilistic [97].

The MC generators sample these possibilities according to theoretical and empir-
ical descriptions of the underlying physics to produce numerous random events that
each represent one possible outcome of the interaction. From the resulting events,
physical observables that can be seen at detectors are constructed. Experimentally,
such MC simulations are essential, since they enable direct comparison to experimen-
tal observables with these simulated predictions. The MC simulations also aid in the
execution of the experiment itself. This is because every part of the experiment, from
modelling of backgrounds, interpretations of results to calibration of detectors relies
on comparisons of observed events to MC simulated events. The interdependence of
MC simulation and experiment leads to an iterative process by which new experi-
ments constrain modelling and identify inconsistencies in MC generators, and new
predictions allow greater experimental precision [97].

1.6.6 Detector Simulation

In order to directly compare MC predictions with real observables, either the mea-
surements or the simulation must be corrected to account for various discrepancies.
A clear example is the finite resolution of physical detectors. Even in cases where
the measurements are corrected, for a proper interpretation of results, fully recon-
structed simulated events are used extensively for correction, calibration and valida-
tion throughout the reconstruction and analysis framework [97].

After matrix element generation as described in Section [I.6.5] events are said
to be at parton level, containing descriptions of only the hard processes [97]. MC
generators typically assign weights to each event such that a finite set of events can
be used to efficiently sample the full kinematic phase space of the underlying particle
physics process and scaled up or down based on the experimental luminosity. The
parton shower generator can then be used to process the parton level events and
decay unstable states into stable particles. After this is complete, the event status is
changed to being at particle level.

The interaction of particles with the ATLAS detector, which we will cover in detail
in Section , is simulated using the Geant4 toolkit [105]. Geant4 models a com-
prehensive set of physical processes over energies ranging all the way from O(100)eV
to TeV scale like at the LHC. It is configured using detailed cut out models of the
detector material and geometry as well as the magnetic field in which it is situated and
it simulates the trajectory and interactions of each type of particle. The individual
detector element response can then be simulated by digitising the “hits” from Geant4
into voltages and other readout signals. This process takes into account detailed infor-
mation about damaged modules or elements, as well as channel-dependent variations
in the responses [97].

The effect from pileup is accounted for by simulation of additional collisions that
are then overlaid onto the event along with samples of electronic noise and ambient
background conditions [97]. We emphasise that the accuracy of these models depends
on knowing both the condition of the detector and the operation conditions of the
experiment (with particular importance being assigned to the pileup distribution).
Furthermore, simulated samples typically need to be prepared well in advance of
data taking for efficient allocation of computational resources. This is performed
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by preparing dedicated simulations for each specific dataset, and by re—weighting
prepared simulated events to match the actual detector conditions.

In terms of computational resources, the most costly part of the outlined pipeline
is the simulation of interactions with the calorimeters. However, For many applica-
tions it is sufficient to parametrise the response of the calorimeters to produce an
approximately correct simulation, using a technique called the ATLAS fast calorime-
ter simulation (AtlfastII) [106] which is approximately 20 times faster than the full
Geant4 modelling of the calorimeters.

1.7 The Experiment

The European Centre for Nuclear Physics (CERN) is a laboratory located on the
outskirts of Geneva, Switzerland. It aims to uncover answers to many of the most
fundamental unanswered questions in particle physics. The largest project in the
laboratory is the LHC, a synchrotron 27km in circumference located underground
(around 100m in depth) and extending into both France and Switzerland.

1.7.1 The Large Hadron Collider

The LHC experiment accelerates two collimated particle beams (either protons or
atomic nuclei) in opposite directions around its circumference, and eventually collides
them at four distinct interaction points where the beams are focused and crossed.
Particle detectors are located at these four points to measure the outcome of these
collisions. These four experiments are ATLAS, ALICE, CMS and LHCb [107-110].
The positions of the various detectors and accelerators across the CERN complex can
be seen in Figure [[.14] ATLAS and CMS are designed to explore particle physics at
the high energy frontier while ALICE is used for heavy ion collisions and the LHCb
for heavy flavour studies.
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The first run of the LHC gave rise to the first ever particle collisions at centre—
of-mass energy of /s = 7TeV and /s = 8TeV between 2009 and 2013 [112,[113].
After a two year “long” shutdown, the LHC began a second run in 2015 and would
continue until 2018. Over this period ATLAS collected data corresponding to an
integrated luminosity of 139fb~1. The LHC proton beams were each accelerated to
6.5TeV during Run 2, providing a collision centre-of-mass energy of /s = 13TeV.
The main 2HDM search presented in Chapter [2] was conducted using proton—proton
collision data gathered by the ATLAS experiment during Run 2 of the LHC.

Protons in the beam are separated into partitioned segments referred to as bunches,
typically these will contain around 10'! protons each. When two bunches collide it is
likely that multiple pairs of protons will interact, leading to several interactions per
crossing. Inelastic hard scatter collisions of interest with high momentum transfer are
considered the primary interaction (and will later be reconstructed as the primary
vertex), while the other less energetic or diffractive interactions are called pileupEl
The average number of interactions per bunch—crossing was 33.7 for the Run 2 dataset
[114].

1.7.2 Overview of ATLAS

25m

Lar hadronic end-cap and
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FIGURE 1.15: The ATLAS detector and its sub-detectors \\

The ATLAS detector is 44m long and 25m high and is the largest of the LHC
experiments. It is comprised of several subsystems surrounding the proton—proton
interaction point in various concentric layers. Moving from inside to out these layers

are [107]

e The Inner Detector (ID), dedicated to tracking charged particle trajectories and
reconstrucing vertices.

e The calorimeter system, which measures the energy of a particle that interacts
with it before absorbing it. Some particles can pass through the calorimeter
system whilst only depositing part of their energy before escaping.

4See Section for a more detailed explanation about event types
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e The muon system, which measures a muon’s momentum and tracks its trajec-
tory.

The detector is approximately cylindrical and orientated along the direction of the
beam axis, the round section is referred to as the barrel and the flat ends as the
end—caps. A schematic of ATLAS is shown in Figure [[.15]

Powerful magnetic fields bend the trajectories of charged particles through Lorentz
forces. By measuring the amount of curvature, the particles’ momenta can be cal-
culated, ATLAS has two superconducting magnet systems for exactly this purpose.
One is a solenoid placed in between the ID and the calorimeters and provides a 2T
field in the direction parallel to the beam [107]. Three other sets of magnets provide a
toroidal magnetic field for the muon system, one wrapped around the barrel and two
placed at its end—caps.

1.7.3 Coordinate System

Detector sketch

FIGURE 1.16: The ATLAS coordinate system [115].

The coordinate system used in ATLAS has the z-axis pointing along the beam
direction. The z-axis points towards the centre of the LHC ring, and the y-axis
points upwards. The positive direction of the z-axis is defined by the right—hand
rule. Due to the cylindrical symmetry of collisions and the detector, it is convenient
to use different coordinates. Points on a plane transverse to the beam are labelled
using polar coordinates, the azimuthal angle ¢, and the distance to the beam r. The
position along the direction of the beam is marked by the polar angle 6 (similar to
how latitude is defined on a globe).

It is convention to use the pseudorapidity n = —log [tan g] rather than the geo-
metric angle # since an angular separation in pseudorapidity is approximately invariant
under Lorentz boosts in the direction of the beam. A visual representation can be

seen in Figure [[.16] In the relativistic limit, pseudorapidity approximates rapidity

E+pr
E—-pr

It is also beneficial to define the angular separation AR in the (7, ¢) plane which can
be written AR = /An? + A¢2. Typically the transverse projection of momentum

and energy are of interest and these are defined pr = /p2 + pi and Er = 4/ p% + m?

respectively.

defined as y = %log ( ) where py, is the longitudinal component of momentum.
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1.7.4 Sub-detectors

ATLAS has various subsystems which are combinations of different detectors and
devices exploiting various useful physical properties to perform measurements.

1.7.5 Inner Detector

The ID uses two technologies to track charged particle trajectories, silicon and tran-
sition radiation detectors respectively. The main characteristics of the ATLAS de-
tector’s ID subsystems are shown in Table The ATLAS ID has a single track
momentum resolution of around o(1/pr) ~ 0.4TeV~! for pr = 200GeV, this starts
to degrade in the forward regions (|n| > 2) [114].

The ID contains silicon detectors that utilise the semiconducting properties of sil-
icon. Positively doped silicon is embedded on a negatively doped silicon substrate,
creating a depleted zone of charge carriers in the boundary region. This depleted
zone is then extended by applying a reverse bias voltage. Hence, when a charged
particle travels through this zone it promotes electron—hole pairs to the conduction
band. These pairs then drift in opposite directions due to the bias voltage. This
generates a flow of charges which then registers as a signal on the detector’s readout
electronics [116].

Sub-System  Radius (mm) Size (pm) Resolution (pm)

Pixel 5—12 50 x 400 10 x 115
IBL 25.7 50 x 250 10 x 72
SCT 30 — 52 80 x 1.26 x 10° 17
TRT 56 — 107 4 x 1.44 x 109 130

TABLE 1.4: The ATLAS ID system [115].

ATLAS uses silicon sensors in the ID, pixel and strip modules. Pixel modules have
individual cells of 50pum x 400um in size |114]. These are oriented with the shorter
side on the plane of the magnetic bending to maximise the momentum measurement
resolution. The ID has pixel layers surrounding the interaction point, with four layers
in the barrel and three discs covering the end—caps. The innermost layer of the barrel
pixel detectors contains the the Insertable Barrel Layer (IBL) which was added after
Run 1 to improve the detection of B hadron decays. This is because the precise
resolution of the pixel sensors is optimal to find tracks pointing at a vertex away from
the beam that can be left by long lived particles, such as B hadrons, decaying in the
ID [117]. The improved granularity of this detector is also essential to avoid missing a
particle’s hit due to another particle’s interaction with the sensor in conditions with
high particle flow.

The Semiconductor Tracker (SCT) silicon strip modules work in the same way as
the IBL, but they house long strips of silicon >~ 80um X 12c¢m rather than individual
pixels |118|. Silicon strips are oriented the same way as the pixel strips i.e. with their
short side along the magnetic bending plane. Resolution on the coordinate of the long
side axis is improved by having two sensors with a small intermediate stereoangle.
The system is formed by four layers of silicon strip modules in the barrel region and
nine layers of disks at each end—cap.
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The Transition Radiation Tracker (TRT) is the final piece of the ID and is made of
long cylindrical wire chambers. Each chamber is filled with a mixture gases and has a
tungsten wire running down its length . As a charged particle passes through the
chamber it can ionise the gas mixture causing electrons and ions to drift in opposite
directions due to a voltage difference being produced across the cylinder and the
wire. The signal measured in the cylinder depends on the amount of “transition”
radiation generated, which in turn depends on the mass of the particle. This mass
dependence is used to identify electrons in the tracker from other, heavier, charged
particles commonly produced, for example pions.

1.7.6 Calorimeters

MUON SYSTEM

-

FIGURE 1.17: Schematic of the ATLAS subdetectors representing a slice in ¢ of the
plane transverse to the beam. The signatures various particles would leave in each
layer is also shown [117].

ATLAS has two main calorimeter systems, these are the electromagnetic and
hadronic calorimeters. The electromagnetic calorimeter is optimised to measure en-
ergy deposited by electromagnetic showers of charged particles. Analogously, the
hadronic calorimeters are optimised to measure hadronic shower energy. It is con-
venient to separate the calorimeters in this way since electromagnetic showers tend
to be smaller in volume than hadronic ones. Hence, finer granularity is needed in
the electromagnetic calorimeter to discern features of the smaller shower shapes, and
a larger, denser, calorimeter is needed for the hadronic section to allow particles to
deposit all their energy . A visual representation of the showering is shown in

Figure

Electromagnetic Calorimeter

The electrogmagnetic calorimeter is utilised mainly for detection of electrons and
photons. It is comprised of various liquid argon (LAr)-lead sampling calorimeters.
The layers of each material are placed in alternating order. Since a travelling particle
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is likely to interact with the high density absorber material, lead, and produce a shower
of particles, the products of this shower can then ionise the active material, LAr. This
leads to drifting charges that can be measured by electrodes placed between the LAr
and the lead absorber [117].

The barrel electromagnetic calorimeter is divided into three concentric sections in
the radial direction. The absorber and active layers in each section are shown in the
left panel of Figure. [[.18 with its “waves” oriented radially so so there is coverage of all
zones with alternating material in ¢. The end—cap LAr electromagnetic calorimeter
has a similar geometry but it is arranged in two wheels per end—cap.

Hadronic Calorimeter

The hadronic calorimeter uses LAr-copper in the end—cap region and iron scintillating
tiles in the barrel region. The LAr—Cu end—cap calorimeters are similar to the ones
described in the electromagnetic calorimeter, except that the layers are shaped as
planes as shown in the right panel of Figure.|[L.18] The tile calorimeter uses the dense
copper material to maximise the number of interactions a high energy particle has as
it passes through the detector, but in this case, secondary particles from the shower
will produce scintillation light when travelling through the active material, which can
be gathered by wavelength shifting fibres and read out by photomultiplier tubes |120].

Double ‘
readout

FIGURE 1.18: Left: liquid argon calorimeter section |121]. Right: tile calorimeter
section of the ATLAS detector [120].

1.7.7 The Muon Spectrometer

The muon spectrometer is the outermost system of the ATLAS detector. The magnetic
field for these detectors is provided by the toroidal superconducting magnets (the
large barrel toroid is situated in the barrel region, and two smaller toroidal magnets
fit around the end—caps). The muon system is formed by drift tube chambers, these
operate similarly to those in the the TRT but differ in material and arrangement |122].
As muons traverse the detector, the magnetic field will bend their trajectory via
Lorentz forces. The muon paths are recorded as a sequence of hits in the drift tubes.
This trajectory is then used to calculate the muon’s momentum.
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1.7.8 Trigger

Since the LHC collides protons on average every 25ns, saving data for every bunch—
crossing is not practical due to limitations in information storage and recording rate
capability. The solution implemented by ATLAS to overcome this problem is to use a
trigger system. The system quickly evaluates the properties of a collision by searching
for potentially interesting physics characteristics and decides whether to record the
event or discard it.

The ATLAS trigger system works in two stages and uses information from the
calorimeter and muon systems. The level one (L1) trigger is a system of customised
hardware which reads the detectors, using a coarse granularity, in search of ‘regions
of interest” (for example a concentration of energy deposits in the calorimeters [123]).
Events passing the L1 trigger are then analysed further by the High Level Trigger
(HLT). The HLT is a software based system which performs more complex filters such
as requiring finer sampling, b-tagging (checking flavour) of jets and beyond. Events
that pass the HLT are finally saved for analysis. The trigger system, records events
at an average rate of 1kHz, down from the 40MHz collision rate.

Potentially interesting physics events can have an trigger rate that is too high to
record. In such cases, only a fraction of events passing a trigger are recorded. This
is referred to as a prescaled trigger. A un—prescaled trigger therefore refers to a filter
for which all events that pass are recorded.
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Chapter 2

Exotic Higgs Bosons at ATLAS

2.1 Search for a Heavy Higgs Boson Decaying Into a Z
Boson and Another Heavy Higgs Boson in the ¢/bb
and ((WW Final States in pp Collisions at /s = 13
TeV with the ATLAS Detector

After the discovery of a Higgs boson at the LHC [124,/125|, detailed measurements
of its properties [126-133| have shown excellent compatibility with the SM Higgs
boson [22(-24}|134H136]. These results indicate that the scalar sector of the theory
of the electroweak interaction contains at least a doublet of complex scalar fields.
In addition, they constrain the possibilities for additional spin-0 field content in the
theory and disfavour parts of the parameter space in models with extended Higgs
sectors. These results, however, still allow several extensions of the Higgs sector, such
as the 2HDM |[34,35], in which large parts of the parameter space are compatible with
the existence of a Higgs boson like the one in the SM. In the 2HDM, a second complex
doublet of the Higgs fields is added to the single SM Higgs doublet. The model has a
weak decoupling limit |137] in which one of its predicted Higgs bosons has couplings
to fermions and vector bosons that are the same as those of the SM Higgs boson
at lowest order. In addition, a Higgs sector structure with two complex doublets of
fields appears in several new physics scenarios, including supersymmetry |138|, dark-
matter models [41], axion models |139], electroweak baryogenesis [40] and neutrino
mass models [42].

The addition of a second Higgs doublet leads to five Higgs bosons after electroweak
symmetry breaking. The phenomenology of such a model is very rich and depends
on many parameters, such as the ratio of the vacuum expectation values of the two
Higgs doublets (tan 3) and the Yukawa couplings of the scalar sector [35]. When C'P
conservation is assumed, the model contains two C'P-even Higgs bosons, h and H
with mpg > my, one that is CP-odd, A, and two charged scalars, H*. There have
been many searches for a C'P-even Higgs boson at the LHC, in channels that include
H — WW/ZZ |140-145] and H — hh [146}|147], as well as dedicated searches for
the heavy C'P-odd Higgs boson, as in the A — Zh channel [148,|149]. Some 2HDM
searches are agnostic with respect to whether the heavy Higgs bosons are C'P-even
or C'P-odd, for example searches in the A/H — 77/bb D channels [150-152|. In
the interpretation of this last category of channels it is usually assumed that both
heavy Higgs bosons are degenerate in mass, a hypothesis that is motivated in certain

'To simplify the notation, antiparticles are not explicitly labelled in this paper.
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supersymmetric models [138]. Finally, there have been searches for signatures that
explicitly assume different masses for the heavy Higgs bosons, for example searches in
the A — ZH — 00bb/¢lTT channels [153H155].

The case in which the heavy Higgs bosons have different masses, in addition to
being in an allowed part of the parameter space, is further motivated by electroweak
baryogenesis scenarios in the context of the 2HDM [36-39]. For 2HDM electroweak
baryogenesis to occur, the requirement m4 > mpy is favoured [36] for a strong first-
order phase transition to take place in the early universe. The A boson mass is also
constrained to be less than approximately 800 GeV, whereas the lighter C' P-even Higgs
boson, h, is required to have properties similar to those of a SM Higgs boson and is
assumed to be the Higgs boson with a mass of 125 GeV that was discovered at the
LHC [36]. Under such conditions and for large parts of the 2HDM parameter space,
the C'P-odd Higgs boson, A, decays into ZH [36,156|. At the LHC, the production of
the A boson in the relevant 2HDM parameter space proceeds mainly through gluon—
gluon fusion and in association with b-quarks (b-associated production).

This search for A — ZH decays uses proton—proton collision data at /s = 13 TeV
corresponding to an integrated luminosity of 139 fb~! recorded by the ATLAS detector
at the LHC. The search considers Z — ¢, where £ = e, u, to take advantage of the
clean leptonic final state. The H boson is studied in the H — bb and H — WW
decay channels. The H — bb channel takes advantage of the high branching ratio in
large parts of the 2HDM parameter space, especially in the weak decoupling limit,
where the H boson decays into weak vector bosons are suppressed. The H — WW
decay channel is considered in the case where both W bosons decay hadronically.
This heavy Higgs boson decay is dominant in parts of the 2HDM parameter space
close to, but not exactly at, the weak decoupling limit [36] and it provides a new way
to look for £6WW resonances in a final state that has been less explored by other
LHC searches. Both final states considered allow full reconstruction of the A boson’s
decay kinematics. This search considers both the gluon—gluon fusion (see Figure
and b-associated production mechanisms (see Figure for the A — ZH — (¢bb
channel. For the A — ZH — /W W channel, only gluon—gluon fusion production is
considered (see Figure , although the b-associated production is still of interest
in this channel.

This article is organised as follows. Section [2.2] introduces the ATLAS detector.
A description of the collision and simulated data samples used in this article is given
in Section [2.3] The algorithms used to reconstruct the objects used in this search
are described in Section 2.4l The event selection and background estimates for the
two channels considered and the modelling of the signal are discussed in Sections [2.5
and [2.6] respectively. Section [2.7] is devoted to the description of the systematic
uncertainties. The results are discussed in Section 2.8 and the conclusions are given
in Section 2.9

2.2 ATLAS Detector

The ATLAS experiment |157] at the LHC is a general-purpose particle detector with
cylindrical geometry and forward—backward symmetry. It includes an inner-detector
tracker surrounded by a 2 T superconducting solenoid, electromagnetic and hadronic
calorimeters, and a muon spectrometer with a toroidal magnetic field. The inner
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FIGURE 2.1: Example lowest-order Feynman diagrams for (a) gluon—gluon fusion
production of A bosons decaying into ZH — £¢bb, (b) b-associated production of A
bosons decaying into ZH — £¢bb, and (c) gluon—gluon fusion production of A boson
decaying into ZH — L/WW.

detector consists of a high-granularity silicon pixel detector, including the insertable
B-layer [158,[159], a silicon microstrip tracker, and a straw-tube tracker. It provides
precision tracking of charged particles with pseudorapidity |n| < 2.5E| The calorime-
ter system covers the pseudorapidity range |n| < 4.9. It is composed of sampling
calorimeters with either lead/liquid-argon, steel/scintillator-tiles, copper /liquid-argon
or tungsten/liquid-argon as the absorber/sensitive material. The muon spectrometer
provides muon identification and momentum measurement for |n| < 2.7. A two-level
trigger system [160] is employed to select events to be recorded at an average rate of
about 1 kHz for offline analysis.

2.3 Data and Simulated Event Samples

The data used in this search were collected between 2015 and 2018 from /s = 13 TeV
proton—proton collisions and correspond to an integrated luminosity of 139 fb=! [161}-
164, which includes only data-taking periods where all relevant detector subsystems
were operational [165]. The data sample was collected using a set of single-muon [166)

2ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point
(IP) in the centre of the detector and the z-axis along the beam pipe. The z-axis points from the IP
to the centre of the LHC ring, and the y-axis points upward. Cylindrical coordinates (r,¢) are used
in the transverse plane, ¢ being the azimuthal angle around the beam pipe. The pseudorapidity is
defined in terms of the polar angle, 6, as n = — Intan(6/2). Transverse momenta are computed from
the three-momenta, p, as pr = |p]sin 6.
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and single-electron triggers [167]. The single-muon triggers had pr thresholds in the
range of 20-26 GeV for isolated muons and 50 GeV for muons without any isolation
requirement. The single-electron triggers employed a range of pr thresholds in the
range 24-300 GeV and a combination of quality and isolation requirements depending
on the data-taking period and the pr threshold.

Simulated signal events with A bosons produced by gluon—gluon fusion were gen-
erated at leading order (LO) with MADGRAPHS aMC@NLO 2.3.3 [168,/169], using
PyTHiA 8.210 [170] with a set of tuned parameters called the Al4 tune [171] for
parton showering. The decays of H — bb and WW were considered. Additionally,
in the A — ZH — £¢bb channel, A bosons produced in association with b-quarks
were generated at next-to-leading-order (NLO) with MADGRAPH5 aMC@QNLO 2.1.2
[169,/172,|173] following Ref. [174] together with PyTHIA 8.212 and the Al4 tune
for parton showering. The gluon—gluon fusion production used NNPDF2.3lo [175|
as the parton distribution functions (PDFs), while the b-associated production used
CT10nlo_nf4 [176]. The signal samples were generated for A bosons with masses in
the range of 230-800 GeV (300-800 GeV) and widths up to 20% of the A mass, and
for narrow-width H bosons with masses in the range of 130-700 GeV (200-700 GeV)
for the £¢bb (C¢W W) channel.

Background events from the production of W and Z bosons in association with
jets were simulated with SHERPA v2.2.1 |177] using NLO matrix elements (ME) for
up to two partons, and LO matrix elements for up to four partons calculated with
the Comix [178] and OpenLoops [179,/180] libraries. They were matched with the
SHERPA parton shower |181] using the MEPS@QNLO prescription [182-185] using the
set of tuned parameters developed by the SHERPA authors. The NNPDF3.0nnlo set of
PDFs [186] was used and the samples were normalised to a next-to-next-to-leading-
order (NNLO) prediction [187]. Production of WW, ZZ and W Z pairs was simulated
using the same generator and parameters as for the W and Z boson samples.

The production of ¢t events was modelled using the POWHEG-BoX v2 [188-191]
generator at NLO with the NNPDF3.0nlo [186] PDF set and the hgamp parametexﬂ set
to 1.5 myop |192]. The events were interfaced to PYTHIA 8.230 to model the parton
shower, hadronisation, and underlying event, with parameters set according to the
A14 tune and using the NNPDF2.31lo set of PDFs. The decays of bottom and charm
hadrons were performed by EVTGEN v1.6.0 [193]. The associated production of a
single top quark and W boson (tW) and single top production in the s-channel were
modelled using the POWHEG-BoOX v2 [189-191}194//195| generator at NLO in QCD
using the five-flavour scheme and the NNPDF3.0nlo set of PDFs. The diagram re-
moval scheme [196] was used to remove interference and overlap with ¢¢ production
in the case of tW production. The production of ¢tV events was modelled using the
MADGRAPHH aMC@NLO v2.3.3 generator at NLO with the NNPDF3.0nlo PDF set.
The events were interfaced to PYTHIA 8.210 using the A14 tune and the NNPDF2.31o
PDF set. The decays of bottom and charm hadrons were simulated using the EvT-
GEN v1.2.0 program.

Finally, SM Higgs boson production in association with a vector boson was simu-
lated using POWHEG [189H191,/197| and interfaced with PyTHIA 8.186 [198] for parton
shower and non-perturbative effects. The POWHEG prediction is accurate to NLO for

3The hdamp parameter is a resummation damping factor and one of the parameters that controls
the matching of POWHEG matrix elements to the parton shower and thus effectively regulates the
high-pT radiation against which the ¢f system recoils.
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the V' h boson plus one jet production. The loop-induced gg — Zh process was gener-
ated separately at LO. The PDF4LHC15 PDF set |199] and the AZNLO tune [200] of
PyTHIA 8.186 were used. The simulation prediction was normalised to cross sections
calculated at NNLO in QCD with NLO electroweak corrections for ¢G/qg — V' h and
at NLO and next-to-leading-logarithm accuracy in QCD for gg — Zh [201-207].

The effect of multiple interactions in the same and neighbouring bunch crossings
(pile-up) was modelled by overlaying the original hard-scattering event with simulated
inelastic proton—proton events generated with PYTHIA 8.186 using the NNPDF2.31lo
set of PDFs and the A3 tune [208]. The simulated events were weighted to repro-
duce the distribution of the average number of interactions per bunch crossing ({u))
observed in the data. The (u) value in the simulation was rescaled by a factor of
1.03 £ 0.07 to improve agreement between data and simulation in the visible inelas-
tic proton—proton cross section [209]. All generated background samples were passed
through the GEANT4-based |210]| detector simulation [211] of the ATLAS detector.
The ATLFAST-II simulation [211] was used for the signal samples to allow for the
generation of many different A and H boson masses. The simulated events were
reconstructed in the same way as the data.

2.4 Object Reconstruction

Selected events are required to contain at least one vertex having at least two asso-
ciated tracks with pp > 500 MeV, and the primary vertex is chosen to be the vertex
reconstructed with the largest Zp?r of its associated tracks.

Electrons are reconstructed from energy clusters in the electromagnetic calorimeter
that are matched to tracks in the inner detector [212]. Electrons are required to have
In| < 2.47 and pyr > 7 GeV. The associated track must have |dy|/ogq, < 5 and
|z0| sin @ < 0.5 mm, where dy (zp) is the transverse (longitudinal) impact parameter
relative to the primary vertex and oy, is the error in dy. To distinguish electrons
from jets, isolation and quality requirements are applied. The quality requirements
refer to both the inner detector track and the calorimeter shower shape. The isolation
requirements are defined using tracking and calorimeter measurements. Electrons
used in this search satisfy the ‘Loose’ quality and isolation requirements.

Muons are reconstructed by matching tracks reconstructed in the inner detector
to tracks or track segments in the muon spectrometer [213]. Muons used for this
search must have |n| < 2.5, pr > 7 GeV, |do|/0q4, < 3, and |zp|sin€ < 0.5 mm. They
are also required to satisfy ‘Loose’ isolation requirements, similar to those used for
electrons, as well as ‘Loose’ quality criteria for tracks in the inner detector and muon
spectrometer [214].

Jets are reconstructed from topological clusters in the calorimeter system [215],
using the anti-k; algorithm |216,[217] with radius parameter R = 0.4. Candidate jets
are required to have pr > 20 GeV (pr > 30 GeV) for |n| < 2.5 (2.5 < |n| < 4.5) |218].
Low-pr jets from pile-up are rejected by a multivariate algorithm that uses properties
of the reconstructed tracks in the event for jets with pr < 60 GeVand |n| < 2.4 |219).

Jets containing b-hadrons are identified using a multivariate tagging algorithm (b-
tagging) [220}221], which makes use of track impact parameters and reconstructed
secondary vertices. The b-tagging algorithm output is used to define a criterion to
select jets originating from b-quark hadronisation for jets with |n| < 2.5. The jets
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that are selected in this way are referred to as b-jets in the following. The criterion
in use has an average efficiency of 70% for jets from b-quarks in simulated ¢t events,
with rejection factors of 8.9, 36 and 300 for jets initiated by c-quarks, hadronically
decaying 7-leptons and light-flavour quarks or gluons, respectively [221].

Electrons, muons and jets are reconstructed and identified independently. When
those objects are spatially close, these algorithms can lead to ambiguous identifica-
tions. An overlap removal procedure [222] is therefore applied to remove ambiguities.

The missing transverse momentum, whose magnitude is denoted by E%liss, is com-
puted as the negative vectorial sum of the transverse momenta of calibrated leptons
and jets, plus an additional soft term constructed from all tracks that originate from
the primary vertex but are not associated with any identified lepton or jet [223,224].

2.5 Event Selection and Background Estimation

The final states for the A — ZH — ¢ bb/WW decays feature a pair of oppositely
charged, same-flavour leptons and either two b-jets or four mostly light-flavour jets
from the W bosons decays. Three resonances can be formed by combining the selected
objects: (i) the Z boson (¢¢), (ii) the H boson (bb or WW — 4j), and (iii) the A
boson (ZH system).

Events are required to contain exactly two muons or two electrons. The two muons
must have opposite electric charges. This requirement is not applied to electrons,
since they have a non-negligible charge misidentification rate due to conversions of
bremsstrahlung photons. The highest-pt lepton must satisfy pr > 27 GeV in the ££bb
final state, to ensure full efficiency of the single-lepton triggers. This requirement is
raised to pt > 30 GeV for the /W W final state. The invariant mass of the lepton
pair, myg, must be in the range of 80—-100 GeV to be compatible with the mass of the
Z boson.

Further event selection criteria are channel-specific, and are described separately
in the following sections.

2.5.1 The ¢/bb Final State

The events that are used for the A — ZH — ££bb search are required to have at least
two b-jets, with at least one of them having pr > 45 GeV. The two highest-pt b-jets
of the event form the H — bb system candidate. The A boson candidate is formed by
these two b-jets and, in addition, the two leptons that are matched to the Z boson.
The requirement of a same-flavour lepton pair along with several b-jets implies
that the signal region is contaminated by Z boson production in association with jets
and backgrounds including top quarks, like ¢t production. The presence of neutrinos
in semileptonic top-pair production provides a handle to reduce this background by
requiring B2 /\/Hr < 3.5 GeV'/2, where Hr is the scalar sum of the pr of all jets and

leptons in the event. The Z+jets background is reduced by requiring 4/ Zp?r /Muepy >
0.4, where mygy is the four-body invariant mass of the two-lepton, two-b-jet system
assigned to the A boson candidate and the summation is performed over the p?r of
these objects. The distribution of the 1/2])% /Mmeep, variable is shown in Figure

separately for the cases where exactly two b-jets and three or more b-jets are present
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in the event. The distribution is shown before the Ep% /My, > 0.4 requirement is

applied.
N [T SN RSN RERERERE W [T T RSN RERRR RS IRESS:
= 10 E ATLAS —e- Data 3 g 10 E ATLAS —e- Data 3
-~ F (s=13Tev, 139 fb™ —A-ZH-llbb 7 = E (s=13Tev, 139 fb* —A-ZH-llbb o
a 5| 2bjets [ Z+(bb.be ce,bl) N @ 4| 23biets [ Z+(bb be e bl) N
CIC>J 10 E m, =600 Gev, m_ =300 Gev I Z+(cl) E § 10 E m, =600 Gev, m, =300 Gev I Z+(el) 3
L [C bbA production [ Top quark ] w [_  bbA production I Top quark |
Al Jese (Y ] 10° (Y ]
10°E 000%™t "% W W+ets, w,vh 3 E eseatie I Wiets, W, vh 5
F .o’. e % Uncertainty q F o2k .. Uncertainty B
C _ “e
10 W& % E 107 E
E - "B E E E
E .‘ - 1:2-,. ] E ]
107 'y e, 10 b4, =
o ] g #f
10 4 1= o
i 1.5F I R : o
@ £0000000000000000000000,00%,¢ M‘% E #x\*x*
& 0.5& ol b o b | T o 0.5k, Lol by
g 0 010203040506 070809 1 % 0 010203040506 070809 1
(=) 2 a 2
| Z Py/My | Z P/My,
(a) (B)

FIGURE 2.2: The \/Xp3/mge distributions shown before the requirement on this
variable is applied for events with (a) exactly two b-jets and (b) three or more b-jets.
Corrections from a fit to the data are applied to the simulation, as described in Sec-
tions and The signal distribution for (ma,mg) = (600,300) GeV is also
shown, and is normalised such that the production cross section times the branching
ratios B(A — ZH) and B(H — bb) corresponds to 1 pb. The signal shown includes
only A bosons produced in association with b-quarks. The lower panel shows the
ratio of the data to the background prediction (black filled circles) and the relative
uncertainty, which includes both statistical and systematic components, in the back-
ground prediction (hatched area). The notations ¢tV, VV and Vh refer to top-pair
production in association with a vector boson, diboson production and SM Higgs
boson production in association with a vector boson, respectively. The production
of a Z boson in association with jets is split based on jet flavour. The notation
Z+(bb,bc,ce,bl) refers to the case where the jets originate from heavy flavour, which
includes at least one jet originating from a b-quark or two jets originating from
c-quarks, whereas the notation Z+(cl,1) includes all the remaining cases.

The two signal production mechanisms, gluon—gluon fusion and b-associated pro-
duction, differ mainly in the number of heavy-flavour jets that are produced in associ-
ation with the A boson. This motivates a categorisation based on the number of b-jets
present in the event. In particular, two categories are defined: the n; = 2 category,
which contains events with exactly two b-jets, and the ny > 3 category, which contains
events with three or more b-jets. For gluon—gluon fusion production, more than 95%
of the events passing the above selection fall into the n; = 2 category. For b-associated
production, only 25-35% of the selected events fall into the nj, > 3 category, and the
others enter the n, = 2 category. This is because of the relatively soft pr spectrum
of the associated b-jets and the geometric acceptance of the tracker.

Finally, the invariant mass my;, of the b-jets that are assigned to the H boson must
be compatible with the assumed H boson mass. This is ensured by requiring my;, to be
within optimised boundaries that depend on the assumed my: 0.85-mpy —20 GeV <
mpy, < mpg + 20 GeV for the n, = 2 category, and 0.85 - mpyg — 25 GeV < mp, <
mp + 50 GeV for the n, > 3 category. The wider window for ny > 3 is motivated by
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a slightly poorer resolution due to potential b-jet misassignments. The b-jets that are
matched to the H boson are the highest-p1 b-jets in the event and, hence, in the case
of b-associated production, where more b-jets are present, may not be the ones that
actually come from the H — bb decay. In b-associated production, the fraction of A
bosons for which the correct b-jets are chosen is in the range 50-90% for the nj, > 3
category and is at least 65% for the n, = 2 category.

The signal efficiency in the ny = 2 category after the my, window requirement
is 5.1-11% (2.5-6.6%) for gluon—gluon fusion (b-associated) production, depending
on the m4 and mpy values. Similarly, the efficiency in the n, > 3 category after
the my, window requirement is 1.3-3.2% for b-associated production. The quoted
numbers refer to the efficiencies for A bosons decaying into ZH, with Z — ee/upu/TT
and H — bb, to pass the event selection for each of the categories. The inclusion
of Z — 77 in this definition lowers the quoted signal efficiency because these decays
have a very small efficiency to pass in this selection (which aims at Z — ee/uu). The
signal region selection is summarised in Table

Single-electron or single-muon trigger
Exactly 2 leptons (e or p) (pr > 7 GeV) with the leading one having pr > 27 GeV
Opposite electric charge for pyu pairs; 80 GeV < myy, ¢, < 100 GeV, £ =e, p
At least 2 b-jets (pr > 20 GeV) with one of them having pp > 45 GeV

Erlf"iss/\/ HT < 3.5 GeVl/Z, 4/ Ep?r/mm,b > 0.4

np = 2 category np > 3 category
,,,,,,,,,, Exactly 2 btaggedjets _ ___________ Atlesst3btaggedjets _________
Signal ee oI [ift pair ee Or up pair
tegion | 0.85-mp ~20 GeV < mpy <mp+20 GeV_ - _ ( 0.85 - my —25 GeV < my, < mp+50 GV
Z+jets ee or [ujt pair ee or [t pair
control region | my, < 0.85 - my — 20 GeV mpy < 0.85-mpy — 25 GeV
,,,,,,,,,, ormy, >my +20GeV __________ormw>mpt50GeV_
Top ey pair ef pair
control region | 0.85 - my —20 GeV < my, < my+20 GeV 0.85-my —25 GeV < my, < my +50 GeV

TABLE 2.1: Summary of the event selection for signal and control regions in the
A — ZH — £0bb channel.

The mypy distribution after the myg, requirement is the final discriminating vari-
able, which is fitted to obtain the result of the search in this channel. To improve the
My Tesolution, the bb system’s four-momentum components are scaled to match the
assumed H boson mass and the £¢ system’s four-momentum components are scaled
to match the Z boson mass. This procedure, performed after the event selection,
improves the mygpy resolution by a factor of two without significantly distorting the
background distributions, resulting in an A boson mass resolution that is at best about
1% and up to 4% for gluon—gluon fusion, up to 10% for b-associated production in the
ny = 2 category and up to 16% for b-associated production in the n; > 3 category,
depending on the m4 and my values.

Despite the dedicated selection criteria against Z+jets and top-quark production,
these background processes dominate the signal region: the Z+jets contribution is
~60-70% depending on the n; category, while the top-quark contribution is ~30—
35%. 1In the n, > 3 category, other processes (ttV, dibosons, V'h) contribute up
to ~5% of the total background, while their contribution to the n, = 2 category is
less than 1%. The accurate determination of Z+jets and top-quark contributions is
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paramount for the sensitivity of this search. Their estimation employs a combination
of data-driven corrections to simulated events.

The most abundant background in this channel is from Z+jets production. The
normalisation of this process is constrained by a control region defined by inverting
the my, window criterion for each H boson mass hypothesis (see also Table . The
control regions are distinct for the n, = 2 and n, > 3 categories, since the accuracy
of the background simulation depends on the number of b-jets present in the event.
The modelling of the Z+jets simulated events is examined extensively in a number
of kinematic variables, including the pr of the Z boson (prz), the my, distribution

and the \/ﬁ /myepy distribution. The simulated distributions are compared against
a control region that requires two jets with exactly one of them being a b-jet, as well
as an early selection stage, before the my, window and \/Zip% /My Tequirements.
For this early selection stage, it was verified that even those signals that were already
excluded in Ref. [154] would be washed out by the background and would not bias the

results. These regions are not used in the likelihood fit described in Section [2.8] and
thus they are not included in Table[2.I] As a result of these studies, corrections to the

distributions of prz, mp, and 4/ Ep?r /Mgy in the simulated Z+jets events are applied.
The corrections are found to be uncorrelated and they are applied sequentially. The
most significant effect on the sensitivity of this search (see also Section is due
to the corrections to the modelling of the pry distribution, which range from +5%
to —10% for most of the Z+jets events. As an example, Figure compares the
prz distributions in data with the background model after all corrections used in
this search for events that satisfy all the requirements of the signal region with the
exception of the my, window requirement, separately for n, = 2 and n, > 3 categories.
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FIGURE 2.3: The pryz distributions for (a) the n, = 2 and (b) the n, > 3 category.
The events are required to satisfy all the signal region criteria with the exception of
the my, window requirement. The same conventions as in Figure @ are used.

Top-quark production is heavily dominated by ¢t production in which both top
quarks decay semileptonically. Therefore, it is possible to define a pure top-quark
control region by keeping the same selection as discussed previously, apart from an
opposite-flavour lepton criterion, i.e. an ey pair is required instead of an ee or uu
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pair (see also Table . This region is used for top-pair production normalisation,
and also to check that kinematic distributions such as the top-quark pr spectrum are
adequately modelled in simulation. Different control regions are used in the n, = 2 and
ny > 3 categories. This is because in the n, > 3 category the top-quark background
is dominated by top-quark pair production in association with jets, which is more
difficult to model than the inclusive top-quark pair production that dominates the
top-quark background in the n, = 2 category. Finally, the my, window requirement
is also applied to the top-quark control region, resulting in a separate control region
for each my hypothesis tested in the search. Good agreement within uncertainties is
observed between data and simulation in the shape of all variables considered.

Backgrounds from diboson, single top-quark, and SM Higgs boson production,
as well as tt production in association with a vector boson are minor contributions
to the total background composition. The shapes of their distributions are taken
from simulation, whereas they are normalised using precise inclusive cross sections
calculated from theory. The diboson samples are normalised using NNLO cross sec-
tions [225-228|. Single-top-quark production and top-quark-pair production in asso-
ciation with vector bosons are normalised to NLO cross sections from Refs. [229-231]
and Ref. [169], respectively. The normalisation of SM Higgs boson production in as-
sociation with a vector boson follows the recommendations of Ref. |174] using NNLO
QCD and NLO electroweak corrections.

2.5.2 The ¢/WW Final State

The decay A — ZH — UUWW features a pair of electrons or muons and four jets
from the hadronic W boson decays. The selected events are required to have at least
four jets with the highest- and second-highest-pr jets satisfying pr > 40 GeV and
pr > 30 GeV, respectively. In addition, the lowest-pr electrons or muons are required
to have pr > 15 GeV.

The selection of the correct jet pairs in the reconstruction of the two W boson can-
didates is important for improving the signal resolution and suppressing backgrounds.
For this task, all possible jet pairs that can be formed by considering up to the five
highest-p jets in the event are taken into account. A set of requirements on kine-
matic variables, such as the angular distances between the jets within a pair, the jet
transverse momenta and the reconstructed masses of the W, H and A boson candi-
dates, is optimised to test the various combinations for compatibility with the signal
hypothesis so that the signal efficiency and background rejection are maximised. This
procedure results in a signal efficiency that ranges from 50% to 70% depending on m 4
and my, whereas for background processes the efficiency is about 40%. The fraction
of events in which the correct jet pairs are assigned to the W boson candidates after
this procedure is in the range from 50% to 70%, depending on the m4 and myg values.

The main background in this channel is from the production of a Z boson in
association with jets. A criterion similar to that in the ££bb channel is employed to
discriminate against it: \/Ep% /mapag > 0.3, where mgp, is the six-body invariant
mass of the two-lepton, four-jet system assigned to the A boson and the summation
is performed over the pgf of these objects. The distribution of this variable before the
requirement is applied is shown in Figure

Finally, the invariant mass of the four selected jets, m4,4, must be compatible with
the assumed H boson mass. This is ensured by requiring m44 to be within optimised
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FIGURE 2.4: The /Xp3./mass, distribution shown before the requirement on this
variable is applied. Corrections from a fit to the data are applied to the sim-
ulation, as described in Sections [2.5.2] and 2.8 The notation VV in the leg-
end corresponds to the production of diboson events. The signal distribution for
(ma,mm) = (600,300) GeV is also shown, and is normalised such that the pro-
duction cross section times the branching ratios B(A — ZH) and B(H — WW)
corresponds to 1 pb. The lower panel shows the ratio of the data to the background
prediction (black filled circles) and the relative uncertainty, which includes both
statistical and systematic components, in the background prediction (dashed area).
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boundaries that depend on mg: myg—53 GeV < myqy < 0.97-mpy+54 GeV. After this
requirement the signal efficiency for A bosons decaying into ZH with Z — ee/uu/T7
and H — WW — qqqq is 6.5-11%, depending on the m 4 and mpy values. The signal
region selection is summarised in Table

Single-electron or single-muon trigger
Exactly 2 leptons (e or ) (pr > 15 GeV) with the leading one having pr > 30 GeV
Opposite electric charge for pu pairs; 80 GeV < myy, ¢, < 100 GeV, £ =e, 1
At least 4 jets (pr > 20 GeV) with leading and second leading jets having pt > 40, 30 GeV
Jets chosen with a dedicated discriminant

\/ EpQT/mgmq > 0.3
Signal ee or up pair
Jregion | mu =53 GV <mag <097T-mp +54 GV
Z+jets ee or up pair

control region | M4y < my — 53 GeV
or myg > 0.97 - mpy + 54 GeV

Top e/l pair
control region | my — 53 GeV < myq < 0.97 - mpy + 54 GeV

TABLE 2.2: Summary of the event selection for signal and control regions in the
A— ZH — 0¢WW channel.

The moys, distribution after the my, requirement is the final discriminating vari-
able, which is fitted to obtain the results of the search in this channel. To improve
the moysq resolution, the four-jet system’s four-momentum components are scaled to
match the assumed H boson mass and the £¢ system’s four-momentum components
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are scaled to match the Z boson mass. The final A boson mass resolution is in the
range from 1% to 17% of m 4, depending on the m4 and mpy values.

The dominant backgrounds after the event selection are from Z+jets (~90% of
total background), top-quark (~5%), and diboson (~5%) production. Smaller back-
grounds (Wjets, tth, ttV, and V'h) contribute less than 1% to the total background
and are not included in the background composition.

The shape of the Z+jets background is taken from simulation combined with data-
driven corrections, and the normalisation is constrained by the control region outside
the my4q mass window of each signal region (see Table , using a procedure similar
to that in the £¢bb channel. To address shape differences between distributions of
kinematic variables in data and simulated backgrounds, two corrections are applied
to the pt of the Z boson candidates and to the leading jet’s pp. Those corrections are
derived from a control region orthogonal to the signal region, obtained by selecting

\ /Zp?F /Maeaq < 0.3. This region is not used subsequently in the likelihood fit described
in Section 2.8 and therefore it is not included in Table 2.2l The corrections are found
to be uncorrelated and they are applied sequentially. The correction to the pryz
distribution in the simulation is as large as 20% at low prz values and it becomes
smaller as prz increases, whereas the correction to the leading jet’s pt does not exceed
+10%. The distributions of the pt of the Z boson candidates and of the leading jet’s
pr, after the reweighting, are shown in Figure [2.5|for events satisfying all requirements
for the signal region with the exception of the my4, window cut.
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FIGURE 2.5: The distributions of (a) the pr of the Z boson candidates and (b)
the leading jet’s pr in the /W W channel. The events are required to satisfy all
the signal region criteria with the exception of the m4, window requirement. Data-
driven corrections are applied, as described in the text. The same conventions as in

Figure 24] are used.

The top-quark background shape is taken from simulated events. The normali-
sation is constrained using a high-purity control region defined by keeping the same
selection as for the signal region, but replacing the electron or muon pairs by opposite-
flavour leptons (ep pairs), as indicated in Table The single-top-quark, Z+jets and
diboson production contributions in this control region are estimated from simulation.



2.6. Signal Modelling 63

The diboson background shape and normalisation are taken from the simulated sam-
ples, using the same cross-section calculation as in the ££bb channel.

2.6 Signal Modelling

This analysis searches for two new particles, with their mass hypotheses considered
in the two-dimensional space ma—mp, with good mass resolution of the A and H
reconstructed final states. The investigation of the relevant phase space requires a
large number of signal mass hypotheses to be tested. In addition, various new physics
scenarios which are of interest for this search, like the 2HDM, include A bosons with
natural widths comparable to, or larger than, the experimental mass resolution for
large parts of the parameter space in which this search has sensitivity. The H bosons
are considered to always have negligible natural width, in accordance with the 2HDM
scenarios used to interpret this search (see Section . For these reasons, the mygy
and mag, distributions can be simulated only for some (m4, mpy) points and an
interpolation using analytic functions is employed for the rest, following a procedure
similar to that used in Ref. [154].

In the cases where the natural widths of both the A and H bosons are much smaller
than the experimental mass resolution, the modelling of the mass distributions uses
two types of parametric functions. First, an FrpGaussEzp (EGE) function [154,232]
provides a good description of gluon—gluon fusion production of A bosons in the
ny = 2 category of the £¢bb channel. Second, a double-Gaussian Crystal Ball (DSCB)
function [154},233| gives a good description of gluon—gluon fusion production in the
LW W channel and b-associated production in both the ny = 2 and n, > 3 categories
of the £0bb channel.

Both the EGE and DSCB functions have a Gaussian core but they differ in the
way the tails are treated. The tails of the EGE function are exponential, described by
two parameters, whereas DSCB has power-law tails described by four extra parame-
ters. The values of the function parameters are extracted from unbinned maximum-
likelihood fits to the simulated mymy, and magp, distributions. Polynomial functions
are used to interpolate the parameters to mass points that were not simulated. These
interpolated parametric functions are used to model the signal mass shapes for all
the signal assumptions considered in this search. The fit uncertainties of the DSCB
and EGE function parameters, as well as the parameters of the polynomial functions
used for the interpolation, are used to derive a shape uncertainty for each of the
interpolated distributions.

A typical example of the result of the signal parameterisation is shown in Figure[2.6
for the (ma,mg) = (500,300) GeV mass point. The figure shows a comparison of
the simulated mass distribution and the interpolated parametric function, as well
as the shape variation that is taken as an estimate of the systematic uncertainty
from the procedure. In general, the cores of the mypu, and magp, distributions are
well-parameterised by the chosen functional forms. There are some small differences
between the function description and the simulated distribution in the tails of the
distributions, but those have negligible effects on the final results and they are covered
by interpolation uncertainties.

The parameterisation procedure described in the previous paragraph is modified
to allow for cases where the width of the A boson is comparable to, or larger than, the
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FIGURE 2.6: Signal myggp or magaq distributions assuming m 4 = 500 GeV and mpy =
300 GeV for the following cases: £¢bb channel: (a) gluon—gluon fusion in the n, = 2
category, (b) b-associated production in the n, = 2 category, and (c¢) b-associated
production in the n, > 3 category; (d) ¢/WW channel. In the upper panels, the
black filled circles correspond to the simulated distributions, which are compared
against the interpolated parameterised signal distributions shown as solid red curves.
Also in the same panels, the shape variations of the interpolated parameterised
signal distributions are shown in dotted blue (+10) and black (—1c) lines. In the
lower panels, the black filled circles correspond to the ratio of the simulation to the
interpolated parameterised curve. The dotted blue (black) line corresponds to the
ratio of the 410 (—10) shape variation of the interpolated curve to the interpolated
curve.
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experimental mass resolution. This can be modelled by convolving a modified Breit—
Wigner distributionlﬂ with the EGE or DSCB function. This procedure is valid as long
as the width of the H boson remains narrow relative to the experimental resolution,
which is the case for the 2HDM scenarios considered in Section Widths of up to
approximately 20% of the A boson mass are considered, which is the range relevant
to the sensitive parameter space of the 2HDM scenarios that are of interest for this
search.

Finally, the signal efficiencies for the interpolated mass points are obtained through
separate two-dimensional interpolations on the (m 4, m ) plane using thin-plate splines
[234].

2.7 Systematic Uncertainties

Several sources of systematic uncertainty in the signal and background estimates are
considered, including experimental and theoretical sources. Experimental uncertain-
ties comprise those in the luminosity measurement [235| (obtained using the LUCID-2
detector |164]), trigger, object identification, energy/momentum scale and resolution
as well as underlying-event and pile-up modelling [209,213,214}/218]. These uncer-
tainties impact the simulations of signal and background processes.

The signal and background modelling have associated theoretical uncertainties.
For the signal modelling, the uncertainties due to the factorisation and renormalisa-
tion scale choice, the initial- and final-state radiation treatment and the PDF choice
are considered. No additional signal modelling uncertainties related to model-specific
cross-section predictions, such as the 2HDM predictions used in Section [2.8] are con-
sidered. The renormalisation and factorisation scales are varied up and down sepa-
rately by a factor of two, and the largest deviation from the nominal signal is taken as
the estimated uncertainty. The uncertainties due to initial- and final-state radiation
as well as the multiple parton interaction modelling are estimated using a subset of
A14 tuning variations [171]. PDF uncertainties are computed using the prescription
from PDF4ALHC15 [199|, which include the envelope of three PDF sets, namely CT14,
MMHT2014 and NNPDF3.0.

Additional systematic uncertainties are assigned to cover the differences in signal
efficiencies and mypy and mypyw resolution differences between the interpolations
and the simulations, as shown by the dotted blue and black lines in the lower panels
of Figure

For the background modelling, the most important sources of systematic uncer-
tainty are the modelling of shapes of several kinematic distributions of Z+jets events.

In the £0bb channel, they arise from the shape corrections for the prz, ,/Ep?r /Meenh

and my, variables described in Section An uncertainty is estimated by com-
paring the corrections and the agreement between the background prediction and the
data for various variables and among various control regions. For each of the correc-
tions, the applied uncertainty is half the size of the correction in the n, = 2 category,
and the full size of the correction in the n, > 3 category. In the ¢WW channel,
the uncertainties are due to the shapes of the prz and leading-jet pr distributions
(Section . The uncertainty is estimated similarly to that in the £¢bb channel and

4The modification is the multiplication of the Breit-Wigner distribution with a log-normal distri-
bution to account for the distortion due to the event selection.
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is half the size of the correction. For other background processes, modelling uncer-
tainties are obtained by varying the factorisation and renormalisation scales, and the
amount of initial- and final-state radiation.

The effect of these systematic uncertainties on the search is studied using a signal-
strength parameter p for hypothesised signal production (see also Section . The
uncertainties found to have the largest impact depend on the choice of (m 4, m ) signal
point. Table[2:3|shows the relative uncertainties in the u value from the leading sources
of systematic uncertainty for two example mass points of gluon—gluon fusion and b-
associated production for the £¢bb channel. The uncertainties are evaluated using
an Asimov dataset [236] generated with the signal cross section set to the expected
limits for the particular (m4, my) signal point, considering a narrow-width A boson.
Table [2.4] shows the same information for the £(WW channel. The leading sources
of systematic uncertainty are similar for other mass points studied and for larger A
boson widths.

For the ££bb channel, the most relevant sources of systematic uncertainty are the
background modelling, the signal interpolation, and the jet energy scale and resolution.
The limited size of the simulated samples has a higher impact at low masses, since
at higher masses other sources are more dominant. Other systematic uncertainties
with non-negligible impact include those associated with b-tagging and theoretical
errors. In the ¢/WW channel, the most relevant systematic uncertainties are those
related to the jet energy scale and resolution, as expected in a channel with four jets in
the final state. The limited size of the simulated samples, the background modelling
and the signal interpolation also have a non-negligible impact on the signal-strength
parameter. In both channels, the data statistical uncertainties have lower impact
at low masses compared to the systematic uncertainties. In addition, the search
sensitivity is affected at high masses by the limited size of the data sample, an effect
which is more pronounced in the ££bb channel.

A— ZH — (b
Gluon—gluon fusion production b-associated production

(230,130) GeV, 0.31 pb  (700,200) GeV, 0.017 pb (230,130) GeV, 0.16 pb (700, 200) GeV, 0.018 pb
Source Ap/p [%]  Source Ap/p (%] Source Ap/p [%]  Source Ap/p (%]
Data stat. 28 Data stat. 45 Data stat. 33 Data stat. 46
Total syst. 36 Total syst. 26 Total syst. 33 Total syst. 25
Sim. stat. 19 Sim. stat. 7.2 Sim. stat. 18 Sim. stat. 7.2
Sig. interp. 9.9 Sig. interp. 8.7 Sig. interp. 13 Sig. interp 13
Bkg. model. 19 Bkg. model. 18 Bkg. model. 15 Bkg. model. 16
JES/JER 20 JES/JER 18 JES/JER 14 JES/JER 16
b-tagging 7.5 b-tagging 12 b-tagging 9.5 b-tagging 12
Theory 7.4 Theory 9.5 Theory 5.0 Theory 7.1

TABLE 2.3: The effect of the most important sources of uncertainty on the signal-
strength parameter at two example mass points of (m4, mpg) = (230,130) GeV and
(ma,mg) = (700,200) GeV in the €¢bb channel, for both gluon—gluon fusion and
b-associated production of a narrow-width A boson. The signal cross sections are
taken to be the expected median upper limits (see Section and they correspond
to values that are shown next to the indicated mass points. JES and JER stand for
jet energy scale and jet energy resolution, ‘Sim. stat.” for simulation statistics, ‘Sig.
interp.” for signal interpolation, and ‘Bkg. model.” for the background modelling.
‘Theory’ refers to theoretical uncertainties in the signal samples due to the PDF
choice, factorisation and renormalisation scales, and initial- and final-state radiation.
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A—ZH = UWW
Gluon—gluon fusion production

(500,300) GeV, 0.70 pb  (700,200) GeV, 0.38 pb

Source Ap/p %] Source Ap/p %]
Data stat. 32 Data stat. 33
Total syst. 42 Total stat. 38
Sim. stat. 24 Sim. stat. 19

Sig. interp. 14 Sig. interp. 12
Bkg. model. 14 Bkg. model. 16
JES/JER 30 JES/JER 23
Theory 6.5 Theory 7.6

TABLE 2.4: The effect of the most important sources of uncertainty on the signal-
strength parameter at two example mass points of (m 4, mg) = (500,300) GeV and
(ma,mpg) = (700,200) GeV in the (W channel for gluon—gluon fusion production
of a narrow-width A boson. The same notation as in Table @ is used.

2.8 Results

The mypy and mogy, distributions are expected to exhibit a resonant structure if signal
events are present, while background events result in a smoothly falling spectrum.
Therefore, those are chosen as the final variables to discriminate between signal and
background. The shape differences between the signal and background contributions
in the mygy, and Mgy, distributions are exploited through binned maximum-likelihood
fits of the signal-plus-background hypotheses to extract potential signal contributions.
The fits are based on the statistical framework described in Refs. [236H238|. For a
given mass hypothesis of (ma,mg), the likelihood is constructed as the product of
Poisson probabilities for event yields in the mygy or mag, bins:

L(p, &, 0lma, mp) = H Poisson <N¢

i=bins

(M x Si(ma,mu,0) + Bi(d, 5))) -G(0)

—

where N; is the number of observed events, and S;(ma, my, 5) and B;(d,0) are the
expected number of signal events and estimated number of background events in bin .
The vector @ represents free background normalisation scale factors (described later)
and the vector  denotes all non-explicitly listed parameters of the likelihood function
such as nuisance parameters associated with systematic uncertainties. Systematic
uncertainties are incorporated in the likelihood as nuisance parameters with either
Gaussian or log-normal constraint terms, denoted by G(g) in the formula above. The
parameter of interest, u, is a multiplicative factor applied to the expected signal rate.
The mygpy and maps, bin widths are chosen according to the expected detector reso-
lution and taking into account the statistical uncertainty in the number of simulated
background events. The bin centres are adjusted such that at least 65% of the test
signal is contained in one bin.

For each bin, S; is calculated from the total integrated luminosity, the assumed
cross section times branching ratio for the signal and its selection efficiency. The sum
of all background contributions in the bin, B;, is estimated from simulation, which
includes the modelling corrections discussed in Sections and The number
of events in the ¢t and Z+jets control regions is included in the likelihood calculation
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to constrain their normalisation in the signal regions. This is achieved by introducing
two free normalisation scale factors per channel, represented by @ in the likelihood
description earlier in this section. In the ££bb channel these scale factors apply to the
tt contribution and the heavy-flavour component of the Z-+jets contribution, whereas
the rest of the contributions in the control region are estimated from simulation. In the
LOWW channel the scale factors apply to the ¢t contribution and the flavour-inclusive
Z+jets contribution. Typical values of the scale factors are close to unity with the
exception of Z-+jets in the £¢bb channel, which is scaled by a factor of 1.2, and ¢f in
the £0bb ny, > 3 category, which is typically scaled by a factor of 1.4.

The signals that are fitted in each category are motivated by signal efficiency
considerations and the interpretation of the search in the context of the 2HDM. In
the ££bb channel the following fits are performed. First, A bosons produced by gluon—
gluon fusion are considered in the n, = 2 category. Second, a combined fit for the
b-associated production mechanism in both the n, = 2 and n, > 3 categories is
performed. Finally, there is a combination of the b-associated production fit with the
gluon—gluon fusion fit, which is interpreted in the context of the 2HDM. In the £6WW
channel, only A bosons produced by gluon—gluon fusion are considered and, hence, it
is the only fit that is considered.

2.8.1 A — ZH — //bb Results

The mypy distributions from different my;, mass windows are scanned for potential ex-
cesses beyond the background expectations through signal-plus-background fits. The
scan is performed in steps of 10 GeV for both the m 4 range 230-800 GeV and the my
range 130-700 GeV, such that myg — mpg > 100 GeV. The step sizes are chosen to be
compatible with the detector resolution for mygpy, and myy,. In total, there are 58 myy
windows that are probed for the n, = 2 and ny > 3 categories. The overall number of
(ma, mp) signal hypotheses that are tested is 1711 per category.

Figure shows the distribution of the H boson candidate mass my; before the
my, window requirement in each of the two categories. Typical examples of mygy
distributions after the application of the my, window requirement are shown in Fig-
ures 2.8aH2.8d] In particular, the my, window defined for mpy = 300 GeV is shown
in Figures and for the n, = 2 and n, > 3 categories, respectively. On
the same figures, a signal distribution is shown as well, which corresponds to gluon—
gluon fusion production in Figure and b-associated production in Figure [2.8b]
for the (ma, mpg) = (600,300) GeV signal point. Similarly, an my, window defined
for myg = 500 GeV is shown Figures and [2.8d] for the n, = 2 and n, > 3 cate-
gories, respectively. The signal distribution for the (ma, mg) = (670,500) GeV signal
point is also shown for gluon—gluon fusion production in Figure [2.8c| and b-associated
production in Figure

In all cases, the data are found to be well described by the background model.
The most significant excess for the gluon—gluon fusion production signal assumption
is at the (ma, mpg) = (610,290) GeV signal point, for which the local (global) signif-
icance [239] is 3.1 (1.3) standard deviations. For b-associated production, the most
significant excess is at the (ma, mg) = (440, 220) GeV signal point, for which the local
(global) significance is 3.1 (1.3) standard deviations. The significances are calculated
for each production process separately, ignoring the contribution from the other.



2.8. Results 69
310 atias | wowa 4 Z10°Fatias | eome
g 5 E (5=13TeV, 130 fb — A~ ZH-libb 3 g E Vs=13Tev, 139 ib* —A-ZH-1llbb
~ 10 £ n, = 2 category [ z+(bb,bc,cc,bl) E 53 4 n, >3 category [ z+(bb,bc,cc,bl) ]
@ . 5[ m.=600Gev,m, =300Gev I Z+(el) : P 10°E o, =600 Gev, m,, = 300 Gev I Z+(el) E
5 10 ?bbA production [ Top quark E % [ bbA production [ Top quark ]
2 F v B 4 3 v N
w 1()4;.."., Il W+jets, W, vh - m 10 E Il W+ets, W, vh 3

Fe e oo, &Y Uncertainty 3 F e .'k“”‘... . Y Uncertainty e
o r ¥ 7
3 E 10°E ' E
L . i L ]
E 10 L E
e 1= =
T S e e R o < 157 : : [ : TR
&) 51§- covesss -_-'..'_--_"n.n¢.0§§¢¢§+$++€ &) 051?, oo g g-0-0 o gty + + ; :} *l ..... :
) R AR I IR A A R RS N N I IR L 0 Y Y
% 0 100 200 300 400 500 600 700 800 ?‘é 0 100 200 300 400 500 600 700 800
a m,, [GeV] a m,, [GeV]

(a) (B)

FIGURE 2.7: The myy, distribution before any mp, window cuts for the (a) n, = 2
and (b) n, > 3 categories. The signal distribution for (m 4, mg) = (600, 300) GeV
is also shown, and is normalised such that the production cross section times the
branching ratios B(A — ZH) and B(H — bb) corresponds to 1 pb. The same
conventions as in Figure @ are used.

In the absence of any statistically significant excess, the results of the search in
this channel are interpreted as upper limits on the production cross section of an A
boson decaying into ZH followed by the H — bb decay, 0 x B(A — ZH) x B(H —
bb). The cross-section upper limits consider A bosons that are produced only by a
single mechanism, i.e. either gluon—gluon fusion or b-associated production. Modified
frequentist [240] 95% confidence level (CL) upper limits on the production cross section
of this process are obtained using the asymptotic approximation 236 for the various
signal hypotheses that are tested. In particular, expected and observed upper limits
for gluon—gluon fusion production of narrow-width A bosons in the n, = 2 category are
shown in Figures and respectively. For b-associated production of narrow-
width A bosons, the expected and observed limits for the combination of the n; = 2
and ny > 3 categories are shown in Figures and [2.9d] respectively. The upper
limits for gluon-gluon fusion vary from 6.2 fb for (ma,mpg) = (780,129) GeV to
380 fb for (ma, mg) = (250,150) GeV. This is to be compared with the corresponding
expected limits of 15 fb and 240 fb for these two signal hypotheses. For b-associated
production the upper limit varies from 6.8 fb for (m 4, mg) = (760, 220) GeV to 210 fb
for (ma, mpg) = (230,130) GeV, whereas the corresponding expected limits are 15 fb
and 160 fb.

Upper limits are also calculated for signal assumptions where the natural width
of the A boson is large in comparison with the experimental mass resolution, which
is needed for the interpretation of the search in the context of the 2HDM. The cross-
section upper limit decreases as the natural width of the A boson increases. In par-
ticular, a gluon—gluon produced A boson with a natural width of 10% of its mass has
a cross-section upper limit that is reduced on average by a factor of approximately 3
from the narrow-width case. This factor becomes approximately 4 when the natural



70 Chapter 2. Exotic Higgs Bosons at ATLAS

= > [ [ R L I L
ATLAS - Data E $ 10*g ATLAS —-Data =
Vs =13 Tev, 139 fb* — A~ ZH-1lIbb 7 g E {s=13TeV, 139 fo" —A-ZH-llbb 3
n, = 2 category [ z+(ob,bo,cobl) 5 2 108 [ 1, >3 category [ Z+(bb.be.cebl) |
m, =600 GeV, m, =300 GeV E?(C"') ’ = a:>.) £ m, =600 GeV, m, =300 GeV E?““) . E
g . op quar 3 - . op quar m
gluon-gluon fusion produced A v E w 102 = bbA production v =
Il W+ets, WV, Vh . = Il W+iets, VW, Vh
Uncertainty E 10 Uncertainty —
= 107! —
1072
. B S S : — —3 L e R LA B/ S S TR
B o nteey e ‘ E R TR TR Y AR A dd
Ds:oél_: eoee®yettoey . - v E| D‘:OE:;LE'. AR & 4 1‘+p T ¢ g
SE b e T SE Y e T
3 400 500 600 700 800 8 400 500 600 700
8 8
My, [GEV] My, [GEV]
(a) (B)
> T > e e e B S o B A ot e
© 10° E ATLAS —e— Data = © 10° E ATLAS —e— Data 35
© E 5= 13 Tev, 130 fo —A_ZH-lbb ] © F 5= 13Tev, 130 f6 — AL ZH-lbb
%) 104 £ n, = 2 category [ z+(bb,bc,cc,bl) = %) 5 - n, > 3 category [ Z+(bb,bc,cc,bl)
§ 10° = m, =670 Gev, m, =500 Gev Eﬁflq"u)ark 5 § 10 E m, =670 GeV, m, =500 GeV Ei;g:'ﬂark E
] § gluon-gluon fusion produced A v § w [ bbA production =y ]
102 B W+ets, W, Vh 10 Bl W-ets, W, vh 3
F Y uncertainty E B Uncertainty 3
E 1= =
10" =
1072
. T . T T T T T T TS
e R TR
%0.5?\ %0.54‘Hv‘HH\HH\HH\‘ml‘uff
2 60! 2 600 650 700 750 800 850
(a] (a]
My, [GEV] My, [GEV]
() (D)

FIGURE 2.8: The myp, mass distribution for the my, windows defined for my =
300 GeV and mpy = 500 GeV for (a, ¢) the n, = 2 and (b, d) the n, > 3 category,
respectively. Signal distributions with (ma, mg) = (600,300) GeV and (ma, mpy) =
(670,500) GeV are also shown for gluon—gluon fusion production in (a, ¢) and b-
associated production in (b, d). The number of entries shown in each bin is the
number of events in that bin divided by the width of the bin. The same conventions
as in Figure 2.2] are used.
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FIGURE 2.9: Upper bounds at 95% CL on the production cross section times the
branching ratio B(A — ZH) x B(H — bb) in pb for (a, b) gluon—gluon fusion and
(¢, d) b-associated production. The expected upper limits are shown in (a) and (c)
and the observed upper limits are shown in (b) and (d).

width increases to 20%. The A bosons from b-associated production have worse ex-
perimental mass resolution and the deterioration of the limit is on average smaller:
the upper limits are reduced by a factor of about 1.9 (2.3) for a natural width of 10%
(20%).

The results for A boson natural widths that are comparable to, or larger than,
the experimental mass resolution are used for the interpretation of the search in the
context of the CP-conserving 2HDM. The 2HDM benchmark against which the search
results are compared has three free parameters: m 4, my and tan 8. In addition, there
are four ways to assign the Yukawa couplings to fermions, defining type-I, type-II,
lepton-specific and flipped 2HDMs. The remaining parameters are fixed. The mass of
the lightest Higgs boson in the model is fixed to 125 GeV and its couplings are set to
be the same as those of the SM Higgs boson by choosing cos(8 —a) =0 , which
is known as the 2HDM weak decoupling limit. The charged Higgs boson is assumed
to have the same mass as the A boson and the potential parameter m?, is fixed
to m% tan B/(1 + tan? ).

The cross sections for A boson production in the 2HDM are calculated using
corrections at up to NNLO in QCD for gluon—gluon fusion and b-associated production
in the five-flavour scheme as implemented in SusHi ,. For b-associated
production a cross section in the four-flavour scheme is also calculated as described in
Refs. and the results are combined with the five-flavour scheme calculation
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FIGURE 2.10: Observed and expected 95% CL exclusion regions for the ££bb channel
in the (mg,ma) plane for various tan 8 values for the (a) type-I, (b) type-II, (c)
lepton-specific and (d) flipped 2HDM, with cos(8 — a) = 0.

following Ref. [243]. The Higgs boson widths and branching ratios are calculated using
2HDMC [244]. The procedure for the calculation of the cross sections and branching
ratios, as well as for the choice of 2HDM parameters, follows Ref. [174].

The interpretation of the search in the 2HDM is performed in the (mg, m4) plane,
as shown in Figure In this plot, colour-shaded areas indicate expected and
observed exclusions for various tan 8 values. There is one plot for each of the four
2HDM types. For the type-I and lepton-specific 2HDMs, only gluon—gluon fusion
production is relevant. The exclusion region reaches mpg < 350 GeV for tanf = 1
and the sensitivity decreases for larger tan 8 values. In type-I 2HDM for instance, for
tan 8 = 10 the exclusion reaches mpy < 320 GeV and my4 < 500 GeV. The limiting
value at mpg =~ 350 GeV is due to the drop of the H — bb branching ratio, which
competes with H — tt at larger mpy values. The type-II and flipped 2HDMs are
dominated by A bosons from b-associated production as tan  increases, although
gluon—gluon fusion is still important for tan 5 ~ 1. Like the type-I and lepton-specific
2HDMs, the type-II and flipped 2HDMs provide similar constraints because they
only differ in the lepton Yukawa couplings. The contribution from b-associated signal
production increases the sensitivity at large tan 8 values, excluding mpg < 650 GeV
for tan 8 = 20. The search sensitivity deteriorates at lower tan 8 values, excluding
mpg < 350 GeV for tan g = 1.
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FIGURE 2.11: The my, distribution before any m4, window cuts. The same con-
ventions as in Figure @ are used.

2.82 A—7H — VW/WW Results

The mggy, distributions from different my4, mass windows are scanned for possible
excesses using a procedure similar to the one in the ££bb channel. The scan is performed
in steps of 10 GeV for both the m 4 range 300-800 GeV and the mr range 200-700 GeV,
such that my — mpg > 100 GeV. This gives in total 51 my4, mass windows and the
overall number of (m 4, my) signal hypotheses that are tested is 1326.

Figure @ shows the distribution of the H boson candidate mass my, before the
myq window requirement. Typical examples of mggy, distributions after the applica-
tion of the my, window requirement are shown in Figures [2.12a] and [2.12b] referring
to myq windows defined for mpy = 300 GeV and mpy = 500 GeV, respectively. Signal
distributions corresponding to the (ma, mpg) = (600,300) GeV signal point for Fig-
ure and the (ma, mpy) = (670,500) GeV signal point for Figure are also
shown.

In all cases, the data are found to be well described by the background model. The
most significant excess is at the (ma,mpy) = (440,310) GeV signal point, for which
the local (global) significance is 2.9 (0.82) standard deviations.

Using the same method as for the €£bb channel, constraints on the production of
A — ZH followed by H — WW decay are derived. The 95% CL upper limits are
shown in Figure for a narrow-width A boson produced via gluon—gluon fusion.
The upper limit varies from 0.023 pb for the (ma, mg) = (770,660) GeV signal point
to 8.9 pb for the (ma, mpy) = (340, 220) GeV signal point. This is to be compared with
the corresponding expected limits of 0.041 pb and 3.6 pb for these two signal points.
The upper limits deteriorate when the natural width of the A boson is comparable to,
or larger than, the experimental mass resolution. In particular, for a natural width
that is 10% of m 4 the upper limits decrease on average by a factor of 3. This factor
becomes approximately 5 when the natural width increases to 20%.

The sensitivity of the /(W W channel in the context of the CP-conserving 2HDM
was examined. The same 2HDM calculations as in the ££bb channel are used and the
only differences are related to the parameter space of the model that is probed. In
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FIGURE 2.12: The map, mass distribution for the my, windows defined for (a)
mpy = 300 GeV and (b) my = 500 GeV. Signal distributions are also shown with
(ma, mpg) = (600,300) GeV and (m 4, mg) = (670,500) GeV. The number of entries
shown in each bin is the number of events in that bin divided by the width of the
bin. The same conventions as in Figure @ are used.

particular, because only A bosons produced by gluon—gluon fusion are studied in this
search, only type-I and lepton-specific 2HDMs are considered. In addition, the partial
width I'(H — WW) vanishes when cos(8—a) = 0 and is maximal at | cos(f—a)| = 1,
whereas for the partial width I'(A — ZH) the opposite is true, i.e. it vanishes when
| cos(B—a)| = 1 and it is maximal when cos(5—a) = 0. These observations imply that
this channel should be most sensitive between these two extreme values of | cos(8—a)|.

The interpretation of the observed and expected upper limits on the cross section
times branching ratio in the context of the type-I and lepton-specific 2HDM scenarios
show that the /W W channel has little sensitivity in regions that are not already
excluded by the 125 GeV Higgs boson coupling measurements [126], an analysis that
also provides similar limits in this parameter space. In particular, for the m 4 range
considered in this channel, there is sensitivity up to mg < 250 GeV and for tan § < 4.
Some examples of 95% CL excluded regions in the plane defined by m 4 and cos(5 — )
for my = 200 GeV and my = 240 GeV are shown in Figure [2.14] for the type-I 2HDM.
The results are very similar for the lepton-specific 2HDM, since the only difference
between the two 2HDM types is the lepton Yukawa couplings, which only affect the
total width.
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pb.
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FIGURE 2.14: Observed and expected 95% CL exclusion regions in the (cos(f — «),
m4) plane for various tan 3 values for (a,b) my = 200 GeV and (c,d) mpy = 240 GeV
in the context of type-I 2HDM for the ¢//WW channel.
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2.9 Conclusion

Data recorded by the ATLAS experiment at the LHC, corresponding to an inte-
grated luminosity of 139 fb~! from proton-proton collisions at a centre-of-mass energy
13 TeV, are used to search for a heavy Higgs boson, A, decaying into ZH, where H
denotes another heavy Higgs boson with mass myg > 125 GeV. Two final states were
considered, where the H boson decays into a pair of b-quarks or W bosons, and in
both cases the Z boson decays into a pair of electrons or muons. In the £¢bb channel,
the A boson is assumed to be produced via either gluon—gluon fusion or b-associated
production. In the ¢/WW channel, only gluon—gluon fusion production is consid-
ered. No significant deviation from the SM background predictions is observed in the
ZH — 00bband ZH — UWWW — £Lqqqq final states that are considered in this search.
Considering each channel and each production process separately, upper limits are set
at the 95% confidence level for 0 x B(A — ZH) x B(H — bb or H — WW). For ££bb,
upper limits are set in the range 6.2—-380 fb for gluon—gluon fusion and 6.8-210 b for
b-associated production of a narrow A boson in the mass range 230-800 GeV, assum-
ing the H boson is in the mass range 130-700 GeV. For /W W  the observed upper
limits are in the range 0.023-8.9 pb for gluon—gluon fusion production of a narrow A
boson in the mass range 300-800 GeV, assuming the H boson is in the mass range
200-700 GeV. Taking into account both production processes, the ££bb search tightens
the constraints on the 2HDM scenario in the case of large mass splittings between its
heavier neutral Higgs bosons. The ¢¢W W channel has not been explored previously
at the LHC, and this search explicitly demonstrates its potential to constrain 2HDM
parameters away from the weak decoupling limit.
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Chapter 3

Phase Transitions in the Early
Universe

3.1 Cosmological Bubble Friction in Local Equilibrium

The hot plasma in the early universe may have gone through different phase tran-
sitions which contributed to forge the properties of the world around us. Classical
examples are the phase transition in QCD and, if the temperature at early times was
large enough, the electroweak phase transition. Though both of the former are of
the crossover type in the SM [245]246|, first-order phase transitions remain an in-
triguing possibility which can be realized in SM extensions. Such transitions, which
proceed through the nucleation and subsequent expansion of bubbles of the thermo-
dynamically preferred phase, are particularly interesting due to the enhanced devi-
ations from equilibrium during the transition. The loss of spatial homogeneity and
isotropy due to the colliding bubble walls can source a stochastic background of grav-
itational waves [59,247] (see Ref. |248] for a review) amenable to experimental confir-
mation by future space-borne interferometers like the Big Bang Observer (BBO) [249],
the Deci-hertz Interferometer Gravitational Wave Observatory (DECIGO) [250] and
LISA [251]. On the other hand, if the electroweak phase transition were to be of first-
order, the former inhomogeneities coupled with novel C' P-violating interactions could
lead to the generation of the observed baryon asymmetry through the mechanism of
electroweak baryogenesis |82] (for a review, see Ref. [252]).

The predictions of the physical effects of a first—order phase transition, such as the
power emitted in gravitational waves or the generated baryon asymmetry, crucially
depend on the velocity reached by the bubbles expanding through the plasma. While
gravitational wave emission is enhanced if the velocity becomes nearly luminal, the
generation of the baryon asymmetry requires slow bubbles that allow for the diffusion
of the particles reflected in a C'P-violating manner by the advancing bubble. This
enables the C'P excess in front of the bubble wall to be converted into baryon number
asymmetry by sphaleron interactions [253].

For these reasons the estimation of bubble velocities has been the subject of in-
tense study, centered on the understanding of the friction effects between the bubbles
and the plasma which may slow the advance of the former. Studies based on kinetic
theory [66,254-256|, fluctuation-dissipation arguments |257,258] or non-equilibrium
quantum field theory [259] suggest a velocity-dependent friction force caused by de-
viations from equilibrium interactions in the vicinity of the bubble wall. While most
analyses are based on evaluating the rate of momentum transfer integrated across the
bubble wall, the ensuing friction force is usually incorporated into the local equation of



78 Chapter 3. Phase Transitions in the Early Universe

motion of the scalar field. The kinetic-theory approach or equivalent methods provide
first-principle estimates of friction effects by using Boltzmann equations to estimate
the out-of-equilibrium effects. Investigations mostly focusing on SM extensions have
recently been performed [67,68,259-261]. Many studies consider an effective friction
term proportional to a phenomenological friction parameter n [70,[71,262|, which is
sometimes fixed to match the results from the Boltzmann approach [263-266].

The general expectation is that there is no friction in local equilibrium [267].
Furthermore, it has been argued that the friction force saturates at leading order for
high-velocities, such that near-luminal bubble propagation, or “runaway” behaviour is
a generic possibility [68}268|. This was first disputed in [61], in which it was argued
that hydrodynamic effects in deflagrations can lead to a heating of the plasma in front
of the bubble wall, which affects the force driving the expansion of the bubble. More
recently, Ref. [269] showed that in local equilibrium the friction force per unit area
follows the relationship

ricvon] _ (12(0,,) - 1) 7| Ae, (3.1)
where 7(v,,) is the Lorentz contraction factor of the asymptotic bubble wall velocity
Vw, and As the change in entropy density across the bubble. This force keeps growing
with the velocity and prevents the bubbles from runaway behaviour.

The analysis of Ref. [269] was based on integrating the stress energy momentum
tensor across the bubble wall and assuming a constant temperature and fluid velocity
throughout. However, this does not exemplify how friction arises in the local dynami-
cal equations for the scalar field and the plasma, or how to consistently compute both
the bubble velocity and the associated entropy change. Furthermore, it was not clar-
ified how the results may be related to the hydrodynamic effects investigated in [61].
In particular, while the latter were expected to only take place in deflagrations, the
subluminal speeds found in Ref. [269] are expected regardless of whether the bubbles
expand as deflagrations and detonations.

The goal of this work is to confirm that indeed local equilibrium is compatible
with subluminal bubble expansion, clarify the local origin of the friction forces and
the relation to the hydrodynamic effect of Ref. [61], and provide consistent estimates of
bubble velocities. Rather than arising from additional terms in the scalar’s equation of
motion, the friction-like behaviour in the presence of local equilibrium is caused by the
field-dependence of the local entropy and enthalpy density itself, which enters into the
hydrodynamic equations of the plasma. As the scalar bubble expands it enforces local
entropy and enthalpy changes in the plasma near the bubble wall, and conservation
of stress-energy and the total entropy imply that the bubble must slow down. We will
illustrate this effect quantitatively in an extension of the SM with additional scalars.
We estimate bubble-wall velocities both from time-dependent solutions with radial
symmetry, or by finding planar solutions to the static equations in the wall frame and
matching them to consistent hydrodynamic profiles away from the wall. The latter
allows to make contact with the treatment of Ref. [61], though as a novelty we find
profiles corresponding to subluminal detonations, in accordance with the expectations
of Ref. |269]

The chapter is organized as follows. In section we review the differential equa-
tions for the scalar field plus plasma, arising simply from imposing the conservation of
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the stress-energy tensor. Next, in section [3.3]we introduce the model used to illustrate
the friction-like effects. Section [3.4] presents the results for dynamical deflagration so-
lutions with radial symmetry, while finally in sections [3.5] and [3.6] we consider the
asymptotic regime of constant velocity expansion and solve for static bubble profiles
in the wall frame compatible with consistent deflagration (section and detona-
tion (section solutions of the plasma equations away from the bubble. Finally,
conclusions are drawn in section 3.7

3.2 Differential Equations for Bubble Propagation

We consider a system involving a real scalar field interacting with a thermal plasma.
The stress-energy momentum tensor is given by the sum of contributions from both
sectors

TH =TI TR, (3.2)

where ¢ and p denote the scalar field and the plasma respectively. We assume an
ordinary scalar with a potential V' (¢) plus a plasma modelled by a perfect fluid,
which can be justified as the leading order approximation in an expansion in terms of
gradients of the plasma velocity. As such, we have

1
Ty =0"$d" ¢ — M (23p¢3”¢ - V(¢)> ;

TV = (p + p)utul — n"'p = wuru — np.

(3.3)

In the above equations, u* with u = 0,1,2,3 represents the fluid’s four-velocity,
while p,p and w = p + p correspond to the pressure, energy density and enthalpy
of the plasma. We assume the signature (+, —, —, —) for the Minkowski metric and
work in natural units with ¢ = 1. In terms of the plasma velocity vector v’ with
i = 1,2,3, its magnitude v = /) _,(v)? and the Lorentz factor y(v) = 1/v1 — v2,
the 4-velocity can be written as u# = v(v)(1,v!,v%,v3). Covariant conservation of the
stress-energy momentum tensor in a cosmological background implies V,TH" = 0.
Under the typical assumption of a phase transition that proceeds much faster than
the Universe’s expansion, one may neglect the cosmological scale factor and replace
covariant derivatives by ordinary ones. Doing so, the terms in V,T"" involving 0" ¢
are proportional to the scalar field’s equation of motion in the plasma background
and must vanish separately. This yields

0o + i(vw) _p) =0,

Op(wuru” —nMp) + @8"@5 =0.
o
As initial time boundary conditions for the plasma, a fluid at rest with a temperature
given by the nucleation temperature T,. at which the bubble formation rate over-
comes the Hubble expansion should be considered. For the scalar field, a perturbation
of the critical bubble that extremizes the three-dimensional integral of the Lagrangian
for static fields should be set as an initial condition.

(3.4)
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One recognizes the first equation in Eq. as the equation of motion of the scalar
field at finite temperature. Indeed, under the assumption of local thermal equilibrium
with temperature T, the pressure is related to the free energy, which itself is related to
the thermal corrections Vr to the effective potential p = —Vp. Hence, we may denote
V(¢)—p = V (¢, T) and recover the standard equation of motion at finite temperature.
Equations equivalent to (3.4]) were obtained in Ref. |262], where the authors expressed
the total pressure as a radiative contribution proportional to 7% and the additional
field dependent terms. We make no such distinction here, thus the simpler notation.
Furthermore, the authors of Ref. [262| added a phenomenological friction term without
spoiling stress-energy conservation. This corresponds to substituting the r.h.s. of the
two equations in by —nut0,¢ and nutd,,¢0" ¢, respectively, where 7 is a friction
parameter.

In the second equation of , it should be noted that the terms involving field
derivatives of the pressure cancel, but the terms proportional to dw/d¢ survive. Under
local thermal equilibrium, one can relate w to the entropy density s = w/T, so that
the terms proportional to dw/9¢ account for local entropy changes across the bubble
wall. It is precisely these terms which give rise to friction-like effects and subluminal
bubble propagation. In fact, this connection to entropy changes across the bubble wall
matches the result shown in Ref [269]. The former approach directly assumed
a steady state expansion, planarity and a common temperature on both sides of the
bubble. Our treatment goes beyond the former simplifications by incorporating the
friction-like effects at the level of the local field and plasma equations.

We note that standard thermodynamic identities allow the computation of the
entropy density in terms of the pressure or equivalently V7, whose one-loop expression
for a general model is a standard result of thermal field theory

op

w(@,T)=Ts=T = _p V(6. T)

or oT (3.5)

This considerably simplifies the calculation of backreaction effects under the assump-
tion of local equilibrium, and allows a quick recovery of the lengthier derivations of
entropy in e.g. Ref. [269].

It is worth mentioning that the usual friction terms parameterized by n lead to a
violation of the conservation of the total entropy of the universe, and thus correspond
to out-of-equilibrium, irreversible processes. Indeed, adding the friction term to the
second equation in , contracting with v, and using the thermodynamic identities

of Eq. leads to
Ou(su) = - (! 9,0)°. (3.6)

Integrating the former equation over a region of spacetime between times t; and ¢y,
applying the divergence theorem and assuming a fluid at rest at the boundary gives
S(t=ty)—S(t=t;) = [d*al] (u',0)% where S is the total entropy in the spatial
volume/’| In local equilibrium one expects conservation of S, and thus it is consistent
to take 7 = 0. Nevertheless, as we will show in the following sections, friction-like
behaviour persists. As the expansion is reversible due to the conservation of entropy,

'Note that s is the entropy density in the plasma rest frame, and for a general frame one has to
account for the Lorentz contraction in the direction of propagation.



3.2. Differential Equations for Bubble Propagation 81

the effective force slowing down the bubble is non-dissipative, and we will refer to
it as a backreaction as opposed to a friction force. Its effect will be shown in two
ways: by solving the dynamical equations , and by directly looking for solutions
of their static limit so as to constrain the possible wall velocities [262]. Indeed, a
large bubble propagating with constant speed has a steady profile up to subleading
curvature effects. As such, static solutions to that capture the field and fluid
near the wall can directly be searched for. For a bubble propagating in the z direction
with v* = v, the static equations can be written as [262]

~9"(:) + (VO T)) =0
1 (3.7)

wy?o? + B (¢ ()2 =V(6,T)=c1, wy’v=cy,
where c¢1, cg are constants which can be traded for the temperature 7'y and velocity
vy in front of the bubble wall. We assume a bubble propagating towards positive z, so
that in the wall frame the fluid velocity v is negative. The last two equations in (|3.7))
can be used to express the temperature and velocity in terms of the Higgs field and its
derivatives, which then leaves a single equation for the scalar field with a non-standard
potential V (¢, ¢') = V (¢, T(¢,¢')) that depends on ¢'(z). We note that the solutions
T(¢p,d'),v(p, ") of the last identities in Eq. can be multi-valued, and due to the
quadratic dependence on v and quartic dependence on T one can expect two branches
of physical solutions with 7" > 0, which we will denote with “high” and “low”, giving
larger or smaller values of |v|, respectively. Due to the dependence on ¢’, the “energy”
function

£ =26¢'(2)* + Vaighlow (6, ') (3.8)

N =

is only approximately conserved. The boundary conditions are ¢'(z) = 0,2z — +o0,
and ¢ — 0,z — oo. For numerical calculations one may impose analogous boundary
conditions at a finite but large z. Given vy < 0 and T4, the former boundary
conditions can be satisfied only for a specific choice of the value ¢_(v4, T} ) of the field
behind the wall, leading to a prediction of the fluid velocity v_(v4,T4) behind the
bubble. On physical grounds, one expects the field far away from the bubble setting
into a minimum of the finite-temperature effective potential. Then from Eq. it
follows that one should require ¢”(z) = 0,z — +oo, as enforced in Ref. [61]. This
reduces the ambiguity of the solutions to a single parameter, e.g. T .

The static solutions for the field, velocity and temperature profiles obtained as
before have to be matched to time-dependent profiles away from the bubble wall. Far
away in front of the wall, one should recover T' = Ty, which fixes the ambiguity of
the static solution for the wall once it is matched to a hydrodynamic profile. The
time-dependence of the latter is expected because, with the scalar field tending to
a constant, the lack of dimensionful scales beyond the temperature in the leading
contributions to the plasma equations suggests “self-similar” solutions depending on
xi = |Z]/t [270]. Under this assumption, from the second line in Eq. one can
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derive the equation

E—wv

v
w

O¢p — 2 ¢ (1 —~*v(€ —v))0ev = 0,
(3.9)

L—ug O¢p — 72(5 —v)0¢v = 0.

The possible types of solutions of the above relativistic fluid equations are well known
[71,270]. One expects two types of solutions: deflagrations —in which the bubble
expands with a velocity below the speed of sound in the plasma c? = drp/drp, with
the fluid heating up and compressing in front of the bubble and at rest behind it— and
detonations —in which the expansion velocity is above ¢, the fluid is unperturbed in
front of the bubble, but heats up behind it.

For deflagration profiles, since the fluid is expected to be at rest behind the bubble
one can obtain the wall velocity v, in the fluid frame from the static wall solution
as v, = —v_. The fluid velocity in front of the bubble in the fluid frame is then
obtained from a Lorentz boost as vauid + = (v4 —v—)/(1 —v4v_). Together with the
temperature Ty, this gives boundary conditions for the plasma equations to be
solved in front of the bubble, T, must be fixed so as to get T' = T, when the velocity
drops to zero in front of the bubble.

For detonation profiles, with the fluid unperturbed in front of the bubble one must
impose T} = Thye. The static wall solution then gives unique boundary conditions
T =T_, vayia,— = (v— —v4)/(1 —vyv-) for Egs. behind the bubble.

Given the approximate conservation of € in Eq. and the boundary conditions
enforcing that the field reaches the minima of VhithOW with zero velocity, the task of
finding physical solutions can amount to the following: first, one chooses a value of
T (= Tyuc for detonations) and the value of v, is varied until one gets VhithOW with
near degenerate minima, so that solutions with the appropriate physical boundary
conditions are allowed. Then one can solve Egs. away from the bubble, and
in the case of deflagrations one has to search for the appropriate value of T which
allows to recover the nucleation temperature for the fluid at rest.

In a planar approximation the calculation gets simplified because there is no need
to solve . In the planar regime the 1/£ term in Egs. can be dropped and
one gets solutions with constant velocity and pressure, which simplifies the treatment.
However, satisfying the boundary conditions of fluid at rest far from the wall implies
the appearance of discontinuity fronts across which the velocity drops to zero: a shock
front in front of the bubble in the case of deflagrations, and a similar discontinuity
behind the bubble for detonations. Omne can relate quantities across the front by
imposing continuity of the stress-energy tensor. In the case of deflagrations, equating
the fluid velocity between wall and shock front deduced from the solutions of
and from the shock constraints leads to the condition

VA e S \/g(T-ZIL—_TI?uc)
fluid,+ — 1—’U+U_ - 1 1 . 1
\/(T +3T+) (3Tnuc+T+)

nuc

. (3.10)

The above can be used to fix the free parameter T, for the static wall solution. In
the case of detonations, there is no additional constraint as one has T, = Ty, but
within the planar approximation the temperature 7i, inside the bubble beyond the
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detonation front can be obtained from the following equations,

Vfluid,— = L S V3 (T;‘ll_Té) . (3.11)
T 1-vgus \/(Ti%1 +3T2) (3T2 +T3)

To make contact with the results of Ref. [269], let us point out that the friction
force can be derived directly from the second identity in Eq. evaluated at
both sides of the wall (where ¢'(z) = 0), once one identifies the backreaction pressure
| Foack| /A with |AV (¢, T)|, and under the approximation of a constant temperature
and fluid velocity, the latter identified with —v,,. In reality, the situation is more com-
plicated as the temperature and velocity change across the bubble, a more complete
result is

|ﬁback‘

2kl A2} = [A{(2? — DTs}. (3.12)

The planar approximation can be used to gain an intuitive understanding of the
reasons behind the subluminal propagation speed. In either deflagration or detonation
solutions, the interior of the bubble has lower entropy density than the fluid before
the transition. This simply follows from the fact that the phase transition makes
some particles massive, while the entropy in the plasma is always dominated by the
contribution from the relativistic degrees of freedom. Recall that in thermal plasma,
one can write
2

5= 24% Gus T, (3.13)
where g,s denotes the the number of effective relativistic degrees of freedom. Inside
the bubble g,s drops, and with it s. For the degrees of freedom in local equilibrium,
the total entropy has to be conserved. With the entropy decrease due to the presence
and expansion of the bubble, there has to be a compensating entropy increase. Given
Eq. , this can be achieved if parts of the fluid heat up. This is precisely what hap-
pens in detonations and deflagrations, in which the fluid heats up behind and in front
of the bubble respectively. In the planar approximation, one simply expects a detona-
tion/deflagration shell with constant increased temperature Tye —corresponding in
the notation above to T_ /T for detonations/deflagrations— and with an additional
shell front propagating with constant velocity vgont behind/ahead of the bubble wall.
The conservation of the total entropy within this approximation then gives

|A’75‘front 1/3
= _ 3.14
Vw VUfront ( |A75|Wall , ( )

where we assumed fluid shells with radial symmetry and radii R,, = vyt, Ryont =
Veontt- Using the stress-energy conservation relations across the front, one can relate
Vrront tO the temperatures at each side of the front,

1 (3T3+Tii
V3 \3TL+T2

1/2

1 3Tj:+T;}uC) d .
=\ er— 1 eflagrations.
V3 (sT;}chrTi g

1/2
) detonations
(3.15)

Ufront =
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One can also express the entropy increase across the front in terms of the same temper-
atures using Eqgs. (3.10), (3.11)) and (3.13)). Subliminal speeds are generally expected
for moderate heating in the compression shell.

Above, we related the subluminal propagation speeds to a heating effect associated
with the conservation of the entropy of the degrees of freedom in local equilibrium.
A heating effect was already connected to subliminal speeds in local equilibrium in
the case of deflagrations in Ref. [61], though with different argumentation. It was
noted that such a heating in front of the bubble wall could lead to a zero driving
force, incorporating the effects of pressure and the zero T' potential difference, for the
bubble expansion. In view of the arguments provided in Ref. [269] (which, as seen
above, follows from the static equations (3.7), which were also solved in Ref. [61]), one
does not expect an exactly zero driving force, but a compensation with a backreaction
force due to the entropy changes across the bubble. Yet the heating effect first noted
in Ref. [61] is definitely connected with subluminal propagation speeds, and can be
understood from entropy conservation and extended to detonations.

3.3 Example Model

To illustrate the friction effects, we consider an extension of the SM by an N-dimensional
multiplet y of complex scalar singlets with U(V)-preserving couplings, including in-
teractions with the Higgs ®:

A
LD —m%oTd — §(<I>T<I>)2 - miXTX
A
~5 0% = AT exT (3.16)
Now, all that is required for writing down the equations is p = —Vp. For simplicity

of the numerical implementation we use a high-temperature expansion up to terms of
order T', which still captures the nontrivial field dependence

7.(.25114 y2 3g2

T)= ——(g« 2N) -T2 (n? 2 + =L
A P R (G C

3¢ XN Nigy, v\  m% Nm}
T Tyt Ty) T T

T (3, 5 3k [3¢2 L\
— | =2 (goh)° = T [ L

1271'( 792h)” = =3 ( 5 T (3.17)
-3 @er? 3/2— 3h2)\+m2 v

2 H 2 H

WAy 5\
2N< 5 +mx> .

In the above equation, we have assumed a background for the neutral component of the
Higgs h. g« sm ~ 106.75 denotes the number of effective relativistic degrees of freedom
in the SM plasma, while g; and gy are the hypercharge and weak gauge couplings in
the normalization compatible with Grand Unification, and v, 3, are the bottom and
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top quark Yukawa couplings respectively. For the couplings and parameters beyond
those of the SM we use N = 4 or N = 2, m%/m%v = 0.0625, A\, = 0.085, Ay =
0.85. This gives a first—order electroweak phase transition with critical and nucleation
temperatures around T, = 115.952GeV, T, = 115.297GeV for N = 4 and T, =
126.376GeV , Thue = 126.229GeV for N = 2. The nucleation rate can be estimated
by minimizing the three-dimensional integral S3[h,T'] of the finite-temperature action
evaluated at static configurations h(r) with radial symmetry, we use the standard
criterion for nucleation S3[hnuc(7), Thue]/Thuc ~ 140, where hpyc(r) is the critical field
configuration or bubble.

3.4 Solving for Time-Dependent Solutions with a Neural
Network

In this section we focus on solving the time-dependent equations for the above
parameter choices, with NV = 4. We assume radial symmetry, with the velocity field
having a radial component v" = v, and with v, h, T being functions of r,t. As initial
conditions we use T'(r,t = 0) = Tyye, v(r,t = 0) = 0, while for the Higgs we use the
critical bubble perturbed with a nonrelativistic boost (as otherwise the bubble would
remain static): h(r,t = 0) = hpue(r), Oth(r,t)|1=0 = —dhi,.(r), with 6 = 0.2.

nuc

3.4.1 Setup

In order to find time-dependent solutions to Egs. we follow the technique pio-
neered in Ref. [271] and implement an artificial neural network (NN). The method
relies on recasting the partial differential equations (PDES) as an optlmlzatlon proce-
dure —for which NN are uniquely suited— of the form L =0, where L is a positive loss
function to be minimized by the NN. The network is constructed by considering an
initial layer of 2 inputs &, = (r,t) that are to be mapped to a final layer with 3 outputs
N,, which are to be approximations of the solutions ¢,, = (v, h,T) to the differential
equations. The inputs are mapped to successive hidden layers of k£ elements, from the
combined action of linear transformations between each layer and the action of a real
activation functions, a final linear mapping gives the final outputs. For example, for
one hidden layer one has

N (€ {w, b}) =D w!  g(wi,&n + ) + b, (3.18)
k,n

where ¢ is the activation function, ngkawj;k are known as “weights”, and b",b/ are
the “biases”. A set of weights and biases which minimize the loss function associated
with the system of differential equations are searched for. Writing the latter in the
form

— —

-’rm(ga en(§), 0 n(€)) =0, (3.19)

with m,n € {1,2,3}, p,q € {1,2}, and assuming boundary conditions (BCs) for
boundary points &, of the form

Ba (s 0n (&), B n (&) = 0, (3.20)
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the loss function is constructed from considering a discrete set of “training points” f_;
including boundary points &, ;, and evaluating F;, and B, on them

{w b}) Zcm Ezv (fz) Nn(z Z))2

+Zda6a<§b,j,Nn(§2,j>, HNu(E.9)*. (3.21)
J.a

Above, the derivatives of the network outputs can be obtained analytically from
(3.18)). The coefficients ¢, and d, represent relative weightings for each PDE and
BC, required to ensure that all PDEs and BCs contribute comparably to the loss
function. We implement the NN with 13 hidden layers with 10 nodes each, with tanh
activation functions. We choose the training examples from an evenly spaced 80 x 80
grid. We use the pytorch package along with the Adam optimizer for the NN gradi-
ent descent. To avoid getting trapped in sub-optimal local minima of the smooth loss
function, we take care to reduce the learning rate through cosine annealing with warm
restarts. For fast convergence of our solution, we first pretrain the NN with a tem-
plate solution implemented as a boundary condition for low ¢. This is obtained using
Wolfram Mathematica’s PDE solver, which is only able to provide reliable solutions
for a small time interval. After the NN is in the correct vicinity of solution, we remove
the pretrained template from the loss function and train according to . This al-
lows reliable solutions for time intervals that cannot be reached with the Mathematica
solver.

3.4.2 Dynamic Transition Results

From the previous NN setup we were able to obtain solutions in which the individual
loss functions F,, in dimensionless units (obtained by rescaling quantities with appro-
priate powers of the W mass myy =~ 80GeV) take values < 5 x 1073, We show the
resulting dynamical profiles of h, T, v in Figure as a function of r in dimensionless
units for 5 equally spaced timestamps between t = 0 and ¢t = 50/my,. We note that
the Mathematica solver was only able to compute accurate solutions for ¢ < 15/myy.
The scalar profile settles to a slow expansion, while the velocity and temperature
profiles show the formation of a faster propagating front, in accordance with the ex-
pectations of a deflagration solution with self-similar fluid behaviour. Confirming the
latter would require extending the solutions to even later times, a more efficient means
is to directly look for static wall solutions with consistent hydrodynamic profiles as
we show in the next section. By following points with constant h(r,t) = 0.5 we can
estimate the bubble’s position and velocity, the latter is plotted with a solid line in
Figure which shows that the bubble’s velocity settles to < 0.25. This is in contrast
to the result, illustrated with a dashed line, when the terms proportional to dw/d¢®
are omitted in Eq. . In this case the bubble velocity quickly approaches the speed
of light. This confirms our observation that the field-dependence of the enthalpy is
responsible for the friction-like behaviour.
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FIGURE 3.1: Dynamical evolution of h,T and v in dimensionless units. The curves
from left to right correspond to time steps from tmy = [0, 50] with my At = 10.
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FI1GURE 3.2: Bubble velocity versus time in dimensionless units, including the effect
of the field dependence of the enthaply (solid line) or without it (dashed line).

3.5 Static Planar Bubble Profiles and Consistent Defla-
grations

In this section we report the results of searching for deflagration solutions with the
same parameters as in the previous section, assuming a static solution near the bub-
ble wall that solves Eq. , and either implementing the hydrodynamic constraints
of Egs. , applying in the planar regime, or matching with solutions to
the radial hydrodynamic equations . Without imposing the boundary condition
¢"(z) — 0, we have found a one-parameter branch of solutions satisfying all con-
straints. These family of configurations corresponds to the “low” branch of solutions
for the temperature profiles T'(h, '), and when solving Egs. we find acceptable
configurations for Ty < T"** = 116.471GeV . The upper value of T'y corresponds
to the unique solution satisfying the physical constraint ¢”(z) — 0 at large |z|, and



88 Chapter 3. Phase Transitions in the Early Universe

having a wall velocity v,, = 0.496. We note that with our method it is challenging to
exactly recover ¢”(zmin) = 0 because we use a finite interval of z, and moreover we
find an exponential sensitivity of ¢”(zyin) to the value of T near T, with ¢ (2min)
approaching zero with a slope that seems to grow towards infinity. The former results
are compatible with the dynamical results of the previous section, in which tempera-
tures remained below the above value of T (see Figure and the wall velocity
approached 0.25. The lower velocity in the dynamical simulation can be due to the
effect of considering a radial expansion, as opposed to the planar approximation used
for finding the static wall profile. It could also be that the planar wall velocity is
only reached at much later times than the ones covered by the dynamical simula-
tion of the previous section, note that the slope of the wall velocity in Figure
though very small at later times, seems to be nonzero. The wall velocity v, the
exact backreaction force of Eq. and the approximation of Eq. found in
Ref. are illustrated in Figure which also shows the results when, instead of
solving Egs. , one imposes the planar constraints of Eq. . We find qual-
itative agreement with Eq. up to deviations below 70%, which are due to the
changes of T' and v across the bubble.

In Figure we illustrate the pseudopotential YA/iOW(h, h') evaluated at constant
configurations with A’ = 0, for three different values of v, and the value of T =
116.471GeV giving the smallest |¢”(zmin)| for zmin = —25/my. The fact that for
this finite interval in z we don’t achieve exactly ¢”(zmin) = 0 is reflected by the slight
non-degeneracy of the minima of the pseudopotential. We illustrate the profiles for
solutions near Ty = T in Figs. [3.4] and [3.5]
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FI1GURE 3.3: Pseudopotential Vlow(h, ' =0) for T, = 116.471 GeV, with v, taking
the values (from top to bottom): -0.47, -0.4809, -0.50. The central choice of v gives
a hydrodynamic profile in which T' = T, when the fluid velocity drops to zero, and
with a minimal value of |¢”(zmin = —25/mw )| in our numerical scans.

The physical solution with ¢”(z) — 0 at large |z| would correspond to the solutions
that were searched for in Ref. . The solution with a minimal value of ¢”(zmyin)
found here satisfies approximately the constraints derived in the former reference from
requiring a zero driving force (although in fact there is a drlvmg force which is exactly
compensated by a nonzero Fback, as illustrated in Figure . Defining the parameter

le
4a+TC4 ’

Qe =

(3.22)
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FI1GURE 3.4: Deflagration profiles of the Higgs, temperature and velocity across the
bubble wall for T, = T7"*.
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FIGURE 3.5: Hydrodynamic profiles for the fluid temperature and velocity in front
of the bubble wall corresponding to the bubble profiles in Figure @

where l. = TOr(V(he, T) — V(0,T)|r=1,) is the latent heat of the transition (with
h. the nontrivial vev at the critical temperature), and with a4 = 72/30(g«.s0m + 2N)
related to the 7% coefficient of the pressure in Eq. , the following identities from
Ref. are satisfied

(3.23)

The static profiles for the scalar have a typical width as in Figure L ~
20/my ~ 30/T. The local equilibrium approximation is expected to hold if L/v(vy)
is above the mean free path Ay, of particles in the plasma. With v,, < 0.3 the Lorentz

~

contraction factor is of order one, while Ref. [255] estimated Ay, < iy, (T)/(10ma2,T3),
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FI1GURE 3.6: Upper plot: Bubble velocity as a function of 7'y for the static solutions
compatible with consistent deflagrations, and without imposing ¢ (z) — 0 far away
from the bubble. The blue curve gives the results when solving the hydrodynamic
equations away from the bubble, while the grey line gives the results in the pla-
nar approximation. Lower plot: Backreaction force as a function of the bubble wall
velocity (solid lines) compared to its approximation in Eq. (dashed lines). The
curves in blue/grey correspond to the hydrodynamic equations with radial/planar
symmetry. In both plots, the physical solution with ¢”(z) — 0 at large |z| corre-
sponds to the ending points of the blue curves, or the turning points of the grey
curves.

where 3, (T) is the temperature-dependent W mass, and oy, = g3/(4r). In our bub-
bles, we have h < 1.5my ~ T, giving mi(T) < T?/9 and A, < 3/7. Hence the
local equilibrium approximation is indeed justified.

3.6 Static Planar Bubble Profiles and Consistent Deto-
nations

In the following we apply the same treatment of the previous section to the search
of consistent detonation profiles. Given the inverse proportionality between the wall-
velocity and the increase of entropy density across the bubble in Eq. , one expects
higher wall velocities if the phase transition increases the mass of a lower number of
particles. This also fits with the proportionality of the backreaction force to the
increase in entropy density in Eq. . As for the choice of couplings described in
Section [3.3] we found deflagration solutions for N = 4, we hope to find larger wall
velocities (and possible detonation solutions) for N = 2.

For this choice we find no acceptable deflagration profile with the techniques of
the previous section, despite the fact that the parameters satisfy the condition in
the second line of Eq. derived in Ref. [61] for deflagration profiles in local
equilibrium. On the other hand, by choosing the “high” branch of solutions of T'(h, h'),
we find acceptable detonation profiles. The solutions with |¢” (zmin)| — 0 are found for
vy = —0.723 (and of course Ty = Tyye = 126.229GeV for N = 2), giving a supersonic
wall velocity v, = 0.723. This can be connected to a detonation profile behind the wall
that solves Eq. with the fluid velocity dropping to zero as expected. Figure
shows the pseudopotential Vhigh(h, h' = 0) calculated for three different choices of v,
the central one giving the physical solution.

The profiles for the Higgs field, the velocity and temperature along the wall are
shown in Figure [3.8] Note the heating effect behind the bubble, with the value of
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FIGURE 3.7: Pseudopotential Vhigh(h, h' =0) in the N = 2 case for Ty = Tyue =

126.229 GeV, with vy taking the values (from top to bottom): -0.65, -0.723, -0.80.
The central choice of vy gives a consistent detonation profile.
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FiGUurE 3.8: Detonation profiles of the Higgs, temperature and velocity across
the bubble wall. Note how the fluid velocity increases behind the bubble, and the
temperature rises. One reaches T > T, but the Higgs is still allowed to be in
a metastable minimum. In the hydrodynamic solution far behind the wall, the
temperature drops such that the Higgs is stabilized (see Figure .

T setting onto T_ = 126.499 GeV > T, = 126.376GeV. For this temperature above
the critical one there is still a nontrivial Higgs minimum, yet with a higher energy
than the minimum at the origin. The physical interpretation is that the fluid heats
immediately behind the bubble, driving the Higgs to a metastable minimum.

For solving the hydrodynamic profile behind the bubble, the value of the Higgs
can be assumed not to change much i.e. the energy of the Higgs vacuum shifts with
temperature, but the relative changes of the vev are small. Then assuming a constant
Higgs value one can solve the hydrodynamic equations behind the bubble, which
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F1GURE 3.9: Hydrodynamic profiles for the fluid temperature and velocity behind
the bubble wall, assuming a constant Higgs value.

confirms that the temperature drops to a value Ti, = 126.259 GeV < T, so that the
Higgs can be stabilized at the absolute minimum of the finite-temperature potential
well inside the bubble. The backreaction force computed from Eq. is found to
be \ﬁback|/A/m%V = 0.648, while the Eq. gives a result which is 3.2 times larger.

3.7 Discussion and Conclusions

In this work we have confirmed and provided new insights on the hydrodynamic ef-
fects that give rise to subluminal bubble propagation in first—order phase transitions in
which equilibrium is maintained locally. Such subluminal propagation in equilibrium
has been proposed for deflagrations in Ref. [61] and for general transitions in |269],
and remains in contrast to the common view that links bubble friction with out-of-
equilibrium effects. In our work we have provided an understanding of the subliminal
propagation as a consequence of the conservation of the total entropy of the degrees
of freedom in local equilibrium: in a simplified planar expansion in which detonation
or deflagration fronts develop (which typically propagate subluminally) entropy con-
servation relates the bubble wall and front velocities. We went beyond the work of
Ref. [269] by clarifying the origin of the friction forces in the differential equations
for the scalar field and the temperature and velocity profiles of the plasma, and by
calculating the time-dependent bubble expansion in a SM extension with additional
scalars. The slowing down of the bubble arises from terms sensitive to the depen-
dence of the entropy on the scalar field background. These backreaction effects can
be accounted for by using conservation of the stress-energy momentum tensor and
incorporating the background-field-dependence of the plasma’s pressure and enthalpy,
which can be derived straightforwardly from the thermal corrections to the effective
potential.

We have argued that the conservation of the total entropy of the equilibrated
degrees of freedom implies that the fluid must heat up in a region near the bubble,
which offers a natural connection with the heating effect that was pointed out in
Ref. [61]. That reference analyzed bubble profiles by considering the equations in the
static limit, while accounting for consistent hydrodynamic deflagration profiles away
from the bubble. We have done analogous computations and found that, while the
effect pointed out in Ref. [61] was assumed to be restricted to deflagrations, one can
also get consistent detonation solutions with subluminal wall velocities, as expected
from the results of Ref. [269].
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The computations of the static wall profiles allowed us to estimate the resulting
backreaction force, computed from Eq. , against the results of Ref. |269],
which excludes runaway bubbles. We found qualitative agreement up to O(1) effects
related to the change of velocity and temperature across the wall.

In our calculations we considered a scenario in which the hypothesis of local equi-
librium seems to be justified. Nevertheless, in general settings in which some species
remain out of equilbrium, we expect as pointed out in Ref. [269] that the backreaction
force from the equilibrated plasma will still play an important role, as the conserva-
tion of the total entropy of the degrees of freedom in equilibrium will typically require
subluminal speeds. This effect should be accounted for properly in such cases.
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Chapter 4

C' P Violation

4.1 CP Violation and Circular Polarisation in Neutrino
Radiative Decay

For decades, studies of neutrinos have deepened our understanding of nature [75].
Although their very small but non-zero masses (for at least two of their generations)
and lepton flavour mixing have been observed and verified by neutrino oscillation ex-
periments, some fundamental questions about neutrinos such as their electromagnetic
properties, C' P violation, whether they are Dirac or Majorana fermions and if they
have additional species existing in nature remain unknown.

The studies of neutrino radiative decays dates back fourty years [272-274] and
beyond. Assuming neutrinos are electrically neutral fermions (Dirac or Majorana),
their electromagnetic dipole moments (EDMs) can be generated at various loop levels
and neutrino radiative decays 154 — v¢ + v are induced by off-diagonal parts of the
EDMs [275-280|. Charged current interaction contributions in the SM have previously
been calculated at one-loop level in [275-279| and later studied in detail in [281,282].
However, these contributions are tiny due to the large mass hierarchy between the
active neutrinos and the W boson and there is currently no positive experimental
indication in favour of their existence. Neutrino electromagnetic interactions therefore
provide a tantalising probe for new physics (NP) beyond the SM (see [283] for a
comprehensive review).

If more massive neutrinos exist, then these heavy neutrinos may decay to the
lighter active neutrinos radiatively. These heavier neutrinos will consequently have a
larger decay width due to the existence of such decay channels. Various hypothetical
heavier neutrinos have been historically introduced, motivated by a combination of
theoretical and phenomenological reasons. Some of the most famous ones are those
introduced in the type-I seesaw mechanism [284-289|, which was proposed in order to
address the origin of sub-eV left-handed neutrino masses. Phenomenological motiva-
tions have suggested keV sterile neutrinos as dark matter (DM) candidates to explain
the detection of a 3.5 keV X-ray line in [290,291] (for some representative reviews,
see |292/-294]). Very heavy DM was also proposed [295],296| in order to explain the
IceCube data [297,/298|. Radiative decays of such heavy particles may be more sig-
nificant than those of active neutrinos due to their very large relative mass. Hence,
radiative decay is typically a major channel of importance in detecting possible keV
sterile neutrino DM.

C'P violation may exist in various processes involving neutrinos. At low energy,
neutrino oscillations provide the best way to clarify its existence in the neutrino sector.
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Combined analysis of current accelerator neutrino oscillation data [299] supports large
C'P violation in the appearance channel of neutrino oscillations [300,301]. The next-
generation neutrino oscillation experiments DUNE and T2HK are projected to observe
C'P violation in the near future [302-304]. At high energy, the most well-studied pro-
cess involving C'P violation is the very heavy right-handed neutrino decaying into
SM leptons and the Higgs boson. This effect is the source of the so-called thermal
leptogenesis phenomenon, which can explain the observed matter-antimatter asym-
metry in our universe |81]. On the other hand, if these heavy neutrinos have lighter
masses, specifically around the GeV scale, C' P violation may appear in right-handed
neutrino oscillations, which provides an alternative mechanism for leptogenesis [305|
(See [306,307] for some reviews).

In this work we study C'P violation in radiative decays of both Dirac and Majorana
neutrinos. Whilst neutrino radiative decays have been extensively studied for some
mass regions of neutrinos, C'P violation in these processes has not been studied for a
more general spectrum of mass scales with very few exceptions e.g. [308|. Recently,
it was suggested in [309] that a net circular polarisation, specifically an asymmetry
between two circularly polarised photons v and v_, can be generated if C'P is violated
in neutrino radiative decays. Therefore, the circular polarisation of photons provides
a potentially crucial probe to prove the existence of C'P violation in the neutrino and
DM sectors.

This work builds a formulation to describe both C'P violation in neutrino radiative
decays and also the resulting asymmetry between the produced photons 4 and ~_.
In Section [£.1.1] we outline the most general formalism of C'P violation and circular
polarisation in terms of form factors where the result is independent of the neutrino
model or mass scale. In Section [I.1.5, we discuss C'P violation based on a simplified
neutrino model. We begin this section with a discussion about the size of C'P asym-
metry for the SM contribution and then consider how C'P violation can be enhanced
via new interactions. A comprehensive analytical calculation of C'P asymmetry based
on Yukawa type NP interactions is then performed in Section[f.1.7] this type of simple
interaction has a wide ensemble of phenomenological applications which is shown in
Section [4.1.8] Finally, we summarise our results in Section [4.1.12

4.1.1 The Framework

In this section we shall set up the framework for computation of C'P violation in
neutrino radiative decays and the general connection with circular polarisation gen-
erated by such processes. Discussion in this section is fully independent of neutrino
interactions and thus is applicable to any other electrically neutral fermion with mass
at any scale.

Discussions in Section [4.1.2] and [4.1.3] assume neutrinos are Dirac fermions. The
extension to Majorana neutrinos will be given in Section [4.1.4]

4.1.2 Matrix Element for Polarised Particles

Assuming fermions are Dirac particles, the amplitude for the process vy — vg + 4 is
given by

iM(v; = ve +x) = ia(pe) T (¢”)ulpi)el (@) (4.1)
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Here, u(p;) and u(pr) are spinors for the initial 14 and final vf state neutrinos respec-
tively. By momentum conservation, the photon momentum is ¢ = p; — ps. The spinors
include the spin polarisation of the fermions, this will be discussed in more detail in
the next subsection in a specified inertial reference frame. The transition form factor
is then parametrised as per [278-2804310]

Th(g®) = fRaD7" — Do a + 820" ars + [ () (@A — ¢ d)fe-2)

We will not consider electrically charged neutrinos, namely we require that f< = 0.
The modification to the result in the case of non-zero f@ will be mentioned at the end
of this section. By requiring the photon to be on-shell ¢ = 0 and choosing the Lorenz
gauge q-&, = 0, the anapole does not contribute. In this case, only the electromagnetic
dipole moment contributes to the neutrino radiative decay. We then rewrite the form
factor as

Th(q®) = io"™a(f§(@®)PL+ fi(d*)Pr], (4.3)

where fII{ R— _ fé/[ +14 fﬁE and the chiral projection operators are defined as P, r =
%(1 F v5). The decay widths for v; — vg + v+ are then given by

2 2
ms —m
(v > v +vye) = 7116%; IM(v; = vg 4+ 1) 2. (4.4)
i

The amplitudes M(v; — v¢ + 4 ) are directly correlated with the coefficients

M = ve+y) = +V2fg(mi —mj),
M = e +9-) = —V2fg(m] —mf). (4.5)

which are derived in detail in Appendix The sum of the decay widths for v; —
v + v+ and v; — vg + — yields the total radiative decay width T'(v; — vg + 7).

Again, if we only consider radiative decay for an electrically neutral antineutrino,
the amplitudes of radiative decay 7y — U + v+ are then given by

iM(B5 — g 4 v+) = i0(p;) Tl (q%)v(pe)el ,(q) (4.6)

where v(p;) and v(pg) are antineutrino spinors. The decay width for 73 — g o +; is

m2 — m2
D(y — g +71) = W'M(ﬂi — o+ )2 (4.7)
i

By parametrising the form factor in a similar form to before, we have

Die(a®) = o™ afig(d®) P+ fif (a*) PRl (4.8)
with fiIE’R =— ?\f/[ +1 f:% Therefore, the amplitudes can be written in a similar fashion

following Eq. , i.e. by replacing fg; and fé{ by f_llg and fff{ respectively (see the
proof in Appendix ) These formulae can be further simplified with the help of the
CPT theorem, which is satisfied in all Lorentz invariant local quantum field theories
with a Hermitian Hamiltonian. Due to C'PT invariance, 75 — Vg 47+ and vg+v+ — 14

have the same amplitude, and thus E}/IE(qQ) = — fil\f/I’E(qQ) is satisfied |283], leading
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to

fi#(d) = —fi§(d),  Ff@®) = —ff(d). (4.9)
Hence, amplitudes M(7; — D¢ + 74+) can be simplified to

M@y — op +74) = +V2f(mi —mi),
My —>op+79-) = _\/ifin{(miQ - m%) . (4.10)

Physical neutrinos and antineutrinos are related by a C'P transformation which
interchanges particles with antiparticles and replaces momentum by its parity con-
jugate p = (po, —p). The CP transformation reverses the momentum but preserves
angular momentum. As a consequence, the polarisation is reversed. Performing a
CP transformation for vi(pi) — ve(ps) + v+(q) gives rise to antineutrino channels
with reversed 3D momentum and reversed photon polarisations in the final states
7i(pi) — Up(Pe) + v=(q). Since the amplitude is parity-invariant, the amplitude of the
process is equivalent to 7(p;i) — vp(pe) + Yx(q). Therefore, the radiative decay of
antineutrinos can be represented as a C' P conjugate of the decay of neutrinos

iM(y = D 4+ 1) = iIMP (15 = vp + 7). (4.11)

In the case of C'P conservation, both fi(¢?) and f}(¢?) are Hermitian i.e. fil}/I’E(qZ) =

M,E * . L,R R,L * 7L,R R,L *
[fa~ (QQ)] . This leads to f¢ (q2) = [fa (q2)] , namely, fi¢ (q2) = —[fa (q2)
[283,1311]. And eventually, we arrive at the identity

L(y = ve+v4) T — vp+y5) < My — l/f—f—’)’:t)|2—‘MCP(l/i —vp+7)?=0.

(4.12)
However, a C'P violating source in the interaction may contribute at loop level and
break this equality.

4.1.3 Correlation Between C'P Asymmetry and Circular Polarisa-
tion
We define the C'P asymmetry between the radiative decay vy — v¢ + v4 and its CP

conjugate process vy — Uf + y_ as

P F(Vi — Uy +’Y) +F(I71 — Uf +7) ' ’

The C'P asymmetry between v; — vg+v_ and its C'P conjugate process v; — v+,
Acp,—, is defined by exchanging 4 and — signs. The photon polarisation independent
CP asymmetry is obtained by summing Acp 4 and Acp_ together which yields

vy —wve+vy) - T =g +v-)+ (s —ve+v-) = D5 — v +v4)
F'vi v +v)+T (= e +7)

Acp =

(4.14)
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It is also convenient to define the asymmetry between the radiated photons v4 and

v_ as

P 2 v +y) M- e+ y) -T2 e +9-) —T(@ = o +9-)
F(vi = ve+79) + T — v +9) '

A+, —

(4.15)
Given equal numbers for initial neutrinos and antineutrinos, A _ represents the frac-
tion (N5, — N,_)/(N,, + N,_), where N,, and N,_ are the number of polarised
photons 4 and vy_ produced by the radiative decays respectively. It is this source
that generates circular polarisation for the radiated photons giving rise to a non-zero
Stokes parameter V.
Therefore, a non-zero A, _ is a source of circular polarisation for the photon
produced by the radiative decay. Since the phase spaces are the same for neutrino
and antineutrino channels, these formulae can be simplified to

Li2 _ | ¢R|2
N 1P~ 11
’ |F& 12+ IR+ A5+ [ fg 2
! R+ 112+ [ FR12 + | £51?
as well as
Acp |fg 12+ IR = 1151 — | f5)?

&2+ IR+ A2+ 152

L2 R|2 R|2 L2
A+_ — |fﬁ| _|fﬁ| _| if| +’ if| ' (417)
\f& 12 + 8P+ 1A+ 1 g

The total CP asymmetry and the asymmetry between v; and v_ follows simple
relations with Acpy and Acp_ as

Acp = Acpt +Acp—,
A = Acps—Acp. (4.18)

Therefore, we arrive at an important result that the generation of circular polari-
sation is essentially dependent upon C'P asymmetry between neutrino radiative decay
and its C'P conjugate process. Note that we have not included any details related to
the Lagrangian or interactions yet. Given any neutral fermion, its radiative decay can
always be parametrised by the electromagnetic dipole moments with coefficients fg;
and fR (as well as fiz and f{ for its antiparticle), we then arrive at the correlations
between C'P violation and circular polarisation in Eq. with their definitions in
Egs. (4.16]) and (4.17).

Another source of asymmetry between polarised photons is the existence of an
initial number asymmetry between neutrinos and antineutrinos [309]. There may be
some other C'P violating sources in particle physics which can induce this condition
[312]. On the other hand, this kind of asymmetry is more likely to be generated
in extreme astrophysical environments. For example, in supernovae explosions, the
asymmetry between sterile neutrinos and antineutrinos may be generated because of
the different matter effects during neutrino and antineutrino propagation [313}314].
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In the rest of this section, we will only consider circular polarisation directly produced
by the C'P violating decays between neutrinos and antineutrinos.

Now we may turn our attention to obtaining non-zero C'P violation for the radia-
tive decay. For vy — v+ and vy — vg+~_, we parametrise the effective coefficients
ffI; and fg{, these should be obtained from the relevant loop calculations in the form

K=Y CGKF, f§=> CK}, (4.19)
l l

without loss of generality. Here, we have used [ to classify the different categories
of loop contributions. For each loop category [, C; factorises out all coefficients of
operators contributing to the diagram. K; L and K; R represents the pure loop kinemat-
ics after coefficients are extracted out. As a consequence, f& i and ‘)m (namely — L
and fiffi) corresponding to the effective parameters for 7; — g + v+, can always be
represented in the form []

fg =) CIK[', fif =2 CrKl. (4.20)
l l

The C'P asymmetries with respect to the photon polarisations can then be simplified
to

Acpy o< |fg| = |fifl = =4 Im(CCH)Im(KFKG™),
1A

Acp- o |ff| = 1fzl = =4 Im(CCH)Im(KRK). (4.21)
1Al

Therefore, a non-zero C'P asymmetry is determined by non-vanishing Im(C;C};) and
non-vanishing Im(K}K5*) (or Im(K}K}*)) from loops [ and ['.

While the imaginary part of Im(C;C}) is straightforwardly obtained from the
relevant terms in the Lagrangian, the main task is to compute the imaginary parts of
K ZLK 117* and K IRK lIf* In order to achieve non-zero values of these imaginary parts,
one may apply the optical theorem which can be expressed as

ImM(a — b) Z/dl_[ M*(b— c)M(a — ¢), (4.22)

where the sum runs over all possible sets ¢ of final-state particles [315]. Fixing a = 14
and b = vf 4+ v, ¢ has to include an odd number of fermions plus arbitrary bosons.
All particles heavier than v; cannot be included in ¢ since this would violate energy-
momentum conservation. In the next section, we will explicitly show how to derive

'To clarify how this parametrisation is valid, we write out the subscripts explicitly, f§ =
S, (Ca(K)a and fi = >,(C)a(KY)a. Similarly, we can write out fiz = >,(C1)ie(K[)ie and
fif = 3,(C)ie (K )ie. One can simplify fi and f{f in the following steps. 1) The coefficient (C});e
must be the complex conjugate of (C;)s since both processes are CP conjugates of one another.
2) (K1)ir and (K[')ig, as pure kinetic terms, must satisfy 7" parity, namely they must be invariant
under the interchange of the initial and final state neutrinos v; <> v¢, the chiralities must also be
interchanged L < R, namely, (K} )lf = (K} )ﬁ and (K)ie = (K)a. Therefore, fi and fif can be
re-written to be fiz = >°,(C)a(K)a and fif =3, (C)a(K])a-
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a non-zero analytical result for Im(K} K *) based on a simplified NP model where
Im(KlLKlIf*) is negligibly small.

4.1.4 (P Violation in Majorana Neutrino Radiative Decay

The above discussion is only limited to Dirac neutrinos. However, neutrinos may also
be Majorana particles i.e. where the neutrino is identical to the antineutrino but
with potentially different kinematics. In this case, both the neutrino and antineutrino
modes must be considered together. The amplitude is then given by iMM(1; —
ve 4+ v4) = iM(v; — vg + v1) + iM(3 — g + v+ ). Taking the explicit formulas for
the amplitudes given in Eq and , we obtain results with definite spins in
the initial and final states as

MMy = v+ 9y) = V2 - figl(mi —mp),
MMy = ve+y2) = —V2IfF = fifl(mi —mg§), (4.23)

The decay width FM(I/i — vf + 4 ) is still written in the form shown in Eq. .

For Majorana fermions, the C'P violation is identical to that obtained from P
violation alone i.e. the C'P asymmetry is essentially the same as the asymmetry
between the two polarised photons A%_

FM(Vi — v+ y4) — 11M(Vi — vg+-)
PM(Vi — I/f—i-’}/)

APpy =—Afp_ =AY = . (4.24)
The CP asymmetry without considering the polarisation of the radiated photon is
zero, namely, A%P = Al\C/IP’Jr + AI\C/IP,_ = 0. With the help of Eq. (4.23), we can

express AM 7 in the form of electromagnetc dipole parameters as

|ff-%_ L’2 ‘fﬁ — 1f|
\f§ — fglP+ 1§ — fif PP

We will not discuss the Majorana case further here since the asymmetries are simi-
larly straightforward to obtain once coefficients of the transition dipole moment are
ascertained.

At the end of this section, we comment on C'P violation in electrically charged
neutrino decay. In this scenario, the magnitudes of the neutrino and antineutrino
decay modes are modified to

A (4.25)

M = v +71) = +V2fEmE —md) — V2fE (ms —my),
M= ve+72) = —V2fR(mE —md) + V2§ (mi —me),
M@= v +71) = +V2fmi —m§) — V23 (mi —me),
M = e +7-) = —V2fRm? —md) + V2fg(mi—me),  (4.26)

where, according to the CPT theorem, f = fQ has been used. The modified
amplitudes are equivalent to shifting coefficients fL and R in Egs. and -
to f¥ = fY — fQ/(m; + mg) and fR = fR — fQ/(m; + mg) respectlvely cp
asymmetries Acp+, Acp—, Acp and the asymmetry between polarised photons A _



4.1. CP Violation and Circular Polarisation in Neutrino Radiative Decay 101

(Dirac neutrino), as well as A (Majorana neutrino), are obtained following the same
coeflicient shifts.

4.1.5 Calculating C'P Violation in Radiative Decay

Having provided a very general discussion on C'P violation and circular polarisation
for neutrino radiative decay in a mass scale and model independent way in the previous
section, in the following sections, we will concentrate on a simplified example where a
sterile neutrino radiatively decays vs — ;4 and show how to obtain the exact form of
the C'P asymmetry and circular polarisation for the radiated photon. In this example,
the initial and final state neutrinos are specified as v; = vs and vy = v; respectively.
In this simplified case, we consider only one sterile neutrino generation and the three
active neutrino generations with both v4 and v; (for i = 1,2, 3) being mass eigenstates.
Extensions to multiple sterile neutrino generations are straightforward, and thus, will
not be discussed here.

We will apply the above formulation in the following way. First, we estimate the
size of C'P violation from the SM contribution alone i.e. via the charged current
interaction mediated by the W boson. Then, we consider the enhancement of C'P
violation by including NP Yukawa interactions for sterile neutrinos. Such Yukawa
interactions have a wide array of applications with theoretical and phenomenological
utility which we will outline in the following section. Finally, we list the simplified
analytical result for C'P violation and circular polarisation generated from the decay
at the end of this section.

4.1.6 The Standard Model Contribution

It is well known that the radiative decay can happen via one-loop corrections induced
by SM weak interactions with SM particles (specifically with charged lepton ¢, for
a = e, u, 7 and the W boson) in the loop. The crucial operator is the charged-current
interaction is

-y ¥ 7 J5Uam { CoV PLvm W, +hic., (4.27)

a=e,u,T m= 1,2,35

where ¢ is the EW gauge coupling constant and U, represent the lepton flavour
mixing. Here we have m = i, s (where i = 1,2, 3) representing the active light neutrino
mass eigenstate v; and the sterile neutrino mass eigenstate v;.

The one-loop Feynman diagrams for the radiative decay via the SM charged cur-
rent interaction are shown in Figure [l.1]F] In the limit m2/m}, < aq = m2/mi,,
where m,, and myy are the charged lepton and W boson masses respectively, we have
the result for T’y given as

7

2In the Feynman gauge, additional diagrams involving unphysical Goldstone bosons and ghosts
should also be included, note that these are not shown in the figure. In addition, the one-loop v — Z
self-energy diagrams are essential to include to eliminate divergences in the presence of the sterile
neutrino [316].

a=e,u,T
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vs(ps) vi(ps) vs(ps) vi(ps)

FIGURE 4.1: The Feynman diagrams for the one-loop Standard Model contributions
from charged current interactions are shown above for radiative decay of a sterile
neutrino. Diagrams involving unphysical Goldstone bosons and ghosts are omitted
for the sake of brevity.

where F, is a function obtained from the loop integrals and the Fermi constant is

2
defined Gy = S m; is much smaller than the charged lepton masses, we
4\/§m12/v
arrive at the classic result [276,278|
3(2-aa 2a, 2a2 In aq 3 3
F,=- — - —« N — — 4.29
. 4(1—@x 1-aa)? (1-an)3) 2 1% (429)

which is insensitive to neutrino masses. A more general neutrino mass-dependent
result for F, with m;, ms up to the W boson mass has been given in [281]282].
In general, for m; < myy, F, is always positive, this is consistent with the optical
theorem.

From the above formulae, we obtain results for ff% and fﬁR given as

fzI; = Z U*z‘UasFamia leg = 2 1671'2 Z U*ansFamSa

a=e,u,T a=e,u,T

2 16w2
(4.30)

factorising the SM contribution into a coefficient part and a purely kinetic part yields

ff%,SM = ZCaKga fg,SM = ZCaKg (4.31)
(7 o
with
92

(Ca)is = e?U* Ua37 (432)

and
L _ R _
(Kg)is = mFami, (Ky)is = mFams, (4.33)

with flavour index o = e, u, 7. Since F, is real, both Im(KI;K;;*) and Im(KgKg*)
vanish for any flacours o, 8 = e, u, 7. In addition, by interchanging ¢ <+ s we notice
that the one-loop SM contribution exactly satisfies ffIf = ff} and ff? = fllg Therefore,
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there is no C'P violation coming from these diagrams.

For a sterile neutrino with mass smaller than the W boson mass, we comment that
a non-zero C'P violation can in principle be obtained after considering higher-loop SM
contributions. We analyse this by applying the optical theorem once again. In order
to generate an imaginary part for the kinetic loop contribution, the requirement of
on-shell intermediate states has to be satisfied. Thus only neutrinos and photons are
left in the intermediate state c¢. There are typically three cases with intermediate
states given by (a) ¢ = v; + 7E| (b) vj + vk + g, and (c) vj + o+ a for o = e, p, 7.
They correspond to four-, three- and two-loop diagrams respectively. Case (c) applies
only if ms > 2m,, these contributions are in general very small. In order to obtain
large C'P violation, additional loop contributions from NP have to be considered.

Namely, if the sterile neutrino is heavier than the W boson, an imaginary part can
be obtained directly from the SM one-loop diagram, we will discuss this case in some
of the following sections.

4.1.7 Enhancement by New Physics

In order to enhance the C'P violation in the radiative decay of the sterile neutrino, we
include NP contributions. We being by introducing two new particles, one fermion
and one scalar ¢ with opposite electric charges @@ and —(@Q respectively. Their cou-
plings with neutrinos and the sterile neutrino are described by the following Yukawa
interaction

—Lxp D Y Am®d Py + N Im@PrY (4.34)
m=1,2,3,s
where \,,, with m = i,s (for i = 1,2,3), are complex coefficients to v; and vs,

which are the active and sterile neutrino mass eigenstates respectively. Here, we only
included one generation of ¢ and 1 respectively. The extension to more generations is
straightforward and will be mentioned as necessary. Neither ¢ or ¢ are supposed to be
a specific DM candidate in this work and they can annihilate with their antiparticles
due to their opposite electric charges.

7(q) 7(q)

vs(ps) vi(pi) vs(ps) vi(pi)

FIGURE 4.2: Feynman diagrams for the new physics one-loop contributions to the
radiative decay of a sterile neutrino. We denote amplitudes for the two diagrams
as MY and MYP. For MYF we make the momenta assignments p; = ps — k,
p2 = k — p; and for MYP | we assign k' = k — ¢. In both diagrams p, = p; + q.

3C'P violation for this case has been calculated in [308]
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The full amplitude including the NP contribution for vy — v; + v can then be
written

M = Z MMM (4.35)

Inp

where we have flavour index o = e, u, 7 and Inxp represents one-loop NP contributions.
Since U (1) is explicitly conserved and no electric charges are assigned for neutrinos at
tree level, they keep free of electric charges after loop corrections are included. Thus,
radiative decays are induced only via the electromagnetic transition dipole moments.
The coefficients fﬁ, fﬁ and 1f? in{, including NP, are now written as

fi = ZC KL+ Okl =Y CakE+3 G KR,

Inp a Inp
fié = Z CoKS+) CrpKitu,  fif =) CaKi+ Y CipKf, . (4.36)
INp a Inp

From Eq. , we have the necessary expressions to compute the C'P violation and
asymmetry between the radiated photons vy and y_. As an example, we take Acp
to demonstrate an explicit calculation. The definition of Acp_ has been given in
Eq. where Acp_ oc [fR]? — |fE|?>. With the help of the parametrisation in
Eq. and assuming |K[*| = |K["| for any loop [, we obtain

FRP-1AE? = 4 Y m(CaCi in(KEKED ~2 Y (Gl G )im(KE, KEY).
a,lnp Inp#lyp
(4.37)
For the two NP diagrams shown in Figure where a photon is radiated via
the interaction between scalars ¢ and fermions 1) respectively, the amplitudes can be
explicitly written as

d*k U(pi) Pr(K + my)(p1 — p2)" PLu(ps)er ,(q)

2m)* (k2 — mZ, + ie) ((k — ps)? — m3 + ie)((k — pi)? —m3 +ie) |
d'k a(p) Pr(K + my)y* (k + my) PLu(ps)e” ,(q)

2m)* ((k — ps)? —m3 +ie) (k2 — mi +ie)(k? — m, +ie)
(4.38)

iMYF = QA)\*/<

iMEE = + Qe ! /

The coefficients Cj, (for Ixp = 1,2) are then simply obtained from inspection to be
Cp = —Cy=—Qel\]. (4.39)

In this case, Im(C1C3) = 0 and the second part of Eq. (4.37) vanishes. On the other
hand the imaginary part is given by

m(C,C7) = —Im(C,C3) = Q 22 Tm(UasUSNNT) . (4.40)
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We now turn to the loop contributions. Im(KFK}*) does not need to be cal-
culated since Im(C1C3) vanishes explicitly. Hence, the remaining term to be com-
puted is Im(KgKﬁV;). Furthermore, since the SM contributions are always real,
Im(KRKR*) = —K3Im (K[ ).

In order to obtain C'P violation between the radiative decay vs — v; +v— and its
C'P conjugate channel 7s — 7; + v+ for a Dirac-type sterile neutrino, a non-vanishing
imaginary part Im (K l]i{\IP) is required, this can be summarised

EP =1 = +4 ) Im(CaCi ) KSTm(K,). (4.41)

a,INp

Following a similar approach to determine C'P violation between vy — v; + v+ and
its C'P conjugate process Vs — U; + 77—, we obtain

&P = A7 = 44 In(CaClf, ) KyTm(Kf,) (4.42)

a,lNp

Due to the optical theorem, non-zero Im (K lIf\I P) and Im (K hP:rp) can only be achieved
if the sterile neutrino mass is larger than the sum of the charged scalar and the charged
fermion masses, ms > mg + my. In the remainder of this section, our aim will be to
compute these quantities.

Here, the loop integrals for the relevant diagrams shown in Figure [4.2] will be cal-
culated. Starting from the general form of the amplitude for sterile neutrino radiative
decay vs — v; + v+ given in Eq. , we extract the purely kinetic terms K lI;\I o and
KIF;P for Inp = 1,2 asﬂ

i ! 5 —1
KL — m /dmdydz (x+y+=z )z’
0

1672 Agy(z,y, 2)
1 ) -1
KR = s / dudyd,2E Y 2= 1)y
1672 J, Agy(z,y, 2)
1
i —1
KL — m /dmdydzé(x+y+z )wz,
1672 J, Ayy(z,y, 2)
1
s -1
KR—" / dpdyd, 2@ Fy =Dy (4.43)
1672 J, Ayo(z,y, 2)
where
A 201 2 2 2
op(T,y,2) = my(l—x)+amy —z(yms + 2m;)
Ayo(z,y,2) = mfp(l —x)+ xmi — z(ym? + 2m?). (4.44)

The above results are obtained without any approximations. In order to derive further
simplified analytical formulae, we consider the large mass hierarchy between vy and
v; where m; < mg, and may therefore take the limit m; — 0. In this case, Kllfqp =0

“Here, KZI;\IP and K}?‘\IP represent (KII;\IP)Z-S and (KZF;P)Z-S, respectively. Exchanging ¢ with s, we
obtain (Kl%\,p)si = (K};P)is and (K}?‘qp)si = 0, this is compatible with our previous statement that
(K{)ie = (K{Y)s and (K{Y)ir = (K{')s.
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and after integrating over Feynman parameters z and =, K. lip can be written as

1
m Y Agy(y)
KR=_——= / d ] ,
L7 16n2 ymgy —m3, +mj R

2
P ]
! —my Ayy(y) ! (y—1)
KR = / dy v log o b +/ dy vy ,
2 1672 [ 0 (m2y + mi — mé)2 mi 0 m2y + mi — mi
(4.45)
where
App(y) = y(mily—1D+md)—miy—1),
Ayoly) = y(mily—1)+m3) —mi(y—1). (4.46)

K}?‘W may have both real parts and imaginary parts. The real part Re(KlIIEP) is
directly obtained by replacing Agy and Ayg with there absolute values, therefore
simple analytical expressions for Re(K lip) are difficult to obtain. However, in the
hierarchical case mg > mg, my, approximate analytical expressions can be derived by
expanding in powers of mi /m? and mi /m?2. Specifically, the leading-order results are

given by
1 m?2
R s
Re(K7") Tom2m. [log <2> — 2] ,

¢
1 —1
—_— X —. 4.47
1672m, % 2 ( )

Q

Re(K3)

Q

Since we are chiefly interested in the C'P violating component, we will focus on how
to obtain and simplify the imaginary parts of K llfip.

Since mé, m?p > 0, the imaginary and thus C'P violating component in Eq.
factorises when the argument of the logarithm is negative, by inspection we can see
this occurs when

0
0. (4.48)

Solutions at the boundaries of the C'P violation conditions Agy(y) = 0 and Ayy(y) =
0 are yi2(mg, my) and yq2(my, mg) respectively. Therefore the conditions in Eq.

(4.48)) in terms of y are fulfilled when y1 (mg, my) < y < ya(me, my) and yi(my, me) <
y < ya(my, mg) for the two diagrams respectively, where

2 2 2
1 my —myF+
2 2 2
1 my—my +p
= -+ " 4.49
yr2(my, mg) = 5 + 2m? ; (4.49)

and p? is defined as

p? = \/m;1 +my +my — 2m2mZ — 2m2m3, — 2mimy . (4.50)
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It should be noted that in both cases 0 < y; < y2 < 1 is necessarily satisfied.
Hence, the imaginary component of Eq. (4.45) can now be written according to
the complex logarithm definition as

m y2(me,may) y
Im(K}) = T 82 X 7r/ dy—; 5 5
™ y1(me,my) My — My, + My
y2(my,mg) —m?2
Im(K§) = —= x W/ dy fy s - (4.51)
167 (mymg) (MY +my —mg)

Finally, integrating over the final Feynman parameter y leads to

2 2 2 2 2 2
Tl K ms —7 | p? mqs—mw1 mg + mg — my, — [
(KY') = o e 2 08| o 3 2 2|
16m2 m2 | m?2 p mg Mg — My,
ms +m ug(mi—mi) mi m§+mfb—m§)—,u2
Im(K3') = — I +—log | 50— (4.52)
1672 m? my m?2 mg 4 my, —my + i

The requirement my > mg + my, leads to a positive 12, In the mass-degenerate limit
Mg = Mg + My, p? = 0 and after some simplifications, it can be shown for this case
that Im(K}) = Im(KY) = 0. In the massless limit mg, my — 0, these imaginary
parts are approximately given by Im(K}) — —1/(16wm,) and Im(K5) — 0.

Since we need to compute Acp _ to calculate C'P violation, we apply Eq. ,
which in this example can be written explicitly as | fR|*> — | f f|2 +4 %, Im(C,CY)
x KE[Im(K} — K], therefore we obtain

27rQe

&P = 1figl” = Zlm (UasUairiXs) Fo Lgy - (4.53)

For Acp+, |fR1? — |f? is obtained by multiplying by a factor m?/m? which is
strongly suppressed by the light active neutrino mass.
Here, we have defined Iy, an order one normalised parameter which is defined

via Im(KR — KT) = 1?;2 %I@ZJ and explicitly given by
S

uQ(mg—kmi—mé) mi—m?p mg—i—mi—mi—,ﬁ
I@p = log

_|_
m4 m2 +m3 —mZ + p?

2 2 2 2 2
m mg +m; —mi — [
s (o) s
s s b 6 TH

See Appendix for more details regarding the calculation of the imaginary part of
the loop diagrams.
In this example, we may safely ignore the fiI{ and fill} terms since f}; ~ fi%
lIlé f?, thus the asymmetries, defined in Eqs. (4.16)) and (4.17)) are approxi-

mately glven by

|figl? — /8

fcn SN $ . 4.55
TR IR (4.55)

_ACP,— ~ _ACP ~ A+_



108 Chapter 4. CP Violation

and Acpy is negligibly small. This result works for the Dirac neutrino case. In
the Majorana neutrino case, from Eq. (4.25)), it is straightforward to apply a similar
procedure and obtain

Agpy =—Acp-=A7 =

R 7| %’2 n \f§|2 (4.56)
1

and Agp = 0. Regardless of whether the neutrinos are Dirac or Majorana particles
Acp— ~ —A,_ is satisfied. This is true in general if fg;, iFf{ < illé, fg‘

4.1.8 Phenomenological Applications of the Formulation

We are now ready to discuss possible phenomenological implications of this suggested
sterile neutrino model which has C'P violation generated at one-loop level for radiative
decays. The formulation based on the simplified example above has a wide array of
possible applications. One direct application is the study of C'P violation in keV
neutrino DM radiative decay. We can also apply it to the general type-1 seesaw
mechanism where right-handed neutrinos are much heavier than the electroweak scale
in order to recover light active neutrino masses. It is also of interest to consider its
application for heavy neutrino DM motivated by the IceCube data.

4.1.9 keV Sterile Neutrino Dark Matter

The keV-scale sterile neutrino has been discussed extensively as a DM candidate (for
example models, see [317-321]). Following the discussion in Section m it is clear
that the SM contribution at one-loop level cannot generate C'P violation in keV neu-
trino radiative decay and a non-zero C'P asymmetry can only be obtained at four-loop
level. Therefore, we consider Yukawa interactions as shown in Eq. .

We give a brief discussion on constraints to the sterile neutrino vs; and the new
charged particles ¢ and . Since v, is assumed to be a DM candidate, the decay
channel vy — ¢ introduced by the new interaction with ¢ and ¢ must be controlled.
The width of this channel is around

sl
8

FNP = Cy meg, (4.57)
where ¢, = 1 for a Dirac neutrino and ¢, = 2 for a Majorana neutrino. We require
the width to be at least as small as the decay width of the SM I'sy;. We approximate
I'sp to the width of the dominant channels vy — v;v;7; for any active neutrinos v;
and v; |276,317,322] namely

Do = ¢, ST S |(010),, (4.58)
SM 111927r3 e S| .

where (UTU);5 = Za:euT U}.Uas. By introducing a parameter 7 representing the
ratio of the two decay widths n = I'np/T'sm, we can express |As| by 1 as |Ag] =

Q%ﬂﬁGFmgy/Zi |(UTU);s5]2, namely, an extremely small value for A is required
The charged particles ¢ and ¥ as in our previous formulation are assumed to be

5Note that GFm§ ~ 107 for keV sterile neutrino DM.
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lighter than the sterile neutrino. Thus, they have to be at most millicharged to avoid
significant modification to the precisely measured QED interactions at low energy.
The Lamb shift imposes an upper bound for the millicharge @ < 10~%e [323], which
is valid for a scalar or fermion with a mass less than 1 keV.

Considering these bounds, we can roughly estimate the size of C' P violation of v,
radiative decay. We also recall that the SM decay channel dominates the DM radiative
decay while n < 1.

In this case, we can approximate both fé{ and fllg in the denominator by f}}SM
and it then follows that 7

_ RE = 1fil

Acp’_ =~ AC’P o —A+, ~ R 5 (459)
2| fa sl
Therefore, we obtain the analytical result of the C'P asymmmetry as
87 Qmi, Im(N\(UTU);507)
Acp. ~ —ZW =1
CF, 3 g?m? (UtU )45 a4
7 2 T 2 T 2

6v/3

where we have made the approximations F, ~ 3/2 since m, < my, and denoted
the phase of )\i(UTU)is)\: as 0;s. In the limits mg > mg, my, we have Iy ~ 1, and
thus arrive at Acp_ ~ 10_1\/77Q|)\Z~\, which is small due to the suppression by the

millicharge Q. Enhancement can be achieved by considering a different parameter

(m3—m3)?

m2Zm2
and thus the enhancement by an order of magnitude is easily obtained from ?@p.
By assuming a typical value of the millicharge Q ~ 10~%e, the coupling \; ~ 107!
and n ~ 1, we arrive at Agp_ ~ 107°. Other enhancements could be realised
by considering the hierarchical mixing of the sterile neutrino with different active

neutrinos.

(UtU);s

2
space. For example, by assuming mg, my, > mg, we have Iy, ~ % log

4.1.10 Seesaw Mechanism and Leptogenesis

Our discussion thus far can also be generalised to the case of very heavy neutrinos.
Heavy neutrinos with masses much higher than the EW scale are introduced in the
seesaw mechanism to explain the tiny observed active neutrino masses. The heavy
neutrinos are assumed to be Majorana particles in the mechanism. These particles,
as originally proposed in [81], provide a class of scenarios where matter-antimatter
asymmetry of the universe is generated by the decays of heavy neutrinos by a process
termed leptogenesis.

Yukawa interactions involving heavy neutrinos provide the necessary source of
CP violation between the decay Ny — LoH and its CP conjugate Ny — L HT
in leptogenesis. We address the fact that these interactions can also generate C'P
violation between the radiative decay Ny — Njvy and its CP conjugate process
Nr — N J’}/_H The C'P asymmetry can be simply estimated with the help of the
analytical result obtained in the last subsection. In order to achieve this, we first

SNeutrinos are Majorana particles in the seesaw mechanism framework.
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present the Yukawa interactions in the form

—Ly DY AarLaHPR N + Ny Nt H'PLLo = > AarNFHT PRLE, + Ny LS H* PLNT,
a,l a,l

(4.61)

where H = ioo H*. Since we consider right-handed neutrinos to be much heavier than

the W boson mass, the Goldstone-boson equivalence theorem can be applied. The

main contributions to Ny — N v are those loops involving charged leptons ¢, and the

Goldstone boson HT. Therefore, we can simply apply the formulation in Sectionm

by replacing masses my, and mg with m,, and my, respectively. Here, it is necessary to

keep the charged lepton masses as we will see later that it is essential to generate C' P

asymmetry. In this case, f{I; and fé‘ are approximatively given by f}JI ~ Y., OuK L
and f% SDIN C,K! with C, and KR given by

Ca = —eAa[)\ZJ 5
Ky =Ky, - Ky,, Ky=K!, —K}, (4.62)

with KEO( and Kgfa given by K} and K in Eq. with masses mgs, m;, my,
my, replaced by My, Mj, mq, and my, respectively. Assuming right-handed neu-
trino masses M; > My, we can safely ignore the KL contribution and arrive at the
approximation of C'P asymmetry shown in Eq. .

The C'P violation requires both non-zero values for Im(CoCj) and Im(K EK}}*).
The former term given by Im(CoC) = 2 Im(Aa1 Al g JA%57) 18 usually non-zero based
on the complex Yukawa couplings which are necessary for leptogenesis. For the latter
term, without considering the difference between charged lepton masses KX = K }}
and Im (K, E”K};”*) = 0 holds explicitly. Taking charged lepton masses into account and
considering the hierarchy m, < my < My, we obtain the leading contribution (c.f.

Eq. (4.45) and Eq. (4.52))

R 7R —T mQHr m% "77123 m% m%}
III[ K K * ~ 71() - 71() — - 71() — . 463
(Kol (ommarye (M? ) Mz <MIQ> M7\ g 09

Eventually, we arrive at the CP asymmetry as

—7'1'62 m2 m2 m2
Acp. ~ ——— ImAg AN N ) —Zlog [ —Z ) [log [ =X ) (4.64
e s O ) s () s () a0

where for charged leptons, only the dominant 7 mass has been considered. This for-
mula takes a similar structure as the C'P asymmetry of the N — L H decay in thermal
leptogenesis (see e.g., in [307]), namely, the coefficient combination, Im(A,7[ATA]7 JAED).
The difference is that, while the asymmetry in thermal leptogenesis is suppressed by
a loop factorm the asymmetry here is not, but rather strongly suppressed by the mass
hierarchy m?2/M?.

Furthermore, we comment that the C'P violation for heavy neutrino radiative
decays are very hard to observe since the only way to access this quantity is to measure
the circular polarisation of photons radiated from the decay. This is not possible to

"The leading order contribution of the N — L,H decay is at tree level and the C'P violation
appears at one-loop level.
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measure currently due to the very small size of A, _. What presents an even larger
challenge is that these processes happen in the very early stages of the evolution of
the universe. Thus, even if there is a large fraction of polarised photons produced,
the asymmetry will be washed out by ubiquitous Compton scattering processes [324].

A possible way to enhance the C'P asymmetry may be by considering a low-energy
seesaw mechanism. For example, in the GeV sterile neutrino seesaw, there is no severe
mass suppression between right-handed neutrino masses and the 7 lepton mass to
significantly reduce the C'P asymmetry. Neutrinos at such a scale can explain baryon
asymmetry based on a different leptogenesis mechanism, specifically the Akhmedov-
Rubakov-Smirnov mechanism [305]. Another advantage is that these neutrinos can
be tested at the SHiP experiment [325]. The disadvantage is that since the neutrino
mass is lower than the W boson mass, C'P violation of the radiative decay cannot
be generated at one-loop, but rather at two-loop level. Thus, a more complicated
calculation is required for this case.

4.1.11 Heavy Dark Matter and IceCube

Very heavy neutrinos could also be DM candidates. In fact, a heavy neutrino DM
Npy with mass around 102TeV — PeV scale as a DM candidate [295,296] is motivated
by the high energy neutrino component in excess of the well-known atmospheric events
[297.:326| by the IceCube experiment (see [327},328| for recent progresses and [329}330]
for analysis combining with other experimental data). Examples of typical heavy
neutrino DM models explaining these observations have been shown in [331H335]. At
low energy, they may induce very weak effective Yukawa interactions between the DM
neutrino with other fermions.

Since radiative decay of a DM candidate can proceed very slowly until the present
day, the washout by Compton scattering in the early stage of universe can be avoided.
Given a sufficiently small Yukawa coupling /\a_DMl_}alEI NDM we may easily estimate
the size of C P asymmetry in the DM radiative decay. The tree-level decay to vZ is
induced and is one of the main decay channels being tested at IceCube. On the other
hand, this coupling also induces the radiative decay Npy — vy which may result
in C'P violation. The CP violation, as discussed in the last subsection, would be
suppressed by the ratio m%/M]%M <1076,

4.1.12 Conclusion

In this work, we built a general framework for C'P violation in neutrino radiative de-
cays. C'P violation in such processes produces an asymmetry between the circularly
polarised radiated photons and provides an important source of net circular polarisa-
tion that can be observed in particle and astroparticle physics experiments.

The formulation between C'P violation in neutrino radiative decays and the neu-
trino electromagnetic dipole moment at the form factor level is developed for both

8This Yukawa coupling may be effectively induced. For example, in the Higgs induced RHiNo
1 -
DM model [331}|335}/336], it is the dimension-five operator XNfNDMHTH with the thermal effect

enhancing the mixing between DM with source neutrino N; which eventually enhances the DM
production. This operator, together with the Yukawa coupling Eq. (4.61) induces a very weak
Yukawa coupling with coefficient Aa-DM ~ Yar X’I{/X;A in the limit Mpwm > My where vy is the Higgs
VEV.
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Dirac and Majorana neutrinos. We observed the model-independent connection be-
tween the decays and photon circular polarisation produced by these processes and
concluded that C'P violation directly determines the circular polarisation. Specifically
in the Majorana neutrino case, the C'P asymmetry is identical to the asymmetry of
photon polarisations up to an overall sign difference. The contribution of a non-zero
electric charge to neutrino decays is also discussed for completeness.

We then discussed how to generate non-vanishing C'P violation through a generic
new physics Yukawa interaction extension consisting of electrically charged scalar and
fermion states. Without introducing any source of electric charge for the neutrinos,
these particles can decay only via the electromagnetic transition dipole moment. The
explicit analytical result of C'P violation for this model was derived and presented.
This fundamental result is applicable when determining circular polarisation for both
Dirac and Majorana fermions and can be exported for use in any models that generate
radiative decays of this type.

Finally, we included some brief discussion pertaining to the phenomenological
implications of neutrinos at various mass scales. Firstly, the fomalism was applied
to keV sterile neutrinos which are popular DM candidates and found C'P violation
and circular polarisation of the resulting radiated X-ray. We also considered the
implications for much heavier sterile neutrinos of scale = 1TeV which are required
for the seesaw mechanism and leptogenesis. We argue that the C'P source in the
Yukawa coupling, which is essential for leptogenesis, can trigger C'P violation for
heavy neutrino radiative decays. The case of weakly interacting sterile neutrinos at
a mass comparable to the electroweak scale is also interesting as it could produce
exotic collider signatures as well as circular polarisation. We plan to compute the
CP violation from such a process in future work. We also discussed the circular
polarisation of ~-rays released from the radiative decay of the PeV scale dark matter
motivated by IceCube data, however the size of this effect is too small to observe at
current experimental sensitivities.

4.2 (CP Violation in the Neutral Lepton Transition Dipole
Moment

Since the discovery of neutrino oscillations [337-340], it has been well understood that
neutrinos have tiny masses and that their flavour eigenstates are different from, but
merely superpositions of their mass eigenstates. The mismatch between the flavour
and mass basis is described by lepton flavour mixing. The most important lepton
flavour question mixing remaining is whether C'P is violated. A large C'P viola-
tion is supported by the combined analysis of current accelerator neutrino oscilla-
tion data [299] in the appearance channel of neutrino oscillations [300,301]. The
next-generation large-scale neutrino experiments DUNE and T2HK are projected to
observe C'P violation in the near future [302(304].

On the theoretical side, the origin of finite but tiny neutrino masses is still un-
known. The canonical seesaw mechanism [284}-289] and its numerous variations are
proposed to solve this problem. The basic idea is that the small masses of left-handed
neutrinos are attributed to the existence of much heavier right-handed Majorana neu-
trinos. In this elegant picture the flavour states are dominantly superpositions of
massless left-handed neutrinos but also, to a smaller degree, their heavy right-handed
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counterparts. The minimal seesaw model [341] is a simplified version of the canonical
seesaw mechanism with only two right-handed neutrinos, which has been studied in
depth [342]. The seesaw mechanism induces new sources of C'P violation in the heavy
neutrino sector, providing the so-called leptogenesis, as one of the most popular mech-
anisms to explain the observed matter-antimatter asymmetry in our universe [81].

Neutrinos are usually considered as electrically neutral particles which do not par-
ticipate in tree-level electromagnetic interactions. However, they may have electric and
magnetic dipole moments appearing at loop level. The study of the neutrino dipole
moment dates back four decades [272,273343}344]. In the SM, weak charged current
interactions contribute in the loops and induce non-zero dipole moment for neutri-
nos [275-2804345|, see also in |281}[282,316]. A transition dipole moment between two
different neutrino mass eigenstates can trigger a heavier neutrino radiatively decaying
to a lighter neutrino through the release of a photon. In fact, if neutrinos are Majorana
particles, the property that Majorana fermions are their own antiparticles implies that
neutrinos have only a transitional component to their dipole moment [346].

In various studies of the neutrino dipole moment in the literature, C'P symmetry is
always considered as an explicit symmetry for the relevant mass regions of neutrinos.
However, a C'P violating dipole moment has many interesting phenomenological appli-
cations. It may contribute to leptogenesis to explain the observed baryon-antibaryon
asymmetry in our universe [308]. It also provides a source of a circular polarisation of
photons in the sky for a suitable range of neutrino masses, |309]. In Ref. [3], the general
conditions required to generate C'P violation in the dipole moment was elucidated as
well as the C' P asymmetry based on a widely studied Yukawa interaction. The latter
was applied to both left- and right-handed neutrino radiative decay scenarios as well
as searches for dark matter via direct detection and collider signatures.

This work will focus on discussing C'P violation in the neutrino dipole moment
with right-handed neutrinos. We will provide the one-loop calculation of the C'P
asymmetry of the neutrino transition dipole moment in full detail in the framework of
the SM with the addition of SU(2)p-singlet right-handed neutrinos. In Section m,
we review the model-independent neutrino dipole moment written in terms of form
factors producing C'P violation. Section [4.2.4] contributes to a comprehensive an-
alytical one-loop calculation of form factors. Finally, a numerical scan of the C'P
asymmetry with inputs of current neutrino oscillation data is performed in Section
We summarise our results in Section L.2.6]

4.2.1 Neutrino Electromagnetic Dipole Moment with C'P Violation

In this section we give a brief review of the framework for C'P violation in neutrino
radiative decays. We refer to our former paper Ref. |3| for the detailed derivation.
Discussions in Section [4.2.2] assumes neutrinos are Dirac particles. The extension to
Majorana neutrinos will be given in Section [£.2.3]
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4.2.2 Form Factors for Dirac Neutrino

Assuming the decaying fermion is a Dirac particle, amplitudes for the processes v; —
vey+ and vy — vey—, with respect to the photon polarisation 4+ and — are given by

iM(vi = veye) = ia(pe) T (¢ u(pi)et ,(q) , (4.65)

where u(p;) and u(pg) are spinors for the initial 1; and final v¢ state neutrinos re-
spectively, and the photon momentum ¢ = p; — pg. The vertex function I'g (¢%) can
in general be decomposed into four terms, electric charge, magnetic dipole moment,
electric dipole moment and the anapole form factors [278-280,1310]. Without intro-
ducing a source for the electric charge, the neutrino will remain electrically neutral
forever. By requiring the photon to be on-shell g> = 0 and choosing the Lorenz gauge
q - €p = 0, the anapole does not contribute to F’é. Therefore, the vertex function is
simplified to [278H280}310]

Pa(a*=0) = —f§ (0" q) + f5 (10" q5) (4.66)

where fg and fgl are the electric and magnetic transition dipole moments of v; — vgy
respectively. It is helpful to rewrite it in the chiral form

TH(0) = io™q[ffPL+ fEPr], (4.67)

where ffli“ R— _ fé\/[ +1i ff? and the chiral projection operators are defined as P, r =
2(1 Fs) [3]- The amplitudes M(1; — vgy+) are directly correlated with the coeffi-
cients as [3]

M(v; — vpyy) = V2 fg(mi —md), M@ — vey-) = —V2fF(mi —md). (4.68)

With the above justification, decay widths for v; — vgvy, after averaging over the
spin for the initial neutrino, can be written in a simple form

D — veye) = Alfg?, T — =) = Alfg (4.69)

with A = (mf — m$)3/(16mm}). The total radiative decay width I'(; — vg7y) is
obtained by summing the decay widths for v; — vy, and v; — vey_.
For antineutrinos, amplitudes for 7; — gy, and 7; — Dgy_ are given by

iM(s — pve) = 0(p) Tl () v(pe)et . (q) | (4.70)

respectively, where v(p;) and v(pg) are antineutrino spinors. The vertex function fff
when the photon is on-shell is consequently written in a similar form as shown in

Eq. (I59).

TL(0) = o™ q[fi#PL+ fit Pr].- (4.71)
Where CPT invariance ensures fiz = —fk, and fi¥ = — £} [283]. Hence, amplitudes

M (v — pgy4) are simplified to [3]

M7y = Dpyy) = V2 fig(mi —mg), M5 — vpy-) = —V2f(m§ —m§). (4.72)
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The antineutrino decay widths are then given by I'(; — gy4) = A | ilg‘Q and I'(75 —
— R|2
vey-) = A"

In [3], we have defined a set of C'P asymmetries between neutrino radiative decay
and antineutrino radiative decay. In terms of ratios specifying photon polarisations,
we may write

A _F(l/i — Vf"}/+) — F(Di — I7f’y,)
CP+ — — -
I(vy — vey) + Ty — 0py)
I'(y N)-T(p > v
Acp- = 1 = vry-) = T 2 o) (4.73)
Py = vey) + (05 — g7)
which can further be simplified to
Ao, - IR IRE
TP IR IR+ A
fal” — 1 fg
Acp,— i if (4.74)

SRR IR R

R,L
]

In the case of C'P conservation, fiI;’R = *, we arrive at vanishing C'P asymmetries

Acp+ = Acp-=0.

4.2.3 Form Factors for Majorana Neutrinos

We now extend the discussion to Majorana neutrinos. The Majorana field satisfies
v = CTT, where C is the charge-conjugation matrix. Compared with the Dirac
field which contains independent left-handed and right-handed components v, = Ppv
and vg = Prr, the Majorana field enforces the right-handed component to be the
charge conjugation of the left-handed component, i.e., Prv = C7r,’, leading to the
quantisation in the form v ~ au(p)e™P* + alv(p)e®. Taking this into account and
applying the parametrisation in Egs. and , the amplitude for v; — vey+
is proven to be

iMM (15— veys) = ia(pe) TR (¢7)ulps)el (@) — iv(p)Tlg(¢)v(pe)ek ,(q)  (4.75)

in the Majorana case [283|. It can be explained as the sum of amplitudes of the Dirac
neutrino radiative decay and antineutrino radiative decay channels, i.e., iMM (15 —
veye) = iM(y — veye) + iM(y — peye). Taking the explicit formulas for the
amplitudes given in Eq. (4.68)) and Eq. , we obtain results with definite spins in
the initial and final states as

MM (v = veyy) = +V2[f§ — fifl(mi —m3)

MY = vpy-) = =V2fg = fifl(mi —mf). (4.76)
The decay widths are given by T™ (15 — veyy) = Alfg — f&? and TM (1 — vpy_) =

Alfg — fifl*
For Majorana fermions, the C'P violation is identical to that obtained from P-
violation alone i.e. the C'P asymmetry is essentially the same as the asymmetry
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between the two polarised photons. Hence, we have

My — veyy) — T (1 — vey-)
'™ (v — vr +7)
_ f& — il = 118 — 312
f& — [+ 118 — 17

M _ _AM
Acpy = —Acp- =

(4.77)

For simplicity, we make the assignment Acp = Al(\/y/lp . for use in the following phe-
nomenological discussions.

4.2.4 (P Violating Form Factors Induced by Charged-Current In-
teractions

We present below, the one-loop calculation of neutrino radiative decay v; — vy for
massive neutrinos with the existence of C'P violation. We work in the framework of
the SM extended with an arbitrary number of SU(2)-singlet right-handed neutrinos
in the Feynman gauge. The crucial operator for the charged-current interaction is

g = —
Lec. =) ﬁuam la* PLvmW,, + hec., (4.78)

where g is the electroweak gauge coupling constant, « is an index that represents
charged lepton flavours o = e, u, 7 and m is an index that represents the neutrino
mass eigenstates. In particular, v, = v, 19,3 represent three light neutrino mass

eigenstates and v, = N1, No,... representing heavy neutrino mass eigenstates. The
matrix Uy, denotes the lepton flavour mixing accounting for heavy neutrino mass
eigenstates.

The one-loop Feynman diagrams for the radiative decay via the SM charged cur-
rent interaction are shown in Figure The vertex functions of each proper vertex
diagram in Figure 1 is given by

e _ / d'p  WwPL(pg — P+ ma) V" (P — P+ ma)V" PL
e @m)* (e = p)? = m2l[(pi — p)? — m3][p? —miy ]

0 = [ M (P PG p Dyt ) e iy
e (2m)* miyl(or = p)? = m2][(p — p)? = m2]p? = miy] |
w3 d* YoPL(p + ma)y, PLVHP

Mo = C/ (2m)* [(pe — p)* — my ] [(pi — )* — miy][p* —mZ]

0 o [ Lo Bro s o)y 4 me)lna Py~ Py
& @m)t milpe —p)? = mip )l — p)? — mipllp? —m2]

el _ / d'p PP+ ma) (ma P, — miFR) |

“ (2m)* [(pr — p)? — miy[(pi — )2 — m§,][p? — m2]

) _ / d'p (maPr —mePL)(p + ma)y" P

e 2m)* [(pe — p)% — mZ][(pi — p)2 — m3 ] [p2 —m2]’

(4.79)
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FIGURE 4.3: All Feynman diagrams contributing to the neutrino electromagnetic
transition dipole moment, where x is the charged Goldstone boson.

where

VP = g™ (2pi —p—pe)’ + 9" (2pe —p — p1)” + 977 (2p — pi — pe)! . (4.80)
and )
C = i%uaiu;f (4.81)

The non-vanishing C' P asymmetry requires two conditions. Namely, a C'P violat-
ing contribution from coefficients of tree-level vertices and an imaginary part coming
purely from loop kinematics [3|. In the present work, the first condition is satisfied
by the complex phases in the lepton flavour mixing matrix ¢ and will be discussed in
more detail in subsequent sections. Here, we first contend with the second condition
by completing the loop calculation and deriving its imaginary part analytically.

We follow the standard procedure to integrate the loop momenta with the help
of the Feynman parametrisation. Then, we apply the Gordon decomposition taking
chirality into consideration, and factorise dipole moment terms with coefficients as

i
Fﬁ7 —

9 1
J(k €g * U
(a) = 4(47T)2Uaiuafw“ QV/O dedydzd(z +y+2—1)P® | (4.82)
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where
P(l) . —2:6(33 + z)miPR — 2.73(.73 + y)mfPL
Aaw(%% Z) ’
p) _ lwzmi = (1= 2)* + zz)mglmiPr + [eymi — (1 = 2)* + zy)mg|me Py,
m%/vAon(:Ea Y, Z)
pE) [(1—22)z —2(1 — 2)?)miPr + [(1 — 22)y — 2(1 — 2)2)ms P,
AWa(m Y,z )
pU) _ [zzm? — z(x 4+ 2)m2)mi Pr + [zym? — x(z + y)m2]me Py,
mWAWoc(xaya )
po) — _—Emilk
AWO&(xaya Z)
—ymg Py,
po) _ _ymehl 183
AWa(xaya Z) ( )
and
Awal(w,y,z) = miy(l—x)+amg —z(ymi + zmj),
Aaw(z,y,2) = mi(1—xz)+xzmiy — z(ym? + 2m3). (4.84)
Eq. (4.82) can be further simplified to
eG _
rpt = y ﬂF2Ua1U*fo” 6 (FaamiPr + Fig.ame PL) (4.85)
Here, F is derived from the sum of the integrals P*)
1 (mf —mZ — 2m,) (m2 + mja?) + mg T
Fha :/ dx 5 2 :
0 (mZ —m3)"x
| mi—k(m%v—mi—m?)x—km?ﬁ
x lo
©\mz + (mhy —m2 —mp) o + mia?
N (ml2 —m?2 — Qm%,v) (mi +m2(1 — a:)2) + m‘é’a(l — ) y
(m —m3)"a
m%v+(mi—m%v—m2)x+mi2x2 m%—mg—Qm%,V
x log | — 2 2 2 2 2 2 2 , (4.86)
mW—i—(ma mW—mf)x—l—mfx my — mg
where we define méya = —(m? —mZ —mZ,)(mi +m2 —2m¥,) + 2m2mi,, and Fir

is obtained by exchanging m; and mg. Therefore, we obtain the coefficients fII;, i];,
fﬁ and 1f as

GGF 6C;F *
fi% 4\/> 2 cu affif,amfa ffg{ - 4\/> Zualuaffﬁ,amia
eG . eG
fit = AppttettaiTaami . fif = 15 SlUarlliiFigams. (457)

The integrals Fg, and Firo in Eq. (4.86) can be further simplified when the
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limit of small neutrino masses, i.e., m?, m% <m?, m%/v is considered. In this case, the
logarithm terms can be expanded in a series of m? and m3, and after a straightforward
calculation, we prove that both Fg , and Fif, are identical to F (m?2/ m%,v), where

3(2—a 20 2a%loga
4\1-a (1-a)?® (1-a)

F(a) = (4.88)
which is a well known result for the loop factor obtained in the studies of neutrino
dipole moments and radiative decays [2761278|.

We now outline how to obtain non-zero imaginary parts for Fg , and Fif, when
neutrinos have large masses. They include integral terms of the form fol dzf(z)logg(z),
where g(z) is not always positive in the domain (0,1). Instead, one can prove that
there is an interval (z1,2z2) C (0,1) where g(z) < 0 is satisfied, and z1 and x5 are
solutions of g(z) = 0. The real and imaginary parts in the integral can then be split
into

z2

1 1
/0 dz f(z) logg(m):/O d:cf(az)log\g(mﬂ—l—m/w dzf(x). (4.89)

1

The imaginary part of fff dzf(z) can then be analytical obtained. In this way, we
derive the analytical expression for the imaginary part of Fg . as

m2 — m2 — 2m? m2 m-2+m —m?, +
m(fﬁ,a):W79i{ — W[—M?TngﬂLmilOg(ml 5 /h)]

—m2 —i—mW—i-/Al

i)
)

£ — -2 m2 m —m3y, + i
+m¢ M T e T Sy —uf +m? log f + W K
2 2)2 21 m2 —m?2 2
(m? —m3) mg w T Hi
2 2

N (2mf — mg —m2 — 2m¥,) m¥, log <mf m2 + mi, +uf
(m? —m})* my —mg +miy — puf

—2m?, ) m 2
a W) Wlog (mg
1

(4.90)
where ¥; ¢ = ¥(mi¢ — mw — my) is the Heaviside step function, and
= \/mi1 +md +my, — 2mim2 — 2mim?, — 2m2m?,
ui = \/m‘f1 +md + miy, — 2m2m2 — 2m2m¥, — 2m2m¥, . (4.91)

Again, Im(Fi¢ ) is obtained from Im(Fg ) by exchanging m; and m¢. Some com-
ments on the imaginary part of Fg , are

e In order to generate a non-zero imaginary part in the loop integration, a thresh-
old condition for the initial neutrino mass is required. That is m; > mpy + M,
namely, initial neutrino mass larger than the sum of the W-boson mass and the
charged lepton mass. This is consistent with optical theorem as discussed in
Ref. [3].
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e Taking the charged lepton flavour to be the electron, a@ = e, the threshold
condition for initial neutrino masses is simplified to m; > mwy + me = myy.

e There is a second contribution to the imaginary part of Fg , if the neutrino in
the final state satisfies the threshold condition, mg¢ > my + m,. Due to the
sign difference, it partly cancels with the first contribution.

With the above results, we are now able to obtain the most general result for C P
asymmetries in neutrino radiative decays. For Dirac neutrinos, recall Eq. . We
derive the C'P asymmetry between vy — vgy4+ and 73 — Dpy— and between vy — vgy—
and 7; — Upy4 as

AD _ - Za,ﬂ joiéfﬁlm(]:if,a i?,ﬁ)m%
T s R [Re(FaaFy p)md + Re(Fig.aF g)m3]
o, Yap |\ i,al g g) Ty C\Vif,av ir g )T

-2 joiéflm}" aFa ml2
AR, = : 20, Japlm Fe0 74 5) o (4.92)
5 Rily | Re(F 0 5)m? + Re(Fir i ) m]

where a, 8 run for charged lepton flavours e, p, 7 and
Tl = ImUaillielsiUss) . Rig = Re(Uaildiigl5iUse) - (4.93)

We now outline the contribution of coefficients to the tree-level vertices. We have
introduced a set of Jarlskog-like parameters jolé% to describe the C'P violation from
the vertex contribution. This parametrisation follows the famous definition of the
Jarlskog invariant used to describe C'P violation in neutrino oscillations [347,348].
The Jarlskog-like parameters are invariant under any phase rotation of charged leptons
and neutrinos. If the Jarlskog-like parameters vanish, no C'P violation is generated
in the neutrino transition dipole moment.

For Majorana neutrinos, the relevant C P asymmetries, via Eq. , are given
by

Mo M
Alp+ =—ACp-

S T [I0(F 0 5)m = Ton( Fig o Ty )3 | — 2V, (Fi o Fi 5 mims

>R [Re(fﬁ,a]:;{, $)m2 + Re(Fig.oFy ﬁ)m%} — 201 Re(Fp o Fip 5)mims
(4.94)

where

Vi = ImUaildsUpillly),  Chlg = Re(Uaillilsilliy) - (4.95)
Vgﬂ is another type of Jarlskog-like parameters which appears only for Majorana
neutrinos. It was first defined in the study of neutrino-antineutrino oscillations in the
context of only three light neutrinos [349]. They are invariant under phase rotations
for charged lepton but not for neutrinos.
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4.2.5 (P Violation in Heavy Neutrino Radiative Decays

In the rest of this paper, we will discuss the C'P violating radiative decay in the
seesaw model, where the tiny masses for left-handed neutrinos are generated due
to the suppression of heavy right-handed neutrinos. We recall that the notation
Acp = AI\C/IP,+ for Majorana neutrinos is used.

We consider the minimal seesaw model where only two copies of right-handed
neutrinos are introduced [341]. This is the minimal number required to generate two
non-zero mass square differences i.e. Am3; = m3 — m? and Am3;, = m3 — m?. We
denote two right-handed neutrino mass eigenstates as Ny for I = 1,2, with masses
My < Ms. The following discussion is straightforwardly generalised to a canonical
seesaw model with three right-handed neutrinos. Including more copies of right-
handed neutrinos just increases the number of free model parameters.

The minimal seesaw model predicts one massless neutrino m; = 0 in the normal
mass ordering (m; < mg < mg) and m3 = 0 in the inverted mass ordering (ms3 < m; <
mz) schemes. In this section, we will only consider the normal mass ordering as we
don’t expect the inverted mass ordering to make a significant difference. Moreover,
the inverted ordering is slightly disfavoured (Ax? = 6.2) by the current neutrino
oscillation global fit data [350]. We take the best fit (in the 30 ranges) of mass square
differences in the normal ordering scheme [350], this is

my = y/Am3; = 8.60 (8.24 — 8.95) meV ,
ms = 1/Am3; =50.2 (49.3 — 51.2) meV . (4.96)

We recall once again the lepton charged-current interaction in Eq. (4.78). The three
light neutrino mixing is represented by the first 3 x 3 submatrix of U, i.e., Uy, for a =
e, i, 7 and ¢ = 1,2,3. In the case of negligible non-unitary effect, U,; is parametrised
as

€12€13 C13512 s13e% e? 0 0
- s s .
U=| —c23512 — c12513523€"°  C12C23 — S12513523€" C13523 0 e 0],
i i
512823 — C12€23513€"°  —C12523 — €23512513€"  C13C23 0 0 1

(4.97)

where ¢;; = cosb;j, sij = sinb;;, 0;; (for ij = 12,13,23) are three mixing angles, ¢ is
the Dirac-type C'P violating phase and p and ¢ are two Majorana-type C'P violating
phases. U is a 3 x 3 unitary matrix, UTU = UUT = 1343. The three mixing angles
and the Dirac C'P violating phase for normal mass ordering are measured to be

15 = 8.61° (8.22° — 8.99°),
12 = 33.82° (31.61° — 36.27°),
By = 48.3° (40.8° — 51.3°),
§ = 222°  (141° — 370°) (4.98)

at the best fit (in the 30 ranges) [350]. As we work in the minimal seesaw model
where the lightest neutrino mass m; = 0 is massless, p is unphysical and will not be
considered below. We are left with two C'P violating phases § and o from the mixing
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of light neutrinos.

Accounting for the non-unitary effect, namely, the fraction of heavy neutrinos
contributing to the flavour mixing Uy(s43), which we denote as R4y from now on.
Uy is only approximately equal to Uy;, Uni = Uai + O(RRT). RR' is constrained
to be maximally at milli-level [351,1352]. Therefore, U,; =~ Uy is still a very good
approximation.

The charged-current interaction for leptons in the mass eigenstates is now written
as

Lc.c, = Z i ZO/V“PL( Z Uaivi + Z ROJN]> W,u,_ + O(RRT) + h.c. (499)
a=e,u,T \/§ i=1,2,3 1=1,2

We use the Casas-Ibarra parametrisation [353| to express R in the form

mi+1
Rar =Y Uaifry/ . (4.100)
i=1,2 My

Here, Q is a 2 x 2 complex orthogonal matrix satisfying Q7Q = QQ7 = l.ﬂ We
parametrise it as

Cos w sin w
2= < —(sinw (cosw ) ’ (4.101)

where w is a complex parameter and ( = £1. The two possible values of  correspond
to two distinct branches of Q [335,354]. The Yukawa coupling Y between lepton dou-
blets and right-handed neutrinos are directly connected with R via Yo; = Ror M7 /vy
[355].

In the whole model, three C'P violating parameters are induced, §, o and Im[w],
if 6 =0, 0 =0 or 7/2 and Im[w] = 0, no C'P violation can be generated.

The CP violation in the neutrino transition dipole moment can be checked by the
study of the C'P asymmetry of neutrino radiative decay. There are three channels of
interest, v; — v;7, N1 — vy and No — Nyvy. For the first channel, since the light neu-
trinos have masses much lighter than the W boson, no C'P violation can be generated.
The C'P asymmetry for Ny — v;7y is non-zero if N; has a mass M7 > my +me ~ myy .
Note that in this case, masses of three light neutrinos v; for i = 1,2, 3 are negligible
and photons released in the relevant three channels are indistinguishable, so we sum
these channels together and calculate the overall CP asymmetry [cf. Eq. (4.94))]

I+3)i )
didoagp jo(cﬁ+ ) I (Fi(r43),0F7(1+3),5)

(I+3)i *
Zi Ea,ﬁ Raﬁ Re(]:i(1+3),afi(1+3),ﬁ)

9In the case of three copies of right-handed neutrinos, € is a 3 x 3 matrix, this leads to each entry
in Roy for I =1,2,3 to be expressed as

Iz
Ra[ - Z UaiQiI M[.
i=1,2,3

ACP(N[ — V’y) = (4102)
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This parameter is tiny, numerically confirmed to be maximally < 107!7. The reason
why it is so small can be understood as follows.Since m; is negligible,

Fi143),a0 = F1(1+3),a (4.103)

and

Acp(N1 — vy) ZZ ~7a1+3 ZZ T (Uor13)Uaildy(145Usi)

~ Z Z Im(Un(r43)Un(ry3) =0 (4.104)

Finally, we focus on the C'P asymmetry in Ny — Nj~, which is given by

T [Im(]:45,a 15,8) M3 — Im(]—'54,a]-"§475)M12} 2V oI (Fis.aF5y 5) Moy

Acp = '
REL [Re(Fis,aFis 5) M3 + Re(Fona Ty 5)ME| — 203 Re(Fis o3 5) Ma My

Here, we are doing the sum Zaﬂ in the numerator and denominator, and Cif and
V&fﬁ were defined in Eq. and the Jarlskog-like parameters are given by j wp =
m(Ra2R21R22R51) and Vi‘é = Im(RanglRﬁgRgl).

The behaviour of the C'P asymmetry as a function of the right-handed neutrino
mass My is shown in Figure [£.4] We can see that the C'P asymmetry of this channel
is much larger than that in N — v+. In this figure, we vary My from 0.1 to 10 TeV
and consider three benchmark scenarios where the mass ratio M; /My is fixed to 0.2,
0.5 and 0.8 respectively. In all plots, we fix ( = 1 and the Majorana phase o = /2.
Therefore, no Majorana-type C'P violation is induced. We use the best-fit oscillation
data as inputs which include a large C'P violating value for §. In the top panel, we
fix w to be real, w = 5. Therefore, § is the only source of C' P violation. We note that
a large C'P asymmetry ratio |Acp| ~ 107°-1073 is easily generated. Peaks of |Acp|
are generated due to the enhancement in the log term of Im(Fg o) around My ~ my
(cf. Eq.). Sharp changes refer to cancellations occurring in Agp due to the
selected values of inputs. In the bottom panel, w = 5 — 54, both ¢ and w contribute
to the C'P violation. The constraints on |RR'| from the non-unitarity effect has been
included [351].

We also show the branching ratio B(Ny — Niv) = I'(N2 — N17v)/T'n,. In the
total decay width I'y,, we include five main decay channels Ny — ¢~ WZF > V4T and
vH |356]. Although the C'P asymmetry is large, the branching ratio is suppressed
as shown in the right panel of Figure leading to very small Acp x B. We note
that there is particularly interesting phenomenology for w = 5 — 5¢ as the branching
ratio is greatly enhanced when assigning an imaginary part to w. This is because the
mixing R is enhanced by sinw and cosw, which are both ~ e/l One can further
increase the branching ratio to be much larger than 10~'2 by enlarging the imaginary
part of w, hence the combination Agp X B is also enhanced. Another feature of the
right panels is that, in spite of the different orders of magnitude, the shape profiles
of the curves are almost the same between w = 5 and 5 — 5¢. This is because the
inclusion of an imaginary part for w simply changes the size of R, but rarely changes
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FIGURE 4.4: The CP asymmetry (left panel) and branching ratio (right panel)
for the radiative decay process No — N;v as a function of the heavy neutrino
mass Ms. Four different benchmarks for the lightest right-handed neutrino M; =
0.2M5,0.5M>5,0.8 M5 are considered as per the respective plot legends. Values of w
are fixed at w = 5 (top panel) and 5 — 5i (bottom panel), respectively. In all cases,
we use the best-fit oscillation data as inputs while we set ¢ = 1 with a Majorana
phase 0 = 7/2.

the correlation between the decay width and right-handed neutrino masses.

In Figure we show a numerical scan performed for My in the same range. We
sample My logarithmically in the range [0.1, 10] TeV and the ratio M; /My in the range
[0.1, 1). The blue points refer to purely real w randomly sampled from [0, 27). In this
case, only two of the C'P violating phases § and o contribute to the C'P violation.
the C'P asymmetry Acp shows a roughly linear correlation with M, 1. Most points
of Acp are located in the regimes (1073, 107%) for My ~ 0.1 TeV, (10~%, 1079) for
My ~ 1 TeV and (107°, 10~7) for My ~ 10 TeV. However, the branching ratio of the
decay is tiny, between (1072, 1071), which makes the C P asymmetry unobservable
in experiments. For the red points, we allow an imaginary part for w as well, namely,
Im[w] € [-5,5]. A CP asymmetry of order one is then easily achieved. The branching
ratio of the radiative decay can maximally reach ~ 10~''. We have also checked that
the combination Acp x B can maximally reach 4 x 1071, Note that considering a
larger imaginary part of w could further enhance the branching ratio and Acp x B.
However, as this process happens at one loop and there are constraints on the non-
unitary effect, the branching ratio is always suppressed by (1672)~2|RR'|2/|RR'|. By
taking RRY ~ 1073, we obtain a branching ratio which maximally reaches ~ 10~7
and is therefore challenging to probe in future experiments.
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FIGURE 4.5: The CP asymmetry parameter Acp (left) and branching ratio (right)
scanned in the region My in [0.1,10] TeV and the ratio M;/Ms in [0.1, 1), where
both masses are scanned in the logarithmic scale. The red region refers to w =
[0,27] 4+ i[—5,5] while the blue region is the smaller w = [0,27]. All oscillation
parameters are scanned in the 30 ranges, w = [0, 27] and ¢ = +1 are used. The scan
performed for the ( = —1 branch gives the same distribution and is thus omitted.

4.2.6 Conclusion

We study the C'P violation in the neutrino electromagnetic dipole moment. A full
one-loop calculation of the transition dipole moment is performed in the context of the
Standard Model with an arbitrary number of right-handed singlet neutrinos. The C'P
asymmetry is analytically derived in terms of the leptonic mixing matrix accounting
for heavy neutrino mass eigenstates. A detailed explanation of how to generate a non-
vanishing C'P asymmetry in the neutrino transition dipole moment is provided. This
requires a threshold condition for the initial neutrino mass being larger than the sum
of W-boson mass and the charged leptons runnning in the loop and a C'P violating
phase in the lepton flavour mixing matrix. The threshold condition is necessary to
generate a non-zero imaginary part for the loop function. An analytical formulation
of this loop integral imaginary component is derived. The lepton flavour mixing for
vertex contributions has been parametrised in terms of Jarlskog-like parameters. For
Majorana particles, the C'P asymmetry is identical to the asymmetry of circularly-
polarised photons released from the radiative decay.

The formulation is then applied to a minimal seesaw model where two right-handed
neutrinos N7 and Ny are introduced with the mass ordering My < Ms. A complete
study of C'P asymmetry in all radiative decay channels was performed, where the mass
range 0.1 TeV < M < 10 TeV is considered. The C'P asymmetry in Njo — vy is
very small, maximally reaching 10717, In the Ny — Njv channel, the C P asymmetry
is significantly enhanced, with Acp achieving 1075-1073, even with the Dirac phase &
being the only source of C'P violation. There is a significant correlation between the
CP violation in radiative decay and that coming from oscillation experiments. We
performed a parameter scan of the C'P asymmetry with oscillation data in 30 ranges
taken as inputs and found that the C'P asymmetry can maximally reach order one.
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4.3 (P Asymmetries in the Rare Top Decays t — ¢y and
t— cg

The study of radiative decays has been of interest for many decades because they pro-
vide an experimentally clean probe for new physics [357]. The electromagnetic dipole
moment of heavy quarks can be generated at various loop levels and their radiative
decays are induced by the off diagonal parts of the dipole moments analogously to the
lepton sector [3,/4]. Precision measurements of electromagnetic interactions provide
a tantalising probe for new physics beyond the SM |4]. This is particularly relevant
due to the presence of current top factories such as the LHC which provide an un-
precedented increase in top quark statistics, thereby enabling radical improvement
in the understanding of heavy quark properties |357]. Of particular importance are
precision studies of the various rare top quark decays. These include flavour-changing
neutral (FCN) decays t — ¢Z as well as t — ¢y and t — cg [358]. The radiative
decays of heavy fermions are more significant than those of light fermions due to their
larger partial widths resulting from their much higher relative mass. Hence, such clean
channels are of major importance in testing precise theoretical predictions for particle
properties and searching for tensions with the SM.

Within the SM, these processes are mediated at lowest order in perturbation theory
by penguin diagrams with charged down-type quarks running loops. However, due to
the large hierarchy in the down-type quark masses relative to the W bosons in the
loop, these decays are suppressed by the GIM mechanism. This is in contrast with
processes such as b — sv, which contain the much heavier top quark in the loop.
This extra suppression resulted in branching ratios being computed at < 10710 or
smaller [359-362]. These were later estimated with more precision in Ref. [358], using
the the b-quark running mass at the top mass scale in the MS scheme. The use of the
running b-quark mass represents a more rigorous treatment for the calculation as the
top quark decays at its pole mass.

In this work, we focus primarily on a precise computation of the SM branching
ratios for the radiative top decays with the current CKM best fit values and particle
masses extracted from Ref. |75]. Additionally, we pay particular interest to the com-
putation of the C' P asymmetry resulting from the imaginary part of the loop integrals
that imply I'(t — ¢y) # T'(t — &y). We provide the closed form analytical formulation
for the kinetic loop terms and their imaginary parts that generate the C'P asymmetry.
Here we note that by kinetic loop term, we refer to the contribution coming explicitly
from the particles running in the loop and not the vertex contributions which can
be factorized separately. We will continue with this nomenclature for the rest of this
work. This is in contrast to previous studies which are limited to numerical estima-
tions of the loop functions derived from generic Passarino-Veltman functions [358].
Although in the SM, the radiative process branching ratios are currently unobserv-
able due to the aforementioned large GIM suppression, the above results can be easily
applied to a host of beyond the SM theories which we briefly outline below.

A notable application of the formulation shown could be beyond the SM exten-
sions with heavy VLQs [358,1363| e.g. heavy ¢’ and ' states with extended CKM
matrices. Many of which provide an improved global fit to data compared to the SM
when considering several flavour physics observables and precision electroweak mea-
surements [364-366]. A comprehensive review of the various types of VLQs can be
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found in Ref. [367] and there is some related discussion in Ref. [368]. The addition
of quark singlets to the SM particle content represents the simplest way to break the
GIM mechanism and can thereby enable large radiative decay widths. These models
typically contain a non-unitary higher dimensional CKM matrix and contain FCNC
couplings to the Z boson at tree-level since the new heavy quarks are not SU(2),
doublets.

Moreover, there are other SM extensions that can enhance branching ratios for
top decays by many orders of magnitude thereby yielding compelling phenomenology.
For instance, in 2HDMs we find that B(t — c¢Z) ~ 1076, B(t = ¢y) ~ 1077, B(t —
cg) ~ 107 can be achieved [360]. More recently, it was shown that in the type-IIT
2HDM one could expect up to N(t — ¢y) = 100 events at the LHC with an integrated
luminosity of 300fb~! in certain parameter regions [369]. The rare top quark decays
at one-loop with FCNCs coming from additional fermions and gauge bosons has been
studied in several extensions of the SM such as the minimal super-symmetric model,
Left-Right symmetry models, top colour assisted technicolour and two Higgs doublets
with four generations of quarks [360L369H375]. There is also potential for similar
radiative processes to occur in models with leptoquarks such as light versions of the
ones shown in [6,7].

These applications are of particular interest, since it was recently shown that a
net circular polarisation, specifically an asymmetry between two circularly polarised
photons 4 and «y_, is generated if C'P is violated in neutrino radiative decays [309].
The same C'P effect is induced for top quarks or new VLQs and therefore polarisation
measurements on the resulting photons are a crucial and experimentally clean probe
for new physics.

The outline of the section is as follows, we first show the full radiative process
calculation in Section This section is further divided into an overview of the
interaction Lagrangian, computation of the relevant amplitudes, analytical evaluation
of the kinetic terms and most importantly their imaginary parts (which are responsible
for generating C'P asymmetry), followed by showing the computation for the C'P
asymmetry itself. This is accompanied by Section which contains an overview
of the process to calculate the radiative branching fractions and decay widths for the
various channels as well as the main numerical results. Finally, we briefly discuss the
applications of the formalism to beyond the SM theories in Section [£.3.§| via inclusion
of heavy VLQs and the 2HDM.

4.3.1 Calculation of Radiative Processes
4.3.2 Calculation of Lorentz Invariant Amplitudes

In this work we first overview the interaction Lagrangian relating the mass eigenstates
of the up and down-type quarks via the SM charge current interaction. We denote
the up-type quarks as ug = (u, ¢, t) and the down-type quarks as do = (d,s,b). The
corresponding interaction Lagrangian is then given by

__9 +
Lint = /s [usy" PLVgada]| W, + h.c. (4.105)

Where V is the SM 3 x 3 CKM matrix and ¢ is the usual weak interaction gauge
coupling constant and Py, is the left-chiral projection operator.
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We focus firstly on the contributions to the rare photon radiative top decay me-
diated by SM interactions as given in Figure [4.6] In this work, we are primarily
interested in top decays, hence we denote the initial state ¢t and the final state quark
to be generically ug = (u, c) and do = (d, s,b). Hence we may write the corresponding
t — ug~y process amplitudes in full generality as follows

IM(t = ug+v+) = z'a(pf)I‘g(QZ)u(pi)s*i,u(q) . (4.106)
More explicitly, for each Feynman diagram shown in Figure [4.6] we have

iLgQV 1% / d*p wlpe)vuPL(pe — P+ ma)y’ (P, — p + ma)y" Pru(pi)e;(q)
6 " Pef (2m)? [(pe — p)? = m3][p* — miy][(pi — p)? — mg] ’

2 d4 27 N : *
My = i 692 ViaVEa/ P u(pe) Nou(pi)e,(q)
6miy,

My =

(2m)* [(pe — p)? — mgll(pi — p)? — m[p? — miy]’

M3 =1——Via V3,

eg® / d*p u(pe) v Pr(p + ma)yuPLV (pi, e, p)" " u(pi)e;(q)

2 @Ot [lor — )2 —n )1 — w2l — p)? — ]
N z’i . [ dp u(pe)Nau(pi)e(q)
M=t ViV e 2 12— w2~ p)? ]
. _ i6792 . d47pﬂ P PL(p + ma)(maPr, — mi PR)
iMoo =i a5 o {<p2 "2 (ot — 1) — mE) (o= p)? — )

mpPr, — maPR)(p + ma)y" P, .
(- ”E?z)(ﬁ(piL— p);—Rm%i)((pfdjp)?L— m2,) u(pi)e,(a)- (4.107)

where for compactness, the numerators are defined

No = (mgP — maPr)(pp — p + ma)Y’ (P, — p + ma)(maPr — miPr),
Ny = (mgPp, — maPr)(p + ma)(maPr — miPr)(2p — pi — pt)”, (4.108)

and the contribution from the triple gauge boson vertex is given
vie = g"(2pi —p —pe)” + 9™ (2pe —p — pi)” + 977 (2p — pi — pe)"* (4.109)

and e refers to the usual U(1) Abelian electromagnetic charge. We denote the
initial state momentum of the top quark as p; and the final state up-type quark as
pg. The ‘t Hooft—Feynman gauge is chosen to simplify the amplitude calculations
and the scalar y refers to the unphysical charged Goldstone boson. We apply the
Gordon decomposition as well as Ward identity g, M* = 0 and ignore all vector terms
proportional to v*, since these are simply vertex corrections to the overall electric
charge, we need only consider tensor-like terms within the current I', to determine
the transition form factor resulting from these diagrams.

We follow the standard procedure to integrate over all internal momenta p in
the loop with the help of the Feynman parametrisation. We take the initial and
final state chiralities into account followed by factorising the electromagnetic dipole
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da(pi —p) da(ps — D)

t(pi) ug(pr) t(pi) ug(pe)

\

x(pi—p) ,/ * x(pe —p)

da(p)
t(pi) ug(pe) t(pi) ug(pr)

ug(pe) ug(pe)

FIGURE 4.6: Feynman Diagrams for the one-loop radiative top decay t — ugy
induced by SM weak interactions with SM fields. We denote the amplitudes for the
six diagrams as M; — Mg accordingly. For the gluon channel, ¢t — ugg, only the
first two diagrams contribute and the photon is replaced with a gluon. In all cases,
external radiated gauge boson momenta is denoted ¢ = pg — p; while the internal
momenta that are integrated over in the loop calculations are denoted p.

moment terms with coefficients as

2 1
rpt = %mmwwqy /0 dedydz6(z +y+2—1)PH® . (4.110)
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where each loop contribution is given by

p) _ —2x(x + 2)miPr — 2x(z + y)me P,
3Aaw (x,y, 2) ’
o lremd— (=) a2)mBm P+ faym? — (1= 2)? + aymime Py
3m%,VAaW (z,y,2) ’
B _ [(1—22)2 —2(1 — 2)?Jm; Pr + [(1 — 22)y — 2(1 — 2)?|me P,
Awa(z,y, 2) ’
) [xzmi — z(x 4+ 2)m2]m; Pr + [zymi — z(z + y)m3]me P,
miy Awal(z,y, 2) ’
) _ _—FmilR
Awa(z,y,2)’
6) __ —ymg P,
PO = Rwa(rg.2) (4.111)

where it is convenient to define the function in the denominator in terms of the
Feynman parameters as

Il
3
S

Awa (l’, Y,z
Aaw(z,y,2) = m3(1— ) +amy — o(ym} + zm3) (4.112)
We note that for ¢ — wugg, the structure of amplitudes are largely the same, but
we only require 3P(1) and 3P (because the down-quark electric charge prefactor of
Q= % doesn’t appear at the highest vertex) along with the gauge coupling replacement

e — gs in Eq. (4.110) due to the presence of gluon emission.

4.3.3 Derivation of the Total Kinetic Contribution

We are now ready to compute the total kinetic contribution for both ¢ — ugy and

t — ugg channels. From Ref. |3], it was shown we could rewrite Eqgs. (4.110)), (4.111))
and (4.112) in terms of the dimensionless kinetic term F7 such that

o0 = COP e g, (F) miPa + FpomeP). (4113)

) 4\/571.2 ) )
In the case of a gluon being radiated instead of a photon (which is otherwise identical
to the first two diagrams in Figure , we simply make the coupling replacement
e — gs in the above expression as well as F7 — F9. Performing the loop integrals
using the same approach shown in Ref. [4] and summing the kinetic contribution for
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each individual diagram 22:1 P*) with a radiated photon results in

1 (m¢ —m?2 — 2m2,)(m?2 + miz?) + amg ,
/ dx =X
0

3(mE — m?)2x

fgd:

)

(4.114)

We also consider the case where a gluon is radiated which only corresponds to the
first two diagrams i.e. Zk:1,2 3P%) where, as mentioned earlier, the pre-factor of
three is required since the down-quark electric charge @ = % does not appear at the
quark-quark-gluon vertex, therefore we may write F9 as

fgd:/ldx{(m%_Qm%V_m?l)(x_1)x
’ 0

(mf —m{)z

N (m§ —m3 — 2mgy,)(m3 + mga®) + xmg 4 log (mz + (m¥, —m2 —md)z + m12> }
2 2 )

(m? —m2)%x m2 4+ (m¥, — m3 — m2)z + mé
(4.115)
where in both cases we make the assignment
m;li,d = 2m¥ym?3 — (m2 +mi — 2m¥y)(mi —m3 —miy). (4.116)

We note that in Eq. and Eq. the sub-index d denotes each flavour of
down-type quark that can run in the loop, this will later have to be summed over
when computing branching ratios and C' P observables.

The non-zero imaginary parts for F¢'7 and Fi¥ can now be obtained. Since,

they include integral terms of the form fol dz f(x)log g(z), where g(z) is not positive
definite in (0,1). One can instead use the fact that there is an interval (z1, z2) C (0,1)
where g(z) < 0 is satisfied, and x; and x5 are solutions of g(z) = 0. The real and
imaginary parts in the integration can then be split into

xT

1 1 2
/0 dxf(x)logg(x):/o dxf(a:)log\g(x)]—l—m/x dzf(z). (4.117)

1
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Now the imaginary part given by f;lz dz f(z) can be analytical obtained. In this way,
we derive the following key analytical expressions

T o m2 +m?2 —md, + p?
Im[FY ) =93 o555 | —30° + m5 (m§ —m3 —2m},) lo 1 d w T
7.l {3(m% —m?)? [ 4’0 i d i) log m? 4+ m2 —m¥, — u?

2 2 2 2
m; +mW my + [

—3m2W m2 +m? — 2m? + 2m2W lo d ‘
(ma £ ! ) log 2 +mZ, — md w2

LRY3 Nf 4 2/ 2 2 mf + md - m%/V - M%
+{[ o® —mj(mj —md—QmW)log
3(mz — m2)? |m? iy

m2 +m¥, —m> ,u
+3m¥; (m2+m2 —2m? +2m?,) lo f W d f ,
w ( d f i W) g m2 71 mW md i Hf

(4.118)

and similarly

Vs
Il 0l = 5 g2

{

<mi2+md mW—l-ul)
i~y

(m3 )?

12
Y5 [m €5 — 2m2(m2 — m? + 2miy) log
Vg [ (

2
1
n* — 2m3(m3 — mi + 2miy) log (

: )
1
2 :+ +
e o)
mg mi +mg — myy, — 1
(4.119)
where the following mass dimension parameters p, o, £ and n are introduced as
p° = (m?l — m2) (md (mf — 2my ) + 2mfm2)
+ miy (md (mf 2mj ) + Tmimé — 4m] ) — 2miy, (m% — 2m12) ,
ot =2mg (m3 —mi + 3mjy) + mi (m3 — 3miy) + (miy —m3) (m3 + 2mjy,)
€ =(mg — mi)((2mg + mg)mi — mgmg)
= (mgm — 4m{ +mg(mi — 2m7))miy + 2(mg — 2m)myy,
0t =(mg +mg)(mi —mi) + (m3 + 3m{)miy — 2miy, (4.120)
Yig(x) = (mye — mw — myg) is the Heaviside step function, and
u? = \/m;l + mfl + m%v — Qm?m?l — Qm?m%/v — 2m3m%,v ,
pi o= \/m‘fl +md 4+ mi, — 2m2m?2 — 2m2mi, — 2m2mi; . (4.121)

It should be noted that Im[Fi¢ 4] is obtained by exchanging the masses m; and mg
in Im[Fg 4] . We note the important feature of Im[Fg 4] # 0 being generated only in
the branches where the particle mass conditions m; > mw + mg or mg > my + my
is recovered. This important threshold mass condition required to generate kinetic
CP asymmetry at loop level is ameliorated further in Ref. [3]. We note that we keep
the initial and final state quark masses general in the above discussion, however in
the special case where the top quark decays into light flavour quarks, only the first
bracketed terms in Eq. and Eq. respectively survive because the mass
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condition m; > myy + my is satisfied.

4.3.4 Derivation of CP Asymmetry

For Dirac particles, we state the CP asymmetry between the initial and final state
fermions as u; — wugyy and w3 — ugy— and between u; — ugy— and u; — uUsyy,
following similar notation to Ref. [3]. These can be written in terms of the photon
polarisations (analogous replacements used for the gluon case) as

D(ui = upyy) — D — agy-)

App_ — F(ui — Uf’)/_) — F(ﬂi — ﬂf’)q_)
D(ui = uey) + D(w — agy) -

’ [(ui — ugy) + (w3 — ugy)
(4.122)

Acp+ =

and it then follows according to Ref. [4] that the C'P asymmetries can be written in
terms of particle masses, CKM mixing and the loop functions F as

= Yo p Taplm(Fie o Fip 5)mi

Acp ” 5 T
Sy RE%y [Re(Fa aF s)m? + Re(Fira iy o)
D n TH Tm(Fg o F m12
Acp_ . 205 Tt FhaTs ) (4.123)
28 RY [Re(fﬁ,afﬁ,g)m? + Re(Fig,oF; i*f,/i)m%}
where «, # run for charged down-quark flavours d, s, b and
T = Im(ViaViaVisVis) . Rbg = Re(Via Vi Vih Ves) - (4.124)

Here the classic Jarlskog-like parameters J olzf,(; are utilised to describe the C'P violation
[347,348|. These parameters are invariant under any phase rotation of charged up and
down-type quarks.

4.3.5 Results

4.3.6 Branching Ratios and Decay Widths

In the SM, we may write the expression for the polarised radiative decay width in
terms of functions denoted A and B for each channel as [3]

1 (m?—m2\"
I u) = = (M) a0 P
I'(t = ugy-) = % (W)S |AY + B7|?,
T(t — uggy) = % <W>3|A9 ~ B9,
It — usg.) = % (WY 149 4 BI|?. (4.125)

Then it follows that the total unpolarised radiative width is given by summing the two
polarisation channels and averaging over the two initial state spins so I'(t — ugy) =
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3 [T(t = ugys) + T(t — ugy—)], which yields

—m2\?
L(t = ugy) = ( ) (1477 +1B7P)
2

Cr

I'(t = ugg) = -

<3% )(MFHWW- (4.126)

where Cr = 4/3 is the standard colour factor |358]. We note that the usual Lorentz
invariant amplitude can be separated into terms proportional and not proportional to
Y5 as

M(t — ug + ) =iu(pg)o"’ (A7 + B%yg,)q,,u(pt)slﬂ(q) , (4.127)
by comparing coefficients between Eq. (4.113) and Eq. (4.127)), it follows
eGp eGr

AT = V;fdv*d(f;/t,dmt + ]: dmu) ’ BY = V;fd (flt,dmt T Yty dmu)’

)

(4.128)

8+/272

where u = (u,c) depending on the final state and the above expressions must be
summed over d = (d, s,b) as shown in Eq. with each of their individual contri-
butions. The corresponding parameters for gluon radiation, A% and BY , are obtained
by simply performing the gauge coupling replacement e — gs and F7 — F9. We may
also explicitly write the relations between the magnetic and electric transition dipole

moments in terms of A and B as fM = —AY and f¥ = iB" [3|, the chromodynamic
transition dipole moments are analogous except with the replacements AY and BY
respectively.

The leading order SM top decay width is dominated by the tree level decay t —
bW and given as [358]

2 3 4 6
(¢ — W) = L |V P (1 — 32w 4 oW ) (4.129)
647 miy my my
We avoid using the next to leading order width as it makes a negligible difference
numerically and our other calculations are performed at leading order. The branching
ratios for the radiative processes are then simply given by

I'(t — ugy)

Bl = us) = 5 S owry

(4.130)
where the analogous replacement I'(t — ugg) is performed in the numerator when
computing B(t — ugg).

4.3.7 Numerical Results and Discussion

We compute the branching ratios and C'P asymmetries according to Eq. and
Eq. respectively. In this work, we use the standard parametrisation for the
CKM matrix with angles 610 = 13.04 4+ 0.05°, 613 = 0.201 +0.011°, 023 = 2.38 +0.06°
and 6., = 1.20 £ 0.08 [75]. Additionally, we take the b-quark mass to be be the three
loop MS scheme value evaluated at the top mass my(m;) = 2.681 + 0.003 [376]. We
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take pole masses of (my, me,my) = (173.21,1.275,2.30 x 1073)GeV for the external
quarks. It should be noted that the running mass for the down-type quarks is not a
fundamental parameter of the SM Lagrangian, but rather a product of the running
Yukawa coupling y, = mp/v and the Higgs vacuum expectation value v. Firstly, it
is first of interest to directly calculate the central polarised widths which we obtain

directly from Eq. (4.125)) as

Decay Channel | Decay Width GeV | Decay Channel | Decay Width GeV
t— uyy 2.714 x 10721 t — ugy 5.418 x 1019
t— uy_ 9.781 x 10~16 t— ug_ 1.142 x 10713
t— vy 1.520 x 10~18 t—cgy 3.031 x 10~ 16
t— ey 1.364 x 10713 t—cg_ 1.592 x 10~

TABLE 4.1: Results for the polarised decay widths for the radiative channels ¢t — u-y,
t—cy,t—ug and t — cg.

The total unpolarised branching ratios can then be computed from Eq. ,
which are shown in Table and are approximately one order of magnitude smaller
compared to the ones quoted in Ref. [359]. This is expected as they used the internal
b-quark pole mass in their calculation (mp = 5GeV is assumed). In the more recent
Ref. [358], they compute

B(t — uy) ~3.7x 1071¢ B(t — ¢y) ~ 4.6 x 10714,
B(t — ug) ~ 3.7 x 10714, B(t — cg) ~ 4.6 x 1072, (4.131)

which is comparable to those shown in Table [1.2] the marginal differences observed
are well within the one sigma uncertainties they quote and can be attributed to the
fact that they use a now superseded running mass for the b-quark of my(m;) = 2.74 +
0.17GeV as well as an external line c-quark mass of m. = 1.5GeV. As previously
noted in the same work, the uncertainty in the top quark mass does not affect the
results shown, since the partial widths of t — ¢y, t — cg are proportional to m3, it
follows that the leading dependence on m; gets cancelled when branching ratios and
C P asymmetries are computed, meaning the uncertainty in m; has a negligible effect
on the final result.

In Ref. [358], they also provide an order of magnitude estimate for the C'P asym-
metries

Acp_(t = cy) ~ =5 x 1079, Acp,_(t = cg) ~ —6 x 107 (4.132)

in the SM casd™® This is about a factor of two smaller than the result we com-
pute in Table .2l This is an unsurprising discrepancy as the result shown in this
work includes all of the kinetic terms, appropriate quark running masses and current
CKM parameters. Here we see that the ratio for branching fractions and the CP-

B(t—cy(g) <|vcb|>2 Acp_(t=er(g) (|vub|>2
B(t—uv(g9)) — \IVwl ) * Acp,—(t—=uy(g)) — [Veb]

while the hierarchy Acp < Acp— is a direct consequence

asymmetries can be approximated

Acp 4+ (t=cv(9) - [Veb| me
Acp(t=uy(9)) = [Vupl mu

10We note that the CP asymmetries are denoted a- and a, in Ref. [358], corresponds to Acp =
Acp,+ + Acp,—. In this work Acp 4+ < Acp,— and so Acp ~ Acp,—
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of angular momentum conservation and the fact that the weak interaction is parity
violating.

Decay Channel Branching Ratio Acp+ Acp,—
t— uy (3.262 £0.341) x 10710 | —(7.1424+0.668) x 10~ | (1.612+0.151) x 102
t—cy (4.550 £0.234) x 1071 | —(6.232 +0.605) x 10710 | —(1.150 £0.112) x 107>
t — ug (3.810 £0.340) x 1071 | —(4.521 £ 0.424) x 10~ | (1.617£0.152) x 103
t—cg (5.310 £ 0.271) x 1072 | —(6.245 £ 0.605) x 10~ | —(1.153 £ 0.112) x 10>

TABLE 4.2: Results for the branching ratio and C' P asymmetries for the radiative
channels t — uvy, t — ¢v, t — ug and t — cg. The quoted uncertainty is propagated
from the one sigma CKM angle uncertainties and running bottom quark mass at
the top quark mass scale using the MS scheme.

4.3.8 Application to Selected New Physics Models

We do not focus on beyond the SM physics scenarios in this work, however there
are numerous potential applications of the results shown in this section to beyond
the SM theories. The most direct of these is likely the aforementioned extension of
the SM via VLQs. This is motivated, namely by a recent more precise evaluation
of Vg and Vs, which places the unitarity condition of the first row in the CKM
matrix |[Vyg|? + [Vus|? + [Vip|? = 0.99798 & 0.00038 at a deviation more than 4o
from unity [377,[378|. Furthermore, a mild excess in the overall Higgs signal strength
appears at about 20 above the standard model (SM) prediction [131]. Additionally,
there is the long-lasting discrepancy in the forward-backward asymmetry AZI’;B in
Z — bb at LEP |75]. There have been models motivated by explaining the above
three anomalies via extension of the SM quark sector via down-type VLQs which
alleviate the tension among these datasets such as the one shown in Ref. [379].

There are also direct searches for the down-type VLQs at the LHC [380H382].
Inclusion of these down-type quarks b and b” realise improved agreement to data
compared to the SM [379]. The results shown in Section in conjunction with
Section can be used to predict polarised photons observables resulting from the
CP asymmetries for processes such as b — dgy and b’ — dgy. It should be noted
that these VLQs are experimentally favoured over previously studied fourth generation
models such as in Ref. [383] due to precision Higgs measurements at the LHC [384].
The main addition to the results shown in this work for a complete description of these
decays would be the inclusion of FCNC diagrams with Z, h and unphysical scalar x
bosons appearing in the penguin diagrams. However, it should be noted that these
amplitudes share similar Lorentz structure to the results shown in this section. Hence,
this class of models represent a relatively straightforward extension. We plan to show
this explicitly in a future work. Experimental interest in such models is high and
there has been many detailed searches performed for these down-type VLQs at the
LHC [3801382,,385,386]. Similarly, in Ref. [364], the inclusion of new vector iso-singlet
up-type quarks is discussed in detail with a 4 x 3 CKM matrix. ATLAS searches have
also already been conducted to try and find these new up-type quarks, which are often
referred to as ¢’ or T in the literature [387,388|.

Additionally, the mass hierarchy between the up-type and down-type quarks ob-
served in nature motivates consideration of models with two complex SU(2), doublet
scalar fields which comprise the 2HDM. In the so called type III 2HDM both doublets



4.3. CP Asymmetries in the Rare Top Decayst — ¢y and t — cg 137

simultaneously give masses to all quark types. In these 2HDM variants, it has been
shown that B(t — ¢y) can reach about 1078 [362], 1076 [389,[390] and recently it
has even been suggested that parameter regions exist where it can be enhanced to
about 107°. The dominant contributions for the rare radiative top decay t — ¢y at
one-loop in 2HDM come from neutral and charged Higgs bosons running in the loop
analogous to the third diagram in Figure but with the W bosons replaced with the
charged Higgs H* and the second diagram where the unphysical scalar y is replaced
with the physical SM-like Higgs h. Therefore, it is clear that the result for the CP
asymmetry shown in this section can easily exported for use in the 2HDM as well. We
note that the previous focus in the literature of these rare decays has primarily been
on photon radiation rather than gluon radiation. The latter of which, we have studied
in this work and would be expected to have a much larger branching fraction albeit a
less experimentally clean probe of new physics in hadron colliders due to large QCD
backgrounds.

4.3.9 Conclusion

The rare radiative flavour changing loop level top decays t — c¢vy, t — cg, t — uy
and ¢ — ug branching ratios and corresponding C'P asymmetries are computed in
full detail. These signatures exist due to imaginary components of the loop func-
tions and the CKM matrix and provide a potentially clean probe of new physics or
further validation of the SM. A full analytical formulation for the C'P asymmetry
resulting from the loop functions as well as a revised numerical computation of the
SM branching fractions is provided. The branching fractions are comparable to the
values quoted in the literature while the C'P asymmetry is computed to a higher de-
gree of precision and is about a factor of two larger than the previously stated order
of magnitude estimates |358]. These rare radiative processes are suppressed in the
SM by the GIM mechanism, however, the kinetic terms and loop functions presented
can easily be adapted for use with minimal modification in extensions of the SM via
vector-like quarks or in Two-Higgs-Doublet models. These extensions can enhance the
same channels of interest by many orders of magnitude relative to the SM, even reach-
ing branching ratios up to 1075 or higher, due to the presence of an extended CKM
matrix, FCNC at tree level or new scalar field content respectively. Several of these
extensions have been studied in detail recently and comprise an active area of research
since they can provide improved global fits to several recent flavour physics measure-
ments. Studying the phenomenology of radiative decays produced in these beyond
the SM models by application of the formulae detailed is intended to be performed as
a future work.
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Chapter 5

Lepton Flavour Universality
Violation in B Decays

5.1 A Chiral SU(4) Explanation of the b — s Anomalies

There is mounting evidence for a violation of LFU in FCNC processes b — sfip in
recent measurements of B decays [94,1391H-396|. The theoretically cleanest probes are
the LFU ratios B _

I(B = K™ putpm)
(B — K®ete™)

Ry = (5.1)
which compare the decay rate b — s/ ratio between muons and electrons respec-
tively. Hadronic uncertainties cancel out in the ratios as long as new physics effects
are small [397-399]. The current experimental data shown in Table [5.1|indicates devi-
ations of more than 20 for both LFU ratios Ry (. separately. An effective field theory
analysis including all b — s¢¢ data in fact shows that the introduction of operators

Og = [s7" Prbl[fyupl] O1o = [57" Prb] [y ys 4] (5.2)

may improve the global fit by 4 — 50 [399-404]. In addition to the Rx anomaly, there
is some evidence for a deviation from SM predictions in the muon g — 2 measurements
(see e.g. Ref. |405]) and also in charged-current semi-leptonic decays b — cfv (Rp
anomaly) see e.g. Ref. [406]. The leading SM contributions to b — ¢/ arise at tree
level, while the contributions to the muon g — 2 and b — s¢¢ arise at one-loop level.
Although new physics contributions to the muon g — 2 arise at loop level, there may
be new physics contributions to b — ¢/ and b — sff at tree level. It follows that the
b — s processes are expected to provide a more sensitive probe of deviations from the
SM. The experimental sensitivity is expected to significantly improve in the next few
years: LHCD will acquire more data and the Belle II experiment is anticipated to start
collecting data with the full detector soon and will measure Ry () with a precision of

3.6% (3.2%).

observed SM q? range
Ry 0.74570599+£0.036 [94] 1.0003 £0.0001 [407] 1GeV? < ¢ < 6 GeV?
Ry« 0.6975:31 +0.05 [391] 1.00 £ 0.01 93] 1.1GeV? < ¢? < 6 GeV?

TABLE 5.1: LFU ratios Ry, where we first list the statistical error and then the
systematic.
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The possibility that some or even all of these deviations might be a harbinger of
new physics has been entertained in the literature, e.g. by introducing a new effective
interaction of third-generation weak eigenstates [408|, models of Z’ gauge bosons e.g.
[409H411] and leptoquarks e.g. [412,|413]. In this section we consider a rather partic-
ular kind of Pati-Salam inspired SU(4) gauge model, with chiral gauge interactions
with quarks and leptons. In this scheme, the b — s anomaly is explained via tree
level leptoquark gauge bosons with mass my» 2 10TeV. Although various kinds of
SU(4) models have also been considered in the context of the B-physics anomalies
in several papers [414-423|, the proposal identified in this section appears to have
escaped attention in the literature. Our model provides a very simple and predictive
scheme, describing the b — s anomaly with only two parameters, myy» and a CKM-
type mixing angle, 8. The leptoquark gauge boson does not contribute significantly to
the Rp anomaly. If both Rp and Rg anomalies are confirmed then the Rx anomaly
could be explained in terms of chiral Pati-Salam gauge bosons as described here, with
Rp explained, potentially, via scalar leptoquarks incorporated in simple extensions of
the proposed model.

The section is organised as follows. In Sec. we introduce the model and
discuss the relevant effective operators in Sec. [5.1.2l Our results are presented in

Sec. £.1.3] and we conclude in Sec. 5.1.4

5.1.1 The Model

The Pati-Salam model [424] is a left-right symmetric model based on the gauge group
SU(4)c x SU(2), x SU(2)r where both chiral left- and right-handed leptons are in-
terpreted as the fourth colour of (4,2,1), (4, 1,2) fermion multiplets (the other three
colours representing the quarks). In the original version of the model, quite stringent
limits on the SU(4) symmetry breaking scale arises from various processes, especially
two-body leptonic decays of mesons: K — jie, B — [ie etc.. These two-body rare de-
cays are effectively enhanced over three-body processes because the SU(4) leptoquark
gauge bosons couple in a vector-like manner to the charged leptons, eliminating any
helicity suppression.

It was noticed some time ago [425,426| that variants of the Pati-Salam model can
easily be constructed whereby the SU(4) leptoquark gauge bosons couple in a chiral
fashion to the quarks and leptons. Such chiral SU(4)¢c models are less constrained
than the original Pati-Salam model, and SU(4) symmetry breaking at the TeV scale
can be envisaged. The particular model studied in Refs. [425/426| featured leptoquark
gauge bosons coupling to chiral right-handed quarks and leptons, a circumstance which
is not well suited to explaining the Rx anomaly. Here we aim to construct the simplest
chiral SU(4) model in which the leptoquark gauge bosons couple to quarks and leptons
in a predominately left-handed manner.

The gauge symmetry of the model is SU(4)c x SU(2), x U(1)y, and the fermion/
scalar particle content is listed in Table The SU(4) symmetry is broken by the
vacuum expectation value (vev) of the scalar y at a high scale ({x) = w = 10TeV),
while the electroweak symmetry is broken by the vevs of the scalars ¢ and A, with

V2 4+ u? ~ 174 GeV where (¢p) = v and (A) = u. The symmetry breaking pattern

'The vev u also breaks SU(4)c x U(1)y-, but its effects are suppressed, since we assume v < w.
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fermion (SU(4)c,SU(2)r,U(1)yr) | scalar (SU(4)c, SU(2)r,U(1)y")
QL (4,2,0) ¢ (1,2,1)
Uupr (4a171) X (43171)
dg (4,1,-1) A (4,2,2)
FEr (1,1,-2)
eR (1,1,-2)
NL ( 5 aO)
TABLE 5.2: Particle content
that results is
SU(4>C X SU(Q)L X U(l)y/
()
SU@3) x SU(2), x U(1)y (5.3)
1 (#),(A)

SU(3) X U(l)Q

Here hypercharge Y = T + Y’ and electric charge Q = I3 + % If we use the gauge
symmetry to rotate the vev of y to the fourth component, then T is the diagonal
traceless SU(4) generator with elements (3, 3,1, —1).

The Yukawa Lagrangian is

L =Y, Qroug + YsQrodp + Ynupx Ny + YedrxEL + Y.QrAer

_ 1 _
+miErer + §mNNE,NL + h.c., (5.4)

where ¢ = im9¢*, and we have used bold face notation to label SU (4)c 4 multiplets
which contain the usual quarks plus a leptonic component. The generation index
has been suppressed, and it is implicit that each of these components comes in three
generations, i.e. ugp = u% = (ug,cr,tr), dg = d% = (dg, sg,bgr), etc.. The x field
gives mass to the charged (%e) W' and neutral Z’' gauge bosons along with the exotic
charged E7 p and neutral N g fermions. The SM fields acquire mass via the ¢ and
A fields.

The quark mass matrices are given by m,, = Y, v and mg = Y,v, while the charged
and neutral lepton mass matrices are

You m 0 My 0
(e d) My=|mZ 0 Yyw]|. (5.5)

Mg =
e mi Yg’w 0 Yﬁ;w my

)

In defining these matrices we have adopted a basis (e, ), g and (vr, N, Nr) where
er, vy are the fourth components of Q; and Er, Ng are the fourth components of
dg, ug. In the limit w > m;, my (assumed in this section) the charged lepton masses
reduce to me =~ Y.u, while the exotic charged leptons have mass Mg ~ ng. Also,
the W' leptoquark SU (4) gauge bosons couple chirally to the SM quarks and leptons.
It is beneficial to explicitly write out the fermion multiplets. For the first generation
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we have
Uy dr dr Uy
QL= |" dy dr = dg up= | Er er Np (5.6)
up  dp dy up ' '
v e/, FE R N R

Note that the active neutrino masses are generated via an inverse seesaw, and their
observed sub-eV mass scale is compatible with a TeV scale vev w.

In this model the masses of the charged leptons arise from the vev of the A
scalar, while the masses of the quarks result from the vev of ¢. In such a situation,
consistent Higgs phenomenology requires the existence of a decoupling limit where
the LHC Higgs-like scalar is identified with the lightest neutral scalar in the model.
To see how this can arise consider the Higgs potential terms

Vix. ¢, A) = M(x'x —w?)? + Xa(8'¢ — v*)% + mAATA — mipsATox — mipgxToTA

(5.7)
Here my93 is a trilinear coupling of dimensions of mass which, without loss of gener-
ality, we can take to be real. For A1, Ao, ma > 0, and considering initially mq93 = 0,
the potential is minimised when (xTx) = w?, (¢T¢) = v, and (A) = 0. Taking ad-
vantage of the gauge symmetry, the vevs can be rotated into the real part of one of
the complex components of x and ¢: (Re : xo) = w, (Re : ¢o) = v. In the non-trivial
case where mqo3 # 0, a vev is induced for the real part of Ag

mi23wWvU

(Re: Ag) =u =~

m (5.8)
In such a manner, v < v can naturally arise if mlggw/mi < 1.

The physical scalar content consists of electrically charged 5/3 and 2/3 coloured
leptoquark scalars, a singly charged scalar, AT, three neutral scalars, Xo/v2 = Re :
X0, $0/V2 = Re : ¢, Ag/v/2 = Re : Ag, and a pseudo scalar, Af)/\/i =Im: Ay In
the limit w? > v?, the Yo scalar decouples and the two remaining neutral scalars mix
so that their physical mass eigenstates take the form

h = cosfBdy + sin BA
H = —sinfB¢y+ cos BAg (5.9)

where sin 8 ~ miszw/(m3%) = u/v in the decoupling limit m% > miosw. In this
limit it is easy to check that the lightest scalar, h, has Higgs-like coupling to the SM
particles. This result would hold for the most general Higgs potential so long as a
decoupling regime as described is considered [427]. The scalar h can thus be identified
with the Higgs-like scalar discovered at the LHC [428,429].

Finally, the model features an unbroken global U(1)p baryon number symmetry.
As with the standard model, this global symmetry is not imposed but appears as
an accidental symmetry of the Lagrangian. However, unlike the standard model, the
unbroken baryon global symmetry does not commute with the gauge symmetries, and
is generated by

B +T

B=—1—. (5.10)
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Here, we have introduced the generator, B’, which commutes with the gauge symme-
tries, and is defined by the charges: B'(Qr,ug,dg,x,A) =1, B (Ep,er, Ny, 9,G) =
0 (G is the set of gauge fields). With B defined as above, one can easily check that
U(1)p is an unbroken symmetry of the Lagrangian (i.e. B(x) = B(A) = B(¢) =0).
The U(1)p: is also a symmetry of the Lagrangian, but is not independent of the gauge
symmetries and U(1)p

5.1.2 Effective Operators

The relevant new physics contributions to the anomalies and possible constraints are
most efficiently described by the effective Lagrangian

AGF « . 0 yaq'l "0 gt
Less =5 am N ViV S (ot o oty f e, (5.10)
gL 19,10

where O; denotes operators with two down-type quarks and two charged leptons

O = (gy,Prd ) (Iy"¢') O™ = (v, Prq) (I"0")
O — (v, Prq ) (Iy"s') O — (g, Prq) (Iy"ysl') (5.12)

In the above, G denotes the Fermi constant, ap, = 1/127.9 the fine-structure con-
stant evaluated at the electroweak scale, V;; are CKM mixing matrix elements, q"
are down-type quark fields, £} denotes charged leptons and Pr. g = (1£~5)/2 are the
chiral projection operators.

The relevant SU(4) gauge interactions with the fermions, together with the lep-
toquark gauge boson mass term, are given by

L= %Kw W diy# Prt; + \g/‘%K* WLyt Prd; — miy, W (5.13)
where g, is the SU(4) gauge coupling constant. Here we have defined ¢ to include the
three charged SM leptons and the three heavy exotic charged lepton mass eigenstates,
ie. £ = e, E. This means that K;; is in general a 3 x 6 matrix which satisfies the
unitarity condition KK T = 13,3, where 1343 is the 3 x 3 unit matrix.

In this model the Wilson coefficients for the effective four-fermion interaction after
integrating out the heavy W’ mediator and using the appropriate Fierz rearrangement
to collect quark and lepton bilinears are

2 *
C’qq’fé’ qu’fé’ Vorta, KKy,
‘/tqv;Z/aem GFm%/V/

(5.14)

where ag = gg(m%/v,) /4m. Typically, limits from lepton flavour violating Kaon decays
are more stringent then those from B meson decays, and this constrains the possible
flavour structure of the theory. In order to satisfy these constraints, and to explain
the Ry (-) anomaly, a particular structure of the K matrix is suggested. Considering
only the first 3 columns of the general K matrix, i.e. the part relevant to quark-SM
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lepton interactions, we adopt the limiting case:

0 0 1
K= cosf sinf 0] . (5.15)
—sinf cosf 0

In general, the zero elements need not be exactly zero, but for the myy+, 6 values
of interest for the Ry (.) measurements are constrained from lepton flavour violating
Kaon decays to be relatively small (< 0.1).

5.1.3 Results & Discussion

With the ansatz Eq. it is straightforward to evaluate the W’ leptoquark gauge
boson contributions to the Ry () anomaly. The model has the distinctive feature that
both b — sée and b — s processes receive corrections of approximately the same
magnitude, but with opposite sign. One consequence of this is that modifications to
the angular distributions are anticipated in both muon and electron channels. How-
ever, it is noteworthy that the muon channel is experimentally advantageous over the
electron channel due to improved resolution.

The favoured region of parameter space for the model is identified using the flavio
package [430] and tree-level analytical estimations where appropriate. The B —
K®putu—, B — K®ete rates are used to determine the Ry and Ry ratios for
a given my leptoquark mass and 6 mixing angle, with the Cy and Cyg coefficients
detailed in Eq. (5.14). Additionally, we calculate BR(B* — K*p~et) and BR(B' —
K*te p™) values. The 1o and [90% C.L.] favoured parameter region is defined by
the myy/, 0 values which satisfy Rx = 0.745 £ 0.097 [Rx = 0.745 + 0.159], Rx+ =
0.69 + 0.12 [Rg~ = 0.69 £ 0.20] and also satisfy the current 90% C.L. experimental
limits BR(B* — K*pu~e) < 1.3x 1077 and BR(BT — K*e pu®) < 9.1x 1078 [75].
It turns out that the favoured region, defined in the way we have done, is not currently
constrained by any other process.

30 A

mw [TeV]

i A
N PN
¥y ¥y

10

T T T T
—0.50 —0.25 0.00 0.25 0.50 0.75 1.00
0/m

FIGURE 5.1: The favoured parameter regions compatible with the current experi-
mental limits from Bt — K*tu~et, Bt — KTe u™. Shown are the 1o (blue) and
90% confidence level (red) bands suggested by the measured Rx and Ry ratios.
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FIGURE 5.2: Expectation for (a) BR(BT — K*tu~e™) (b) BR(BT — Kte u™)
for the favoured parameter region identified in Figure [5.1] The black dashed lines
correspond to the current experimental 90% C.L. upper bounds on these branching
fractions.

A plot of the allowed model parameters is shown in Figure From that figure
it is clear that the favoured range of 6 is approximately between [—7, 0] or [F, 7] and
my /TeV between [12,31]. The identical nature of the two adjacent regions can be
understood as follows. Under the transformation 8 — 6 + 7, sinf — —sin6, cos —
—cosf, and the leading order amplitudes for b — sf¢ (which are proportional to
sin @ cos 0) are invariant. Also the amplitudes for the decay processes, BT — Ktpu~et,
Bt — Kte put, are proportional to sin? @ and cos? f respectively, and are also in-
variant under § — 6 + . It should be noted that the R,(.) anomalies on their own
can potentially have my» < 12TeV, but the low mass cut-off is acquired due to the
Bt — KteTu® decay constraints.

For each point in the favoured region shown in Figure [5.1| we can calculate the
expected rates for the rare BT — KTp et and BT — Kte u* processes. The
result of this exercise is shown in Figure Note that BT — K*tpu~e™ probes
sin?@ ~ 1, while BT — K*uTe™ probes cos?f ~ 1, and thus these two decay
channels are complimentary. Using the first 9fb~' LHCD is expected to be sensitive
to the branching ratio of BT — KTe® ;T at the level of 107 and scale almost linearly
with integrated luminosity.

In addition to further improvements to B — K*pu%eT there are a number of
other ways to test this model. In the remainder of this section we focus on making
predictions for various rare decays that directly involve the new physics invoked in
explaining the R (.) anomalies. We first consider the rare tau lepton decays: 7 — K/,
¢ = e, pu. The decay rate for the 7 — K€ process is calculated to be
fieodm(m? — mi )2 [| Koo*| Kar |* + [ Kor [*| Kag|”]

T

I'(r — Kyl) = . (5.16)

64m%v,m7
Here, myig ~ 497.7MeV and fx =~ 156.1MeV are the Kg; meson mass and decay
constant respectively, and we have set the final state lepton mass to zero in the
above calculation. With the ansatz, Eq. , we have K . = cosf, K, = sin6,
K4 =1, Ky = 0. Using the experimentally observed decay width, I'(t — all) ~
2.27 x 107!2GeV, the branching fraction, BR(T7 — Kg{) = I'(1 — K{)/T(t — all),
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FIGURE 5.3: Expectation for (a) BR(t — K,u) (b) BR(T — Ke) for the favoured
parameter region identified in Figure The black dashed lines correspond to the
current experimental 90% C.L. upper bounds on these branching fractions.
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FIGURE 5.4: Expectation for (a) R(Bs — u~u't) (b) R(Bs — e"e') (¢) BR(Bs —
pet) (d) BR(Bs — e~ ™) for the favoured region of parameter space identified in

Figure

can then be obtained. Our results are shown in Figure [5.3] The Belle II experiment
will search for 7 — K,/ decays with an improved sensitivity of 5 x 10710 (4 x 10710)
for 7 — Kge (1 — Kgpu). [432]

The effective Lagrangian that induces modifications to the Ry ratio also modifies
the two-body B decays: B; — pu~ " and By — e~ e™. These decays also arise in the
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standard model, and so it is useful to compute the ratio

[(Bs — £707)

—
R(By — °( ):FSM(BS—M*M

(5.17)

where the numerator, I'(Bs — ¢~ ¢7), includes the new physics (W) contributions as
well as the standard model contribution. In this model we expect R(Bs — pu~pu™) ~
(1+ Rk)/2, and R(Bs; — e~e™) ~ (3 — R)/2. In Figure 5.4 we have calculated the
predictions for R(Bs — £~ ¢1). A comparison of the experimental values |75] with the
SM predictions [433| shows that the R(Bs — p~ ') ratio inferred from measurement
is R(B; — p~pt) = 0.7 £0.3. This value is consistent with what we would expect
given the central values of Ry and Rg~, but of course the current error is too large to
rigorously test this model. In Figure we have also shown the predicted branching
ratios BR(Bs — p~et) and BR(Bs — e u™), together with the 90% C.L. upper
bound BR(Bs — e*uT) < 1.1 x 1078,

The vector leptoquark also modifies the two lepton univerality ratios Rlz)/ =
I'(B — Duw)/T(B — Der) and R%ﬁ‘ = I'(B — D*er)/T'(B — D*uv) via its cou-
plings to up-type quarks and neutrinos. These ratios have been measured by the Belle
experiment: Rg/ € =0.995 £ 0.022 £ 0.039 [434] and R;/i‘ = 1.04 £ 0.05 £ 0.01 [435],
where the first and second uncertainties are statistical and systematic respectively.
To leading order in the contribution of the vector leptoquark the lepton universality
ratios are given by

R%/e ~ R (1 V2o cos 6, sin 29)

D,5M ‘/CbGFmIQ/V/
V27 cos 6, sin 26
RM~ R 1= s O e , 5.18
D = s VaGrmdy, 19

where 6. denotes the Cabibbo angle. For the region of interest the deviation from the
SM value is about one order of magnitude smaller than the experimental sensitivity
of Belle and hence does not currently pose a new constraint.

We have briefly looked at the p — e~ radiative decay. This decay arises at one-
loop level, with virtual down-type quarks and W’ gauge boson propagators in the
loop. Making use of the general calculation given in Ref. [436], we show that the first
two terms in the m?/mj, expansion vanish: the first one due to unitarity and the
second one

9 aemagmémz (2Qp + Qw)? sin® 0 cos? 0

L(p—ey) = g
256mwl

(5.19)

is proportional to (2Qp + Q)% and thus vanishes as the charge assignments in this
model satisfy Qp = —1/3 and Qw = 2/3. Hence we do not expect the u — ey process
to be important in this model.

A similar conclusion holds for 1 — eee and i — e conversion in nuclei, because due
to dipole dominance the decay width I'(u — eee) and the conversion rate CR(uN —
eN) are directly proportional to I'(u — e7). In particular, there are no tree-level
contributions to u — e conversion for the K matrix in Eq. .
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5.1.4 Conclusion

We have proposed a Pati-Salam variant SU(4) theory, with gauge group SU(4)c x
SU(2)r x U(1)y, which is capable of explaining the Rx and Rg+ anomalies via new
gauge interactions. The model is consistent with experimental constraints, including
the stringent limits on BT — K+tu~e™ and BT — KTe u* decays. In this model,
the chiral left-handed fermions are arranged in a similar fashion to the original Pati-
Salam model, i.e. with leptons making up the fourth colour, while the chiral right-
handed fermions are treated quite differently. The model features SU(4) symmetry
breaking via the introduction of a SU(4) scalar multiplet x with a vev w 2 10TeV and
electroweak symmetry breaking via scalars ¢ and A with vevs that satisfy vv2 + u2 ~
174 GeV. In addition to new scalar particles, the model contains new charged (%e)
W’ and neutral Z' gauge bosons along with heavy exotic charged E; , and neutral
Np.r fermions. The charged leptoquark gauge bosons W' couple in a chiral manner
to the familiar quarks and leptons and can thereby interfere with SM weak processes.
The theory makes predictions for BT — Ktpu~et, Bt — Kte p*, 7 — K., By —
p~ T, as well as the highly suppressed Bs — p~e™ and By — e~ u™ processes. For
instance, for the leptonic By — pu~pu* decay channel the rate is predicted to satisfy:
I'(Bs = p ) /Tsm(Bs = p~pt) = (14 Ri)/2. These predictions can be tested at
the LHCDb and Belle IT experiments when increased statistics become available.

The leptoquark gauge boson phenomenology of the chiral SU(4) Pati-Salam model
considered will be relevant for more general chiral SU(4) models. In particular, the
model can easily be extended to the full Pati-Salam gauge group: SU(4) ® SU(2)1, ®
SU(2)g. In this case, the three SU(4) singlet fermions in Table[5.2|unify into a SU(2) g
triplet, that is the fermion content of each generation have gauge transformation:
Qr ~ (4,2,1),Qr ~ (4,1,2), Fgr ~ (1,1,3). The SU(4) leptoquark gauge bosons of
such extended models can explain the measured Ry deviations in the same manner
as discussed here. However, since such models typically require more scalar degrees of
freedom, there are more observable signatures of new physics, including the possibility
of explaining the Rp anomalies via scalar leptoquarks. Although very interesting and
topical in light of the tantalizing experimental hints, we leave further investigations
along these lines for future work.

5.2 Unified SU(4) Theory for the Rj.) and R, Anomalies

The SM of particle physics with the inclusion of neutrino masses describes nature with
unprecedented precision and has so far withstood all experimental tests. However,
recently several hints for a violation of LFU in recent measurements of semileptonic
B meson decays [94,13911396,[437] have emerged. The theoretically cleanest probes
are the LFU ratios

I'(B— K®utu)
(B — K®ete™)

where /¢ is a light lepton ¢ = e, i, because hadronic uncertainties cancel out in the
LFU ratios [397]. Their current experimental measurements and SM predictions are
summarized in Table While the LFU ratios Ry () point to a smaller decay rate

with final state muons compared to electrons in the neutral current process b — s¢+¢~,



148 Chapter 5. Lepton Flavour Universality Violation in B Decays

the LFU ratios Rp. indicate an enhanced rate for the charged current process b —
ctv compared to light charged leptons in the final state. The significance of the
anomalies in semileptonic B meson decays is at the level of 2.5¢ for both Rg and
R~ ratios, while the significance for the combined measurement of the LFU ratios
Rp and Rp~ exceeds 30.

Observed SM q? range
Ry 0.84675000700001437]  1.0003 £ 0.0001 [407] 1GeV? < ¢ < 6 GeV?
R 0.685T5:383 +0.047 [391] 1.00 4 0.01 [93] 1.1GeV? < ¢? < 6GeV?
Rp  0.340 +0.027 £ 0.013 [89]  0.299 + 0.011 [438] Full
Rp+  0.295+0.012+0.008 [89]  0.252 4+ 0.003 [439)] Full

TABLE 5.3: Experimental results and standard model theory predictions for the
LFU ratios Ry -y and Ry« . Statistical uncertainties are listed first and systematic
uncertainties second. In the case of the LFU ratios R+, the data are binned in
the invariant mass ¢2 of the final state lepton pair, in order to avoid the J/v and
other resonances. The relevant ¢ range is indicated in the last column.

The experimental anomalies in Rp and Rp+ are supported by a similar deviation
in the LFU ratio Ry, = I'(Bf — J/¢rtv)/T(Bf — J/iutv) which analogously
points to a larger branching fraction to tau leptons compared to muons, although still
being consistent with the SM at the 20 level due to large experimental uncertain-
ties [440]. Also, there are deviations in the angular observable P! [409,441] and more
generally data from several measurements of b — syt p~ [442] that suggest a suppres-
sion of the decays b — su™p~ compared to the SM expectation, while being consistent
with the experimentally observed value of the LFU ratios Ry(.. However, as these
other channels currently have fewer clean signals due to large hadronic uncertainties
in absolute branching ratio measurements and due to the difficulty of estimating a
signal for P{ [441] along with other experimental uncertainties, we instead focus on
the LFU ratios introduced in Eq. in the following discussion.

The possibility that some or even all of these deviations might be a harbinger
of new physics has been entertained in the literature. In particular, several SU(4)
models [6},|414H423|443| have been proposed. Most of these models simultaneously
explain the B physics anomalies via a massive vector leptoquark W’ ~ (3,1,4/ 3)E|,
which is predicted by the breaking of SU(4)c — SU(3)¢. In particular chiral SU(4)
models [6,443,445] are phenomenologically motivated, because they avoid constraints
from lepton-flavor-violating pseudoscalar meson decays like K; — e pT, which place
stringent constraints on the SU(4)-breaking scale [446-451]. The authors of Ref. [452]
find that minimal models with a single vector leptoquark and a unitary quark-lepton
mixing matrix are generally disfavored due to strong constraints from charged lepton-
flavor-violating processes.

We pursue a different approach and build on our previously suggested Pati-Salam
inspired chiral SU(4) gauge model [6], where the b — s anomaly is explained via the
vector leptoquark W’ with purely left-handed couplings. The explanation of R (.
is predictive and depends on only two parameters, the mass of the vector leptoquark
and a CKM-type mixing angle between left-handed down-type quarks and charged
leptons. One interesting feature of the model is the simultaneous modification of both

2W' is the U; vector leptoquark in the nomenclature of Ref. [444)].
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the decay to muons, b — sutp~, and electrons®} b — sete™, in opposite directions
by an equal amount. Here, we consider a simple extension of the model with a
larger gauge group SU(4)c x SU(2)r, x SU(2) g which further unifies the right-handed
matter fields. This allows explanation of the Rp) anomalies with a new scalar
leptoquark x ~ (3,1, -2/ 3)@ which is part of the scalar breaking of the Pati-Salam
gauge group to the SM gauge group. The x leptoquark is well known as an explanation
for Ry [455,456] and other hints of new physics (see e.g. Refs. [457-461]). Here, the
X leptoquark features purely right-handed couplings and thus mediates bg — crTrV
with right-handed charged fermions, where v is a new light sterile neutrino. The sterile
neutrino can be searched for and provides a smoking-gun signature of the explanation
of the observed measurement of Rp.).

The paper is structured as follows. In Sec.[5.2.1|we introduce the model and discuss
the scalar potential and fermion masses. New contributions to the B physics anomalies
are discussed in Sec. [£.2.4] and relevant constraints in Sec. 527 In Sec. we
present our results before concluding in Sec. The decomposition of the particle
content in terms of SM multiplets is shown in the appendix.

5.2.1 Model

We propose a model based on the gauge group SU(4)c x SU(2)r x SU(2)r and
assign the particle content such that the SU(4) leptoquark gauge boson couples to the
quarks and leptons in a chiral fashion. This naturally avoids strong constraints from
charged lepton-flavor-violating leptonic neutral meson decays such as K, — e pT and
B — e*puF. The particle content of the model is listed in Table Apart from the

Fermion (SU(4)¢,SU(2)1,SU(2)r) Generations ‘ Scalar  (SU(4)¢,SU(2),SU(2)Rr)
QL (4,2,1) 3 ¢ (1,2,2)
Qr (4,1,2) 3 X (4,1,2)
fr (1,1,3) 3 A (4,2,3)
St (1,1,1) 1

TABLE 5.4: Particle content

usual matter fields Qg 1, in the fundamental representation of SU(4)¢, there are three
generations of right-handed triplet fermions fr and a left-handed total singlet fermion
Sr. The scalar sector consists of a bidoublet ¢ and two fields in the fundamental
representation of SU(4)c, x and A.

The SU(4)c x SU(2)g symmetry is broken by the vacuum expectation value
(vev) of the scalar x at a high scale, (x41) = w 2 20TeV, where the first (second)
index refers to the fundamental representation of SU(4)c (SU(2)gr). Electroweak
symmetry is broken by the scalar ¢ with v = /|vi2|2 + |[v21|? ~ (2V2Gp)~1/2 ~
174 GeV where v12 = (¢12) and vy = (¢Po1) refer to the vevs in the (I3p,Isg) =
(3,—3) and (I3z,I3r) = (=3, 3) components. The combination of the vevs of x and
¢ induces small vevs for A, (Ayy(12)) = w1 and (Agy(11)) = u2. The first index refers
to the fundamental representation of SU(4)¢, the second refers to the fundamental
representation of SU(2);, and the last two in round brackets are two indices in the

3Modifications to electrons have been suggested in Ref. [453] and also realized in the simultaneous
explanation of both anomalies using the R» leptoquark [454].
4% corresponds to the conjugate of the S; leptoquark in the nomenclature of Ref. [444].
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fundamental representation of SU(2)r which are symmetrized as indicated by the
round brackets, T4 = %(Tab + Tpq). Thus the following symmetry-breaking pattern
emerges |u1]? + |uz|? < |vi2|* + [va1]? < w|?

)
SU3) x SU((2)L x U(1)y (5.21)
(

SU@3) x U(1)g

Here weak hypercharge Y and electric charge () are related to the generators in

SU4)e x SU(2), x SUR)r by Y =T +2I3p and Q = T + Iy + Iy = I3, + Y/2,

respectively. If we use the gauge symmetry to rotate the vev of x to the fourth com-
11 1

ponent, then 7' is the diagonal traceless SU(4) generator with elements (3, 5,3, —1).

5.2.2 Yukawa Sector
Given the particle content in Table the full Yukawa Lagrangian is given by

L =Y1Q¥0a3(Qr)ine” + YoQ bas(Qr)ine” — V3QEXiaSL + YaQE Xis(F5) (ar)e™”
(5.22)

. 1 - 1 A
+ Y5QF Aio(ap) (FR) (1e)e* 7™ + im(fﬁ)(aﬂ)(ﬁz)(aﬁ) - gmsSfCSL + h.c.,

where flavor indices are suppressed, but indices for the gauge groups are explicitly
shownﬂ The Yukawa couplings are matrices in flavor space; rows (columns) are la-
beled by the first (second) fermion in the fermion bilinear. Indices in fundamental
representation of SU(4)¢ are labeled by roman letters i, j,..., indices in the fun-
damental representation of SU(2)y, are labeled by greek letters «, f3,... and indices
in the fundamental representation of SU(2)g are labeled by roman letters a,b, . ...
In the above expression we used the charge-conjugate fields doq = eageabqﬁ*ﬁb and
(f£)ag = eaaleﬁgfévof;alﬁl with € = iv2~°. From the Yukawa Lagrangian we
obtain the Lagrangian of the quark masses

L = —armyupr — EiLmddR + h.c. (523)
with the quark mass matrices

my = Yiv12 + Yous, mg = —Y1v91 — Youl, . (5.24)

5Lower indices refer to the fundamental representation and upper indices refer to the antifunda-
mental representation. Fields ¢ with lower indices transform as 1; — (Uv); = U/4;.
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The charged and neutral lepton mass matrices can be written in the basis

v,
L= NTEM N — (EoMopEn+he) &=(0) ex=(SR) n=|lh
2 v, €, EL ER %
St
(5.25)
with the mass matrices
0 mi V2Yzui 0

—Ysus my .0 _Yaw oy,
M, g = M, N = V2 5.26
ek < —m —Y4Tw*> N . —m* 0 (5.26)

mg

A viable mass spectrum for the charged leptons is obtained for mg, m < Yjw. More
precisely, we take the eigenvalues of m to be less than ~ 1 GeV and the eigenvalues of
Yiw to be larger than ~ 1TeV. In this case the new charged fermions Er, r decouple
and their masses are determined by Mg ~ —Yjw*, while the light charged lepton
masses are determined by M, ~ —Ysus. The contribution from mixing with £, g can
be neglected because of the assumed relative sizes of m, my and Yjw. In the basis of
a diagonal Y5 the SM charged lepton mass eigenstates are approximately given by the
weak interaction eigenstates. We thus denote them by ey, . Neutrino mass eigenstates
are labeled by n;. Hence in this basis the leptonic mixing matrix is determined by the
neutrino mass matrix up to subpercent-level corrections from mixing with the heavy
charged leptons.

The neutrino oscillation data and the existence of a fourth light sterile neutrino
with my < 1GeV requires v < ug and Yyw, Ysw > m,mg to be satisfied. For
the remainder of this work we focus exclusively on the limit u; — 0 in order to
recover the experimentally observed active neutrino mass spectrum and the leptonic
mixing angles. In this limit, three pseudo-Dirac pairs obtain masses of order Y3 w
and decouple from four light neutrinos. A minimal phenomenologically viable texture
for the neutrino mass matrix is given by

0 Yee 0 0
Ys=10 vi=l0 0 Y.,|. (5.27)
Y3 0 Yy, O

The large off-diagonal entries Y., and Y}, are required for the b — ¢ anomalies. The
entries of the Majorana mass matrices m and mg have to be small <1 GeV in order
to kinematically allow R from the relevant b — crn4 process.

5.2.3 Scalar Potential

In this model, the masses of the charged leptons arise from the vev of the A scalar,
while the masses of the quarks result from the vevs of the bidoublet ¢. In such
a situation, consistent Higgs phenomenology requires a decoupling limit where the
LHC Higgs-like scalar is identified with the lightest neutral scalar in the model. The
decoupling limit works analogously to the one shown in Refs. |6,/427] and thus, we do
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not repeat the whole discussion, but instead focus only on the pertinent differences in
the following.

In order to achieve the desired symmetry-breaking pattern, we first neglect the
scalar A and focus on the scalars x and ¢. In this case the possible invariants which
enter the scalar potential are

I = X*"Xia — W, I, = Xiaxjgxhxl(;eijkl(eaﬁev‘s + 708 4 60‘5657) +h.c.
. 1
J1 = ¢*Pas — (Jv12)? + Jva1]?), Jy = i(%aﬂﬁbﬂﬁabﬁaﬁ + h.c.) + Re(vi2v21)

Ky = (X sz‘/B - wz) (¢aa¢ o \U21’2) , J3= Zi(%aébbﬁabeaﬂ — h.c.) + Im(v12v21),
(5.28)

where we have subtracted the vevs from each invariant such that the invariants vanish
in the vacuum. The vev of y can always be chosen to be real by using a suitable
global SU(4)c x SU(2)g rotation. The terms I;, J; and K respect an accidental
U(1)y, x U(1)y symmetry. U(1)y is broken by I and U(1)4 is broken by Jp 3. The
invariants I, J; and K; are non-negative, while the others may become negative and
thus terms involving these have to be sufficiently small to ensure vacuum stability. As
the discussion of the B physics anomalies is mostly independent to the exact form of
the scalar potential, we only comment on how to obtain the correct vacuum structure.
The scalar potential in terms of invariants is given by

3 A 3
1
V(x, ) = MI? + Moly + 5 Z; ; NijJidj + Z; NIV + N K (5.29)

The coefficients A, parametrize interactions between the x and ¢ fields. Most of
the scalar potential is invariant under a larger symmetry group SU(4)c x SU(2)r X
SU(2)Rr,y x SU(2)R,e with two separate SU(2) g symmetries for each of the two scalars
x and ¢. It is only broken to the diagonal subgroup by the last term M,K;. The
couplings in the scalar potential can be chosen real due to the invariants in Eq.
being Hermitian. We also restrict ourselves to real vevs. This potential allows the
vev hierarchy w > w91 > w13 = 0 to emerge, which leads to the correct quark
mass spectrum with Y> = m,, /vy, and Y1 = —mg/v21 as mentioned in the previous
section. The scalar doublet in the bidoublet which does not obtain a vev induces flavor
changing neutral currents [462-465| which poses a lower bound on its mass scale of
O(20)TeV [466].

There are many terms in the scalar potential which couple the scalar field A to
other scalar fields. However most of them are not relevant for the induced vevs of A.
The most important term is linear in A

V(A, ¢, X) = misz (A" §o0 xig + hoc.) = V2misgvay whg + ... (5.30)

where we have absorbed the phase of my23 by rephasing A and defined the electrically
neutral scalar hg = ﬁRe(AQ(ll)). In order to calculate the induced vev of the scalar
A it is sufficient to consider terms quadratic in hg, because the induced vev is much
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smaller compared to all other scales. Thus we obtain
(hg) _ muggvgrw
V2 Mh,

where my,, is the mass of hs. In the limit w? > v3, the observed Higgs boson h is a
linear combination of h; = \/iRe(gézl) and hg3

uz = (Re(Agp11))) = (5.31)

h=cosfBhi+sinfhs. (5.32)

The mixing arises from the term in Eq. and indirectly from terms quadratic in
A and ¢, after A obtains a vev ug. Generally the mixing angle is given by sin g ~
m123w/mi3 = ug/v91 and thus the Higgs h features SM-like couplings, as discussed
in Refs. [6,427].

5.2.4 New Contributions to Semileptonic B Decays

In Ref. 6], we showed that the experimentally observed values of Rg and Rk« can
be explained via the exchange of the massive leptoquark gauge boson W' in SU(4)¢.
There has been a recent measurement of Rx by the LHCDb experiment [437] (see
Table and the LHCb experiment also published a new stronger limit [467] on the
branching ratio of the semileptonic charged lepton flavor violating decay B — Ke® u™:
BR(Bt — Ktp~et) < 7.0 x 107® and BR(BT — KTpute™) < 6.4 x 1072 at 90%
C.L. Hence we briefly summarize the relevant definitions in Sec. [5.2.5] and update the
analysis with the latest measurements in Sec.

The aforementioned vector leptoquark W’ cannot explain the measurement of Rp
and Rp+ due to its chiral couplings. This model also features several scalar leptoquarks
which also contribute to R : (i) The scalar A contains two leptoquarks A;q11 and
Ajq(12), denoted by Ry and Ry in the nomenclature of Ref. [444]. However these two
leptoquarks have chiral couplings and either couple to charged leptons or neutrinos,
but not both simultaneously. Although their electric charge 2/3 components mix and
thus in general contribute to Rp), their contribution is suppressed due to the small
mixing and thus cannot account for the observed deviation in R . (ii) The scalar
X also contains a leptoquark x; = x;2 ~ (3,1, —2/3). We discuss its contributions to

Rp in Sec. [5.2.6]

5.2.5 Neutral Current Process: ¢ — st/

We briefly outline the most important points from the study in Ref. [6] and refer the
interested reader to the publication for further details. The relevant SU(4) gauge
interactions with the fermions are given by

L= \[KZJW div" Pl + \fKJ*ZW’*Eﬁ“PLd (5.33)
where g, is the SU(4)¢ gauge coupling constant and K is the mixing matrix between
left-handed charged leptons and down-type quarks as shown in Ref. [6]. As quantum
chromodynamics SU(3)¢ is embedded in SU(4)¢, the coupling g, is directly defined
by the strong gauge coupling. Here we have defined ¢ to include the three charged
SM leptons and the three heavy exotic charged lepton mass eigenstates, i.e. £ = ¢, E.
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After integrating out the heavy W’ mediator with mass myy+ there are new con-
tributions to the Wilson coefficients of b — sf¢,

2
e epee V27 Koy K,
C.

9 = —Cqp (5.34)

- V;‘,s‘/{[‘;aem GFm%/V/ .
In the above as = g2(my)/4m is the running strong coupling constant and ae, =
1/127.9 denotes the fine-structure constant evaluated at the electroweak scale. Kj;

are the elements of a CKM-type quark-lepton mixing matrix. The Wilson coefficients
are defined by the effective Lagrangian

4GF ()éem YA bee!
Lot =—F—— g Vis Vi E C* O 4+ hee. 5.35
eff \& A ~ tsVip ot i i ( )

where O; denotes operators with a strange and bottom quark and two charged leptons
05" = (37, PLb) (4"0) Ot = (37 PLb) eyt - (5.36)

In order to explain the R, anomalies and to avoid stringent constraints from
the lepton-flavor-violating K, — e*uT decays among others, a particular off-diagonal
structure of the CKM-type quark-lepton mixing K matrix is suggested. Considering
only the first three columns of the general K matrix, i.e. the part relevant to quark-SM
lepton interactions, we adopt the limiting case H

0 0 1
K= cosf sinf 0] . (5.37)
—sinf cosf 0

5.2.6 Charged Current Process: b — c7v

The leptoquark x couples to both charged leptons and neutrinos

_ Y, _
L = —Y3dpxSy, — Yiuryxes — éde(Ng) + h.c. (5.38)

Starting from this interaction Lagrangian we derive the Wilson coefficients. The
neutrino mass eigenstate ny mixes with the flavor eigenstates (Nj)g = U. Ngala +

. and S = Ugyng + ... where U denotes the matrix diagonalizing the neutral
fermion mass matrix U TM,,, U = diag(mq,...,m1p). The masses of the neutrino
mass eigenstates n; are denoted m;, 7 = 1,...,10, where my 23 denotes the masses of

the three active neutrinos, m4 is the mass of the fourth mass eigenstate n4 and ms_... 10
labels the masses of the mostly heavy sterile neutrinos. We work in the basis where
the right-handed charged leptons and the right-handed up-type quarks are given by
their mass eigenstates. Then the relevant part of the interaction Lagrangian for y
reads

L = — (Yuudrna + Yiures) X + h.c. (5.39)

%In general (Kij;) is a 3 x 6 matrix which satisfies the unitarity condition KK' = 1343, where
13«3 is the 3 x 3 unit matrix.
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with Y4 = (Ra)%y [( 3)aUsa + (Y3 \/)9’3 Uny4|, where Ryq relates the weak interaction

eigenstates dg = R4d’, with the mass eigenstate d’;. In the following we use Rq =1
and drop the primes from the mass eigenstates. Integrating out scalar x results in

Y}J cT cOT coT:
L= 442 (O$PTh 4 Oy (5.40)

among other operators. The effective vector OCM” and axial-vector (’)Cbz” operators
for a lepton ¢ and right-handed neutrino v are deﬁned according to Ref |468| as

O = (&y,b) (4" Pry) OXR = (@750) (4" Pry) (5.41)
and enter the effective Lagrangian

2GRV,
Lefy = 3

We may then simply compute the relevant Wilson coefficients required to compute
Rp) which are given by

(ch&/(/)‘c/bézx + CCbZV@CbZV) (542)

1

ch7'4 ch7'4
4\/§VchF77”L§~<

Y *
vR = Uar = (3/3US4+WUNIL4> iy (5.43)

V2

where we expressed Yp4 in terms of the entries of the minimal Yukawa matrix structure
defined in Eq. and the matrix elements of U.

Considering the aforementioned limit where Y, .w, Yerw, Yy, w > my, m*, mg, we
may compute the mixing angles Ugy and Uy, 4 for the fourth neutrino state ng4

1 ~ V2y3 1

Usi= =i UNa=0 Una=- s |2
1+ 2] ey 1421

to leading order. So we note that with the selected Yukawa structure, the neutrino
that participates in the R (.) anomalies is dominantly a mixture of the singlet Sz, and
the second state N, in N%. Substituting the above mixing angles into ([5.43) results
in

Un.a=0 (5.44)

cbrd 1 Y*

CCbT4 C ~
AR 2V2VGrml | 14 2|4 " |2

As the decay rates are summed over all polarizations and spins, the expressions
for the LFU ratios should be invariant after replacing all Wilson coefficients for left-
handed currents by right-handed ones and vice versa [469]. Hence, we may use the
literature result for left-handed neutrinos [468| and map them directly to right-handed
neutrinos since there is no interference between left- and right-handed operators. The
resulting 1o (90%C.L.) bounds on R from Table can be directly converted to
constraints on the right-handed neutrino current Wilson coefficient

(5.45)

—0.33(—0.37) < CE < —0.25(—0.19) . (5.46)
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5.2.7 Constraints

Several measurements already place constraints on the favored parameter region. In
particular Z boson decays to charged leptons, semihadronic B-meson decays, and
collider constraints for the leptoquark, cosmological, astrophysical and direct search
constraints on the sterile neutrino ny.

5.2.8 7 Decay Constraints

The new leptoquark y modifies the Z decay width to muons at one-loop level due to
the presence of a large Yukawa coupling Y;,. Contributions to other leptonic decays
of the Z boson are generally small in this model. As the leptoquark x only couples
to right-handed charged leptons, its contribution can be parametrized by

L= Coéq [Sin2 0w + 59#73] ﬂRZM’y‘u,U,R (5.47)

following Ref. [470], where g is the SU(2);, gauge coupling and 6, the weak mixing
angle. For m; < my the contribution of the leptoquark X can simply be written as

|Viu?
dgur =3 39,2 x¢(1 + log xy) (5.48)

to leading order, where z; = m?/ m%. The current best experimental bound from
precision electroweak physics comes from the LEP experiments [471]. We demand
that the Z-boson coupling to muons is not changed by more than the experimental
uncertainty at (1) [90% C.L.|, i.e. [0g, r| < (592’3% = (1.3)[2.1] x 1073, and thus we

obtain the constraint
A7+ /20g5°P
Vil < I (5.49)

3z, (1+logxy)

5.2.9 B — Kvv

Another constraint Comes from B — Kvo which is modified by the leptoquark y. It
is described by effective operators of the form [472]

L= QﬂGFWbV;;OI%: 3" Cox57,Pxbi(l —s)v . (5.50)
X=L,R

Integrating out x as before we obtain

(V2y3Uss + YiuUn,4)*Yer Un, 4

2
4m>~<

L=

(57" Prb)(i4y, Prna) - (5.51)

As |Un, 4] < 1 we find that the new physics contribution C’}j}; is very small compared
to the SM contribution CEM = —6.38 £ 0.06 and thus B — Kvv does not provide
any competitive constraint. Similarly, new contributions from the exchange of x to
B — v and K — wrv decay rates are very suppressed due to the assumed Yukawa
coupling structure.
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5.2.10 Collider Constraints

There currently does not exist a plethora of dedicated searches at colliders for the
leptoquark y since the chosen Yukawa texture by construction couples only second-
generation quarks with third-generation leptons and vice versa. The most common
LHC searches are for single generation leptoquarks [473.|474,474-478]. The searches
are commonly separated into single leptoquark and pair production. The latter is
generally independent of the absolute magnitude of the leptoquark Yukawa coupling,
because the leptoquarks are produced via strong interactions in a hadron collider,
unless the Yukawa couplings are large and substantially contribute to the leptoquark
production, while single leptoquark production depends on the Yukawa coupling.

The model parameter space can be most economically constrained by searches
with 7c or ut final states. The y particle can also decay into bv due to the coupling
y3 being nonzero, but searches for final states with missing transverse energy are
typically less sensitive. For the chosen mass range of the scalar leptoquark x imposing
the constraints from searches with third-generation scalar leptoquarks decaying into
a tau lepton and a b quark such as the analysis in Ref. |[474] does not pose any
additional constraint on the parameter space over the Z decay constraint, although
the sensitivity on the quark is markedly improved due to b tagging of the final state
jets. However, a mixed 1-3 generation leptoquark search with final states ut analogous
to the third-generation search in Ref. [479] could strengthen the limits on the Yj,
coupling significantly in the future. Of course more complicated Yukawa textures for
Y3 and Y} (particularly the diagonal entries), can be chosen and constrained with the
aforementioned single generations searches, however we do not consider these more
complicated parametrizations in this work for the sake of brevity.

Finally there are constraints from the single 7-lepton + MET searches. The au-
thors of Ref. [480] reinterpreted the searches for a heavy charged gauge boson from
sequential SM (SSM) resonance searches of the ATLAS [481] and CMS [482] experi-
ments as constraints on models explaining R .. In particular, the leptoquark x with
purely right-handed couplings has been studied and the study finds that leptoquark
masses above 2TeV are excluded at more than 20. At face value this constrains the
leptoquark my to be lighter than 2TeV. As the study was based on an older best fit
to the Ry anomalies further away from the SM, the current constraint for heavy
charged gauge bosons from SSM resonance searches is relaxed and heavier masses are
allowed. However, the precise value of the current constraint requires a new study. In
the following results discussion, we thus consider leptoquark masses up to 3TeV and
caution the reader that the SSM resonance search poses a constraint on the heaviest
allowable leptoquark masses according to the study shown in Ref. [480].

5.2.11 Constraints on the Sterile Neutrino

The sterile neutrino ng as defined would be produced in the early Universe. The
dominant decay modes are ngy — voff with f = vg,e , - for masses my < 1
GeV. These decays are mediated by the Z boson and thus the decay rate depends
quadratically on the v, — ny mixing matrix element |Uyy|?. In the limit of vanishing
final state lepton masses, the decay rate of ny — v, ff is given by [276}322.|344]

GRmj
9673

D(ng — vaoff) = Ul . (5.52)
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For 2m,, > my > 2m, the lifetime is given

o 9673 N 100MeV\® /1075
=Tl oI = st =00 (P0) ()

(5.53)
Big bang nucleosynthesis (BBN) poses a constraint on the lifetime of ny4, since the
abundances of the light elements agree well with the standard cosmological model.
Thus in order to avoid any changes to the standard BBN, the sterile neutrino n4 has
to decay and its decay products thermalize, before BBN. If the lifetime of n4 is shorter
than 7 < 0.1s, this condition can be satisfied as it has been shown in Refs. [483,484].
This translates into a bound

-5 1/5
10 ) (5.54)

ZQ‘UOA‘Q

Similarly, sterile neutrinos can be produced in supernovae. The arguments of
Ref. [483] imply that the duration of the SN 1987A neutrino burst excludes mixing
angles 3 x 1078 < sin? 20 < 0.1 for sterile neutrinos my < 100MeV.

Finally, sterile neutrinos can be searched for at terrestrial experiments. In partic-
ular the fixed-target experiments NOMAD [485] and CHARM [486| placed limits on
the mixing angle of sterile neutrinos with 7 neutrinos, which further constrains the
allowed parameter space, as discussed in Sec.

Together this puts a lower bound on the sterile neutrino mass of my4 > 100MeV.

my 2 87 MeV (

5.2.12 Results

As the explanations for the Ry (.) and R.) anomalies are mostly independent, we first
discuss the explanation of R (.), which sets the scale of the SU(4)cxSU(2),xSU(2)r
symmetry breaking. As a second step, we present the favored region for the anomalies
Ry, before finally discussing its predictions for the sterile neutrino n4 in the process
b— crng.

5.2.13 Ry

We follow our previous analysis [6] and identify the favored region of parameter space
for the model using the flavio package [430] and tree-level analytical estimations
where appropriate. The 1o (90% C.L.) favored parameter region is defined by the
values of the vector leptoquark mass my» and the quark-SM lepton mixing angle 6
[see Eq. for its definition] which satisfy Rx = 0.84615:0%% (Rx = 0.84670307),
Ry = 0.685T0 022 (R« = 0.68570791) and also satisfy the current 90% C.L. experi-
mental limits BR(BT — K*tu~et) < 7x107? and BR(BT — Kte p") < 6.4x107"
[75]. Other processes currently do not constrain the parameter region as we discussed
in Ref. [6].

Figure shows the favored region of parameter space in the myys leptoquark
mass versus the § mixing angle plane. Compared to Ref. |6] the mass of W’ is larger,
because the experimentally observed value of Ry has since moved closer to the SM
prediction with smaller error bars and therefore the 1o region is smaller. The favored
range of 0 is approximately between [—3,0] or [§, 7| and my between [20,31]TeV .
The identical nature of the two adjacent regions can be understood from the invariance
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FIGURE 5.5: The favored parameter regions compatible with the current experi-
mental limits from BT — Ktu~e®, BT — KTe u™. Shown are the 1o (blue) and
90% confidence level (red) bands suggested by the measured Rx and R~ ratios.
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FIGURE 5.6: Expectation for BR(BT — K+pu~e™) (left) and BR(Bt — KTe u™)
(right) for the favored parameter region identified in Figure The black dashed
lines correspond to the current experimental 90% confidence-level upper bounds on
these branching fractions.

of the relevant branching ratios under the transformation 8 — 6 + 7. The constraints
from B — Ke*uT lead to the wedge-shape form at the bottom of each favored region.

Figure [5.6] shows the predicted range for the branching ratios of the lepton-flavor-
violating rare decays Bt — KTpu~et and BT — Kte pu™ processes. The two
processes probe different ranges of 6 values and are thus complementary: While
Bt — KTpu~e' is sensitive to sin?f ~ 1, BT — K+pute™ is sensitive to cos? 6 = 1.
LHCD is expected to further improve its sensitivity and to probe the two branching
ratios of BT — K*e*uT at the level of 1079 [431].

In addition to further improvements to BT — KtuteT this leptoquark con-
tributes to lepton-flavor-violating rare tau lepton decays such as 7 — K¢, £ = e,
and the leptonic By decays By — £~ 0", £,/ = e, u as shown in Ref. @I However, the
additional contributions are below the current experimental sensitivity and thus we
do not show these predictions for the sake of brevity and refer the interested reader
to Ref. [6] for further details.
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5.2.14 Rpe
Using Eq. (5.45)) along with the 1o and 90% C.L. R, constraints on the Wilson
cbT4

coefficient C{’5* we may derive the allowable parameter region for the model which
satisfies the anomalies. We restrict ourselves to placing bounds on the 1o and 90%
C.L. Ry region. Choosing the minimal Yukawa texture described in Sec. for
Y3 and Y, constrains the parameter region in Y, Y;,, y3 and my space.

We limit Y, ~ 0.1 for our parameter scans to ensure that the lightest flavor exotic
charged lepton E mass is larger than ~ TeV for scales larger than w ~ 10TeV, and this
coupling does not affect the neutrino states S and IV, that participate in the anomaly
and is therefore not important in constraining the model’s allowable region. The
Yukawa couplings of interest must also satisfy perturbativity requirements such that
0<Y, <4rm, 0<LY;, <4r while —47 < y3 < 0 in order to obtain Wilson coefficient
C{}bg‘ with the correct sign. The vev w = 26.7TeV was chosen for our parameter
scans as this is a favoured central value for the myy» ~ 23TeV gauge boson mass scale
which explains the Ry (., anomalies. This fixes the lightest exotic vectorlike lepton
mass to Yyew ~ 2.7TeV which easily evades the LEP constraints for heavy charged
leptons [75].

We also set mg = 2m,, as this acts as an upper bound on the fourth neutrino
mass participating in b — c7v. This value is chosen because it ensures that the sterile
neutrino ny4 decays before BBN. The analytical approximation for the mixing angles
Uss and U4 in Eq. and subsequently Eq. is respected as well as ensuring
that the new neutrino mass is light enough that it does not introduce too much phase
space suppression in the decay b — ctng. Consequently in our parameter scan we
find the fourth neutrino mass to be lighter than the 2m,, but heavier than 100MeV
after imposing all constraints, which ensures that it is still significantly heavier than
the active neutrinos but sufficiently lighter than the B meson. The parameter ranges
of the relevant new physics parameters detailed above are summarized in Table
for convenience.

Parameter Value
Uq 0
V12 0

ud+ 03 1/(2V2GF) ~ (174GeV)?

w 26.7TeV
myg [0.8,3]TeV
ms 2my,
Y3 [—4, 0]

Yue, Yer, Yiu 0.1, [0,4x], [0, 47]

TABLE 5.5: Parameter ranges for the new physics model parameters used in the
numerical scans.

We also ensure that the leptonic mixing parameters and the neutrino mass squared
differences satisfy the 30 ranges from the latest global fit by the NuFIT collabora-
tion [350]: 0.275 < sin? 612 < 0.350, 0.427 < sin? a3 < 0.609, 0.02046 < sin? @3 <

0.02440 and the solar and atmospheric mass squared differences 6.79 < % < 8.01,

E
2432 <

2
Ay < 2.618. We also impose the 30 unitarity deviation bound derived

10—3eV2
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FIGURE 5.7: The top two panels show the allowable Rp.) 1o (blue) and 90% confi-
dence level (red) parameter regions for the Yukawa couplings Ye. (top left) and Yy,
(top right). The parameter region is displayed over the 0.8 < my < 3 TeV range,
which is of immediate interest in current and future TeV scale collider searches.
The Yukawa couplings are also restricted to be < 47 to remain in the perturbative
regime. The Z — pp 1o and 90% confidence new physics coupling correction dg,r
constraints also enforce an important upper cutoff on Y}, as seen in the right-hand
side allowable regions. In the lower panels we show density plots which are a result
of our numerical scan with the additional BBN constraint shown in Eq. and
the SN 1987A and CHARM neutrino mixing constraints, where ys is
a function of my, Yo, (bottom left) and Y3, (bottom right). The region contained
within the inner and outer black boundaries corresponds to the 1o and 90% confi-
dence level regions respectively. Note that the sharp edges and color discontinuities
are due to limitations in numerical sampling and not physical effects.
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from |2n,4| as shown in Ref. on |UUT|. The allowed regions are then constrained
by the combination of Yukawa coupling ranges in conjunction with the Z — pu con-
straint in Eq. and the C{jbﬁ‘l constraint in Eq. , which can be easily plotted
analytically along with the perturbative boundaries.

Figure |5;7| shows the viable parameter ranges for the Yukawa couplings Ye,, Yy,
and y3 as a function of the leptoquark mass mg. We find that for small Y3, we require
large Y., and vice versa which is what we expect from inspecting Eq. . It should
be noted that more complicated Yukawa textures for Y; and Y3 are indeed permissible
as mentioned earlier. But our selection is motivated by maintaining simplicity and
reducing the number of free parameters in the theory. If the R, anomalies persist
and new stronger constraints become available reducing the parameter space of this
chosen texture, other more elaborate ones can indeed be explored.

5.2.15 Prediction for Neutrino Mixing and Mass of ny

We may additionally predict the mixing of the fourth neutrino mass eigenstate ny
with the active neutrinos. In our numerical scan we find that the mixing matrix
elements Ugy and U,y are negligibly small, [Ueq|? < 107 and |U,4]? < 10719, due to
y3 being the only nonzero element in the chosen texture for Y3. In Figure [5.8 we show
the allowable region of parameter space as a function of |U,4|? vs the sterile neutrino
mass my4. The BBN constraint from Eq. results in a lower bound on the mixing
matrix element |U,4|? as a function of the sterile neutrino mass. The duration of
the neutrino burst of SN 1987A imposes a lower bound on the sterile neutrino mass
my > 100MeV and thus we only show sterile neutrino masses heavier than 100MeV.

100 120 140 160 180 200
my [MeV]

FI1GURE 5.8: Prediction for the mixing between the fourth neutrino mass eigenstate
ng participating in the Rp-) anomalies with the dominant active neutrino flavor
7 as a function of its mass my. The blue and red regions correspond to the lo
and 90% confidence level regions respectively while the bottom black shaded region
corresponds to the BBN exclusion bound shown in Eq. and the top bound
shown in gray comes from the CHARM experiment. The lines show projected upper
bounds for the NA62 (black), FASER 2 (dashed black), CODEX-b (thick dashed
black) and SHiP (thick black) experiments from top to bottom respectively.
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In this study, we focus on light sterile neutrino masses satisfying my < 2m,,, be-
cause the contribution to Rp.) is phase space suppressed for a heavy sterile neutrino
ny4. Indeed larger neutrino masses could still be kinematically accessible and interest-
ing to study in the light of the MiniBooNE excess as proposed in Ref. [488|. However
we do not analyze such cases in this work. There are additional constraints coming
from the NOMAD [485] and CHARM [486| fixed-target experiments, the stronger of
which comes from the CHARM experiment which we also show in Figure 5.8 It is
also of interest to compare the projected experimental sensitivities for ny, i.e. a sterile
neutrino which almost exclusively mixes with v, with proposals of future experiments
including NA62 [489], FASER [490], CODEX-b [491]| and SHiP [492|. The contours
have been extracted from Ref. [493]. We note that the SHiP contour only starts at
around my ~ 191MeV coinciding with the mass splitting between the DT meson
mother and tau lepton daughter.

5.2.16 Conclusion

We have proposed a chiral Pati-Salam theory with gauge group SU(4)c x SU(2)p, x
SU(2)r which is capable of explaining the R, anomalies with new scalar lepto-
quarks and the Rp- anomalies via SU(4) gauge boson leptoquarks. The model is
consistent with experimental constraints, including the fermion mass spectrum, mod-
ifications to leptonic Z-boson decays via the new scalar leptoquark, B — Kvi as
well as the best available LHC constraints for single and pair production searches of
leptoquarks at the LHC and other new particles. New physics coming from the gauge
sector via a spectrum of colored leptoquarks with charge %e also satisfies the best
available constraints from lepton number violating searches such as B* — K+ puFeT.
These gauge bosons couple in a chiral manner to the familiar quarks and leptons and
interfere with standard model weak processes.

Both the scalar and massive vector leptoquarks originate from one scalar multiplet
X which breaks the Pati-Salam group to the SM group, SU(4)cxSU(2)gr — SU(3)¢
U(l)y, at a scale of (xa1) = w 2 20TeV. As already discussed in Ref. [6] the
explanation of the b — s¢ anomalies originates from an equal and opposite tree-
level correction to muons and electrons and thus can be tested at the LHCb and
Belle II experiments by measuring both lepton flavor-conserving and lepton flavor-
violating processes b — s’ and similarly B — ', when increased statistics become
available. The Rp.) anomalies can be explained using a simple Yukawa texture
with only three free parameters, although more complex Yukawa structures are also
feasible. There is an intricate relation between the lepton mass spectrum, particularly
neutrino mass spectrum, and the Rj.) anomalies. One of the striking signatures is
a light sterile neutrino with dominant mixing with tau neutrinos. We constrain the
model parameter space using the strong bounds on active-sterile neutrino mixing from
big bang nucleosynthesis in conjunction with the supernova SN 1987A and CHARM
experiments. Additionally, we make predictions for the sterile neutrino properties
which can be probed in future searches such as the proposed NA62, FASER, CODEX-
b and SHiP experiments.
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Chapter 6

Conclusion

In this thesis we have explored solutions to some of the most pertinent problems in
particle physics. We have paid particular attention to resolving fundamental ques-
tions, with emphasis on searches for new Higgs bosons, phase transitions in the early
universe, new sources of C'P violation, explanations for neutrino mass, mechanisms
for matter-antimatter asymmetry, hitherto unexplored electromagnetic properties of
fermions and finally, violation of flavour universality in the lepton sector.

In Chapter |2 |1], we outlined our search for one the most popular classes of ex-
tended Higgs theory, the Two-Higgs-Doublet model. We presented a search for a heavy
CP odd Higgs boson, A, decaying to another heavy C'P even Higgs boson, H, and a Z
boson, which subsequently decay to £¢bb and LW W (£lqqqq) final states. We showed
results for data recorded by the ATLAS experiment at the LHC, corresponding to an
integrated luminosity of 139 fb~! from proton proton collisions at a centre-of-mass
energy 13TeV. The A boson was assumed to be produced via either gluon—gluon fusion
or b-associated production. In the /(W W channel, only gluon—gluon fusion production
was considered. No significant deviation from the SM background predictions was ob-
served in any of the channels considered in this search. Considering each channel and
each production process separately, upper limits are set at the 95% confidence level
forox B(A — ZH)x B(H — bbor H — WW). For ££bb, upper limits were set in the
range 6.2-380 fb for gluon—gluon fusion and 6.8-210 fb for b-associated production of
a narrow A boson in the mass range 230-800 GeV, assuming the H boson was in the
mass range 130-700 GeV. For /W W, the observed upper limits were in the range
0.023-8.9 pb for gluon—gluon fusion production of a narrow A boson in the mass range
300-800 GeV, assuming the H boson was in the mass range 200-700 GeV. Taking
into account both production processes, the £0bb search tightened the constraints on
the 2HDM scenario in the case of large mass splittings between its heavier neutral
Higgs bosons. The £WW channel was not previously explored at the LHC, and this
search explicitly demonstrates its potential to constrain 2HDM parameters away from
the weak decoupling limit.

In Chapter [3|]2], we explored first—order cosmological phase transitions, similar to
the ones that arise from the scalar sector outlined in Chapter [2l This is an important
area of study since the asymptotic velocity of expanding bubbles is of crucial relevance
for predicting observables like the spectrum of stochastic gravitational waves, or for
establishing the viability of mechanisms explaining fundamental properties of the uni-
verse such as the observed baryon asymmetry. In these dynamic phase transitions, it
was generally accepted that subluminal bubble expansion requires out-of-equilibrium
interactions with the plasma which are captured by friction terms in the equations
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of motion for the scalar field. This has been disputed in works pointing out sub-
luminal velocities in local equilibrium arising either from hydrodynamic effects in
transitions of deflagration type or from the entropy change across the bubble wall in
general situations. In this chapter, we explored both effects and their relations which
can be understood from the conservation of the entropy of the degrees of freedom
in local equilibrium. This naturally lead to subluminal speeds for both deflagration
and detonation type transitions. The friction effects arising from the background
field dependence of the entropy density in the plasma were studied and accounted
for considering local conservation of stress-energy and including field dependent ther-
mal contributions to the effective potential. Furthermore, we illustrated these effects
with explicit calculations of dynamic and static bubbles for a first—order electroweak
transition in a SM extension with additional scalar fields. The results were compared
with recent analysis linking friction forces in local equilibrium with entropy changes
across the bubble. We outlined novel corrections from the temperature and velocity
gradients.

In Chapter [f] , we explored novel sources of C'P violation and potential signals of
new physics. The radiative decay of charged and neutral fermions has been studied for
decades but we focused on C'P violation in such processes explicitly. C'P violation in
the radiative decay of neutral leptons such as neutrinos can produce an net polarisation
asymmetry for the radiated light and produces an important source of net circular
polarisation in particle and astroparticle physics observables.

In Section [3], we built a general framework for C'P violation in neutrino
radiative decays. C'P violation in such processes produces an asymmetry between the
circularly polarised radiated photons and provides an important source of net circular
polarisation that can be observed in particle and astroparticle physics experiments.
The formulation between C'P violation in neutrino radiative decays and the neutrino
electromagnetic dipole moment at the form factor level was developed for both Dirac
and Majorana neutrinos. We observed a model independent connection between the
decays and photon circular polarisation produced by these processes and concluded
that C'P violation directly determines the circular polarisation. Specifically in the case
of Majorana neutrino, the C' P asymmetry is identical to the asymmetry of photon
polarisations up to an overall sign difference. The contribution of a nonzero electric
charge to neutrino decays is also discussed for completeness.

We subsequently showed how to generate non-vanishing C'P violation through a
generic new physics Yukawa interaction extension consisting of electrically charged
scalar and fermion states. Without adding any new source of electric charge for the
neutrinos, these particles can decay only via the electromagnetic transition dipole
moment. The explicit analytical result of C'P violation for this model was derived
and presented. This result is applicable when computing polarisation observables
for both Dirac and Majorana fermions and can be directly used in any models that
generate radiative decays of this type.

We also included some brief discussion pertaining to the phenomenological im-
plications for neutrinos at different mass scales. We, applied the formalism to keV
sterile neutrinos which are popular DM candidates and found C'P violation and circu-
lar polarisation of the resulting radiated X-rays. We also considered the implications
for much heavier sterile neutrinos of scale > 1TeV which are required for the seesaw
mechanism and leptogenesis. We argued that the C' P source in the Yukawa coupling,
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which is essential for leptogenesis, can trigger C'P violation for heavy neutrino radia-
tive decays. The case of weakly interacting sterile neutrinos at a mass comparable to
the electroweak scale is also interesting as it could produce exotic collider signatures
as well as circular polarisation. We also discussed the circular polarisation of «-rays
released from the radiative decay of the PeV scale dark matter motivated by IceCube
data, however we conclude that the size of this effect is too small to observe at current
experiments.

In Section [4], we studied C'P violation in the neutrino electromagnetic dipole
moment. A full one-loop calculation of the transition dipole moment in particular was
performed in the context of the Standard Model with an arbitrary number of right-
handed singlet neutrinos. The C'P asymmetry was analytically derived in terms of the
leptonic mixing matrix accounting for heavy neutrino mass eigenstates. A detailed
explanation of how to generate a non-vanishing C P asymmetry in the neutrino tran-
sition dipole moment was provided. This requires a threshold condition for the initial
neutrino mass being larger than the sum of W boson mass and the charged leptons
running in the loop and a C'P violating phase in the lepton flavour mixing matrix.
The threshold condition is necessary to generate a non-zero imaginary part for the
loop function. An analytical formulation of this loop integral imaginary component
was derived. The lepton flavour mixing for vertex contributions was parametrised
in terms of Jarlskog-like parameters. For Majorana particles, the C' P asymmetry is
identical to the asymmetry of circularly-polarised photons released from the radiative
decay.

We then applied the formulation to a minimal seesaw model where two right-
handed neutrinos N; and N were introduced with mass ordering M7 < Ms. A
complete study of C'P asymmetry in all radiative decay channels was performed, where
the mass range 0.1TeV < Ms < 10TeV was considered. The C'P asymmetry in Ny o —
vy was found to be very small, maximally reaching 10~'7. However, in the Ny —
N1y channel, the CP asymmetry was significantly enhanced, with Acp achieving
107°-1073, even with the Dirac phase § being the only source of C'P violation. There
is a significant correlation between the C'P violation in radiative decay and that
coming from oscillation experiments. Additionally, we performed a parameter scan of
the C P asymmetry with oscillation data in 3o ranges taken as inputs and found that
the C' P asymmetry can maximally reach order one which is phenomenologically very
interesting.

In Section [5], we explored fundamental properties of the top quark through the
C'P properties of its flavour violating decays. The rare radiative flavour changing top
decays t — ¢y and t — cg (and the even rarer t — wy and t — ug) have been processes
of interest for decades as they offer a key probe for studying top quark properties.
However an explicit analytical study of the branching ratios and C'P asymmetries
resulting from these loop level processes had thus far evaded attention. In this section,
we provided the formulation for the C'P asymmetry resulting from the total kinetic
contribution of the loop integrals and their imaginary parts, as well as an updated
numerical computation of the predicted SM branching fractions. These rare processes
are suppressed in the SM by the GIM mechanism. The results presented here can easily
be exported for use in minimal extensions of the SM including vector-like quarks or
in 2HDMs such as the one described in Chapter [2] where radiative fermionic decay
processes can be enhanced relative to the SM by several orders of magnitude. Such
processes provide an experimentally clean signature for new fundamental physics and
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can potentially be tested by current collider experiments. These topical beyond the
SM theories are an elegant means to provide improved global fits to the latest results
emerging from flavour physics, Cabibbo—Kobayashi-Maskawa matrix and precision
electroweak measurements.

In Chapter [5] we studied the B physics anomalies which suggest a strong hint in
favour of violation of lepton flavour universality and possible beyond the SM explana-
tions. We first discuss a variant of the famous unified Pati-Salam model, with gauge
group SU(4)c x SU(2), x U(1)y in Section |5.1][6], wherein chiral left-handed quarks
and leptons are unified into a 4 of SU(4)¢, while the right-handed quarks and leptons
have quite a distinct treatment. The model introduces particles that couple to both
quarks and leptons called leptoquarks.

The model features SU(4) symmetry breaking via the introduction of a SU(4)
scalar multiplet x with a vev w 2 10TeV and electroweak symmetry breaking via
scalars ¢ and A with vevs that satisfy vv? + u? ~ 174 GeV. In addition to new scalar
particles, the model contains new charged (%e) W' and neutral Z’ gauge bosons along
with heavy exotic charged E p and neutral Ny g fermions. The charged leptoquark
gauge bosons W’ couple in a chiral manner to the familiar quarks and leptons and
can thereby interfere with SM weak processes. The theory makes predictions for
BT — Ktp~et, Bt — Kte u"™, 7 — Ki, B; — p~pu*, as well as the highly
suppressed By, — p~ e’ and By — e ut processes. For instance, for the leptonic
Bs — p~ pt decay channel the rate is predicted to satisfy: T'(Bs — u~u™)/Tsar(Bs —
p~put) = (1+Rk)/2. The leptoquark gauge boson phenomenology of the chiral SU(4)
Pati-Salam model considered will be relevant for more general chiral SU(4) models.

In Section [7] we proposed a similar Pati-Salam theory as in Section with
gauge group SU(4)c x SU(2)r x SU(2)r which explain the R anomalies with
new scalar leptoquarks and the Ry+ anomalies with the same SU(4) gauge boson
leptoquarks. The model satisfies all available experimental constraints, including the
fermion mass spectrum, modifications to leptonic Z boson decays via the new scalar
leptoquark, B — Kwvv as well as LHC constraints for single and pair production
searches of leptoquarks at the LHC and other new particles. Beyond the SM physics
coming from the gauge sector via a spectrum of coloured leptoquarks with charge %e
also satisfies the best available constraints from lepton number violating searches such
as BT — KtuTe®.

Both the massive scalar and vector leptoquarks originate from one scalar multiplet
X which breaks the Pati-Salam group to the SM group, SU(4)cxSU(2)gr — SU(3)¢ X
U(1l)y, at a scale of (x41) = w 2 20TeV. As already discussed in Chapter [5.1] the
explanation of the b — s#¢ anomalies originates from an equal and opposite tree-level
correction to muons and electrons and can therefore be tested at the LHCb and Belle
IT experiments by measuring both lepton flavor-conserving and lepton flavor-violating
processes b — sf¢ and similarly By — ¢¢', when increased statistics become available.
The Rp+) anomalies were explained using a simple Yukawa texture with only three
free parameters, although more complex Yukawa structures are also permissible. We
found an intricate relation between the lepton mass spectrum, particularly neutrino
mass spectrum, and the R, anomalies. One of the noteworthy predictions of the
model is a light sterile neutrino with dominant mixing to tau neutrinos. The model
parameter space was constrained using the strong bounds on active-sterile neutrino
mixing from big bang nucleosynthesis in conjunction with the supernova SN 1987A
and CHARM experiments. Additionally, we made several predictions for the sterile



168 Chapter 6. Conclusion

neutrino properties which can be probed in future searches such as the proposed NA62,
FASER, CODEX-b and SHiP experiments.

In conclusion, this doctoral thesis has presented new findings for a set of fun-
damental problems facing the field of particle physics. These include the potential
existence of extended scalar sectors including direct searches for new Higgs particles
at the CERN ATLAS experiment as well as intricate calculations of phase transitions
that could arise from these beyond the SM potentials. We also studied the theoret-
ical and phenomenological implications of C'P violation, which we have explored in
the context of heavy neutrinos and other fermions such as the top quark. Finally,
we developed two unified field theories that could explain the strongest experimental
anomalies in the flavour sector.
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FIGURE A.1: The reconstructed A boson mass distributions for the top-quark con-
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channel, n, = 2 category, (b) £¢bb channel, n, > 3 category, and (c) LW W channel.
The plots are before the fit that is used to extract the signal. The number of events
in the top-quark pair production simulated sample is normalized to the number of
the observed data events in the control region. Overflows are included in the last
bin of the distributions.
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boson with narrow width with respect to the experimental mass resolution, and for
a natural width of 10% and 20% with respect with its mass. The plots refer to an
A boson produced via (a) gluon—gluon fusion and (b) b-associated production.
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the categories considered in the £¢bb channel. The number of entries shown in each
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conventions as in Figure are used.
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FIGURE A.13: The mypp mass distribution for the various my, windows and all
the categories considered in the £¢bb channel. The number of entries shown in each
bin is the number of events in that bin divided by the width of the bin. The same
conventions as in Figure are used.
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FIGURE A.15: The mypp mass distribution for the various my, windows and all
the categories considered in the £¢bb channel. The number of entries shown in each
bin is the number of events in that bin divided by the width of the bin. The same
conventions as in Figure are used.
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FIGURE A.16: The mysmp, mass distribution for the various my, windows and all
the categories considered in the £¢bb channel. The number of entries shown in each
bin is the number of events in that bin divided by the width of the bin. The same
conventions as in Figure are used.



182 Appendix A. Auxiliary Material for Chapterﬁ

> L L > T

8§ [ ATLAS —*-Data 3 ATLAS —e-Data

Z10°E G-137ev 130 * —— A~ ZH- libb et Vs =13 TeV, 139 fb* — A~ ZH- libb

3 n, = 2 category [ z+(bb,bc,cc,bl) & n, = 2 category [ z+(bb,be,cc,bl)

G 10° £ m, = 700 Gev, m, = 50 Gev I Z+(el) 3 m, =710 GeV, m, = 560 GeV I Z+(cl)

u>J bbA production [ Top quark Lﬁ bbA production I Top quark

5 v v
10 Il W+iets, VV, Vh Il W+ijets, VWV, Vh

Uncertainty Uncertainty

i AP S TS S N T R A DA .

Dh.05,' LR e 3 () : L2 E i 1: PR A Mg E

S05Le 1 Bt 30.5HH\HH\HH\HH\HH

2 650 700 750 800 850 g 700 750 800

e My, [GeV] e My, [GeV]

> A S AR AR RN RRAN RS RS AN AR RRAS M > IRRARRARS RARE RN AR RRAN

& ATLAS e~ Data & ATLas e~ Data

2 10%E (s=13Tev, 139 o™ — A~ ZH- llbb Z10°E s=13Tev, 130 1" ==A- ZH lbb

o n, = 2 category [ Z+(bb,bc,cc,bl) o . n, = 2 category [ z+(bb,be,cc,bl)

G 10° m, =710Gev, m, =570 Gev I el @ 10° £ m, =720 Gev, m, =580 Gev I Z+(cl)

Lﬁ bbA production [ Top quark Lﬁ bbA production [ Top quark

102 v 102 v

Bl W+iets, VWV, Vh Bl W+iets, WV, Vh
Uncertainty 10 Uncertainty

G in
T

Data/Pred.
o

10°

Events / GeV

10?

TR
DR ¥
e b b Ly
700 750 800
A R AR RE RS a
ATLAS —o- Data

— A~ ZH- libb
[ Z+(bb,be,cc,bl)
Il z+(cl.))
[]Top quark
v

Il W+jets, W, Vh
Uncertainty

{s=13TeV, 139 fb™

n, = 2 category

m, =730 GeV, m, =590 GeV
bbA production

G i
By

Data/Pred.
o

TR T AT

[ a0 e ) [} JEEEET El

E | I R S BN | R B S R |
700 750 800 850

My, [GeV]

. o —
° 1.51#‘} ) .A**+ 4 oo 4

%0.57"\HH\HH\‘*H‘\HH*
2 750 800 850

(=)

m,,, [GeV]

T T T T T T T T T

E 10"E a1LAS —e-Data 3

=z F (s=13Tev, 139 b — A~ ZH-lIbb

2 102 E- n, = 2 category D z+Gbbece)

5 F m,=730Gev, m,_ =600 Gev Ef‘(c“) . E

r . op quarl -

w 102 ?bbA production v =

E Il W+jets, VW, vh T

10 Uncertainty |

2

.
e

gl_s:b#\‘v‘;;;\;;‘l‘\“L‘;\IY‘H#‘,
%0.5*\“”‘\ . L |
£ 700 750 800 850
o

My, [GeV]

FIGURE A.17: The mypp mass distribution for the various my, windows and all
the categories considered in the £¢bb channel. The number of entries shown in each
bin is the number of events in that bin divided by the width of the bin. The same
conventions as in Figure are used.
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the categories considered in the £¢bb channel. The number of entries shown in each
bin is the number of events in that bin divided by the width of the bin. The same
conventions as in Figure are used.
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FIGURE A.19: The mypp mass distribution for the various my, windows and all
the categories considered in the £¢bb channel. The number of entries shown in each
bin is the number of events in that bin divided by the width of the bin. The same
conventions as in Figure are used.
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FIGURE A.20: The mysmp, mass distribution for the various my, windows and all
the categories considered in the £¢bb channel. The number of entries shown in each
bin is the number of events in that bin divided by the width of the bin. The same
conventions as in Figure are used.
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FIGURE A.21: The mypp mass distribution for the various my, windows and all
the categories considered in the £¢bb channel. The number of entries shown in each
bin is the number of events in that bin divided by the width of the bin. The same

conventions as in Figure are used.
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conventions as in Figure are used.
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FIGURE A.23: The mypp mass distribution for the various my, windows and all
the categories considered in the £¢bb channel. The number of entries shown in each
bin is the number of events in that bin divided by the width of the bin. The same
conventions as in Figure are used.
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FIGURE A.25: The mypp mass distribution for the various my, windows and all
the categories considered in the £¢bb channel. The number of entries shown in each
bin is the number of events in that bin divided by the width of the bin. The same
conventions as in Figure are used.
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FIGURE A.26: The mysmp, mass distribution for the various my, windows and all
the categories considered in the £¢bb channel. The number of entries shown in each
bin is the number of events in that bin divided by the width of the bin. The same
conventions as in Figure are used.
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FIGURE A.27: The mypp mass distribution for the various my, windows and all
the categories considered in the £¢bb channel. The number of entries shown in each
bin is the number of events in that bin divided by the width of the bin. The same
conventions as in Figure are used.
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FIGURE A.28: The mysmp, mass distribution for the various my, windows and all
the categories considered in the £¢bb channel. The number of entries shown in each
bin is the number of events in that bin divided by the width of the bin. The same
conventions as in Figure are used.
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Figure are used.
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FIGURE A.32: The moyy mass distribution for the various m4, windows considered
in the £6WW channel. The number of entries shown in each bin is the number of
events in that bin divided by the width of the bin. The same conventions as in

Figure are used.
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FIGURE A.33: The mgpq mass distribution for the various m4, windows considered

in the ZWW channel. The number of entries shown in each bin is the number of
events in that bin divided by the width of the bin. The same conventions as in

Figure are used.
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FIGURE A.34: The moyy mass distribution for the various m4, windows considered
in the £6WW channel. The number of entries shown in each bin is the number of
events in that bin divided by the width of the bin. The same conventions as in

Figure are used.
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FIGURE A.35: The mgpqy mass distribution for the various m4, windows considered
in the ZZWW channel. The number of entries shown in each bin is the number of
events in that bin divided by the width of the bin. The same conventions as in

Figure are used.
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FIGURE A.36: The mogyy mass distribution for the various m4, windows considered
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Appendix B

Auxiliary Material for Section 4.1

B.1 Polarisation-Dependent Amplitudes

We may derive the amplitudes of neutrino and antineutrino radiative decays specifying
the photon polarisation in the final state, M(v; — v¢ + v+) and M(7; — vg + v4).
We apply the chiral representation, where the v matrices are given by

0 ot LG y ) -1 0 1F s
WZ( 0)’““ :[’V“,v],VsszO’yvaVg:(o 1>’PL’R: ’

oh 2 2
(B.1)

and o = (1,0',0%,0%) and 6# = (1,—0',—0% —03) and o’ are Pauli matrices.
Given momentum p = (po, p), the normalised particle and antiparticle Dirac spinors
are represented by

ust) = (V28 st = (7 ) (B2

where &g and ng are two-component spinors normalised to unity. Here, we include
the polarisation index S for two independent spinors.

To simplify the derivation, we prefer to work in the rest frame. Frame-independent
results can be obtained straightforwardly from this case. In the rest frame, the initial
sterile neutrino v; is at rest p{' = (m4,0,0,0)7, and the photon is released in the
+z direction with momentum ¢* = (g, 0,0, q)T. Conservation of momentum requires
Pt = (Ef,0,0,—¢)T with ¢ = (m? — m2)/(2m;) and Ef = (m? + m2)/(2m;). In this
frame, S denotes spin along the +z direction i.e. S, which takes values :l:%. This
geometry is shown in Fig.

The angular momentum along the z direction is conserved S (v5) = S.(vg)+S:(7).
For a fermion, S, = £1/2 and for a massless photon, S, = +1. Given the initial
state v; with spin S,(v5) = +1/2(—1/2), the only solution for spins in final states is
S.(vg) = —1/2(+1/2) and S,(y) = +1(—1). In other words, the released photon is
the right-handed ~4 (left-handed ~_).

For the photon moving in the 4z direction, the polarisation vectors are as defined
in [315|

ek = (0,1,—4,0) (B.3)
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FIGURE B.1: Polarisation for neutrino radiative decay in the rest frame.

correspond to spin S, = +1 and —1, respectivelyﬂ
In this frame, for the neutrino vf moving in the —z direction, the spinors ug(p)
and vg(p) with spin :l:% are simplified to

VE+q&, 1 E—q& 1

u-l—%(pf) = VE—q £+i ) U_%(pf) = VETq f_i )
VE+qn,: E—qn_1

vy lpr) = (_ - _2";51) Loy = <_ - fq"n_?l) LB

with

=g (é) ST ((1)) | (B:5)

In the massless case, u 1 and u_1 are purely left- and right-handed respectively
2 2

(because we have assumed g is moving in the —z direction). Spinors for initial
neutrino v; and antineutrino 7; are given by

upi(p) = VE(Ef) o u_1(p) =\/E<§_%) ;
() = \/E<n+é> , v

"Here we apply the convention in the textbook [315]. The definition of e+ in this convention
has a sign difference from the one shown in m Using the convention in [309] leads to a sign
difference for iM(uiHr% — v 1t ~v+) and iM(Di,+% = V1t ~v+) in Egs. (4.5) and (4.10) and
iMM(Vi’+% — Vg1 +7v4) in Eq. (4.23)).

Yt

[NIES

(m) =VE (_777? > : (B.6)
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The amplitudes with definite spins in the initial and final states are then given by

Mo = v 1 +yy) = +V2fg(mf —m§),
M1 w1 +9-) = —V2fg(mi —mj),
M@ = 1 +y4) = —V2fig(mi —m§),
M1 =71 +9-) = +V2ff(m] —m}), (B.7)

Here, Vigl = Ve 1 + v+ and ﬂi,—% — Df’_% + v— are C'P conjugates, while Vi1
Ve 4 + v- and Di7+% — Dﬂ_% + ~v4 are C'P conjugates. The other channels have
vanishing amplitudes, consistent with angular momentum conservation.

We can generalise the result in Eq. to any inertial reference frame via spatial
rotations and Lorentz boosts. These transformations change spins for fermions but
leave photon polarisation invariant. Eventually, we obtain the Lorentz-invariant am-
plitudes M(v; — v + v+) and M (7 — g + v+ ) taking the same result as Eq.
in any reference frame. Using the C PT-invariance property, namely, fiP;"’L = — fi’ ,
we eventually arrive at Egs. and . These are the most general results
independent of either particle model or reference frame.

B.2 Derivation of Imaginary Parts of the Loop Integrals

The two NP contributions to the sterile neutrino radiative decay given by the new
proposed interactions are shown in Fig. [4.2l In order to compute their respective
matrix elements, we use the couplings of the new particles ¢ and v with neutrinos
and sterile neutrinos shown in Section 1.7

In general, we have

iM(vs = vi +72) = u(ps) oy (%) u(ps)eh . (q) (B.8)

and the matrix elements for each loop contribution, M; = M, (vs — v; + 7+ ), shown
in Fig. take the form

d*k U(pi) PR(F +my)(p1 — p2)H Pru(ps)et ,(q)
(2m)* (k2 — m2, + ie)((k — ps)? — m2 + ie)((k — p;)? — m3 + i€)’

d'k  a(p) PR + my)y" (K +my) Pru(ps)et . (q)
2m)* ((k —ps)? — mi + ie) (k"2 — mi +i€) (k2 —m2 +ie)

iMy = —Qe)\s)\;“/

iMa = +QEAN! /

Y
(B.9)
Due to the projection operators, the matrix elements reduce to
d*k u(p; — p2)P Pru(ps)e?
Z'M1=—Qe)\s)\f/ - _— (pi) K (p1 2292) 2L (.p) :I:,M(Q)Q _—
(2m)* (k* — mg, +ie)((k — ps)* — mg +ie)((k — pi)* — my + ie)
d*k a(pi) K vk PLu(ps)et . (q)

My = +QeA\] :
Mz = FQeAN, / @m)F ((k — ps)2 — m2 +ie) (K —m2 + ic) (K — m?, + ic)

(B.10)
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In order to perform dimensional regularisation to Eq. , we must substitute the
denominator with the relevant Feynman parameters, therefore, we perform the loop
momentum shifts £ = k — (xps + zp;) and ¢ = k — (xps + zq) for the two diagrams
respectively. This leads to

. . [ die
iMy = —QeA A /(27r)d
y a(pi)[=200f + (ps + pi) (P y + 1iz) — 2(psy + pi2)" (P y + 9iz)| Pu(ps)el . (q)

(2 = Dgy (2,9, 2))° ’

/dmdydzé(x +y+2z—-1)x

/dxdydzé(m +y+z-1)x

d
iMz = +QeAA] / (ij y
L T@I + (= = 1) + pay gz + ¢ o)) Prulps)et u(@)

(2 = Ayy(,y,2))° ’

where Ayy (2,9, 2) and Ayg(z,y, 2) have been defined in Eq. (4.84). We ignore linear
terms of ¢ since these terms vanish after integration. We use the following results
from [315| for d-dimensional integrals over ¢ in Minkowski space

diy 1 (=" T(n—d/2) (1\"
/(%)d(fz—A)" ~ (4md2 T(n) (A>

/ die P (=)' g T(n—d/2-1) <1>”1. (B.12)

(B.11)

(V]IS

[ V18

A

Crd(@—Ay — (Am)d? 2 T(n)

After dimensional regularisation, we set d = 4—e¢, therefore the amplitudes acquire
the following general form

o —iQeAN! o
iMy _(47r)2/ dedydzé(x +y + z — 1)u(p;) x

X [(—i + log W + Ve + (’)(e)) ~H
(ps + i) (Py + p,2) — 2(psy + piz)" (P y + p,2)] .
- wm e | Puutp)es o,
My ——i_zgf:)\;)\i/ drdydz6(x +y + z — 1)u(p;) x

A
X [(—i—i—l—i—logW-l—%—i—O(e)) s

(g(z _ 1) + ps.’z)’y“(gz +ps$) *
B Ayo(z,y, 2) ] Pru(ps)es. . (a) (B.13)

We simplify the above expressions by making use of the following identities

gl

u(pi)(ps + pi)' Poulps) = u(ps) [y (msPr +miPL) + io"” q, Pplu(ps) ,
pi)(p, +p )V Prulps) = ulps)2my" P+ i0™ g P, + ¢ Pru(ps) ,

a(
u(pi)y*(p, + p,)Prulps) = ulpi)[2msy" Pr +i0" g P — ¢" PLlu(ps) - (B.14)

gl
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Finally, applying the Ward identity ¢# M, = 0 and ignoring terms proportional to v*,
since these are simply vertex corrections to the overall electric Charge,ﬂ we only need
to consider the tensor-like terms within T’ to determine the form factor resulting
from these diagrams. These are given by

QelsA! /1 (msyPr + m;zPL)
e, =- Ligh dzdydzo -1
S T A
QelsA! /1 (mszyPr + mjzzPL)
Iy, Lictq, | dxdydzo -1 . (B.15
SRR A A v S B
Setting m; — 0 for the active neutrino mass in Eq. (B.15)) and integrating over z
yields
re ., = / / dxdy sy R
e 1 —x)+ xm — xym?
1=y msxyPr
Il = n dzd : . (B.16
2 U q,,/ / Y 1—x)+xm¢—:cym2 ( )

From these last expressions, we can identify the factors K12 and K12 given in
Eq. and then integrate over the remaining Feynman parameters x and y as

shown in Eq -

2Notice that when both contributions are added the divergent terms cancel out.
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