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Abstract

The Standard Model (SM) has been remarkably successful in explaining the short
distance physics probed so far and the discovery of the Higgs boson at the Large
Hadron Collider completes the particle content of the SM. Despite of its extreme suc-
cess, there are observational evidences including neutrino oscillation, dark matter,
matter-antimatter asymmetry in the universe which remain unexplained within the
SM and necessitate the extension of the SM. These extensions generally follow two
approaches: i) extend the particle content of the SM, ii) enlarge the symmetry group
of the SM which eventually implies the extension of the particle content. These addi-
tional degrees of freedom in Beyond Standard Model (BSM) scenarios can significantly

impact observables across particle physics, astrophysics, and cosmology.

Although the framework of three-flavor neutrino oscillation is well-established,
results from the short-baseline experiments, such as the Liquid Scintillator Neutrino De-
tector (LSND) and MiniBooster Neutrino Experiment (MiniBooNE), hint at the potential
existence of an additional light neutrino state characterized by a mass-squared dif-
ference (Am?2) of approximately 1eV2. The new neutrino state is devoid of all SM
interactions, commonly referred to as a “sterile” state. In addition, a sterile neutrino
with a mass-squared difference of 1072 eV? has been proposed to improve the tension
between the results obtained from the Tokai to Kamioka (T2K) and the NuMI Off-axis
v, Appearance (NOvA) experiments. Further, the non-observation of the predicted up-
turn in the solar neutrino spectra below 8 MeV can be explained by postulating an
extra light sterile neutrino state with a mass-squared difference around 107> eV2. The
hypothesis of an additional light sterile neutrino state introduces four distinct mass
spectra depending on the sign of the mass-squared difference (two with Am? > 0 and
two with Am2 < 0). We have examined their implications for the mass-related ob-
servables such as the sum of neutrino masses (X) from cosmology, effective mass of
electron neutrino (mg) from nuclear B decay and effective Majorana mass (#..) from
neutrinoless double beta decay (Ovpp). The predictions are analysed with the cur-

rent experimental limit including the bound on X from cosmology, the measurements
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of mg from KATRIN experiment and KamLAND-Zen limits on m,.. Additionally, the
potential impact of future experiments such as Project § and nEXO is also discussed.
The results highlight that the cosmological data and laboratory experiments provide
complementary constraints on sterile neutrino mass spectra. While current measure-
ments already exclude significant parameter space, the complete picture will emerge
from next-generation experiments like Project 8 and nEXO, which will reach to the
precision needed to conclusively test these scenarios across the full range of possible

sterile neutrino masses.

Leptoquarks can couple with both quarks and leptons and OvpBis a rare process
which involves both sectors. Therefore, we have performed a comprehensive analysis
of OvBpand its interplay with low-energy flavor observables in a radiative neutrino
mass model with scalar leptoquarks S;(3,1,1/3) and ﬁ2(3, 2,1/6). The parameter
region consistent with constraints from neutrino mass and mixing, collider searches,
as well as measurements of several flavor observables, such as charged lepton fla-
vor violation and rare (semi)leptonic kaon and B-meson decays, including the recent
anomalies in Ry, and B — Kvv observables is carved out from the global analysis of
these observables. It is found out that the most stringent constraint on the parameter
space comes from y — e conversion in nuclei and K™ — 77 vv decay. It is also pointed
out that there is a serious tension between the muon and electron (g — 2) anomalies in
this singlet-doublet leptoquark model. Taking benchmark values from the combined
allowed regions, the implications for Ovppare studied including both the canonical
light neutrino and the leptoquark contributions. It turns out for normal ordering of
neutrino masses, the leptoquark contribution removes the cancellation region that oc-
curs for the canonical case. The effective mass in the presence of leptoquarks can lie in
the desert region between the standard normal and inverted ordering cases, and this

can be probed in future ton-scale experiments like LEGEND-1000 and nEXO.

Grand unified theories (GUT) are motivated from the gauge coupling unification
at the high scale and they provide a framework where the quarks and leptons are
embedded in the same multiples. It also naturally accommodates leptoquarks in its
scalar representations. We then discuss the role of heavy scalar fields in mediating
neutrinoless double beta decay (0vpp) within the SU(5) GUT framework. We have
considered the canonical SU(5) extended by a triplet scalar field A belonging to the
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15-dimensional representation of SU(5). This generates Majorana neutrino mass at
tree level via type-II seesaw mechanism and also radiatively at one loop via a pair
of scalar leptoquarks. OvpBpg is induced by the Majorana neutrinos as well as by the
leptoquarks. However, in the minimal setup, the leptoquarks inducing Ovpp also
induce proton decay, and the constraint coming from proton decay suppresses the
OvBp rate well below the observable level. In order to evade this, an SU(5) x Z3 model
is constructed in which the diquark interactions of the S; leptoquark is forbidden,
which automatically satisfies the proton decay constraint. The mixing between the
pair of leptoquarks S3 and R; necessary for inducing OvBB now occurs through A.
However, to achieve small neutrino mass, the scalar mass M, is required to be around
10'® GeV which again yields a low rate for the scalar-induced OvBB. Moreover, in the
parameter space consistent with the viable fermion mass spectra, the light-neutrino-
induced effective mass for OvBB disfavours the inverted ordering from the current
KamLAND-Zen limit. Finally, we introduce an additional 15-plet containing a second
triplet scalar A, decoupled from matter multiplets, which can enhance the scalar-
induced OvBp rate beyond the canonical light neutrino exchange contribution. In this
case, we find that the cancellations between standard and non-standard contributions
to Ovpp allow the inverted mass ordering in certain parameter regions. Furthermore,
it is also shown that future OvS decay experiments can be used as a sensitive probe
of the new scalar mass M, across a broad range, from LHC-accessible sub-TeV scales

up to Myp, ~ 101 GeV.

We also analysed a scenario where ultralight axion like particles (ALPs) medi-
ate a macroscopic force with long-range monopole-dipole interactions between the
Earth and the Sun, if the Earth is treated as a polarized source. It is found that
approximately 10% electrons within the Earth become spin-polarised antiparallel to
the Earth’s rotation axis under the influence of the geomagnetic field. These elec-
trons, in a polarized state, can interact with the unpolarized nucleons in the Sun,
giving rise to a monopole-dipole potential between the Sun-Earth system. This phe-
nomenon ultimately influences the trajectories of light and celestial bodies, result-
ing in observable effects such as gravitational light bending, Shapiro time delay, and
perihelion precession of planets. We investigate two scenarios for constraining the
monopole-dipole coupling strength. In the first scenario, we establish a constraint

on the monopole-dipole strength based on a single astrophysical observation treat-
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ing the Earth as a source of polarized electrons. The perihelion precession of Earth
provides the most stringent upper limit on the monopole-dipole coupling strength as
gsgp S 1.75 % 10713 for the ALP of mass m, < 1.35 x 10718 eV. In the second scenario,
constraints on monopole-monopole coupling strength g5 (< 3.51 x 10~%°) arises from
the perihelion precession of the planet Mars, while the limit on dipole-dipole coupling
strength ¢p (< 1.6 x 10713) is taken from the measurement of the tip of the red giant
branch in w Centauri using Gaia DR2 data. Together, they yield a hybrid constraint on
the monopole-dipole coupling strength as gsgp < 5.61 x 10738, We obtained a hybrid
bound which is three orders of magnitude more stringent than the E6t-Wash experi-

ment and one order of magnitude stronger than the current hybrid (Lab)Y x (Astro)$

limit.

Keywords— Beyond Standard Model, sterile neutrino, mass observables
leptoquarks, neutrinoless double beta decay, flavor observables, grand unified
theory, axion like particles, monopole-dipole potential, perihelion precesion,

light bending, Shapiro time delay.
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Introduction

Humans have always been captivated by the mysteries of nature and driven
by a natural desire to unravel its workings at the smallest possible scales. In
pursuit of this, it has been unveiled that there are four fundamental forces
governing the universe: gravity, weak, strong and electromagnetism. Particle
physics, a discipline dedicated to study the elementary constituents of matter
and their interactions, helps to have a better understanding of the fundamental
particles and their interactions. The elegance of this field stems from its ability
to demonstrate how underlying symmetries predict the existence of particles,

their properties, and their dynamics.

The Standard Model (SM) of particle physics is a very successful mathe-
matical framework which describes three of the four fundamental forces (ex-
cluding gravity) within a theoretical framework. It can accurately describe
most of the observed phenomena at low energies and some of the predic-
tions have also been verified in high energy colliders, consolidating the SM
on a firm footing. Despite its remarkable success, the SM can not be consid-
ered as a complete theory of nature. It fails to account for the key observa-
tional phenomena including neutrino oscillations, matter-antimatter asymme-
try, and dark matter which necessitate the exploration of theoretical frame-
works beyond-the-SM (BSM) — either through the introduction of new de-
grees of freedom (such as undiscovered particles) or extending the symmetry

group of the SM. These extensions aim to reconcile theory with experimental
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evidence while preserving the empirically validated predictions of the SM. Be-
yond purely phenomenological motivations, the study of “New Physics” (NP)
beyond the SM is also driven by profound theoretical puzzles which the SM
can not explain. These include: the hierarchy problem, the strong CP prob-
lem, non-inclusion of gravity etc. BSM constructions may provide solutions to
these long-standing issues or, at the very least, offer a pathway towards a more

fundamental framework.

In the following sections, a brief review of the SM is presented, followed by
a discussion of its key theoretical and observational shortcomings. Motivated
by these limitations, a plethora of BSM frameworks have been proposed over
the past decades. The proposed extensions primarily follow two different ap-
proaches: (a) extending the SM with new particles and (b) extending the gauge
group to larger symmetry groups e.g. SU(3). ® SU(2), ® SU(2)r ® U(1)p—1,
SU(5), SO(10), etc., which are valid at the high energy scale. The SM is con-
sidered to be the low-energy realisation of these fundamental theories and can
naturally serves as an “effective field theory (EFT)” at lower energies. In this
chapter, we have also discussed the preliminary description of the EFT frame-

work.

1.1 Review of the Standard Model

The SM is a renormalisable quantum field theory (QFT) which is invariant
under the SU(3). ® SU(2); ® U(1)y gauge group and Poincaré group [1-3].
The SM consist of different irreducible representation (irreps) of the Poincaré
group : spin-0, spin-% and spin-1 i.e. scalars, fermions and gauge bosons
which are characterised by their mass and spin/helicity (projection of spin in
the momentum direction). The representations of these fields under SU(3),
and SU(2);, along with their hypercharges under U(1)y, are systematically
presented in Tab. 1.1. The hypercharge convention is followed the Gell-Mann-
Nishijima relation Q. = T3 + ), where Q. is the electrical charge, T3y is the

third component of the weak isospin and ) is the hypercharge of the particles.
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Table 1.1: The content of the SM together with their quantum number under
SU(3),®@SU(2), ®U(1)y, Baryon Number (B), Lepton Number (L). Here, a€ {1,2,3}
represents the colour quantum numbers and i€ {1,2} stands for the weak isospin
quantum numbers.

Fields Symbol SM Charges B L
y 8
+

C.> Higgs Boson H = (II__II0> (1,2,%) 0O 0
o
‘8,
N

: u? c? 4
i L L L 1 1

=) (4) (i) 62 1o

Quarks ub, %, t4 (3,1,%) 0

- g, Sk, bR 3L-3) 3 0
=
‘8,
N

‘ v, v v
Leptons  L'= “L>, ( ”L>, ( TL) L2,-%) 0 1
p () (), (%) e

€r, UR, TR (1,1,1) 0 1

- Gluons G (8,1,0) 0 0

= W Bosons W (1,3,0) 0 0

& | B Bosons B (1,1,0) 0 0

Having specified the field content and their representations under the gauge

group, the SM Lagrangian can be written as,

Lsy = —%BWBW — }LW"jVWZf” - 411
+i QL PQ + i W Puly + i L DLL + i TgIpl
~Y!Q) Huly — YAQ) Hdy — YL, Hl +hc.
+|DyH|? + 2 [H? = A |H|*. (1.1)

Ga

v
wGa

In the above equation, the colour indices are suppressed and i,j = 1,2,3 are
the fermion generation index, [ = Y*Dy, and H = iocoH*, where 0y is the
second Pauli Matrix. Y/ denotes the Yukawa couplings, u is the Higgs mass
parameter and A is Higgs self-coupling. All the couplings are dimensionless
except u which has a mass dimension 1. These parameters of the SM are not

calculable rather they are fixed by the experiments. The interaction between
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the matter field and the gauge bosons are encoded in the gauge covariant

derivative, given as:
Dy = 9+ i8Gira+ iguW,T;+ i g'VB,, (1.2)

where ¢’, g and gs are the gauge couplings of the U(1)y, SU(2); and SU(3),
gauge groups, A, (a =1 — 8) are the SU(3). generators, T; (i = 1 — 3) are the
SU(2)r generators and the matrix representation of these generators depend
on the fermion or boson representations. The covariant field tensors in Eq. (1.1)

is defined as:

Fa, = 0uF —0,Fl+ igcfdFIFS, (1.3)
where g is the gauge coupling and f2° are structure constant corresponding
to the gauge group G € {SU(3),SU(2)}. The value of f&° = 0 for the non-

abelian U(1)y group. In the Higgs sector, if certain conditions (y?,A > 0) are

satistied, the Higgs field develops a non-trivial vaccum expectation value (vev)

(H) = NAME (1.4)

where v = /u2/A =~ 246 GeV'. Therefore, the vaccum state spontaneously
breaks the SU(3). ® SU(2); @ U(1)y— SU(3) @ U(1)em. This phenomena
is referred as the Brout-Englert-Higgs (BEH) mechanism [5-7] or more com-
monly known as Higgs mechanism. After the electro-weak symmetry breaking
(EWSB), three gauge bosons (W=, Z%) emerge as massive whereas the gluons
and a linear combination of W and B remains massless and is identified as the
photon (7). In the broken symmetry phase, the physical gauge fields can be

expressed as,

1o . 1
WTH = 7 (Wy £iWy) with mass myy = 580,

IThe value of the Higgs vev (v) is fixed from the precise experimental measurement of the Fermi’s

decay constant, Gr from muon decay and using the relation v = (ZGp)fl/ 2, where Gr = 1.1663787(6) x
107°GeV 2 [4]
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! 1
e — " Inpu . 1 5 p
ZH = 219 (wa3 9B ) with mass my = 2@0’

1

Wyl

Additionally, after the EWSB, the fermions get masses from the Yukawa inter-

AV = Wl +¢'B")  withmass my =0. (1.5)

actions as:
— i =i 44 -l g
—Lmass = ule?juJR + dLmi]-t:l]R + [LmijffR + h.c. (1.6)

where m{; = YZJ;(H ) for f = u,d,e. The neutrinos remain massless in the SM

as v field is absent?. The charged fermion mass matrices in general could

be complex non-diagonal matrices and can be diagonalised by the following

transformations,
ug, —>Z/{f ur, dL —>L{de, er, —)Z/[EEL, (17)
Ur —>U1§‘uR, dR —)Z/{ﬁdR, eRr —)Z/{EER. (18)

Applying the above mentioned transformations, Eq. (1.6) can be rewritten in

terms of diagonal mass matrices as:

—i udiag j =i ddiag ;j - {diag ,j
—Lass = Ulei]- gu% + dLmz’j gd]R + ELmZ.]. g£]R + h.c., (1.9)
where,
m" 48 = Diag (my, me, m;) = Ut m
md diag = Dlag (md/ ms, mb) — Ug-rde/{ﬁ,
m" 18 = Diag (e, my,, m-) = ul tmtul, (1.10)

In the quark sector®, applying the above transformations, the charge current
(cc) interaction Lagrangian leads to interaction between the inter generational

up and down type quarks via the Cabbibo-Kobayashi-Maskawa (CKM) mixing

Historically, it was observed that only left handed neutrinos and right handed antineutrinos are
involved in weak interaction.

3Gince the neutrinos are massless, it is always possible to choose the charged lepton in their mass
basis.
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matrix
£l o _% UL Uy i Wit + e,
S —% 7, (Vexm) e 7" diye Wi +hee,, (1.11)
where,

Vexm = U Ul (1.12)

The CKM matrix is a 3 x 3 complex unitary matrix which describes the trans-
formation of down type quarks from weak interaction basis to mass basis when
the up type quarks are considered in the mass basis. It is fully parameterised
by four independent physical parameters. In the standard parametrisation
adopted by the Particle Data Group, these are expressed as three real mixing
angles (61,,055,61;) and one CP-violating phase (J(-p). The non-trivial struc-
ture of this matrix arises from the misalignment between the quark mass bases,
leading to flavour-changing charged currents in weak interactions. This flavour
violation has been experimentally confirmed through numerous observations
of meson and baryon decay processes, with precision measurements constrain-

ing all matrix elements to the percent level or better.

As proposed by Kobayashi and Maskawa [8], a profound consequence of
the CKM mechanism lies in its capacity to induce CP violation through the
complex phase in the quark sector which is needed to explain the observed
asymmetry in K- and B- meson systems. Notably, in the SM, the flavour-
changing neutral currents (FCNCs) remain forbidden at the tree level and are
generated only via higher order loop corrections which naturally suppresses
their amplitudes. This is commonly known as the Glashow-Iliopoulos-Maiani

(GIM) mechanism [9].

Apart from the assumed gauge symmetries, the construction of the SM
exhibits several accidental global symmetries, emerging from its field content

and renormalizable structure.
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* The accidental symmetries include exact baryon number conservation
through a global U(1)p symmetry, where each quark carries baryon num-
ber B; = 1/3 while leptons have By = 0 (see Tab. 1.1). This symmetry
is preserved at the classical level but experiences anomalous breaking in
quantum processes through sphaleron transitions, though the combina-

tion B — L remains conserved.

* In the lepton sector, three separate global U(1);, ® U(1)r, ® U(1)L, sym-
metries enforce the individual lepton flavour conservation, prohibiting
neutrino oscillations and lepton flavor violating processes like y — ev,
u — 3e decays, y — e conversion. These symmetries also guarantee
flavour-universal couplings between leptons and gauge bosons. The col-
lective conservation leads to an overall lepton number U(1); symmetry,
which like baryon number, is only violated by quantum anomalies in

sphaleron processes.

Interestingly, violation of such symmetries have important consequences and
might also hint towards the possible BSM extensions which will be discussed

in the subsequent chapters.

1.2 Limitations of the SM

Despite its extremely accurate predictions, the SM consists of various obser-
vational and theoretical caveats. While the theoretical shortcomings might be
accepted as an anthropogenic principle, but the observational caveats need an

serious attention and warrant a theory beyond the SM.

1.2.1 Observational Shortcomings

The incompleteness of the SM becomes undeniable when confronted with

three major observational phenomena which are discussed in the following.
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Neutrino oscillations

The first clear evidence for the BSM physics emerged from the measured dis-
crepancy between predicted and observed solar and atmospheric neutrino
fluxes. Initial measurements by the Homestake experiment in 1968 [10] re-
vealed a striking solar electron neutrino deficit of approximately one third
solar v, arriving on the Earth as compared to the predicted value by the
Standard Solar Model [11]. This is commonly referred to as “Solar neutrino
Problem” which was subsequently confirmed by multiple independent experi-
ments [10, 12-17]. This anomalous result compelled the particle physics com-
munity to consider more radical explanations. The solution came through the
neutrino oscillation hypothesis, a phenomenon where neutrino flavours can
converted among each others. This phenomena was first proposed by Bruno

Pontecorvo [18, 19] and later formalised by Maki, Nakagawa, and Sakata [20].

In the neutrino oscillation framework, the flavour eigenstates of neutrinos
are considered as a linear superposition of the propagating eigenstates (mass

eigenstates),
Va) = Uy Vi), (1.13)

where « and i represent the indices for flavour eigenstate and mass eigenstate,
respectively. U is an unitary matrix which connects both the eigenstates and
characterises the neutrino flavour mixings, is called the PMNS matrix. The

evolution of the flavour eigenstates in time ¢ can be expressed as,
va(t)) =X Uge™ " Ftly,). (1.14)

The oscillation probability of v, — vg for the N generation of neutrinos is

given by,

Py = 5aﬁ—4ZRe(LIMUEiU;‘]-Uﬁj)sin2[1.27Am12]~L/E]
i<j
+ 2 Im(Uy U Uy Ug)) sin[2(1.27Am3 L/ E)), (1.15)
i<j
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Table 1.2: 3¢ ranges and best fit values of three neutrino oscillation parameters [21].
— m? and Am?,, = m3 — m? for NO and m3 — m3 for IO.

2 2
Here, Am_; = mj

Parameters Normal Ordering Inverted Ordering
30 range | Best Fit 30 range | Best Fit
sin” 61, 0.270 : 0.341 0.303 0.270 : 0.341 0.303
012 31.31° : 35.74° 33.41° 31.31° : 35.74° 33.41°
sin” 613 0.0202 : 0.0239 0.0220 0.0202 : 0.0239 0.0220
013 8.19° — 8.89° 8.54° 8.23° : 8.90° 8.57°
sin® 63 0.406 : 0.620 0.572 0.412: 0.623 0.578
023 39.6° : 51.9° 49.1° 39.9° :52.1° 49.5°
413 197° 108° : 404° 286° 192° : 360°
Am§01/10*5e\/2 6.82 : 8.03 741 6.82 : 8.03 7.41
Amgtm/l(J’?’eV2 2.428 : 2.597 2.511 (—2.581: —2.408) —2.498
Normal Ordering
Am?
Inverted Ordering
I 3 am?
|| [, \) >
AmZym, = o -
am, | amz,, —

e JU}

2
Arnso/
V1

Figure 1.1: Figure representing Normal and Inverted mass ordering of neutrinos. The
red, green, and blue colour represents the electron, muon and taun neutrino flavour
content in each mass eigenstates.

where i,j € {1,2,--- N}, E is the energy of the neutrinos and L is the distance
travelled by the neutrinos in vaccum. As per our current understanding, there
are three flavours of neutrinos which can oscillate into each other. The three
flavour neutrino oscillation framework is completely described by two mass-

squared differences (Am?_, Am?

o1 Amgyy), three mixing angles (012, 623, 613) and a

Dirac CP phase (613). The values of these parameters are extracted by analysing
the neutrino oscillation data from various solar, atmospheric, accelerator, and
reactor experiments. The current best fit values and 3¢ ranges of the parame-

ters are given in Tab. 1.2.

Although the three flavour framework is well understood, there are still
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some unknowns in this framework. These include:

e QOctant of 6,3: From Tab. 1.2, it is realised that 0,3 could lie in either the
lower (623 < 45°) or higher (623 > 45°) octant whereas the other angles

are in the first octant.

* Mass ordering: Observing the solar neutrinos, it is established that

Am§01 = m% — m% > 0, but the sign of Amgtm
2

atm’

is still unknown. De-
pending on the sign of AmZ,,,, the ordering of neutrino masses can be of

two types [given in Fig. 1.1],

— Normal Ordering (NO): In NO, Am2,,, = m% — m% > 0. The mass

atm

eigenstates are ordered in this scenario as m; < my < m3, and the

mass relations can be expressed as,

_ _ 2 2 2 2
mlightest = m, mp= my + Amsoll nsz = my + Amatm'

(1.16)

— Inverted Ordering (IO): In this case, the mass ordering is m3 < m; <

my and Am3,, = m3 —m% < 0. In this ordering, the mass relations

are written as?,

_ — /2 2 _ 2 2 2
Miightest = M3, M2 = y\/ M3 + Amatm' nmi = \/1’}13 + Amatm — Amsol'

(1.17)

Apart from NO and IO, there might be a scenario where m; ~ mp ~
m3. This scenario is generally referred to as quasi degenerate (QD)

spectrum. In this scenario, the value of the lightest mass is greater

than \/Am2, .

* Precise value of é13 : It is seen from Tab. 1.2 that the current global fits
from the oscillation experiments does not provide precise value for the
Dirac CP phase (613) in the leptonic sector. Precise value of d135 would

be important to understand the amount of CP violation in the leptonic

41t is to be noted that, in Eq.1.17, Amgtm represent only the magnitude of the mass-squared difference

and the sign is properly absorbed in the relation.
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which have implications in generating the matter-antimatter asymmetry

in the universe.

Neutrino oscillation experiments are also not able to provide information

about the following questions:

* Dirac vs Majorana: As neutrinos are the only neutral fermions in the SM,
it can be either Dirac or Majorana particles. If the neutrinos are distinct
from their CP conjugate states, they are called Dirac particles. In contrast,
if neutrinos are their own antiparticles, they are considered as Majorana
particles. In the Majorana scenario, the PMNS matrix is extended by
two Majorana phases which remain unmeasured in the oscillation exper-

iments.

* Absolute mass scale: Oscillation experiments only measure Am?]-, leav-

ing no clue about the absolute mass scale of the neutrinos. This implies
that the lightest neutrino mass (mhghtest) remains unconstrained in the

oscillation experiments .

Within the SM framework, the absence of right-handed neutrino fields pre-
vents conventional Dirac type mass generation via the Higgs mechanism. The
Majorana mass term using the left handed lepton doublets is also forbidden by
the SM gauge symmetry. Therefore, neutrinos are strictly mass less in the SM.
Extension of the SM is required to account for the neutrino mass, regardless
of whether it is Dirac or Majorana. The Majorana mass term would violate the
lepton number by two units leading to interesting phenomenological conse-

quences that will be discussed in the subsequent sections.

Matter-Antimatter Asymmetry

Astrophysical and cosmological observations provide compelling evidence
that the Universe exhibits a fundamental matter-antimatter asymmetry. This

asymmetry is quantitatively described by the baryon asymmetry parameter
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(BAU):

Yin = =, 1.18
AB 5 5 (1.18)

where 1y, ng, represent the number densities of baryons and anti-baryons re-
spectively and s denotes the co-moving entropy density. Remarkably, two
independent methods - Big Bang Nucleosynthesis (BBN) predictions of light
element abundances and precision measurements of the Cosmic Microwave
Background (CMB) power spectrum converge on the same value of Yap =
(8.75 £0.23) x 10!}, establishing this as one of the most robust parameters in
cosmology [22, 23].

A primordial matter excess cannot explain this asymmetry, as cosmolog-
ical inflation would have diluted any initial imbalance to negligible levels.
The required initial condition - approximately one extra quark per billion
quark-antiquark pairs - would represent an implausible fine-tuning. Instead,
the leading theoretical framework posits that the BAU emerged dynamically
through baryogenesis. Sakharov’s seminal 1967 work [24] established three

necessary conditions for this process:

1. Baryon number violation.
2. C and CP symmetry violation.

3. Departure from the thermal equilibrium.

While the SM technically satisfies all three conditions [25], the CP violation
is insufficient by several orders of magnitude, and the Higgs boson’s mass
precludes a sufficiently strong electroweak phase transition to maintain the
necessary non-equilibrium conditions [26, 27]. These shortcomings necessitate
physics beyond the Standard Model with (a) enhanced CP violation sources
(b) stronger first-order phase transitions (c) additional out of equilibrium pro-

cesses.

Intriguingly, neutrino mass models provide a promising pathway to gener-
ate excess baryons through a process called leptogenesis [28]. In leptogenesis,

out of equilibrium decay of heavy degrees of freedom generates an asymme-
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Figure 1.2: left: Rotation curve of the Messier 33 spiral galaxy from the galaxy center
(yellow and blue points), and theoretical prediction from the distribution of visible
matter (gray dashed line). courtesy: wikipedia. right: Total energy budget of the
universe. Courtesy: https://wmap.gsfc.nasa.gov/universe/uni-matter.html

try in the leptonic sector that could then be converted to the observed baryon
asymmetry through electroweak sphaleron processes, offering an elegant so-

lution to one of the most profound puzzles in cosmology.

Dark Matter and Dark Energy

Astronomical observations across multiple wavelengths and cosmological sur-
veys have provided overwhelming evidence that the dominant matter compo-
nent of the Universe is non-luminous dark matter (DM). This conclusion stems
from several independent observational evidences which include: anomalous
rotation curves of spiral galaxies [29], velocity dispersions in galaxy clusters,
gravitational lensing effects [30] (both strong and weak) and precise measure-

ments of CMB anisotropies [31].

The most recent Planck satellite data, combined with baryon acoustic oscil-

lation measurements, estimate the total energy density of the universe as [31]:

O = 0.0498 £ 0.0001, Qcpm = 0.2673 £0.0026, Qp = 0.6847 £ 0.0072,
(1.19)
where ), Qcpm and 5 correspond to normal baryonic matter, cold dark
matter and dark energy densities respectively. The values indicates that or-
dinary baryonic matter constitutes 5% of all the energy budget whereas dark

matter and dark energy accounts for approximately 95%.


https://en.wikipedia.org/wiki/Galaxy_rotation_curve
https://wmap.gsfc.nasa.gov/universe/uni_matter.html
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Despite this observational evidence, the fundamental nature of DM remains
elusive and SM contains no particle candidate that simultaneously satisfies
all observational characteristics (stability, lack of electromagnetic interactions,
and appropriate abundance) of the DM. This has motivated extensive theo-
retical exploration of possible extensions to the Standard Model that could
incorporate suitable DM candidates, ranging from weakly interacting massive
particles (WIMPs) to axions and sterile neutrinos. The identification of the
particle nature of DM remains one of the most pressing challenges in modern

particle astrophysics.

These empirical shortcomings demonstrate that while the SM provides an
excellent description of known particle interactions, it necessarily represents

only part of a more fundamental theory of nature.

1.2.2 Flavour Anomalies

Precision measurements of low-energy flavour observables have revealed a
growing number of experimental discrepancies with the SM predictions. These
anomalies involve violations of lepton flavour universality (LFU) in decays
with leptonic final states. While some systematic uncertainties—particularly
in hadronic matrix elements—require further refinement, the collective pattern
of deviations suggests potential NP in the lepton sector. Below we discuss the

most significant anomalies:

1. Anomalous Magnetic Moments The magnetic dipole moment of a
charged particle characterises the effect of a magnetic field on the charge
particle. For a particle with Spin (S), the magnetic moment is given as

e
He = gﬁz—mgsl (1.20)

where g is called the “Landé g” factor, and denotes the “coupling strength”
of the lepton to a magnetic field. From the Dirac equation, Landé g factor

comes as gy = 2 at the leading order and the quantum corrections breaks
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this equality.

In QED, the interaction Lagrangian of a charged lepton with an external

photon (quanta of EM field) can be described as
—Liyy = elTFLA,, (1.21)
where

= (B (%) + F () 95} o + 5o qu {FY () + E£ (47) 15}

+q" {B) (¢°) + F5* (¢%) 5} + F{ (%) 759" g] (1.22)

Using,
(T g, =0 (Ward Identity) , (1.23)
Z’y5g€:2ng'y5€ (1.24)

it is very easy to rewrite Eq. (1.22) as,
e [ ) g 5 () e () )
+E (%) 15 (2me " ?) |- (1.25)

Here g is the photon’s momentum and F;,34 are the electromagnetic
form factors. For the general Lagrangian, given in Eq. (1.21), the Landé g

factor is given as
g = 2[R(0)+B(0)]. (1.26)
At the leading order (tree level),
F1(0) = 1, Fg34(0)=0. (1.27)

Higher order correction to F;(0) modify the coupling to photon and give
the energy scale dependence of the electric charge e. Therefore, the cor-

rection to gy can come only from higher order correction to F,(0). The
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other form factor F3(0) give contribution to electric dipole moment (d;)
and F4(0) contribute the “anapole moment” which is relevant for the short

distance virtual photon exchanges.

The anomalous magnetic moment defined as,

-2
a = 85 =R), (1.28)

which is commonly referred to as (¢ — 2),. In the SM, the next to lead-
ing order (NLO) QED correction was calculated by Swinger in 1948 [32],
resulting in a4, = «,/27, where a, = e2/47 is the electro-magnetic fine

structure constant.

The anomalous magnetic moment of the muon stands as a benchmark
precision observable in particle physics, with its theoretical prediction re-
quiring the calculation of quantum corrections across multiple sectors.
Generally, the quantum corrections to a, can be divided into three cate-
gories. Out of these, the dominant QED contributions, dependent only
on the muon mass and fine-structure constant a., have been computed
up to 5-loop accuracy. Next, electroweak corrections are known up to
2-loop precision, while the third correction comes from hadronic effects.
These effects are the largest sources of uncertainty and can be separated
into mainly two classes: (i) hadronic vacuum polarisation (HVP), and (ii)
hadronic light-by-light (HLbL) scattering. In the SM, the prediction of the

anomalous magnetic moment is defined as

t . t
a?M — a’zree + aZQED _|_a\éNeak + az rong, with az rong _ aEIVP + a?LbL,

(1.29)
where the error is dominated by the leading-order HVP calculation. The
deficit between the experimental value with the SM prediction is defined

as

Aay = aZXp—a?M. (1.30)

* Muon (g —2),: For muon (g — 2), the old Brookhaven National
Laboratory (BNL) experiment reported a 3.7¢ discrepancy with re-
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QED

HVP HLBL

Figure 1.3: Feynman diagrams of the SM corrections to the muon magnetic moment.
In the second row, from left to right, it shows the first order QED and weak correction,
hadronic vacuum-polarisation correction and the light-by-light hadronic correction.

spect to the SM prediction [33].The BNL result was recently con-
firmed by the Fermilab Muon ¢ — 2 collaboration [34], which in-
creased the discrepancy to 50 level, if one uses the 2020 world aver-
age of the SM prediction [35]. However, the BMW lattice result [36]
disagrees with the world average [35]. Other lattice calculations
now seem to agree with the BMW result at least in the “intermedi-
ate distance regime” [37] and in this thesis, we have used the BMW
result, which gives a 1.50 deviation from the experimental result:
Aay, = (1.07 £0.70) x 1077 [38].

However, recently the Muon g — 2 Theory Initiative has updated the
SM prediction of a;, and quoted the value of Aa, = (0.38 +0.63) x
10~? which implies that there is no such tension between the experi-

mental value and the SM prediction [39].

e Electron (g — 2).: The situation for electron (g — 2) is no better. Al-
though the experimental value of 2, has been measured very pre-
cisely [40], the SM prediction [41] relies on the measurement of the
fine-structure constant, and currently there is > 5¢ discrepancy be-
tween the results derived using two different measurements based
on Rb [42] and Cs [43] atoms. In this thesis both Rb and Cs re-
sults are used for analysis: Aa.(Rb) = (4.4 £3.0) x 10713 [42] and
Aa,(Cs) = (—8.8 £3.6) x 10713 [43].
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2. Flavour Changing Charge Current B-Decays: A number of anomalous

measurements have been surfaced with the flavour changing charged cur-
rent (FCCC) b — cfvy decays. In the SM, this transition occurs at the tree
level via W), boson and can be used to test the universality of the coupling
of the leptons to the W, gauge bosons. Deviations with respect to the SM

can be defined in terms of Rp, R}, ratios which is defined as

Br (B N D(*)TUT>
Ry = ) 1.31
Dt Br (B — D)) (1.31)

with ¢ = y, e. The ratio is defined to cancel the uncertainty in the hadronic
matrix element. Although several experiments like BaBar [44], Belle I
and II [45, 46] and LHCb have measured these ratios, only LHCb has
published their result [47]. The average of all these results have been
calculated by Heavy Flavour Averaging Group (HFLAV) and compared
with the precise result of the SM. According to the most recent update,

the world average of the experimental data is [48]
Rp = 0.342+0.026, Rp+=0.287=+0.012, (1.32)
and the current SM prediction is [48]
RM = 029840.004, RP =0.254+0.005. (1.33)

Therefore, the current result is 3.3c away from the SM prediction.

. Bt — KTvv Transitions: Another observable that has taken some at-

tention lately, is related to the flavour changing neutral current (FCNC)
related to b — svv transition in BT — KTvv decay. In the SM, this decay
can happen through either penguin, or box or tree level double-charged

current diagram. The SM prediction of this process is [49]
Br (BT — K*vv) ‘SM — (558+037) x10°° (1.34)

Belle-II recently reported the first observation of BY — KTvv de-
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cay [50]. Using the weighted average of BaBar, Belle and Belle-II

data, ref. [49] quoted an experimental value for Branching ratio is

Br (BT — KTvv) = (134 04) x 1075,  Therefore the observed
exp

branching ratio is 2.7c above the standard model prediction.

1.2.3 Theoretical Shortcomings

The SM contains a total of 19 free parameters which include 3 gauge couplings
(¢, gw, gs) corresponding to the U(1)y, SU(2); and SU(3). symmetry groups,
2 parameters characterizing the Higgs potential ( v and the quartic coupling
A), 10 parameters in the quark sector (6 quark masses, 3 CKM mixing an-
gles, and 1 CP-violating phase), and 3 charged lepton masses and 6gcp which
parametrises the amount of CP violation in strong interactions. These parame-
ters are not calculable in the SM, rather fixed by the experiment. Such models
with large number of arbitrary free parameters are theoretically ugly. Apart

from this, other theoretical shortcomings include:

1. Quantum theory of gravity : As mentioned, the SM describes three fun-
damental forces of nature at short distance scales, naturally it excludes
gravity which described classically by Einstein’s General Relativity at
macroscopic scales but approximately 10% times weaker than the elec-
tromagnetic force at atomic scales. This large disparity allows particle
physicists to safely neglect the gravitational contributions when study-
ing elementary processes. However, things change near the Planck scale
(Ap; ~ 10¥° GeV, corresponding to a distance of r ~ 10734 m), where
the quantum gravitational effects become significant. While the SM was
not designed as a fundamental theory of all interactions, the unavoidable
convergence of quantum mechanics and general relativity at these ex-
treme energies necessitates a more complete framework. The search for
a consistent quantum theory of gravity that reconciles the quantum field
theoretical structure of the SM with the geometric description of space-
time remains one of the most profound challenges in theoretical physics.

String theory and loop quantum gravity representing two prominent ap-
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proaches to this unification problem.

. Strong CP problem : The Quantum chromo dynamics (QCD) sector of

the SM introduces an additional fundamental parameter, 6ocp, which
represents a potential source of CP violation in the strong interaction

sector. This parameter appears in the CP-odd topological term £y =

focp 357%2 G G.Y, where G,y denotes the QCD field strength tensor and
G = %ewpa GPY is its dual. This term is often omitted from the classi-
cal Lagrangian due to its total derivative nature, but it has a non-trivial
physical consequences in the quantum theory when quark masses are
non-zero. This term induces an electric dipole moment (EDM) of neutron
and the experimental constraints on the neutron EDM, |d, | < 1.8 x 10726
e-cm (90% CL), impose an unnatural stringent limit on the strong CP
phase: |0qcp| S 10710, This presents a profound theoretical puzzle, as
the vanishing 0ocp does not correspond to any enhanced symmetry of
the theory (CP remains broken by the weak sector even when 6gcp = 0).
Following 't Hooft’s naturalness criterion [51], such extreme fine-tuning
of a dimensionless parameter is technically unnatural, suggesting either
an unknown symmetry mechanism (such as the Peccei-Quinn mecha-
nism leading to axion solutions [52-58]) or a deeper theoretical principle
remains to be discovered. The strong CP problem thus stands as one of
the most significant open questions in particle physics, connecting fun-
damental symmetries, non-perturbative QCD effects, and potential NP

beyond the SM.

. Hierarchy problem : The interactions in the SM are characterised by two

fundamental energy scales: the QCD confinement scale Agcp ~ O (100)
MeV and the electroweak scale Agy ~ O(100) GeV. In principle, the SM
symmetry could remain valid up to the Planck scale (Ap;), where quan-
tum gravitational effects are needed to be included. This large energy
gap of about seventeen orders of magnitude poses a theoretical challenge
known as the “desert problem”. More importantly, without a protective
symmetry mechanism, the SM scale (Agw) becomes highly sensitive to

higher scales through large quantum corrections and there is no mecha-
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nism in the SM by which it can be stabilised.

For instance, the masses of the SM fermions and gauge bosons are pro-
tected by the chiral symmetry and gauge symmetry respectively. How-
ever, the Higgs mass term H'H are invariant under gauge and global
symmetries of the SM and suffers from severe quadratic sensitivity to
ultraviolet (UV) physics. At leading order, the Higgs mass squared M%,
equals the bare parameter u? in the potential. However, considering one-

loop corrections, it is found that [59, 60]

2

A 9 3
My = g8 1364 %], s

where Ayy represents the UV cut-off scale up to which the SM is valid.
The presence of this quadratic divergence signals that the Higgs mass is
sensitive to UV physics beyond the SM. More specifically, the quadratic
divergence effectively represents the finite threshold corrections [59].
Therefore, if one takes Ayy ~ Mpj, it implies corrections 32 orders of
magnitude larger compared to the physical Higgs mass scale (Mp ~ 125
GeV). Thus, the observed Higgs mass requires an fine cancellation be-
tween the bare Higgs mass and the radiative corrections at a level of
fine-tuning that is considered unnatural. Furthermore, such cancellation
would need to occur at every order in the perturbation theory, implying
that the entire mass spectrum of the SM would be sensitive to the cutoff

scale [61].

4. Flavour puzzle : The SM fermions are organised into three generations
without any theoretical justification. This three generation family struc-
ture is manifested via the Yukawa coupling matrices, Yy in flavour space,
which parameterise both fermion masses and mixing patterns. The ob-
served fermion masses shows a large hierarchy, ranging from the electron
(~ 0.5 MeV) to the top quark (~ 100 GeV), with no underlying prin-
ciple that can explain this disparity. Moreover, the cancellation of the
gauge anomalies occur independently within each generation, implying

the mathematical consistency of the SM with any number of fermion fam-
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ilies. All these suggest that the observed three-generation structure may
be an accidental feature rather than a fundamental requirement of the
theory. Thus, the origin of fermion families, their specific number, and
peculiar patterns of their masses and mixings remain one of the most
intriguing unanswered questions in particle physics. They may be po-
tentially pointing towards new symmetries or dynamics beyond the SM
framework. Recently in Ref [62-65], the authors have tried to explain the
fermion mass hierarchies by employing various gauge symmetries which
establish that the NP scale should be at least higher than 10° TeV to in-

corporate the hierarchies without affecting other low-energy observables.

While the theoretical limitations challenge the foundational principles of the

SM, they do not diminish its remarkable phenomenological success. The SM

still remains an exceptionally effective framework for describing particle inter-

actions, providing a self-consistent mathematical parametrisation of observed

phenomena. From a purely empirical perspective, one might adopt a view that

Nature simply “is as it is” with its unexplained features.

1.3 Going beyond the SM

Motivated by the shortcomings of the SM, a large number of extensions are

proposed. In general, there are two approaches adopted to go beyond the SM

1. Extending the particle content: In this approach, the SM is extended with

new particles which become useful in addressing the SM shortcomings.
Among these extensions, seesaw models are the most popular having ex-
tended the SM with fermion singlets, scalar triplets, and fermion triplets

etc.

. Extending the gauge group: In this approach, the symmetry group of

the SM is enlarged leading to frameworks such as left-right symmetric
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models (SU(3). x SU(2)r x SU(2)gr x U(1)p-r) and grand unified the-
ories (GUTs) such as SU(5), SO(10), E¢ etc. Apart from addressing the
SM anomalies, GUT models also provide an attractive framework for the

unified interactions.

All the NP effects appear in energy scales higher than the electroweak scale,
but their effects can be taken into account by adding higher dimensional and
non-renormalisable operators in the SM Lagrangian. This procedure is com-

monly known as the “Effective Field Theory” approach.

1.3.1 Effective field theory

As discussed above, the shortcomings of the SM has fuelled the search for
NP in terms of new particles between EW scale to Planck scale. However,
despite tireless efforts, there is no unique UV complete theory which can suc-
cessfully explain all low-energy phenomena. Yet, we can parametrise the ef-
fects of NP with the help of EFT framework which has been a cornerstone
of particle physics as it provides a powerful framework to make predictions
without requiring complete knowledge of the underlying high-energy theo-
ries. If we accept the presence of NP at a certain energy scale between EW
scale and Planck scale, the SM Lagrangian can be extended via higher dimen-
sional non-renormalisable operators composed of the SM fields. Schematically,

the Lagrangian is written as,

Cij
d=4
Leg = Losm+ ), A”] O+ (1.36)
n>1""NP
where ijZH” represent gauge and Lorentz-invariant effective operators of

mass dimension d > 4 composed of SM fields, and C;; are the corresponding
dimensionless Wilson coefficients. The inverse powers of Axp provide the
suppression for these non-renormalizable operators, with the exponent n =
d — 4 ensuring proper dimensionality. This EFT is referred to as SM Effective
Field Theory (SMEFT). In this formulation, once the new heavy degrees of
freedom from the UV complete theory is “integrated out”, all the NP effects are
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Figure 1.4: Comparison of B decay descriptions in the Standard Model and Fermi
theory. (Left Panel:) Elementary weak interaction process v, +d — e~ + u, mediated
by a virtual W, boson. (Right Panel:) Low-energy effective four-fermion interaction
in Fermi theory, valid for momentum transfers qz << M3, where My is the W, boson
mass.

encoded in the Wilson coefficients. This can also be understood as follows:
if we work at some typical momentum scale, p which is much smaller than
the NP scale ( Anp), we can expand the fundamental amplitudes in powers of
p?/ Ap. In doing so, the heavy propagators are effectively removed from the

amplitude calculations, reducing to effective contact interactions.

A canonical example of the EFT is the derivation of Fermi theory of S decay
as a low energy limit of the full electroweak theory. In Fig. 1.4, we have pre-
sented the Feynman diagram of nuclear 8 decay both in full theory and Fermi
theory. By comparing the full theory and effective theory, one obtains the
Fermi constant Gr in terms of fundamental parameters: Gr/v/2 = g2/ (8M3%,),
where gy, is the weak coupling. Hence, this procedure effectively shows that
the EFT provides a simplified description valid at energies p << My, by inte-
grating out the heavy W-boson with all W-boson effects encoded in Gr.

Since, the Wilson coefficients are serving as effective coupling constants in
the EFT framework, they are subject to quantum corrections and consequently
evolve under renormalisation group (RG) flow, analogous to gauge and
Yukawa couplings in the renormalizable SM. The standard procedure for
studying NP effects involves first computing the Wilson coefficients at the

NP scale by matching the full UV theory to the effective Lagrangian. These
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coefficients are then evolved down to the observable scale (e.g., pobs ~ Mw)
using RG equations, during which the effect of operator mixing can also be
important. If the observable scale lies below My, additional matching to the
low energy EFT (LEFT) is required, where the Higgs, weak gauge bosons, and
top quark are integrated out. Crucially, the matching conditions between the
SMEFT and LEFT, and the anomalous dimension matrices governing their RG
evolutions have been computed up to next-to-leading order (NLO) precision
in Refs. [66-71], ensuring robust theoretical control over these transitions. This
systematic approach enables consistent connections between high-scale UV
completions and low-energy observables, even in the presence of non-trivial

operator mixing or threshold effects.

1.3.2 Implication of BSM in Astrophysics

In general, the SM extensions introduce particles with different masses and dif-
ferent interaction strengths. Typically, these BSM models are probed via two
approaches: (i) directly producing the new particles in high energy colliders
such as LHC (ii) indirect detection via precession measurements of low-energy
phenomena. When the new particles have feeble interactions with the SM par-
ticles, detecting them in any laboratory experiments becomes challenging. In
such cases, the extreme conditions in cosmological and astrophysical environ-
ments offer a natural laboratory to test the BSM frameworks. For instance,
in many BSM theories, a fifth force can be generated by the exchange of new
force carriers. The strength of these forces must be weak otherwise could have
detected by now and the range of the fifth force can range from millimetre
scale to astronomical scale. The range is inversely proportional to the mass of
the force carrier particle, so smaller masses mediate long range interactions.
For sufficiently light mediator (range ~ (O(astronomical unit)), the new force
can modify the gravitational potential between the large astrophysical objects
and can have effect on the trajectory of light and trajectory of planets which are

measured very precisely up to an accuracy of 107°. Therefore, by analysing
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these effects, constraints on the fifth-force couplings can be derived.

1.4 Thesis Overview

This thesis examines several SM extensions, analysing their implications for
various particle physics experiments, cosmological and astrophysical observa-
tions to constrain their parameter spaces. The study combines multiple probes

to test these NP scenarios systematically.
The thesis is organised as follows:

In chapter 2, we have reviewed various models that naturally incorporate
the small neutrino masses. Among these, special focus is given to the funda-
mental aspects of seesaw mechanisms and radiative mass generation scenar-
ios. This chapter also outlines the implication of these mass models in terms
of neutrinoless double beta decay (OvBf) and lepton flavor violating decays
(LFVs). As the oscillation experiments provide no information on the abso-
lute mass scale of the neutrinos, we give an overview of the “mass observables”
which include: the sum of the light neutrino masses (X) from cosmology, the
effective mass of the electron neutrino from nuclear B decay (1), and the ef-
fective Majorana mass (m,,.) from Ovpp, and discuss their potential to provide

insight into the neutrino mass spectra.

In chapter 3, the implication of a light sterile neutrino for the mass observ-
ables is investigated. The inclusion of a new sterile state in the three flavour
framework leads to four distinct mass spectra, classified according to the mag-
nitude and sign of its mass-squared difference relative to the active neutrino
states. The presence of a sterile state can affect the thermal history of the
early universe. We discuss the effect of sterile neutrino on the sum of neutrino
masses which is tightly from cosmological probes e.g. cosmic microwave back-
ground (CMB) anisotropy and large scale structure (LSS). The presence of an
extra light neutrino can also affect the spectrum of electrons emitted from the

nuclear § decay. We study the effect of mass-spectra on mg and use the current
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experimental limit of KATRIN and future sensitivity of Project 8, to validate or
discard them. We also studied the OvBBin the presence of a sterile neutrino.
We have analysed m,, for all mass spectra and discuss their implications on
current and future experiments. The correlations between the different mass

observables are also analysed in detail in this chapter.

In chapter 4, we consider a BSM framework where the SM is augmented
with a pair of scalar leptoquarks (LQs) i.e. S;(3,1,1/3) and R; (3,2,1/6). The
LQs are motivated as a possible explanation for the observation of the lep-
ton flavour universality violations (LFUV). Since LQs simultaneously couple
to both quark and lepton fields, they inherently carry both baryon and lepton
numbers. We discuss that if the LQs mix with each other via the SM Higgs,
it introduces lepton number violation, which also enables the generation of
Majorana-type neutrino masses through one-loop radiative corrections. As
the violation of the lepton number provides a natural theoretical basis for in-
vestigating OvBf, we discuss the contributions of the LQ-mediated diagrams
to the Ovppamplitude. We also discuss the constraints coming from low-
energy flavour observables like charge lepton flavour violating (cLFV) decays
(u — e conversion, £, — Eﬁ’y, by — 61367&5), neutrino magnetic moment and
rare meson decays (B — D{vy, B — K{*{7) decays. We then show that this
framework inherits tension between the muon and electron’s magnetic mo-
ments. Although the LQs are proposed to explain the anomalies in LFU ratios
(Rp, Rp+, Rk, Rk+), they remain phenomenologically viable even in scenarios

where LFU is preserved.

In chapter 5, we have extended our previous work by considering the LQs
originated from grand unified theories, especially SU(5) GUT which is a com-
pelling and elegant framework for unifying the fundamental forces of the SM.
Followed by a general description of the SU(5) model, we discuss the effect of
SU(5) scalars on the OvBp process. It is found that the effect is extremely small
coming out as a consequence of proton decay. We then construct a particular
SU(5) ® Z3 scenario where the proton decay constraint can be alleviated. In

this setup, the fermion masses arise from considering the tree and one-loop
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corrections of the Yukawa couplings. This poses an important constraint on
the framework. It is shown that a significant enhancement in the OvppBrate
can be achieved by extending the scalar sector with an additional scalar SU(5)
irrep (15y), with Z3 = 1 charge. By optimizing Yukawa couplings and mini-
mizing LQ masses within experimental limits, a conservative constraint on the
scalar mass is derived. This study demonstrates that while minimal SU(5)
frameworks face severe phenomenological constraints, extended symmetry
structures with carefully chosen scalar sectors can enhance the Ovpp rate with-

out conflicting with proton stability and satisfying fermion mass spectra.

In chapter 6, we consider astrophysical observations as a probe to the
BSM physics. We have explored a scenario where ultralight axion-like-
particles (ALPs) can mediate a long-range monopole-dipole force if they cou-
ple to nucleons as scalars and electrons as pseudo-scalars. This force can the-
oretically act between the Earth and the Sun if the Earth is considered as po-
larised object. The presence of the monopole-dipole force can induce an extra
potential between the Earth and the Sun system and thereby can affect the
perihelion precession of the Earth, gravitational light bending and the Shapiro
time delay measurements. But the interaction strength of the monopole-dipole
force is limited by the measurement uncertainties of the mentioned observ-
ables. In this chapter, we present elaborated calculations of the perihelion shift,
light bending and Shapiro time delay and after the calculation, it is found that
the perihelion precession provides the stringent limit on the ALPs parameter

space.

In chapter 7, the thesis is concluded by summarising the key results and

outlining some directions for future research.



Neutrino mass models and mass observables

Neutrino oscillation phenomena provided the first evidence of BSM physics.
It establishes that the neutrinos change their flavour during propagation, and
this flavour conversion requires non-zero masses and mixings of neutrinos [18—
20]. Additionally, neutrino oscillations indicate the violation of lepton flavour
symmetry and consequently, SM extensions that accommodate the neutrino
masses and mixings, also allow lepton flavour violating decays like p — ¢
conversion, ¢, — El;”y, by — Eﬁf,YKg decays etc. As discussed in section 1.2.1
that despite the rigorous experimental efforts in determining the oscillation
parameters, there are some open questions in the context of the three flavour
neutrino oscillation framework. In addition, neutrino oscillation probabilities
depend on the mass-squared differences of the neutrinos; they provide no
information about the absolute mass scale of neutrinos. Another intriguing
question that is not answered by neutrino oscillation phenomena is related to
the nature of the neutrinos. Being the only neutral fermion in the SM, the

neutrinos can be described as either a Dirac or Majorana particles.

This chapter mainly focuses on the Majorana mass generation of the neu-
trinos and discusses models like the seesaw paradigm or radiative mass mech-
anism where they can be naturally generated. In the end, we briefly discuss
the mass related observables that can probe the absolute mass scale of the

neutrinos.

The rest of the chapter is as follows: Section 2.1 discusses the Dirac and

Majorana masses of the neutrinos and subsequently, we have discussed about

29
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the Weinberg operator in section 2.2. Section 2.3 and section 2.4 lists out some
of the tree level and one-loop UV completions of Weinberg operator, respec-
tively. In section 2.5, we discuss the neutrino mass generation by higher di-
mensional operator whereas, section 2.6 discusses neutrino mass generation in
GUT framework. At last, in section 2.7, we list out some of the implications of

neutrino masses.

2.1 Dirac vs Majorana

The neutrinos in the SM are represented as Weyl fermions i.e. two component
spinors. Since, the SM respect the CPT (charge conjugation, Parity and Time
reversal) symmetry, then it must contain the CPT conjugate state of the neu-
trino field. For a left chiral! neutrino field with momentum p and helicity +1

the CPT conjugate state can be describes as,
CPT |v(p,£1/2)); = |v(p,F1/2))x ., (2.1)

where |V (p, F1/2)); describes an right chiral antineutrino with same mo-
mentum with opposite helicity. Neutrinos are neutral particles, but they carry
lepton number : v and v have opposite lepton number. If the lepton number
symmetry is exact, then the neutrinos and anti-neutrinos are different particles
and are called “Dirac” neutrinos. If the lepton number symmetry is violated,
the neutrinos can be their own antiparticles. They are called “Majorana” neu-

trinos.

Majorana neutrinos are described by two degrees of freedom v; whereas
for the Dirac neutrinos two more degrees of freedom in the form of right chi-
ral Weyl fermions (vr) are needed to be included in the SM. The RH neutrino
fields do not participate in the gauge interaction; they can only be present
in the mass term and hence they are called gauge singlet neutrinos or more

popularly “sterile neutrinos” as they do not interact via strong, weak or electro-

n this thesis, we will use chirality and handedness inter changeably. Most of the times right handed
will referred to right chiral and left handed will correspond to lefty chiral unless and otherwise specified.
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magnetic interactions. Using vy and vg, a Dirac mass term for the neutrinos
can be written by constructing a Yukawa interaction term between the right

handed neutrino, Lepton doublet and the SM Higgs doublet,
—L£ O Y, ygH'L; +hec, (2.2)

in analogy with the charged fermion masses in the SM. After the EWSB, the

mass term for the leptons becomes,

— i — 7 g mlP lgr + Vg miP vgr + hec, (2.3)
where m?ﬁ is the mass matrix corresponding to the charge lepton and m‘z’)ﬁ

denote the Dirac mass matrix, given as mp = Y, v/ V2. The four component
Dirac neutrinos are defined as, vpjrac = V1 + Vg, wich satisfies the Dirac equa-
tion. Similar to the quark sector, both the charged lepton mass matrix and

neutrino mass matrix can be diagonalised by the bi-unitary transformations,
dia Y A dia t
m, 8 = Vem, Vi ,  m®=VimpV}". (2.4)

The transformation matrices connect the interaction basis to the mass basis

which are given by,

P = Viglir,  vPRS=Vigvir. (2.5)
While the ad-hoc extension can successfully account for the neutrino oscil-
lation phenomena, but it requires extremely small Yukawa couplings (Y, <
10~'2) to maintain consistency with experimental constraints on the absolute
neutrino mass scale (m, < 0.1 eV). The situation thus raises a naturalness prob-
lem regarding the fundamental origin of such hierarchy between the neutrino
Yukawa couplings with the other charged fermion Yukawa couplings. The
problem of naturalness becomes more evident by applying the 't Hooft natu-
ralness criterion which states “A physical parameter «; (1) may be naturally small
at energy scale y if setting a; (y) = 0 would enhance the symmetry of the system”. In

case of Dirac neutrinos, the mp — 0 limit does not exhibit any new symmetry
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in the system.

In the mass basis, the charged current interaction between the leptons and

neutrinos is modified as,

mass

_‘CCC - ZL Vf-l- Vi/ ’)’V Vglass Wﬂ + h.C.
mass

= 0" Uppns Y VRS W, +he, (2.6)

where Uppins is referred to as the PMNS matrix named after Pontecorvo-Maki-
Nakagawa-Sakata. If one chooses to work with a weak basis where the charged
lepton Yukawa couplings are diagonal, then V/ = 1 and Upmns = V. There-
fore, the PMNS matrix characterizes the mixings between the neutrino flavour

and mass states.

Unlike the Dirac mass term, using only one type of chiral field (either left

or right), one can construct the Majorana mass term for the neutrinos,

_gﬁjjs‘;ra“a = %ﬁ mp vy + h.c., (2.7)
From Eq. (2.7), it is easily realised that the field v; should not contain any
gauge or global charge, as the mass term would violate such charge conser-
vation. Lepton number which is an accidental symmetry in the SM, can be
violated in BSM scenarios. In these scenarios, a four component Majorana
spinor can be defined as vy = vp + vf, where I/E = Cyov;. This implies that

vm = vy, and it is commonly referred to as “Majorana condition”. Addition-

ally, it is very easy to check that v$ mp v, = U ml vy i.e. my, is in general a

complex symmetric matrix, which can be diagonalised by a unitary matrix, U,

such that

UlmyU, = mes. (2.8)
Similarly to the Dirac neutrino case Upyns = Uy in the mass basis of the
charged lepton.

In general, for the N neutrino flavours, the parametrisation of the PMNS
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mixing matrix requires N? independent parameters with N(N — 1)/2 angles
and N(N + 1/2) phases. Among these (N — 1) no of phases can be absorbed
by N neutrino fields if the neutrinos are Dirac or they can be considered as Ma-
jorana phases for Majorana neutrinos. Another N number of phases can also
be rotated away in the charged lepton sector. In total 2N — 1 number of phases
can be absorbed in the fields of the Lagrangian. The remaining number of
physical phases are (N — 1)(N — 2)/2. Therefore, for the three generations of
neutrinos, the PMNS matrix can be parametrised by 3 real angles (612, 613, 023),
1 Dirac CP phase (13) and 2 Majorana phases («, § iff the neutrinos are Majo-

rana) and given by

C12€13 $12€13 s13e 108 1
_ —is —is
Upmns = | —s12003 — c125035136 13 12003 — S12523513¢ 1 $23C13 0
—is —is
512523 — C12€23513€ 13 —Sp3C12 — S12C235138 3 €23C13 0

where ¢;; = cos6;; and s;; = sin6;;.

The most general Lagrangian in the presence of right-handed gauge singlet

neutrino field can be written as,

_ 1_
—LPTM — pempuyr + Ev% mg Vg + h.c.,

1_ 1_ 1_
= EVR mp vy + EV% mg l/lg + Ev% mgvR + h.c.,
1
_ ENC M, N, (2.10)

where mp and my are called “Dirac mass” and “Majorana mass” matrix, re-
spectively, and they are in general complex matrices. In Eq. (2.10), we have
used the relation Vg mp v, = 17% mlT) vlg which can be shown using the charge

conjugation relations. In this case, the neutrino mass matrix can be written in

0
01,

e'P
(2.9)
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VL .
N = basis as,
VR
0 mg
M, = . 2.11)
mp MR

The neutrino masses are obtained by diagonalising the M, mass matrix. For
one generation of active and sterile neutrinos, mp and mg are just numbers

and the eigenvalues of Eq. (2.11) can be written as,

1
my = 5 (mR +\/m% +4sz> : (2.12)

Depending on the choices of mp, mg, there can be several possibilities:

e mr =0, mp # 0: my, are degenerate and the neutrinos are Dirac parti-
cles.

2

e mr # 0, mp # 0, and :Z—g << 1: This condition implies m; = —nnz—lg,

and my = mp. Therefore, in this case, higher mass scale of right-handed
neutrinos implies smaller masses of active neutrinos. This mechanism
can naturally explain the smallness of active neutrino masses compared

to the other charged fermions and is called “seesaw mechanism .

It is to be noted that for more than one generation of neutrinos, the seesaw

relations can be generalised as,

mieht = —mpmyt ml), (2.13)

mhey = g, (2.14)

which will be discussed in the following section.

2.2 Weinberg Operator

Whether the neutrinos are Dirac or Majorana is still an open question, how-
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Figure 2.1: Dimension 5 Weinberg operator before and after EWSB. Here a, § are
flavour indices.

ever, neutrinos as Majorana fermions have gained a lot of attention for two
main reasons: (i) without any additional protective symmetry, small Dirac
masses are not technically natural, and (ii) the Majorana neutrinos have richer
phenomenology due to the lepton number violation which also allows a path-

way to explain the matter-antimatter asymmetry in the universe.

The easiest way to generate a Majorana mass in the SM is by adding a
unique dimension 5 operator which violates the lepton number by two units.

The operator is called the Weinberg operator and is written as [72],

Cop— —
O5 = %LE Ly H* H 4+ he, (2.15)

with Cyp is the model dependent Wilson coefficient which is symmetric under
the flavour indices «, f and A is the scale of new physics. After the EWSB, the

neutrino masses emerge as,

C"‘.B 02

m,x/; = A

(2.16)

A diagrammatic illustration of the neutrino mass generation by the Weinberg
operator is given in Fig. 2.1. The smallness of neutrino mass (~ 0.01eV) is
attributed to the high scale of A (~ 10 GeV) for O (1) value of Cyg, spoiling
their testability in current high energy colliders. However, the NP scale can
be lowered if the Wilson coefficient is small in the UV theory. There are three

possible ways to realise this suppression: (i) generating the neutrino masses
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Figure 2.2: Ultraviolet completion of the Weinberg operator at tree level. Here, red
solid and dashed lines are corresponding to new fermions and scalars. Here a,b,c,d
denote the SU(2) index.

through loop corrections, in which Cpg o 7, n being number of loops;

1
(16712)
(ii) forbidding the dimension 5 operator and generating neutrino masses by
higher dimensional operators; (iii) the Wilson coefficient (C,5) can be small
either due to small couplings or due to some nearly conserved symmetries?.

In the subsequent sections, we briefly review some of these UV theories.

2.3 Tree-level models

The simplest way to open any higher dimensional operator is to consider a UV
theory at the tree level. By utilizing the properties of the Pauli matrices, it is

easy to show that there are three ways to express the Weinberg operator:

1. (Z,f H *) (HJF L/;): It corresponds to a scenario where L, H fields form
a singlet and the two singlet pairs in the parentheses are connected by a
singlet fermion in the UV theory. This simplest scenario is known as the
“Type-1" seesaw mechanism [77-80]. This situation is depicted in the first

diagram at the right hand side of Fig. 2.2.

2. (Eﬁf o-Lﬁ) (ﬁ t o H* >: Here, both L fields and both H fields form a triplet
and the two triplet pairs are connected by a heavy triplet scalar field in

the UV complete model. This alternative is referred to as the “Type-II"

2The example for the formal is R-parity violating supersymmetry [73], and inverse [74] or the lin-
ear [75, 76] seesaw are examples of the latter.
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seesaw mechanism [81-84] and shown in the middle diagram of Fig. 2.2.

3. (If aff*) <ﬁ+ aL[;>: This case is called the “Type-III" seesaw mecha-
nism and shown in the right most diagram of Fig. 2.2. In this case, L,
H fields form a triplet and a heavy triplet fermion field connects them in

the UV complete model [85].

Beyond the three possibilities mentioned above, there is fourth way to con-
struct a gauge invariant operator as, <f§ €ab Lb> (H;[ €cd Hd), where a,b,c,d €
SU(2) indices. In this case, both L fields and both H fields forms a singlet, but

this operator do not contribute to the neutrino mass generation.

2.3.1 Type-I seesaw

Type-I seesaw is the simplest extension of the SM that incorporates the neu-
trino mass. In this scenario, right handed gauge singlet fermion is added to

the SM. The Lagrangian of type-I seesaw is written as,
Liype1 = Lom+ Lug, (2.17)
where,
_ = 1_c
Ly, = ivrdvg —VrHY,L — SVRMRVR +h.c.. (2.18)

To describe the neutrino oscillation data, at least two generation of vg must
be added. However, as vg are SM gauge singlet, any arbitrary generation can
be added without violating the gauge invariance or anomaly cancellations.
For 3 generations of active neutrinos and N generations sterile neutrinos, the
neutrino mass matrix is given in (VL 1/%) ! as,

T
0 mp

M, = , (2.19)
mp MR
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1
v
M, is (3+ N) x (34 N) symmetric matrix. The mass matrix in Eq. (2.19) can

where mp = Y,v is N x 3 matrix and mp is N X N symmetric matrix and

be diagonalised by a unitary matrix Uj as,
vT v diag
wrm,u = My, (2.20)

where MSiag = diag (mq,my, m3, M1, My, - - - my) with m;’s being the mass
eigenvalues of light neutrinos and M;’s are the same for heavy neutrinos. Fol-
lowing a two step diagonalisation process, the matrix, U] can be expressed up

to the first order of mp mlgl as [86],

w o= wor= "t "
5 U
B (1 + O <m% mlgz)) u, mp mlgl Ug
B C N ) T

Here in the first step, W matrix block diagonalises the neutrino mass matrix
as,

0 mg W — mhght 0

mp MR 0 mheavy

wT (2.22)

In the seesaw limit, mp << mpg, the light and heavy neutrino mass matrices

can be approximated as,

Might = —mg mlgl mp, (2.23)
Mheavy ~ MR, (2.24)
: . Uy . :
and in the second step, the matrix T = diagonalises the block
0 Ug

diagonal matrix. Here U, and Ug diagonalises g and mipeqayy respectively.
The seesaw relation is realised from Eq. (2.23) that larger the right-handed

fermion mass, smaller the active neutrino mass.
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2.3.2 Type-II seesaw

In type-II seesaw, a scalar triplet A : (1,3,1) is added to the SM. In the adjoint

representation, the triplet scalar can be represented as,

ol A; B A"'/\/E ATT

A =
V2 A —AT/V2

, (2.25)

and the relevant terms of the type-II seesaw Lagrangian is written as,
—C . .
Lypent = Lou— Yo (L,X (i) A Lﬁ) . (m HT (icy) At H) . (2.26)

In this scenario, lepton number violation arises either via the Yukawa interac-
tion term or via the scalar interaction term depending on whether the scalar
triplet, A is assigned with lepton number or not. If L (A) = 0, then Y, term vi-
olates lepton number and if L (A) = —2, then u, term violates lepton number
by two units. During the EWSB, the triplet scalar develops an induced vev, v

as,

pa 02

VA = ———, 2.27
A VM2 (2.27)

where pp is the tri-linear scalar coupling, v is the Higgs vev and M, is the

mass of the triplet scalar. The light neutrino mass matrix is given as,

1 YA AUZ
Miight = EYA oA = 2]/](/12
A

(2.28)

The seesaw relation is manifested here in Eq. (2.28), as the mass of the scalar
triplet gets higher, the neutrino masses become smaller. For pp ~ Mjp, Yo ~
O(1), and myjgpe ~ 0.01€V, the mass of the triplet scalar must be My ~ 101
GeV. which makes these new scalar particles practically inaccessible to the
current and future colliders. However, a TeV scale realisation is also possible
if lepton number is explicitly violated at a low energy scale, satisfying pa <
v < My [87]. Under this assumption, light neutrino masses of 0(0.01 V) can
be generated by choosing the parameters as ypy ~ O(1eV), Mp ~ O(1 TeV),
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and Yukawa coupling Y ~ O(1).

2.3.3 Type-III seesaw

Type-III seesaw scenario is analogous to type-I seesaw, except that a fermion
triplet with zero hypercharge is added to the SM instead of a singlet fermion.

The relevant terms in the Lagrangian can be written as,
Ligpemn = Lsm + Ly, (2.29)
where,

- e 1o
Ly, = iSpPTp— H'ERYsL — EzﬁmzzR +he. (2.30)

R

Similarly to the triplet scalar, the triplet fermion can be also represented as,

oz, (B2 x

R =
V2 TR —I%/V2

) (2.31)

Once the Higgs field develops a vev, the neutrino mass matrix can be written

as,
0 mg
M, = , (2.32)
mp my

where mp = % and in the seesaw limit, the neutrino masses are given as,

T, —1
Myght = —mMpMmy Mp, (2.33)

mheavy = my (2-34)

The key difference between the type-I and type-IIl seesaw lies in the extra
gauge interactions of the triplet fermion which makes the type-III seesaw phe-
nomenologically interesting. Apart from neutral leptons, the charge lepton

mass matrix also gets modified in this framework.
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2.3.4 TeV scale seesaw

In the minimal type-I and III seesaw scenarios, the lepton number violating
scale coincide with the seesaw scale which is high (A ~ 10" GeV) and the
small neutrino masses are the consequence of this high scale suppression.
However, the two scales can be decoupled from each other by adding more
singlet fermions in these minimal frameworks. In these non-minimal scenar-
ios, the SM is extended with m right-handed neutrinos (vg) and n gauge singlet
fermions (vg). Here, vg and vg are assigned lepton numbers with L = +1 and
L = —1, respectively. The most general Lagrangian can be written as,

-~ -~ 1 1
—L D LY,Hvgr+ LYsHvg + V%mRsvs + 51_/5]431/5 + EVIC{ my VR + h.c.,

(2.35)

where Y, and Y5 are the Yukawa coupling matrices; my and s are Majorana
mass matrix for right handed and gauge singlet neutrinos. After the EWSB,

the neutrino mass matrix can be defined as,

0 mp Mmpgs

—L _ L (g, 5w T v$ vg vs) 4 hee., (2.36)
) L VR Vg mp my  MRs L VR Vs .C., (<.
T T

Mps Mgs  Hs
where mpg, my and s introduces the lepton number violation in the theory.
One can have different variants of the low-scale seesaw considering different
limits and approximations on the mass matrix elements. Two of the popular

ones are,

e my = mrs = 0: In this case, ys is the only LNV violating term. For

Us << mp << mgg, the light neutrino mass matrix is approximated as,
T \7! -1 T
mighe ~ mp (mks)  psmgdmb, (2.37)

Unlike the canonical seesaw case, here the smallness of neutrino mass is

related to the smallness the lepton number violating term yg which can
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be technically natural as ps — O restores the lepton number symmetry in
the theory. This mechanism is known as the “inverse seesaw” mechanism

and was originally proposed in the context of Eq GUT theories [74].

e my = s = 0 : In this case, LNV is introduced by mjgs term. For mps <

mp <K mpg, the light neutrino mass matrix becomes,
T\ ! T -1, T
Miight ~ Mp (mR5> Mmpg+mpgMpgMp, (2.38)

This is called “linear seesaw” mechanism.

2.4 One-loop models

Beyond extending the SM with singlet neutral fermions to reduce the seesaw
scale, small neutrino masses can be alternatively generated via higher order
loops where each loop will add a suppression factor of ﬁ. In these radia-
tive mass models, the Weinberg operator is forbidden at the tree level due to
the field content or any imposed symmetry. However, they can be generated
through loop corrections. In this section, we only discuss the one-loop reali-
sations while acknowledging that the neutrino mass can also be generated via

higher order loops with additional suppression factors [76, 88].

Zee model

In Zee model, the SM is extended with an additional Higgs doublet, ® and a
charged scalar, 1*. Both the Higgs doublet couple to the SM fermions whereas
h couples to L L with an antisymmetric Yukawa coupling in the flavour space.

The relevant Lagrangian can be written as [88],

—L = YulgHL + Yo lg ®L+ Y, L (ic3) Lhy + pzee H @ 1% +hoc.,
(2.39)
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Figure 2.3: Feynman diagrams of one-loop neutrino mass generated in the Zee
model [88] and the scotogenic model [76]. Here red color denote new degrees of
freedom except the Higgs doublet which is shown in blue color.

The simultaneous presence of the last two terms in Eq. (2.39) breaks the lepton
number by two units. The neutrino mass is generated by the one-loop diagram,

given in Fig. 2.3 and given as,

1
Mige = 1o taeeC (YumeYy =Y, m Yy ), (2:40)
where 7 = H, ® and C contains other information of the one-loop calculations.
Note that, for (Yﬂ)i]. = Yi dij, (mlight)ij = 0 i.e. to obtain the non-zero neutrino
masses some of the off-diagonal the Yukawa couplings of Yo or Yy need to be
zero, thereby enabling the LFV process, such as y — ey, £y — lglols, h — T

etc.

241 Scotogenic model

Scotogenic models are one of the popular extensions among the radiative mass
models as they connect the origin of neutrino masses to the dark matter parti-
cles. The conventional scotogenic model consists of three fermion singlets N;
and one Higgs doublet (17). In this scenario, the SM symmetry group is also

extended with a discrete Z, symmetry under which all the SM particles are
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Uy Up
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Figure 2.4: Feynman diagram generating neutrino masses in the BNT model [89]
which boils down to d=7 operator in the standard model effective field theory.

evenly charged and all new particles have odd charge. The imposed Z; sym-
metry does not allow type-I seesaw by forbidding the N H L interaction term.
The lightest Z, odd particle serves as a dark matter candidate and the stability

is ensured by the discrete symmetry itself.

The relevant Lagrangian can be written as [76],
— 1— 2
L = NYyyTL+ ENC MyN + As (H+;7> the.. (2.41)

In the above equation, lepton number is violated by the Majorana mass term of
N and the A5 term. In the small A5 limit, the light neutrino mass is computed
as,

1

Might = 702 A5 07 <YN Mﬁl YE;) : (2.42)

The scotogenic models get an extra suppression of 12% compared to type-I

seesaw.

2.5 Higher dimension operators

As mentioned in section 2.2, the NP scale can be lowered by generating the

neutrino mass through higher dimensional operators. In this context, in this
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section, we discuss two dimension 7 operators that are widely studied in the

literature.

2.5.1 Weinberg like operator

Other than the dimension 5 operator, the lowest dimension generating Majo-
rana neutrino mass is the dimension 7 operator. Among these dimension 7
operators, the most studied operator structure is (’);1) = 05 (H*H ) The UV
completion of this operator is first postulated in BNT model which was first
discussed in Ref. [89] by Babu, Nandi and Tavartkiladze. Here, the SM is ex-
tended with a vector like fermion triplet, ¥1 r (1,3,1) and a scalar quadruplet,

S(1,3/2,3/2). The relevant Lagrangian can be written as,

L = ‘?L My ¥r + ZE Yy HY Y+ ZL Ys S*Yr + As <H3 S*> + h.c..
(2.43)

Here, depending on the lepton number assignments to the new fields ¥ and

S, there can be three possibilities for lepton number violation:

1. fL(L) = +1, L(¥) = +1 and L(S) = 0, then Y} term violates the lepton

number by two units.

2. IfL(L) =+1, L(¥) = —1 and L(S) = 0, then Ys term violates the lepton

number by two units [90].

3. In the third case, A5 term violates the lepton number if the charge assign-
ment follows, L(L) = +1, L(¥) = —1 and L(S) = —2.

(1)

In this model, the light neutrino mass is generated via O, and is given as,

As vt _ o
Miight = —ﬁ (YSMT1YI1:1 + YHM\PlYST> . (2.44)
S
The presence of charged scalar and charged fermion makes this model phe-

nomenologically very active and interesting [90, 91].
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Figure 2.5: Feynman diagram generating neutrino mass in leptoquark model [92, 93]
via O;z) operator.

2.5.2 Dimension-7 operator at one loop

Beyond the Weinberg-like operators, interesting seven dimensional operator
exists that generates neutrino masses (9;2) = H(LQ)(Ld®) [94-96]. The UV
model corresponding to this operator is discussed in Ref. [92, 93]. In this sce-
nario, the SM is augmented by two scalars leptoquarks (LQs), i.e. 51 (§, 1,1/3)
and R,(3,2,1/6) and generate the neutrino mass at the 1-loop level if the LQs
mix with each other. The lepton number violation in this model is introduced
by the mixing term of the leptoquarks. The neutrino mass generation in this

model is depicted in Fig. 2.5. The relevant Lagrangian of the model is ,
—L = Y'QrelrS + YadrREel; + xH'RyS1 + hec, (2.45)

and the neutrino mas is given by,

3 kv [T ~
Might = ~353 m—%Q (Yf MY, + YzT/\/lleL) . (2.46)

The model will be discussed in detail in the Chapter 4.
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2.6 Neutrino masses in GUTs

Among the gauge extensions of the SM, grand unified theories should have a
special mention due to its ability to unify all the SM forces at an high energy
scale. In the earlier discussions, we have found that to incorporate the light
neutrino masses, the natural scale of seesaw is approximately 10'> GeV which
is very near to the GUT scale. Therefore, the seesaw mechanisms can naturally
be embedded in GUT frameworks. In GUT frameworks, the SM gauge group
is embedded inside a larger group. SU(5) is the simplest Lie group which
contains the SM gauge group as subgroup. In the minimal version of SU(5)
framework, all the SM fermions reside in 5 and 10f representations, whereas
the Higgs scalar is embedded in both 55 and 45y representations which is
required to reproduce the observed mass spectrum of the charged fermions.
Apart from these, one needs 24y to break the GUT symmetry at very high
scales. With this minimal version of the field contents, SU(5) framework is
unable to produce neutrino mass. However, by enlarging the field content
or adding other Fermion or Higgs irreducible representations (irreps), it is
possible to generate neutrino masses via the above-mentioned neutrino mass

mechanisms.

e Type-l seesaw can be embedded in SU(5) GUT by adding singlet

fermions into the framework.

¢ If the scalar sector is extended with 15-dimensional representation, then
the neutrino masses are generated via type-1I seesaw at tree level, and

(2)

also via the O, at one loop level.

* Type-III seesaw can be implemented in SU(5) GUT by adding one 24-

dimensional representation that contains the triplet fermion field.

Another well studied GUT framework is SO(10). This framework naturally
contains all the SM fermions along with singlet right-handed neutrinos in the
16-dimensional irrep. Consequently, type-I seesaw mechanism is naturally

embedded in SO(10) framework. For a detailed discussions of neutrino mass
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Figure 2.6: LFV decays originating from neutrino masses. The left panel shows y — e7y
process. In the right panel the Z boson can either couple to two electrons giving
u — 3e or couples to two quarks mediating 4 — e conversion in a nuclei.

generation in GUTs, the reader is referred to [97].

2.7 Implication of neutrino mass

In the preceding section, we briefly described the neutrino mass models
whereas in this section, we will provide the implication of this neutrino masses
and mixings on the low energy phenomenology. One straightforward implica-
tion of neutrino mass is the neutrino oscillation phenomena that has been dis-
cussed in section 1.2.1. Other implications of the neutrino masses include lep-
ton flavour violation (LFV), electric and magnetic dipole moments, and 0vpg,

which are discussed in the subsequent subsections.

2.7.1 Lepton Flavour Violation

Neutrino oscillation already indicates that individual lepton flavour symmetry
is not respected in the neutral lepton sector. Now, the question arises whether
it is also violated in the charge lepton sector. For the mass models discussed
above, LFV decays are one of the consequences of the neutrino masses and
mixings and the relevant processes are y — ey, 4 — 3e and y — e conversion
in nuclei. The considered processes are forbidden in the SM, but they can be
generated at 1-loop if the SM is extended by neutrino masses and mixings, as

shown in Fig. 2.6. The current upper bounds on these processes are given as,
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BR(uN — eN) <7x10"1  SINDRUM II [98],
BR(y — ey) <42x1071 MEG II [99],
BR (1 — 3e) < 1.0 x 10712 SINDRUM [100], .

The light neutrino contribution, shown in Fig. 2.6 is extremely tiny due to
the smallness of neutrino mass. However, in various BSM frameworks, these
contributions can reach up to the current experimental limit or even surpass
them for certain cases. In such cases, these LFV decays can provide stringent
limits on the model parameter space. In chapter 4, we have presented the
expressions for lepton flavour violating decays and corresponding constraints
on parameter spaces imposed by these decays in the context of a specific BSM

scenario.

2.7.2 Electromagnetic properties

Neutrinos are electrically neutral fermions and in the SM, they do not have
any electromagnetic interaction. However, in some BSM frameworks, electro-
magnetic properties of neutrinos are generated when they effectively couple
to photons via loop diagrams. The most general electromagnetic interaction
vertex of the neutrinos can be written as [101, 102]

Ling = —VF?V)VAP,, (2.47)

where F?V) following Eq. (1.22) can be written as,

: i v
Iy = de[r" {H (@) + (s} + 50 a0 {H () + F () 75

+" { B () + F(q%) s | + B (4%) s 0" 4] (2.48)

where g is the momentum of the outgoing photon, Flv , FlA, FZV , FZA are the elec-
tric charge, anapole, magnetic dipole and electric dipole form factors, respec-
tively. The physical importance of these form factors can be understood when

they are simplified in non-relativistic (NR) limits. For instance, if we consider
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vp

A 4

Figure 2.7: Feynman diagram contributing to magnetic and electric dipole moments
in the SM that is extended with only the Dirac mass term.

only the F) term in Eq. (2.48) for the interaction with photon field

TV
ieFy _

v ieEY
om, ”(Pl)ay ”(P)qvey = 2

4m,, u(p') o™ u(p) (quep —evqu) . (2.49)

The equivalent interaction of Eq. (2.49) in position space can be written,

FV Lse PV
22 ggmvy g, NRUmG 52 g g (2.50)
41’1’11/ Zml/

Comparing Eq. (2.50) with the classical interaction Hamiltonian, the magnetic
dipole moment (MDM) is given as,
eEy

o= G (2.51)

Similarly, for the PZA term interaction is given as,
ieFA
5 =T (p") o s u(p) quey

v

B ) oM () Fun
4m, "

le FZA— I ~pvap I wvap
=3 u(p')e Oup u(p) Fuv, as Oyy7Ys = —5¢€ Tup
v

A
:zer
4m,

u(p') Oup u(p) £ E*B — %eﬂvaﬁl_‘w. (2.52)

Eq. (2.52) is similar to Eq. (2.49), except the field strength tensor is replaced
by its dual tensor. The component of the dual tensor can be obtained by

substituting E — B and B — —FE to the field strength tensor. Therefore, in
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the NR limit the interaction Hamiltonian will be,

A
eF;

<H> - _iZmy

S.E, (2.53)

which by comparing to the classical Hamiltonian, the electric dipole mo-

ment (EDM) is identified as,

PA
d]/ — _ie 2

o (2.54)

In the minimal extension of the SM, where it is added with the Dirac mass
term, the v, I'* v,y A, effective interaction vertex is given in Fig. 2.7 and calcu-

lated as [97],

~ BGF v * 2 2
T ® 1A (o Pp + 1 PR) O (ug,x uz, f(mg/MW)) , (2.55)

where Uj; is the ijth element of the PMNS matrix, 1, is the mass of a!” flavour

neutrino, and f(r) is the loop function and defined as,

f(r) = —§+Zr+--- (2.56)

Therefore, comparing Eq. (2.55) with Eq. (2.48), MDM and EDM are identified

as,

Uor = (Mg +my) K, Ayy = —i(my —my) K, (2.57)

where K = Sf/an > (Ug U}, f (m3/M3,)). For diagonal elements ie. « = o,

above equations are simplified as,

3€GF
ysz\/ﬁﬂzmm dy, =0,
_ m
~3x 10"V (ﬁ) : (2.58)

Note that, for Majorana neutrinos, the MDM and EDM interaction can be
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written as,
€ g (F2V +Ef 75> Vo gu Ay = =75 ot <F2V +Ff 75) Ve Gy Ay (259)

From Eq. (2.59), it is clearly seen that for & = o/, FZA’V = 0. Therefore, the
diagonal matrix elements of y, and d, vanish for Majorana neutrinos; only the

off-diagonal are non-vanishing, called transition moments.

Stringent limits on the neutrino MDM come from the brightness measure-
ment of the tip of the red giant branch in w-Centauri globular cluster using
Gaia DR2 data. Ref. [103] quotes this limit as y, < 1.2 x 10712 up, where
HB = 7, is the Bohr magneton. As far as the neutrino EDM is concerned, no
experimental limit exists yet, but several theoretical and indirect bounds have
been obtained. The most stringent limit on electron and muon neutrino EDM is
quoted as dVe/Vy < 10~ e-cm [104] whereas, for the tau neutrino, dy, < 10~ Y-
cm [105].

2.7.3 Mass related observables

Neutrino oscillation experiments provide no information about the absolute
mass scale of neutrinos. The information on absolute mass scale of neutrinos
are provided by the mass-related observables such as,

e Sum of neutrino masses (X) from cosmological observations.

* Effective electron neutrino mass (mg) measured in nuclear beta decay

experiments and

e Effective Majorana mass (m,,.) probed in neutrinoless double beta decay

searches.

Standard neutrino cosmology

Neutrinos in the early universe were produced through frequent interactions

in the hot, dense plasma that existed shortly after the Big Bang. They are
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Figure 2.8: CMB spectrum [31].

the lightest fermions in the SM and interact only through the weak interaction.
This weakly interacting nature allows them to travel long distances unaffected.
This unique property makes them an important probes of large-scale cosmic
evolution. In the early universe at temperatures (T >> 1 MeV), neutrinos
maintained thermal equilibrium with the primordial plasma, as their interac-
tion rate I'(T) ~ G2 T, exceeded the Hubble expansion rate H(T) [106, 107].
As the universe cooled to T ~ 1 MeV or below, neutrino interactions became
insufficient to maintain the equilibrium and I'(T) << H(T), leading to their
decoupling of the neutrinos from the thermal plasma. Initially the neutrinos
were relativistic, preserving the standard Fermi-Dirac distribution, but at least
two neutrino mass states have become non-relativistic in the current epoch.
During their relativistic phase, neutrinos contributed significantly to the uni-
verse’s radiation density, given as,

72 T4
Py = Neff( 1201/), (2.60)

where Ngg represents the effective number of relativistic degrees of freedom

beyond photons, and T, denotes the neutrino decoupling temperature. The
SM predicts Nog ~ 3 (precisely N szfw = 3.0440 4 0.0002 [108, 109]) for three

neutrino flavours.
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This radiation density directly influences the cosmic expansion rate:

8nG
H? = —=(py+pv)- (2.61)

Eq. (2.61) reveals that Ny directly affects the Hubble parameter, which has
direct observable consequences for Big Bang nucleosynthesis (BBN). Precise
measurements of BBN products, particularly the neutron-to-proton ratio and

Helium-4 mass fraction, provide stringent constraints on N as [110],
Negf = 2.88+0.28, (68%CL) (2.62)

which limits the neutrino species to be nearly three. At later epoch, when
neutrinos become non-relativistic they contribute to the matter energy density

as,

0, = B0 _ 38 y / m; d®p £, (p), 2.63)
Oc,0 (27T) Oc,0  i=species

where m; is the mass of neutrinos, f,(p) is the momentum distribution of

neutrinos and is given by the Fermi-Dirac distribution function and p. ¢ is the

critical energy density of the universe at the present epoch and is given by,
3H3

Pe0 = 8rG
= 1.05 x 10*eV/cm?. (2.64)

Eq. (2.64) assumes the value of the present Hubble parameter as Hy = 100/
Km/sec/Mpc and the Newton constant as G = 10738GeV 2. Using these,
Eq. (2.63) can be simplified as

e — 87tGh2giva/ 2 1

3HZ  2m? er/T +1
2 Y 'm,30(3)T3
3H}? 272

1/4
Applying the values from above and T,y = (14—1> Tyo = 1.95 K, the neu-
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trino energy density can be written as

Y. my

2 _
Qi = 94.1eV’

(2.66)

Cosmological observations constrain O, %, and consequently, the sum of the

neutrino masses ()_m,).

The primary anisotropies of the Cosmic Microwave Background (CMB) rep-
resent temperature and polarisation fluctuations imprinted at the surface of

last scattering. The angular correlation between directions 7 and 7’ is given

by:

<ATT(ﬁ) AT;”') > _ y Aty (a-), (2.67)
where the coefficients C] T of the Legendre polynomial P, (ﬁ -7/ > encode in-
formation about primordial anisotropies. In the early universe, the opposite
effects of gravity and radiation pressure in the photon-baryon fluid generated
acoustic oscillations that became “frozen” into the CMB spectrum at the pho-
ton decoupling, manifesting as characteristic peaks in the power spectrum (see
Fig. 2.8). The height of the first acoustic peak is particularly sensitive to the
redshift of matter-radiation equality [111]:

wp + We
(1 + 0.2271 Neff) wv'

Zeg (2.68)

making the CMB spectrum an independent probe of Neg.

Large-scale matter clustering provides another powerful constraint on neu-
trino properties, described by the two-point correlation function in the matter

densities:
(6m (k,2) m (K',2)) = Pu(kz)6® (k—k'), (2.69)

where 6,,(k, z) represents Fourier-transformed matter density perturbations
and Py (k,z) the matter power spectrum at redshift, zeg which denotes the

matter-radiation equality. In other words, the matter power spectrum is sensi-
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Figure 2.9: Tritium decay endpoint spectrum for different mg having the same extrap-
olated endpoint energy [112].

tive to ze; which in turn carries information about Ngg. Additionally, massive
neutrinos become non-relativistic after the neutrino decoupling, have large
thermal velocities that suppress clustering below the free-streaming scale,

leading to characteristic damping in the matter power spectrum at small scales.

Current constraints from combined CMB and large-scale structure data

yield:

Negr = 299703 (95%CL), (2.70)
Y my, <0126V, (2.71)

assuming three degenerate neutrino mass states within a ACDM framework

extended with Neg and Y m, as free parameters.

Kinetic mass from nuclear  decay

Nuclear 8 decay provides a model-independent probe of absolute neutrino
mass. In nuclear B decay, the available energy from the mass difference be-
tween the decaying nucleus and the daughter nucleus is distributed among
the electron, neutrino, and daughter nucleus according to quantum mechani-
cal phase space. A non-zero neutrino mass manifests as a spectral distortion

near the endpoint where the electron’s kinetic energy approaches its maxi-
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Figure 2.10: mg is plotted for NO (grey) and IO (brown) scenario against the lightest
neutrino mass. Current limit (future sensitivity) of KATRIN is shown by red (purple)
dashed line whereas the reach of proposed Project 8 experiment is highlighted in
brown dashed line.

mum value. The sensitivity to neutrino mass is enhanced by selecting isotopes
with minimal Q-values. Prime candidates include: 3H, 193Ho, 187Re, 135Cs,
and "°In. The current best limit on the effective neutrino mass from B decay
comes from KATRIN experiment which used 3H as the decaying nucleus. For
tritium decay (°H — 3He™ + e~ +v,), the differential electron energy spec-
trum accounting for neutrino mass eigenstates is [112, 113]:

dr G| Viual?

= = W(GZV+3G§4)F(z,5)5(15+mg)2(Eo—E)

3
Z% |Uez'!2\/(Eo —E)2—m? O (Ep — E—m;), (2.72)
1=

X

where Gr is the Fermi constant, V,,; is (1,1) element of the CKM matrix, F(Z, )
the Fermi function and E () is the energy (velocity) of the emitted electron. Ey
is the “endpoint energy” of the electron corresponding to zero neutrino mass.
The step function ®(Ey — E — m;) enforces the energy conservation. If the
energy resolution exceeds neutrino mass splitting, the spectrum can be char-
acterised by an effective electron-weighted mass,

mg = (2.73)
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All the information of neutrino mass is encoded near the end point energy
of the spectrum where the differential energy of the electron spectrum can be

modeled as [114],
AN m
IV~ 3t (1 ~ —’3> ) (2.74)

where € = Eg — E, r is the rate into the last 1 eV of the spectrum with mg = 0,
and t is the observation time. An example of the endpoint spectrum distortion
due to a finite neutrino mass is shown in Fig 2.9. The current stringent limit
on the effective neutrino mass using this method is obtained from the KATRIN
experiment, with m g < 0.8 eV mass at 90% CL from the tritium B decay with
a future sensitivity upto mg < 0.2 V. The Project 8 collaboration is developing
a novel approach using Cyclotron Radiation Emission Spectroscopy (CRES)
to measure electrons from f decay. By Utilizing atomic tritium source the
projected sensitivity can go up to mg < 0.04 eV at (90% CL) [112]. This next-
generation experiment aims to improve upon current neutrino mass limits by
an order of magnitude compared to existing technologies. Fig. 2.10 shows that
the future sensitivity of the KATRIN experiment can probe the lightest neutrino
mass up to Myjghtest ~ 0.1 €V but will not be able to distinguish between the NO
and IO ordering whereas the Project 8 experiment can completely probe the IO
scenario of neutrinos and for the NO case, it can probe the lightest neutrino

mass upto 0.02 eV, considering the standard three neutrino flavour scenario.

Effective Majorana mass from O0vBf

Cosmological observations and tritium decay measurements are sensitive to
the absolute mass scale of neutrinos but not to their nature. If the neutrinos are
Majorana type, then it validates lepton number violation in the theory, which
is believed to be an accidental symmetry in the SM. The violation of lepton
number can be probed through a very rare process called Ovppand it also
provides information about the neutrino mass scale. The OvBp unambiguously

proves the Majorana nature of the neutrinos [115]. In the minimal extension
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Figure 2.11: The standard mechanism of OvBBin the SM extended with Majorana
mass of neutrinos. Note that the neutrino mass insertion is represented by a cross in
the v propagator.

of the SM, where neutrinos turn out to be Majorana, OvBp can occur through
the Feynman diagram given in Fig 2.11. OvBp experiments such as KamLAND-
Zen [116], GERDA [117], CUPID [118], CUORE [119], LEGEND [120], EXO-
200 [121], nEXO [122] measures the half-life of the decaying isotope, which
can be expressed as,

2

Tiyp = ‘ , (2.75)
Gov |-/\/10v|2 mZ,

where m, is electron mass, Gp, denotes the leptonic phase space factor (PSF)
and My, is the nuclear transition matrix element (NME) of the decay and
mee (also popularly known as m,) is the effective Majorana mass which can be

expressed as,
Mee = Y UZm,, (2.76)
i

where i runs over the light neutrino species.

So far, the decay has not been observed by any of the experiment, only
an upper limit exists. Upper limits on m,., < (36 —156) meV and (79 — 180)
meV are reported by the KamLAND-Zen and GERDA experiments respectively.

However, the major uncertainty in the m,, measure comes from the nuclear ma-
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Table 2.1: 3¢ ranges of different combinations of oscillation parameters relevant to
understanding the effective Majorana mass in the standard three-flavour scenario.

Param. NG Vs, V1 cos20ip | 1, NG
Max 0.18 0.0614 0.0828 0.0246 0.00443
Min 0.16 0.0432 0.0509 0.0204 0.00326

trix elements calculations. In the standard three-flavour framework Eq. (2.76)

can be expressed as

mt = my 2,2+ my sty c2ye™ + ma st elf, (2.77)
Unlike neutrino oscillation experiments, the effective Majorana mass is sensi-
tive to the Majorana phases of the neutrinos. In addition, the effective Majo-
rana mass is also sensitive to the mass orderings. In Fig. 2.12 grey and light
brown regions display the effective Majorana mass governing OvBfas a func-
tion of the lowest mass in the standard three-flavour framework for NO and 10
respectively. In these figures, the oscillation parameters are varied over their
30 ranges as tabulated in the Tab. 1.2, and Majorana phases («, §) are varied

between (0 : 7).

The following observations can be made from Fig. 2.12 for the NO case

(mp < my < ma):

¢ For mhghtest(ml) << ,/Amgol << \/Amgtm, My ~ Amgo1 ~ 0.01eV and

2

mz =~ \/Amz,,, ~ 0.05eV. The effective Majorana mass can be approxi-

mated as
m3 N0 = JAm2 s (\/;5%2 e+ 1 eiﬁ> / (2.78)

Am? S a1
where 7 = %ﬁ%‘i. Complete cancellation is possible if \/rs?, = t3,. In
Tab. 2.1, we enlist different combinations of parameters appearing in the
expression of m$4~NO_ Ag can be seen from the Tab. 2.1, the maximum

value of 3, is much less than /752, so complete cancellation is not pos-
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Figure 2.12: mtd is plotted for NO (grey) and IO (light brown) scenario against the

lightest neutrino mass with neutrino mixing parameters varied over their 3¢ ranges.

sible in this region. For « = B = 0, we get the highest value of m5id—NO,
while the lowest value is obtained fora =0, p=mora =m, f =0. In

this region, the effective mass satisfies 0.001eV < [mSid—NO| < 0.004eV.

* For Mijghtest ~ Am?Z,, mstd—NO

ol Mee can be expressed as

m3 N0 = JAm2 oy <\/;C%2 +/rsty e + eiﬁ> . (279)

The effective mass attains minimum value for « = B = 7 and complete
cancellation occurs when /r cos2601, = t%?’ From Tab. 2.1, it can be in-
ferred that complete cancellation is not possible in this region, which is

also observed in Fig. 2.12.

e It can also be seen that the value of mS! is very small in a region

0.002eV < Myightest < 0.007eV. This region is commonly referred to as
the cancellation region. To provide a numerical estimate, considering the
mixing parameters equal to their best fit values and mjjghtest = 0.005€V,
the value of the effective Majorana mass turns out to be m$? ~ 107 for

ee

the Majorana phases &« = 8 = 7.
Similarly, for the Inverted (m3 < m; < my) mass ordering of neutrinos:

e In the limit m3 =~ 0, m; ~ my ~ y/Am?2,_ . and the effective mass can be
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expressed as,

mg 0 =\ Amd, (C%z +si em) : (2.80)

In this region, m$9~1° is bounded from below and above by minimum

and maximum values as,

td—IO 2
‘mie ‘min =\ /Am2, 2y cos261, = 0.02eV

’mg;deO‘mX = /Am2, 3 =0.05eV. (2.81)

In addition to the hierarchical mass orderings (normal and inverted), neu-
trinos may exhibit a degenerate mass spectrum characterised by (m; ~ my =~

m3 2 0.05eV). In Fig. 2.12, this region corresponds to Myjghtest < \JAmZ 2
0.05 eV (for both mass orderings), where m;, m;, m3 are approximately equal.

The effective mass for the quasi degenerate spectrum can be expressed as
m@ = my c2s <c%2 + 52, 6% + 13, e'P ) : (2.82)

In this region, cancellation between the different terms in Eq. (2.82) is not
possible, as t%g ~ 0.02, 5%2 ~ 0.3 will not be able to cancel out C%z ~ 0.7 as
can also be seen from the Fig. 2.12. This region is in serious tension with the
cosmological observations because, for three degenerate neutrinos, the bound

on Miightest < 0.04 €V considering ) m, < 0.12 eV (cf. Eq. (2.70)).



Sterile Neutrino and Mass Observables

3.1 Overview

The three-flavour neutrino oscillation (3v) framework has been firmly estab-
lished through solar, atmospheric, reactor, and accelerator neutrino oscilla-

tion experiments. The observations in these experiments can be explained

2
sol

7.5 x 107° eV? (solar), Am2, . ~ 2.5 x 1073 eV? (atmospheric), three mixing

by neutrino oscillations governed by two mass-squared differences Am. , ~
angles (012,613,023) and one Dirac CP phase. However, certain experimental
observations remain inconsistent with this 3v framework. Among these, one
of the most intriguing results is the observed excess of electron (anti)neutrino
events reported in pure muon (anti)neutrino beams by the Liquid Scintilla-
tor Neutrino Detector (LSND) [123], followed by similar observations at Mini-
Booster Neutrino Experiment (MiniBooNE) [124].

The LSND experiment at Los Alamos National Laboratory searched for
v, — 7, oscillations with a detector placed at 30 m from v, source with en-
ergy 20 — 50 MeV. The LSND collaboration reported a significant v, event ex-
cess of 87.9 £ 22.4 (stat) £ 6.0 (sys), consistent with two-neutrino oscillations,
which is shown in the left panel of Fig. 3.1 as a function of reconstructed
L/E,. This anomalous result was interpreted as a potential indication for
oscillations in the presence of an extra neutrino state without any SM inter-
action, a sterile neutrino [125]. The best-fit parameters for the sterile neutrino

oscillation is Am? = 1.2eV? and sin? 20, = 0.003 [123]. The anomalous re-

63



64 Chapter 3: Sterile Neutrino and Mass Observables

0 ,,, =
@ £ 500 :
8 175 ® Beam Excess g . D Orher
a5 . Q r Woi
= 15F EZA  pE,—v.e)n r ... D“ ”
3 B3 pEnen w0~ =
m 725k r 0 misid
(55 other L D V, from K
10 - v from
7.5 L [ ve from
Fo U Bestii
5 C & Data
25 S

. . 1 L L
04 0.6 0.8 1 1.2 1.4 Wil e

800 1000 1200
L/E, (meters/MeV) Visible Energy [MeV]

Figure 3.1: (Left Panel:) The LSND anomalous events as a function of L/E, [123].
The blue shaded region is for a best fit two-neutrino oscillation fit of sin®26 = 0.003
and Am? = 1.2eV2. (Right Panel:) The final MiniBooNE results corresponding to
18.75 x 10% Proton On Target (POT) in neutrino mode for the reconstructed visible
energy [124].

sult of LSND prompted verification of the sterile neutrino hypothesis in many
other experiments. Few experiments probing the appearance channel P, did
not observe any excess, e.g., KARMEN [126] ruled out sterile neutrino with
mass-squared difference Am; > 4 eV2, whereas, NOMAD [127], ICARUS [128]
ruled out Am; > 10 V2, but couldn’t rule out the best-fit of LSND. In the
follow-up experiment to LSND, Booster Neutrino Beamline (BNB) at Fermilab,
provided with a ~ 99.5% pure muon neutrino beam with a mean energy of
~ 600 MeV, and the MiniBooNE detector was designed maintaining a simi-
lar L/E ratio to LSND (L/E ~ 0.4 — 1.0 m/MeV) while operating at a longer
baseline of 540 m and higher peak energy ~700 MeV. MiniBooNE collabora-
tion also reported an excess in the v, — v, channels [129, 130]. This excess
can be explained by the inclusion of a sterile neutrino with Am;g of the order
~ 1.3eV? [130]. However, this 3 + 1 framework including a sterile neutrino
of mass ~ 1€V suffers from a tension between the appearance and the disap-
pearance datasets [131]. The tension originates from the fact that the allowed
region of sterile neutrino parameter space obtained from appearance chan-
nels in LSND and MiniBooNE lacks support from the disappearance channel
experiments like MINOS/MINOS+ [132, 133], Super-Kamiokande [134], Micro-
BooNE [135], NOvA [136], IceCube Deep-Core [137]. Moreover, reactor-based
electron disappearance experiments such as Bugey-3 [138] and Daya-Bay [139]

also did not provide any evidence in favour of a sterile neutrino. Additionally,
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MicroBooNE experiment, an upgrade of MiniBooNE, using its advanced liquid
argon time projection chamber technology with better particle identification
and background rejection, reported no excess in electron-like events after three
years of data collection [140-142] and showed compatibility with the 3v sce-
nario within 1o confidence [143]. Interestingly, it is found that the electron dis-
appearance data from MicroBooNE indicates sterile neutrino oscillations with
the highest significance of 2.40 (using the Feldman-Cousins approach) coming
from the Wire-Cell analysis, with preferred parameters sin? (2614) = 0.357)12
and Am3, = 1.257073eV? [144]. A joint analysis of MiniBooNE and MicroBooNE
data showed preference for the 3+1 neutrino model over the no oscillation hy-
pothesis [145]. Upcoming detectors such as TRISTAN [146] at the KATRIN,
SBN [147] at Fermilab, JSNS2 [148] at J-PARC, along with a complete analy-
sis of data in MicroBooNE experiment, are expected to shed more light on the

existence of an eV-scale sterile neutrino.

Another notable challenge to the standard 3v framework emerged from
the observed discrepancies in electron neutrino flux during the calibration of
gallium-based experiments. Radiochemical detectors including GALLEX [149],
SAGE [150], and BEST [151] were originally designed to measure solar neu-

trino flux through the following reaction:
Ve +"1 Ga =" Ge+ e, (3.1)

In this process, the produced radioactive 7!Ge atoms are chemically extracted
and counted to determine the incident neutrino flux. During the calibration
of the detectors using artificial > Cr and % Ar neutrino sources with precisely
known neutrino energy, the detectors observed a deficit of electron neutrinos
compared to the theoretical predictions at a combined significance of 4.5¢. This
anomaly, known as the “gallium anomaly”, could be explained by introducing
an additional light neutrino state with Am? ~ 1eV? [125]. These results have
been interpreted as evidence for oscillations in the presence of a sterile neu-

trino with Am? ~ 1eV?, suggesting an extension of the standard 3v framework.

There are also motivations for considering sterile neutrinos with mass-
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Figure 3.2: The figure shows the prediction for B— neutrino spectrum at Borex-
ino [153] versus the experimental data [152].

squared differences much below the 1eV?, coming from other sectors of neu-
trino experiments. Three flavour neutrino oscillation framework with the solar
matter effect predicts an upturn in the survival probability P in the 1 —7
MeV energy range. However, measurements of the solar neutrino spectrum in
Super Kamiokande-III [14] with a lower threshold and Borexino [152] have not
seen this upturn below 8 MeV. Motivated by this, in [153], a sterile neutrino
with a mass-squared difference (Am?) of ~ 107° eV? has been proposed to ex-
plain the absence of the expected upturn in solar neutrino survival probability
below 8 MeV. The situation is depicted in Fig. 3.2 where it is shown that the
Borexino data can be explained with the inclusion of a sterile neutrino with
mass-squared difference Am? ~ 107%eV? and sin’a ~ 1073 compared to the

no sterile neutrino scenario.

Tokai to Kamioka (T2K) [154-157] in Japan and NuMI Off-Axis v, Appearance
(NOvA) [158-160] in United States are two major accelerator neutrino experi-
ments, operating at baseline of 295 km and 810 km respectively setup to pre-
cisely measure the neutrino oscillation parameters. These experiments have a
good sensitivity towards currently unknown parameters: mass orderings and
Dirac CP phase (6cp). The analysis of T2K and NOvA data suggests different
best fit region in sin® 6,3 — écp space for normal mass-ordering. The major
tension is T2K prefers dcp = 371/2 for the NO scenario, which is disfavoured

by NOvA at 20. Although for IO, they both prefer 377/2, the global analy-
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sis of the neutrino oscillation data, as well as the joint analysis of these two
experiments, slightly prefers the NO at 2 — 3¢. It has been shown that the
tension between NOvA and T2K data could be partially alleviated by intro-
ducing a sterile neutrino with Am? ~ (107% : 1072) eV? [161]. The potential of
sterile neutrinos would not only introduce a new fundamental particle species
but might also imply novel interactions beyond the SM framework. Recent
studies have explored the implications of sub-eV sterile neutrinos in future
experiments, particularly in the context of long-baseline atmospheric neutrino

measurements [162-165].

In this chapter, the impact of an ultralight sterile neutrino with Am? in the
range (107* : 1072) eV? is examined in relation to mass-related observables
such as sum of neutrino masses (), effective electron mass (mg) and effective
Majorana mass (m1,.). Such investigations in the context of an eV-scale sterile
neutrino have been explored in [166]. Here, along with the sub-eV scale sterile
neutrino, we also present the results for an eV-scale sterile neutrino with the
current constraints on the mixing parameters. We consider the 3+1 picture
with a single sterile neutrino added to the three sequential SM neutrinos. In
this case, there can be four mass possible spectra, two each with Am? > 0
and Am? < 0. We explore the implications of the cosmological constraint
on the sum of light neutrino masses for these spectra. We also discuss the
constraints on the possible mass spectra in the light of KATRIN results on mg
and KamLAND-Zen results on m,.. Additionally, we examine the implications

of the future measurements by proposed experiments Project8, nEXO.

The rest of the chapter is as follows: Section 3.2 gives a brief overview of the
neutrino mass and mixing scenarios in the 3+1 framework. In section 3.3, 3.4
and 3.5, we discuss the implications of the various mass spectra in cosmology.
nuclear B decay and OvBf. Section 3.6 presents an analysis on the correlation

among %, mg and m,,. Finally, we summarise all the findings in section 3.7.
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3.2 The 3+1 neutrino flavour framework

In the 3 4+ 1 framework, the presence of a sterile neutrino introduces several
new parameters: an additional mass-squared difference (Am? =mj —m?),
three new mixing angles (614, 624,631), two new Dirac CP-violating phases
(614, 024), and one extra Majorana phase (7). The neutrino mass matrix in the

flavour basis can then be expressed as,
di di .
M = UM, UT, where M, = diag (m;,mp, mz,my). (3.2)
The mixing matrix U can be parameterised as,

U = Rsy(634) Rog(624,024) R14(614,6014) Ro3(623) Ry3(613,013) Riz(612) P
uel ue2 ue3 ue4
Uy U Ug Uy

usl usZ us3 us4

where R;;’s are the standard rotational matrices in the i, j generational space.

For instance

10 O 0 C14 0 0 sygeiou

01 0 ~ 0 1 0 0
R34(034) = , Rig(014,014) =

00 C34 S34 0 01 0

0 0 —s33 c34 —S14 eds 0 0 C14

Here, c;j(s;j) stands for cos 6;; (sin6;;) and P is the diagonal matrix containing

(B .
the Majorana phases, defined as P = diag (1, e'z, el<2+513), el(zwl‘*)).

In this 3+1 framework, the sign and the magnitude of Am? lead to different

mass spectra.

1. SNO-NO (Am? >0, Am2,,, > 0):

2

atm and

In this scenario, mass orderings are different for Am2 > Am

Am? < Am2,_. which is depicted in Fig. 3.3. The left panel corresponds to

atm
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Figure 3.3: SNO-NO mass spectra with the inclusion of a sterile neutrino. Here
v1,12,3,V4 are the mass eigenstates and red, green, blue, and yellow are the pro-
portions of v, vy, v and vs in the respective mass states. When Am? > Am2,,, the
spectrum follows the left side figure, and right side figure depicts the Am2 < Am2,,

scenario.
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Figure 3.4: SIO-NO mass spectra with the inclusion of a sterile neutrino. Here
v1,12,3,V4 are the mass eigenstates and red, green, blue, and yellow are the pro-
portions of v,, v, vr and v; in the respective mass states. The spectra is same for both
Am? > Am2,, and Am? < Am2,, cases.

Am? > Am?2,, and the mass ordering is m; < my < m3 < my. Whereas

for Am? < Am2,,, the ordering is m; < mp < my < m3 and shown in the

right panel. In both cases, the mass relations are expressed as

— — 2 2
Miightest = ™M1, my = \/mj+ Amsol
my = /m3+Amd, ,  myg = \/m}+ Am?. (3.4)

2. SNO-1O (Am2 >0, Am?,, <0):

atm
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Figure 3.5: SIO-IO mass spectra with the inclusion of a sterile neutrino. Here
v1,12,3,V4 are the mass eigenstates and red, green, blue, and yellow are the pro-

portions of v,, v, vr and v; in the respective mass states. The spectra is same for both

Am? > Am2.,, and Am? < Am?,,, cases.

atm

In this case, the ordering of neutrino mass eigenstates is the same for
both Am? > Am?,, and Am? < Am2., and delineated in the left panel

of Fig. 3.4. The mass spectrum becomes m3 < my < my < my and is

expressed as,

— — 2 2
Mightest = ™3, my = A/m5+ Amg,

my = \/mg +Ami +Am2, my = \/mg + Am? — Am2 + Am2.
(3.5)

. SIO-NO (Am? <0, Am?,, >0):

atm

The mass ordering in this scenario is defined as my < m; < my < m3, and
it is the same for both the Am? ranges. The mass relations can be written

as,

_ _ 2 2
mlightest = My, mpy = \/71”14 + Am% + Amsol

my = /mj+Am2,  mz = \/mf1 + Am2 + Am2,.... (3.6)

4. SIO-IO (Am2 <0, Am2,, <0):

atm

e For Am? > Am2,, the mass ordering is my < mz < m; < m and the
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mass relations are defined as :

— — 2 2
Mightest = M4, my; = \/7714 + Amg + Amsol

my = \/mi+Am2, ~ my = \/mi + Am? + Am? | — Am3,,(3.7)

e For Am? < Am?,,, the mass ordering is m3 < my < my < my and the

atm’

mass relations can be expressed as :

— — 2 2
Miightest = M3, my = y/m5z+ Amg,

my = \/mg + Am2, — Am? my = \/m§ + Am2, — Am? | — Am2.

sol” sol

(3.8)

3.3 Sterile neutrino and cosmology

Light sterile neutrinos can have a significant impact on the evolution of the
universe, and using cosmological observations, the presence of sterile neutri-
nos can be investigated. As discussed in the previous chapter, neutrinos affect
cosmology by contributing to the effective relativistic degree of freedom (Ngf)
when they are relativistic and the matter energy density when they become
non-relativistic. Similarly, if the added sterile neutrinos are massless, they
contribute to the light relativistic degrees of freedom in the early universe,
quantified as Neg, which is directly constrained from CMB and LSS data. The
effective relativistic degrees of freedom, stl}/[ = 3.0440f8:888§ [108, 109, 167],

predicted by the SM, assuming three degenerate light active neutrinos, can

increase when the sterile neutrino contribution is added 1.

In presence of the light degree of freedom, i.e., sterile neutrino, the change

in the N can be written as [172]

L [dppif(p)

7 2 igh
§15 Lt

ANef = Neir— Nog' = , (3.9)

"However, N, can be decreased in certain scenarios like very low-reheating in sterile neutrinos [168,
169] or self-interacting sterile neutrinos [170, 171]
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with f(p) is momentum distribution of the sterile neutrino between p —
p+dpand T = <%> o T, is the instantaneous decoupling temperature of
active neutrinos. If a sterile neutrino state exhibits large mixing with the active
neutrino flavours (v, vy,vr), a thermal population of light sterile neutrinos
can be produced prior to the neutrino decoupling. This production mecha-
nism is driven by a combination of active-sterile oscillations and collisional
interactions (elastic/inelastic scattering) with the SM plasma in the early uni-
verse. In other words, initially, the neutrino ensemble solely consists of active
states. As the universe cools, the oscillation frequency wpsc ~ Am?/2E (where
Am? is the mass-squared splitting and E is the neutrino energy) becomes com-
parable to, and eventually exceeds, the Hubble expansion rate H(T). This
allows for coherent active-sterile flavour transitions and populates the early
universe with sterile neutrinos. The deficiency in the active flavour states can
be compensated by the collisions (including elastic scatterings, annihilation,
and production) of neutrino states with the thermal plasma. If the sterile
neutrinos thermalise with the active neutrinos in the early universe, which
may happen if the mixing angle is large enough, then the temperature of the
sterile neutrinos will be the same as the active neutrinos, and so will the dis-
tribution function f(p). In this scenario, Eq. (3.9) can be approximated as
AN ~ 1, which is heavily disfavoured by BBN and CMB data. Therefore, a
completely thermalised sterile neutrino possesses serious tension with cosmol-
ogy. But, tuning the mixings of the active-sterile states, these catastrophes can
be avoided. There are cases where it may happen that the sterile state follows
the same distribution (generally Fermi-Dirac) as the active neutrinos, but they

have a different temperature (T;) from the active neutrinos. In this case,

T \*
ANeff — W . (310)
v

Therefore, current cosmological limit on ANy can accommodate thermally
Ts
T
with temperature, T < 0.8 MeV, is allowed by the cosmological data.

distributed sterile neutrinos with < 0.8 [172]. This implies a sterile neutrino

There is another popular way to accommodate sterile neutrino with cosmo-
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logical scenario, called the non-thermal production of sterile neutrino [173]. If
the mixing angle between active and sterile neutrino is very small, then the
non-resonant production of the sterile neutrinos in the early universe is very
suppressed. Once the universe cools, active-sterile oscillation becomes domi-
nant and sterile neutrinos are produced. In this case, the temperature of the
sterile neutrino is the same as the active one, but the momentum distribution

is multiplied by the overall constant factor equal to AN.¢. Hence in this case,

f(p) is described as

AN

m. (3.11)

fs(p) =

To summarise the discussion, the sterile neutrino, when relativistic, contributes
to the total radiation content of the universe. If they are thermalised with the
active neutrinos, then AN.g ~ 1, which is disfavoured, but for non-thermal

sterile neutrinos, there is still hope in the cosmological datasets.

Apart from contributing to Neg, sterile neutrinos contribute to the matter
energy density as they become non-relativistic later in time. At such point in
the evolution, its contribution to the energy density can be parametrised as an

effective mass [172]

Qe = Jems [0 3.12
L=yl L fs(p), (3.12)

3H; . s o . . :
where p.0 = g&, is the critical energy density in present time, 15 is the sterile

neutrino physical mass. For the thermalised sterile neutrino with Ts Eq. (3.12)

can be written as

887G h* g;m 1
Q= e et
: 3HZ 2m? P’ 1

_ Mg Ts,O 3
94.1eV \ T,
s ANge>/ 4 mett

T T 9416V 941eV (3.13)
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In case of non-thermal sterile neutrino Eq. (3.12) can be written as

0O ]’lz 87'L'Gh2 gims / > ANeff
’ 3H2 2m? er/Ts 11
ms ANegg  mH

= . 14
94.1eV 94.1eV (3.19)

Therefore, for massive sterile neutrinos, cosmological observations can be

affected due to it’s contribution to N.g and mgff. The effective sterile neutrino

mass is different from its physical mass (m;) but can be related as mef =

ANS# m; if the neutrinos are thermalised with active neutrinos and mSf =

AN,g ms for the partially thermalised sterile neutrinos where ANggs = Negr —

SM
N eff *

When PLANK 2018 data is fitted with standard Acpy cosmological model,
it tends to disfavour the presence of extra light relativistic degrees of freedom
[31]. However, with the inclusion of more parameters with the standard Acpwm
cosmological model and fitting more data from different cosmological obser-
vations, the cosmological constraints can be relaxed. For example, in a recent
analysis, the Plank + BAO + Hubble parameter measurement [174] + Super-
nova la [175] data fitted with a 10 parameter cosmological model (10-PCM) i.e
AcpM + Negf + Mg + wo + Npyy, gives the constraints on Negr and X as follows
[176],

Neg = 3.117037 . Sm, = 0.16eV, (3.15)

where wy is the equation of state parameter of the dark energy and n,,, is the
running of the scalar spectral index, a parameter related to the initial condi-

tions of the universe.

In this analysis, sterile neutrinos are considered to be produced through

non-thermally in the early universe. Hence, for this analysis ¥m, is defined as

[177]

va =X =mq + my + m3 + ANggs my, (3.16)
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Figure 3.6: The variation total effective mass X with the lightest neutrino mass mjgntest
in different scenarios SNO-NO (top-left), SNO-IO (top-right), SIO-NO (bottom-left),
and SIO-IO (bottom-right). The green, red, and blue colours correspond to Am? =
10~*eV?,0.01eV?,1.3 eV?, respectively. The magenta dashed line corresponds to the
10 parameter cosmological (10-PCM) model.

The variation in Xm, is plotted as a function of the lightest neutrino mass
for different mass schemes in a 3+1 scenario, as shown in Fig. 3.6. The value
Negt = 3.11, derived from Eq. (3.15), is adopted for this analysis. Cosmological
limit of X = 0.16 eV from 10-PCM model is indicated by the pink dashed line.

The important features observed from Fig. (3.6) are as follows,

e The 10-PCM model disfavour Am?2 = 1.3 eV? above Miightest > 0.01 eV and
Am2 =10"*eV?, 0.01 eV above miightest > 0.04€V.

e For SNO-10, Am? = 1.3 eV? is disfavoured by the 10-PCM model for the
entire range of Mjjgpest- The lower values of Am? are still allowed up to

mlightest ~ 0.04eV.
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Table 3.1: The table summarises the status of four mass spectra for three different Am?
in the light of different cosmological models. The limits correspond to the value of

Miightest UP to which the scenario is allowed.

Mass ordering (mhghtest) Am? =10"*eV? || Am? = 0.01eV? || Am? = 1.3eV?
Limit 10-PCM Limit 10-PCM || Limit 10-PCM
SNO-NO (m) < 0.04 < 0.04 < 0.01
SNO-IO (m3) < 0.03 < 0.03 Disallowed
SIO-NO (my) < 0.04 Disallowed Disallowed
SIO-IO (mgz/my) < 0.04 Disallowed Disallowed

e For SIO-NO and SIO-IO, the 10-PCM model disfavours Am? = 0.01 eV?
and 1.3eV? for the entire range of Mightest but Am? = 107*eV? is still

allowed up to Mijjghtest ~ 0.03€V.

The above discussion is summarised in Tab. 3.1.

So far, the discussion deals with the impact of the sterile neutrino on cosmo-
logical observation, and sterile neutrinos are considered to be partially ther-
malised with the plasma. In order to do so, the active to sterile oscillation
probability needs to be small. Thus, in order not to fully thermalise the sterile
neutrino prior to BBN via non-resonant collisional processes, the sterile neu-

trino parameters must satisfy

Aitiys tog.. < 10°5 (ANyg)? (3.17)
].eV2 sin s ~o eff 7 .
where sin?26,; = 4 |l,l,x4|2 |US4|2. For Am2,, |Uys| = sinfy4 and |Uy| ~ 1.

Using Neg given in Eq. (3.15), the limits on the active-sterile mixing angle
turned out to be sin? 614 < 1072 for Amil = 1.3eV?, sin® 014 < 102 for Amﬁ1 =
0.01eV? and sin® 014 < 0.1 for Am2, = 10~*eV?2. Although cosmology imposes
stringent bounds on sterile neutrino mixing angles (6,4), these constraints can

be evaded in specific scenarios:

* In cosmological scenarios with low reheating temperature (Try < 10
MeV), the production of sterile neutrinos is significantly suppressed due
to incomplete thermalisation processes [169]. The reheating tempera-

ture refers to the temperature at which the universe transitions to ra-
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diation domination phase from the inflation-dominated expansion. For
Try ~ O(1) MeV, even the SM active neutrinos have barely enough time
to interact with the plasma prior to their decoupling, preventing them
from achieving full thermal equilibrium. This suppressed thermalisation
of active neutrinos consequently reduces the production rate of sterile
neutrinos through active-sterile mixing, as the process relies on the avail-
ability of thermalised active states. This mechanism allows for larger
values of Am? and sin?#@ in the sterile neutrino parameter space, while
maintaining a value of Ng consistent with the SM prediction. Such ex-
tended parameter ranges may provide viable explanations for various
neutrino anomalies while remaining compatible with cosmological con-
straints. The specific realisation of this scenario depends crucially on the
detailed dynamics of the reheating process and subsequent thermalisa-

tion history [168, 178-180].

e Models with neutrino self interaction, non-standard interaction or secret
interactions [171, 181-184] mediated by new gauge bosons or scalars pro-
vide an elegant way to suppress the sterile neutrino production in the
early universe to evade the cosmological constraints. The new interac-
tions of the sterile neutrinos generate a matter potential which in turn
suppresses the production rate [182, 183]. Additionally, after neutrino
decoupling, the same interactions can drive sterile neutrinos into kinetic
equilibrium with active neutrinos via scattering, leading to the partial or
full equipartition between the active and sterile states. More details on

this can be found in Refs. [170, 185-187].

Disregarding cosmological limits, the most stringent bound on the ster-
ile neutrino parameter space (sin’ 20,., Am3;) is obtained from dedicated
short-baseline experiments MINOS/MINOS™ via v, disappearance measure-
ments [188]. In Ref. [139], 90% exclusion limits on the sterile neutrino param-
eter space is given after comparing MINOS, MINOS™, Daya-Bay and Bugey-3
data and the exclusion contours are given in Fig. 3.7. In Tab. 3.2, the extracted

limit on sin? 814 from the exclusion contours are given for reference and in the
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Figure 3.7: This figure presents the 90% confidence level exclusion contours obtained
using both the Feldman-Cousins and CLs statistical methods from MINOS/MINOS+
data [139]. The excluded regions (at right of each curve) represent parameter space
ruled out at 90% CL using the CLs approach.

Table 3.2: Allowed values of the sterile neutrino parameters Am?, sin? 614 in the 3+1
scenario for three different mass squared differences (Am? = 107*eV?, 0.01eV? and
1.3 eVZ) are given. The value of the sin? 614 is chosen to be consistent with MINOS
MINOS™, Daya-Bay and Bugey-3 data [133, 139]

Parameters | Case I Case 11 Case III
Am? 10 %eV2 10 2eV2 1.3eV?
sin® 014 01:02|5x10%:5x1073 ] 0.001 : 0.01

forthcoming sections these values will be used.

3.4 Sterile neutrino and Tritium S decay

As discussed earlier, a direct and model-independent constraint on the neu-
trino mass can be derived through the experimental analysis of the electron
energy spectrum resulting from beta decay in atomic nuclei. In presence of the

sterile neutrino, the effective electron mass, m p, can be written as,

mg = \/|Ue1!2m% + U |* 13 + |Ugs|* m3 + |Ueg |* m3

_ J2 2 2.2, 2 202 92, 202 2 2 2
= \/c12c13c14m1 T 5150130 41M) + S13C14M3 + 5141y (3.18)

The effective electron neutrino mass mg is plotted in Fig. 3.8 as a function

of the lightest neutrino mass, with all parameters in Eq. (3.18) varied within
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Table 3.3: 3¢ ranges of different combinations of oscillation parameters relevant to
understanding kinematic mass (114) in the 3+1 scenario.

U PAmZy | (1—[Unl?) | [Usl* Ay, |Uea|* A

x Am? Am? (10~%eV?) | Am? (0.01eV?) | Am? (1.3eV?)
(1.77 : 2.65) | (457 : 5.95) | (4.86 : 6.24) | (1:2) x10° | (0.5 5) x | (0.13 : 1.3) x
x107° x107° x107° 10°° 102

their experimentally allowed ranges, and sin? 0y varied as specified in Tab. 3.2.

The projected sensitivities of the KATRIN experiment (0.2 eV) and the future

Project 8 experiment (40 meV) are indicated by a cyan dashed line and a black

dash-dotted line, respectively. In Tab. 3.3, the necessary values are provided to

explain the characteristics of Fig. 3.8. In the following subsections, we describe

the features of Fig. 3.8 for different mass spectra.

3.4.1 SNO-NO

For SNO-NO scenario, using Eq. (3.4), Eq. (3.18) can be approximated as

mSNO—N

p

(@]
= g+ (U2 B2 (U2 B+ U2 A

(3.19)

* For mygptest < \/ Amgo1 < \/ Am2, , it is seen from Tab. 3.3 that the sec-

ond, third and the fourth term in Eq. (3.19) varies in the similar range

for Am? = 107*eV? and Am? = 0.01eV2. Hence m%NO_NO varies as

(0.009 :
mSNOf

p

* For /Am2 | < Myghtest < \/AMa, < \/Am2, m

0.01) and (0.008

p

: 0.011)eV. In the case of Am? =
NO ~ |U,4| \/Am2 and varies between (0.036 : 0.114) eV.

SNO-NO
~ mlightest for

1.3eV?,

Am? = 107*eV? and Am? = 0.01 V2. Whereas |U,4|? Am? still dominates

in this region for Am? = 1.3eV2.

mined by the value of my;gpiest-

SNO-NO
o For \/Am2 . << |Uyl\/AmZ << Miightest, Mg

is completely deter-
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Figure 3.8: Kinematic mass mg from tritium § decay in different scenarios of SNO-
NO (top-left), SNO-IO (top-right), SIO-NO (bottom-left), and SIO-IO (bottom-right)
for Am? =10~* eV? (green), Am? = 0.01 eV? (red) and Am? =13 eV? (blue).

3.4.2 SNO-IO

For the SNO-IO scenario, mg can be approximated as

mzNO—IO _ \/mlzightest—'_Amgtm(l — [Ues]2) + Am2, (|Ue |2 — |Uea|?) + |Ues|? Am2

sol

Q

\/mlzightest + Amgtm + |ue4 ’2 Amg- (3.20)

o For myghtest << AmZ; < Amd., mlSSNO_IO ~ /Am2 . ~ 0.05eV for
Am? = 1074 eV? and 0.01eV? as |Uy/|? is very small. For Am2 = 1.3eV?,

the value of mzNO_IO R~ \/ Am2 .+ |Ues|? AmZ. Thus, the value of mg for

Am?2 = 1.3eV? is greater than the y/Am?2,, till my ~ 0.1V .

* 0.1 << mMyjghtest , m%NO_IO A Miightest for the values of Am?. Hence, for

higher myjghtest, the behaviour of mg is fully characterised by myjghtest-
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3.4.3 SIO-NO

SIO-NO
m.BI "= \/mlzightest + Amg + |u€2 ’2 Amgol + |u€3|2 Amgtm' (3.21)

* For myjjghtest << W/Amgol << 4 /JAm2, m%IO_NO ~ /Am2 for Am? =

0.01eV? and 1.3eV2. For Am2 = 10~*eV? , second and third term vary
~ 107%, so we get a small variation due to that.

e For \/Am? << Miightests mZIO_NO A Mijghtest, and the value value of

mZIO—NO depend on Myjghest Only.

3.4.4 SIO-IO
e For Am2 > Am2,, m!SSIO_IO can be written as
mgOTO =\ g o+ A2 (3.22)
B lightest s* )

In this case, the conclusions are similar to SIO-NO for Am2 = 0.01eV?

and 1.3 eV2.

o For Am? < Am2,,,, m5/9~10 can be expressed as

SIO-IO
mﬁ - \/mlzightest + Amgtm' (3.23)

SIO-1I0

In this case, for lower Myjghtest (< Am?.,) region |, g ~

\/AmZ, = 0.05eV. For higher values of myjghtest (> \/AmZy,), the value
of mENO*IO is proportional to Mjghtest, Which leads to a straight line be-

haviour in the figures.

In summary, KATRIN’s future sensitivity allows to probe mg only above
Miightest ~ 0.2 €V for SNO-NO, SNO-IO for all values of Am?. In case of
SIO-NO, SIO-1IO KATRIN will be able to probe the entire spectrum of Miightest
for Am? = 1.3 eV?, and above Miightest ~ 0.02 eV for Am? = 1074,0.01 eVZ.

Moreover, in future, the proposed sensitivity of Project 8 allows to probe mpg
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Figure 3.9: m,, is plotted for SNO-NO (green) scenario against the lightest neutrino
mass with the mass squared difference (Am?) = 10~%eV? (green), 0.01 eV? (red), and
1.3 eV?(blue) along with standard three flavour NO (black curve) and IO (brown).

only above mjighest ~ 0.03 €V for SNO-NO and SIO-NO of Am? = 10~*eV2.
However, Project 8 might be able to probe SNO-IO, SIO-NO, and SIO-IO for

Am? = 0.01 eV? and 1.3eV? in the entire range of Myjghtest-

3.5 Sterile neutrino and Ovpp

In this section, the behaviour of m,, is studied in the context of various mass
orderings in the presence of a light sterile neutrino. The plots in Figs. 3.9, 3.10,
3.11, 3.12 are generated by allowing all the oscillation parameters to vary in
their 30 range as mentioned in Tab. 1.2, and the sterile parameters are varied

according to the Tab. 3.2.

3.51 SNO-NO

The effective Majorana mass in this scenario can be approximated as

SNO-NO 2 td—NO 2 ]
Me, = Cfy |my +tymae’|, (3.24)

where m$4~NO s the standard three flavour effective mass for normal or-

SNO—-NO

dering. In Fig. 3.9, my, as a function of the lightest neutrino mass

(Miightest = m1) for the three mass squared differences is plotted. To explain

the behaviour of mSNO~NO in Fig. 3.9, different limits of mjghtest is considered.
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Table 3.4: 3¢ ranges of different combinations of oscillation parameters relevant to
understanding the effective Majorana mass for SNO-NO in the 3+1 framework.

Regions mS9—NO (ev) [myt5,| (V)
Am? =10"*eV? | Am? =0.01eV? | Am? =13eV?
my ~ 0 0.001:0.004 | 0.001:0.002 | 5x10°:10% | 0.001:0.01
my ~ \/An2,; | 0.0018:0.018 | 0.0014:0003 | 5x107°:10°* | 0.001: 0.01
my ~ 0.1 0.02:01 0.01: 0.02 5x107%:1073 0.001 : 0.01

The values of different terms in Eq. (3.24) are mentioned for various limits

SNO-NO

of my in the Tab. 3.4, where the maximum value of m, corresponds to

v = 0 and the minimum is for oy = /7. The important points are as follows:

o For my << y/Am?, << \/Am2, << \/Am2, it is seen from Tab. 3.4

that for Am? = 1074,1.3 eV? complete cancellation is possible between

std—NO
ee

m and my t3, for v = 7.

e For m| =~ ,/Amgol, complete cancellations continue to occur for Am? =

107%,1.3 eV2.

¢ At higher values of m; ~ 0.1 eV, complete cancellation happens only for

Am? = 10~* eV? as seen from third row.

¢ In the 3+1 scenario quasi-degenerate (QD) condition will arise when m; ~
my ~ ms ~ my. KamLAND-Zen and nEXO? both can probe a fraction of
the QD region for Am2? = 10~* eV? and the entire region for Am? = 0.01
eV2. However, cosmological bounds (1 > 0.03 eV) reject the QD region

for both values of Am?.

3.5.2 SNO-IO

The effective Majorana mass from double beta decay can be expressed as

mSNOfIO _ 2 stdeO_i_t

2 i
ee — C14 mee 14771467 . (3.25)

2While the work was published, nEXO was considered as a promising future Ovppexperiment but
now the plan for this experiment has been shut down. However, the limit corresponding to nEXO
remains valid for other ton-scale experiments having sensitivities up to 102 years half-lives.
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Figure 3.10: m,, is plotted for SNO-IO scenario against the lightest neutrino mass
with the mass squared difference (Am2) = 10~%eV? (green), 0.01 eV? (red), 1.3 eV?
(blue) along with standard three flavour Normal Ordering (black curve) and Inverted
Ordering (brown-hatched) .

Table 3.5: The 3¢ ranges of different combinations of oscillation parameters relevant
to understanding the effective Majorana mass for SNO-IO in the 3+1 framework.

Regions | m59-10 (ev) my t3, (eV)
Am? =10"%eV? Am? = 0.01eV? Am? = 13eV?
mz ~ 0 0.02 : 0.05 0.005 : 0.01 5x107° : 5x107* 0.001 : 0.01
ms3 ~ 0.1 0.03 : 0.1 0.01 : 0.025 75x107° : 75x10~* | 0.001 : 0.01
moNO~I0 ag a function of the lightest neutrino mass (m3) for the three mass

squared differences is plotted in the Fig. 3.10. The values of the terms in
Eq. (3.25) are enlisted in the Tab. 3.5. The notable points in the SNO-IO case
are as follows,

e It is evident from Tab. 3.5, that the minimum value of mg{d—10

is always
greater than the maximum value of my t3, for all the three mass squared
differences. Hence, complete cancellation is not possible for the entire

range of Myjghtest-

o The value of my t2, for Am? = 0.01 eV? is very small compared to m§{d~10.

SNO-IO std—IO

Therefore, my, is approximately equal to m3;" ", which is visible

from the middle panel of Fig. 3.10.

e For Am? = 107*eV? and 1.3eV?, the minimum value of mSNO~IO

0.01€V is attained for v = 7 which can be probed partially in the fu-

ture experiment, nEXO.

* The QD region is occurred at m3 > O(0.1) eV for Am? = 1074, 0.01
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Table 3.6: The 3¢ ranges of different combinations of oscillation parameters relevant
to understanding the effective Majorana mass for SIO-NO in the 3+1 framework.

Regions V/ Am? cos 261, (eV) \/ Am?, 12, my t3, (eV)
(eV)
Am? =] Am? =] Am> = Am? Am? Am?
10~4eV? | 0.01eV? | 1.3eV? =10"%eV? | = 0.01eV? | = 1.3eV?
My ~ 0 0.003 0.03 0.33 0.001 0 0 0
my ~ 0.01 | 0.003 0.03 0.33 0.001 1x10°:[5x107% : | (10°°:10°%)
2x 1073 | 5x10°*

eV2. Although the QD region is disfavoured by cosmology for both the
Am? values, KemLAND-Zen and nEXO can probe this region partially for
Am? =10 eV? and completely for Am2 = 0.01 eV2.

3.5.3 SIO-NO

In this case, the effective Majorana mass is expressed as,

mSONO -~ 2, (w [m3 + Am? (c%z + 83, e”*) + 1my t3, 317) [for Am? > Amﬁtm}
SIO-NO ., 2 (.2 T 2 2
n, SE (C13 (\/mﬁ—kAmg <c12+slze ) +\/mi+Am§tmsl3eﬁ) +mytiye '7>

[for Am? < Amgtm} . (3.26)

In the previous equations, the mass relations mentioned in Eq. (3.6) are used.
In Fig. 3.11, me, as a function of Myghiest (74) is shown in three panels corre-
sponding to different values of Am?2. Useful values for Eq. (3.26) is given in

Tab. 3.6.

¢ For the region where the lightest mass is negligible, Eq. (3.6) will be,

my~0, my = m ~mg =\ Am? [for Am? > Amgtm}

my &~ \/Am2, my ~ \/Am2., [for Am? < Amitm} :

(3.27)

Q

my ~ 0, mq
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Figure 3.11: m,, is plotted for SIO-NO (green) scenario against the lightest neutrino
mass with the mass squared difference (Am?2) = (10~* eV?, 0.01 eV?, 1.3 eV?) along with
standard three flavour Normal Ordering (black-curve) and Inverted Ordering (brown
hatched).

Therefore, the effective Majorana mass can be approximated as

mONO - — [ Am2 (c%z + 52, e”‘) [for Am? > Amﬁtm]

mSO—NO — 2 2, <\ [ Am3 (c%z + 52, ei"‘) +\/Am2, 1, eiﬁ) [for Am? < Amgtm} .

In the first case, complete cancellation can happen for & = 7 and
C%z = 5%2- But, since 61, is less than 45°, this cannot happen, as shown in
Fig. 3.11 for Ams = 10~* eV2. In the second case, complete cancellation

occurs for « = B = 7T and

\/ Am2 cos2601, = \/Am2, 135 (3.29)

This condition is not satisfied for Am2 = 1.3, 0.01 eV? as can be seen from
Tab. 1.2 and Tab. 3.6. The value of m5.°~NO varies between (0.3 : 1) eV
and (0.001 : 0.01) eV for Am? = 1.3,10~* eV? respectively, as seen in from
Fig. 3.11.

e Around my ~ 0.01eV, in case of Am? = 0.01eV2and 1.3eV?, the sterile
contribution is negligible compared to other terms as the value of 014 is
small and thus no cancellation occurs. But due to large 614 for Am? =
104, the value of my t3, varies between (0.001 : 0.002) which allows us

to have a narrow cancellation region for a = =y = 7.

(3.28)
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Figure 3.12: m,, is plotted for SIO-IO (green) scenario against the lightest neutrino
mass with the mass squared difference (Am?) = (10~*eV?, 0.01 eV?, 1.3 eV?) along
with standard three flavour Normal Ordering (black curve) and Inverted Ordering
(brown-hatched) .

e It is to be noted that the KamLAND-Zen experiment disallows the entire
parameter space of m5I0~NO for Am? = 1.3eV2. For Am? = 0.01 eV?,
a part of the parameter space gets disfavoured for all values of Mmy;gniest,
whereas for Am? = 107* eV? regions with higher values of mhghtest(>

SIO NO

0.3eV) are disfavoured. For 10~* eV?, the allowed region of can

be partially probed by nEXO experiment.

3.54 SIO-10

In three panels of Fig. 3.12, Majorana mass m,, in SIO-IO scenario is plotted

against Miightest = M4

e For Am > Am2,, e is exactly similar to the SIO-NO scenario (Am% >

atm~

Am2,.). Thus, the results and the conclusions remain identical.

e For Am? < Am? the value of m,, in a region where Mj;ghiest is small,

atm 7

can be approximated as

( 0~ IO) =/ Am2. iy <C12 + st e + 1, ¢ > (3.30)
Am? <Amatm

Here, complete cancellation requires & = y = 7t and

cos 201, = t3,. (3.31)



88 Chapter 3: Sterile Neutrino and Mass Observables

In this region, complete cancellation is not possible as Eq. (3.31) is not

satisfied for the allowed range of mixing angle 614 given in Tab. 3.2.
* When mightest > \/ A2y, , m1 & my = mz = my ~ mq and the value of
Mee can be written as

(mSIOfIO

ve =mpcl, (c%z + 83, e™ + 13, e”) : (3.32)

) AmZ<Am?

atm

In this region, cancellation is also not possible, and 1, is proportional to

the value of the lightest mass.

¢ It can be seen from Fig. 3.12, higher values of m,, are disfavoured by
KamLAND-Zen for all values of mjjghtest and nEXO can rule out an even

greater part of the parameter space in the absence of any signal.

In summary;, it is realised that all the mass spectra depending on the sterile
neutrino mass and mixings have distinct signatures in Ovpp experiment. The
existing experimental constraints on ., have already excluded certain regions
of the parameter space, unless complete decoupling of the sterile sector from
active neutrinos, which assumes 614 = 0, a scenario considered highly improb-
able. Future ton-scale experiments will play a crucial role in determining the
neutrino mass ordering, whether within the standard three-flavour framework
or in an extended 3+1 flavour scenario. These next-generation searches are ex-
pected to provide significantly improved sensitivity, enabling a more definitive
probe of the allowed parameter space for both three flavour and 3+1 flavour

scenarios.

3.6 Correlation between mass observables

In the earlier sections, independent constraints on mass variables from cosmol-
ogy, single B decay, and Ovpp are discussed. In this section, the correlations
among mass observables are studied. This type of correlation study was first
done in ref. [189]. The correlation of mg against . (left), m,, against & (middle),
and m,, against mg (right) for all the mass spectra is plotted from Fig. 3.13 to
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Figure 3.13: Correlations of mg against and X(left) , m,, against X (middle) and m,,
against mg (right) for SNO-NO is plotted here. The green, blue, and red regions
describe the values for Am? = 10~*eV?, 0.01 eV2, and 1.3 eV? respectively. The yellow-
shaded region corresponds to the exclusion regions by Eq. (3.15).

Fig. 3.16. The yellow-shaded region corresponds to cosmologically excluded
regions mentioned in Eq. (3.15). The other horizontal and vertical lines are the
current experimental limits (KamLAND-Zen [Cyan]) and future sensitivity (KA-
TRIN [Pink], Project 8 [Black], nEXO [Magenta]) with their respective colours
mentioned in brackets. Blue, red, and green regions in the plots of Fig. 3.13-
3.16 correspond to Am? = 1.3, 0.01, 10~ eV? respectively. For each value of
Am?, the mixing angles and mass squared differences are varied within the 30
range mentioned in Tab. 1.2 and Tab. 3.2. The lightest neutrino mass and the
Majorana phases are varied over (107> : 1) eV and (0 : 77) respectively. The
nature of the plots can be understood from the plots of %, Mg, Mee presented
earlier. For instance, the left-most panel is the correlation plot in the mg — X
plane. From Fig. 3.6 and Fig. 3.8 it is seen that for SNO-NO and Am? = 1.3
eV?, T is in the range ~ (0.3 :3) eV while mg is in the range ~ (0.04: 1) eV.
This is reflected in the blue shaded regions in the figure (3.13). For the me,
plots (middle and the right panels) the widths are due to the Majorana phases
and correspond to the ranges obtained in Fig. 3.9. Similarly, for other mass
spectra, the nature of the plots can also be explained by looking at the figures.

Below, the correlations among the different observables is discussed:

1. SNO-NO
The correlation plots for SNO-NO are shown in Fig. 3.13.

* From the left panel, it is seen that the cosmological mass bound dis-
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Figure 3.14: Correlations of mg against and X(left) , m,, against X (middle) and m,,
against mg (right) for SNO-IO is plotted here. The green, blue, and red regions de-
scribe the values for Am? = 10"%eVZ, 0.01eVZ, and 1.3eV?, respectively. The yellow-
shaded region corresponds to the exclusion regions by Eq. (3.15).

favours a large parameter space for all three mass-squared differ-
ences. The allowed region from cosmology will not be sensitive to
KATRIN’s projected limit, but the proposed Project 8 experiment can

probe the parameter space for Am?2 = 1.3eV2.

From the middle panel, it is observed that some part of the parameter
space disfavoured by the cosmological bound is also disfavoured by
KamLAND-Zen. In the region allowed by cosmology, mg can be very
low. Therefore, KanmLAND-Zen can probe a very small part of it, and
the projected sensitivity nEXO experiment can only probe some parts

of these regions for all the mass-squared differences.

From the right panel, it can be noted that the proposed experiments
nEXO and Project-8 together can rule out almost the entire parameter
space for Am? = 1.3 eV? in the absence of any signal. However, in
the case of Am? = 0.01,10~% eV?, only parts of the parameter space

can be probed by the upcoming above-cited experiments.

2. SNO-IO
Fig. 3.14 shows the correlation plots for SNO-IO.

From the left panel, it is visible that Am? = 1.3eV? is ruled out by
stringent cosmological limit. But for Am? = 10~*eV? and 0.01 eV?
small parts of parameter space are allowed by cosmology and KA-

TRIN’s projected sensitivity. These allowed regions can be com-
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Figure 3.15: Correlations of mg against and X(left) , m,, against X (middle) and m,,
against mg (right) for SNO-IO is plotted here. The green, blue, and red regions de-
scribe the values for Am? = 10"%eVZ, 0.01eVZ, and 1.3eV?, respectively. The yellow-
shaded regions correspond to the exclusion regions by Eq. (3.15).

pletely probed in the proposed Project 8§ experiment.

¢ It can be noted from the middle panel that KemLAND-Zen and cos-
mology rule out a large part of the parameter space for all the mass-
squared differences. For Am2 = 0.01, 10~%eV?, the region allowed by
cosmology and KamLAND-Zen can be probed in future experiment
nEXO.

* From the right panel, it is observed that Project 8§ and nEXO exper-
iments together can probe the entire parameter space for Am? =
1074, 0.01 and 1.3eV>.

3. SIO-NO

In Fig. 3.15, correlations between the mass variables for the SIO-NO sce-

nario are plotted.

* The left and middle panels show that the cosmological 10-PCM
model disfavour the whole parameter space for Am2 = 0.01,1.3eV?,

however with the given cosmological limit only a part of Am2? =
104 eV? is preferred.

* From the left panel, it is visible that the current KATRIN bound
complementarily disfavour a common parameter space which is also
ruled out by 10-PCM model (e.g. Am? = 13eV?). It seems that
KATRIN future sensitivity can’t probe the regions allowed by the
10-PCM model. Only proposed Project 8 can probe a little allowed
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Figure 3.16: Correlations of mg against and X(left) , m,, against X (middle) and m,,
against mg (right) are plotted here. The green, blue, black, and red regions describe
SNO-NO, SNO-IO, SIO-NO & SIO-IO, respectively. The shaded regions correspond to
the exclusion regions of the respective x-axis labels.

regions for 1074 eV?2.

The middle panel depicts that the cosmology ruled out the favored
regions of KamLAND-Zen limit for Am? = 0.01eV?. Some parameter
space for Am? = 10~*eV? is still allowed by cosmology and as well
as by the nEXO reach.

It is to be noted from the right panel that the future experiments
nEXO and Project 8 can together probe the entirety of the parameter
space for Am? = 1.3, 0.01 eV?, and a fraction of the regions for Am?2 =
107* eV2.

4. SIO-IO

The correlations among the mass variables for the SIO-IO scenario are

plotted in Fig. 3.16.

From the left panel, we understand that the SIO-1O scenario is similar
to the SIO-NO scenario. The only difference is that Project 8 will be
able to probe the entire cosmologically allowed regions of Am? =
107 eV2,

The middle panel portrays similar observations to that of SIO-NO,
apart from the fact that now future experiment nEXO can cover al-

most the total parameter space for all Am? values considered by us.

From the right panel, it can be seen that the proposed experiments

Project 8 and nEXO can together cover the entire parameter space for
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all the values of Am?.

3.7 Summary and Discussion

The existence of an additional neutrino state with a mass-squared difference of
O( eV) has been suggested as an explanation to the anomalous results obtained
from short-baseline neutrino oscillation experiments such as LSND and Mini-
BooNE, as well as radiochemical experiments including GALLEX, SAGE, and
BEST. Furthermore, the discrepancy between the measurements reported by
the T2K and NOv A collaborations has been found to be alleviated through the
introduction of a sterile neutrino with a mass-squared difference of ~ 1072 eV2.
Additionally, the observed suppression of low-energy solar neutrino events be-
low 8 MeV has been interpreted as a possible signature of an ultralight sterile
neutrino. Consequently, sterile neutrinos spanning a broad range of mass-
squared differences (Am? = m3 — m?) have been extensively considered in

theoretical and phenomenological studies. The addition of a sterile neutrino

state leads to four distinct mass spectra, which are categorised based on the

2

2mm) and the sterile mass-

sign of the atmospheric mass-squared difference (Am
squared difference (Am?): (i) SNO-NO (Am? > 0, Am2,,, > 0), (ii) SNO-IO

atm

(Am?2 > 0, Am2,. < 0), (iii)) SIO-NO (Am? < 0, Am2_, > 0), and (iv) SIO-IO

atm atm

(Am? < 0, Am2,,, < 0), where NO (normal ordering) and IO (inverted order-
ing) refer to the sign of Am%l, while SNO (sterile normal ordering) and SIO
(sterile inverted ordering) denote the sign of Am?2,. The schematic representa-
tions of these mass spectra are provided in Fig. 3.3, Fig. 3.4, and Fig. 3.5. The
implications of these mass spectra are investigated in the context of cosmolog-
ical constraints on the sum of neutrino masses, as well as their signatures in
beta decay and (OvBf) experiments. Each mass spectra is examined for consis-
tency with existing experimental bounds and future sensitivities, thereby pro-
viding a comprehensive assessment of the viability of sterile neutrinos across
different mass scales. The interplay between oscillation data, cosmological

observations, and direct mass measurements is critically analysed to identify

allowed parameter regions and potential experimental signatures.
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e The SIO scenarios of Am2 = 1.3eV? are found to be in conflict with the

cosmological bound on the sum of neutrino masses. The specific cos-
mological bounds depend on the chosen data sets and the cosmological
models used for fitting. Here a cosmological model with 10 parameter
cosmological model (10-PCM) is considered which provides the limit on
the total mass of the light neutrino species as ~ < 0.16€V. It is observed
that SIO-NO and SIO-IO is completely ruled out by cosmology. Further-
more, these scenarios have been independently disfavoured by experi-
mental results from the KATRIN collaboration, which provides stringent
limits on the effective electron neutrino mass (m g < 0.8 eV), and from the
KamLAND-Zen experiment, which constrains the effective Majorana mass
parameter (11,.). It must be emphasised that the exclusion of SIO-NO and
SIO-IO for Am? = 1.3€V? is not solely based on cosmological arguments
but is additionally supported by the direct laboratory measurements. In
contrast, the SNO-NO and SNO-IO scenarios will remain phenomeno-
logically viable with current bounds from KATRIN and KamLAND-Zen
for myghiest < 0.1€V, but the proposed Project 8 experiment, with its pro-
jected sensitivity to mg < 0.04 €V, is expected to probe these remaining
parameter spaces, potentially either confirming their viability or ruling

them out through improved precision measurements.

It is often believed that sterile neutrinos with a mass-squared difference
smaller than 1.3 eV? can be allowed by cosmology. In this study, it turned
out that for Am? = 0.01eV?, SIO-NO and SIO-IO mass spectra are dis-
favoured from cosmology. It is also noted that projected sensitivity from
KATRIN experiments will not be able to probe the mass spectra, but SNO-
IO, SIO-NO, and SIO-IO scenarios can be probed completely with Project
8’s proposed sensitivity. In the case of neutrinoless double decay mea-
surements, KamLAND-Zen experiment ruled out most of the parameter
space of SIO-NO and SIO-IO scenario for Am? = 0.01eV?, and the next
generation experiment nEXO will be able to probe the parameter space
completely. Moreover, nEXO will also be able to probe the SNO-IO sce-

nario completely for Am?2 = 0.01 eV2.
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e It is seen from Fig. 3.6 that all mass spectra for Am2 = 10 %eV? i.e.
sterile neutrino with very small mass-squared difference is allowed up
to Mightest ~ O(0.01€V) from cosmology. In the case of direct mass
measurement, KATRIN’s projected limit can probe the mass spectra up
to Myghtest = 0.2V whereas Project 8 will be able to probe SNO-
IO, SIO-IO scenarios completely and SNO-NO, SIO-NO scenarios up to
Miightest ~ 0.04eV. We also find that neither KamLAND-Zen nor nEXO
can completely probe the mass spectra, but they rule out some parameter

space for SNO-IO, SIO-NO and SIO-IO scenarios.

In conclusion, in the presence of a light sterile state, mass-related observables
can provide constraints on the possible spectra and can disfavour some of these

depending on the mass of the sterile state.
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LeptoQuarks and Neutrinoless double beta
decay

41 Overview

In section 2.5, it is extensively described that a natural way to lower the NP
scale to the experimental reach is by invoking higher-dimensional operators
beyond the dimension five Weinberg operator. Similarly, for radiative neutrino
mass models [88, 190, 191], the tree-level Lagrangian does not generate the
operator 05, and non-zero neutrino mass is only induced at loop level, which

automatically comes with a loop suppression factor.

A prime example of such radiative neutrino mass generation with
dimension-7 operator with TeV-scale new physics involves leptoquarks [191],
which are theoretically well-motivated BSM particles that emerge naturally
in extensions of the SM such as technicolor and composite models [192] or
models that unify quarks and leptons [193, 194]; see Ref. [195] for a review
on leptoquarks. Here, we consider one such model with two scalar lepto-
quarks S1(3,1,1/3) and §2(3, 2,1/6) [92, 93], where the charges are given un-
der the SM gauge group SU(3). ® SU(2); ® U(1)y. This model is known to
generate neutrino mass at one-loop level via a dimension-7 operator of the
type (’);2) = H(LQ)(Ld®)'. The leptoquarks with lepton number violating

(LNV) and lepton flavour violating (LFV) interactions also contribute to a va-

1The same one-loop mechanism is also realised in R-parity violating supersymmetric models [196],
where the S%/ % and E; 1/3 components are identified as the down-type squarks d* and d, respectively.

97
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riety of low-energy rare processes, namely the LNV process like Ovpp [197],
LFV processes [198-200] like p — ey, u — e conversion in nuclei as well as
¢ — '¢q decay, and semileptonic K and B-meson decays [201-208]. In fact, the
recent hints of lepton flavour universality violation (LFUV) in charged-current
semileptonic B-meson decays, defined by the ratio of branching ratios (BRs),
Ry = Eﬁg:—m with ¢ = e, u, by BaBar [44], LHCb [47], Belle [45] and
Belle-II [46], and the muon (g — 2) anomaly [33, 34, 209], have led to a del-
uge of papers invoking the S; leptoquark as a possible explanation of both
anomalies [210-215] (see Ref. [216] for a recent review). Note that another
combination of scalar LQs such as S3(3,3,1/3) and R(3,2,1/6) leptoquarks
also works for neutrino mass generation [95] and gives additional contribu-

tion to Ovpp [197]; however S3 cannot explain the Rj,.) anomaly [217], and

therefore, we choose to work with the (S, Ry) combination.

In this chapter, we perform a detailed study of the OvBB predictions in
presence of the scalar leptoquarks S; and R,. Going beyond earlier works on
the study of OvBp in leptoquark models [197, 218-223], we analyse the inter-
play of OvBp with neutrino mass and flavour observables, including the Rp.)
and (g — 2) anomalies. For OvBB, we include two types of long-range con-
tributions via light-neutrino exchange mechanism. One is mediated via two
standard model V — A vertices, the other via one standard model and one
leptoquark vertex. There can be either constructive or destructive interfer-
ence between these contributions, depending on the signs of the leptoquark
Yukawa couplings involved. This leads to interesting correlations between
the OvBpB and other low-energy flavour observables, which we study in de-
tail for the first time. In particular, we impose the latest LHC constraints on
the leptoquark masses, as well as the low-energy LFV and LFUV constraints
on their Yukawa couplings, including the recently updated R.) results from
LHCb [224, 225] and Bt — K'v¥ results from Belle-II [50]. We then perform
a multi-dimensional scan over all the relevant leptoquark couplings and find
some non-trivial (anti)correlations between them. We identify the parameter
space that could simultaneously address the R, anomaly [44-47], as well

as the electron [42, 43] and muon [34] (g — 2) anomalies, while satisfying all



Section 4.1: Overview 99

other flavour constraints. It turns out that the y — e conversion in nuclei is
the most constraining flavour observable in the parameter space of our inter-
est. However, it still allows the leptoquark contribution to the OvB process to
dominate over the canonical light neutrino contribution, for both normal and
inverted orderings for some values of the parameter space. We find that for
our chosen benchmark scenario, the current KamLAND-Zen limit already ex-
cludes leptoquark masses below 3.3 TeV and 6.6 TeV for normal ordering (NO)
and inverted ordering (IO), respectively when the lightest neutrino have zero
mass. The future OvBB experiments like nEXO can probe leptoquark masses

up to O(10) TeV, beyond the reach of HL-LHC.

It should be mentioned here that earlier attempts were made to simulta-
neously explain the neutral-current B-decay anomalies, most notably the R,
anomaly, along with the R.) and muon (¢ — 2) anomalies within the lepto-
quark model under consideration (or its extensions) [211-213, 226, 227]; how-
ever, since the Ry, anomaly has now disappeared [224, 225], it gives an ad-
ditional constraint on the leptoquark couplings, as it can be seen later. In the
same vein, in this chapter, a hypothetical situation is considered where the cur-
rent R,(.) anomaly disappears, and analysed its implications for the allowed

model parameter space.

The chapter is organised as follows: In Section 4.2 we briefly describe the
leptoquark model under consideration. Section 4.3 discusses how neutrino
mass is generated at one-loop level in this model. In section 4.4, we present
the OvBp analysis in this model. In section 4.5, we discuss the leptoquark
contributions to various flavour observables, including charge lepton flavour
violating (cLFV) decays, lepton (g — 2), neutrino electric and magnetic dipole
moment and semileptonic B and K-meson decays. Section 4.6 presents our
numerical analysis and results. In section 4.7, we conclude with a summary

and outlook.



100 Chapter 4: LeptoQuarks and Neutrinoless double beta decay
4.2 The LeptoQuark Model

The considered leptoquark model consists of the SM particle content aug-
mented with two scalar leptoquarks

§+2/3

$1(3,1,1/3) = S13,  Ry(3,2,1/6) = §21/3 , (4.1)
2

where the leptoquark states are also expanded into its components of SU(2)y
group, with the superscripts denoting the electric charges. The corresponding

Yukawa interaction terms are given by the Lagrangian

—,CLQ D YlLG(Ljegle + YlRﬁ%eRSl + YZHREZTGKL + h.c.
_ e _ = = o~
= YlL u% er S1 — YlL d; v S1+ YlR MIC{ er S1+ Yo dg R%/?, er, — Yo dgR RZ 1/3 v + h.c.

(4.2)

Here the flavour indices are suppressed and YlL’R and Y, are in general 3 x 3
complex matrices describing the Yukawa interactions of the leptoquarks S; and

Ry, respectively.

The scalar potential involving the leptoquarks is given by

Vig = misisy +m3RIR, + i (H'H) (S181) + a2 (H'H) (RiR,)
o (H%) (ﬁgH) n (KHJrﬁzsl +h.c.>, (4.3)

where w1, &y and ) are real dimensionless couplings describing the strength of
quartic scalar interactions between the leptoquarks and the SM Higgs doublet.
In Eq. (4.3) the trilinear coupling « is in general complex with mass dimension
one and plays a crucial role in the phenomenology of this model. It results
in the mixing between the singlet (S%/ %) and the electromagnetic charge 1/3
component of the doublet (ﬁé/ %) leptoquark after the electroweak symmetry

breaking.

Note that in Eq. (4.2) and Eq. (4.3) terms that preserve baryon number,



Section 4.2: The LeptoQuark Model 101

is considered as the baryon number violating terms lead to the presence of
the diquark coupling terms with S;, as well as the quartic term of the form
S%ﬁ;H . The presence of such terms can lead to fast proton decay [228], which
provide a stringent limit on the leptoquark masses, mpq 2> 101° GeV and there
is no way to test these models in collider experiments and other low energy
observables. In this work, Baryon number conservation is assumed to get rid of
these baryon number violating terms. To conserve baryon number throughout
the framework, Baryon number B = —1/3 is assigned to S; and B = +1/3 to
R, which ensures the absence of the B-violating terms in the Lagrangian at the

renormalizable level.

In leptoquark models, a generalised fermion number can be defined as
F = 3B + L, where B and L denote the baryon and lepton numbers, respec-
tively [195]. This quantity is conserved in addition to the conservation of
baryon number. Within the SM framework, L = 1,B = 0 is assigned to all
SM leptons, while quarks are characterised by L = 0,B = 1/3. The conser-
vation of F provides a useful symmetry for classifying allowed interactions
in leptoquark scenarios [195]. In this singlet (S1) - doublet (Ry) leptoquark
scenario, it is easy to notice from Eq. (4.2) that S; carries L = —1,B = —1/3,
while R, carries L = —1,B = 1/3 and for the SM Higgs doublet, B = L = 0.
Therefore, for S; the F number is —2 while for R, it is 0. Note that in Eq. (4.2)
the simultaneous presence of the Yukawa couplings Y} and Y;, in association
with the trilinear scalar coupling x in Eq. (4.3), violates lepton number in the
model? which serves an explanation to two of the puzzles in the SM i.e. the

generation of the neutrino mass and its fundamental nature.

The mass matrix involving S; and ﬁ;l/ 3is given by
2 1
m —=K0U
2 _ 51 V2
Mips = . X , 4.4)
ZkU M
2 _ 2 1,92 2 2 1 1Y 2 : _
where mg = mj+ ;a10° and my = my o+ 5 (@ +aj)v”, with v =

2Under the assumption that the scalar sector only comprises the SM Higgs and scalar leptoquarks,
this is one of the only two possibilities to break lepton number in the scalar sector [229, 230], the other
one being the combination of Ry(3,2,1/6) and S3(3,3,1/3).
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(vV2Gp) ™12 ~ 246 GeV, Gr being the Fermi constant. The 2 x 2 matrix (4.4)
can be diagonalised by a 2 x 2 rotational matrix parameterised by one mixing

angle (61q). It can be shown that

V2k v

tan20q = — 5 - (4.5)
The physical mass eigenstates are
X}/?’ = Cos OLQS%/?’ — sin GLQﬁzl/s’,
X}? = sinfqS;’® + cos b oR; 3, (4.6)
and the corresponding mass eigenvalues are
2 2 2 2 2 \? 202
my x, = 5 mg, +mﬁ2 F (msl — mﬁz> + 2x°v~| . 4.7)

As for the charge 2/3 component of the R, leptoquark, its mass is simply given

by

1
mzﬁg/g, = m5+ Ecxzvz . (4.8)
The current LHC constraints on the leptoquark masses are of order O(1 TeV)?,
depending on the Yukawa couplings [231-240]. This requires to go to the de-
coupling limit with my, my > v. In this case, all three physical mass eigenstates

X1, ﬁg/ 3 are quasi-degenerate.

4.3 Neutrino Mass Generation

With a single leptoquark it is not possible to generate Majorana mass for light
neutrinos. Therefore, two scalar leptoquarks are needed in this model, which

will run in the loop for radiative neutrino mass generation. The singlet-doublet

3For the scalar leptoquark scenario, the ATLAS collaboration has set stringent lower limits on the LQ
mass by analysing the decay channel to a T lepton and a b quark. They have excluded masses below
1.28 (1.53) TeV for a Yukawa coupling of 1.0 (2.5) [231].
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Figure 4.1: Radiatve Majorana mass generation for active neutrinos via the mixing of
singlet-doublet scalar leptoquarks.

leptoquark mixing, parameterised by 6; g in Eq. (4.5), which depends on the
trilinear coupling «, is crucial for this purpose, as noted earlier [229, 230]; see
Fig. 4.1. In this singlet-doublet scenario, ﬁé/ 3 and S%/ 3 together can generate

one-loop Majorana mass for active neutrinos, given by [92, 93]

3sin26; 0 (mé) <~T I o
M, = In L YE Mo+ Y, MuYE ). (4.9)
32772 m%(Z

2~ 2

For large values of leptoquark masses i.e mg ~ m R, m%Q Eq. (4.9) can be

approximated as

K m 1TeV L
m, = 001eV <W) (m—") <m—> (%) (4.10)
Q/ \my L0

where yt and v, are typical values of the elements of ii (or YL) and Y3, re-
spectively. Here Yf = Vekwm - YlL (Vekm being the CKM quark mixing matrix)
as the up-type quarks are considered in their mass basis and M, is the di-
agonal mass matrix for down-type quarks. The diagonal mass matrix /\/lf,hag
(with eigenvalues m,,, where i = 1,2, 3) can be obtained for light neutrinos by
diagonalizing M, with the usual PMNS mixing matrix Upyns which is pa-
rameterised by three mixing angles 65, 613, 623 and three phases i.e., one Dirac

phase (6cp) and two Majorana phases («, ).
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4.4 Leptoquark contribution to 0vppS

With Majorana neutrinos, as discussed earlier, OvBB can occur in this model,
mediated by long-range W;, — W;, contribution to OvBp, as shown in Fig. 2.12.
In the presence of S; and R leptoquarks, new long-range mechanisms con-
tribute to the OvBB mediated by Wi, — S; exchange, as shown in Figs. 4.2(a) and
(b), as well as from the mixing between S%/ 3 and ﬁ;/ 3, as shown in Figs. 4.2(c)
and (d) [197]. These new contributions are referred to as non-standard contri-
butions. Diagram (a) is purely dependent on Y while diagram (c) arises from
the combination of both YlL and Y couplings, whereas (b) and (d) arise from

the combination of Y}, YR and YR, Y> couplings, respectively [cf. Eq. (4.2)].

The most general LEFT Lagrangian for long-range mechanisms can be writ-

ten as [241-243][for details, see Appendix. B],

~La > CE[ib alv-ap+ Debjplthe.] @11)
w,B
where the leptonic and hadronic currents in the second term are defined as
jp = EOﬁvec and J, = u0O,d. The Greek indices B canbe V+ A, S+ P, T + T5,
and « canbe VF A, SF P, T F T5s where V,A,S,P, T, T5 correspond to vec-
tor, axial-vector, scalar, pseudo-scalar, tensor, and axial-tensor respectively. In
Eq. (4.11), the standard canonical long range mechanism (first term) is sepa-
p

rated from the non-standard contributions, with the €, being the correspond-

ing Wilson coefficients of the non-standard operators.

For the standard W — W, mediation channel, the leptonic and hadronic
currents are both connected via the SM gauge boson W;, and two electrons of
the same helicity (erer) are emitted, as shown in Fig. 2.12. In case of standard

OvpBp mechanism, the half-life of the decay is written as [cf. Eq. (B.28)]

-1 2 std |2
0 4 3|2 |m
<T172>Std = 8aGo1 (MS) :neg , (4.12)

where g4 = 1.27 is the axial coupling, Gy; is the phase space integral and

M1(/3) is the NME for the standard light neutrino exchange mechanism, m,
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ur, UR

dr, S dr, S1
—_—_— — - —_— = —
v v
er, €R
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Wi Wy
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Figure 4.2: Feynman diagrams for different contributions to the OvB process in the
leptoquark model. The top panel shows the purely S;-mediated diagrams. The bot-
tom panel shows the diagrams mediated by S; — R, mixing. Diagram (a) is purely
dependent on Y} while diagram (c) arises from the combination of both Y and Y,
couplings, whereas (b) and (d) arise from the combination of YE, YlR and YlR, Y, cou-
plings, respectively.

is mass of electron and m3{d = |y UZm,,| represents the effective Majorana

mass parameter for the canonical case. In the leptoquark-mediated channels,
depending on whether the Y} or YR couplings are involved, either ere, or epeg
can be emitted in the final state, as shown in Fig. 4.2 (a-d). It is also seen
from these figures that the amplitude of these diagrams are O(€), as one of
the standard operators in Fig. 2.12 is replaced by the NP operator mediated
by leptoquarks. The NP operators and the corresponding Wilson coefficients
for Ovppare identified below. They are matched directly to the LEFT scale
(4 = pew) i.e. after integrating out the W boson and the massive leptoquark

(X1, X») states.

LNV is introduced by the majorana mass of the neutrinos (shown by the
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mass insertion in the middle) in Fig. 2.12 and in diagrams (a)-(b) of Fig. 4.2.
Whereas, in diagrams (c)-(d) LNV is introduced through the S; — R, mixing
(shown as a cross in the middle of the leptoquark line). It can be seen from the
middle panel of Fig. 4.2 that the amplitudes for diagrams (a) and (b) are pro-
portional to the small neutrino mass and inversely proportional to the lepto-
quark mass squared, which gives an extra suppression relative to the standard
mechanism. Hence, the contribution of these diagrams to OvBB can be simply
ignored. On the other hand, diagrams (c) and (d), being dependent on the
neutrino momentum, give important contribution to Ovpg which, depending
on the leptoquark masses and couplings, can be dominant over the standard

canonical contribution [197].

The NP operator that contributes to the upper half of diagram (c) in Fig. 4.2

is given by,

0 — (%) €38 (uPed) (2Pl ) + el 5 (w0 Ppra) (ecuPrrf) |,
(4.13)

where the dimensionless parameters egig and e?i% at the LEFT scale are

given by
S4p cosbrgsinbrg . . L* 1 1
€ = Y Y —— — |, 4.14
S+P V2Gr (Y2)11 ( 1 )11 w i, (4.14)
T+T: 1
eTiT, = —7€3ip (4.15)

corresponding to the S + P and T + T5 contributions, respectively.
Eq. (4.14) can be recast using Eq. (4.7) in the mg, = m R, = MLQ limit,
3

S+P KO L*
€sip = il - (Y2)1 (Y1 )
LQ

L (4.16)

Similarly, the effective NP operator that generates diagram (d) in Fig. 4.2 is
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given by

G S
o _ (7[%) ey 4 (yaPrd) (e'y PRVEC) , (4.17)

where the V 4 A term is given by

V4+A CcOs GLQ sin QLQ % R\ * 1 1
€ = — (Y5) Y — — — |, (4.18)
V+A V2Gr 2/11 < 1 )11 my, My,

which can also be recast into a form similar to Eq. (4.16).

After identifying the relevant LEFT operators and their Wilson coefficients,
the half-life of the OvpBp decaying nucleus can be calculated using the master
formula outlined in [244][see Eq. (B.26)],

(10) = g4 G A (G, @19
Ota k

where G denote the atomic phase space factors and Ay ({C;}) are the sub-
amplitudes which depend on the NMEs, low-energy constants (LECs) and
the Wilson coefficients of the relevant operators; see Appendix B for details.
Here, we have used vDoBe [222], a python package to calculate the half-life for
136X e, with the NMEs from the IBM2 model [245]. The running of the Wilson
coefficients (especially egig and e?i% ) from p = pew to 4 = 2 GeV is taken
care of by the vDoBe package. Note that in vDoBe, the decay-rate formula is
expressed in terms of the Wilson coefficients at the chiral symmetry-breaking

scale u ~ 2 GeV, following Ref. [244]. From Eq. (4.19), the effective Majorana

mass can be extracted in a form silimar to Eq. (4.12), i.e.

‘ 7,neff

(Tf72>;);1 = ¢4Gn ‘M (4.20)

2
mz

eff

where mg mStd 4 gy 12 The advantage of writing it this way is that when the

leptoquark contribution becomes sub-dominant i.e., med << msd, the canoni-

eff ~

mstd)

cal result (m&! is recovered. In other words, the deviation of m¢f from
mStd gives a measure of the leptoquark contribution, including interference

with the SM contribution. The lower limit on the half-life of 13¢Xe from the
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KamLAND-Zen experiment translates to an upper bound on m,, < (28 —122)
meV at 90% CL [116]. The uncertainty band in m,, is taking into account dif-
ferent NME calculations. The next-generation ton-scale experiment nEXO will
reach a sensitivity of Tf‘/’Z > 1.35 x 10?8 yrs at 90% CL with 10 years of data
taking [122]. This translates into an upper limit on m,, < (4.7 —20.7) meV. The
LEGEND-1000 experiment using 7°Ge isotope will reach a similar design sen-
sitivity of T101//2 > 1.6 x 10?8 yrs at 90% CL [120], which translates into an upper
limit on me < (9 —21) meV. These information are used for the numerical

analysis.

4.5 Leptoquark and Flavour Observables

This section presents the relevant low-energy observables for LFV and LFUYV,
which constrain the parameter space of the leptoquark models. There are ad-
ditional constraints, such as those from perturbative unitarity [246] and elec-
troweak T-parameter [247], which however are negligible for the choice of
small trilinear coupling x (assumed in the chapter), and hence, are not shown

here.

4.51 Charged Lepton Sector

In this section, cLFV processes namely, 4 — e conversion in nuclei, charged
lepton decays like ¢, — Eﬁ')/, by — 6567&5, and lepton anomalous magnetic

moments (a;) is considered to constrain the model parameter space.

u — e Conversion in Nuclei

In this model, leptoquark can mediate 4 — e conversion inside nuclei, i.e.
uN — eN. As the nucleons (proton and neutron) made with quarks, at a
fundamental level left diagram of Fig. 4.3 denote the u — ¢ transition inside

a nucleus where ¢, = p and fg = e. As this process occurs at tree level, it
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Figure 4.3: Feynman diagrams contributing to (top panel)  — e conversion in nuclei
and (middle and lower panel) ¢, — {gy process. The diagrams contributing to £, —
{g 7y processes also contribute to (g —2), when & = B.

provides one of the most stringent constraints among the flavour observables
on the Yukawa couplings involving first and second generation leptons. The
conversion ratio is denoted as

N (p— e

p—e N
1ﬂcap’rure

Rl , (4.21)

where N denotes a particular nucleus and T'Y implies the muon capture

capture

rate of that nucleus. The low energy effective Lagrangian describing y N —

e N can be written as [248]

Lo D —V2Gr ), Y, [C?/XY(E’Y”PXV) (Fp Prq) +C& (€Pxp) (7Prq)

g=u,d,s X,Y=L,R

+ C%XY (€™ Px p) (qo']w PYQ) } + h.c.

Here, the operators with the gluon field strength tensor are neglected because

they are suppressed in this model [249]. The relevant Wilson coefficients in
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this framework are given by

2 2 .2
W V(L \* [cosbq sin“ g
Vi ™ 2 <Y1)12 <Y1)11 ( m3, * my, )’ (423)
2 (Y- Y>):
C(lifua _ _U_( 2)122( 2)11’ (4.24)
2 mﬁ§/3
P s <YR) (YR> + [ cos? 010 . sin® 0 o (4.25)
Ver T \UTL ) p \T g mi, m, ’ '
2 2 )
UL rR\* [cosOq sin“Og
Cou = 73 <Y1 >12 <Y1 >11 ( m3 * m3, ) ’ (4.26)
2 2 .2
W _UT(UR L\* [cos“Og  sin“fOig
Come = 77 <Y1 )12 (Yl )11 ( m3 * my, ) ’ (4.27)
1 1
CyFLL - _ZCgLL ’ LT[RR - _chRR' (4.28)

For the coherent conversion process in which the initial and final nucleus are
the same, the tensor contribution vanishes and the total conversion ratio can

be written as [248]
Ggm;,
ré\z{lpture

2
Rl |CE, SP 4+ ClLS" +Ch VP +Cl V' [T+ L+, R

(4.29)

where the SP, §", VP and V" are called the overlap integrals whose values

N
capture

along with I' are given in Tab. (4.1) for two nuclei. The coefficients of the

overlap integrals are defined as :

1
P _ }: q.p q
q=u,
1
— qn q
Ct = };dGS 5C, (4.31)
q=u,
1
ch, = [C‘”/LL—FECVLR}, (4.32)
L= F% +Cf, ] (4.33)
2 LL LR

and similarly for L — R. The coefficients of the scalar operators are

Ge? = G = 51 and G¥" = Gg’p = 4.3. Currently, the most stringent
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Table 4.1: Muon capture rates [252] and overlap integral values [248] relevant for
# — e conversion in 1/ Au and 75 Al.

N [ TN e MeV) [ 57 s VP v
I7Au | 87x 105 | 0.05023 | 0.0610 | 0.08059 | 0.108
Al | 46x107 | 0.0153 | 0.0163 | 0.0159 | 0.0169

limit on # — e conversion comes from the SINDRUM experiment using o’ Au

‘;‘:e < 7.0 x 10713 [98], whereas in the future, the Mu2e experi-

ment at Fermilab [250] and COMET experiment at J-PARC [251] are expected

nucleus: R|

to improve the experimental sensitivity down to 10717 level using ;AL

f,x — 6‘3’)/

As mentioned in Section 4.2, the interaction of the leptoquarks can be char-
acterised by the generalised fermion number F = 3B + L. In this model,
two leptoquarks with two different generalised fermion numbers, i.e. Fs, =
—2, Fg, = 0is present. The interaction of these leptoquarks with the charged

lepton can be written as [253]
F|=2 —C (vL 1/3 | —C (VR 1/3
P2 5 (Y1>l_]_ Pre; 17+l (] )i]_ PreiSY/% +he, (434)
—LIF=0 5 d;(Yy);; Pej RS +hee. (4.35)

Using the interaction Lagrangian, it is easy to construct an effective Lagrangian

describing the £, — {4 as
—Legg = %@icﬂ”’ Fuw (Ufﬁ P+ 0% Py ) by +hec (4.36)

In the considered model the diagrams contributing to this process are given in

the right panel of Fig. 4.3.

The ¢, — {7y partial decay rate is given by

3 m3\° 2 2
T (o — Lpgy) = “e“;m”‘ (1 — m—’;) < o+ |of
o

) . 437)
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p and aﬁﬁ

2 . . 14
Here aemy = g is the fine structure constant, and the o} can be

expressed in the leptoquark mass basis (X}/ 3, X%/ 3) as

afl = tNe cos” GLQ Z {< )qa( R);ﬁ mg G(xq,) + ma <Y1R>;ﬁ<Y1R>qa ]:(xlh)]r

1622
lem mX q=u,c,t

(4.38)

oo = Nesihio g (), () G+ (V) () PG,

2
lé6m mX g=mc,t

(4.39)

o = Mooy () (oE), G e () (), )]

2
lem mX q=u,c,t

(4.40)

oo _ INesi®Oig {( ), (), ma Gl +me () (V) qu)].

2
167t sz =t

Here x,;, = m%/ m%(i, N; = 3 is the number of colours, and the loop functions

F(x) and G(x) are given as,

F(x) = Qsfs(x) = fr(x),  G(x) =Qsgs(x) —gr(x),  (442)

where Qs is the electromagnetic charge for the scalar leptoquark and

fs(x) = 4(9{4:31C)2+2é1_n§)3, (443)
fr(x) = x122(—x51c1—)32+2(§1i1;c)4, (4.44)
gs(x) = xil—(xlfﬁ)z, (4.45)
gr(x) = =34 Inx (4.46)

2(x—1)2  (x—1)3

For x <1, these loop functions can be approximated as

fo(x) =~ 41; fp(x)g%, g5(x) = —In(x), gr(x) =~ —In(x). (447)

S —=
o)l
I
(a)

Note that for leptoquark R%/% with Qg = 2/3, we have F(x) ~ 2 x
and G (x) = % In(x).

(4.41)
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For all cLFV processes ¢, — Elg'y, the mass of 6/3 can be neglected with
respect to the mass of ¢, and the total ¢ (for a given af combination) can be

written as

X X X X
o = o0;'+o077 OoR = 0x' + 037 (4.48)

The cLFV decay branching ratios (BRs) can be written as

3 2
BR (y — Lgy) = fem My ( az‘ﬁ + aﬁﬁ

4T,

2) . (4.49)

Here T, is the total decay width for lepton flavour «, which is 2.996 x
10~ GeV for u and 2.267 x 10712 GeV for 7.

These theoretical predictions for the LFV BRs are to be compared with the

current experimental upper limits:

BR(p — ey) <31x1071%  MEG-II [99)],
BR(T— u7y) <42x10°%  Belle [254],
BR (T — ey) <33x1078 BaBar [255] .

Belle-II is expected to improve the tau LFV limits by a factor of few [256].

Lepton ¢ —2

The same one-loop diagrams that contribute to £, — {47 also give rise to the
anomalous magnetic moment of ¢, for « = B. The leptoquark contribution can

thus be written as

where
iN.m, [ cos®@ sin? @ %
ol = 16C la ( . Q | k LQ) y {Re [(Yf) (Y1R> ] my G(x4)
7T mxl mX2 q=u,c,t qu qu

o),

2
)]
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Penguin Diagrams

Figure 4.4: Penguin (top panel) and box (bottom panel) feynman diagrams contribut-
ing to I, — lglyls decays.

(4.51)
" i Nemy coszeLQ sin? 9LQ> { { O\ * R
1672 ( mggl m%@ q:;,c,t ( )qa( >qa 1 1
2 2
o (), #|0), ) 70
(4.52)

For muon (¢ —2), as mentioned in section. 1.2.2, using the BMW’s lat-
tice result, the anomalous magnetic moment deviation is quoted as Aa, =
(1.07 4+ 0.70) x 10~ [38] and for electron magnetic moment, Aa,(Rb) = (4.4 &
3.0) x 10713 [42] and Aa,(Cs) = (—8.8 +-3.6) x 10713 [43] is used.

ga — Kﬁf,,&;

The four-lepton LFV amplitude is mediated by penguin and box diagrams
involving leptoquarks and quarks. The figures are shown in Fig. 4.4. The
amplitude typically scales as 2/ m%Q for the penguin diagrams and as y*/ m%Q

for the box diagrams, where y is the relevant leptoquark coupling. As the
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Yukawa couplings involved in this processes are small due to the constraints
from cLFV processes, the bounds coming from the box diagrams turn out to
be subdominant to those from the penguins. However, typically the photon
penguin contribution to ¢y, — £gl{s is dominant over the Z penguins. Now,
as the leptoquark couples to both left and the right chiral fermions, the dipole
contributions are dominant for £, — {gf,{s. The branching ratio of £, — 3/
decay is found as [257, 258]

BR(f—30)  tem lln (m_> . E] . 53)

BR (bx — £57) 37

This is to be compared with the current limis:

BR(yx — 3¢) <1.0x 10712 SINDRUM [100],
BR(T — 3u) <21x107%  Belle [259],
BR(T — 3¢) <27 x 1078 Belle [259] .

We find that the corresponding limits in the leptoquarks are weaker than those
from p — e conversion in nuclei. Therefore, we do not further discuss the

results for £, — 3 {4 type processes here.

4.5.2 Neutrino electric and magnetic dipole moments

In this leptoquark model, neutrinos can interact with the photon at 1-loop
(by just attaching a photon line to Fig. 4.1) which generates magnetic dipole
moment (MDM) and electric dipole moment (EDM) for the neutrinos [102,
260-262]. The most general electromagnetic vertex function can be written

as [101, 102]

. 1
o = dely" {H(8) + B ) s o+ 5o an {BY (60 + B () 15

" {B @)+ F @) vs f+ B (7) 159" 9] (454)

where g is the momentum of the outgoing photon, F. v FlA, FZV , FZA are the elec-

tric charge, anapole, magnetic dipole and electric dipole form factors, respec-
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tively. The MDM and EDM of the neutrino are then given as,

(4.55)

If the neutrinos are majorana, the dipole moments are anti-symmetric
which means only the transition elements i.e off-diagonal elements are non-

vanishing.

Stringent limits on the neutrino MDM come from the brightness measure-
ment of the tip of the red giant branch in w-Centauri globular cluster using
Gaia DR2 data. Ref. [103] quotes this limit as p, < 1.2 X 10712 1p, where
HB = 7, is the Bohr magneton. As far as the neutrino EDM is concerned, no
experimental limit exists yet, but several theoretical and indirect bounds have
been obtained. The most stringent limit on electron and muon neutrino EDM is
quoted as dve,vy < 10~ 21e-cm [104] whereas, for the tau neutrino, dy, < 10 17e-

cm [105].

In this doublet-triplet leptoquark model, there are two 1-loop diagrams,
similar to Fig. 4.1, that contribute to MDM and EDM, depending on whether
the photon radiates off either from the scalar leptoquark with charge 1/3 or
from the down-type quark. If the photon is emitted from the leptoquark, the

amplitude can be written as

M — ie/ (d4k [i(q2) Pr (k+mdm) Pru(q1) (91 +5)]

4
20 () (b -3) (2 13)
YE)  (Ya),s Ui U 4,
XO‘%WZ( 1>ma (Y2) g Uja Uip, (4.56)
where i, j denote the initial and final neutrino state, k is the loop momentum,
q1, 2 are the momenta of external neutrinos, m, denotes the mass of down-
type quark with flavour m, and («, B) run over the flavours of neutrinos, i.e.

{e, u, T}. Similarly, the amplitude of the diagram where the photon is emitted
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from the down-quark leg can be written as

/ [@(q2) P (g5 — ¥ +mg )y (gh — K +mg) Pru(q)]
) e ()
; ( ) (¥2) s Uje Ui (4.57)

Note that the electromagnetic charge of 1/3 is canceled by the colour factor of
3 in both Egs. (4.56) and (4.57).

From the total amplitude, M = M, + M, , the dominant contribution to
the MDM can be identified as

Z <?1L> 3 (Y2)3ﬁ

p
(s, - U u)|, @59

oo MM G 2610) Lixg) | —— — —— | T
Ho 30 772 811’1( LQ) (b) mg(l miz m

where, x;, = m%/ m%Q. Note that as MDM depends on the mass of the down-
type quark, the dominant contribution comes from the bottom quark. The

loop function L(x) is defined as

log x 1
(1—x)2 " (I-x)

L(x) = (4.59)

Similarly, the dominant contribution to the EDM can be identified as

iji oMy sin(ZGLQ) 1 B 1 VL CITE _1T* 7T,
N T e A E(%M% (Ui Uy — U U

(4.60)

Assuming the Yukawa coupling to be O(1), both MDM and EDM can be ex-

pressed in terms of neutrino masses, as follows:

i TeV \ > i
I~ 5x107% o dl
v % MB <0.01 eV) mq) 1

m TeV \ 2
~ 2 x 107 e- > :
© AT e <0.01 eV) (mLQ)

(4.61)

This implies that for TeV-scale LQs, both MDM and EDM of neutrinos are far
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below the current experimental limits.

Note that there are no leptoquark contributions to the electron, proton, or
neutron EDM in this model, if Yukawa couplings are assumed to be real [263,
264].

4.5.3 Rare Meson Decays

In this section, the leptoquark contributions to the (semi)leptonic rare decays
of B and K mesons is discussed. Here, the neutral-current B decays involving
b — st~ and charged-current B decays involving b — c/7, in particular the

LFUV observables can be parameterised in terms of the ratios of BRs,

_BR(B ) ,
R = the=epu, 4.62
BR(B+ — KW w)
Ry = BR(BT — K+ete™)’ (4.69)
0 *0,,+.,,—
Re. = BR(B" = K™pp7) (4.64)

BR(BY — K*ete—)’

which are theoretically clean observables with strongly suppressed hadronic
and CKM-angle uncertainties. Other rare decays such as B — Kvv, KT —

+

ntvv, and the rare kaon decays K; — u*eT and Kt — mtu*eT are also

considered in this section.

RK and RK*

The relevant effective Hamiltonian for the process can be written as

4GF b
Hett = /\S[Z ci 0¥ + ¢l 0¥ ] (4.65)
) V2 X=9,10 ( )
where Ags = Vip Vis » Cx() is the Wilson coefficients corresponding to the

operator Oy, defined as

_ ‘Xem s M1 v
Oy = T2 (s9"Pb) (mye) ,
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_ ‘Xem — ’4 )
O = in (sy"PLb) (Mwsf),

a —
Oy = 2 (37"Prb) (zyyz),
o _ _
O = 2 (E7"Prb) (m s E) . (4.66)

At tree level, Oy operators can be generated by the mediation of Rg/ % and
Ox operators are generated at 1-loop from the EW penguin and box diagrams
where S; leptoquark is circulating inside the loop [265]. When Y} Yukawa
couplings are O(1), Y, needs to be very small to generate a small neutrino
mass for TeV scale LQ mass. In this case, the EW penguin and box contribu-
tions are greater than the tree-level contribution. At the tree-level, the Wilson
coefficients are

vt (Ya)g (Y3)y
Xem Vip Vi 2 m%

5Cy, = —6Cy = (4.67)

2

For the penguin and box diagrams, the NP Wilson coefficients are given by

2 -2

penguin (4 CcoSs 9 sin“ 0
OCou 16 Abs < ) > 3i ( + m2 ) ’

ti=1,3 X X,

(4
G = 64memA?5121; = (09),, (1), (’(Y%)”’Z”(Yﬁﬂ)v

cos?@ sin’6
X ( m%g + m§<2 ) ’
i = e o 5 (), (), (Job - o)

64 7T tem t =13 j=u,ct
y c0526+sin29
2 2 ’
mxl mXZ

The LHCb experiment recently presented new measurements of the Ry ., ratios

(4.68)

which turned out to be compatible with the SM [224, 225]. From a recent global
analysis using all available b — s¢™¢~ data [266], it was found that the primed

operators Og and O (with right chiral quark currents) are loosely constrained
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: 2/3 : 1/3
: LQ : LQ

Figure 4.5: Feynman Diagrams contributing to (left) d; — di{,{g transition which
contribute to B — K¢/, K; — pe and K — e processes, (right) d; — u;l,vg which is
responsible for B — D{v process.

with the best-fit values

6Cy = —1.18+£0.19  6Cyp = 0.23+0.20
6Cy = 006+£031  6Cyy = —0.05+0.19 (4.69)

Therefore, Ry(.) does not impose any stringent constraint on the considered

doublet-triplet leptoquark model parameter space.

RD and RD*

Both S; and R; leptoquarks contribute to Rp+). The effective Hamiltonian can

be written as [267]

4G
Mei = —5 Vo [(Gec+Cri) Oy 4 Cs, 05, +Cr, On], - (470)
where the operators are defined as
Oy, = (cy"PLb) (EWPU/) ) 4.71)
Os, = (cP.b) (Z P V) , (4.72)

L

Or = (¢ PLb) (Z O Py 1/) , (4.73)
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and the ¢y, term denotes the SM-dominant contribution for b — ¢t~ v. The

Wilson coefficients can be found as

Ly* (vL
o _ (M (1), (cos?er | sin* 6L (4.74)
v, = V 1 m2 m2 s .
cb X1 X2
R\V* (L
o - o2 (), (eotag  sntag (4.75)
S, — Vv 4 m2 m3 , .
cb X1 XZ
C
S (4.76)

The Wilson coefficients, mentioned above are extracted at y = pew. To
compare with the experimental observables,they are needed to run them down

to u = my, = 4.18 GeV using the renormalisation group equations, i.e.

Ci(p = my) = On(H, pew) Ci(pew), (4.77)

where at the lowest order (leading logarithm), the evolution operator is given
by [268-271]

(4.78)

with QCD running B-function, ,Bgnf ) (2nf —33) /6, where ny is the relevant
number of quark flavours at the hadronic scale. The anomalous dimensions

for the currents are
7 =0, 7 =2, I =-2/3. (4.79)

Note that the vector currents are not affected as a consequence of the Ward
Identity, while the scalar and tensor currents renormalise multiplicatively. The

ratio of Rp (Rp+) to the SM prediction can be expressed as [48],

Rp

D= oa N 11+ Cy,|* +1.01|Cs, ’2 +0.84|Cr, |* +1.49 Re [(1 + CVL)CEJ
D

+1.08 Re [(1 +Cy,) Cf;J , (4.80)
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Figure 4.6: Feynman Diagrams contributing to d; — d;v,v; transitions which con-
tribute to B — Kvv and K — mvv decays.

~ |1+ Cy,|* +0.04|Cs, | +16.07|Cr, |?

—0.11 Re [(1 +Cy,) C;J — 517 Re [(1 +Cy,)Cy, | @481)

Using a recent global fit to the experimental results, Ref. [48] found a 4.3c

deviation from the SM prediction:
rp = 1.186+0.072, rp+ = 1.149 £ 0.04. (4.82)

Treating this Rj,(.) anomaly at the face value, the parameter space which can
successfully fit this anomaly will be analysed. Given the volatile situation with
flavour anomalies, a hypothetical case is considered in this chapter where this
anomaly disappears with more data in the future, i.e. both Rp and Rp+ are

consistent with the SM predictions.

BT - Ktvv

Leptoquarks can also induce rare semi-leptonic B decays like BT — Ktvw
and B® — K*%7, governed by (§quv) effective interactions. The SM pre-
dictions for these decays are BR (B* — K™vv) = (4.65+0.62) x 107° and
BR (BO = K*Ouv) = (10.13 £0.92) x 1076 [272]. Belle-II recently reported

the first observation of BT — K* v 7 decay [50]. Using the weighted average
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of BaBar, Belle and Belle-II data, Ref. [49] quoted an experimental value for
BR(BT = K*vv), = (1.3+04) x 1075 As for B® - K**vv, the current
experimental upper limit is BR <BO — K*%U) < 2.7 x 107° at 90% CL by the
Belle collaboration [273]. The constraints on new physics (NP) contributions

are expressed in terms of the ratios R;V(*), defined as

BRSM+NP <B+(0) N K+(*)Vv>
RY, = — (4.83)
K BRM (B+(0) — K+(*)y7)

From the recent Belle-II measurement [50], it is found that R}’ = (2.8 +0.94)
and the upper limit [273] R}% < 2.7 is taken from the Belle Result.

The relevant effective Hamiltonian governing these decays can be written

as

Mo —= Tgvtb v (clLf ol 4 c;gog) , (4.84)

where the operators are defined as

ij Nem /= B
o) = e (d’YVPLs> (Tivu(1—s)v5), (4.85)
ij Nem /= B
Of = o (d’yP‘PRs) (Tivu(1—s)v5) - (4.86)

The corresponding Wilson coefficients are given as

c/ = Cous’ +6c]

g T 0% cos2f sin%0 o Tk
—  Comdl + ( o+ (Yf)zj (YlL )3i,(4.87)

2 Xem th Vts mX1 sz

] ] : in®f  cos®f
cli _ sci____ T sin v 458
R R Dtom Vi Vi \ 13, + n, (Ya)y (Ya)s-  (4:88)

As the experiments cannot tag the neutrino flavour, the final neutrino states
are summed over all possible flavour combinations while calculating the ratio

of branching fractions in Eq. (4.83). The ratios can be expressed as [274, 275]

2

! , (4.89)

RY = > |cl+cl
3|Csml? i
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1 i Y
— ) CL]+C1{‘ —
3|Coml* 5 ‘ 3|Csml?

vv
K*

(1+7) Y Re ] ¢;] (4.90)
¥

The numerical value of 7 was found to be 0.63 & 0.09 using the Light Cone
Sum Rule (LCSR) method [276].

Kt = natvy

Apart from B meson decays, leptoquark models are also constrained from the
rare K meson decays. One such example is K™ — 77vv which gets tree-
level contribution from the scalar leptoquarks [49, 201, 277, 278]. The exper-
imentally determined value is BR (K" — 71v),,,, = (10.61“‘31:% X 10’11) by
NA62 [279] which is consistent with the SM prediction BR (K™ — mvv)gy =
(7.7340.61) x 10~ [280]. Thus, there is a very small room for the NP contri-
bution for K™ — 77 v ¥ because the SM value is already well inside the range
of experimental uncertainty. The BR of Kt — 7Tv¥ can be written as [277,

281]

(1+ Aem)

BR (K" —» ntvy) = x4 3100

Yo [ (A7) + Re? (A2 XE+ 3 x|
i,j=e,T

(4.91)

where i, j denote the flavours of the emitted neutrinos, A = 0.225 is the Wolfen-
stein parameter of the CKM matrix, Ae;m = —0.003, xy = 0.52 X 1010 (ﬁ)
and Af]d = Vs Vq*d’ where g is the quark flavour. The short-distance contribution
X is defined as X = Xsm(x1)d;; + XEQ, where x; = m?/ m%Q. In the SM, the
dominant contribution to the branching ratio comes from the top quark and
the corresponding Xsp(x;) = 1.481 £0.009 and X, ~ 1072 is the charm quark
contribution [281]. NP contributions in the considered leptoquark model can

be written as

ij | dj
Xij . sin? 6, w02 (CL + CR)
He em A

, (4.92)
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where 6, is the weak mixing angle, and

i 1 /> o cos? 0 sinZ 0
y o _ 2 L L LQ LQ
¢/ = 5(v), (Yl>1]_ ( 2t ) (4.93)
i 1 sinZ 0 cos? 0
oo LQ LQ
Cr = E(YZ)Zi (Y2)y; ( ey + 3, ) (4.94)

An analogous decay of the neutral kaon, K; — 7

vV might have been con-
sidered as well but this has not been observed yet, and there only exists
an upper bound on BR(K;, — 7m'v7)ep < 4.9 x 1077 from KOTO [282].
This is more than two orders of magnitude larger than the SM prediction:
BR(K; — v ¥)gy = (2.94 £ 0.15) x 10~ [283]. Therefore, this process can-

not put any meaningful constraint on the NP scenario at the moment.

KL — preT and KT — hpte™

The effective Hamiltonian for these purely leptonic decays of the pseudoscalar

meson P — (;{j and P — P’ ¢; ¢; can be written as,

Hiprr = V2 Gr Y. Ciy Onys (4.95)
1€{V,5,T}

where X, Y € {L,R}. The relevant operator generated at tree level K; — £ ﬁ;”

and Kt — 7t ¢” f;r is Ogﬁ = (Ei’y?‘ P £j> (574 Prd) and the corresponding

Wilson coefficient is denoted as
CVLR - 2 <(Y2)2j (Y2)Ti + (Y2)1]‘ (Yz);,) . (4.96)

Here 1,2 correspond to the first (down) and second (strange) generation
quarks. Besides the tree level diagram, one loop box diagrams mediated by S;
leptoquark also contribute to these processes. The penguin diagrams are not
possible in this case because of the absence of flavour-changing neutral cur-

rent (FCNC) for Z, and A;. The Wilson coefficients generated from the box
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diagrams are

2 —~

2 -2

i ok s cos“ 6 sin
ci - v Y ¥ (YL> (YL ) (YL> (YL> +

ViL 64 \/E T2 1=13 m=u,c,t L) L /3 1 mi 1 mj 2 2

2

0
4

= goem L E (D), (T, (), (), (25022

=1,3m=u,c,t

The branching ratio of K; — £, €j+ can be computed as [249]

L2
1
Cla| +

2 2 2\ 2
o (s 4;17) = st (1224

)
cl ‘ 498
128 Tt v* mx A4 } 4.98)

where my is the kaon mass, tx is its lifetime, and fx is the kaon decay constant.

The Wilson coefficients in Eq. (4.98) are defined as

T ij ij
CVA - CVLR o CVLL - CVRL ’
i A if ij
ci, = ch —ci —ci . (4.99)
Similarly, the branching ratio for K™ — 71 £; /; can be written as [249]
+ + i |? i |?
BR(K™ — 77 4ity) = avy |Cly[ +aav |Chy |, (4.100)

where ayy ~ a4y ~ 0.157 are kaon form factors in the limit where the light

lepton mass is neglected, and the Wilson coefficients are given as

ij . ij ij ij ij _ Alf ij ij
CVV — CVLR + CVLL + C CAV — C - CVLL - CVLR. (4.101)

Vre ’ VRL

These BRs are subjected to stringent experimental limits: BR (K; — uFeT) <
4.7 x 10712 [284] and BR (Kt — 7t ute™) < 1.3 x 101! [285] at 90% CL.
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4.6 Numerical Analysis

In this section, considering all the above mentioned constraints, a multidimen-
sional scan over all the leptoquark parameters is performed to carve out the

allowed parameter space.

4.6.1 Parametrisation of the Yukawa Coupling Matrix

In the canonical seesaw mechanism, the Yukawa couplings can be expressed
in terms of the PMNS mixing matrix elements and light neutrino masses us-
ing the Casas-Ibarra (CI) parametrisation [286]. However, in the leptoquark
scenario with multiple Yukawa couplings, the standard CI approach does not
work. However, a similar approach can be used to parameterise one Yukawa
coupling in terms of the other Yukawa couplings, PMNS matrix elements and

neutrino masses [287], as follows:

1 —T1\ 1 ; ;
H= o M (YlL ) s mMEER I (4.102)

2
3sin 20 mx . . . .
where C; = 2259 1n <m71) is the prefactor in the neutrino mass matrix

3272 %

2
[cf. Eq. (4.9)], and R is an arbitrary 3 x 3 complex matrix with R + RT = L.
Thus, using Eq. (4.102), Y can be determined in terms of YlL, R, neutrino
masses and PMNS matrix elements. In general, the complex R matrix can be

parameterised in several ways; one such choice is [287]

1
] rnor
R=1-n % r3
1

—r2 —13 3

In general, r1, r, and r3 can be any complex number. For simplicity, an addi-

tional assumption assumption is made as follows:

rn=ra=r3=r, (4.103)
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which is an unknown parameter in the model. For the numerical analysis, r
can be varied within the range (—10? : 10?). For concreteness, a benchmark
point is chosen for the leptoquark masses, which satisfies the current LHC

constraints [93, 288]:
my=my=mg=20TeV, a;=ary=0a,=02 x=mg/10, (4.104)
which yields

b = 07420 rad, my, = 1.99TeV, my, =2.011TeV, mzs = 2.00TeV.
2
(4.105)

Later, to examine the dependence of the observables on the leptoquark mass,
Eq. (4.105) can be relaxed and mjq is varied from TeV scale GUT scale. It
will be shown later, for suitable benchmark values of Yukawa couplings, large
values of r will be constrained from y — e conversion and B — K" v7, and

for the benchmark value of myq ~ 2 TeV chosen here, r cannot be larger than

0Q).

In order to determine the Yukawa matrix Y,, the following textures for Y}

and YlR is taken:

Vi1 Y Yo v vh v
YL = 0 0 vkl =10 o y&]. (4.106)
yél yéz y3€3 y§1 y§2 ]/!;3

Here, y5, yv5, yX, y%, is explicitly assumed to be zero to prevent NP contribu-
tions to B — D/v (with ¢ = e, u), which does not give a good fit to the b — c/v
observables, as noted in Ref. [289]. With the above textures, the elements of
the matrices Y} and YR are randomly varied between their perturbative limits
(—\/E : \/E> The oscillation parameters required in Eq. (4.102) are given
as inputs in their currently allowed 3 ¢ range [21, 290], assuming NO for con-
creteness. The Majorana phases are included in U and are varied in the range

(0 : 7r) and the lightest neutrino mass is varied over (107° : 1) eV. The Y, ma-
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Table 4.2: List of rare meson decay constraints on the Yukawa couplings.

B — K*vv

Process Observable Yukawa couplings involved
— e 2
- L L 2Ty
B s K- 6Co = —1.18 +0.19 [266] - N‘(*Yl )2]_ (Yl )3{( x (mLQ) <10 2
8Cyp = 0.23 +0.20 [266] [(vF), (), (Jobal* = 1rfoal?) | < (3)" <1
_ 3C, = 0.06+ 031 [266] 2
* * [+ 9 2TeV —4
Bk 8Cly = —0.05 +0.19 [266] |(2) (Y23l x (2X)" S 10
2
B —DI(7; rp = [1.114 — 1.258] [48] 1189 S (V)55 (0 )ss x (2)" 51,937
2
B* — D* (v rp- = [1.109 — 1.189] [48] 1466 5 (YF) 5 (Y)as < (B2)" 52425
2
< 2TeV <
BY — Kt vv RY = 2.8 4092 [50] 0216 ‘(Y 2;( ) X (m) 0-294

RY < 2.7 [273]

(f,ffg) < —0217

(M)Z <0452

0.375 5 ‘ (vF), (v ) 2

0375 5 |(12)5(Y2)s \ (ZTLZ)Z <0452

Kt — natvy

BR (Kt — mvv) = (10.6t§;; x 10*11> [279]

1.0x1073 < Y

m

—0.374 < (Ya)5;(Ya)s;
)
) TeV) <16x1073
)

(
2i (Y]L
(

<
o (38

10><10*4< Y2 o e > <1.6><1073
7
L 2TeV
KL — pteF BR(K, — p*eF) < 47 x 10712 [284] ’(Y ) ( ) (Y1) (YF ’"2‘ (,,,LQ) < 0.0354
|(02)11 ()| % ()" <7.93x 1073
2
|(02)12 ()|  (B)" <7.93x 107
vL 2
L YL YL 2TeV
Kt — 7t p*e® BR(KT — 7t uFeF) < 1.3 x 10711 [285] ‘(Yl) ( )3] (Y1) ( 1),;2) X (mm) <0538
2Tev

<6.02%x10°*

\_/

|(02)1 (Y2)zal (B2

Table 4.3: Yukawa couplings needed to satisfy 1o values of lepton g — 2.

Lepton g —2 Experimental value Yukawa couplings needed
(§-2), Aa, = (1.07 +0.70) x 1079 [38] 0.99 x 1073 < (YA, (YR),, (ﬁg’) <471%1073
2
< L R 2TeV <
Aae(Rb) = (4.443.0) x 10713 [42] 078 5 (Y1) 1 () % ( mQ )2 S 413
&—2), 0.77 x 104 S (YE) 3, (YR)5 x (3)" <408 x 10~
pA
_ < (yL R Y _
Aay(Cs) = (—8.8+3.6) x 10713 [43] 6925 (1)1 ()1 % ( n, ) ) 290
—6.84x 107 5 (YF) 3, (YR)y; x (3)" 5 287 x 104

trix determined with these input values is subjected to perturbativity bounds

and as well as constraints from rare meson decays, cLFV processes and lepton

g — 2, as discussed in Section 4.5, and tabulated in Tabs. 4.2, 4.4 and 4.3, re-

spectively. In Tabs. 4.4 and 4.3, current experimental limits on the observables

are given and the corresponding upper bounds on the relevant Yukawa cou-

plings for the benchmark value of the leptoquark mass chosen in Eq. (4.105),

assuming these to contribute maximally to that particular observable.
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Figure 4.7: Pairwise correlation plot between various Yukawa matrix YL, YlR elements,
as well as the parameter r of the R matrix, in the presence of Rp, R}, anomaly (Case
I). The cyan points satisfy the constraints from cLFV decays, LFUV ratios, B —+ Kvv
constraints and generate the correct order of magnitude for neutrino masses and os-
cillation parameters. Red points survive after putting the constraint from y — e
conversion in Au nucleus.

4.6.2 Discussion of the Results

To capture the interplay between the different elements of Yukawa matrices,
pairwise correlations between different elements of the Yukawa matrices Y}
and YR, as well as the parameter r appearing in the R matrix [cf. Eq. (4.103)]
is presented in Figs. 4.7 and 4.8. In both figures, the rightmost panel in each
row has the same parameter on the x and y axes; hence, these are just the
distributions over which a particular parameter is varied. As stated earlier,

two different cases for the R},(.) observables is considered in this analysis and
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Figure 4.8: Pairwise correlation plot between various Yukawa matrix Y}, YR elements
as well as the parameter r of the R matrix, in the hypothetical scenario where Rp, R},
anomaly is gone (Case II). The cyan points satisfy the constraints from cLFV decays,
LFUV ratios in Case II, B — Kv v constraints and generate the correct order of magni-
tude for neutrino masses and oscillation parameters. Blue points survive after putting
the constraint from y — e conversion in Au nucleus.

they are the following;:

1. Case I: Rp,Rp+ are anomalous, i.e the experimental values of Rp, Rp-

are not consistent with the SM predictions, which seems to be the current

situation [cf. Eq. (4.82)]. Fig. 4.7 refers to this case.

2. Case II: This is a hypothetical scenario where the experimental values of

Rp, Rp+ are consistent with the SM predictions within the 1c error bars.

In this case, Arp.) = )rD(*) —r

SM

Do | < 1072 is considered to constrain the

parameter space. Fig. 4.8 refers to this case.
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In Figs. 4.7 and 4.8, the cyan points produce the correct neutrino mass as
well as oscillation parameters assuming NO, satisfy the current constraints
from cLFV decays (4 — ey, T — uy and T — e7), the rare B and K me-
son decays listed in section 4.5.3 and also can reproduce the observed value of
electron (g — 2) (either Cs or Rb-based value). The red points in Fig. 4.7 are ob-
tained after putting the constraint coming from y — e conversion in Gold (Au)
nucleus. It is seen from (2a) and (8a) panel of the figure that this process gives
the most stringent constraint on the Yukawa couplings as much of the allowed
parameter space gets disfavoured after putting y — e conversion constraint.
The strongest anti-correlation is seen in panel (11g) which indicates that the
dominant contribution to Rp and Rp+ comes from Cg, [cf. Eq. (4.76)] which
involves yL; and y%;. Panel (11g) also implies that y%; yX, > 0, otherwise, the
leptoquark contribution will destructively interfere with the SM contribution

and Eq. (4.82) will be smaller than one.

Fig. 4.8 shows the correlation between the same Yukawa matrix elements
and r, like in Fig. 4.7, but with the assumption that Rp — Rp+ are consistent
with the SM predictions (Case II). As a result, certain correlations or anti-
correlations among the pair of respective Yukawa couplings, observed in the
earlier figure, vanish. In panel (11g), now the points near to origin (0,0) are
allowed as the Rp — Rp+ anomaly is absent in this case. However, the y — e
conversion still puts the most stringent constraint in this case also and disfa-
vors a large part of the parameter space. The final surviving points are shown

in blue.

In Fig. 4.9, the tension between electron and muon (¢ — 2) anomalies is
described for both Case I and II. The left panel is for Case I (with R, being
anomalous) and the right panel is for Case II (where R}, is consistent with
the SM). In both figures, the cyan points satisfy the cLFV decay constraints
(excluding the y — e conversion) and rare meson decays, whereas the red
(blue) points in Case I (II) also include the u — e conversion bound. The dark
(light) coral shaded region correspond to the 10 (20) region of Aa, taking the
BMW result for the SM prediction. It is seen from the left panel that with
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Figure 4.9: Left Panel: Plot of Aa, vs Aa, in our leptoquark scenario satisfying current
experimental limits on Rp-Rp+ (Case I). Right Panel: Assuming Rp-Rp- is no longer
anomalous (Case II). The cyan points satisfy all constraints except 4 — e conversion,
and red (blue) points also satisfy 4 — e conversion bound for Case I (Case II). The
vertical coral shaded bands show the 10 and 2¢ allowed ranges of Aa,, whereas the
horizontal green (grey) shaded bands show the 1¢ and 2¢ allowed ranges of Aa, for
Rb (Cs).

Rp, Rp+ not consistent with the SM prediction, the allowed points of muon
(¢ —2) can not be arbitrarily large. This occurs because, to satisfy Rp — Rp-,
yk, must be at least ~ 0(0.1). This constraint forces y%, and y%, to remain small
to comply with the T — 7y limit, resulting in very small values of Aa,. If the
constraints coming from Rp, Rp+ are relaxed as in the right panel, then the
muon (g — 2) can be large as seen from the right panel because the absence
of the Rp — Rp+ anomaly suggests small values of y,. Thus, even with the

sizable values of 5, and y%;, constraints from T — p can be avoided.

In Fig. 4.9, the dark (light) green shaded region correspond to the 1c (20)
range of Aa, for Rb. The black (grey) shaded region represent the same for
the Cs. It is seen from both panels that the cyan points can reach the 1¢ range
of Aa, value. However, when u — e conversion constraint is applied, there
are points which can still satisfy Aa, for Rb or Cs. It is seen from both panels
that the anomalous Aa, and Aa, results can not be simultaneously satisfied
in this leptoquark model. This is due to the constraints coming from cLFV

decays especially from y — ey and BT — K* v 7. To explain the Aa, anomaly
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Figure 4.10: Plot of mSff as a function of the lightest neutrino mass where active neu-
trino masses obey NO (left panel) and IO (right panel). The standard NO and IO
regions are denoted by lime green hatched and brown shaded regions, respectively.
The blue diamonds (red stars) denote the m<f contributions in Case I and II, respec-
tively. The magenta hatched horizontal region denotes the current KamLAND-Zen
upper bound on m,, for different NMEs while the black dashed-dot (cyan dashed-
dot-dot) line denotes the future reach of LEGEND-1000 (nEXO) on me.. The vertical
light yellow shaded region represents the excluded range from the cosmological limit
on the sum of light neutrino masses.

vk, and y%, need to satisfy the relation mentioned in Tab. 4.3. Therefore, the
constraints from y — ey require both y% and y% very small, O(< 107¢) and
similarly, the constraint from B — K* v ¥ requires I, to smaller than O(0.1).
Hence, Aa, is small in this case. On the other hand, for lowest values of y%z
and y% i.e when Ay, is small, y%; and y% can be large and one can have large
Aa, values. In conclusion, when Aa, is small, Ag, is large, and vice versa,

indicating a contrast between the two lepton g-2 values.

4.6.3 Impact of OvBf constraint on the leptoquark parameter space

In this section, the effect of the allowed leptoquark parameter space from the
flavour observables and neutrino mass constraints on the OvBf is studied. In
Fig. 4.10, m¢ [cf. Eq. (4.20)] as a function of the lightest neutrino mass for val-
ues of Yukawa couplings that are allowed from the combined analysis as pre-

sented in Figs. 4.7 and 4.8 is plotted. The oscillation parameters are varied in
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Figure 4.11: Left Panel: Plot of y}; — yX with and without the OvBg (KamLAND-Zen)
constraint on the parameter space for Case I. The red points correspond to the param-
eter space, indicated in Fig. 4.7 and the green points are the allowed parameter space
by the OvBB. Right Panel: Plot of y}; — y¥ with and without the OvBg (KamLAND-
Zen) constraint on the parameter space for Case II. The blue points correspond to the
parameter space, indicated in Fig. 4.8 and the orange points denote the parameter
space allowed by the OvSp.

their allowed 3¢ range [290], and the Majorana phases are varied in the range
(0 : 7). In the left (right) panel the red stars [blue diamonds] denote the values
of m&Hf after including the leptoquark contributions for NO (IO) for Case I [II].
The standard contribution to m<ff for NO (I0) is displayed in green (brown)
for comparison purposes. Also, the current bound on m,, from KamLAND-
Zen experiment [116] and the future projections from LEGEND-1000 [120] and
nEXO [122] are shown using magenta hatched filled band (with the band rep-
resenting NME uncertainties), black dashed-dot and cyan dashed-dot-dot lines
respectively. The cosmologically disfavoured region is denoted by the yellow
vertical band from Planck data [31]. From the left panel, it is seen the cancel-
lation region found in the standard 3-flavour picture is no longer there when
leptoquark contributions are added. For some values of parameters, mSf can
exceed the maximum value of the standard scenario. Most of these regions can
be explored in the future ton-scale experiments like LEGEND-1000 and nEXO,
as can be seen from the figure. In the scanned region, mS!f for NO includ-
ing the leptoquark contribution goes into the standard IO region. In order to

distinguish the standard IO region without leptoquarks from NO region with
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leptoquarks, just OvBp is not enough, and additional flavour and/or collider
observables is needed. This is why the study of OvBp correlations with other

observables is so important.

It is found that for certain parameter space, large values of mSff is pos-

sible which are already ruled out by Ovpp experiments. This suggests that
OvBp can further constrain the leptoquark parameter space, particularly yi
and ylfl ( shown in Fig. 4.11), depending on the whether diagram (c) or dia-
gram (d) gives dominant contribution. Similarly for IO (right panel), adding
the leptoquark contribution will enhance the value of mS and there are a few
points which give very high contributions and are disfavoured by the current
KamLAND-Zen upper bound on m.. When Rp — Rp+ values are consistent
with the SM, the values of yL, are small. Since Y> depends on the inverse

of Y, Y» becomes large, resulting in larger values of mSf. This is also evi-

dent from Fig. 4.10, which shows that the values of m¢f are slightly higher
in the scenario without Rp — Rp+ anomaly present than in the scenario with
Rp — Rp+ anomaly. Additionally, the inverted mass ordering for neutrinos is
relatively disfavoured (compared to the normal ordering) by OvBS constraints

in the vanishing Rp — Rp+ scenario.

4.6.4 Effect of Varying Leptoquark Mass

In the previous section, impact of leptoquarks with mass, fixed at 2 TeV on
the flavour observables is discussed but in this section effect of a varying lep-
toquark mass is discussed. To see the effect of varying leptoquark mass, the
Yukawa couplings Y. and YR are fixed to a suitable representative benchmark
value and the leptoquark mass is varied to see what is its maximum allowed
value that can explain the Rj,(,) and Aa, anomalies. It is important to mention

here that the following analysis is strictly valid only for the chosen benchmark
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values of the Yukawa couplings:
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Yt = | o o0 o001 |, YR=|o0o o 18 [.4107)
0 15 05 0 0.001 10~¢

Once Y} and YR are fixed to the above values, the Y, elements are fully
determined from Eq. (4.102), giving the input parameters as discussed in the
earlier Section. In determining the value of Y;, the mass of the lightest neutrino
is fixed as (mhghtest) O0eV. The Uppns parameters are fixed to their best fit
values mentioned in Ref. [290] and the Majorana phases are fixed as & = 0
and B = 0. In Fig. 4.12, the variation of the elements of Y, as a function
of the leptoquark mass is shown for two different values of r. The hatched
region on the left corresponds to the collider exclusion limit on my g from direct
LHC searches [291]. The vertical lines correspond to the different leptoquark

masses as depicted in the figure. It is seen that the magnitude of the Y, matrix
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Figure 4.13: Left Panel: Variation of Rp (green) and Rp- (blue) as a function of lep-
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perimental values on Rp (Rp+) at 1o. The green dashed line corresponds to the SM
prediction. Right Panel: R}’ (green) and R} (blue) as a function of leptoquark mass
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Figure 4.14: Left Panel: BR of K meson decays (K* — 7t v (blue, 10), K — ute”
(green), Kp — mu™ e~ (red)) as a function of leptoquark mass. Blue band denotes the
experimental value of Kt — 7" v7. Green and red lines correspond to the current
experimental limits on the corresponding BRs. Right Panel: BRs of cLFV decays as a
function of the leptoquark mass. Magenta, blue, green and brown curves correspond
toBRsof y — ey, T — u<y, T — ey and y — e conversion ratio respectively, and the
horizontal lines denote their experimental limits.

elements increases with increasing leptoquark mass. This is because as mpq
grows, C; =~ xv/ m%Q [cf. Eq. (4.102)]; therefore, the value of Y, increase as the
LQ mass increases. This can also be understood from Eq. (4.10) that Y, must
increase as my g increases to generate neutrino masses of the O(1072) eV. As Y,
is proportional to R [cf. Eq. (4.102)], it also increases with r for a given value
of the leptoquark mass. From this figure, it is found that the elements of Y,
matrix exceed the perturbativity limit for myq > 15 TeV for r = 100. So, large

values of r are not allowed by the perturbativity conditions of the elements of

Y, matrix.
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Figure 4.15: Left Panel: Variation Aa, and |Aa,| as a function of leptoquark mass.
Green bands correspond to the 1o value of Aa, whereas, blue (brown) band shows
the same for Aa, (Aa,) for Rb (Cs) . Right Panel: Variation of m&ff as a function of myq
for r = 1 (allowed by u — e conversion). The solid blue (red) dashed line denotes
the standard contribution for NO. The horizontal brown shaded band is the current
KamLAND-Zen limit at 90% CL including NME uncertainties, and the purple dashed-
dot line is the future nEXO projection.

Fig. 4.13 shows the variation of Rp, Rp+, Ry, Ry’ as a function of the
leptoquark mass. From the left most panel, it is inferred that only a small
region of mp g around 2 TeV scale is allowed for the current values of Rp and
Rp+. As myq increases, the value Rp-Rp+ decreases and gradually converge to
the SM value, and hence, the anomaly can not be explained for higher values of
leptoquark mass. In the case of Ry’ and R}, the nature is similar to Rp — Rp-.
As leptoquark mass increases, Ri/,, decreases and gradually goes out of the
green allowed region for Ry’. Here, both R}’ and R}, have the same value
because throughout the leptoquark mass range the value of Y, is small and

R is dominated by only Cp, [cf. Eq. (4.90)].

In Fig. 4.14 rare K meson decay BRs and cLFV decay BRs, 1 — e conversion
rate is plotted as a function of the leptoquark mass. The BRs of cLFV decay
are inversely proportional to the leptoquark mass and gradually decrease as
myq increases as can be seen in the right panel of Fig. 4.14. However, the
u — e conversion rate shows a different trend as it is seen to be independent
of leptoquark mass for higher values of the leptoquark mass. This can be
understood from Eq. (4.24) where is can be seen that for large leptoquark
mass and fixed Y} values, all the Wilson coefficients in Eq. (4.29) except the
parameter C{I,LR ~ Y%/ m%Q is independent of myq [c.f Eq. (4.10)] making the

conversion ratio independent of my .
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In Fig. 4.15, variation of lepton ¢ — 2 anomalies and effective Majorana mass
with leptoquark mass is shown. From the right panel of Fig. 4.15, it is observed
that m&ff for NO (I0) decreases as myq increases, and for higher values of lep-
toquark mass, approaches the standard contribution [blue (red) dashed line].
For certain range of my g, it is found that mef < m3td which means that in this
range the leptoquark contribution is similar to the standard contribution and
destructively interferes with the standard contribution for the chosen BP val-
ues. Similar behaviour is also seen for the IO case. It is shown in Fig. 4.15 that
for mpg = 2 TeV, the chosen BP values satisfy all the low-energy constraints
but m&! is higher than the KamLAND-Zen limit and hence the given benchmark
point is discarded for both orderings of neutrino masses. Therefore, Ovpp can
be used in conjunction with the other flavour observables mentioned in Sec-
tion 4.5 to further constrain the leptoquark parameter space. Future ton-scale
OvBp experiments like nEXO and LEGEND-1000 will be important in probing
the unexplored leptoquark parameter space for both NO and IO.

4.7 Conclusions

Scalar leptoquarks provide an attractive BSM framework for neutrino mass
generation radiatively. At the same time, the new leptoquark interactions
give rise to new contributions to various lepton number and flavour violat-
ing processes. In this chapter the Standard Model augmented with two scalar
leptoquarks is considered. While a single leptoquark cannot generate correct
neutrino mass, the combination of singlet-doublet leptoquarks (S; — Ry) can
generate the neutrino mass radiatively. Such models have a rich phenomenol-
ogy since leptoquarks can couple to both quarks and leptons. The main aim
of this study was to understand the implications of this combination in con-
text of OvBp. To find the allowed values of the Yukawa couplings, constraints
from neutrino mass and mixing, as well as demanded compliance with bounds
coming from charged lepton flavour violation, lepton flavour universality vio-
lation and low-energy rare meson decays is imposed. A comprehensive global

parameter scan is performed while satisfying all available experimental data
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arising from the above-mentioned constraints, as well as existing anomalies in
Ry and Aay to constrain the allowed parameter space for various Yukawa
matrix elements with a TeV-scale leptoquark mass. The combined analysis
reveals some interesting interplay and tensions coming from different con-
straints. For instance, in this two leptoquark scenario, the muon and electron
g — 2 values are in tension with each other. It is found that the most stringent
constraints on the allowed Yukawa couplings are obtained from y — e con-
version in nuclei. Using the Yukawa coupling values that pass all the above
mentioned flavour constraints, prediction for m¢, arising from the combined
contributions of standard and leptoquark contributions is obtained. It is found
that the contribution from leptoquark mediated diagrams to mSff can be sig-
nificant and even greater than the standard contribution for normal ordering
of the light neutrinos and the cancellation region is no longer present around
Miightest ~ mMeV. The total value of me can lie in the desert region between
the standard NO and IO regions and hence can be probed by future experi-
ments like LEGEND-1000 and nEXO. On the other hand, for 10, we find that
most of the points otherwise allowed by low-energy flavour constraints are

disfavoured by the current OvBp limit from KamLAND-Zen.

The leptoquark masses are also varied while fixing some benchmark val-
ues of Yukawa couplings and discussed the constraints on this from differ-
ent observables, as well as from the perturbativity bounds. For the chosen
benchmark values, it turns out that stringent constraint on leptoquark mass is

myq > 6.6 TeV for 10, from the Ovpp observable.



Neutrino-less double beta decay in a realistic

SU(5) model

5.1 Overview

In the previous chapter, we have shown that TeV scale scalar leptoquarks can
dominantly contribute to Ovppprocess. Grand Unified Theories provide an
attractive framework where leptoquarks arise naturally [194, 292-296]. GUTs
are based on the novel idea of unifying the strong, electromagnetic and weak
interactions within a single, larger symmetry group. In these theories, new
fields emerge as components of enlarged representations that couple collec-
tively to quark-lepton multiplets. The Yukawa sector proves especially signif-
icant in GUT contexts, as the SM Higgs field usually co-exists with additional
scalar fields in these extended frameworks. Consequently, the strength of new
interactions becomes intimately connected to low-energy observables — par-
ticularly the fermion mass spectrum. This characteristic predictive power can

distinguish GUTs from other simplified extensions of the SM.

Since the SM gauge group SU(3), x SU(2)r x U(1)y has rank four (two for
SU(3). and one each for SU(2); and U(1)y), the minimal choice for unification
in a simple group is the rank-four SU(5). However, the original SU(5) model
proposed in Ref. [293] suffers from a number of issues, including (i) inability
to account for the observed charged fermion mass ratios, (ii) failure to achieve

gauge coupling unification, (iii) rapid proton decay , (iv) massless neutrinos,

143



144 Chapter 5: Neutrino-less double beta decay in a realistic SU(5) model

and (v) doublet-triplet splitting problem. Extensions to the minimal SU(5)
model [293] to address these issues typically involve additional scalar/fermion
multiplets [297-303]. In this chapter, we discuss the role of the heavy SU(5)
scalar multiplets in mediating the L-violating process of Ovpp, as well as in
generating correct neutrino masses and mixing, while being consistent with

the observed charged fermion masses.

To this end, we develop a realistic yet minimally extended SU(5) frame-
work in which the leptoquark contribution to Ovffis enhanced relative to the
standard light neutrino exchange mechanism. The role of scalar leptoquarks
in mediating OvBB has been investigated before; see e.g., Refs. [197, 218-223,
304-308]. Within the context of SU(5) grand unification, the Ovp mechanism
has been further examined in Refs. [309-311]. However, there exists no mini-
mal realistic SU(5) GUT framework discussing both Ovppand neutrino mass
arising from the heavy scalars. Here we propose such a scenario that ensures
that the same set of scalar fields is responsible for generating neutrino masses,
inducing OvpBp, and contributing to fermion masses via one-loop corrections—

thereby yielding a realistic and predictive SU(5) framework.

In this chapter, we focus our attention on the canonical SU(5) scenario ex-
tended by a triplet scalar A belonging to the 15-dimensional representation.
This allows generation of neutrino mass at tree level via the type-II seesaw
mechanism [81, 83, 84, 312] as well as radiatively at one loop induced by
the pair of scalar leptoquarks — S3 and R, [96, 195, 313, 314]. In this model,
the scalar leptoquark fields S3 and R; (see Tab. 5.1) inducing the L-violating
process of Ovpp are also the ones inducing the B-violating process of proton
decay. The stringent requirement of satisfying the proton decay constraints
suppresses the leptoquark induced Ovpp rate to extremely small values. In
order to evade this, we construct an SU(5) x Z3 model which forbids the di-
quark interactions of S3 capable of inducing proton decay. Although it yields
inconsistent tree-level Yukawa relations in the down-quark and charged lep-
ton sectors at the GUT scale, this inconsistency is resolved by incorporating

radiative corrections from the heavy degrees of freedom, achieving realistic
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charged and neutral fermion mass spectra and mixing angles [315]. We then
compute the OvpBpin this model, after taking into account other constraints
such as those coming from the charged lepton-flavor-violating (cLFV) process
of 4 — e conversion which restrict the mass of the R; leptoquark. However, we
find that the set of scalars (A, Ry, S3) inducing the Ovpp process, predicts a
much suppressed rate as compared to the standard decay rate induced by light
neutrinos. This suppression arises because, to achieve viable neutral fermion
mass spectra, the scalar mass M, is required to be around 10'® GeV, mak-
ing the scalar-induced contribution negligible. In the allowed parameter space
obtained by fitting the fermion mass spectrum, the canonical light neutrino-
mediated effective neutrino mass governing OvBp rejects the inverted ordering
from the existingKamLAND-Zen bound [116].

In order to enhance the scalar-induced OvpBp rate, an additional triplet
scalar (Ay) is then introduced in such a way that it is decoupled from matter
multiplet interactions. In this extended scenario, cancellations between stan-
dard and non-standard contributions to OvBp allow the inverted mass ordering
in certain parameter regions. Furthermore, it is also shown that OvBp can be
used as a sensitive probe of the new scalar mass M, across a broad range,
from collider-accessible TeV scale all the way up to ~ 10'°GeV. In particular,
future ton-scale experiments like nEXO [122] and LEGEND-1000 [120] with
half-life sensitivities up to 10?® years can probe a wide range of the allowed

parameter space in this SU(5) GUT construction.

The rest of the chapter is organised as follows: we review the generic SU(5)
framework in Section 5.2 and discuss the contribution of the SU(5) scalars to
OvBB decay. In Section 5.3, in order to evade the nucleon decay constraint,
an SU(5) x Z3 scenario is constructed where some leptoquarks can remain
light. This particular framework prohibits the diquark coupling of scalars
contributing to OvBB. Subsequently, radiative corrections to the Yukawa re-
lations are considered, ensuring a realistic scenario. We also discuss the scalar
contributions to the Ovpp process in the considered SU(5) x Z3 model. Then
the parameter fitting procedure is described followed by the prediction of the
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scalar contribution to OvBp process. Then in section. 5.4, we provide a scenario
where the scalar contribution can be significantly enhanced within the reach

of current and future experiments and section 5.5 summarises this study.

5.2 A generic SU(5) Framework

In the SU(5) framework, the SM Weyl fermions are embedded in the 5 and 10

dimensional irreps, as follows [294]:

ga = & Lb/ gﬂ( = dﬂg’
1 80‘,8'7 €ab
10% — Eq“, 10" = %ug, 10?0 = ﬁec, (5.1)

where Greek letters (1 < a, B, v... <3)denote SU(3). indices while SU(2)
labels are depicted by the lowercase Latin alphabets (4 < a,b,c... < 5). The
convention of two-indexed Levi-Civita tensor is as follows: €45 = 1 = &* =
—e54 = —e®. The three-indexed Levi-Civita follows the convention where
€123 = 1 and for other cyclic permutations. The superscript C stands for the

charge-conjugated spinor, i.e., ¢ = ior1p*, where 03 is the second Pauli matrix.

The Higgs sector of the SU(5) consists of a 24y scalar representation to
break SU(5) — SU(3). ® SU(2)L ® U(1)y. Along with this, it also require
51 and 45p-dimensional irrep to have viable tree-level Yukawa relations in
the charged fermion sector [297]. In order to also account for the neutrino
masses and mixing, the Yukawa sector can be extended by a 15p scalar irrep.
This allows generation of neutrino mass at tree level via the type-II seesaw
mechanism [81, 83, 84, 312] as well as radiatively at one loop induced by the
pair of scalar leptoquarks — S3 and Ry [96, 195, 313, 314]. The different scalar
multiplets residing in 5y, 15y, 24y and 45y can be inferred from Tab. 5.1. The
submultiplets residing in the scalar irreps must be properly normalised so as

to have a canonically normalised kinetic term and such decompositions are
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Table 5.1: Scalar multiplets residing inside the 5y, 15y, 24y and 45p-dimensional
irreps of SU(5) which participate in the Yukawa interactions at renormalisable level.
Their charges under the SM gauge group SU(3). x SU(2). x U(1)y are also shown.

SU(5) Multiplet Notation SM Charge
Hy (123)
" 5, 61-5)
A (1,3,1)
154 Ro (3,2,1)
y (61,-3)
7 (1,1,0)
W (1,3,0)
24y X (3,2, —5/6)
X (3,2,5/6)
G (8,1,0)
H, 12])
ﬁ (SL '_%)
S (3,1,3)
45y R, (3,2,-%)
53 (%/31_%)
S (6,1,—3)
O (82 3)
shown below;
248 = X%, 248, =X,

My = Gtiliedio, My =W\ =i 62

When ¢ acquires a vev SU(5) symmetry is spontaneously broken into SM
symmetry. The heavy gauge bosons residing in 24y absorbs the longitudinal

modes of X and X and becomes massive.

Similarly, the 5y, 151 and 45-dimensional scalar irrep can be decomposed

as [316],

5%, = H{, 5 = (5.3)
1 -
150 = A 150 — ER&”‘, and 1510 = b (5.4)
P 1 B Par ap _ o, ap
LR +m(§i§sg —ohst) . a5 = Raf
1 1 1 .
a5, = —=Of" +—=03H5, 45§, = —c"Si,

V2 26
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1 3
4508 = 5533"‘ _ F(sbs/a, 45{0 = —% (5@1{3 — (5ng> . (5.5)

The SU(5)-invariant Yukawa Lagrangian with these irreps participating in

the Yukawa sector is given as follows:

Ly = ;(¥s5),,10% C 110554 + V2 (¥s) ;10 €1 5555

Ty
4
1 _
5 (Yis) 45104 C71105 45y + V2 (Yis) ;5 10) C7' 5545,
(Y2

5) BsA C 155154 +h.c. (5.6)

Here (A, B =1,2,3) are the generation labels and C is the charge conjugation
operator. In the above Yukawa Lagrangian, Y5 (Yy5) is symmetric (antisym-
metric) in flavour indices and Y5 is symmetric in generation labels while the
remaining matrices can be general complex matrices. Using the embedding
of 10 and 5 from Eq. (5.1), it is straightforward to decompose the interac-
tion terms written above in Eq. (5.6) and compute the interactions of different

scalars with SM fermions as follows;
2 -
—L D ey (Y5 g Tct u Hi’ + %Y% g Tct u Hé’)

1 _
%Y45quT C 1 le H;a)

~ 3
+ (Y5 eCT e L HY, — \/;Y45 O Hga)

+ 2Yiseawep LI C7V LyAY +hec.. (5.7)

+ (?5 qaaT C—l d“ HILa +

From Eq. (5.7), it is easy to identify the tree-level Yukawa relations for charged

fermions and neutrinos,

>
(Yu)ap = (Y5+—Y45) ,
6 AB
~ 1
(Yq) = (Y5+—Y45> ,
AB V6 AB
~ 3
(Ye)ag = | Y5 — §Y45> ,
AB

Y, = V2(Yi5)45- (5.8)
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10[u] 10[u] R ..
» Y' < _ II7T+\| > - < — '\17T+\l
10[u L Bl N 10[u] o Bl
4575[S5"°] 1 5S1"]
UL EEEEEE 45%,(H) N 3@? ------ 5y (H)
15H[R§/3] ! 15H[R2/ ]:
5l T 5[y 5ld B[y

Figure 5.1: Proton decay stemming from S3 € 45y and S; € 54.

The scalar field A € 15y induces tree-level neutrino mass via type-II see-
saw [81, 83, 84, 312]. Note that, the above Yukawa couplings contribute to
the fermion masses after the EW symmetry breaking. In this scenario, the
lightest combination of H; and Hj is identified as SM Higgs. The Yukawa cou-
plings written in Eq. (5.8) has enough free parameters to yield the observed
values of charged fermion and neutrino masses and mixings, even at the tree

level.

5.2.1 Proton Decay

The phenomenology of different scalars stemming from the 5p, 151 and 45y,
including contributions to neutrino mass, B and L- violating interactions,
cLFV and lepton-flavour-universality-violating interactions, has been exten-
sively studied [195]. Particularly, the scalar fields S; € 5y and Sy, S3 € 45y are
known to induce tree-level proton decays while S; € 45y induces proton de-
cay at one-loop [228, 316]. The tree-level proton decay Feynman diagram stem-
ming from Sy, S3 is given in Fig. 5.1. A distinctive feature of scalar-induced
proton decay is that the proton preferentially decays into the vm™*, where m™
is a meson composed of either first or second-generation quarks [316]. The

leading proton decay mode induced by the LQs that would be relevant for
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453 [(H)]
- _ E 10[w )
stanl__ toulfe) )
45%[S, /8]
_ EL] u
5] BSM /}
5hl(H)] dp

P vr
15u[Rs]  55[Si] 5lex]
5[vi

Figure 5.2: Ovppoperators stemming from Sy/3 € 455 and S; € 5. The left panel
shows the operator structure in the SU(5) framework whereas the right panel shows
the equivalent LEFT operator.

OvBBis p — v+, whose decay width can be computed as follows [317]:!

2
I(p—vrat)~) <(Yﬁ§1 ](\2%5)11) (1 v)z 3211;}2 a? A?, (5.9)
3 Ry

i

where 7 is the strength of the 45H45H151+{ vertex with positive mass dimension,
v is the vacuum expectation value (vev) of the SM Higgs boson, a ~ 0.01 GeV?
is the hadronic matrix element, A ~ 1.4 is the long-distance renormalisation
factor, and f; ~ 130 MeV is the pion decay constant. Putting the different
factors mentioned above and using the current lower bound of 3.9 x 1032 yr on

the lifetime of p — v ™ [318] gives the following estimate:

(Y1s)y, (Yas)yy 70

—28 -2
o < 10728Gev 2. (5.10)
S3 Ry

The above relation severely constrains the product of the Yukawa couplings

and leptoquark masses from proton decay.
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5.2.2 Neutrinoless Double Beta Decay

The inclusion of 15¢ in SU(5) framework renders neutrinos to be of Majorana
type by virtue of Type-II seesaw, which gives rise to the smoking gun signal of
Ovpp [115] through Fig. 2.11. Apart from this, the pair of scalar leptoquarks
S11 — Ry and S3 — R, can generate lepton number violating operators which
can also contribute to the to Ov B decay [307, 308] and are shown in Fig. 5.2. As
it can be seen in Fig. 5.1 and Fig. 5.2 that the same pair LQs contribute to both
proton decay and OvBB. Therefore, one can use the proton decay constraint to

calculate the maximum leptoquark contribution to the OvpBg.

The operator contributing to OvBp generated from Fig. 5.2 is given as,

Op = (&) [egig (uPgrd) <EPR1/E> + e?i% (ﬁa"‘ﬁPRd> (EU“ﬁPth?)] (5.11)

V2
with the Wilson co-efficient is identified as,

3

2Y ) ( Y )
st _ Ui (\/_ 45 V2Yis n?
+ 2 A2 ,
MSS MRZ
T+T: 1 sip
er . = —Zesip. (5.12)

Following the procedure given in the Appendix. B, the amplitude of the lepto-

quark mediated diagram is approximated as?,

my\ [ (V1s)y; (Yas) 0 —21

~ V,uM <107<, (5.13

ALQ ud {V1PS ( ", > < M% M2~ (N ( )
3 R2

where Mpg is the relevant nuclear matrix element (NME), my and m, are the

nucleon and electron masses respectively, and V,,; is the (1,1) element of the

CKM matrix. To arrive at the above estimation, we have used the upper bound

given in Eq. (5.10). On the other hand, the canonical light neutrino-mediated

Here, we provide the expression for the (S3 — R;)-mediated contribution. Similar expression holds
for the (S1,1/ — Ry) pair for which Mg, is replaced by Ms, -

2Here we have only used the S + P-S + P contribution and neglected the tensor contribution as it is
smaller than the scalar contribution.
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Table 5.2: Assignment of Z3 charges to different fermion and scalar multiplets in our
SU(5) model. The subscript A denotes family labels, with the Z3 charge being the
same for all generations for the given fermionic multiplet. Here w is the cube-root of
unity. The last row shows the Z3 charge of an additional 15 which could significantly
enhance the OvBp rate in the considered framework.

SU(5) Multiplet Z3 Charge
5 A w2
10,4
51
154
24y
45y
154

.8 €

= 8

amplitude,

mstd
Agt ~ % ~ 1078, (5.14)

e

where m$td = ¥, U2 m;, with U being the PMNS mixing matrix and m; the
masses of active neutrinos. Thus, we find that the the leptoquark-mediated
Ovpp amplitude is more than ~ 13 orders of magnitude smaller than the
canonical light neutrino-mediated amplitude, and thus, OvpBp cannot place any
meaningful constraints on the leptoquarks in this case. It also shows that the
B-violating process of proton decay occurring at dimension-7 is more con-

straining than the L-violating process of 0vpp occurring at dimension-9.

5.3 An SU(5) X Z; model

In this section, we explore if the situation mentioned above can be remedied
by forbidding the diquark coupling of S3, thereby removing the constraint on
its mass from proton decay and thus allowing a larger contribution to Ovpg.
In order to achieve this, we impose a discrete Z3 symmetry, in addition to the
SU(5) gauge symmetry, which forbids the diquark interactions of Sz. The as-
signment of Z3 charges to various (scalar and fermion) multiplets are depicted

in Tab. 5.2.



Section 5.3: An SU(5) x Z3 model 153

The 24p-dimensional scalar irrep transforms as a singlet under the imposed
Z3 symmetry. Consequently, the Z3 symmetry remains intact even after the
breaking of SU(5). Moreover, the assigned Z3 charges are such that they pro-
hibit any mixing term between 5y and 45p. As a result, the scalar fields Hj »
and Sj, Sy, residing in 5y and 45y respectively, cannot mix as long as Z3 re-
mains unbroken. One immediate consequence of the non-mixing of Hj; is
that the considered model effectively reduces to a Type-II Two Higgs Dou-
blet Model (THDM) [319]. The Z3 symmetry is broken when any of the SM
Higgs fields residing in 5y or 45y acquires a vev, thus mixing Hj, and one
of the linear combinations will be identified as the SM Higgs boson. Note
that the Z3-breaking can potentially regenerate the unwanted interactions (e.g.
S1 — S3 mixing) inducing proton decay. However, since Z3 is broken at a lower
scale (electroweak scale), the strength of these undesired couplings is sup-
pressed by (v/Mgyr)?, which ensures that the proton decay rate remains well

below the experimental limit.

Note that spontaneous breaking of a discrete symmetry in the early Uni-
verse generates degenerate vacua. These vacua are disconnected in the three-
dimensional space, thus leading to the formation of domain walls between
them [320]. This can be a problem, because once they form after inflation, they
may soon dominate the energy density and overclose the Universe during the
Hubble expansion [321, 322]. However, there are various ways to solve this,
e.g. by diluting them away during/after inflation for a suitable choice of the
reheating temperature [323], by introducing bias terms in the potential [324],
perforating them by fast primordial black holes [325], assuming that the dis-
crete symmetry arises as a low-energy remnant symmetry after the sponta-
neous breaking of some continuous gauge symmetry [326], suppressing the

thermal production of domain walls [327], etc.

The assignment of the Z3 charges in Tab. 5.2 forbids the Y5,45 Yukawa cou-
plings in Eq. (5.6) and the only allowed terms in the Yukawa Lagrangian are

shown below:

—Ly = - (Y5),510} C 11055y + V2 (Ys5) .5 105 C ' 545"

I
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+ (Y15)AB gz C_l gB 15H -|—h.C., (515)

where Y5 and Yjs are symmetric in flavour indices. The tree-level Yukawa

relations can be obtained by putting Y5, Ys5 — 0 in Eq. (5.8):

(YM)AB = (Y5)AB'
(Ya) g = %(YALS)AB'

0 = =3 (),

(Yo)ap = V2(Yi5) 5. (5.16)

The tree-level Yukawa relations written in Eq. (5.16) have enough freedom to
reproduce the correct up-type Yukawa sector. However, in the down quark
and charged lepton sectors, it leads to 3Y; = — Y which results in g—f =

g—; = g—i = % But, at the traditional GUT scale (Mgur ~ 10'°GeV), the

renormalisation group evolution (RGE)-extrapolated SM values predict ];—‘: =2,
}y/—; = %, and ;—i = % [328]. Thus, the tree-level Yukawa relations obtained here
are not viable in the down quark and charged lepton sectors, unlike in the
SU(5) model without the Z3 [cf. Eq. (5.6)]. However, this issue is resolved by
switching on the one-loop correction imparted by various heavier degrees of
freedom (scalar and gauge bosons), which are already present in the model,

as discussed in the next section.

5.3.1 Charged Fermion Yukawa Relations at NLO

The inconsistency in the fermion mass relations at the tree-level [c.f. Eq. (5.16)]
can be addressed once the heavy scalar and gauge boson-mediated one-loop
corrections are included to the Yukawa vertices [329]. To illustrate, we have
shown the Feynman diagrams for the one-loop corrections to the 10 — 5 — 45;;
vertex in Fig. 5.3. The one-loop matching condition for the Yukawa couplings

at a given renormalisation scale y, following Refs. [330-335], is derived in
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Figure 5.3: Possible Feynman diagrams that contribute to the one loop corrections of
10 — 5 — 45;; vertex. The upper row contribute to the vertex corrections whereas the
rest contribute to the wave function renormalisation of the external fields.

Refs. [329, 336] and is given as follows:

Yr(n) = Y - Kelw) Yy () — KT () YO+ YOKS (1)),
2 2
(5.17)

where YJ? are the tree-level Yukawa couplings of fermions f D

{q, u©, d%, ¢, “} with the SM Higgs boson. The one-loop corrected Yukawa
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coupling at the scale y, i.e. Y¢(p) is deterministic and calculable in terms of
the finite part of the vertex corrections (¢ Yf) and wave-function renormali-
sation factors (Kp, Ky). Vertex corrections to various Yukawa couplings and
wave function renormalisation for different fields are induced by the heavy

fields inherent to this scenario.

To compute the one-loop corrections, the interactions of the heavy degrees
of freedom with the SM fermions are required. The interactions between var-
ious scalars with SM fermions stemming from 5y and 45y are obtained from
the decomposition of Eq. (5.6) using Egs. (5.1), (5.3), (5.4) and (5.5), as shown

below:

_ 1
— EY D) _YSAB (MCT C 1 eC zgaﬁ’ygab qi{xT C 9B ) S’ly

Y5 AB 1 CT p—1 4C 't
4 <ﬁ e uST ¢ dS S+ 25 P71 uCT ¢ dS, St
1 1 T 1 tp
— ﬁeaﬁp?,a C Ea RZIX,B \/_qa[x Cc™ dﬁBO

1 ,
— V2euqt T Cl St — VaeST 7 dS, S - wlet dst)

\/ESLZ qA

+ Y1548 <5am epn 47 CTHUEA™ + V2 05T CTH S RE +dS) C dﬁBZaﬁ>

+ h.c

It is to be noted that due to the imposed Z3 symmetry, the diquark coupling of
S3 is forbidden and hence it cannot induce nucleon decay here. The one-loop
matching condition also requires the contribution from heavy gauge bosons,

whose Lagrangian is shown below:

Lc = 50,D'5+100,D"10, (5.19)

where D), is the covariant derivative and 7, = (1,0), with o being the Pauli
matrices. The couplings of heavy gauge boson X, (3,2, —% ) with the SM

fermions is shown below:

—,C(GX) D %Y}l <d_Cl.5-#£l. — ﬁﬁ“uic — e_ciﬁy%) +h.c., (5.20)

(5.18)
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where g5 is the SU(5) gauge coupling.

The vertex corrections to the various Yukawa vertices are induced by heav-
ier scalars and gauge bosons propagating inside the loop. These can be com-

puted from Egs. (5.18) and (5.20), as shown below:

((SYH)AB = 4g%(Y5)ABf[M2,O] ,
(0Ya) u5 = %gé(Y‘E)ABf[M%(’O]/

3
(0Ye) gp = 6 \@ 85 (Yis) 45 M5, 0], (521)

where (6Yy) represents the finite part of the correction to the Yukawa interac-

tion of fermion f with the SM Higgs. The loop integration factor f[M?,0] is

given as,
M? M3
, 1 M%logy—%—M%logyT2
fIMEME] = — s IR -1, (5.22)
(5.23)

where M; is the mass of the scalar or gauge boson propagating inside the
loop. These corrections depend on the renormalisation scale y and are fully
determined in terms of the tree-level Yukawa couplings Y545, along with a
function that involves the masses of heavy particles. While calculating these
corrections, all SM fields are considered massless. Due to the assigned Z3
charges, scalar fields from 5y and 45y do not mix; consequently, the vertex
corrections receive contribution only from the heavy gauge bosons (X,), not
from the scalar fields. Moreover, the vertex corrections to Y; and Y, are unable
to break the tree-level inconsistency, 3Y; = Y!, as 6Y; and 6Y, also follow
the same behaviour. However, the wave-function renormalisation to different

fermions will break the generational degeneracy, as shown below.

The finite part of the wave function renormalisation factor of the (scalar or

fermion) field f is computed by taking the derivative of the self-energy cor-
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rection of the field f with respect to the outgoing momentum and then setting
the momentum to zero. The contribution to the wave function renormalisation
due to various scalars and gauge bosons to the external leg of SM fermions

and Higgs are shown below:

1 *
(K = 2sboaobb] - (7)., b 0

2 2 2 t
_ <6h[M 0] +4h[M 3,0]+0.5h[M51,0]) (Yas Yis) 45
(Kuc) ig = 4820aph[M,0] — h[M2,,0] (Y5* YST)

- (3h[M§, 0] + 1.5H[M, 0] +2h[M22,0]> (Yas Y}s)
(KdC)AB = zgééABh[M%(/O]

~ (6h[M3,0] + h{M3, 0] + 12h[Mp, 0] +2h[M,, 0]) (Y5 Yis) ap

— 4h[MZ,0] (Y15 Y{5) o5 — 4h[M%, 0] (Y{5 Yi5) 4

AB’

(K) gy = 3830an M3, 0] — (6h[M3,, 0] + 6h[M2,, 0] + 1.5h[M2, 0]) (Y i)

— 3h[M3Z,0] (Y15 Y{5) o — 6A[M% ,0] (Y15 Y5) 45/

(Kec) g = 6830a8h[M%,0] —3h[MZ,0] Y Y5
8% 2 a2 2 ap2
Kiy = 2[2 (F1M%, MR +gIM% ME])

2
Ky, = %5[2 (f[Mz,Még]Jrg[MZ,Mé,]])

+ 4 (fIME, ME] + gIMy, ME]) +4 (FIME, M3 + g[MF, M3 ) |.

Here Ky characterises the finite parts of the wave function renormalisation
factor corresponding to the field f. The loop integrating factors g[M?,0] and

h[M?,0] are given as,

1 (1, M2 3q*logq—3g*+q—}
h[Mz, M3] = ~log— + 2 ! ! 2
3
1 - +I+qlogg+1
2 a21 6 2 3
gMy, M| = 17 e , (5.26)
where g = M3/M2. In contrast to the vertex corrections, wave function

renormalisation factors receive corrections from both heavy scalars and gauge

bosons. The interaction of each scalar with SM fermions determines its contri-

AB’

(5.24)
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bution to different wave-function renormalisation factors. Notably, K; and K ;c
are different because the scalar fields S, O and X contribute only to K,;c, while
R; and A contribute to Ky, as the former only have diquark interactions. As a
result, these two factors are not the same. Thus, including the wave-function
renormalisation effects can help in resolving the inconsistency in the tree-level
Yukawa relation in the down quark and charged lepton sectors. Moreover, the
SM Higgs residing in 5y and 45y irreps also receives different contributions

from scalars, which is due to the imposition of the Z3 symmetry.

Substituting Egs. (5.21) and (5.24) into Eq. (5.17), the effective Yukawa rela-

tions at one loop valid at a given renormalisation scale u are as follows:

1 1
Yu(p) = Ys(1—5Ku) +8%, — 5 (KI¥s + Y5 K,c),
Yis 1

1
Ya() & 2 (1= Kn) +0% = e x (Kf Yis + Vs Ke),

3 1 1 3
—\@%(1—51@2) +6Ye - 5 (— E) X (KZY4§+Y4T5KEC),

(5.27)

12

Ye(p)

where Y5 45 are the tree-level Yukawa couplings depicted in Eq. (5.6).

5.3.2 Neutrino Mass

The capability of the considered SU(5) framework to generate neutrino mass
is now evaluated. This model includes a 15y-dimensional scalar irrep, which
is traditionally associated with neutrino mass generation through the Type-II
seesaw mechanism [337]. As the charged fermion mass spectrum has been
computed up to the one-loop level, consistency requires extending the neu-
trino mass calculation to the same order. The neutrino mass receives tree level
contribution from A (c.f. Tab. 5.1) with the Yukawa coupling Y;5 and also re-

ceives contribution from R, — S3 at one loop which is shown in Fig. 5.4. The
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Figure 5.4: Feynman diagrams that contribute to neutrino mass generation up to the
one-loop level.

resulting expression is given by

(Hip)?

M, = -2y
M}

Y15

+ 6p7 % (5 Yi Yas) + (Y Y Yas) | pIME, M), (5.28)
where the first term is the tree-level Type-II seesaw contribution, and the sec-
ond term is the one-loop contribution. Here (H;) is the vev of the SM Higgs
field residing in the 5g-dimensional Higgs, 7 is a dimension-full trilinear cou-
pling and is assumed to be close to the GUT scale, while p is an O(l) quartic
coupling and has been set to unity. The definition of the loop integration factor

p[M2, M3] is given as,

1 1 M?
2 2\ 1
p(M3,M3) = o2 [%_Hglog< ) (5.29)

It is to be noted that the trilinear vertex 45 454 15;I is forbidden due to the im-
posed Z3 symmetry; as a result, H, cannot contribute to the neutrino masses.
It is also imperative to note that the neutrino mass receives contributions
from the one-loop corrected Yukawa couplings Y,. Moreover, for a hierar-
chical neutrino mass spectrum far away from the quasi-degenerate regime, as
strongly suggested by the current cosmological limits on the sum of neutrino
masses [31, 338], the RGE running of neutrino parameters are known to be

small [339-342] and will not be considered here.
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Sul(H1)]
asul(H))
) \\\ ,;\?
5[dg] NN

Figure 5.5: Effective operators that contribute to OvBin the considered SU(5) x Z3
model. (Left Panel:) Diagrams contributing to Ovpp generated by the SU(5) scalars.
The number outside the bracket denote the SU(5) representation while the labels in
the bracket denote the field under SM charges. (Right Panel:) The LEFT operator
corresponding to the left diagram after integrating out the heavy scalars.

5.3.3 Contribution to 0vSp

In this scenario, in addition to the standard long-range contribution mediated
by left-handed neutrinos, we have other long-range contributions mediated by
the scalars in SU(5) which in given in Fig. 5.5. These contributions are referred

to as non-standard contributions are given by

6 G — _ — _

OéS)M = (7%) [egig (uPgrd) (ePRveC> + egig (u(r"‘ﬁPRd> (eUa/;PRveC> }(5.30)
Both the diagrams given in Fig. 5.5 originate from the same interactions term
in the SU(5) Lagrangian. They differ only in the electric charges of the mixing
partners: the first diagram involves the mixing of leptoquarks with Qem = 1/3

components of Mg, and My , while the second appears when the leptoquarks

with Qe = 2/3 mix.

The dimensionless parameters egig and e?i% appearing in Eq. (5.30) at the
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LEFT scale are given by

> (ﬁYR2> 11 <\/§Y53>11

s+p . PNO

2 3
T+T, 1
erim, = —7€1p/ (5.32)

corresponding to the S 4+ P and T + T5 contributions, respectively.

Having identified the relevant LEFT operators and their corresponding Wil-
son coefficients, the half-life can now be computed using the master formula

presented in Ref. [244] [see appendix]:

(Tm)t al gh Y Gor [A({CHI?, (5.33)
Oota A

where Gy, denotes the atomic phase space factors and Ay ({C;}) are the sub-
amplitudes which depend on the NMEs, low-energy constants (LECs) and
the Wilson coefficients of the relevant operators. We use the python package
vDoBe [222] to compute the half-life of Ovfp process for 7°Ge and '**Xe nuclei,
incorporating NMEs from the IBM2 model [245].> The vDoBe package handles
the RG running of the Wilson coefficients—particularly egig and e?j[%—from
the electroweak scale (4 = pew) down to p = 2 GeV. It is to be noted that the
decay-rate formula in vDoBe is expressed in terms of the Wilson coefficients

evaluated at the chiral symmetry breaking scale (1 ~ 2 GeV) [244].

To have a numerical estimate, the half-life formula in Eq. (5.33) can be sim-

plified as,

std B

Mee ( ) mnN M1(/6)
me

e

4

(T?I/E)_l = 8§1G(2)1

2 m?ﬁd MN s4p lef(6) 2
[ T €T3 ] %
M, Me Mf, )

= gjqu()l ‘M1(/3)

td td
2[ ce +Mge ]2
M, ’

= ¢4Go ‘Mgs)

3For other nuclei or NME schemes, the results vary by no more than 10%.
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ff_ 2
_ A (3)[2 [Mee
= gAGm‘MV [me} (5.34)
where MY = —4832 (-8.635), M. = —v, (% Mp5+}IMT6) -

0.327 (0.627) for 3Xe (7°Ge) nucleus and m$'¢ denotes the non standard

contribution and is defined as,

. M
mistd = gy e3P (M |- (5.35)

v

The effective Majorana mass is defined as,

ff td td
Mg = Mgy + Mg, (5.36)

where m${d = ¥, U2 m; denotes the canonical light neutrino contribution, and

m2$td denotes the non-standard contribution.

5.3.4 Parameter Fitting

The viability of the expressions given in Egs. (5.27) and (5.28) in yielding re-
alistic charged and neutral fermion mass spectra observed at low energies is
done via a x? optimisation procedure, similar to that in Ref. [329]. The X2

function is defined as

2
Xz _ Z<Oi,theo_oi,exp> ) (537)

i Ui, exp

where O; e, 18 the theoretical prediction for each observable, and O;exp is
the corresponding experimentally measured value, where index i runs over
all observables in the set. The experimental uncertainty for each observable is
represented by ;. The x? function in Eq. (5.37) includes nine charged fermion
Yukawa couplings, four CKM parameters, two neutrino mass-squared differ-
ences and three PMNS mixing angles. Since all the O;e, values computed
in Egs. (5.27) and (5.28) are at the GUT scale, the corresponding O;exp values

are also evolved to the GUT scale. The GUT scale values of the experimental
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observables are obtained after extrapolating the low energy observables using
two-loop THDM RGE equations from M; = 173 GeV (pole mass of the top
quark [4]) to Mgut, chosen here to be 10'® GeV. To compute the observables at
the GUT scale, the analysis starts at M; in a basis where Y;,, = Diag(M,..)/v,
Y; = VexmDiag(My) /v, with M, 4, as diagonal fermion mass matrices at M;.
These serve as inputs for two-loop THDM RG running, with the corresponding
B-functions evaluated using the PyRQTE package [343]. As there are two Higgs
vevs involved in the THDM framework, the ratio of their vevs, i.e. tanp = %,
is fixed at 1.5 [344] for our numerical purpose. After diagonalisation of the
Yukawa matrices, the GUT-scale values of the various observables are obtained
(as shown in Tab. 5.3). The low-energy input values of the charged fermion

masses and CKM mixing parameters are taken from PDG [4], while the neu-

trino mass and mixing parameters are taken from a recent NuFIT update [345].

Since uncertainties in the experimental observables at the GUT scale are not
precisely known, conservative estimates are adopted. A +10% uncertainty is
used for all the observables. Despite knowing the leptonic parameters with
high precession at low energies [4], such a large uncertainty is assumed at
the GUT scale due to several factors: (i) unknown scalar effects in the RGEs,
(ii) uncertainties in scalar masses, (iii) uncertainty in the matching scale, and
(iv) higher-order threshold corrections. The limited knowledge of GUT-scale
physics justifies the increased uncertainty (see e.g. Refs. [346, 347] for similar

tits with different uncertainty assumptions for the leptonic spectrum).

The allowed Yukawa values have been taken to be in the perturbative limit,
ie {Y5,1 5,45{ < /4 for obtaining a numerical solution minimising the x? func-
tion. This perturbative limit on the magnitude of Yukawa coupling is obtained
from 2 — 2 tree-level scattering at the high energy limit [348]. The mass
of the heavy gauge boson (Mx) appearing in Eq. (5.20) has been set to be
equal to the matching scale (y) which is same as the conventional GUT scale
(4 = Mgur = Mx = 10'® GeV) and the gauge coupling gs is taken to be
0.524, which is the mean value of the SM gauge couplings at the GUT scale.

We do not make an attempt to achieve exact unification of the gauge couplings
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in this scenario, which can be done by extending the model by adding more
degrees of freedom that do not couple to SM fermions thereby not affecting
our analysis. The trilinear coupling 7 appearing in the expression of neu-
trino mass [cf. Eq. (5.28)] is also varied around the GUT scale in the range of
(0.1,10) Mgut, whereas the quartic coupling p appearing in the same expres-

sion has been set to unity.

In Eq. (5.27), Y5 can be chosen as a real-diagonal matrix, Y5 a symmetric
matrix with complex entries and two cases can be considered for Yis, i.e., Case-
I where Y75 is real symmetric, and Case-II where Y5 is a complex-symmetric
matrix. This yields a total of 21 (27) Yukawa couplings in Case-I (Case-II).
Moreover, there are one, three and six BSM scalar fields inside the 5y, 15 and
451;-dimensional irreps, whose masses can take any value between roughly 1
TeV (to satisfy the LHC constraints) and GUT scale. Additionally, the cubic
coupling # can in principle take any value; however, a value much smaller
than the GUT scale would bring a fine-tuning problem. Therefore, we vary 7
near the GUT scale for our analysis. Altogether, there are 32 (38) unknown
parameters in Case-I (Case-II) which go into the theoretical predictions for the
18 observables in Eq. (5.37) to be fitted to their corresponding experimental
values. Moreover, the neutrino masses can have either NO or IO; and we shall
analyse both possibilities. The fitting of low-energy observables require split-
ting in the masses of scalars residing in a particular irrep (15y, 45p). Some
of the scalar masses are required to significantly deviate from the matching
scale in order to have substantial threshold corrections, which has also been
observed in Ref. [315]. This scenario goes beyond the Extended Survival Hy-
pothesis [349-351], which states that all the scalars except the one breaking
the symmetry must be heavier than the symmetry-breaking scale. This type
of framework calls for a mechanism that generates splitting in the masses of
scalars residing in the common multiplet, reminiscent of the doublet-triplet
splitting problem generic to all GUTs [352, 353]. This could be addressed, e.g.
by invoking higher-dimensional operators [354], the details of which do not

really matter for our phenomenological analysis.
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Figure 5.6: Left panel shows the Feynman diagram that contribute to 4 — e con-
version in a nuclei at tree level. Right panel shows the variation of the branching
fraction for 1 — e conversion in nuclei as a function of the R, leptoquark mass for
O(1) Yukawa couplings. The green dashed horizontal line indicates the current upper
limit of the ptoe conversion branching fraction set by the SINDRUM experiment while
the orange horizontal line shows the future Mu2e reach. The vertical shaded region
represents the exclusion bounds on the leptoquark mass from LHC searches.

From Eq. (5.31), it is evident that the OvppBrate, mediated by the SU(5)
scalars, depends on two main factors: (i) the Yukawa couplings of the lep-
toquarks with first-generation fermions, and (ii) the leptoquark masses. This
section explores the possibility of obtaining a viable fermion mass fit together

with maximising the Ovpprate.

As discussed above, the model with Case-I (II) contains 32 (38) free parame-
ters, including the scalar masses. It is evident from earlier discussions that the
pair of scalars S3 — R contribute to neutrino masses at one-loop while S;3 — R,
contribute to OvBp . Therefore, to relate these two effects and to maximise the
OvBp we fix the leptoquark masses as follows: Mg, ~ Mg, ~ 2.0 TeV to satisfy
the LHC constraints [231-240]%, while the leptoquark My, can induce large
contributions to u — e conversion which is shown in the left panel in Fig. 5.6.
In the right panel of Fig. 5.6, we have shown the variation of the branching
ratio of 1 — e conversion as a function of the mass of R,. It is found that for
Mg, ~ 103 TeV, we can evade the constraint from y — e conversion. The other
scalar masses are varied within one order of magnitude from the GUT scale.

Few of the scalars also induce proton decay, and setting their masses close to

“Thecurrent LHC constraint on scalar leptoquark masses is 1.58 (1.59) TeV considering its decay to
a top quark and electron (muon) with 100% branching ratio with 95% confidence limit (C.L) [240].To
safely evade LHC bounds, the leptoquark masses are fixed at approximately 2 TeV. Additionally, since
the neutrino mass loop function in Eq. (5.28) diverges for Mg, = Msg,, a small mass splitting is introduced
to avoid this issue.
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Figure 5.7: The left panel plots show the variation of Ax? with (Y15),, and |(Yis),,|
in the range of (—3.5,3.5) for the cases I (Y35 is real) and II (Y35 is complex). The cyan
coloured points represent the normal ordering while the purple points represent the
inverted ordering. Plots in the second column in both the cases show the distribution
of (Yy5),, for a viable fit.

Mgyt automatically satisfies the proton decay constraints. Additionally, the
mass of extra scalars . and S are allowed to vary between 1 TeV and the GUT
scale, which is necessary for a split between the charged lepton and down
quark sector. These particular choices reduce the number of free parameters

contributing to the different observables and maximise the OvBf contribution.

Having fixed the masses of scalar leptoquarks contributing to Ovppg, the
allowed range of Yukawa couplings contributing OvBp need to be explored.
As the aim is to maximise the leptoquark contribution to Ovpp together with
the viable fermion mass fit, the Yukawa coupling (Yi5)11 for the cases I and II
are varied in steps between (—3.5,3.5) under the aforementioned constraints.
With this choice, the algorithm is configured to fit the theoretical observables.
The variation of Ax? = x? — x2%,, as a function of (Yj5)1; and ‘(Y15)11‘ is

shown in Fig. 5.7. The adjacent plot shows the range of predicted/preferred
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Table 5.3: The best-fit values of the predicted theoretical observables corresponding to
BP1 and BP2 points and the minimum x? is also given. The definition of x? includes
charged and neutral fermion sector observables. The extrapolated values of the exper-
imental observables at the scale of u = 10'® GeV are provided along with the values
reproduced through x? minimisation. The fitted value of mass of the various scalars
and cubic coupling # are also given, where the masses of R, and Sz is fixed close to 2
TeV and R, is 10° GeV.

BP-I BP-II
Observable Oexp On On
Yy, /107° 4.087 4.086 4.083
y./1073 2.060 2.060 2.061
o 0.6580 0.6845 0.6826
Yy;/107° 8.777 8.776 8.789
ys/107% 1.792 1.791 1.800
y,/1073 9.992 9.9921 9.513
y./107° 3.921 3.921 3.9179
yu/107% 8.172 8.174 8.0957
y/1073 13.82 13.78 14.535
| Vis| 0.2286 0.2286 0.2289
|V 0.03794 0.03791 0.03798
Vil 0.003518 0.003518 0.003516
sin éckm 0.78 0.78 0.78
Am? [eV?]/107° 7.49 7.49 7.49
Am?, [eV?]/1073 2.534 2.532 2.532
sin? 61, 0.307 0.307 0.2940
sin? 03 0.561 0.5602 0.5685
sin? 613 0.02195 0.02194 0.0229
Xoin 10° 0.7
Ms, [GeV] 5.45405 x 10 4.39036 x 10'°
My [GeV] 8.55261 x 101  9.30636 x 10'°
M; [GeV] 1.75281 x 10" 2.28598 x 10°
Ms [GeV] 2.64956 x 1013 10°
Mo [GeV] 5.98515 x 101° 10
Ms [GeV] 6.62310 x 100  3.12650 x 1010
My [GeV] 2.70915 x 10'®  2.69230 x 106
11 [GeV] 9.54343 x 10'®  9.68322 x 1016
Mg, [GeV] 2500 2500
Ms, [GeV] 2004 2004
My, [GeV] 106 106

value of (Y45)11. The cyan colour (purple colour) dots in Fig. 5.7 represent

normal (inverted) ordering for the neutrino spectrum.

It is clear from Fig. 5.7 that the entire fermion mass spectra and mixing

angles can be fitted considering the above mentioned choices. As evident from
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the plot, the first element of the Yukawa matrix (Yi5),, can take any value
between (—3.5,3.5) for the case I and the same is also true for its magnitude
in case-II, yielding a desirable numerical fit. The preferred value of the first
11} < 2x 1072 in case-I and < 2 x 10™* in case-II, for
both normal and inverted orderings.

element satisfies | (Ys5)

To illustrate the numerical estimates in the subsequent sections, we have
provided two benchmark points (BP1 and BP2) from the solution space. The

Yukawa couplings for the benchmark points are given as follows":

BP1:

(8.09002 +i 3.26336) x 107> (—1.9705+1i 0.667620) x 10~*  (—3.80612 —i 1.91173) x 1073

Ys = | (—1.9705+i 0.667620) x 10~* (3.05963 +i —0.02150) x 10~ (—2.83391 —i 0.84882) x 102 | ,
(—3.80612 — i 1.91173) x 1073 (—2.83391 — i 0.84882) x 1072 (7.22552 + i 1.89986) x 10~
1.64251 x 1072 0 0

Yis = 0 —9.38426 x 107° 0 ,and

0 0 —3.78806 x 101

—1.41343 0.00564  0.46266

Yis = 0.00564  3.49915 —0.00987 | , (5.38)
0.46266 —0.00987 1.30712

BP2:

(—0.160022 +i 1.78568) x 10~%  (2.37783 —i 2.28594) x 10~*  (1.07006 — i 6.42993) x 103

Ys = (2.37783 — i 2.28594) x 107*  (—1.7098 +i 1.34955) x 1073 (—1.35222 —i 2.13648) x 1072 | ,

(1.07006 — i 6.42993) x 1073 (—1.35222 — i 2.13648) x 1072  (0.28407 +i 7.72693) x 10!

—1.34103 x 102 0 0

Yi5 = 0 1.08804 x 104 0 ,and

0 0 3.87003 x 107!

—1.39680 0.001433 —0.51452

Yis = | 0.001433 3.42342 0.00113 (5.39)
—0.51452 0.00113  1.29648

The fitted value of different observables corresponding to the above Yukawa

5The Yukawa entries have been specified with very high precision. Any deviation in these Yukawa
values or masses given in Tab. 5.3 would significantly alter the x2.
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matrices are relegated to Tab. 5.3. The obtained value of the optimised x? for
the given benchmark points are 103 and 0.7 respectively, indicating that the
considered SU(5) model appropriately reproduces the observed charged and
neutral fermion mass spectra. In addition to the fitted Yukawa coupling, the
absolute values of obtained neutrino masses and mS are also provided in the

following ;

0.0021666 0 0
BP1: Diag(M,) = 0 0.0023311 0 eV, mSd =0.0229eV,
0 0 0.0547934
0.0022384 0 0
BP2: Diag (M,) = 0 0.002400 0 eV, msd =0.0236eV.
0 0 0.0547934

(5.40)

5.3.5 Model Predictions for OvBf

Now we compute the model predictions for Ovpp. Any solution with ac-
ceptable x> must respect the current experimental upper bound on m¢f. We
use the result from KamLAND-Zen experiment using 1**Xe which is quoted as
melf < (0.018 — 0.024) eV [116], where the range is due to NME uncertainties.
Note that the experimental limits for mSff were obtained using vDoBE [222],
which includes short-range effects. This makes these constraints slightly dif-

ferent from direct experimental quoted results.

Fig. 5.8 shows the variation of m¢ff as a function of the lightest neutrino

mass for Case-I (left panel) and Case-II (right panel). The cyan (purple) points
are the solutions reproducing the correct fermion mass spectra for NO (IO).
The gray (pink) shaded regions denote the standard NO (IO) region, whereas
the black and orange bands show the current KamLAND-Zen limit [116] and
future LEGEND-1000 sensitivity [120] calculated using vDoBE [222]. The ver-
tical dashed lines (from right to left) indicate the direct limit on the absolute

neutrino mass m, < 0.45 eV (at 90% CL) from KATRIN [355], and the indirect
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Figure 5.8: Variation of m&f as a function of lightest neutrino mass obtained from

the fitted solutions. The grey and pink regions show the allowed ranges for NO and
IO in the standard Ovppmechanism. The teal and orange bands show the current
KamLAND-Zen limit and future LEGEND-1000 sensitivity, respectively.

limits derived from the sum of neutrino mass constraint of } ;m; < 0.12 eV
from Planck [31] and }_ m, < 0.064 eV from DESI [338]. Note that the DESI
limit disfavours the IO; therefore, there is no DESI line corresponding to the

eff obtained here are

IO case. From Fig. 5.8, it is evident that the values of m
all within the allowed range of standard m,, values, implying that the non-

standard scalar contributions are small. This can also be seen from Eq. (5.35):

msd 2y x "A’Zf <§42>11 %g;l $35x1077 eV (541)
In the above equation, the considered values for the scalar masses and the
trilinear scalar coupling contributing to Ovfpare obtained from the x? anal-
ysis, which are 7 ~ 10'® GeV, My ~ 10'® GeV, and Ms, = 2 x 10° GeV,
Mg, = 2.5 x 10% GeV and Mg, = 10° GeV. The Yukawa couplings are taken
as (Yr,),, ~ (Yishy = 35 and (Ys,);; ~ (Yas)y; = 2 x 102 which are the
maximum allowed Yukawa couplings, required for the fermion mass fitting,
as evident from Fig. 5.7. Additionally, in Eq. (5.41), a factor of two is mul-
tiplied for the two contributions yielding the same LEFT operator, as shown
in Fig. 5.5. With these assumptions, the value of maximum possible m25t is
negligible compared to the standard contribution, m$4 ~ 10=2 eV. The sup-

nstd

pression of mj,;'“ is due to the high mass scale of the triplet scalar (M,), which

is required to generate the observed small neutrino masses [cf. Eq. (5.28)]. Con-
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Figure 5.9: Effective operator diagrams that contribute to OvBpin the SU(5) x Z3
model in the presence of 15. The diagram in the left panel shows the scalar-induced
OvpBin the considered scenario, where the irreps outside the parenthesis depict the
parent multiplets. The right panel shows the equivalent LEFT operator.

sequently, within the considered settings of the SU(5) framework, the effective

Majorana mass is dominated by the standard light-neutrino exchange contri-

eff std.

bution, yielding mg," ~ m3,". It is also clear from Fig. 5.8 that in both cases, for

eff

the considered choice of parameters, 10 is ruled out as the prediction for ms,

is larger than the KamLAND-Zen limit.

In the left panel of Fig. 5.8, since Y15 is real (Case-I), the Majorana phases are

eff

zero, and ms,

values stay close to the upper limit of the standard contribution
for NO. On the other hand, in the right panel, the Majorana phases are non-
zero due to complex Yi5. However, it is evident from the right panel that the
fermion mass fits prefer the higher values of m; (through higher values of Y;5)

and the cancellation regime of the standard m<ff is not reached.
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Figure 5.10: Same as in Fig. 5.8 but with an additional scalar contribution from A,
arising from an extra 15y. The results are shown for different benchmark values of
M,,. For clarity of presentation, we have separated the NO and IO results for Cases-I
and IL

5.4 Enhancing the OvBf contribution

As concluded in the previous section, the OvBf contribution arising from lep-
toquarks in the considered SU(5) framework is suppressed due to the high
mass scale of A, which is required to accommodate the observed smallness
of neutrino masses. In this section, we consider an alternative scenario by
extending the scalar sector with a new 15y irrep, where the scalar-induced
contributions to the Ovpp can be enhanced. This additional 15y is denoted as
ﬁH in Tab. 5.2. In terms of the scalar content, ﬁH resembles with the 15y ir-
rep shown in Tab. 5.1 and the new scalar stemming from this extra 15y which
contributes to OvpBis denoted as A, (1,3,1). Here, ﬁH irrep is assigned a
Z3 = 1 charge that forbids its coupling to the SU(5) fermionic multiplets i.e.
5 and 10. As a result, the scalars in ﬁH do not contribute to the fermion

mass fitting discussed earlier. Since it does not contribute to neutrino masses,
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Figure 5.11: Variation of mef for BP1 (blue band) and BP2 (red band) as function
of My,. Green band shows the standard contributions for the two BPs are calcu-
lated as 0.0229 eV and 0.0236 eV. The purple-shaded region corresponds to the current
KamLAND-Zen limit, while the orange band shows the LEGEND-1000 sensitivity. The
vertical hatched region is disfavored by LHC data.

the triplet scalar (A;) residing in 15y can be as light as possible, enabling it
to generate substantial contributions to the Ovppamplitude. The correspond-
ing diagrams are shown in Fig. 5.9. The current non-observation of OvBfcan
therefore be utilised to establish a lower bound on the mass of this triplet
scalar. The role of A; in enhancing the Ovpprate is illustrated in Fig. 5.10,
by considering different values of M, D {106, 108, 1010} GeV. The value of
mStd as a function of the lightest neutrino mass is obtained from the solution
set shown in Fig. 5.8, whereas the non-standard Ovpp contribution for M,, is
given below in Eq. (5.42). It is found that for Mu, ~ 10® GeV the interplay
between the standard and non-standard contributions can lead to the cancel-
lation among these contributions depending upon the sign of the first matrix
elements of Y5, 45, which will be discussed subsequently by choosing two suit-
able benchmark values (BP1, BP2) from Case-I (given in Egs. (5.38) and (5.39)).
The destructive interference between the standard and non-standard contri-
butions reduces the effective Majorana mass to levels compatible with current
experimental bounds, thereby allowing the IO scenario in Case-I, as can be

seen from the lower left panel of Fig. 5.10.

The expression relating T{)‘/’z and mff is given in Eq. (5.34). The standard

and non-standard contributions can interfere either constructively or destruc-
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tively depending on the sign of egig For BP1, as (Yi5)1; x (Ya5)17 < O, it

implies egig < 0 [cf. Eq. (5.31)] and /\/l:/(@ / /\/l1(/3) < 0. Consequently, the non-

std

standard term in Eq. (5.35) is positive and it constructively interferes with m3;°.

On the other hand, the converse happens for the BP2, where the non-standard
term is negative and it destructively interferes with mS!d. This constructive
or destructive interference effect between the standard and non-standard con-
tributions is shown in Fig. 5.11 as a function of M,,, where the cancellation
is evident for BP2 (red points). The figure also shows that for BP1, M,, val-
ues below 4.7 x 10° GeV are ruled out by KamLAND-Zen whereas for BP2,
this bound gets relaxed to 1.2 x 10° GeV due to the cancellation effect. Both
Figs. 5.10 and 5.11 indicate that the non-standard contribution becomes sub-
dominant for My, 2> 10 GeV. It implies that OvBf can provide more stringent
limits on M,, well beyond the reach of colliders. For comparison, the current
LHC bound on M,, is around 350 GeV from the diboson decay channel [356],
as shown by the vertical hatched region in Fig. 5.11. Note that since A, does

not couple to SM fermions, the more stringent limits on triplet scalars from

(di)leptonic decay modes do not apply in our case.

We can derive a lower bound on My, from OvpB using the expression

nstd sz % pUUS <\/§Y15>11 <\/§Y45)

11
~ . (5.42)
ee M2 M2 M2

Ay Rz S3

By applying the current KamLAND-Zen upper limit of m,, < 0.02 eV, a conser-

vative upper bound on M,, can be derived as:

my 1072eV p n (Ms)y; (Yas)y
1GeV  m, O(1) 1016GeV O(1) 102

My, > 101°Gev {

2

-1/2

2
( v >5 106 GeV 2 % 103 GeV \ 2 (5.43)
102 GeV MRZ MS )

3

The bound mentioned in Eq. (5.43) is subjected to the minimum masses of the
leptoquarks and maximum values of the Yukawa couplings yielding a viable
fermion mass spectrum and evading the cLFVs. For larger leptoquark mass

and smaller Yukawa couplings, the bound on My, can be relaxed down to the
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LHC exclusion limit. The point is that the OvgBbound on M,, can be much
stronger than the collider bounds, depending on the leptoquark masses and

Yukawa couplings.

5.5 Summary

Processes violating the Baryon and Lepton number are significant yardstick
to constrain/detect the unobserved (potentially new) physics. Grand unified
models provide a viable setup in which such violations can be studied. This
work investigated a particular optimal and realistic SU(5) scenario where the
scalar contributions to neutrinoless double beta decay are analysed. Unified
models are known to strongly constrain Yukawa parameters by unifying
quarks and leptons in the same multiplet. This study intended to analyse the
contribution to OvBp, arising from leptoquarks embedded in a UV complete
scenario. It is found that some set of scalars can induce proton decay as well
as OvBp. As those leptoquarks have to comply with proton decay bounds, the

effect of scalars inducing the OvpBis suppressed.

To avoid this, a discrete symmetry (Z3) has been imposed to restrict the
diquark coupling of specific scalar (S3). Imposing the discrete symmetry
makes the Yukawa unrealistic at the tree level. However, as shown in this
work, switching on radiative corrections can make the scenario from the
heavy degrees of freedom made the scenario realistic and predictive. The
considered model reproduces the observed fermion mass spectra (within the
assumed uncertainty). In order to yield the observed tiny neutrino masses,
the desired value of the mass of scalar field A is close to the GUT scale.
Such high value of mass of A suppresses the Ovppamplitude. Consequently,
the scalar-mediated Ovppamplitude becomes nineteen orders of magnitude

weaker than the standard light-neutrino exchange mechanism.

A significant enhancement in the OvpBprate can be achieved by introducing
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an additional scalar irrep (15y) consisting of Ay, with Z3 = 1. This charge
assignment disable it from having fermion interactions at the GUT scale. This
ensures that A, does not contribute to neutrino masses (or any other fermion
mass), allowing its mass to remain independent from seesaw constraints. By
optimising Yukawa couplings and minimising leptoquark masses within ex-
perimental limits, conservative constraints on My, is derived, My, > 1010 GeV.
This scenario demonstrates that while minimal SU(5) frameworks face severe
phenomenological constraints, extended symmetry structures with carefully
chosen scalar sectors can enhance Ovppprocess without conflicting with the

stability of the proton and satisfying the neutrino mass bounds.
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Monopole-dipole potential and tests of
gravity

6.1 Overview

Axions were first proposed to solve the strong CP problem in the SM [52-55,
58, 357], but the concept has evolved over the time, leading to a more gener-
alised notion of axion-like-particles (ALPs), arsing from either string compact-
ifications or spontaneous breaking of a global U(1) symmetry [358]. Unlike
the QCD axions, the mass of ALPs and the symmetry breaking scale is inde-
pendent of each other. The mass spectrum of the ALPs spans a wide range
of scale, from 10722eV to TeV scale. This broad range highlights the versatil-
ity of ALPs in addressing various BSM phenomena. Typically these ultralight
bosons couple very weakly with the SM particles and hence, it is extremely
challenging to search for these particles in direct detection experiments. Sev-
eral laboratory, astrophysical, and cosmological constraints on the mass and
decay constant (related to the U(1) symmetry breaking scale) of QCD axions
and ALPs are discussed in [357, 359-381].

Ultralight ALPs can also be a promising candidate for Dark Matter
(DM) [382-384]. For instance, ALPs with mass 10722 eV have a de Broglie
wavelength comparable to the order of a dwarf galaxy (1 — 2 kpc) [385, 386].
Therefore, these ultralight DM particles behave as waves and such wave nature

of the DM can solve the longstanding core-cusp problem [387-389], evading
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the direct detection constraints [390-392]. These ultralight ALPs can also me-
diate a long range macroscopic force between two objects if the mass of the
ALP is smaller than the inverse distance between the two bodies [393]. There-
fore, there is significant phenomenological importance in the search for these

particles and in obtaining constraints on ALP parameters.

In this chapter, we mainly focus on constraining the monopole-dipole in-
teraction strength from astrophysical observation since, there is no single as-
trophysical phenomenon that can directly constrain the monopole-dipole in-
teraction, so far. The most stringent bound on monopole-dipole interaction
is claimed by combining the best experimental bound on scalar interaction
multiplied by the best astrophysical bound from stellar energy loss on the
pseudoscalar interaction. It is also highlighted by the authors of Ref. [394] that
in several scenarios these hybrid bounds could be overly stringent leading
to a premature abandoning of the ALPs as an attractive theoretical prospect.
There is lack of a complete astrophysical probe of monopole-dipole potential
as most of the astrophysical objects are considered to be unpolarised. Even if
a polarised astrophysical object is considered, its degree of polarisation is not

known precisely.

We consider the Earth as a polarised source and there are about 10%° num-
ber of polarised electrons in Earth due to the presence of Earth’s geomag-
netic field [395]. Here, the Earth is treated as a polarised source and the Sun
is treated as an unpolarised object. The ALP has a pseudoscalar coupling
with the electrons in the Earth and scalar coupling with the nucleons in the
Sun. This can give rise to an ALP mediated monopole-dipole potential for the
Earth-Sun system. This ALP mediated monopole-dipole potential can affect
the geodesic of light and the Earth. We obtain constraints on monopole-dipole
interaction strength in this pure astrophysical scenario from perihelion preces-
sion of Earth, gravitational light bending and Shapiro time delay. The bounds
on the monopole-dipole coupling obtained from these gravity tests are strictly
valid for the range of the force greater than the Earth-Sun distance which cor-

responds to the mass of the ALP (m;) <1078 eV.
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Figure 6.1: Feynman diagrams of different types of interactions between fermions and
ALP.

The organisation of this chapter is as follows: The next section presents
detailed derivations of the monopole-monopole, monopole-dipole, and
dipole-dipole interactions and reviews the current experimental limits on
the monopole—dipole potential. In Section 6.3, we discuss how the Earth
can be treated as a polarised source. Section 6.4 focuses on the impact of
the monopole-dipole potential on key gravitational phenomena which in-
clude: the perihelion precession of Earth, gravitational light bending, and the
Shapiro time delay. We have derived bounds on the monopole-dipole coupling
strength based on individual astrophysical observations mentioned above and
showed the results in section 6.5. Section 6.6 extends this analysis by obtain-
ing combined constraints on the monopole—dipole interaction strength using
two independent astrophysical measurements. Finally, Section 6.7 provides a

summary and discussion of our findings.

6.2 Long range interactions of ALPs

The mediation of ALP between two fermion currents can give rise to long
range macroscopic forces. ALP can interact with fermions through either a
spin-dependent pseudoscalar coupling (ysia) or a spin-independent scalar
coupling (¢a), where i represents the fermion field and a denotes the ALP

field. The most general interaction Lagrangian can be written as,

—L = gsypa+igpPpyspa+hec, (6.1)

In general, there are three different ways in which the fermions interact among

each other via the mediation of ALPs, as illustrated in Fig. 6.1. The left panel
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shows the possibility where the ALP (a) couples as scalar at both the interac-
tion vertices. The right panel depicts the scenario where the ALP couples as
pseudo-scalar at both vertices. The middle panel represents the mixed case,
where the ALP couples as a scalar at one vertex and as a pseudoscalar at the
other. Each of these interaction structures leads to different physical potentials,

with varying parity and spin dependence.

The amplitude of the left panel diagram becomes,

i

iM = Ty (p1)(—igs)us, (p1)— iy (p2) (—igs)us, (p2)

q m

= —i

255 [

q2 —m2 Pl “51 p1 ] [”/ Pz Us, ]92)] (6.2)

where g = p;1 — p] = p, — p2. In the Non Relativistic (NR) limit, all three
momentum components are much smaller than the mass of the particle (m)
and hence, the energy of the particle is E ~ m. The normalisation condition is

chosen as

u;r/(p)us(p) = Oss/, (6.3)

and the positive energy spinor in the NR limit is written as [396],

us(p) = (1 - 5)x + O(p?), (64)

where x; is a normalised eigenvector satisfying x{7° = x!I and yoxs = xs-
Here, ; denotes the Dirac gamma matrices and i runs from 1 to 3. Hence, in

the NR limit, we can calculate the following bilinear terms using Eq. (6.4) as,

_ _ 1
T (P2t (p2) =1, By (P1)ystiy (1) = 525 o AXe (65)

where o denotes the Pauli spin vector and m, denotes the mass of the particle
to which the ALP couples as a pseudoscalar. In this approximation, Eq. (6.2)
can be written as,

g3

— i [T D )] [Fahua] 69
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where we can write g2 = qoz —|q/? and |¢°| < |q] in the NR limit. Using, Eq.

(6.5) we can write the monopole-monopole potential as,

— d3q iq.r gé
Vo) = = | e ()
e~ Mat
= -0 (6.7)

Similarly, the diagram in the middle panel of Fig. 6.1 shows that the ALP
couples as scalar in one vertex and as a pseudoscalar in the other vertex. The

amplitude of the diagram is written as,

iM = ngi g}i %ﬁsg(P’l)v5u51(pl)ﬁsfz(io’z)usz(pz), (6-8)

Following the similar procedure as above and using Eq. (6.5), we can write the

monopole dipole potential as,

d*q igpgs \ s.q
= — 1q.r

where s = 7 is the spin vector and my, is the mass of ¢, to which the ALP

couples as a pseudo-scalar. Therefore, the potential becomes

_ 8r8s g 1
Val) = 5 (9) / ST
[
_ 8p8s o (Ma l —Mar
_ 4nm¢2(s.r)( - +r2)e . (6.10)

This is the expression for monopole-dipole potential which can act between

polarised and an unpolarised objects.

The dipole-dipole force which acts between two polarised objects by the

mediation of ALP is given as,

g2 e Mal
Vs () = LB (09) (029) (W), 6.11)
1 2

The monopole-monopole, and dipole-dipole forces are parity (P) and time
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Figure 6.2: Feynman diagram of e” N scattering mediated by a pseudoscalar ALP.
Here, the electrons are spin polarised and the nucleons are unpolarised.

reversal (T) conserving. However, the search for monopole-dipole force is

interesting as it can violate P and T.

In the following discussion, we assume that ALPs couple with electrons as
pseudoscalars and couple with nucleons as scalars. The Lagrangian is written

as [394],
—Lint. O gsNNa+igpeysea+h.c.. (6.12)

These interaction terms enable the mediation of a long range monopole-dipole
force between electrons and nucleons. The Feynman diagram for an ALP
mediated monopole-dipole potential between polarised electron current and
unpolarised nucleonic current is shown in Fig. 6.2. The expression of the
monopole-dipole potential mediated by ultralight ALP between two fermion
currents is given by [393, 397]

s\ [ Ma 1y
V(r) = %(se.r) (7 + r—2>e Mal’, (6.13)

where we consider that ALP with mass m, is coupled with the polarised elec-
tron by a pseudoscalar coupling with strength ¢p and the ALP is also coupled
with unpolarised nucleon by a scalar coupling with strength ¢s. Here, m, is
the mass of the electron, and s, is the electron’s spin vector. The term s..?

violates P and T symmetries.

There exist several experiments dedicated to the search for parity and
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time reversal violating monopole-dipole potentials [394, 3986-401]. Such po-
tential can be constrained from the torsion balance method using polarised
electrons in the torsion pendulum and unpolarised nucleons in the Earth or
in the Sun [402]. The bound on gsgp obtained from this laboratory exper-
iment is most sensitive for the ALPs of mass m, < 1071% eV. The QUAX-
gsgp [398, 403] experiment obtains lab-lab bound on gsgp for the mass of the
ALP 5x 1077 eV < m, < 1072 eV. An experiment like ARIADNE is made
to search for monopole-dipole potential using a laser polarised *He and a ro-
tating tungsten source mass [404]. This lab-lab gsgp bound is valid for the
ALPs of mass 1 ueV < m,; S 6 meV. In [405], polarised ultracold neutron
spins and unpolarised nucleons are used to constrain such potential. This
lab-lab experiment can probe ALPs of mass 1 meV < m, < 0.1 eV. There
are other laboratory experiments like SMILE (m, < 10710 V) [406], NIST
(m, <1071 eV) [407], J-PARC muon ¢ — 2 (m, < 3 x 10714 eV) [408] , Wash-
ington (10 peV < m, < 10 meV) [409, 410], Magnon based axion dark matter
search (m, < 107> eV) [411, 412] which obtain bounds on monopole-dipole
interaction. The cooling of red giants and white dwarfs put constraint on
gp < 1.6 x 10713 [103] and the constraint on ¢s obtained from the energy

< 1.1 x 107!2 [413]. Multiplying these

Y

loss of globular cluster stars is gs
two numbers, one can obtain a hybrid bound on monopole-dipole coupling

as gsgp < 1072 for m, <

)

10 keV. The lab-astro bound on gsgp is obtained
from two independent experimental bounds and the bound is sensitive for
m, < 10718 eV. The astro-astro gsgp bound also considers two separate obser-
vations. So far there is no single astrophysical phenomenon that can directly
constrain the monopole-dipole interaction as most of the astrophysical objects
are considered to be unpolarised. However, in the next section we have dis-
cussed how the Earth can be used as a good source of polarised electrons and

can be used to constrain the monopole-dipole interaction strength.
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Figure 6.3: Feynman diagram of ¢~ N scattering mediated by ultralight ALP in the
Earth-Sun system.

6.3 Earth as a polarised source

Recently, a long range dipole-dipole interaction arising between two spin po-
larised bodies is studied in Ref. [395] where the authors have considered the
Earth as a source of spin polarised electrons. In the presence of the geomag-
netic field, some of the electrons in paramagnetic minerals within the Earth
acquire a small spin polarisation oriented antiparallel to their local magnetic
tield. The magnitude and direction of the induced geoelectron spins depend
on the Earth’s material composition, geomagnetic field and temperature pro-
tile [414]. The core of the Earth is mostly made of Fe-Ni alloy which does
not contain any unpaired electron spins due to high pressure and tempera-
ture [415, 416]. Hence, the Earth’s core does not make any contribution to
its polarisation. The dominant contribution to the polarisation comes from
Fe, the most abundant transition metal in various oxides and silicates in the
Earth’s mantle and crust. Other major rock forming elements like Mg, Si, Al,
and O have a negligible contribution to the Earth’s polarisation due to their
closed electron shells. In Ref. [395], the electron spin density as a function of
depth and all the mineral proportions in Earth’s crust and mantle are men-
tioned very accurately. It is found that the unpaired electron density around
10* km depth is about 10%? /cm?3. Hence, the total unpaired electron spins in-
side the Earth will be N, ~ 10?2 x 10’ = 10%. Most of the unpaired electrons
exist in the Fe?" state with a total spin s = 2, the so called HS state. When
the spin-1 electron in HS Fe?" interacts with the external geomagnetic field,

the spins become polarised and the polarisation fraction becomes o = %,
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where the electron Bohr magneton is up = - = 2.94 X 1077 V1, k is the
Boltzmann constant, B ~ 1 G is the Earth’s magnetic field in the mantle, and
T ~ 2000 K is the temperature. Hence, we can obtain the polarisation frac-
tion as @ ~ 1077. Therefore, the total polarised electron spins in Earth is
N, x & ~ 10% x 1077 = 10*2. However, when integrated over any spherically
symmetric Earth model, is is found that that the vector sum of these spins is
zero [417]. But, to our rescue, it is also known that the Earth is not strictly an

sphere because of the following reason:

1. The most evident deviation from the assumption of spherical symmetry
arises from the fact that the Earth is an oblate spheroid, with its polar
radius approximately 21 km (or about 0.3%) shorter than its equatorial

038

radius [418]. This flattening results in a net ~ 3.2 x 10°° electrons spin

polarised along the —z-axis.

2. As it is described earlier that majority of the polarisation arises from the
iron isotopes. Therefore, using a global crustal model and estimating
the iron content within each layer, it has been calculated that the crustal
heterogeneities produce approximately (2.2 + 1.5) x 10% electrons whose

spins are polarised along the —Z direction [417, 419].

3. Non-spherical heterogeneities also arise due to the two Large Low Shear
Velocity Provinces (LLSVPs) [420]. It was shown that these LLVPs con-

tribute ~ 1.6 x 10% electrons spin polarised along the —2 direction.

In conclusion, due to the Earth’s non-spherical structure, it is conservatively
estimated that there are at least ~ 10% spin-polarised electrons aligned an-

tiparallel to the Earth’s rotation axis.
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6.4 Constraining Monopole-dipole potential from single ob-

servation

The spin polarised geoelectrons can interact with the unpolarised nucleons
in the Sun and generate an ALP mediated monopole-dipole potential for the
Earth-Sun system. Consequently, presence of such new interaction can induce
an extra gravitational potential between the Earth-Sun system which can be
examined from tests of gravity. The tests of gravity include the perihelion
precession of the Earth, gravitational light bending, and Shapiro time delay.
However, the contribution of monopole-dipole potential for these observations
is limited by the measurement uncertainties of the mentioned observables. In
Fig. 6.3 we have shown the Feynman diagram for e~ N scattering mediated by
ultralight ALP for the Earth-Sun system. The ALP is coupled with the electrons
in the Earth by a pseudoscalar coupling. The ALP is also coupled with unpo-
larised nucleons in the Sun by a scalar coupling. In the following sections, we
obtain the contribution of monopole-dipole potential from the measurements
of perihelion precession of the Earth, gravitational light bending, and Shapiro

time delay.

6.4.1 Perihelion precession in presence of a monopole-dipole potential

The success of General Relativity (GR) theory has been consolidated by the
observation of the perihelion precession of the Mercury planet. While orbit-
ing around the Sun, the perihelion position of the Mercury planet shifts by a
very small angle in each revolution around the Sun. The dominant contribu-
tion to the perihelion shift comes from the gravitational effect of other solar
bodies. There is also a subdominant contribution on perihelion shift due to
the oblateness of the Sun and Lens-Thirring precession. These non relativis-
tic contributions are calculated based on Newtonian mechanics which follows
rlZ force law. However, there is about 42.9799 arcsecond/century [421, 422]
mismatch from the observation after including all the non-relativistic effects

in the measurement of perihelion precession of Mercury. In 1915, Einstein’s



Section 6.4: Constraining Monopole-dipole potential from single observation 189

GR calculation provided a complete explanation of the anomalous perihelion
precession of the Mercury. All the other planets also experience this perihelion
shifts. For example, the Earth has a perihelion shift of 3.84 arcsecond /century
due to GR correction. Since, the Earth is taken as a polarised source, there
can be an ALP mediated monopole-dipole potential for the Earth-Sun system.
This ALP mediated long range potential can affect the geodesic of the Earth
and contribute to its perihelion precession measurements. However, the con-
tribution of monopole-dipole interaction should be limited to be no larger than
the measurement uncertainty which is 10~% arcsecond /century [423, 424] for

the Earth-Sun system.

For a timelike particle, we can write
g’,{yxl/{xv — _1, (6.14)

where g, is the metric tensor for the Schwarzschild background spacetime

and denoted as,

1
guw = Diag { (1 — ZGTM) , (1 — 2GM) 12,1 sin29} . (6.15)

r

In presence of a long range monopole-dipole potential, the trajectory of unit

mass can be described as [425],

) 2 2 2
2L GML M BEmy _yy  PE e E-1 o
2 272 r3 r Mpr Mpr? 2

Lar
r2 d4)/

tively, G is the Newton’s Gravitational constant and 8 = %. N; and N;

where 7 = M and Mp are the masses of the Sun and the Earth respec-
are the numbers of polarised electrons in the Earth and unpolarised nucleons
in the Sun respectively. We have also neglected the O(p?) term because the
coupling for the monopole-dipole potential is small. E is a constant of motion
which is termed as the total energy per unit mass for a timelike geodesic rel-
ative to an observer in rest frame at infinity. The total energy of the system

per unit mass for a very small eccentric orbit in presence of a monopole-dipole
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potential is

GM gsgleNz —m.D mg mz 1
E~1- — Ma 2 , 6.17
2D dm, © <MpD ton, MpD2> (6.17)

and L is another constant of motion which is the angular momentum per unit
mass of the system and D denotes the semi major axis of the orbit. In Eq. (6.16),
the first term on the right hand side denotes the kinetic energy part, the second
term denotes the centrifugal potential part, the third term arises due to the
contribution of GR, the fourth term denotes the Newtonian potential, and the
last two terms appear due to the contribution of monopole-dipole potential.

We can write Eq. (6.16) in terms of reciprocal coordinate u = % as

2GMu N 2BEmqu _ma N 2/3Euze_m
L2 L2Mp L2Mp '

(Z—Z)z +u? = EZL; L oemi +

(6.18)

where ¢ denotes the azimuthal coordinate and we have used 1,2!2_4: = L which

is another equation of motion. Expanding the exponential term in Eq. (6.18)
and take derivative with respect to ¢, we obtain

d?u GM

W—l—u:?—l—fiGMuz—i—

2BEu  BEm;
Lsz 3L2Mp1/l2'

(6.19)

To solve this second order differential equation we consider u = ug(¢) +
Au(¢), where uy(¢) is the solution for Newton's theory and Au(¢) is the solu-

tion due to the contribution of GR and monopole-dipole potential. Hence, we

can write )
d Up GM
7 =, 2
d(PZ + Uo LZ (6 O)
The solution of Eq. (6.20) becomes
GM
up(p) = ?(1 +ecos¢), (6.21)

where € is the eccentricity of the Earth-Sun elliptic orbit. The differential equa-
tion for Au is
d*Au 3G°M?

W%—Au = 3 (14 €*cos® ¢ + 2ecos ¢) +

2BGME
LAMp

(14 ecos¢)



Section 6.4: Constraining Monopole-dipole potential from single observation 191

Em3L2
_ ___bEm . (6.22)
3MpG?M?(1 + €2 cos ¢ + 2€ cos ¢)
The solution of Eq. (6.22) becomes
3G3M3 BGME BEm3L? ¢ smgb V1-—¢2

A
W)= T epsing Ty egsing gy PCPME(1_ )i (1+e)
(6.23)
where we keep terms which are linear in ¢ and hence contribute to the peri-
helion precession of Earth. Hence, the total solution of Eq. (6.19) becomes
GM 3G3M3 . BGME
u(p) = up(p) + Au(p) = ?(1 + ecosp) + T ePsing + LM,

BEm3L? e sin ¢

epsin¢

) 24
T IMpGIVE (T T e)(1— &) (6.24)
We can also rewrite Eq. (6.24) as,
GM
u= ?[1 +ecos¢p(1—1)], (6.25)
where - i
3G-M L 1
- P pL (6.26)

12 T I2Mp T 3BMpGIME (1t €)(1—€2)’
Here, we take E ~ 1 as other terms in Eq. (6.17) are very small compared to 1.
As ¢ — ¢+ 27, u(¢) and u(¢p + 27) are not the same. Therefore, Earth does
not follow its previous orbit. Hence, the change in the azimuthal angle or the

perihelion shift becomes,

27 6mG*M?>  2nB  2mBLim] 1
Ap=-"— -2 =2y = : :
V=1, TS T IZMp | 3MpGAME (1 +€)(1 — &2)

(6.27)
Substituting L? = GMD(1 — €?), and B = g%i\ﬂw we obtain
Ap — 61GM 98P N1 N, N gsgpN1NoD*m3(1 + €) 6.28)
D(1—¢€2) " 2GMD(1 — €2)Mpm, 6MpG M, S

Eq. (6.28) is the general expression for the perihelion shift due to monopole-
dipole potential between a polarised object and an unpolarised object. The first

term on the right hand side arises due to the GR contribution in perihelion shift
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and its value for Earth is 3.84 arcsecond /century. The last two terms arise due
to the contribution of monopole-dipole potential. In gsgp — 0 limit, we get
back the standard GR correction. Hence, the contribution of monopole-dipole

potential in perihelion shift is

gsgpN1N» n ¢sgpNIN,D?m3(1 + €)

. ~ 2 4
A(:bmonopole—dlpole — ZGMD(l — GZ)Mpme 6MpGMm, + O ((gSgP) ’ ma> :

(6.29)
Note that, Eq. (6.29) denotes that change in the perihelion precession of Earth

in radian per revolution around the Sun. Using the values of the solar
1
Mp,

10738 GeV~2, the Sun-Earth distance D = 0.98 AU = 7.37 x 10%° GeV !,

Y]

mass M = 1.11 x 10°” GeV, Newton’s Gravitational constant, G ~

the eccentrcity of the Earth-Sun orbit e = 0.017, the mass of the electron
m, = 5.1 x 107% GeV, the mass of the planet Earth Mp = 3.35 x 10°1 GeV,
the number of polarised electrons in Earth Ny = 10%, the number of un-
polarised nucleons in the Sun N, = 10”7/, we obtain the upper bound on
monopole-dipole coupling as gsgp < 1.75 x 10713 for mass of the ALP
m, < 1.35 x 10718 eV. We obtain this bound by considering that the contri-
bution of monopole-dipole potential is < 10~* arcsecond/century which is

the perihelion precession measurement uncertainty.

6.4.2 Gravitational light bending

Besides, the perihelion precession of planets, gravitational light bending is an-
other test of Einstein’s GR theory [426, 427]. It demonstrates that when a light
rays from a distant pulsar comes to Earth, then the presence of a massive object
like the Sun can distort the spacetime between the light source and the Earth.
The increased gravitational potential due to the presence of the Sun decreases
the speed of light and the light bends. The amount of bending depends on
the mass of the gravitating object (Sun) and the impact parameter. In 1915,
Einstein first calculated the amount of light bending due to the presence of the
Sun based on the Equivalence principle. The calculated value of light bending

is 1.75 arcsecond which matches well with the experiment to an uncertainty
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of 10~* arcsecond [428]. The presence of monopole dipole potential between
the Earth-Sun system can affect the geodesic of light as it modifies the effective
gravitational potential and contribute to the measurement of gravitational light
bending. The strength of this monopole-dipole potential should be limited by

the experimental uncertainty.

To calculate the light bending, we consider the null geodesic which is fol-

lowed by massless photons in a Schwarzschild background,
g;wV”VV =0, (6.30)

where V¥ = % is the tangent vector along the path parametrised by x/*(A),
where A is the affine parameter. For a Schwarzschild background and planar

motion (6 = 71/2), the conserved quantities are,

2GM

E=(1-
( r

), and L =r?¢. (6.31)

Here, E and L denote the total energy and angular momentum per unit mass
of the system respectively. The null geodesic in terms of these conserved quan-

tities can be expressed as,

EZ L2<du>2 L2142
2 2

ig) T ——(1-2GMu), (6.32)

where 7 = % = r%j—; and the reciprocal coordinate u = % First term in the

RHS of Eq. (6.32) represents the kinetic term, the second term denotes the clas-
sical potential term and the third term shows the GR correction. The presence
of long range monopole-dipole potential changes the effective potential of the
Sun-Earth system as

1242 B ,Bmaue,m Bu? _m

Vg = — (1 =2 P .
off > ( GMu) My Mpe , (6.33)

where the last two terms arise due to the presence of long range monopole-
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dipole potential. Hence, Eq. (6.32) becomes

EZ_L2<du>2 L2u? gy _m ,Buze_m
2 2 T Mp S Mp

- _ u 4
i) T2 (1—2GMu) Vo v (6.34)

Differentiating Eq. (6.34) w.rt ¢ and expanding the exponential term upto
O (m3) we obtain,
d*u

2Bu pm3
2 a
=3GM — . 6.35
d¢? = 3GMut MpL?2  3u2Mpl? ( )

To solve this second order differential equation, we consider u(¢) = up($) +
Au(¢), where ug(¢) is the complementary function and Au(¢) is the particular

integral. Hence, the differential equation for the complementary function is,

d2u0

T#)Z + Ug = 0, (636)

and the solution of Eq. (6.36) is 1 = Si%(p, where b is the impact parameter. To
find the solution to a particular integral, we can write

d>Au oAy 3GM sin®¢ | 2Bsing  pmib?
dep? B b2 MpL2b  3MpL2sing’

(6.37)

The solution of Eq. (6.37) turns out to be,

3GM 1 2 cos mob?
Au(p) = o2 <1+§c0524)> +Mp[z2b<_ ? > 4)) — SM;Lz [cos ¢ In | csc ¢ + cotp| —1].

(6.38)
Hence, the total solution of Eq. (6.35) becomes

sing 3GM Bpcosp  Pmob>
u(g) ==+, <1+§C°SZ‘P>_ MpL2b _BM;LZ

[cos pIn | csc ¢ + cotp| —1].
(6.39)

At a far distance from the Sun, u — 0 as ¢ — 0. Hence, in the presence of the

Sun the angle slightly changes from zero. We can expand Eq. (6.39) around

zero and the change in the angular coordinate can be denoted as,

2GM | pm3b?
5p = —L sz 12 (6.40)
1__ B pmab? )
b~ MpL2b " 3MpL2
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From the symmetry argument, we can claim that the contribution to d¢ before

and after the turning points are the same. Therefore, the total light bending is

AGM _ 26mabl o
Ap = —26¢p = — 0 SMel® —— (6.41)

It can be checked that in the p — 0 limit, standard GR result for gravitational
light bending A¢ = 4GTM is obtained. Hence, we can write the contribution of

monopole-dipole potential in gravitational light bending as,

4GM  2m3b*In2 gsgpNi N,
2 3X4PL2 47tm, 4GM

A(Pmonopolefdipole = T +0 ( (gSgP)zl mg) ’

1 8s8pN1N> m3b? gsgpN1Np
Mpl2p  4mm, 3MplL2  4mm,

2m3b3¢sgp N1 Ny In 2 8sgpNiNy  4GM
3MpL2 X 47'cme MPLZ X 47rme b

31,3
_ mzb°gsgpN1Ny  4GM 2 4
AMpL2 x dm, © b T O((gsgp) ’m“>‘

1_
b

We use L2 = GMD(1 — €?), and the value of the impact parameter b as the
solar radius b ~ Ry = 6.96 x 108 m = 3.51 x 10** GeV~!. The contribution of
monopole-dipole potential in the measurement of gravitational light bending
should be smaller than 10~ arcsecond which is the measurement uncertainty
in the gravitational light bending and we obtain the bound on coupling as

gsgp S 4.25 x 1076 for m, $1.35 x 10718 eV,

6.4.3 Shapiro time delay

When a radar signal is sent from Earth to Venus and it reflects from Venus
to Earth, then in this round trip, there is a time delay in getting the signal
compared to the expectation. In 1964, Irwin Shapiro calculated the amount of
time delay as 2 x 10~% s [429, 430] which agrees well with the experiment to an
uncertainty of 107> s [431]. The presence of long range monopole-dipole po-
tential can modify the strong gravitational potential near the Sun and thereby
contributing to the Shapiro time delay. However, its contribution should be

within the measurement uncertainty.

(6.42)
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We can write the trajectory of light in presence of monopole-dipole poten-
tial as,[cf. Eq. (6.34) ]

EZ 7-,2 LZ

2GM pm, _ B
2 =2 22\ - e 6.43
2 2 22 ( r ) Mpr’ 2Mp¢ (6.43)
where we have used 7 = d_A rzg—i = L and A is affine parameter. Now, using
Eq. (6.31) and defmmg ar — _ drdt _ E dr

Ty = ——— o, ite Eq. (6.43) as,
T (1_2GM> i, we can write Eq. (6.43) as

E? E? dr\2 L2 2GM B
7:m<d—:)+ (=)~ T ™ vty

Let, r = rg is the closest approach of light Where
in Eq. (6.44) we obtain

e M (6.44)

i =0. Putr—roanddr—o

2

"o 2;3 1 — Mgt
=0 14 P — e maro ], 6.45
E? (1 _ 2GM> [ + ‘Z\/J[pT’()E2 (ma + 7’0>e ] ( )
1o
2
In absence of monopole-dipole potential, Eq. (6.45) becomes L= 0

E2 )
26M
(1-20)

Using Eq. (6.44) and Eq. (6.45), we can write the time taken by the light to
reach from r( to r as

= [t [ bR e D]
0

(6.46)
where 1 = ﬁ (ma + rlo ) ~Ma’0, The solution of Eq. (6.46) in r >> rg limit is

o= /r —r0—|—2GM1n< )+GM— Msz(i—%M+%) +%(1+zf§w).

(6.47)
If r, denotes the distance between the Sun and the Earth and r, denotes the

distance between the Sun and the Venus then the total time required for the
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signal to go from the Earth to the Venus and returns to the Earth is

Ty =2t = 2Nr3 — 13+ /12— 13 +2GMIn (zr—ze) +2GMIn (27—:)”) +2GM
28M 2 2GM
_Mszr% B Mpgzi’o 1 (1 + 1o )]

(6.48)

If there is no massive gravitating object between Earth and Venus, then the
total time required for the pulse to go from Earth to Venus and returns to

Earth is

2
T, =2[\/r2 =13+ /-1 - Mpg% + 7). (6.49)

Hence, the excess time due to GR correction and monopole-dipole potential is

AT = T; — T, and we can write

AT =4GM[1+1n (‘WUH __4GM (858PN1N2>

r3 MpE2r2\  drm,
1
GM. (1) (855NN
MpryE? 70 47tm,

where we have put back the expressions of B and 7. In the absence of
monopole-dipole potential (gsgp — 0), the standard GR contribution in

Shapiro time delay is obtained as,

2

ATcr = 4GM [1 +1In (47;”’)]. (6.50)
0

Using the Earth-Sun distance r, = D = 1.46 x 10! m = 7.37 x 10%® GeV !,
the Venus-Earth distance 7, = 1.08 x 10! m = 5.47 x 10%® GeV~!, and the
solar radius rg = Rs = 6.96 x 108 m = 3.51 x 10** GeV~!, we obtain the GR
contribution in Shapiro time delay as 2 x 107* s. Thus the contribution of

monopole-dipole potential in Shapiro time delay is,

. 8GM 1 —Marg gsgleNz 4GM gsgleNz
ATmonOPOIe—dIPOIG - Mp]"oEz (ma + )e < 47'(77’1@ ) MPEZT% < 47Tme )+

To
O((gsge)?,m2, M?).
(6.51)
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Figure 6.4: Bounds on the monopole-dipole interaction strength from single astro-
physical observation

Using the Earth-Sun distance r, = D = 1.46 X 101 m = 7.37 x 10%® GeV 1, the

Venus-Earth distance 7, = 1.08 x 10 m = 5.47 x 10%® GeV 1, the solar radius

0 = Re = 696 x 10° m = 351 x 102 GeV 1, and E2 = L (1 - 261 ) we obtain
0

the upper bound on coupling as gsgp < 1.08 x 107! for m, < 1.35 x 10718 eV,

6.5 Results

In Fig. 6.4 we obtain numerically the bounds on monopole-dipole coupling
from perihelion precession of the Earth (red region), gravitational light bend-
ing (blue region), and Shapiro time delay (purple region). The shaded regions
are excluded. In obtaining these bounds, we have used an extra multiplica-

tive factor of exp [—”gg } in Eq. (6.29), Eq. (6.42), and Eq. (6.51) to incorpo-

rate the exponential suppression due to the large value of ALP mass. We
obtain a stronger bound on gsgp from perihelion precession of the Earth as
gsgp < 1.75 x 10713 for the ALPs of mass m, < 1.35 x 10718 eV. This is the
first bound on gsgp that we obtain from a single astrophysical observation and
for ALPs of mass m, < O(10718) eV.

~Y
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Figure 6.5: Monopole-Monopole interaction between the nucleons in Sun-planet sys-
tem.

6.6 Constraints on the monopole-dipole coupling using two

different observations

As discussed in section 6.2 also pointed out in Ref. [394, 432] that the most
stringent limit on the monopole-dipole strength (gsgp) is obtained by multi-
plying the best experimental limit on scalar interaction strength (gs) and best
astrophysical limit on pseudo-scalar interaction strength (g¢p). In this section,
we obtain constraints on monopole-dipole coupling from two different astro-
physical observations. We obtained the limit on gs considering the monopole-
monopole interaction between the unpolarised nucleons in the planet and
the Sun that can change the perihelion precession of planets, gravitational
light bending and Shapiro time delay within the measurement uncertainty. In
Fig. 6.5, we have shown the monopole-monopole interaction between the Sun
and the Planet system. The monopole-monopole potential due to ALP medi-
ated nucleon-nucleon scattering in the Earth-Planet system is
_ &ENIN

mm = 22 e T (6.52)

where Nj and N, are the numbers of nucleons in the Sun and the planet respec-
tively. Now following the similar procedure as above, we calculate the change
in perihelion precession of planet, bending of light and delay in light prop-
agation from Earth to Venus considering the monopole-monopole potential.

The perihelion shift due to the ALP mediated monopole-monopole potential
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between the Sun and the planet is [425]

92N Nym2D?(1 — €?)

2
4Mp(GM + $422) (1 4 €)

+0(gd,m;),  (6.53)

A(;bmonopole—monopole =

where Mp is the mass of the planet, M is the mass of the Sun, and D is the
semi-major axis of the planetary orbit with eccentricity €. The contribution
of ALP mediated monopole-monopole potential should be limited to be no
larger than the perihelion precession measurement uncertainty. We obtain
the stronger bound on gg for the planet Mars [425] and its value is g5 <
3.51 x 10~% for the mass of the ALP m, < 1.35 x 10718 eV.

The bending of light due to the ALP mediated monopole-monopole poten-
tial is  [380]
§3N1Nab 20y SENINoGMmzb? 3 3
A¢monopole—monopole = m(l —0.347mzb") — 2 MpL2 +O(g3,m;).
(6.54)
We obtain the constraint on ALP monopole coupling from the gravitational

light bending as g5 < 5.82 x 1072 for the ALPs of mass m, < 1.35 x 10718 eV.

Similarly, the contribution of ALP mediated monopole potential in Shapiro

time delay is [380]

boC2
ATmonopolefmonopole - 2bOCO(_1 + COGM) (1”6 + 1’0) + _O(rg + 1”%) + 2bg — 4coGMbo+

2
@ 2210 ( o O 3 3
2a9(re +1o) + 5, (48 + 3615 Ei(—core) + Ei(—coro)]) + O(g5, m3),
(6.55)
g%NlNze_m”rO géNlNZ

where ayp = and ¢y = m,.

4tGMpE2rg * 70 T 4nMpE2’
We obtain the constraint on ALP monopole coupling from the Shapiro time

delay as g5 < 3.59 x 10722 for the ALP mass m, < 1.35 x 1078 eV. In Eq. (6.53),

~Y

Eq. (6.54) and Eq. (6.55) an extra multiplicative factor of exp [— "é“AL/IZ] is added

to incorporate the exponential suppression due to large values of ALP mass.

The bound on the ALP-electron pseudoscalar coupling can be obtained
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Figure 6.6: Bounds on monopole-dipole interaction strength from two different astro-
physical observations

from the cooling of red giant stars and white dwarfs. The ALP-electron
coupling allows the stellar energy loss by the bremsstrahlung (e + Ze —
e+ Ze + a) and Compton process (v +e — e+ a) [433, 434]. The excessive
energy loss due to these processes will delay the Helium ignition in the red
giant stars. Therefore the tip of the red giant branch becomes brighter. The
measurement of the tip of the red giant branch in the w Centaury from Gaia
DR2 data put bound on the ALP-electron coupling as gp < 1.6 x 10713 for the
mass of the ALPs m, < 10 keV [103].

To obtain the bound on monopole-dipole coupling (gsgp), we take the
product of the bounds on gs obtained from the tests of gravity (perihelion
precession of planet, gravitational light bending and Shapiro time delay) and
gp obtained from the energy loss from the red giant branch. In Fig. 6.6 we
obtain the bounds on gsgp from two different astrophysical observations.
The perihelion precession of the planet Mars and red giant branch give the
bound on monopole-dipole coupling as gsgp < 5.61 x 10738, We also obtain
the bound on gsgp from gravitational light bending and red giant branch as
gs¢p < 9.31 x 10736, Lastly, the bound on gsgp obtained from Shapiro time
delay and red giant branch is gsgp < 5.74 x 107%°. These bounds are only

[a)

valid for the mass of the ALP m, < 1.35 x 107! eV. We obtain the stronger

bound on gsgp from the perihelion precession of the planet Mars and energy

loss of the red giant branch. The shaded regions in Fig. 6.6 are excluded.
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The bound gsgp < 5.61 x 10738 is three orders of magnitude stronger than

the Eot-Wash experiment [435] and one order of magnitude stronger than the

(Lab) x (Astro)$ limit [394].

The behaviour of the curves in Fig. 6.4 and Fig. 6.6 can be effectively ex-
plained by considering Egs. (6.29), (6.42), (6.51), (6.53), (6.54) and Eq. (6.55).

The expression of (A¢) in Eq. (6.29) depends on two terms. The

monopole—dipole
tirst term is independent of the ALP mass, while the second term depends on
ALP mass. For ALP masses at the lower end of the spectrum, we can disre-
gard the mass-dependent term, resulting in flat curves within this range. This
same scenario applies to all the curves depicted in Fig. 6.4 and Fig. 6.6, except
for the curve representing the perihelion precession of the planet in Fig. 6.6.
In this case, at the lower mass range, the curve does not remain flat; instead,
it exhibits an apparent slope. This is attributed to the fact that in Eq. (6.53),
(A(P)monopolefmonopole solely comprises a term dependent on the ALP mass.
The monopole-monopole coupling is approximately inversely proportional to
the ALP mass. Hence, in the lower mass region the curve shows a nega-
tive slope. In the high ALP mass region, the exponential suppression term

2 .
exp [— %”ALA ] dominates as usual.

6.7 Summary

In this chapter, we discuss constraints on monopole-dipole coupling strength
from single astrophysical observations such as the perihelion precession of
Earth, gravitational light bending, and Shapiro time delay. These bounds are
strictly valid for the ALP mass m, < 1.35 x 107! eV. Due to the presence
of a geomagnetic field and non-spherical shape of the Earth, 10 number
of electrons can be polarised in Earth and ALP mediated monopole-dipole
force can act between the Earth and the Sun. We obtain a stronger bound on
monopole-dipole coupling strength from perihelion precession of the Earth as

gsgp < 1.75 x 10713 from single astrophysical observation.

The previous lab-astro bounds on gsgp obtained in the literature are de-
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rived from two different observations. In these studies, the monopole coupling
gs and the dipole coupling gp are measured independently from two different
observations and they are simply multiplied to get bound on gsgp. To get
the bound in this way is overly stringent and may not be completely reliable
if the ALP changes its behaviour in different environments. The bounds on
gsgp obtained from lab-lab experiments are only valid for the ALPs of mass
eV < m, S meV. We have obtained the first bounds on gsgp from single as-
trophysical observations. In all of these observations, the massless limit gives
the stronger bound on monopole-dipole coupling strength. In the massless
limit, the perihelion shift is inversely proportional to the Sun-planet distance.
This means planets which are closer to the Sun will put the best bound on
gsgp- However, the bounds on the monopole-dipole couplings, obtained from
perihelion precession, gravitational light bending, and Shapiro time delay are
the order of magnitude calculations. They strongly depend on the number
of polarised electrons in the Earth which is not a fixed quantity at all its lay-
ers. In fact, this number depends on the magnetic field and temperature at
each layer of the Earth which varies with its depth. Hence, at the massless
limit, the monopole-dipole coupling strength will not be a fixed quantity and
it should have different values at different depths. Therefore, the bounds can
be improved by accurate incorporation of the number of polarised spins at
each layer of Earth from geochemical and geological surveys. Such analyses

will be important to probe these long range spin dependent interactions.

We also obtain constraints on monopole-dipole coupling strength from two
different astrophysical observations. We consider monopole coupling of ALPs
with unpolarised nucleons in the Earth and the Sun to obtain bounds on
monopole coupling from perihelion precession of the planet Mars, gravita-
tional light bending and Shapiro time delay. Multiplying these monopole
couplings with the dipole coupling obtained from excessive energy loss of
the red giant branch, we derive the monopole-dipole coupling strength. For
m, < 1.35 x 10718 eV, we obtain gsgp < 5.61 x 10738 from perihelion preces-
sion and red giant branch. This bound is three orders of magnitude stronger

than the Eot-Wash experiment and one order of magnitude stronger than the
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current (Lab)Y x (Astro)$ limit. In comparison to the pseudoscalar coupling
of electrons in the Earth, the scalar coupling of nucleons in the Earth does not
get stronger in the massless limit for the perihelion precession measurements.
In fact, in this case the scalar coupling gets stronger for the planets which are

further away from the Sun.

We can also constrain the ALP mediated monopole-dipole coupling be-
tween nucleonic currents. The cooling of hot neutron star HESS ]J1731-347
puts bound on ALP nucleon pseudoscalar coupling as g5 < 2.8 x 10710, We
also obtain ALP nucleon scalar coupling as g < 3.51 x 107%. Combining
these two couplings, we obtain the bound on the monopole-dipole coupling
strength for only nucleonic currents as gY gl < 9.83 x 107 for the mass of
the ALPs m, < 1.35 x 10718 eV. This bound is better than the projected ARI-
ADNE experiment [436] and (Lab)Y x (Astro)Y by a factor of 2 [394]. Future
space missions with better precision can significantly improve the bounds of

monopole-dipole couplings.



Summary and Outlook

The Standard Model of particle physics has been consolidated by numer-
ous precision experiments. However, the observation of neutrino oscillation
phenomena which requires neutrinos to have masses, provides evidence for
beyond-the SM physics. Additional observational evidences such as matter-
antimatter asymmetry and dark also remain unexplained within the context
of the SM. Additionally, there are also anomalous results in precision exper-
iments such as rare meson decays which do not coincide with the prediction
of the SM. To address these shortcomings, the SM needs to be extended ei-
ther by new particles or by embedding the SM in a large gauge group. This
thesis mainly focuses on constraining selected BSM scenarios through a multi-
pronged approach combining different terrestrial experiments with cosmolog-
ical observations. We have also considered astrophysical observations to pro-
vide stringent limits on the BSM parameter spaces. In some cases, combined
constraint from different experiments provides a powerful avenue to put com-

plementary constraints on new physics parameter spaces.

The results of various solar, atmospheric, reactor and accelerator neu-
trino oscillation experiments have established that the neutrinos change their
flavours as they propagate. Oscillation experiments have measured the mass-
squared differences and mixing angles quite precisely, but they do not provide
information about the absolute scale of neutrino masses or their nature i.e.
whether neutrinos are Dirac or Majorana particles. Mass related observables

such as the sum of neutrino masses (}_m,) from cosmology, effective elec-

205
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tron mass (1) from nuclear B decay and effective Majorana mass (1.) from
Ovpp are sensitive to the absolute mass scale of neutrinos. Moreover, the obser-
vation of OvBBwill provide unambiguous evidence for the Majorana nature of
neutrinos as the process violates the lepton number by two units. Current up-
per limits on the mass observables indicate that the neutrinos should have tiny
masses (1, ~ 0.01eV). The most elegant way to generate such small masses
is provided by the dimension 5 Weinberg operator which also implies lepton
number violation and leads to Majorana masses for neutrinos. In chapter 2,
we review various mechanisms for generating neutrino masses. These include
seesaw models which realise the Weinberg operator at tree level and radia-
tive models which realise Weinberg operator at the one-loop level. We also
explore approaches to generate neutrino masses involving higher-dimensional
operators beyond dimension five. The implications of neutrino mass for the
lepton number violation, neutrino electromagnetic properties and Ovppare
subsequently discussed. We have also briefly described the mass observables

in this chapter.

In chapter 3, we have studied a minimal extension of SM with a light
sterile neutrino with Am2? = 10~* eV?, 1072 eV? and 1.3 eV2. Such scenar-
ios are well motivated for explaining certain inconsistencies in experimental
observations. The presence of an additional neutrino state introduces four
distinct mass orderings : (i) SNO-NO (Am? > 0, Am2,,, > 0), (ii) SNO-IO

(Am?2 > 0, Am2,. < 0), (iii)) SIO-NO (Am? < 0, Am2., > 0), and (iv) SIO-IO

atm atm
(Am? < 0, Am2,,, < 0) and we have studied the implications of these mass
orderings on the mass related observables: (1) sum of neutrino masses from
cosmology, Xm, = ) ;m,, (2) effective electron neutrino mass from nuclear

decay, mg = 1/} |Uei|2 m?, and effective majorana mass from OvpBf, given as
mge — 2 ugz mi.

It is found that the SIO-NO and SIO-IO scenarios for Am? = 1.3 eV?are in
conflict with the cosmological bound on the sum of neutrino masses. More-
over, such scenarios are also disfavoured from the current limit on m B by KA-

TRIN experiment and also from the upper limit on m., by KamLAND-Zen ex-
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periment. For Am? = 0.01eV?, SIO-NO and SIO-IO is disfavoured from the
cosmological model whereas SNO-NO and SNO-IO scenarios remain valid up
to Miightest ~ 0.03€V. It is also noted that the future sensitivity of Project 8 ex-
periments will be able to probe SNO-IO, SIO-NO, and SIO-IO scenarios. From
the result of KamLAND-Zen experiment, most of the parameter space is ruled
out for SIO-NO and SIO-IO scenario for Am2 = 0.01eV? and next generation
experiment like nEXO will be able to probe the parameter space completely.
Sterile neutrino with Am2 = 107*eV? is allowed from standard cosmology.
In case of direct mass measurement, KATRIN’s projected limit can probe the
mass spectra up to Myghiest ~ 0.2V whereas Project 8 will be able to probe
SNO-IO, SIO-IO scenarios completely and SNO-NO, SIO-NO scenarios up to
Miightest ~ 0.04€V. It is found that neither KamLAND-Zen nor nEXO can com-
pletely probe the mass spectra, but they rule out some parameter space for

SNO-IO, SIO-NO and SIO-IO scenarios.

In chapter 4, we considered a scenario where the SM is extended with two
LQssuchas Sy : (3,3,1/3) and R, : (3,2,1/6). In this extension, Majorana type
of neutrino mass is generated via radiative corrections. Apart from neutrino
mass, the LQs induce new long-range mechanisms that dominantly contribute
to OvBp decay process. We perform a comprehensive analysis of Ovffand
its interplay with low-energy flavor observables in this two LQ framework
and found a parameter space allowed by all flavor constraint. The combined
analysis reveals that the muon and electron g — 2 values are in tension with
each other implying that the considered model can not simultaneously satisfy
both the lepton magnetic moment anomalies. We have also shown in Fig. 4.10
that the prediction for m¢ff, arising from the combined contributions of stan-

dard and leptoquark contributions can be significant and even greater than the

standard contribution and the cancellation region is no longer present around

eff

Miightest ~ MeV. The total value of mg,

can lie in the desert region between the
standard NO and IO regions and hence can be probed by future experiments
like LEGEND-1000 and nEXO. We find that for IO ordering of neutrinos, most
of the parameter space otherwise allowed by low-energy flavor constraints are

disfavoured by the current OvpBp limit from KamLAND-Zen. To conclude, the
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considered model provides a simple and effective framework for addressing
the observed flavor anomalies. The main drawback of the framework lies in
the considerable freedom available in choosing the Yukawa couplings values
to satisfy the flavor anomalies. This issue can be mitigated by embedding the
model within a larger gauge structure, such as a grand unified theory. In such
scenarios, leptoquarks arise naturally and the Yukawa couplings are subject
to more stringent constraints, thereby enhancing the model’s predictive power

and reducing arbitrariness in the parameter choices.

In chapter 5, we investigated a realistic SU(5) scenario where the scalar lep-
toquark contributions to Ovfp are analysed. It was found that the set of scalar
leptoquarks (LQs) responsible for mediating proton decay also induce Ovpp.
As a result, the OvBBrate mediated by scalar LQs are suppressed to comply
with proton decay constraints, making their contribution to OvBS subdominant
compared to standard canonical contribution within the SU(5) framework. It
is also shown that this limitation from the proton decay can be circumvented
by imposing a discrete (Z3) symmetry in this framework. This imposition
forbids the diquark coupling of specific LQ (S3) which contributes to 0vpp.
However, the imposed symmetry spoils the fermion mass relations. There-
after, quantum corrections from the heavy degrees of freedom are considered
to reproduce the observed fermion mass spectra (within the assumed uncer-
tainty). Although the considered framework produces the observed fermion
masses correctly, but the Ovppis still dominated by the canonical contribution
and the scalar contribution remains subdominant. However, OvpBrate can
be enhanced by the extending the scalar sector with an additional 155 scalar
representation which is singlet under the Z3 symmetry. Using the current ex-

perimental limit of the OvBf, conservative limits on the scalars are provided.

In chapter 6, we adopted a different strategy to constrain a BSM scenario
where the SM is extended with ultra-light ALPs. In this chapter, we have
demonstrated that these ultra light ALPs can mediated a long range monopole
dipole force between macroscopic astrophysical bodies, such as the Sun and

the Earth. The central idea is, the new long range force introduces an addi-



Summary and Outlook 209

tional potential in the Sun—Earth system, which can lead to observable modi-
fications in both the Earth’s orbital dynamics and the propagation of light in
the vicinity of these bodies. Two scenarios are investigated for constraining
the monopole-dipole coupling strength. In the first scenario, a constraint is
established on the monopole-dipole strength, treating the Earth as a source of
polarised electrons. The perihelion precession of Earth sets an upper limit on
the monopole-dipole coupling strength as gsgp < 1.75 x 10713 for the ALP of
mass m, < 1.35x 10718 eV. This bound surpasses the limits obtained from

gravitational light bending and Shapiro time delay.

In the second scenario, the constraints on monopole-monopole coupling
strength gg is obtained from the perihelion precession of the planet, grav-
itational light bending and Shapiro time delay. It is found that the strin-
gent limit on gs (< 3.51 x 107%°) is obtained from the perihelion preces-
sion of the planet Mars, while the limit on dipole-dipole coupling strength
gr (S 1.6 x 10713) is taken from the measurement of the tip of the red giant
branch in w Centauri using Gaia DR2 data. Together, they yield a hybrid
constraint on the monopole-dipole coupling strength as gsgp < 5.61 x 10738,
Our obtained bound is three orders of magnitude more stringent than the Eot-

Wash experiment and one order of magnitude stronger than the current hybrid
(Lab)Y x (Astro)$ limit.

In this thesis, we have studied various BSM scenarios and their implica-
tions. Some of the predictions of these scenarios can be tested in future exper-
iments and can either favour or disfavour the considered models. In future,
we have planed to study the collider implications of the leptoquark models
and finding complementary constraints on the parameter space. We also plan
to study the leptogenesis in some BSM models and check their viability in

generating the observed matter-antimatter asymmetry of the universe.
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Fierz Transformation

Calculations of low-energy weak interactions with fermions often involve su-
perposition of quartic products of Dirac spinors, where the order of the spinors
varies among the terms. A common technique to standardise their ordering is
known as the Fierz transformation. This transformations are used to express
the product of two bilinears as a linear combination of other product of bilin-
ears with the Dirac spinors placed in a different order. The usual Fierz relation

can be written as [437, 438]

er(1234) = Y Frpep(1432). (A1)
I“/

Here I',T' € {S,V,T,A,P}, and they stand for scalar, vector, tensor, axial
vector, and pseudoscalar, respectively. er(1234) = (w1 T'w,) (wsl'wy), where w;

are the Dirac spinors. Frr are numerical coefficients and given as [437],

Fp = —-112 0 -2 0 12 (A.2)

In case of leptoquark interactions, we use the following Fierz relation

1 1
es(1234) = 7 |es(1432) + ey (1432) + 5er(1432) — e4(1432) + ep(1432) | (A3)
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Then the Fierz transformation list is as follows:

(@ Puv) (ePeuc) = —% (" Pyd) (27, P, (A4)
(4 Puv) (ePu) = % (@ PuC) @Puv) +é (@ PLuC) (@0 Prv)
_ %(HPLd) (ePyv) — % (70" Pyd) (e0,uPrv), (A5)
(@ Prv©) (ePauc) = % (@ Pru) (ePev©) +% (@0 Pru) (20 Pro”)
- %(ﬁPRd) (EPRVC> - % (o™ Prd) (éaWPRuC) . (A6)
(HCPRVC> (EPLuC) - % (E%ﬂmﬂ) (E’)/VPRVC> - —% (" Prd) (EWPRVC) .

(A.7)



Neutrinoless double beta decay in EFT

Framework

In this section, we present the derivation of the master formula for calculating
the half-life of OvBBusing the EFT approach [244, 439]. The OvBp process in-
volves the transmutation of two neutrons within an atomic nucleus into two
protons and two electrons, with no neutrinos emitted. The observation of this
rare process would indicate that lepton number (L) is not conserved in nature
and the neutrinos possess Majorana mass implying that the neutrinos are their
own antiparticles. In general, the results of the OvBpexperiments are inter-
preted under the assumption that lepton number violation (LNV) arises from
the exchange of light Majorana neutrinos. However in various BSM scenarios
other sources of LNV exist that can induce Ovppand we have referred them
as non-standard contributions. For instance, in Chapter 4 and Chapter 5, the
mixing of two LQ states induce LNV in the theory and it enables contributions

other than the standard neutrino exchange contribution.

Since OvBBis a low energy process, they can be described by low-energy

Effective Field Theory (LEFT) [243, 440].

The most general LEFT Lagrangian for long range mechanisms can be writ-

ten as [241-243]

Gr . ;
Lo O \/—% []5_ Jv_dy +§ef jgJu+hel, (B.1)
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dr, ur u
M L
dg, 5

Wi, =
er, €r
vy, vy
Figure B.1: The canonical effective operator that contributes to Ovpp decay. (Left

Panel:) SM interactions. (Right Panel:) LEFT operator after integrating out the W,
boson.

where the first term contributes to the standard canonical long-range mecha-
nism and shown in Fig. B.1. The leptonic and hadronic currents are defined

as,

fra = Y"Prve, Jv_au=tyuPrd, (B.2)

where Pp = 1 (1 —73).

Other leptonic and hadronic currents that can be generated in BSM theories

are defined as
],B = EOBVEC, Ji = uQ,d. (B.3)

The Greek indices 5 canbe V+ A, S+ P, T+ Ts, and &« canbe VF A, SF
P, T ¥ Ts where V,A,S,P,T,Ts correspond to vector, axial-vector, scalar,
pseudo-scalar, tensor, and axial-tensor respectively. In Eq. (B.1), the standard
canonical long range mechanism (first term) has been separated from the non-
standard contributions, with ef being the corresponding Wilson coefficients of

the non-standard operators.

For the OvBpBprocess, one has to take two terms from the effective La-

grangian in Eq. (B.1) which can be written as

Gz |, . 3 .
(L1Ly) = TF B adv—ap i alv—ay +Z 65]6_14 Jv—apjgla+ O(€?)
é,p
(B.4)



Appendix B: Neutrinoless double beta decay in EFT Framework 215

/UL ur
dL dl(’

Figure B.2: (Left Panel:) Ovppprocess where both vertices contain SM interaction
terms (jl, 4 Jv-a 4)- (Right Panel:) OvBpprocess where one of the SM interaction

vertex is replaced by a higher dimensional non-standard operator (j; J').

The standard long-range Wy -W|, contribution to OvB decay is represented by
the first term in Eq. (B.4), while the second term corresponds to the product of
the standard and non-standard contribution, suppressed by a factor of €. The
third term, proportional to O(e?), arises purely from non-standard contribu-
tions. In Fig. B.2, OvBp contributions are shown up to O(e), as the O(e?) terms
are typically negligible. The cross mark in the left panel diagrams indicates

that standard majorana mass insertion in the standard mechanism.

In a BSM theory, having specified the Wilson coefficients of the operators,
one can calculate the amplitude of the OvpBas' [244],
giGl%mE — —T — —T E1 — Ez
A = = | Atk PrCE" (ko) + Ag (k1) vo Ci” (k2) ————

TR 4 me

+ A, (k)" (k2) + A (ki) 7075C" (K2)] (B.5)

where ki, (E1p) are the momentum (energies) of the final state electrons, 1,
is the mass of the electron and R4 = 1.2 A'/3 is atomic radius of the daugh-
ter nucleus. The sub-amplitudes, A;’s depend on the Wilson coefficients and

nuclear matrix elements (NMEs) and they are defined as,

std
A, = %M?H@Mﬂ (B.6)

IThe BSM scenarios considered in this thesis, contribute to the LEFT operators up to dimension 6.
Therefore, in Eq. (B.5), we have ignored the contributions from dimension 9 operators.
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Ap = M)+ M, (B7)

Am, = ME + MO (B.8)
MmN 6

A = 7 ©, (B.9)

Here, my is the nucleon mass (~ 1 GeV), /\/l£3)

duced by the light Majorana neutrinos and /\/ll@

denotes the contribution in-
encapsulate the contributions
from dimension-6 LNV operators which can be expressed in terms of Wilson

coefficients and NMEs,

MP = i <__2F+MGT+MT+2M%§£\]N MFsd) , (B.10)
A 84
MO = Vg (2 (8- e8) Mo+ 1B M), BaD
M](56)L = Vigey 4 Mg, (B.12)
MY = Vigeht4 Meg, (B.13)
MO = Vel A My, (B.14)
MO = Vigel 4 My, g, (B.15)
ME = VeVt A My (B.16)

where ¢NN ~ O(f72) = —92.9GeV 2 £50% [222, 244] and B = 2.7 GeV at
yu =2 GeV in the MS scheme [244]. The NMEs can be calculated via [244]

Mer = Ma2+ MAR + MED + MMM, (B.17)

Mr = MAP + MEP 4 MMM (B.18)
1 1

Mps = EM + MEL + M Py MEP, (B.19)

2
8A mN &M
2

+g7N in 2 (MGTsd+MTsd)+gT y 2 (MG sq + Miy) (B.20)

1
Mg, = —3 (g—;/Mp—f—

- (2MA4 +MAA)—|—6gVRMde (B.21)
3\8a 3 Iy

A

1(¢ 1
Mg = —- SV Mp— - (2Mm44 +MAA)—|—6gVRMde (B.22)
' 3\ &% 3 &4
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Table B.1: NMEs of 1%Xe and 7°Ge obtained using IBM2 [222].

Nucleus | My | M&4 | MAL | MER | MMM | pmAA | M4P | MEPP
136xe —0.52 | 3203 | —0.45 0.09 0.10 0.00 0.12 | —0.03
76Ge —0.78 | 6.062 | —0.86 0.17 0.20 0.00 0.24 | —0.06

Nucleus | Mp™ | Mpoy | MEF, | MEh oy | MEL, | MEL, | Mrly
136 e 0.02 | —0.76 2.40 —-0.71 0.17 —0.38 0.12
76Ge 004 | —125| 434 | —1.28 | 030 | —0.795 | 0.24

Table B.2: Phase space factors of 1**Xe and 7°Ge given in units of 10~ yr~1 [244].

Nucleus G01 G02 GQ3 G04 G06 Gog
136xe 15 | 32 |08 | 1.2 | 1.8 | 2.8
76Ge 0.22 [ 0.35 | 0.12 | 0.19 | 0.33 | 0.48

1(¢ 1
My, L = —<g—VMF——

1 2
My, r = = (g—VMF + = (MA2 — aMBY) + 3 (MAE + MEE 4+ M4AP - MEP)

A

m2 2 1
+_;T _g_z gl\yi\]MF,sd + Eg{}IL\I (Mé%sd + M%Ed) :

(B.24)

(B.25)

Here the values of the low-energy constants (LECs) are given in Tab. 1 in

Ref. [244] and we have also used the same values. In this thesis, we have used

the NMEs of !3¢Xe nucleus obtained using IBM2 and given in [222]. These

values are tabulated in Tab. B.1.

After identifying the sub-amplitudes Eq. (B.5), the expression for the half-
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life becomes [244, 441, 442],

-1
(19%) " = &4 ¥ Gu [ ({GHP, (B.26)
k
= 4| Got [A/f*+4Gox [ el +2Goa (|4, I* +Re [ A}, A])

—2GgsRe [Ay A% +2 Ay, AL + Goo | Am|? + Gog Re [Ay, AL] } .
(B.27)

Here Gy; denote the phase space factors (PSFs) and their numerical values are
tabulated in Tab. B.2.

Eq. (B.27) describes the master formula for calculating the half-life for . It
includes the standard long-range contribution and non-standard contribution

generated by dimension 6 LEFT operators.

In absence of the non-standard contributions, € — 0 limit, only mediated

by standard mechanism and the half-life becomes,

—1 2 std 2
(T%) = ¢4Gn \MSS) % (B.28)
e

However, in presence of the non-standard contribution, the half-life becomes

complicated but we can always parametrise the half-life as,

std nstd |2
2 ‘mee + Mge

(182) g = s M0

m?2 !
ff |2
3)(2 |mg
- giGm]MS) e | el (B.29)
e

where we have defined mSf = mS!d 4 mD$td, The advantage of writing it this

way is that when the non-standard contributions become sub-dominant i.e.,

me — m3td, we would recover the canonical result. In other words, the de-

viation of mS!f from mSid gives a measure of the non-standard contributions,

including interference with the SM contribution.
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