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Date of Degree: JULY, 2021

Title of Study: NEUTRINOS: A GATEWAY TO BEYOND THE STANDARD MODEL
Major Field: Physics

Abstract: The Standard Model (SM) of particle physics based on the gauge group SU(3) ®
SU(2), ® U(1)y is very appealing as it describes physics at low energy quite spectacularly.
However, it cannot be an ultimate theory of nature as both theoretical and experimental
evidence implies new physics at high and low energy scales. For instance, it fails to describe
several phenomena such as neutrino masses and mixings, the strong hierarchy in the masses of
fermions, dark matter candidates, and the origin of the baryon asymmetry in the universe.
Thus, a fundamental framework beyond the standard model (BSM) is needed to resolve
the shortcomings of the SM. Constructing such BSM models to tackle these fundamental
problems of the SM while being consistent with the existing low-energy data, focusing on
explaining the neutrino masses and oscillations, is the primary goal of this dissertation.

Several BSM models have been developed in this thesis to resolve the shortcomings of the
SM, using applied group theory and quantum field theory. Furthermore, each model detailed
out has its unique characteristics and several phenomenological consequences. Various neu-
trino mass models, in particular, are proposed to shed light on the unresolved puzzles of
fundamental physics. Neutrinos can play an important role in particle physics, cosmology,
and astrophysics: their properties have significant consequences on large-scale cosmological
structures and the baryon asymmetry of the universe. On the other hand, cosmology put
essential constraints on the neutrino mass making as a probe to test the proposed theories
beyond the SM. This dissertation cast light on BSM physics with various neutrino mass mod-
els ranging from MeV scale to TeV scale new physics that can be tested at future colliders
and neutrino experiments. For instance, it discusses the model of radiative neutrino masses
at electroweak scale which also resolves anomalies reported in B-meson decays, Ry and
Ry, as well as in muon g — 2 measurement, Aa,. Moreover, models of radiative Majorana
neutrino masses that require new scalars can also generate observable neutrino non-standard
interactions (NSI) with the matter.
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CHAPTER I
INTRODUCTION

All the matter in the universe comprises fundamental particles, called fermions, and the
1

mediators of interactions, called bosons. Fermions with spin s = 5 come in two types:
quarks and leptons. Quakrs and leptons are further categorized into three-generation, as
shown in the Fig. 1. The leptons with electric charge () = —1 (in units of elementary charge
e) are the electron e, muon p~, and tau 7~ , with the corresponding neutrinos identified as
Ve, Vy, and v, with Q = 0. The quarks are u, c,t with charge Q) = % and d, s, b with charge
Q= —%. Furthermore, quarks come in three different colors (color is an additional quantum
number). Among these, the first generation is the lightest and the most stable, making up all
the stable matter in the universe. In contrast, the second and third generations are heavy and
when produced will decay quickly to lighter particles. Interactions between these elementary
particles occur due to four fundamental forces: the strong, the weak, the electromagnetic,
and the gravitational, each with different ranges and strengths. Three fundamental forces,
strong, weak, and electromagnetic, result from the exchange of force-carrier particles, bosons
(gluon, photon, W, and Z) with spin s = 1. The gluon carries the strong force. The photon

gives rise to the electromagnetic interactions, and the (W, Z) bosons mediate the weak force.
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charge - 213 u s C 205 t 0 . o I I
spin > 112 y 2 o 2 Yy 1 " 0
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13 d Bl -3 b 0 k
2 - 1z S/ 3 —~ 1 &
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Figure 1: Standard Model: Matter fields and mediators

=

W boson

The standard model (SM) of particle physics, with its particle content as shown in Fig. 1
(also see Table 1), is highly successful in describing all of elementary particle interactions.
Several significant discoveries were made over the past few decades marking the triumph of
the SM. For instance, the Higgs boson [1, 2| was discovered in 2012 at the Large Hadron
Collider (LHC).



This chapter will briefly review SM and discuss the motivation for going beyond the
standard model.

1.1 The Standard Model

The SM is a non-abelian Yang-Mills gauge theory based on gauge symmetry SU(3)c X
SU(2), x U(1)y, where C, L, and Y respectively stands for color, weak isospin, and hy-
percharge. SU(3)¢ is the gauge theory of strong interactions and has eight gauge bosons
called gluons associated with it. SU(2);, x U(1)y is the symmetry group of electroweak
interactions. Note that the abelian gauge group of electromagnetism U(1).,, is a subgroup
of SU(2);, x U(1)y. The photon, W*, and Z are the four gauge bosons of the electroweak
gauge group.

The fermion sector is made of quarks and leptons, as shown in Table 1. The numbers in
the parenthesis are the quantum numbers associated with each gauge group. For instance,
Qr ~ (3,2,1/6) represents triplet under SU(3)¢ group, doublet under SU(2),, and hyper-
charge of 1/6. Note that each particle has its corresponding antiparticles. The left-handed
and right-handed chiral fields are defined as

e]:R:PL,R 67, (111)

where P r = 1/2 (1 F 75) is the chirality operator. The SM gauge group is spontaneously
broken into SU(3)¢ X U (1), by a complex scalar field ¢ once its neutral component acquired
a nonzero vacuum expectation value. Note that color sector SU(3)¢ remains unbroken.

SU(3)C X SU(Q)L X U(l)y — SU(3)C X U(l)em (112)

The spontaneous symmetry breaking is realilzed by the Higgs mechanism, which generates
masses to the W and Z bosons and fermions. The photon field remains massless, indicating
U(1)em is a good symmetry of the vacuum.

SU(3)C X SU(Q)L X U(l)y
Matter QL = (Z) ~ (37 2, %)a Ly = (I/ee ~ (17 2, _%)
L L
€Rr ™~ (1717_1)7 U’RN(3717§)a dRN(3717_%)
Gauge Giazlfg , Aﬁfizl_z,,, B#
i _ (¢ 1,2,%
nggs ¢ - ¢0 ~ ( (bl 2)

Table 1: Matter, gauge, and Higgs contents of the SM

1.1.1 Symmetries

Any physical system has a symmetry S when the Hamiltonian of the system H is invariant
under transformation of S. Symmetries can be mainly classified into two groups: discrete
symmetries and continuous symmetries. Parity P, charge conjugation C, and time-reversal



T are examples of discrete symmetries. It is too important to state that all the interactions
must be invariant under the transformation C'PT. On the other hand, space-time symmetries
(translations, rotations, ..) and internal symmetries ( SU(2) isospin, U(1)p baryon symme-
try, ..) are types of continuous symmetries. For an illustration, take strong interactions
under SU(2) isospin symmetry such that the invariance of Hamiltonian implies

UHU' = H , (1.1.3)

where U = e%T= is a unitary matrix with T,(a = 1,2, 3) being the three generators of SU(2)
group and #, are continuous parameters. The generators obey the following commutation

relations:
[Taa Tb] = Z‘EabcT’c 5 (114)

where €4, is the structure constants of the SU(2) group. This immediately implies [T, H] =
0 and shows that for a given eigenstate, one can always find a new degenerate eigenstate
by applying T, generators. (p,n) and (7", 7% 77) are examples of isospin doublet and
triplet, respectively. Note, however, proton and neutron nor the triplet of pions are exactly
degenerate. Thus this implies isospin is not an exact symmetry of strong interactions.
There are mainly two distinct classes of internal symmetries: Global symmetries and local
(gauge) symmetries. SU(2) isospin, SU(3) flavor, U(1)p, U(1), etc. are examples of global
symmetries, whereas SU(2); weak isospin, SU(3)¢, etc. are examples of local symmetries.
A global symmetry of the Lagrangian of a system implies that current and associated charge

are conserved. For examples a field ¢ under global U(1) transforms as
P — P (1.1.5)

Here « is the phase that is the same for all space-time coordinates. Furthermore, one can
promote global symmetry to local by introducing new vector boson (gauge) fields making
the free theory into interacting theory. The number of generators of the symmetry group
determines the number of associated vector bosons. For instance, U(1), SU(2), SU(3) have
one, three, and eight generators and thus the same number of gauge bosons.

1.1.2 QCD

Quantum Chromodynamics is the gauge theory based on the non-abelian Lie group SU(3)¢
of strong interactions. One can build gauge-invariant Lagrangian by simply introducing
covariant derivative D,, defined as

-D,uQi — (a/.L - igsGZTa>Qi ) (116)

where g, is the strong coupling constant and ¢; (i = 1,2, 3) are quark fields belonging to the
fundamental representation of the group. The generators of the group 7% = \%/2, where \*
are the Gell-Mann matrices. G (a = 1,...,8) are the gluon fields. The QCD Lagrangian is
thus given as

y 1 a auv
Loop =Y q (i) —my) q - 1 G (1.1.7)
q
G}, 1s the gluon field strength and defined as
o, = 0,62 — 0,64 — g, f™GhGE (1.1.8)

where % are the group structure constants with the relation [T, T%] = i fabTe,



1.1.3 Electroweak thoery

The SM electroweak interaction is based on the gauge symmetry SU(2);, x U(1)y, where
SU(2)y, is the weak isospin acting on left-handed fermions and U(1)y is the weak hypercharge
group. The covariant derivative for a field ¢ associated with SU(2), xU(1)y gauge symmetry
read as

Dy = (0, —igW,T* —ig'Y B,) ¢, (1.1.9)
where g and ¢’ are respectively coupling constants of SU(2), and U(1l)y. T* = 0,/2 (a =
1,2,3) and Y are SU(2), generators with 0 being pauli matrices and U(1)y generators with
the relation

[T, T = ie®*T* [T*Y]=0. (1.1.10)
Wi(a = 1,2,3) are vector gauge bosons of SU(2). B, is the hypercharge boson of U(1)y
and is connected to electric charge via

Q=T1T5+Y (1.1.11)
The lagrangian of the electroweak interaction reads as
L= Egauge + Efermions + 'Cscalar + £Yukawa . (]-]-]-2>

The fermion lagrangian is simply given as

L:fermion - Z Z.w_L’Y'uD,qu + Z iw_R'yuD/ﬂ/}R . (1113)
YL YR

The gauge field lagrangian reads as

1 1
Egauge = _ZW;ZVWGHV - ZB,U,VB“V + Lgaugeffixing + L"Faddeevfpopov . (1114>

The field strength tensors W, and B, are defined as

Wi, =0, We — 9,W! — ge™ W WS (1.1.15)

pv

and
B, = 0,B, - 0,5, (1.1.16)

For the sake of conciseness, gauge-fixing and Faddeev Popov lagrangian is omitted here.
Furthermore, lagrangian for the scalar and Yukawa terms are discussed in the following
section as these terms provide masses to gauge bosons W=+, Z, and fermions.

1.1.4 Higgs Mechanism

In this section, Higgs mechanism is implemented in SU(2), x U(1)y gauge theory to generate
masses for the three gauge bosons W* and Z but not for the photon A. This immediately
implies we require three would-be-Goldstone bosons. Thus one introduces a complex scalar
doublet filed ® that transforms linearly under electroweak symmetry and has non-vanishing



weak isospin and hypercharge to break SU(2), and U(1)y. The SM lagrangian involving
scalar sector is given by:

Liiggs = (D, @) (D"®) — V (D), (1.1.17)
where the most general renormalizable Higgs potential involving ® can be written as
1 1
V(®) = —quﬂ@ - 5A(<1>Tc1>)2 : (1.1.18)
where
ot
o~ (1,2,1/2) = <¢0> . (1.1.19)

The covariant derivate is simply given by Eq. (1.1.9) by replacing ¢ with ®. There are
two possibilities for the vacuum expectation value (VEV), (®), to minimize the potential
depending on the sign of the mass parameter p?. The first choice with p? < 0 leads to
minimum (®) = 0. This is symmetric under SU(2) x U(1)y thus no symmetry breaking
occurs. The second choice with > 0, the minimum occurs at

(D) = (;) ,with v = \/Z’;2 (1.1.20)

Note, there are infinite degenerate vacua corresponding to infinite possible values of arg (®).
Any of these vacua is SU(2), x U(1)y non-symmetric and U(1).,, symmetric. Thus, once a
particular vacuum is chosen, the electroweak symmetry SU(2);, x U(1)y breaks into U(1).y,.
After symmetry breaking, three components of the real field in ® becomes the Goldstone
bosons and thus absorbed by three linear combination of the gauge bosons W= and Z. The

fourth field associated with the unbroken U(1) symmetry remains massless and is identified
as the photon filed (A). The physical fields read as

1 . 2 3 3
wt = VT, 7, = I 9 2n Wi — 9v By A, = I Y P Wi + 9v By
I ) , 5
V2 Vi + 9y Vi + gy

where the masses of the gauge bosons are given by:

2 2
ILY VILTRY g, (1.1.22)

mwy+ = ) mz = )

2 2

Furthermore, the extra degree that is not eaten up by gauge bosons is identified as Higgs
boson A with a mass

(1.1.21)

my = Vv, (1.1.23)

It is interesting that sponteneous symmetry breaking of electroweak theory also leads to
generation of fermion masses. The Yukawa interactions involving scalar field and fermions
read as

Lyukave = — (QirYa, ®dn, + QurYa, Bun, + LuYi, ¥lp, ) + he. (1.1.24)

where & = inp®*, (Ya,,, Yu,,;, Y1,;) are the Yukawa couplings associated with down-type

ig o T Ui
quarks, up-type quarks, and leptons. The masses of the fermion after the Higgs field acquires
a non-vanishing VEV, read as
v

V2

v v

M, = -2V, M, Yy, and My, =
ij \/5 ij d] \/§ d] L.l

Yo, . (1.1.25)



1.2 Motivation for BSM

In elementary particle physics, several significant discoveries were made over the past few
decades marking the triumph of the Standard Model (SM). Despite its tremendous success
in describing nature, SM is not complete, as indicated by experiments such as neutrino oscil-
lations. Moreover, strong theoretical motivations suggest that SM is a low-energy effective
theory, and a new BSM theory must exist. Thus, SM must be extended to find the true
theory of nature, and it is imperative to understand and test these new theories. The main
theoretical and experimental motivations for the BSM physics are reviewed here:

1.2.1 Neutrino masses and mixing:

The results of neutrino oscillations are perhaps the most important experimental results of
the last decades. It predicts tiny masses and relatively large neutrino mixing, which directly
contradicts SM’s prediction. In the SM, right-handed neutrinos are absent. Thus neutrinos
have precisely zero mass. This demands BSM physics to explain the tiny but non-vanishing
nature of neutrino masses and their mixings.

Neutrino oscillation phenomena occur when a neutrino with a specific lepton flavor can
be later detected to have a different flavor. All the existing neutrino oscillation data can be
elucidated on a minimal three-flavor basis. The 3 x 3 unitary neutrino mixing matrix, also
known as the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [3-5| , U transforms weak
(flavor) eigenstates of neutrinos (v, v, ;) to the mass eigenstates of neutrinos (v, v5, v3).

ver(z) = Z Uyvir(x); C=e, u,T. (1.2.1)
J

This PMNS matrix can be parameterized by three Euler angles and a phase. Note, there
are two additional phases for Majorana neutrinos |6, 7]:

—1id

C12C13 C12C13 513€
_ i 19
U = | —512C23 — C12523513€" C12C23 — S12523513€" so3ciz | P (1~2~2)
i& i&
S12C23 — C12C23513€" —C12523 — S12C23513€" C23C13

where ¢;; = cosb;;, s;; = sin6;;, 0 is the Dirac C'P phase, and P = Diag {1,e ', e~ "2} with
p1 and py being the Majorana C'P phases. Thus, in addition to the SM parameters, there are
seven (nine) parameters if neutrinos are Dirac (Majorana) particles. Among these param-
eters, two mass-squared differences, Am3, and |Am2,|, solar mixing angle 65, atmospheric
mixing angle fo3, and reactor mixing angle 63 are measured. Note, Am3, > 0 (Am3, < 0)
represents normal (inverted) hierarchy. The best-fit values for both normal and inverted
ordering within 1o and 30 ranges are tabulated in Fig. 1.2.2 [8].

1.2.2 Dark Matter and Dark Energy:

Several experimental measurements have exhibited dark matter (DM) contributing about
26.8% to the average density in the universe, while their particle physics description remains
unknown. Similarly, dark energy contributesto 68.3% of the energy density of the universe,
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Figure 2: The 1o and 30 ranges [8] of neutrino oscillation parameters, extracted from the
global fit for both normal and inverted ordering.

where only 4.9% of the universe is ordinary matter. Astrophysical and cosmological observa-
tions [9-11] are compelling evidences for the existence of DM. The precise measurements of
the Cosmic Microwave Anisotropy (CMB) and of spatial distribution of galaxies yields the
DM and the baryonic matter density [12]

Qparh? ~ 0.1198 + 0.0015 (1.2.3)

where h is the Hubble constant in units of 100km/(s.Mpc). The SM of particle physics fails
to incorporate the dark matter candidate. Thus one must consider beyond SM scenarios for
viable DM candidates. The detection of dark matter will be a crucial paradigm shift not
only in the field of elementary particle physics but in our understanding of the universe as a
whole.

1.2.3 Matter-antimatter Asymmetry:

It is of utmost importance to understand the origin of matter-antimatter asymmetry in
the universe as it directly hints for new physics beyond the SM. This matter-antimatter
asymmetry is yet another mystery that SM theory cannot resolve. The baryon-to-photon
ratio ng = (np — ng/n,) describes matter-antimatter asymmetry, where ng, ng, and n, are
respectively the number densities of baryons, anti-baryons, and photons in the universe. ng
is precisely measured by Wilkinson Microwave Anisotropy Probe (WMAP) [13]| and read as

ng = (6.19+£0.15) x 107 (68% C.L.) (1.2.4)

For non-zero baryon asymmetry to be generated, there are three necessary Sakharov
conditions, (i) baryon number violation, (ii) C and CP violation, and (iii) deviation from
thermal equilibrium. SM theory does not satisfy the necessary Sakharov conditions as there
is not enough CP-violation. Hence, BSM physics with a new source of CP-violation is needed
to explain the matter-antimatter asymmetry of the universe.



1.2.4 Flavor Physics:

Several experimental anomalies deviate from the prediction of the SM. Thus, new physics
beyond SM may be needed to explain these observed anomalies. For example, there are
anomalies in muon anomalous magnetic moment, R ), and Ry« . A long-standing discrep-
ancy of the anomalous magnetic moment of the muon measured by the Brookhaven Muon
g-2 collaboration [14], also by recent Fermilab Muon g-2 collaboration [15] and SM theory
prediction [16], indicates a 4.20 discrepancy. Furthermore, various anomalies reported in
semi-leptonic rare decay of the B—meson by BaBar [17, 18|, Belle [19-21], and LHCb [22-
25| experiments show discrepancies in Ry and Ry at the level of 3.00, and 3.10. These
deviations from the SM have caused enthusiasm for new physics in the particle physics
community, which may be taken as hints for BSM physics.

1.2.5 Grand Unification:

Embedding strong, weak, and electromagnetic interactions into a single underlying force at a
high energy scale can be accomplished in Grand Unified Theory (GUT). The standard model
fails to unify the known forces of nature. Thus, a new theory beyond SM with larger gauge
group structure and with additional particles is a necessity in Grand Unification. Moreover,
these grand unified theories predict that protons must be unstable. The discovery of proton
decay in the experiments will be revolutionary in scientific history.

1.3 Organisation of this Dissertation

Building new models Beyond the SM (BSM) to resolve shortcomings of the SM and solving
various experimental discrepancies is the primary objective of this dissertation. Each chapter
is dedicated to building viable models beyond SM, particularly the ones that can be tested
at the current and future high energy colliders, the neutrino experiments, and low-energy
hadronic experiments. In chapter II, models of radiative Majorana neutrino masses that
require new scalars and/or fermions to induce lepton-number-violating interactions are in-
vestigated [26, 27]. In chapter III a minimal left-right symmetric model based on the gauge
group SU(3)c ® SU(2), ® SU(2)g ® U(1) g1, wherein the Higgs triplets conventionally em-
ployed for symmetry breaking are replaced by Higgs doublets is studied [28]. Majorana
masses for the right-handed neutrinos (vg) are induced via two-loop diagrams involving a
charged scalar field ™. In chapter IV a radiative neutrino mass model involving TeV-scale
scalar leptoquarks Ry and S3, which can simultaneously explain the Rpu), Ry, as well as
muon g — 2 anomalies, all within 10 CL, while being consistent with neutrino oscillation
data, as well as all flavor and LHC constraints have been worked out [29]. In chapter V a
simple and predictive realization of neutrino masses in theories based on the SU(6) grand
unifying group is studied [30]. Then, we conclude in chapter VI.



CHAPTER I1

NON-STANDARD INTERACTIONS IN RADIATIVE NEUTRINO MASS
MODELS

2.1 Introduction

The origin of tiny neutrino masses needed to explain the observed neutrino oscillation data
is of fundamental importance in particle physics. Most attempts that explain the smallness
of these masses assume the neutrinos to be Majorana particles, in which case their masses
could arise from effective higher dimensional operators, suppressed by a high energy scale
that characterizes lepton number violation. This is the case with the seesaw mechanism,
where the dimension-five operator [31]

O, = L'L’H*H'eye; (2.1.1)

suppressed by an inverse mass scale A is induced by integrating out Standard Model (SM)
singlet fermions [32-36|, SU(2),, triplet scalars |7, 37-39|, or SU(2),, triplet fermions [40]
with mass of order A.' In Eq. 2.1.1, L stands for the lepton doublet, and H for the Higgs
doublet, with i, j, k, [ denoting SU(2), indices, and €, is the SU(2), antisymmetric tensor.
Once the vacuum expectation value (VEV) of the Higgs field, (H®) ~ 246 GeV is inserted
in Eq. (2.1.1), Majorana masses for the neutrinos given by m, = v?/A will be induced. For
light neutrino masses in the observed range, m, ~ (1073 — 107') eV, the scale A should be
around 10** GeV. The mass of the new particle that is integrated out need not be A, since it
is parametrically different, involving a combination of Yukawa couplings and A. For example,
in the type-I seesaw model the heavy right-handed neutrino mass goes as Mg ~ y% A, which
can be near the TeV scale, if the Dirac Yukawa coupling yp ~ 107, However, it is also
possible that yp ~ O(1), in which case the new physics involved in neutrino mass generation
could not be probed directly in experiments.?

An alternative explanation for small neutrino masses is that they arise only as quantum
corrections [43-45| (for a review, see Ref. [46]). In these radiative neutrino mass models, the
tree-level Lagrangian does not generate O; of Eq. (2.1.1), owing to the particle content or
symmetries present in the model. If such a model has lepton number violation, then small
Majorana masses for neutrinos will be induced at the loop level. The leading diagram may
arise at one, two, or three loop level, depending on the model details, which will have an
appropriate loop suppression factor, and typically a chiral suppression factor involving a light
fermion mass as well.> For example, in the two-loop neutrino mass model of Refs. [44, 45],

1For a clear discussion of the classification of seesaw types see Ref. [41].

2This is strictly true for one generation case. For more than one generation, the scale could be lower [42].

3The magnitude of m, would be too small if it is induced at four or higher loops, assuming that the
diagrams have chiral suppression factors proportional to the SM charged fermion masses.



small and calculable m, arises from the diagram shown in Fig. 45, which is estimated to be
of order
f2h m;
(1672)2 M’
assuming normal ordering of neutrino masses and requiring large © — 7 mixing. Here f, h are
Yukawa couplings involving new charged scalars with mass of order M. Even with f ~ h ~ 1,
to obtain m, ~ 0.1 eV, one would require the scalar mass M ~ TeV. This type of new physics
can be directly probed at colliders, enabling direct tests of the origin of neutrino mass.
When the mediators of neutrino mass generation have masses around or below the TeV
scale, they can also induce other non-standard processes. The focus of this chapter is neu-
trino non-standard interactions (NSI) [47] induced by these mediators. These NSI are of
great phenomenological interest, as their presence would modify the standard three-neutrino
oscillation picture. The NSI will modify scattering experiments, as the production and detec-
tion vertices are corrected; they would also modify neutrino oscillations, primarily through
new contributions to matter effects. There have been a variety of phenomenological studies
of NSI in the context of oscillations, but relatively lesser effort has gone into the ultraviolet
(UV) completion of models that yield such NSI (for a recent update, see Ref. [48]). A major
challenge in generating observable NSI in any UV-complete model is that there are severe
constraints arising from charged lepton flavor violation (cLFV) [49]. One possible way to
avoid such constraints is to have light mediators for NSI [50-52]. In contrast to these at-
tempts, in this chapter we focus on heavy mediators, and study the range of NSI allowed
in a class of radiative neutrino mass models.* Apart from being consistent with cLF'V con-
straints, these models should also be consistent with direct collider searches for new particles
and precision electroweak constraints. We find, somewhat surprisingly, that the strengths of
the diagonal NSI can be (20-50)% of the weak interaction strength for the flavor diagonal
components in a class of popular models that we term as type-I radiative neutrino mass
models, while they are absent at tree-level in another class, termed type-II radiative models.

m, = (2.1.2)

2.1.1 Type-I and type-II radiative neutrino mass models

We propose a nomenclature that greatly helps the classification of various radiative models of
neutrino mass generation. One class of models can be described by lepton number violating
effective higher dimensional operators, similar to Eq. (2.1.1). A prototypical example is the
Zee model [43] which introduces a second Higgs doublet and a charged SU(2)-singlet scalar
to the SM. Interactions of these fields violate lepton number, and would lead to the effective
lepton number violating (AL = 2) dimension 7 operator

OQ == LiLijecHlEijEkl (213)

with indices i, j, .. referring to SU(2)., and e° standing for the SU(2), singlet let-handed
positron state. Neutrino masses arise via the one-loop diagram shown in Fig. 6. The induced
neutrino mass has an explicit chiral suppression factor, proportional to the charged lepton
mass inside the loop. Operator Oy can be obtained by cutting the diagram of Fig. 6. We

4 Analysis of Ref. [53, 54] of neutrino NSI in a model with charged singlet and /or doublet scalars, although
not in the context of a neutrino mass model, is analogous to one model we analyze.
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call radiative neutrino mass models of this type, having a loop suppression and a chirality
suppression proportional to a light charged fermion mass, and expressible in terms of an
effective higher dimensional operator as in Eq. (2.1.3) as type-I radiative models. A clas-
sification of low dimensional operators that violate lepton number by two units has been
worked out in Ref. [55]. Each of these operators can generate a finite set of type-I radiative
neutrino mass models in a well-defined manner. Lepton number violating phenomenology of
these operators has been studied in Ref. [56].

Another well known example in this category is the two-loop neutrino mass model of
Refs. [44, 45|, which induces an effective d = 9 operator

Oy = L'LLFeLlee;jen . (2.1.4)

Neutrino masses arise in this model via the two-loop diagrams shown in Fig. 45, which has a
chiral suppression factor proportional to m?, with ¢ standing for the charged leptons of the
SM.

This category of type-I radiative neutrino mass models is populated by one-loop, two-
loop, and three-loop models. Popular one-loop type-I models include the Zee model [43]
(cf. Sec. 2.4), and its variant with LQs replacing the charged scalars (cf. Sec. 2.5). This vari-
ant is realized in supersymmetric models with R-parity violation [57]. Other one-loop models
include SU(2)-triplet LQ models (cf. Sec. 2.7.1) wherein the neutrino mass is proportional
to the up-type quark masses [58, 59]. Ref. [60] has classified simple realizations of all models
leading to d = 7 lepton number violating operators, which is summarized in Sec. 2.2. Pop-
ular type-I two-loop models include the Zee-Babu model [44, 45] (cf. Sec. 2.7.2), a variant
of it using LQs and a diquark [61] (cf. Sec. 2.7.2), a pure LQ extension [62] (cf. Sec. 2.7.2),
a model with LQs and vector-like fermions [63] (cf. Sec. 2.7.2), and the Angelic model [64]
(cf. Sec. 2.7.2). We also present here a new two-loop model (cf. Sec. 2.7.2) with LQs wherein
the neutrino masses arise proportional to the up-type quark masses. Type-I three-loop
models include the KNT model [65] (cf. Sec. 2.7.3), an LQ variant of the KNT model [66]
(cf. Sec. 2.7.3), the AKS model [67] (cf. Sec. 2.7.3), and the cocktail model [68] (cf. Sec. 2.7.3).
For a review of this class of models, see Ref. [46].

A systematic approach to identify type-I radiative models is to start from a given AL = 2
effective operators of the type Oy of Eq. (2.1.3), open the operator in all possible ways,
and identify the mediators that would be needed to generate the operator. Such a study
was initiated in Ref. [55], and further developed in Refs. [60, 69]. We shall rely on these
techniques. In particular, the many models suggested in Ref. [60] have been elaborated on in
Sec. 2.7, and their implications for NSI have been identified. This method has been applied
to uncover new models in Ref. |70].

In all these models there are new scalar bosons, which are almost always necessary for
neutrino mass generation in type-I radiative models using effective higher dimensional op-
erators. For future reference, we list in Table 2 all possible new scalar mediators in type-I
radiative models that can couple to neutrinos, along with their SU(3). x SU(2), x U(1)y
quantum numbers, field components and electric charges (in superscript), and corresponding
Lagragian terms responsible for NSI. We will discuss them in detail in 2.4, 2.5 and 2.7. The
models discussed in Sec. 2.7 contain other particles as well, which are however not relevant for
the NSI discussion, so are not shown in Table 2. Note that the scalar triplet A(1,3,1) could
induce neutrino mass at tree-level via type-II seesaw mechanism |7, 37-39|, which makes
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’ Particle Content \ Lagrangian term ‘

7]+(1, 1, 1) or h+(1, 1, 1) fagLaLg 7]+ or fagLaLg ht
®(1,2,5) = (¢",¢") YapLalp®
Q(3,2,:) = (W3,w 1) AapLad5$)
X (3,1 —3) NogLa@sX*
5(3,3,1) = (%3, 5173, 5723 " LaQgp
§E3, 2, 2’3 = ggf) 3,55)2 3)p ) giLaugg
A(1,3,1) = (ATT, AT AD) frsLaLlsA

Table 2: Summary of new particles, their SU(3). x SU(2), x U(1)y quantum numbers
(with the non-Abelian charges in boldface), field components and electric charges (in super-
script), and corresponding Lagrangian terms responsible for NSI in various type-I radiative
neutrino mass models discussed in Secs. 2.4, 2.5 and 2.7. Here P = 119 ®*, with 7 being the
second Pauli matrix. For a singly charged scalar, n* and A" are used interchangeably, to be
consistent with literature.

radiative models involving A field somewhat unattractive, and therefore, is not included in
our subsequent discussion.

There is one exception to the need for having new scalars for type-I radiative models
(see Sec. 2.7.1). The Higgs boson and the W, Z bosons of the SM can be the mediators
for radiative neutrino mass generation, with the new particles being fermions. In this case,
however, there would be tree-level neutrino mass 4 la type-I seesaw mechanism [32-36|, which
should be suppressed by some mechanism or symmetry. Such a model has been analyzed in
Refs. |71, 72|, which leads to interesting phenomenology, see Sec. 2.7.1.

From the perspective of neutrino NSI, these type-I radiative models are the most inter-
esting, as the neutrino couples to a SM fermion and a new scalar directly, with the scalar
mass near the TeV scale. We have analyzed the ranges of NSI possible in all these type-I
radiative models. Our results are summarized in Fig. 60 and Table 21.

A second class of radiative neutrino mass models has entirely new (i.e., non-SM) particles
inside the loop diagrams generating the mass. These models cannot be derived from effective
AL = 2 higher-dimensional operators, as there is no way to cut the loop diagram and
generate such operators. We term this class of models type-II radiative neutrino mass models
(cf. Sec. 2.8). The induced neutrino mass may have a chiral suppression, but this is not
proportional to any light fermion mass. Effectively, these models generate operator O; of
Eq. (2.1.1), but with some loop suppression. From a purely neutrino mass perspective,
the scale of new physics could be of order 10!° GeV in these models. However, there are
often other considerations which make the scale near a TeV, a prime example being the
identification of a WIMP dark matter with a particle that circulates in the loop diagram
generating neutrino mass.

A well-known example of the type-II radiative neutrino mass model is the scotogenic
model [73] which assumes a second Higgs doublet and right-handed neutrinos N beyond
the SM. A discrete Zs symmetry is assumed under which N and the second Higgs doublet
are odd. If this Z, remains unbroken, the lightest of the Z;-odd particles can serve as a
dark matter candidate. Neutrino mass arises through the diagram of Fig. 58. Note that this
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diagram cannot be cut in any way to generate an effective higher dimensional operator of the
SM. While the neutrino mass is chirally suppressed by My, this need not be small, except
for the desire for it (or the neutral component of the scalar) to be TeV-scale dark matter.
There are a variety of other models that fall into the type-II category [74-79].

The type-II radiative neutrino mass models will have negligible neutrino NSI, as the
neutrino always couples to non-SM fermions and scalars. Any NSI would be induced at
the loop level, which would be too small to be observable in experiments. As a result, in
our comprehensive analysis of radiative neutrino mass models for NSI, we can safely ignore
type-IT models.

One remark is warranted here. Consider an effective operator of the type

1= L'LHH'ejpe(uu®) (uu®)*. (2.1.5)

Such an operator would lead to neutrino masses at the two-loop level, as can be seen in an
explicit model shown in Fig. 59. Although this model can be described as arising from an
effective AL = 2 operator, the neutrino mass has no chiral suppression here. The mass scale
of the new scalars could be as large as 10'° GeV. Such models do belong to type-I radiative
models; however, they are more like type-II models due to the lack of a chiral suppression.
In any case, the NSI induced by the LQs that go inside the loop diagram for neutrino masses
is already covered in other type-I radiative models that we have analyzed. Another example
of this type of operator is L'LY H* H'¢;e;y(H' H), which is realized for instance in the model
of Ref. [72] (see Sec. 2.7.1). Such effective operators, which appear as products of lower
operators, were treated as trivial in the classification of Ref. [55].

2.1.2 Summary of results

We have mapped out in this chapter the allowed ranges for the neutrino NSI parameters
€qp in radiative neutrino mass models. We present a detailed analysis of the Zee model
[43] with light charged scalar bosons. To map out the allowed values of €,5, we have an-
alyzed constraints arising from the following experimental and theoretical considerations:
i) Contact interaction limits from LEP (cf. Sec. 2.4.6); ii) Monophoton constraints from
LEP (cf. Sec. 2.4.11); iii) Direct searches for charged scalar pair and single production at
LEP (cf. Sec. 2.4.7); iv) Pair production of charged scalars at LHC (cf. Sec. 2.4.7); v)
Higgs physics constraints from LHC (cf. Sec. 2.4.10); vi) Lepton universality in W decays
(cf. Sec. 2.4.8); vii) Lepton universality in 7 decays (cf. Sec. 2.4.9); viii) Electroweak preci-
sion data (cf. Sec. 2.4.4); ix) Charged lepton flavor violation (cf. Sec. 2.4.5); x) Perturbative
unitarity of Yukawa and quartic couplings; and xi) Charge breaking minima of the Higgs
potential (cf. Sec. 2.4.3).

Imposing these constraints, we find that light charged scalars, arising either from the
SU(2)-singlet or doublet field or an admixture, can have a mass near 100 GeV. Neutrino
NSI obtained from the pure SU(2)-singlet component turns out to be unobservably small.
However, the SU(2)-doublet component in the light scalar can have significant Yukawa cou-
plings to the electron and the neutrinos, thus inducing potentially large NSI. The maximum
allowed NSI in this model is summarized below:

Zee emax — 8O em = 38% , em = 43%
model: &7 = 0.0015% , ™ = 0.56% , ™ = 0.34%
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These values are significantly larger than the ones obtained in Ref. [80], where the contribu-
tions from the doublet Yukawa couplings of the light charged Higgs were ignored.

We have also analyzed in detail leptoquark (L.Q) models of radiative neutrino mass gen-
eration. As the base model we analyze the LQ version of the Zee model, the results of
which can also be applied to other LQ models with minimal modification. This analysis
took into account the following experimental constraints: i) Direct searches for LQ pair and
single production at LHC (cf. Sec. 2.5.3); ii) APV (cf. Sec. 2.5.1); iii) Charged lepton flavor
violation (cf. Secs. 2.5.1 and 2.5.1); and iv) rare meson decays (cf. Sec. 2.5.1). Including all
these constraints we found the maximum possible NSI induced by the singlet and doublet
LQ components, as given below:

SU(2)-singlet ™™ = 0.69%, em — 0.17%, em = 34.3%,
LQ model: € = 1D X 1075%, em> = 0.36%, e = 0.43%.
SU(2),-doublet el = 0.4%, epnx = 21.6%, en™ = 34.3%,
LQ model: e, = 15X 1075%, em> = 0.36%, e = 0.43%.

Our results yield somewhat larger NSI compared to the results of Ref. [81] which analyzed,
in part, effective interactions obtained by integrating out the LQ) fields.

We also analyzed a variant of the LQ model with SU(2)-triplet LQs, which have cou-
plings to both up and down quarks simultaneously. The maximum NSI in this case are found
to be as follows:

SU(2),-triplet ™= = 0.59%, e = 2.49%, em = 51.7%,
LQ model: e = 1.9 % 107%, e = 0.50%, e = 0.38%.

For completeness, we also list here the maximum possible NSI in the two-loop Zee-Babu
model:

Zee-Babu ™ = 0%, em* = 0.9%, e = 0.3%,

i T

model: emax = 0%, e = 0%, emax = 0.3%.

e — er uT

The NSI predictions in all other models analyzed here will fall into one of the above
categories.

The rest of the chapter is structured as follows. In Sec. 2.2, we discuss the classification
of low-dimensional lepton-number violating operators and their UV completions. In Sec. 2.3,
we briefly review neutrino NSI and establish our notation. Sec. 2.4 discusses the Zee model
of neutrino masses and derives the various experimental and theoretical constraints on the
model. Applying these constraints, we derive the allowed range for the NSI parameters.
Here we also show how neutrino oscillation data may be consistently explained with large
NSI. In Sec. 2.5 we turn to the one-loop radiative model for neutrino mass with LQs. Here
we delineate the collider and low energy constraints on the model and derive the ranges for
neutrino NSI. In Sec. 2.6, we discuss a variant of the one-loop LQ model with triplet LQ.
In Sec. 2.7 we discuss other type-I models of radiative neutrino mass and obtain the allowed
values of €,3. We briefly discuss NSI in type-II models in Sec. 2.8. In Sec. 2.9 we conclude.
Our results are tabulated in Table 21 and summarized in Fig. 60.
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2.2 Classification of AL = 2 operators and their UV completions

It is instructive to write down low-dimensional effective operators that carry lepton number
of two units (AL = 2), since all type-I radiative models can be constructed systematically
from these operators. Here we present a summary of such operators through d =7 [55]. We
use two component Weyl notation for SM fermions and denote them as

1 1 o1 o2
L(1,2,—2), e(1,1,1 3,2,~ ], d(3,1,2 “(3,1,->) . 2.2.1
(77 2)76(77)7 Q(776)7 (773)7“(773) ( )

The Higgs field of the SM is denoted as H (1, 2, %) The AL = 2 operators in the SM are
all odd-dimensional. The full list of operators through d = 7 is given by [55]:

O, = L'LIHH'epey, (2.2.2a)
Oy, = L'LIVLFe"H'ejjen, (2.2.2b)
O; = {L'L'Q"dH'ejer, L'L'Q*d°H'eyen} = {Os4, Osp}, (2.2.2¢)
Oy = {L'Qu°H'ej, L'L'QuuH"e;j} = {Ou, On}, (2.2.2d)
Og = L'eudHle; . (2.2.2¢)

Not listed here are products of lower-dimensional operators, such as O, x HH, with the
SU(2), contraction of HH being a singlet. Here O; is the Weinberg operator [31], while the
remaining operators are all d = 7.° In this chapter, we shall analyze all models of neutrino
mass arising from these d = 7 operators for their NSI, as well as the two-loop Zee-Babu
model arising from Oy of Eq. (2.1.4). A few other models that have been proposed in the
literature with higher dimensional operators will also be studied. The full list of d = 9
models is expected to contain a large number, which has not been done to date.

Figure 3: Diagrams that generate operators of dimension 7 via (a) scalar and vectorlike
fermion exchange, and (b) by pure scalar exchange.

Each of these d = 7 operators can lead to finite number of UV complete neutrino mass
models. The generic diagrams that induce all of the d = 7 operators are shown in Fig. 3.
Take for example the operator O, in Eq. 2.2.2b. There are two classes of models that can
generate this operator with the respective mediators obtained from the following contractions
(see Table 3):

Oy = H(LL)(e°H), O3 = H(LL)(Le") . (2.2.3)

°In the naming convention of Ref. [55], operators were organized based on how many fermion fields are
in them. Operators Os5 — O7, which are d = 9 operators, appeared ahead of the d = 7 operator Os.
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Here the pairing of fields suggests the mediator necessary. The (LL) contraction would
require a scalar that can be either an SU(2) singlet, or a triplet. The (e°H) contraction
would require a new fermion, which is typically a vectorlike fermion. Thus, O} has two
UV completions, with the addition of a vectorlike lepton v (1,2, —%) to the SM, along
with a scalar which is either a singlet n*(1,1,1), or a triplet A(1,3,1). The choice of
A(1,3,1) can lead to the generation of the lower d = 5 operator at tree level via type-11
seesaw, and therefore, is usually not employed in radiative models. The model realizing O}
with ¢ (1, 2, —%) vectorlike lepton and n*(1,1,1) scalar is discussed in Sec. 2.7.1. Similarly
operator O3 has a unique UV completion, with two scalars added to the SM — one n*(1,1,1)

and one ® (1, 2, %) This is the Zee model of neutrino mass, discussed at length in Sec. 2.4.

0} 03
L(LL)(e°H) H(LL)(Le®)
[0) (1,1,1) [0) (1,1,1)
1/} (1727_%) n (1727%)

Table 3: Minimal UV completions of operator Oy [60]|. Here ¢ and 7 generically denote
scalars and v is a generic vectorlike fermion. The SM quantum numbers of these new fields
are as indicated.

O3 03 O3 O; 03 O3
Q(LL)(d°H) d*(LL)(QH) L(Ld)(QH) L(LQ)(d°H) L(LQ)(d°H) L(Ld*)(QH)
o (1,1,1) (1,1,1) (3.2, %) (3,1,—3) (3,3,—3) (3.2, %)
v (32-3) (313 313  (82-37 (32-F (833
O3, O3, O34 O3 O34, O3 O34, O3
O] O3 03
H(LL)(Qd?) H(LQ)(Ld?) H(LQ)(Ld")
o (1,1,1) (3,1,—3) (3.3,—3)
n o (1.2,3) (3,.2.5) (3.2,5)
Os, Oz, O34, O3,

Table 4: Minimal UV completions of operators Oz, and Oz, [60]. Here the models in the
top segment require a new scalar ¢ and a vectorlike fermion ), while those in the lower
segment require two scalar fields ¢ and 7.

Operators Oz, and Oz, in Eq. 2.2.2¢ can be realized by the UV complete models given

in Table. 4 [60]. Here all possible contraction among the fields are shown, along with the
required mediators to achieve these contractions. Fields denoted as ¢ and n are scalars,
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O, % 0;

Q(LL)(weH) w*(LL)(QH) H(LL)(Que)
[0) (1,1,1) (1,1,1) 10} (1,1,1)
v (3,2, (3,1,—3) no (1,21
O O O

Table 5: Minimal UV completions of the operators O, and Q4. Note that only the operator
Oy is generated. Fields ¢ and 7 are scalars, while the v fields are vectorlike fermions.

o} O 3 ot

L@Ew)(d°H) w(Ld°)(eH) e (Ld°)(wH) (Ld)(uee?) H

¢ (31,-3) (3,2,5) (3,2,5) ¢ (31,-3)
v (3.2,-%) (1,2, -3) (3,.2.5) n (3.2,5)

Table 6: Minimal UV completions of operator Og. Fields ¢ and 7 are scalars, while the ¢
fields are vectorlike fermions.

while 9 is a vectorlike fermion. The SM quantum numbers for each field are also indicated
in the Table. We shall analyze neutrino NSI arising from each of these models in Sec. 2.7.

The UV completions of operators Oy and Og are shown in Tables 5 and 6 respectively
[60]. These models will all be analyzed in Sec. 2.7 for neutrino NSI. Note that in both O,
and QOg, pairing of un-barred and barred fermion fields is not included, as the mediators for
such an UV completion will have to be vector bosons which would make such models difficult
to realize. As a result, only Oy, can be realized with scalar and fermionic exchange.

Classification based on topology of diagrams

Rather than classifying radiative neutrino mass models in terms of effective AL = 2 opera-
tors, one could also organize them in terms of the topology of the loop diagrams [41, 82, 83].
Possible one-loop topologies are shown in Fig. 4 [41, 82|, and the two-loop topologies are
shown in Fig. 5 [83]. Note that in the two-loop diagrams, two Higgs particles that are
connected to two internal lines in possible ways are not shown.

For the purpose of NSI, we find the classification based on type-I and type-II suggested
here most convenient. The classification based on the diagram topology does not specify
whether the internal particles are SM fermions or not, and the NSI effects arise only when
neutrino couples to the SM fermions. Let us also note that the first diagram of Fig. 4 and the
first two diagrams of Fig. 5 are the ones that appear most frequently in the explicit type-I
radiative models that we discuss in subsequent sections.

2.3 Neutrino non-standard interactions

Neutrino NSI can be of two types: Neutral Current (NC) and Charged Current (CC). The
CC NSI of neutrinos with the matter fields in general affects the production and detection
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Figure 4: Topologies of one-loop radiative neutrino mass diagrams.
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Figure 5: Topologies of two-loop neutrino mass diagrams. Two Higgs bosons should be
attached to internal lines in all possible ways.

of neutrinos, while the NC NSI affects the neutrino propagation in matter. In the low-
energy regime, neutrino NSI with matter fields can be formulated in terms of an effective
four-fermion Lagrangian as follows [47]:

LNSG = —2V2Gr Y &l (2 Povg) (FruPxf) (2.3.1)
f7X7a7ﬁ

L3 = —2V2Gr Y L (ayPuvs) (fuPxf) | (2.3.2)
f’f/’X7a’/B

where G is the Fermi coupling constant, and Px (with X = L, R) denotes the chirality
projection operators P g = (1 F~°)/2. These projection operators can also be reparame-
terized into vector and axial components of the interaction. The dimensionless coefficients
cqp are the NSI parameters that quantify the strength of the NSI between neutrinos of fla-
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vors o and 8 and the matter field f € {e,u,d} (for NC) and f # f' € {u,d} (for CC). If
cap # 0 for a # B, the NSI violates lepton flavor, while for €,, # €p3, it violates lepton
flavor universality.

The vector component of NSIs, siv = ef;g +5£§, affects neutrino oscillations by providing
a new flavor-dependent matter effect.® The effective Hamiltonian for the matter effect is given

by

1 0 0 0 14 Cee Eep Eer
H = ﬁUPMNS 0 Am3, 0 UliMNS—i-\/iGFNe(x) € Eun Eur | (2.3.3)
0 O Am?ﬂ 5; 5;7_ Err

where Upyns is the standard 3 x 3 lepton mixing matrix, F is the neutrino energy, N.(x)
is the electron number density as a function of the distance z traveled by the neutrino in
matter, and the 1 in the 1 + €., term is due to the standard CC matter potential. The
Hamiltonian level NSI in Eq. 2.3.3 is related to the Lagrangian level NSI in Eq. 2.3.1 as
follows:

o Nf@) fv
o = D <Ne<x>>€aﬂ
fe{eu,d}

% Np X wV A\ Nn T uV v
- (ot (W a

where Ny (z) is the number density of fermion f at position x, and (N /Ne) is the average
ratio of the density of protons (neutrons) to the density of electrons along the neutrino
propagation path. Note that the coherent forward scattering of neutrinos with nucleons can
be thought of as the incoherent sum of the neutrino scattering with the constituent quarks,
because the nucleon form factors are equal to one in the limit of zero momentum transfer.
Assuming electric charge neutrality of the medium, we can set (N,(z)/N(z)) = 1 and define
the ratio Y,,(x) = (N, (x)/N(x)) to rewrite Eq. 2.3.4 as

Eap = i+ 2+ Yo(a)] ety + [1+2Y,(z)] €25 . (2.3.5)

In the Earth, the ratio Y,, which characterizes the matter chemical composition can be taken
to be constant to very good approximation. According to the Preliminary Reference Earth
Model (PREM) [84], Y,, = 1.012 in the mantle and 1.137 in the core, with an average value
Y,, = 1.051 all over the Earth. On the other hand, for solar neutrinos, Y,,(z) depends on the
distance to the center of the Sun and drops from about 1/2 in the center to about 1/6 at
the border of the solar core (85, 86].

In the following sections, we will derive the predictions for the NSI parameters €,4 in var-
ious radiative neutrino mass models, which should then be compared with the experimental
and/or global fit constraints [87-90] on £,43 using Eq. 2.3.5. We would like to emphasize two
points in this connection:

6The axial-vector part of the weak interaction gives a nuclear spin-dependent contribution that averages
to zero in the non-relativistic limit for the nucleus.
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(i) Depending on the model, we might have NSI induced only in the neutrino-electron or
neutrino-nucleon interactions, or involving only left- or right-chirality of the matter
fields. In such cases, only the relevant terms in Eq. 2.3.5 should be considered, while
comparing with the experimental or global fit constraints.

(ii) Most of the experimental constraints [88] are derived assuming only one NSI parameter
at a time, whereas within the framework of a given model, there might exist some
non-trivial correlation between NSI involving different neutrino flavors, as we will see
below. On the other hand, the global fits [89, 90] usually perform a scan over all NSI
parameters switched on at the same time in their analyses, whereas for a given model,
the cLF'V constraints usually force the NSI involving some flavor combinations to be
small, in order to allow for those involving some other flavor combination to be sizable.
To make a conservative comparison with our model predictions, we will quote the most
stringent values from the set of experimental and global fit constraints, as well as the
future DUNE sensitivities [91-94]; see Tables 10 and 18.

2.4 Observable NSI in the Zee model

One of the simplest extensions of the SM that can generate neutrino mass radiatively is the
Zee Model [43|, wherein small Majorana masses arise through one-loop diagrams. This is
a type-I radiative model, as it can be realized by opening up the AL = 2 effective d = 7
operator Oy = L'IJ LFe¢ H! €€k, and since the induced neutrino mass has a chiral suppression
factor proportional to the charged lepton mass. Due to the loop and the chiral suppression
factors, the new physics scale responsible for neutrino mass can be at the TeV scale. The
model belongs to the classification O3 of Table 3.

The model assumes the SM gauge symmetry SU(3).x SU(2), x U(1)y, with an extended
scalar sector. Two Higgs doublets @ 5(1,2,1/2), and a charged scalar singlet n™(1,1,1) are
introduced to facilitate lepton number violating interactions and thus nonzero neutrino mass.
The leptonic Yukawa Lagrangian of the model is given by:

—EY D) faﬂLiLéei]‘n—i— + (yl)agg)iLg[f%Eij + (y2)a5€f>§l)gl€f36ij + H.c. s (241)

where {a, 3} are generation indices, {i,j} are SU(2), indices, ®, = in,®* (a = 1,2) and
(¢ denotes the left-handed antilepton fields. Here and in what follows, a transposition and
charge conjugation between two fermion fields is to be understood. Note that due to Fermi
statistics, fos = —fsa. Expanding the first term of the Lagrangian Eq. (2.4.1) leads to the
following couplings of n™:

—Ly D 20" [feu(Vep — vp€) + for (Ve — vr€) + four(v,m — vop)] + Hee. (2.4.2)
The presence of two Higgs doublets ®, 5 allows for a cubic coupling in the Higgs potential,
V D pud® dle;n +He., (2.4.3)

which, along with the Yukawa couplings of Eq. (2.4.1), would lead to lepton number vi-
olation. The magnitude of the parameter p in Eq. (2.4.3) will determine the range of
NSI allowed in the model. Interestingly, u cannot be arbitrarily large, as it would lead to
charge-breaking minima of the Higgs potential which are deeper than the charge conserving
minimum [95, 96| (see Sec. 2.4.3).
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2.4.1 Scalar sector

We can start with a general basis, where both ®; and ®, acquire vacuum expectation values

(VEVs):
v (0) e n(k) e

However, without loss of generality, we can choose to work in the Higgs basis [97] where only
one of the doublet fields gets a VEV v given by v = y/v? + v3 ~ 246 GeV. The transformation
to the new basis {H, Ho} is given by:

Hy\ cg e %sg P,
( Hz) - (_ei&sﬁ (). (2.4.5)

where sg = sin  and ¢z = cos 3, with tan 8 = vy /v;. In this new basis, we can parametrize
the two doublets as

Hy = o Hy, = Hy 2.4.6
= L H 6 ) 2=\ Ly +ia) ) (2:4.6)
where (GT, G°) are the Goldstone bosons, (HY, HY), A, and H, are the neutral CP-even and
odd, and charged scalar fields, respectively. We shall work in the CP conserving limit, since
phases such as ¢ in Eq. (2.4.4) will not have a significant impact on NSI phenomenology
which is our main focus here.

The most general renormalizable scalar potential involving the doublet fields Hq, Hy and
the singlet field ™ can be written as

V(Hy Hy, 1) = — p{H{Hy + ps H Hy — (u5HH, + He)

1 1
+ 5)\1(H1TH1)2 + §A2(H§LH2)2 + \g(H{Hy)(HIHy) + A\y(H{ Hy)(HS Hy )

1
+ [§A5(HIH2)2 + {Aﬁ(H[Hl) + A7(H§H2)} HIH, + H.c.]

0l + Aglnl* + As|nl® HYHy + Xoln|* Hy Ha
+ (Awo|n[PH{ Ho + H.c.) + (ne HiHjn~ + H.c.) (2.4.7)
Differentiating V' with respect to H; and H,, we obtain the following minimization conditions:
1

1
,LL% = 5)\11)2, ,U/g = 5/\6’02, (248)

where, for simplicity, we have chosen p3 to be real. The mass matrix for the charged scalars
in the basis { H,", n"} becomes

M2 —,uv/\/§ )
M? = 2 , 2.4.9
charged ( _Mv/ﬁ M?? ( )
where
2 2 1 2 2 2, 1 2
M; = us5+ 5)\31) , M3 = oy + 5/\81; . (2.4.10)
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The physical masses of the charged scalars {h*, H} are given by:

1
M = 5 {Mg M F A (MF — M)+ 21;2#2} , (2.4.11)
where
ht = cospnt +sinp HS,
H* = —sinpnt +cospH, , (2.4.12)

with the mixing angle ¢ given by
sin2p = —5———5— . (2.4.13)

As we shall see later, this mixing parameter ¢, which is proportional to p will play a crucial
role in the NSI phenomenology of the model.

Similarly, the matrix for the CP-even and odd neutral scalars in the basis {HY, HY, A}
can written as [98]:

Av? Re(Ag)v? —TIm(\g)v?
Mr?eutral = )\61}2 M22 + %?Q(Re(/\5) + >‘4) ;%Im(A5)1}2
—Im()\g)v2 —EIIII()\5)’U2 M22 + 51)2(—Re(/\5) + )\4)

(2.4.14)
In the CP-conserving limit where Im(A56) = 0, the CP-odd state will decouple from the
CP-even states. One can then rotate the CP-even states into a physical basis {h, H} which
would have masses given by [98]:

1
mi,H =3 m?% 4+ (A + As)v? £ \/{mi + (A5 — A2 2 + 40204 (2.4.15)

whereas the CP-odd scalar mass is given by
1

2 — M2_
My 275

(As — M\g)v”. (2.4.16)

The mixing angle between the CP-even eigenstates { HY, HY}, defined as

h = cos(a—B)H) + sin(a — 8) HY,
H = —sin(a—f)H)+ cos(a —3) HY, (2.4.17)
is given by
2)\67)2
n2(a—pF) = ———. 2.4.18
sindo—5) = (24.15)

We will identify the lightest CP-even eigenstate h as the observed 125 GeV SM-like Higgs
and use the LHC Higgs data to obtain constraints on the heavy Higgs sector (see Sec. 2.4.10).

We will work in the alignment /decoupling limit, where 8 — a — 0 [99-102], as suggested by
the LHC Higgs data [103, 104].
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Figure 6: Neutrino mass generation at one-loop level in the Zee model [43]. The dot (e)
on the SM fermion line indicates mass insertion due to the SM Higgs VEV.

2.4.2 Neutrino mass

In the Higgs basis where only the neutral component of H; gets a VEV, the Yukawa inter-
action terms in Eq. 2.4.1 of fermions with the scalar doublets H; and Hs become

—ﬁy D) Ya/ngLJ 656” + YagHZL] €B€U + H.c. , (2419)

where Y and Y are the redefined couplings in terms of the original Yukawa couplings y; and
y2 given in Eq. 2.4.1 and where H, = i H} (a = 1,2) with 75 being the second Pauli matrix.
After electroweak symmetry breaking, the charged lepton mass matrix reads as

~ ~ v

M, Y (HY) Y\/Q' (2.4.20)
Without loss of generality, one can work in a basis where M, is diagonal, ie., M, =
diag (m., m,, m;). The Yukawa coupling matrix f involving the n* field in Eq. 2.4.1 is
taken to be defined in this basis.

The Yukawa couplings in Eq. 2.4.1, together with the trilinear term in the scalar potential
Eq. 2.4.3, generate neutrino mass at the one-loop level, as shown in Fig. 6. Here the dot
(e) on the SM fermion line indicates mass insertion due to the SM Higgs VEV. There is a
second diagram obtained by reversing the arrows on the internal particles. Thus, we have a
symmetric neutrino mass matrix given by

M, = & (fMY +YTM,fT), (2.4.21)

where k is the one-loop factor given by

1 2

K = 5 sin 2¢plog (m bt ) : (2.4.22)
1672 m? i+

with ¢ given in Eq. 2.4.13. The matrix f that couples the left-handed lepton doublets to

the charged scalar n™ can be made real by a phase redefinition P f P, where P is a diagonal

phase matrix, while the Yukawa coupling Y in Eq. 2.4.19 is in general a complex asymmetric

matrix:

0 fe,u fe‘r Yvee Y;a,u YveT
f = _fe,u O f,wr ) Y - Y'u,e Y/,L/J, Y/“— (2423)
—fer _f/“' 0 Yie YT[L Yor

23



Here the matrix Y is multiplied by (7, 7, ;) from the left and (er, pr, Tr)” from the right,
in the interaction with the charged scalar H*. Thus the neutrino NSI will be governed by
the matrix elements (Y., Yie, Y;.), which parametrize the couplings of v, with electrons in
matter.

Note that in the limit Y oc M;, as was suggested by Wolfenstein [105] by imposing
a discrete Z, symmetry to forbid the tree-level flavor changing neutral currents (FCNC)
mediated by the neutral Higgs bosons, the diagonal elements of M, would vanish, yielding
neutrino mixing angles that are not compatible with observations [106, 107]. For a variant
of the Zee-Wolfenstein model with a family-dependent 7, symmetry which is consistent with
neutrino oscillation data, see Ref. [108].

From Eq. 2.4.21 it is clear that only the product of the Yukawa couplings f and Y is
constrained by the neutrino oscillation data. Therefore, by taking ¥ ~ O(1) and f < 1
in the neutrino mass matrix Eq. 2.4.21, we can correctly reproduce the neutrino oscillation
parameters (see Sec. 2.4.13). This choice maximizes the neutrino NSI in the model. We shall
adopt this choice.

Since the model has two Higgs doublets, in general both doublets will couple to up and
down quarks. If some of the leptonic Yukawa couplings Y,. of Eq. (2.4.23) are of order unity,
so that significant neutrino NSI can be generated, then the quark Yukawa couplings of the
second Higgs doublet Hy will have to be small. Otherwise chirality enhanced meson decays,
such as 7" — et will occur with unacceptably large rates. Therefore, we assume that the
second Higgs doublet Hj is leptophilic in our analysis.

2.4.3 Charge breaking minima

To have sizable NSI, we need a large mixing ¢ between the singlet and doublet charged
scalar fields n* and H; . From Eq. 2.4.13, this means that we need a large trilinear y-term.
But p cannot be arbitrarily large, as it leads to charge breaking minima (CBM) of the
potential [95, 96]. We numerically analyze the scalar potential given by Eq. 2.4.7 to ensure
that it does not develop any CBM deeper than the charge-conserving minimum (CCM).

We take p3, M% > (. The field H; is identified approximately as the SM Higgs doublet, and
therefore, the value of \; is fixed by the Higgs mass (cf. Eq. 2.4.8), and the corresponding
mass-squared term is chosen to be negative to facilitate electroweak symmetry breaking
(u? > 0in Eq. (2.4.7)). Note that the cubic scalar coupling x can be made real as any phase
in it can be absorbed in n~ by a field redefinition.

In order to calculate the most general minima of the potential, we assign the following
VEVs to the scalar fields:

sin vy €%

(H,) — ( X ) (Hy) — @2<COSW5, ) () = vy, (2.4.24)

(%1

where v, and v; can be made real and positive by SU(2), xU(1)y rotations. A non-vanishing
VEV v, would break electric charge conservation, as does a nonzero value of sin~y. Thus, we
must ensure that the CBM of the potential lie above the CCM. The Higgs potential, after
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inserting Eq. 2.4.24 in Eq. 2.4.7, reads as

/\1’2]4 )\21)4
Vo= i+ > Lt (13 + A3)vs + 5 2+ (12 4 Asv} 4 Agv3)v + Ao,
+0102{2 cos y[—p3 cos &' + Agv cos (B2 + &) + Arvj cos (05 4 0') + Agv; cos (64 + &')]
+0109 cos V[ Ay + A5 cos (01 + 28")] — 2w, cos sin v} (2.4.25)

Here 01,05, 03, and 0, are respectively the phases of the quartic couplings A5, A\g, A7, and Aqq.
For simplicity, we choose these quartic couplings, as well as Ag to be small. This choice does
not lead to any run-away behavior of the potential. We keep all diagonal quartic couplings to
be nonzero, so that the potential remains bounded. (All boundedness conditions are satisfied
if we choose, as we do for the most part, all the quartic couplings to be positive.) We also
keep the off-diagonal couplings A3 and Ag nonzero, as these couplings help in satisfying
constraints from the SM Higgs boson properties from the LHC.

Eq. 2.4.25 yields five minimization conditions from which {vy, ve, v,,d,v} can be solved
numerically for any given set of masses and quartic couplings. The mass parameters are
derived from the physical masses of h™, H* and h in the CCM. We vary my,+ from 50 to 500
GeV and choose three benchmark points for myg+: {0.7, 1.6, 2.0} TeV. To get an upper limit
on the mixing angle ¢ (cf. Eq. 2.4.13| for our subsequent analysis, we keep A3 = Ag fixed at
two benchmark values (3.0 and 2.0) and vary the remaining nonzero quartic couplings A, and
A, in the range [0.0,3.0]. Our results on the maximum sin ¢ are shown in Fig. 7. We do not
consider values of the quartic couplings exceeding 3.0 to be consistent with perturbativity
considerations [109]. Each choice of mixing angle ¢, and the parameters A, A, my+, and
mp+ yields different minimization conditions deploying different solutions to the VEVs. We
compare the values of the potential for all cases of CBM and CCM. If any one of the CBM
is deeper than CCM, we reject the solution and rerun the algorithm with different initial
conditions until we meet the requirement of electroweak minimum being deeper than all
CBM.

For values of the mixing angle sin ¢ above the curves shown in Fig. 7 for a given myg,
the potential develops CBM that are deeper than the electroweak minimum, which is un-
acceptable. This is mainly due to the fact that for these values of ¢, the trilinear coupling
i becomes too large, which drives the potential to a deeper CBM [95], even for positive
,u%. From Fig. 7 it is found that sinp < 0.23 for my+ = 2 TeV, while siny = 0.707 is
allowed when my+ = 0.7 TeV. In all cases the maximum value of |u| is found to be about
4.1 times the heavier mass my+. Note that we have taken the maximum value of the mixing
Ymax = /4 here, because for ¢ > 7/4, the roles of h™ and H™ will be simply reversed,
i.e., HT (h") will become the lighter (heavier) charged Higgs field. The CBM limits from
Fig. 7 will be applied when computing neutrino NSI in the model.

2.4.4 Electroweak precision constraints

The oblique parameters S, T" and U can describe a variety of new physics in the electroweak
sector parametrized arising through shifts in the gauge boson self-energies [110, 111] and
impose important constraints from precision data. These parameters have been calculated
in the context of the Zee model in Ref. [112]. We find that the 7" parameter imposes the
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Figure 7: Maximum allowed value of the mixing parameter sin¢ from charge breaking
minima constraints as a function of the light charged Higgs mass my,+, for different values
of the heavy charged Higgs mass my+ = 2 TeV, 1.6 TeV and 0.7 TeV, shown by red,
green and blue curves, respectively. We set the quartic couplings A3 = A\g = 3.0 (left) and
A3 = Ag = 2.0 (right), and vary Ag, A, in the range [0.0, 3.0]. For a given my+, the region
above the corresponding curve leads to charge breaking minima.

most stringent constraint, compared to the other oblique parameters. The T parameter in
the Zee model can be expressed as [112]:

1 :
T = Tor2a {0032@ [smz(ﬁ — ) F(miy,m}) +cos?(B — ) F(miy,m3) + F(miy, mi)]
+ sin®p [sin®(8 — a) F(mi,mi) + cos” (8 — a) F(mi, my;) + F(mi,m%)]
— 2sin’pcos’o F(mi+, mips) — sin®(8 — a) F(mj, m%) — cos®(8 — a) F(m3, m%)

+ 350%(8 — 0) [Flmmy) — Fmiy,my) — Flmy,m) + Flody, m)]} , (2:4.26)

where the symmetric function F is given by

1 mims m?
Flmi,m3) = Flmg,mi) = g(mi+ms) = -5 s In (E%) . (2.4.27)

In order to generate large NSI effects in the Zee model, the mixing between the singlet
and the doublet charged scalar, parametrized by the angle ¢, should be significant. This
mixing contributes to the gauge boson self-energies and will therefore be bounded from the
experimental value of the T parameter: 7" = 0.01 + 0.12 [113]. For simplicity, we assume
no mixing between the neutral CP-even scalars h and H. Furthermore, we take the heavy
neutral CP-even (H) and odd (A) scalars to be degenerate in mass. In Fig. 8, we have shown
our results from the T parameter constraint, allowing for two standard deviation error bar,
in the heavy neutral and charged Higgs mass plane. Here we have fixed the light charged
scalar mass my+ = 100 GeV. As shown in the figure, when the masses my and mgy+ are
nearly equal (along the diagonal), the T" parameter constraint is easily satisfied.

From Fig. 8, we also find that for specific values of my and my+, there is an upper limit
on the mixing sin . This is further illustrated in Fig. 9. Here, the colored regions (both

green and red) depict the allowed parameter space in mj; — sin ¢ plane resulting from the T
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Figure 8: T-parameter constraint at the 20 confidence level in the heavy charged and
neutral Higgs mass plane in the Zee model. Here we have set the light charged scalar mass
mp+ = 100 GeV. Different colored regions correspond to different values of the mixing angle
sin ¢ between the charged Higgs bosons.
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Figure 9: T-parameter constraint in the mixing and heavy charged scalar mass plane in the
Zee model for heavy neutral scalar masses my = m4 = 0.7 TeV. The colored regions (both
green and red) are allowed by the T-parameter constraint, while in the red shaded region,
|A4l, | As] > 3.0, which we discard from perturbativity requirements.

parameter constraint. For example, if we set my = 0.7 TeV, the maximum mixing that is
allowed by T' parameter is (sin ¢)max = 0.63. The mass splitting between the heavy neutral
and the charged Higgs bosons is governed by the relation (cf. Eqs. 2.4.11 and 2.4.15):
1
méi — m%{ = 5()\5 — )\4)2}2 . (2428)

We choose A5 = —\,, which would maximize the mass splitting, as long as the quartic
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Figure 10: One-loop Feynman diagrams contributing to ¢, — {3 + 7 process mediated by
charged scalar (left) and neutral scalar (right) in the Zee model.

couplings remain perturbative. The red region in Fig. 9 depicts the scenario where |A\y|, [A5| >
3.0, which we discard from perturbativity requirements in a conservative approach. Satisfying
this additional requirement that these couplings be less than 3.0, we get an upper limit on
sin p < 0.59. For the degenerate case my+ = my with \y = A5, the upper limit is stronger:
sin ¢ < 0.49.

2.4.5 Charged lepton flavor violation constraints

Charged lepton flavor violation (cLFV) is an integral feature of the Lagrangian Eq. 2.4.1
of the model. We can safely ignore cLF'V processes involving the f,3 couplings which are
assumed to be of the order of 107® or so to satisfy the neutrino mass constraint, with Y,z
couplings being order one. Thus, we focus on cLFV proportional to Y,s. Furthermore, as
noted before, NSI arise proportional to (Yee, Y., Yre), where the first index refers to the
neutrino flavor and the second to the charged lepton flavor in the coupling of charged scalars
h* and H*. After briefly discussing the cLF'V constraints arising from other Y,3, we shall
focus on the set (Yee, Yje, Yze) relevant for NSI. The neutral scalar bosons H and A will
mediate cLFV of the type  — 3e and 7 — pee at tree-level, while these neutral scalars and
the charged scalars (b, H') mediate processes of the type u — ey via one-loop diagrams.
Both of these processes will be analyzed below. We derive limits on the couplings Y3 as
functions of the scalar masses. These limits need to be satisfied in the neutrino oscillation
fit, see Sec. 2.4.13 for details. The constraints derived here will also be used to set upper
limits of possible off-diagonal NSI. The various processes considered and the limits derived
are summarized in Tables 7 and 8. We now turn to the derivation of these bounds.

Uy — U3+ decays

The decay ¢, — ¢+ arises from one-loop diagrams shown in Fig. 10. The general expression
for this decay rate can be found in Ref. [114|. Let us focus on the special case where the
FCNC coupling matrix Y of Eq. (2.4.23) has nonzero entries either in a single row, or in a
single column only. In this case, the chirality flip necessary for the radiative decay will occur
on the external fermion leg. Suppose that only the right-handed component of fermion f,
has nonzero Yukawa couplings with a scalar boson B and fermion F', parametrized as

2
—Ly D B YosFsPpf,+He (2.4.29)

a=1
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The electric charges of fermions F" and f are ) and @)y respectively, while that of the boson
B is g, which obey the relation Q¢ = Qr — @p. The decay rate for f, — fz + 7 is then
given by

v

a Yo Vi I md,
4 (1672)2 m4

(fa = fa+7) = [Qrfs(t) +Qpfet)] . (2.4.30)

Here a = €? /47 is the fine-structure constant, t = m2/m%, and the function fr(t) and f5(t)
are given by

t2_5t_2+ t logt
12(t—1)3 2@t —1)*’
202+ 5t —1 2 logt

fe(t) = D01 2i_ )t (2.4.31)

frt) =

These expressions are obtained in the approximation mg < m,.

Let us apply these results to ¢, — €3 + v mediated by the charged scalars (h*, H) in
the Zee model where the couplings have the form Y, 30, Prlsh™ sing, etc. Here Qp = 0,
while Qp = +1. Eq. (2.4.30) then reduces to (with ¢ < 1)

alYyaY 5P md (sin?¢  cos?p
4 (1672)2 144 \ m}, my. )

T (0 = 054+ 7) = (2.4.32)

If we set mp+ = 100 GeV, my+ = 700 GeV and singp = 0.7, then the experimental limit
BR(t — ey) < 4.2 x 107" [115] implies Yo Y7,| < 6 x 107°. Similarly, the limit BR(1 —
ey) < 3.3 x 1078 [116] implies |Y,,Y5| < 4 x 1072, and the limit BR(7 — uy) < 4.4 x 1078
[116] implies |Y,,Y,| < 4.6 x 107> These are rather stringent constraints, which suggest
that no more than one entry in a given row of Y can be large. Such a choice does not however
affect the maximum NSI, as the elements of Y that generate them are in the first column
of Y. Keeping only the entries (Y., Y., Yr) nonzero does not lead to £, — {3 + ~ decay
mediated by the charged scalars (ht, H™).

However, nonzero values of (Y, Y, Yre), needed for NSI, would lead to ¢, — {3+ v
mediated by the heavy neutral scalars. Taking H and A to be degenerate, the Yukawa
couplings are of the form ¢, PrlgH. Thus, Q7 = —1 and Qp = 0 in this case, leading to the

decay width
Yo Y5, |2 mP
THA (0, — ¢ = 2 rath Pa 2.4.33
( 5+ = T [6r0) ml, (2.4.33)
We show the constraints on these product of Yukawa couplings for a fixed mass of the neutral
Higgs my in Table 7. The severe constraint coming from g — ey process prevents the off-
diagonal NSI parameter ., from being in the observable range. However, .. and ¢,, can

be in the observable range, consistent with these constraints.

Electron anomalous magnetic moment

Another potential constraint comes from anomalous magnetic moment of leptons (g — 2)q4,
which could get contributions from both charged and neutral scalars in the Zee model. The
heavy neutral scalar contribution can be ignored here. For the Yukawa couplings relevant for
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’ Process \ Exp. bound \ Constraint ‘
p—ey | BR < 4.2 x1078 [117] | [V Yee| < 1.05 x 1073 (528"
T—ey | BR < 3.3 %1078 [116] VAYel < 0.69 (528
7=y | BR < 4.4 x107% [116] VY| < 0.79 (552 )”

Table 7: Constraints on Yukawa couplings as a function of heavy neutral scalar mass from
lo — €5 + 7y processes.
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Figure 11: Feynman diagram contributing to tree-level cLF'V trilepton decay mediated by
CP-even and odd neutral scalars in the Zee model. At least two of the final state leptons
must be of electron flavor to be relevant for NSI.

NSI, the charged scalar contribution to muon g — 2 is also absent. The only non-negligible
contribution is to the electron g — 2, which can be written at one-loop level as [118]

2
N cos2 go) |
M.
Comparing this with Aa, = aP = (=87 +36) x 10~ (where a, = (g — 2)./2), based
on the difference between the experimental measurements [119] and SM calculations [120]
with the updated value of the fine-structure constant [121], we find that the charged scalar
contribution 2.4.34 goes in the right direction. However, for the allowed parameter space
in my+ — Yeesinp plane (see Fig. 20), it turns out to be too small to explain the 2.4c
discrepancy in Aa.. For example, with |Y,.|sinp = 0.75 and my+ = 150 GeV, which is a
consistent choice (cf. Fig. 20), we would get Aa, = —2.2 x 107!, an order of magnitude too

small to be relevant for experiments.

m? sin?
- (y’ry)ee -
967 my

SM

Aa, (2.4.34)

by — 575&,&; decays

The Yukawa coupling matrix Y of the second Higgs doublet (cf. Eq. (2.4.23)) would lead to
trilepton decay of charged leptons mediated by the neutral scalars of the theory. The tree-
level Feynman diagrams for such decays are shown in Fig. 11. Partial rates for the trilepton
decays are obtained in the limit when the masses of the decay products are neglected. The
partial decay width for u — eee is given as follows:

1 ]2m

5
L(p~ —etee) = |Y* —. (2.4.35)
My

614473 " He
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’ Process \ Exp. bound \ Constraint ‘

p- —eteem | BR < 1.0 x10712 [122] | [YAY,l| < 3.28 x 1077 (i )?

7~ —etee” | BR < 1.4 x107® [123] | |V Y| < 9.05 x 1073 (705"%)2

r —etep | BR< L1 x10°5 [123] | [YAV.] < 5.68 x 1073 ()

Table 8: Constraints on Yukawa couplings as a function of heavy neutral scalar mass from

L, — 5756765 decay (with at least two of the final state leptons of electron flavor to be relevant
for NSI).

The partial decay width for 7 — £,05¢,, is given by

5

* 2 mT
T S VY i (2.4.36)

I (r = Lalsly) =

Here S =1 (2) for § = v (B # ) is a symmetry factor. Using the total muon and tau decay
widths, I'l?* = 3.00 x 107" GeV and I''®* = 2.27 x 107" GeV respectively, we calculate the
cLFV branching ratios for the processes u= — efe e™, 7= — ete e and 7= — ete pu~
using Egs. 2.4.35 and 2.4.36. We summarize in Table 8 the current experimental bounds on
these branching ratios and the constraints on the Yukawa couplings Y, 3 as a function of mass
of neutral Higgs boson mpy = my4. It is clear from Table 8 that these trilepton decays put
more stringent bounds on product of Yukawa couplings compared to the bounds arising from
loop-level ¢, — £y decays. This also implies that off-diagonal NSI are severely constrained.

As already noted, the light charged Higgs h* would mediate ¢, — {5 + 7 decay if more
than one entry in a given row of Y is large. The heavy neutral Higgs bosons mediate trilepton
decays of the leptons when there are more than one nonzero entry in the same column (or
same row) of Y. This last statement is however not valid for the third column of Y. For
example, nonzero Y, and Y),; will not lead to tree-level trilepton decay of 7. Apart from the
first column of Y, we shall allow nonzero entries in the third column as well. In particular, for
diagonal NSI £,,, we need one Y, entry for some « to be nonzero, and to avoid the trilepton
constraints, the only other entry that can be allowed to be large is Y3, with 5 # «. On the
other hand, for off-diagonal NSI ¢,4 (with a # /3), we must allow for both Y, and Yz, to be
non-zero. In this case, however, the trilepton decay ¢z — {,ee is unavoidable and severely
restricts the NSI as we will see in Sec. 2.4.12. Also, the other entry that can be populated is
Y., with v # o, 8. This will lead to 7 — ¢ + ~y decays, which, however, do not set stringent
limits on the couplings (cf. Table 7). Some benchmark Yukawa textures satisfying all cLFV
constraints are considered in Sec. 2.4.13 to show consistency with neutrino oscillation data.

2.4.6 Collider constraints on heavy neutral scalar mass

LEP contact interaction

Electron-positron collisions at center-of-mass energies above the Z-boson mass performed
at LEP impose stringent constraints on contact interactions involving ete™ and a pair of
fermions [124]. Integrating out new particles in a theory one can express their effect via
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higher-dimensional (generally dimension-6) operators. An effective Lagrangian, Leg, can
parametrize the contact interaction for the process ete™ — ff with the form [125]

2

g fo- 7
Ligg = ——— C(evte) (fi i, 2.4.37
g A2(1 1 0.) m;L’ang(e e )(f]%tf]) ( )

where 6. is the Kronecker delta function, f refers to the final sate fermions, g is the coupling
strength, A is the new physics scale and nlfj = 41 or 0, depending on the chirality structure.
LEP has put 95% confidence level (CL) lower limits on the scale of the contact interaction A
assuming the coupling g = v/47 [124]. In the Zee model, the exchange of new neutral scalars
(H and A) emerging from the second Higgs doublet will affect the process efe™ — (1(,
(with £, 3 = e, u, 7), and therefore, the LEP constraints on A can be interpreted as a lower
limit on the mass of the heavy neutral scalar, for a given set of Yukawa couplings. Here we
assume that H and A are degenerate, and derive limits obtained by integrating out both
fields.

In general, for E;“E/g — fjﬁg via heavy neutral scalar exchange, the effective Lagrangian
in the Zee model can be written as

*

Y.sYrx _ _
L = - il (larlsr)(arlyL) - (2.4.38)

2
H

By Fierz transformation, we can rewrite it in a form similar to Eq. 2.4.37:
9 2

Zee
E p—
eff
2 my

(Cary" 1) (Laryulyr) - (2.4.39)

Thus, the only relevant chirality structures in Eq. 2.4.37 are LR and RL, and the relevant
process for deriving the LEP constraints is ete™ — (10 :

2

Lt = #—i—é) [ner(@cyer) (Carrular) + s (€rV"er) Carvubar)] | (2.4.40)
with npp = 0, = —1.
Now for ete™ — ete™, Eq. 2.4.39 becomes
Zee( + — + — ’}/66’2 _ _
Lig'(eTe” = e'e”) = ———(ey"er)(erVucr) - (2.4.41)
2my
Comparing this with Eq. 2.4.40, we obtain
A
mpg _ LR/RL (2 A 42)
|Yee| \/§g 7
where A~ corresponds to A with 1%, = n%; = —1. The LEP constraints on A were derived

in Ref. [124] for g = V4w, which can be translated into a lower limit on mpgy/|Ye.| using
Eq. 2.4.42, as shown in Table 9. Similarly, for ete™ — putpu~, Eq. 2.4.39 is

ee — - 1 _ _ _ _
Lieete” = ptp) = ——[|Yeul* (@ er) (Brvusir) + [Yie*(€rV"er) (Bryvupe)] -

2m?,
(2.4.43)
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| Process | LEP bound [124] | Constraint |
efe” —ete” | Appp, >10TeV | 22 >1.99 TeV

[Yeel
ete” = utp~ Alpipp > 7.9 TeV | £ > 1.58 TeV

Yisel

etem =TT | Appp, > 22 TeV | g > 0.44 TeV

Table 9: Constraints on the ratio of heavy neutral scalar mass and the Yukawa couplings
from LEP contact interaction bounds.

Since for NSI, only Y. (neutrino interaction with electron) is relevant, we can set Y, — 0,
and compare Eq. 2.4.43 with Eq. 2.4.40 to get a constraint on my/|Y).|, as shown in Table 9.
Similarly, for ete™ — 7777, we can set Y., — 0 and translate the LEP limit on A~ into a
bound on my/|Y:.|, as shown in Table 9.

The LEP constraints from the processes involving ¢q final states, such as eTe™ — c¢ and
ete™ — bb, are not relevant in our case, since the neutral scalars are leptophilic. We will use
the limits quoted in Table 9 while deriving the maximum NSI predictions in the Zee model.

LEP constraints on light neutral scalar

The LEP contact interaction constraints discussed in Sec. 2.4.6 are not applicable if the
neutral scalars H and A are light. In this case, however, the cross section of ete™ — (¢
can still be modified, due to the ¢-channel contribution of H/A, which interferes with the
SM processes. We implement our model file in FeynRules package [126] and compute the
ete™ — (10 cross-sections in the Zee model at the parton-level using MadGraph5 event
generator [127|. These numbers are then compared with the measured cross sections {124,
128] to derive limits on mp 4 as a function of the Yukawa couplings Yo, (for a = e, u, 7).
For a benchmark value of mg = m, = 130 GeV, we find the following constraints on the
Yukawa couplings Y,. relevant for NSI:

Y. < 080, Y, < 074, Y, < 0.73. (2.4.44)

This implies that the second charged scalar H* can also be light, as long as it is allowed by
other constraints (see Fig. 14). We will use this finding to maximize the NSI prediction for
the Zee model (see Sec. 2.4.12).

LHC constraints

Most of the LHC searches for heavy neutral scalars are done in the context of either MSSM
or 2HDM, which are not directly applicable in our case because H and A do not couple
to quarks, and therefore, cannot be produced via gluon fusion. The dominant channel to
produce the neutral scalars in our case at the LHC is via an off-shell Z boson: pp —
7% — HA — (0= 0t0~7 Most of the LHC multilepton searches assume a heavy ZZ®*
resonance [130, 131], which is not applicable in this case. The cross section limits from

g g g
"Only the (Hd,A)Z" coupling is nonzero, while the (H9,H)Z" and (Ad,A)Z" couplings vanish due
to parity [129].
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inclusive multilepton searches, mostly performed in the SUSY context with large missing
transverse energy [132, 133], turn out to be weaker than the LEP constraints derived above.

2.4.7 Collider constraints on light charged scalar

Figure 12: Feynman diagrams for pair- and single-production of singly—charged scalars h*
at ete collider.

In this section, we discuss the collider constraints on the light charged scalar A* in the
Zee model from various LEP and LHC searches.

Constraints from LEP searches

At LEP, h* can be pair-produced through the s-channel Drell-Yan process mediated by either
v or Z boson (see Fig. 12 (a)). It can also be pair-produced through the t-channel processes
mediated by a light neutrino (see Fig. 12 (b)). In addition, it can be singly-produced either
in association with a W boson (see Fig. 12 (c¢)) or via the Drell-Yan channel in association
with leptons (see Fig. 12 (d)).

It is instructive to write down the explicit formula for the pair-production (Figs. 12 (a)
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and 12 (b) cross section:

Ik 4 g 2 4 s 1 .o ? 5”
olete” = hth™) = el +g(1_45w+85w) (sw—§s1n gp) 5= md)?+ Tm?
w VARV
2 92
_9 _ 2 1 .y S(S_mz)
+ (43 1) (sw 2sm gp) = ml) +Fzmz}
IYael‘* N
1+ﬁ) 15
| ac] 2) ooy L+
BRI 26(1 + %) 5)1111—5

[e+——<i—%$n¢)@ﬁﬁqj( s(s —m3) }

2 s—m2%)2+T%m?

(2.4.45)

where § = /1 —4m;. /s, s is the squared center-of-mass energy, e and g are the electro-
magnetic and SU(2); coupling strengths, respectively, and ¢, = cosby,, S, = sinf, (0,
being the weak mixing angle). Note that the ¢-channel cross section depends on the Yukawa
coupling Y,., and it turns out there is a destructive interference between the s and ¢-channel
processes. Similarly, the differential cross section for the production of hB*W¥ (Fig. 12 (c))
is given by

do(ete™ — hEWT) _ 9 ?Yee|? \L/2 mi+ m_?,[,
dcos@ 64ms s s
Acos?’f + Bcosl + C

X 2 2 2 27
[1 — —m”:mw —\1/2 ( 8* , mW) cos 9]

(2.4.46)

where 6 is the angle made by the outgoing h* with respect to the initial e "-beam direction,
Az, y,2) = 2 +y® + 22 — 20y — 20z — 2yz, and

_ 2 2 22
A= [1_M] [1_M] {1_ mw} (2.4.47)
miy S S S
2 2 2 2
B = — 52 (1 — mh+—+mw) AL/2 (1’ %’ m_W) ’ (2.4.48)
2myy, s s s
s B 2m3 B 3mdy, B 2mi my,  2ml, B 2miomyy,  mi.  mi.mi,
¢ = 7\ 1 2 2 T3 3 2 T 3 :
dmy, s S S s S s S
(2.4.49)

The analytic cross section formula for the single-production of charged Higgs via Drell-
Yan process (Fig. 12 (d)) is more involved due to the three-body phase space and is not
given here. We implement our model file in FeynRules package [126] and compute all the
cross-sections at the parton-level using MadGraphb event generator [127].

Once produced on-shell, the charged scalar will decay into the leptonic final states v, /g
through the Yukawa coupling Y,s. Since we are interested in potentially large NSI effects,
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the charged scalar must couple to the electron. Due to stringent constraints from cLFV
processes, especially the trilepton cLFV decays (see Table 8), which is equally applicable for
the product of two Yukawa entries either along a row or column, both Y,. and Y,, (or Y,.
and Yjz.) cannot be large simultaneously. So we consider the case where BR,, +BR,, = 100%
and BR,, is negligible, in order to avoid more stringent limits from muon decay.®

Electron channel: For a given charged scalar decay branching ratio to electrons, BR.,,
we can reinterpret the LEP selectron searches [134] to put a constraint on the charged scalar
mass as a function of BR,,. In particular, the right-handed selectron pair-production ete™ —
€rer, followed by the decay of each selectron to electron and neutralino, €z — ep + X°, will
mimic the ete v final state of our case in the massless neutralino limit. So we use the
95% CL observed upper limits on the egegr production cross section [134] for mg = 0 as an
experimental upper limit on the quantity

Gee = olete” = hTh7)BRZ, + o(ete” — h*WTF)BR.,BRw e , (2.4.50)

and derive the LEP exclusion region in the plane of charged scalar mass and BR,,,, as shown
in Fig. 14 (a) by the orange-shaded region. Here we have chosen Y. sinp = 0.1 and varied
Yo (with o = g or 7) to get the desired branching ratios. We find that for BR., = 1, charged
scalar masses less than 100 GeV are excluded. For BR,, < 1, these limits are weaker, as
expected, and the charged scalar could be as light as 97 GeV (for BR,, = 0.33), if we just
consider the LEP selectron (as well as stau, see below) searches.

Fig. 14 (b) shows the same constraints as in Fig. 14 (a), but for the case of Y., sin p = 0.2.
The LEP selectron constraints become stronger as we increase Y,. and extend to smaller
BR.,. However, the mass limit of 100 GeV for BR,, = 1 from Fig. 14 (a) still holds here.
This is because the charged scalar pair-production cross section drops rapidly for my+ > 100
GeV due to the kinematic threshold of LEP II with /s = 209 GeV and is already below the
experimental cross section limit even for Y., sin ¢ = 0.2. In this regime, the single-production
channel in Fig. 12 (d) starts becoming important, despite having a three-body phase space
suppression.

Figs. 14 (c) and 14 (d) show the same constraints as in Fig. 14 (a) and 14 (b) respectively,
but for the Y., = 0 case. Here we have fixed Y. sin ¢ and varied Y., (with a = e or p) to get
the desired branching ratios. In this case, the single-production channel in association with
the W boson (cf. Fig. 12 (c)) goes away, and therefore, the limits from selectron and stau
searches become slightly weaker. Note that for the NSI purpose, we must have a non-zero Y.
(for a = e, p or 7). Therefore, the t-channel contribution to the pair-production (cf. Fig. 12
(b)), as well as the Drell-Yan single-production channel are always present.’

Tau channel: In the same way, we can also use the LEP stau searches [134] to derive
an upper limit on

Grr = olete” = hTh7)BR2, + o(ete™ — h*WF)BR,, BRy 7, (2.4.51)

and the corresponding LEP exclusion region in the plane of charged scalar mass and BR,,,
as shown in Fig. 14 by the blue shaded region. We find that for BR,, = 1, charged scalar
masses less than 104 (105) GeV are excluded for Y. sin¢ = 0.1 (0.2).

8This choice is consistent with the observed neutrino oscillation data (see Sec. 2.4.13).
9This might be the reason why the LEP limits derived here are somewhat more stringent than those
reported in Ref. [135], which presumably only considered the s-channel contribution.
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Figure 13: Feynman diagrams for pair production and single production of singly—charged
scalars h* at LHC.

For BR,, # 0, a slightly stronger limit can be obtained from the LEP searches for the
charged Higgs boson pairs in the 2HDM [136]. Their analysis focused on three kinds of final
states, namely, 7vTv, ¢sTv (or ésTr) and cScs, under the assumption that BR,, + BR.s = 1,
which is valid in the 2HDM as the couplings of the charged Higgs boson to the SM fermions
are proportional to the fermion masses. In our case, the observed LEP upper limit on
o(ete™ — h*h™)BR2, for BR,, = 1 can be recast into an upper limit on

o' = o(ete” = hTh7)BRZ, 4+ o(ee” — hEWTF)BR,,BRyw (2.4.52)
and the corresponding exclusion region is shown in Fig. 14 by the green shaded region.
We can also use the LEP cross section limit on c¢stv for BR,, # 1 as an upper limit on
olete™ — hEWT)BR,,BRyy . and the corresponding exclusion region is shown in Fig. 14
by the cyan shaded region, which is found to be weaker than the 77 mode.
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Figure 14: Collider constraints on light charged scalar h* in the Zee model for (a)
Yeesing = 0.1, (b) Yeesing = 0.2, (¢) Yeesing =0, Y,esing = 0.1, and (d) Y. singp = 0,
Y,.singp = 0.2. We plot the h* branching ratios to 7v and ev (with the sum being equal
to one) as a function of its mass. All shaded regions are excluded: Blue and orange shaded
regions from stau and selectron searches at LEP (see Sec. 2.4.7); purple region from selectron
searches at LHC (see Sec. 2.4.7); yellow, brown, and pink regions from W universality tests
in LEP data for u/e, 7/e, and 7/u sectors respectively (see Sec. 2.4.8); light green and gray
regions from tau decay universality and lifetime constraints respectively (see Sec. 2.4.9). The
W universality constraints do not apply in panels (b) and (c¢), because the h*W ¥ production
channel in Fig. 12 (c) vanishes in the Y., — 0 limit.
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Constraints from LHC searches

As for the LHC constraints, there is no t-channel contribution to the singlet charged scalar
production. The only possible channel for pair-production is the s-channel Drell-Yan process
pp — v*/Z* — hth™ (see Fig. 13 (a)), followed by the leptonic decay of h* — fv. There
are also single-production processes as shown in Fig. 13 (b)-(d), which turn out to be less
important. The relevant LHC searches are those for right-handed selectrons/staus: pp —
(0 — 0EXO05XC, which will mimic the £+¢~v final states from hth™~ decay in the massless
neutralino limit. The /s = 13 TeV LHC stau searches focus on the stau mass range above
100 GeV and it turns out that the current limits [137] on the stau pair-production cross
section are still a factor of five larger than the h™h™ pair-production cross section in our
case; therefore, there are no LHC limits from the tau sector. A /s = 8 TeV ATLAS analysis
considered the mass range down to 80 GeV [138]; however, the observed cross section is still
found to be larger than the theoretical prediction in our case even for BR,, = 1.

As for the selectron case, we take the /s = 13 TeV CMS search [139], which focuses on
the selectron masses above 120 GeV, and use the observed cross section limit on o(pp —
erX"erX") to derive an upper limit on o(pp — h*h~)BRZ,, which can be translated into a
bound on the charged scalar mass, as shown in Fig. 14 by the purple shaded regions. It is
evident that the LHC limits can be evaded by going to larger BR,, 2 0.4, which can always
be done for any given Yukawa coupling Y,. by choosing an appropriate Ys,. This however
may not be the optimal choice for NSI, especially for Y.. # 0, where the lepton universality
constraints restrict us from having a larger BR.,. Thus, the LHC constraints will be most
relevant for .., as we will see in Fig. 20 (a).

2.4.8 Constraints from lepton universality in W+ decays

The presence of a light charged Higgs can also be constrained from precision measurements of
W boson decay rates. The topology of the charged Higgs pair production h*h~ (Fig. 12 (a)
and 12 (b)) and the associated production h*WT (Fig. 12 (c)) is very similar to the W*TW~
pair production at colliders, if the charged Higgs mass is within about 20 GeV of the W
boson mass. Thus, the leptonic decays of the charged Higgs which are not necessarily flavor-
universal can be significantly constrained from the measurements of lepton universality in W
decays. From the combined LEP results [140], the constraints on the ratio of W branching
ratios to leptons of different flavors are as follows:

(W — uv)
= = 0. £+ 0.01 2.4.

Rufe = Ty = 098640013, (2.4.53)
LW — 1v)

R.je = ———— = 1.043£0.024, 2.4.54

/ I'(W — ev) ( )
LW — 1v)

R, = = 1.070 £ 0.026 . 2.4.55

Note that while the measured value of R, /. agrees with the lepton universality prediction of
the SM, Ri% = 1, within 1.1¢ CL, the W branching ratio to tau with respect to electron is
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about 1.8¢ and to muon is about 2.7¢ away from the SM prediction: RE% = 0.9993 (with
¢ = e, i), using the one-loop calculation of Ref. [141].

The best LEP limits on lepton universality in W decays come from the W*W ™ pair-
production channel, where one W decays leptonically, and the other W hadronically, i.e., ete™
WHW= — fvqq [140]. However, due to the leptophilic nature of the charged Higgs h* in
our model, neither the ete™ — hTh™ channel (Figs. 12 (a) and 12 (b)) nor the Drell-Yan
single-production channel (Fig. 12 (d)) will lead to fvqq final state. So the only relevant
contribution to the W universality violation could come from the h*W¥ production channel
(Fig. 12 (c)), with the W decaying hadronically and h* decaying leptonically. The pure
leptonic channels (ever and pvpv) have ~ 40% uncertainties in the measurement and are
therefore not considered here.

Including the A*W ¥ contribution, the modified ratios R, /¢ can be calculated as follows:

o(WHW~)BRy.BRy, + o(h*WT)BR,, BRy,
o(W+W-)BRwBRy, + o(h*W7F)BR,. BRy, ’

Rye = (2.4.56)

where o(W*+W ™) and o(h*WT) are the production cross sections for efe™ — W+~ and
ete™ — h*WT respectively, BR)Y denotes the branching ratio of W — (v (with £ = e, i, 7),
whereas BRy, denotes the branching ratio of h* — (v as before (with ¢ = e,7). At LEP
experiment, the W*1W ™ pair production cross section oy -+~ is computed to be 17.17 pb
at /s = 209 GeV [140]. Within the SM, W¥ decays equally to each generation of leptons
with branching ratio of 10.83% and decays hadronically with branching ratio of 67.41% [113].
We numerically compute using MadGraph5 [127] the h*W T cross section at /s = 209 GeV
as a function of my+ and BRy,, and compare Eq. 2.4.56 with the measured values given in
Eqgs. 2.4.53-2.4.55 to derive the 20 exclusion limits in the my;+-BRy, plane. This is shown
in Figs. 14 (a) and 14 (b) by yellow, brown, and pink shaded regions for p/e, 7/e, and 7/pu
universality tests, respectively. Note that these constraints are absent in Figs. 14 (c¢) and
14 (d), because when Y,, = 0, there is no W*hT production at LEP (cf. Fig. 12 (c) in the
Zee model. But when Y,. is relatively large, these constraints turn out to be some of the
most stringent ones in the my+-BRy, plane shown in Figs. 14 (a) and 14 (b), and rule out
charged scalars below 110 GeV (129 GeV) for Y, sinp = 0.1 (0.2). These constraints are not
applicable for my+ > 129 GeV, because h*WT can no longer be produced on-shell at LEP
IT with maximum /s = 209 GeV.

As mentioned before, the measured W branching ratio to tau with respect to muon is
2.7¢0 above the SM prediction. Since in our case, h™ decays to either ev or v, but not uv,
this contributes to R;, only in the numerator, but not in the denominator. Therefore, the
2.70 discrepancy can be explained in this model, as shown by the allowed region between
the upper and lower pink-dashed curves in Fig. 14 (a) with Y, sin¢ = 0.1.1° The upper
pink-shaded region with larger BR,, gives R, > 1.122, which is above the allowed 20 range
given in Eq. 2.4.55. On the other hand, the lower pink-shaded region with smaller BR,,
gives R, < 1.018, which is below the allowed 20 range given in Eq. 2.4.55. For larger
Yukawa coupling Y,., as illustrated in Fig. 14 (b) with Y, sing = 0.2, the whole allowed
range of parameter space from R/, shifts to lower values of BR;,. This is because the

10ight charged scalar has been used to address the lepton universality issue in W decays in Ref. [142].
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Figure 15: Feynman diagram for the new decay mode of the 7 lepton mediated by light
charged scalar in the Zee model.

hEWT production cross section o(h*W¥) in Eq. 2.4.56 is directly proportional to |Y,.|?, and
therefore, for a large Y., a smaller BR,, would still be compatible with the R, -preferred
range.

2.4.9 Constraints from tau decay lifetime and universality

In order to realize a light charged scalar h~ consistent with LEP searches, we have assumed
that the decay h™ — 73 proceeds with a significant branching ratio. 2~ also has coupling
with er,, so that non-negligible NSI is generated. When these two channels are combined,
we would get new decay modes for the 7 lepton, as shown in Fig. 15. This will lead to
deviation in 7-lifetime compared to the SM expectation. The new decay modes will also lead
to universality violation in 7 decays, as the new modes preferentially lead to electron final
states. Here we analyze these constraints and evaluate the limitations these pose for NSI.
The effective four-fermion Lagrangian relevant for the new 7 decay mode is given by

.2
sin
Lo = (Tpaer)(Favis) VoY et . (2.4.57)
mi
This can be recast, after a Fierz transformation, as
1 o N sin2<,0
Leg = —E(VLQMVLB)(TRY €R)YangT—2- (2.4.58)
mi

This can be directly compared with the SM 7 decay Lagrangian, given by
LM = 202G k(v ) (T er) (2.4.59)

It is clear from here that the new decay mode will not interfere with the SM model (in the
limit of ignoring the lepton mass), since the final state leptons have opposite helicity in the
two decay channels. The width of the 7 lepton is now increased from its SM value by a
factor 1+ A, with A given by [143]

1
A = Ikl (2.4.60)
where
. YaeYET sin? %) (2.4.61)
g = _—_ P
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The global fit result on 7 lifetime is 7, = (290.75 & 0.36) x 107> s, while the SM prediction
is 75M = (290.3942.17) x 1071% 5 [113]. Allowing for 20 error, we find A < 1.5%. If the only

decay modes of h~ are h™ — Uye” and h™ — vgT~, then we can express |Yj,|? in terms of
Vael|* as

BR(h™ — Tv)
Vi |* = Yael oo - 2.4.62
Yer|” = | !BR(h__wy) (2.4.62)
Using this relation, we obtain
BR(h™ — 1v)
A = legaPmm—— 2L, 2.4.63
ool BRI S ) (24.63)

where €,,, is the diagonal NSI parameter for which the expression is derived later in Eq. 2.4.79.
Therefore, a constraint on A from the tau lifetime can be directly translated into a constraint

ON €44
BR(h= — ev)

ae] < 122% | =—+———= . 2.4.64

[Eaal %\/BR(h— — TV) (24.64)

An even stronger limit is obtained from e — y universality in 7 decays. The experimental
central value prefers a slightly larger width for 7 — pvv compared to 7 — evv. In our
scenario, h~ mediation enhances 7 — evv relative to 7 — pvv. We have in this scenario

I'(r — pvv)
——= =1-A 2.4.
['(1 — evv) ’ (24.65)

which constrains A < 0.002, obtained by using the measured ratio Llrow) 0 976240.0028

D(r—evr)
[113], and allowing 20 error. This leads to a limit

BR(h™ — ev)
|€aa’ S 45%\/]31:{(h——>7'1/) . (2466)

In deriving the limits on a light charged Higgs mass from LHC constraints, we have imposed
the 7 decay constraint as well as the universality constraint on A, see Fig. 14. Avoiding the
universality constraint by opening up the 7 — pvrv channel will not work, since that will be
in conflict with y1 — evr constraints, which are more stringent.

The Michel parameters in 7 decay will now be modified [144|. While the p and § param-
eters are unchanged compared to their SM value of 3/4, £ is modified from its SM value of
1 to

1 S
£ =1- §|gRR‘2 : (2.4.67)
However, the experimental value is £ = 0.985+ 0.030 [113], which allows for significant room
for the new decay. Again, our choice of Yukawa couplings does not modify the u — evv

decay, and is therefore, safe from the Michel parameter constraints in the muon sector, which
are much more stringent.
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Figure 16: (a) New contribution to h — v decay mediated by charged scalar loop. (b)
New contribution to h — 2¢2v via the exotic decay mode h — h*hT*.

2.4.10 Constraints from Higgs precision data

In this subsection, we analyze the constraints on light charged scalar from LHC Higgs pre-
cision data. Both ATLAS and CMS collaborations have performed several measurements of
the 125 GeV Higgs boson production cross sections and branching fractions at the LHC, both
in Run I [145] and Run II [146, 147]. Since all the measurements are in good agreement with
the SM expectations, any exotic contributions to either production or decay of the SM-like
Higgs boson will be strongly constrained. In the Zee model, since the light charged scalar is
leptophilic, it will not affect the production rate of the SM-like Higgs h (which is dominated
by gluon fusion via top-quark loop). However, it gives new contributions to the loop-induced
h — ~7 decay (see Fig. 16 (a)) and mimics the tree-level h — WW* — 202y channel via the
exotic decay mode h — h*h™ — h*lv — 202v (see Fig. 16 (b)). Both these contributions
are governed by the effective hh™h™ coupling given by

Mpth- = —V2usingcos g + Azvsin® ¢ + Agvcos? ¢ . (2.4.68)

Therefore, the Higgs precision data from the LHC can be used to set independent constraints
on these Higgs potential parameters, as we show below.

The Higgs boson yield at the LHC is characterized by the signal strength, defined as
the ratio of the measured Higgs boson rate to its SM prediction. For a specific production
channel ¢ and decay into specific final states f, the signal strength of the Higgs boson h can
be expressed as ‘

o' BRf o i
0o BR ) — e (2.4.69)

where y' (with i = ggF, VBF, Vh, and tth) and pu; (with f = ZZ*, WW™* vy, 777, bb) are
the production and branching rates relative to the SM predictions in the relevant channels.
As mentioned above, the production rate does not get modified in our case, so we will set
it =1 in the following. As for the decay rates, the addition of the two new channels shown
in Fig. 16 will increase the total Higgs decay width, and therefore, modify the partial widths
in all the channels.

To derive the Higgs signal strength constraints on the model parameter space, we have
followed the procedure outlined in Ref. [98, 148|, using the updated constraints on signal
strengths reported by ATLAS and CMS collaboration for all individual production and decay
modes at 95% CL, based on the /s = 13 TeV LHC data. The individual analysis by each

J—

Ky =
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experiment examines a specific Higgs boson decay mode corresponding to various production
processes. We use the measured signal strengths in the following dominant decay modes for
our numerical analysis: h — vy [149-152|, h — ZZ* 153, 154], h — WW™* [155-157],
h — 77 [158, 159] and h — bb [160-162].

We formulate the modified h — v~ decay rate as

L'(h—yy) = K%F(h — )M (2.4.70)
where the scaling factor x, is given by

>\hh+h—v

Zf NCfQ?cAl/Q(Tf) + Al(TW) + 2m2 AO(TIﬁ')
b , (2.4.71)

> NEQ3Arja(7y) + Ar(rw)

Ky =

where NJ = 3 (1) is the color factor for quark (lepton), > s is the sum over the SM fermions
f with charge @y, and the loop functions are given by [163]

Ao(r) = —T+7f(7), (2.4.72)

Aipp(t) = 21[14+ (1 —7)f(7)], (2.4.73)

A(r) = =2=-31[1+2-1)f(7)], (2.4.74)
arcsin? (%) , if 7>1

with f(r) = 1 {1 1+V1=7 (2.4.75)

—— |lo
gl—\/l—T

4
The parameters 7; = 4m?/m3 are defined by the corresponding masses of the heavy particles
in the loop. For the fermion loop, only the top quark contribution is significant, with the
next leading contribution coming from the bottom quark which is an 8% effect. Note that
the new contribution in Eq. 2.4.71 due to the charged scalar can interfere with the SM part
either constructively or destructively, depending on the sign of the effective coupling Apj,+5-
in Eq. 2.4.68.

2
—iw] , ifr<1.
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Figure 17: Constraints from the Higgs boson properties in A\g —sin ¢ plane in the Zee model
(with A3 = Ag). The red, cyan, green, yellow, and purple shaded regions are excluded by
the signal strength limits for various decay modes (yv, 77, bb, ZZ*, WW™*) respectively. The
white unshaded region simultaneously satisfies all the experimental constraints. Gray shaded
region (only visible in the upper right panel) is excluded by total decay width constraint.
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As for the new three-body decay mode h — h*h¥™" — h*lv, the partial decay rate is
given by

2
T(h— ht ) = P,

2.4.
64m3my, (2:4.76)

o) [ 050 (11— 204 ) Va7

dx r2r2 )
G (1—2z)2 + —4+
h

where Y is the Yukawa coupling defined in Eq. 2.4.19, T+ = Tr(YTY)my+ /87 is the total
decay width of A*, and r = m7, /m7. With this new decay mode, the signal strength in
the h — 202v channel will be modified to include T'(h — h*fv — 202v) along with the SM
contribution from I'(h — WW™* — 2(2v), and to some extent, from I'(h — ZZ* — 202v).

The partial decay widths of A in other channels will be the same as in the SM, but their
partial widths will now be smaller, due to the enhancement of the total decay width. A
comparison with the measured signal strengths therefore imposes an upper bound on the
effective coupling A+, which is a function of the cubic coupling u, quartic couplings A3
and g, and the mixing angle sin ¢ (cf. Eq. 2.4.69). For suppressed effective coupling App+p+
to be consistent with the Higgs observables, we need some cancellation between the cubic and
quartic terms. In order to have large NSI effect, we need sufficiently large mixing sin ¢, which
implies large value of u (cf. Eq. 2.4.13). In order to find the maximum allowed value of sin ¢,
we take A3 = Ag in Eq. 2.4.69 and show in Fig. 17 the Higgs signal strength constraints in the
Mg — sin ¢ plane. The red, blue, yellow, cyan, and green shaded regions are excluded by the
signal strength limits vy, WW*, ZZ* 77, and bb decay modes, respectively. We have fixed
the light charged Higgs mass at 100 GeV, and the different panels are for different benchmark
values of the heavy charged Higgs mass: my+ = 700 GeV (upper left), 2 TeV (upper right),
1.6 TeV (lower left) and 450 GeV (lower right). The first choice is the benchmark value
we will later use for NSI studies, while the other three values correspond to the minimum
allowed values for the heavy neutral Higgs mass (assuming it to be degenerate with the
heavy charged Higgs to easily satisfy the T-parameter constraint (cf. Sec. 2.4.4)) consistent
with the LEP contact interaction bounds for O(1) Yukawa couplings (cf. Sec. 2.4.6). From
Fig. 17, we see that the h — ~~ signal strength gives the most stringent constraint. If we
allow \g to be as large as 3, then we can get maximum value of siny up to 0.67 (0.2) for
mpg+ = 0.7 (2) TeV.

In addition to the modified signal strengths, the total Higgs width is enhanced due to the
new decay modes. Both ATLAS [131] and CMS [164] collaborations have put 95% CL upper
limits on the Higgs boson total width I';, from measurement of off-shell production in the
77 — 40 channel. Given the SM expectation 3™ ~ 4.1 MeV, we use the CMS upper limit
on 'y, < 9.16 MeV [164] to demand that the new contribution (mostly from h — hEhF*
because the h — v branching fraction is much smaller) must be less than 5.1 MeV. This
is shown in Fig. 17 by the grey shaded region (only visible in the upper right panel), which
turns out to be much weaker than the signal strength constraints in the individual channels.

2.4.11 Monophoton constraint from LEP

Large neutrino NSI with electrons inevitably leads to a new contribution to the monophoton
process ete™ — vy that can be constrained using LEP data [165]. In the SM, this process
occurs via s-channel Z-boson exchange and ¢- channel W-boson exchange, with the photon

46



h™ A ~
\NN
h™A
e V3

Figure 18: Feynman diagrams for charged scalar contributions to monophoton signal at
LEP.

being emitted from either the initial state electron or positron or the intermediate state
W boson. In the Zee model, we get additional contributions from t-channel charged scalar
exchange (see Fig. 18). Both light and heavy charged scalars will contribute, but given the
mass bound on the heavy states from LEP contact interaction, the dominant contribution
will come from the light charged scalar.

The total cross section for the process ete™ — v,757 can be expressed as o = oM +
o™5 where oM is the SM cross section (for a = 3) and o™ represents the sum of the
pure non-standard contribution due to the charged scalar and its interference with the SM
contribution. Note that since the charged scalar only couples to right-handed fermions, there
is no interference with the W-mediated process (for o = 8 = e). Moreover, for either a or
not equal to e, the W contribution is absent. For oo # 3, the Z contribution is also absent.

The monophoton process has been investigated carefully by all four LEP experiments [113],
but the most stringent limits on the cross section come from the L3 experiment, both on [166]
and off [167] Z-pole. We use these results to derive constraints on the charged scalar mass and
Yukawa coupling. The constraint |0 — 0P| < §0®*P, where 0P 4+ §o**P is the experimental

result, can be expressed in the following form:
o&XP So&XP
(70 (222, ar

We evaluate the ratio 0® /0™ by combining the L3 results [166, 167| with an accurate
computation of the SM cross section, both at Z-pole and off Z-pole. Similarly, we compute
the ratio o™% /oM numerically as a function of the charged scalar mass my,+ and the Yukawa
coupling Y,gsiny. For comparison of cross sections at Z-pole, we adopt the same event
acceptance criteria as in Ref. [166], i.e., we allow photon energy within the range 1 GeV
< E, < 10 GeV and the angular acceptance 45° < 6, < 135°. Similarly, for the off Z-pole
analysis, we adopt the same event topology as described in Ref. [167]: i.e., 14° < 6., < 166°,
1 GeV < E,, and py > 0.02y/s. We find that the off Z-pole measurement imposes more
stringent bound than the Z-pole measurement bound. As we will see in the next section
(see Fig. 20), the monophoton constraints are important especially for the NSI involving
tau-neutrinos. We also note that our monophoton constraints are somewhat weaker than
those derived in Ref. [168] using an effective four-fermion approximation.

- O'NS oXP
oSM oSM
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2.4.12 NSI predictions

The new singly-charged scalars n+ and H;" in the Zee Model induce NSI at tree level as shown
in Fig. 19. Diagrams (a) and (d) are induced by the pure singlet and doublet components
of the charged scalar fields and depend on the Yukawa couplings f and Y respectively
(cf. Egs. 2.4.1 and 2.4.19). On the other hand, diagrams (b) and (c) are induced by the
mixing between the singlet and doublet fields, and depend on the combination of Yukawa
couplings and the mixing angle ¢ (cf. Eq. 2.4.13). As mentioned in Sec. 2.4.2, satisfying the
neutrino mass requires the product f-Y to be small. For Y ~ O(1), we must have f ~ 107%
to get m,, ~ 0.1 eV (cf. Eq. 2.4.21). In this case, the NSI from Fig. 19 (a) and (c) are heavily
suppressed. So we will only consider diagrams (b) and (d) for the following discussion and
work in the mass basis for the charged scalars, where ™ and H, are replaced by h*™ and
HT (cf. Eq. 2.4.12).

\/\4/\/\/

Figure 19: Tree-level NSI induced by the exchange of charged scalars in the Zee model.
Diagrams (a) and (d) are due to the pure singlet and doublet charged scalar components,
while (b) and (c) are due to the mixing between them.

The effective NSI Lagrangian for the contribution from Fig. 19 (b) is given by
Yo, Y5

Bo

;Ceff = sin2 (2 (DaL ng) (EO'R VBL)
ht
TR 7 I
= 3 sin” ¢ - 59 (Dary Prvg)(bsy, Prl,) , (2.4.78)

ht

where in the second step, we have used the Fierz transformation. Comparing Eq. 2.4.78 with
Eq. 2.3.1, we obtain the h*-induced matter NSI parameters (setting p = o = e)

1 YOéEYe .
egg) = % sin® . (2.4.79)
4\/§GF mh+

Thus, the diagonal NSI parameters ¢,, depend on the Yukawa couplings |Ye.|?, and are
always positive in this model, whereas the off-diagonal ones €,5 (with a # ) involve the
product Y Yy, and can be of either sign, or even complex. Also, we have a correlation
between the diagonal and off-diagonal NSI:

|5aﬁ| = VE€aafps (2480)
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which is a distinguishing feature of the model.
Fig. 19 (d) gives a sub-dominant NSI contribution as follows:

1 Y..Ys
58?) = 25 cos? . (2.4.81)
422Gy my .

Hence, the total matter NSI induced by the charged scalars in the Zee model can be expressed

as
. 2 2
() | (HY) 1 . (sm ©  cos gp)
€aB = €,3 TE, = —Y,.Y5 + . 2.4.82
g g a 412Gk A m,zﬁ m%H ( )

To get an idea of the size of NSI induced by Eq. 2.4.82, let us take the diagonal NSI
parameters from the light charged scalar contribution in Eq. 2.4.79:

ety - 1 [Yocl” sin? ¢ (2.4.83)
- 4V2G m}Zfr

Thus, for a given value of my+, the NSI are maximized for maximum allowed values of |Y,.|
and sin . Following Eq. 2.4.68, we set the trilinear coupling Ay,+,- — 0, thus minimizing
the constraints from Higgs signal strength. We also assume A3 = A\g to get

. \/§>\8U

= ) 2.4.84
sin 2¢p ( )

Now substituting this into Eq. 2.4.13, we obtain

)\8?)2

2(m12q+ - m%ﬁ) '

sin? ¢ ~ (2.4.85)

Furthermore, assuming the heavy charged and neutral scalars to be mass-degenerate, from

LEP contact interaction constraints (cf. Sec. 2.4.6), we have
mip s Ad

Yoel? ™ 87

(2.4.86)

where A, = 10 TeV, 7.9 TeV and 2.2 TeV for a = e, p, 7, respectively [124]. Combining
Eqgs. 2.4.83, 2.4.85 and 2.4.86, we obtain

)\8112 ™

gmex ~ 2.4.87
aa m%ﬁ \/iGFAi ( )

Using benchmark values of m,+ = 100 GeV and A\g = 3, we obtain:
Eoo R 35%, e ~ 5.6%, ef*=T1.6%. (2.4.88)

Although a rough estimate, this tells us that observable NSI can be obtained in the Zee
model, especially in the 7 sector. To get a more accurate prediction of the NSI in the Zee
model and to reconcile large NSI with all relevant theoretical and experimental constraints,
we use Eq. 2.4.82 to numerically calculate the NSI predictions, as discussed below.
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Heavy neutral scalar case

First, we consider the case with heavy neutral and charged scalars, so that the LEP contact
interaction constraints (cf. Sec. 2.4.6) are valid. To be concrete, we have fixed the heavy
charged scalar mass my+ = 700 GeV and the quartic couplings A3 = Ag = 3. In this
case, the heavy charged scalar contribution to NSI in Eq. 2.4.82 can be ignored. The NSI
predictions in the light charged scalar mass versus Yukawa coupling plane are shown by
black dotted contours in Fig. 20 for diagonal NSI and Fig. 21 for off-diagonal NSI. The
theoretical constraints on sin ¢ from charge-breaking minima (cf. Sec. 2.4.3) and T-parameter
(cf. Sec. 2.4.4) constraints are shown by the light and dark green-shaded regions, respectively.
Similarly, the Higgs precision data constraint (cf. Sec. 2.4.10) on sin is shown by the
brown shaded region. To cast these constraints into limits on Y. sin ¢, we have used the
LEP contact interaction limits on Y. (cf. Sec. 2.4.6) for diagonal NSI, and similarly, the
cLFV constraints (cf. Sec. 2.4.5) for off-diagonal NSI, and combined these with the CBM,
T-parameter and Higgs constraints, which are all independent of the light charged scalar
mass. Also shown in Figs. 20 and 21 are the LEP and/or LHC constraints on light charged
scalar (cf. Sec. 2.4.7) combined with the lepton universality constraints from W and 7 decays
(cf. Secs. 2.4.8 and 2.4.9), which exclude the blue shaded region below my+ ~ 100 GeV. In
addition, the LEP monophoton constraints (cf. Sec. 2.4.11) are shown in Fig. 20 by the light
purple shaded region.

The model predictions for NSI are then compared with the current experimental con-
straints from neutrino-electron scattering experiments (red shaded), as well as the global
fit results from neutrino oscillation plus COHERENT data (orange shaded); see Table 10
for more details.!! For neutrino-electron scattering constraints, we only considered the con-
straints on 52}5 [169-172], since the dominant NSI in the Zee model always involves right-
handed electrons (cf. Eq. 2.4.78). These scattering experiments impose the strongest limits
for €,,, and .., restricting them to be less than 3.8% and 43%, respectively, although the
model allows for much larger NSI (cf. Fig. 20). For ¢,,,, we have rederived the CHARM II
limit following Ref. [169], but using the latest PDG value for s = 0.22343 (on-shell) [113].
Specifically, we used the CHARM II measurement of the Z-coupling to right-handed elec-
trons ¢ = 0.234 £ 0.017 obtained from their v,e — ve data [173| and compared with the
SM value of (9%)sm = 2, to obtain a 90% CL limit on ¢, < 0.038, which is slightly weaker
than the limit of 0.03 quoted in Ref. [170].

As for the global-fit constraints, we use the constraints on 525 from Ref. [89], assuming
that these will be similar for €, due to charge-neutrality in matter. Also shown (blue
solid lines) are the future sensitivity at long baseline experiments, such as DUNE with 300
kt. MW.yr and 850 kt. MW.yr of exposure, derived at 90% CL using G1oBES3.0 [174]| with
the DUNE CDR simulation configurations [175]. Here we have used d (true) = —m/2 for the
true value of the Dirac CP phase and marginalized over all other oscillation parameters [94].

Taking into account all existing constraints and this possibility of light h™ and H™, the
maximum possible allowed values of the NSI parameters in the Zee model are shown in the
second column of Table 10, along with the combination of the relevant constraints limiting

"From the oscillation data alone, there is an additional constraint on e,, — &, < 42.6% [89]. However,
this is not applicable here, since we can only allow for one large diagonal NSI at a time, otherwise there will
be stringent constraints from cLFV (cf. Sec. 2.4.5).
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each NSI parameter (shown in parentheses). Thus, we find that for the diagonal NSI, one
cannot get significantly large .. and €,,, but ¢,, as large as 43% can be allowed in this
model and there is a good portion of the allowed region for ¢, within reach of DUNE
sensitivity. As for the off-diagonal NSI, they require the presence of at least two non-zero
Yukawa couplings Y,., and their products are all heavily constrained from cLFV; therefore,
one cannot get sizable off-diagonal NSI in the Zee model that can be probed at DUNE or
any other neutrino experiment.

Light neutral scalar case

Now we consider the case where the neutral scalars H and A are light, so that the LEP
contact interaction constraints (cf. 2.4.6) are not applicable. In this case, both h™ and H*
contributions to the NSI in Eq. 2.4.82 should be kept. For concreteness, we fix my+ = 130
GeV to allow for the maximum H ™ contribution to NSI while avoiding the lepton universality
constraints on H' (cf. Sec. 2.4.8). We also choose the neutral scalars H and A to be nearly
mass-degenerate with the charged scalar H, so that the T-parameter and CBM constraints
are easily satisfied. The Higgs decay constraints can also be significantly relaxed in this
case by making Apn+p- — 0 in Eq. 2.4.68. The NSI predictions for this special choice of
parameters are shown in Fig. 22. Note that for higher my+, the NSI numbers are almost
constant, because of the my+ contribution which starts dominating. We do not show the off-

diagonal NSI plots for this scenario, because the cLFV constraints still cannot be overcome
(cf. Fig. 21).
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Figure 20: Zee model predictions for diagonal NSI (e, €,,, €--) are shown by the black
dotted contours. Color-shaded regions are excluded by various theoretical and experimental
constraints. Blue shaded region is excluded by direct searches from LEP and LHC (Sec. 2.4.7)
and/or lepton universality (LU) tests in W decays (Sec. 2.4.8). Purple shaded region is ex-
cluded by (off Z-pole) LEP monophoton search (cf. Sec. 2.4.11). Purple dashed line indicates
the LEP monophoton search limit at Z pole (which is always weaker than the off Z-pole
constraint). Light green, brown and deep green shaded regions are excluded respectively
by T parameter (Sec. 2.4.4), precision Higgs data (Sec. 2.4.10), and charge breaking min-
ima (Sec. 2.4.3), each combined with LEP contact interaction constraint (Sec. 2.4.6). Red
shaded regions are excluded by neutrino-electron scattering experiments, like CHARM [170],
TEXONO [171] and BOREXINO [172]|. Orange shaded region in (c) is excluded by global
fit constraints from neutrino oscillation+ COHERENT data [89]. We also show the future
DUNE sensitivity in blue solid lines, for both 300 kt. MW.yr and 850 kt.MW.yr exposure [94].
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Figure 21: Zee model predictions for off-diagonal NSI (e.,, €7, €cr) are shown by black
dotted contours. Colored shaded regions are excluded by various theoretical and experi-
mental constraints. Blue shaded region is excluded by direct searches from LEP and LHC
(Sec. 2.4.7) and/or lepton universality (LU) tests in W decays (Sec. 2.4.8). Light green,
brown and deep green shaded regions are excluded respectively by T-parameter (Sec. 2.4.4),
precision Higgs data (Sec. 2.4.10), and charge breaking minima (Sec. 2.4.3), each combined
with cLFV constraints (Sec. 2.4.5). The current NSI constraints from neutrino oscillation
and scattering experiments are weaker than the cLFV constraints, and do not appear in the
shown parameter space. The future DUNE sensitivity is shown by blue solid lines, for both
300 kt. MW.yr and 850 kt. MW.yr exposure [94].
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Figure 22: Zee model predictions for diagonal NSI for light neutral scalar case. Here
we have chosen mpy+ = 130 GeV. Labeling of the color-shaded regions is the same as in
Fig. 20, except for the LEP dilepton constraint (green shaded region) which replaces the
T-parameter, CBM and LHC Higgs constraints.
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NSI Zee Model Scattering Global fit DUNE

Prediction (Max.) constraints constraints [89] | sensitivity [94]

S 0.08 [—0.07,0.08] [171] [=0.010, 2.039] [=0.185, 0.380]
(LEP + LU + T-param.) ([—0.130, 0.185])

Eup 0.038 [—0.03,0.03] [170] [—0.364, 1.387] —0.290, 0.390
(CHARM) [—0.017, 0.038] (ours) ([~0.192,0.240])

Err 0.43 [—0.42,0.43] [172] [=0.350, 1.400] [=0.360,0.145]
(BOREXINO) ([—0.120, 0.095])

€epn 1.5 x 1075 [—0.13,0.13] [170] [—0.179, 0.146] —0.025,0.052
(LEP + LU + cLFV + T-param.) ( [—0.017,0.040])

Eer 0.0056 (—0.19,0.19] [171] [—0.860, 0.350] [—0.055, 0.023]
(LEP + LU + cLFV + T-param.) ([-0.042,0.012])
Eur 0.0034 [—0.10,0.10] [170] [—0.035, 0.028] [—0.0.015,0.013]
(LEP + LU + cLFV + T-param) ([-0.010, 0.010])

Table 10: Maximum allowed NSI (with electrons) in the Zee model, after imposing con-
straints from CBM (Sec. 2.4.3), T-parameter (Sec. 2.4.4), cLFV searches (Sec. 2.4.5), LEP
contact interaction (Sec. 2.4.6), direct collider searches (Sec. 2.4.7), lepton universality (LU)
in W decays (Sec. 2.4.8), LHC Higgs data (Sec. 2.4.10), and LEP monophoton searches
(Sec. 2.4.11). We also impose the constraints from neutrino—electron scattering experi-
ments (as shown in the third column), like CHARM—II [170], TEXONO [171] and BOREX-
INO [172] (only € are considered, cf. Eq. 2.4.78) as well as the global fit constraints (as
shown in the fourth column) from neutrino oscillation + COHERENT data [89] (only 5 are
considered), whichever is stronger. The maximum allowed value for each NSI parameter is
obtained after scanning over the light charged Higgs mass (see Figs. 20 and 21) and the com-
bination of all relevant constraints limiting the NSI are shown in parentheses in the second
column. In the last column, we also show the future DUNE sensitivity for 300 kt. MW.yr
exposure (and 850 kt.MW.yr in parentheses) [94].

2.4.13 Consistency with neutrino oscillation data

In this section, we show that the choice of the Yukawa coupling matrix used to maximize
our NSI parameter values is consistent with the neutrino oscillation data. The neutrino
mass matrix in the Zee model is given by Eq. 2.4.21 which is diagonalized by the unitarity
transformation

—~

Upnns My Upnns = M, (2.4.89)

where ]/\4\1, = diag(my, ma, m3) is the diagonal mass matrix with the eigenvalues m, 23 and
Upnmns is the 3 x 3 lepton mixing matrix. In the standard parametrization [113],

—id

C12€13 C13512 € S813
_ i6 i6
Upnng = —C23512 — C12513523€ C12C23 — 512513523€ C13523 ) (2.4-90)
) )
$12823 — C12C23513€" —C12523 — C23512513€" C13C23

where ¢;; = cost;;, si; = sinb;;, 0;; being the mixing angle between different flavor eigen-
states ¢ and j, and ¢ is the Dirac CP phase. We diagonalize the neutrino mass matrix 2.4.21
numerically, assuming certain forms of the Yukawa coupling matrices given below. The uni-
tary matrix thus obtained is converted to the mixing angles ¢;; using the following relations
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from Eq. 2.4.90:

R U 2

5%, = Si3 = |U3|2 s2, = |U“3’2
12 1 o ‘U63‘27 13 € Y 23

m . (2.4.91)

Since the NSI expressions in Eq. 2.4.82 depend on Y,. (the first column of the Yukawa
matrix), we choose the following three sets of benchmark points (BPs) for Yukawa textures
to satisfy all the cLFV constraints, see Tables 7 and 8. For simplicity, we also take all the
elements of Yukawa matrix to be real.

Yee 0 Yer

BPI: Y = 0 Y, Y. |, (2.4.92)
0 Yy Y.
0 Y, Y.,

BPII: Y = [ Y. 0 Y, |, (2.4.93)
0 Yo Y
Yee 0 Y

BPIII: ¥ = 0 Y Y (2.4.94)
YTe 0 YTT

For BP I, substituting Y from Eq. 2.4.92 in Eq. 2.4.21, we get a symmetric neutrino mass
matrix as follows:

mi; My M3z
M, = ao| mi2 map my |, (2.4.95)
mi3 T3z 133

where ag = K f,-Yee fixes the overall scale, and the entries in M, are given by

myr = 2m;Ta 13,

miy =  —MT1Y11 + MrY13 + My L1 Yoo + My T2 Yo3
mi3 = —MeTaY11 + MuT1Yse + My T2 Y33,

Moy = 2M;Yo3,

Me3 = —My Y22 +M7Y33,

ms3 = —2mu Y32,

; _ Jen _ [ _ Y. — Yuu — Yur .
and we have defined the ratios z; = FEL Ty = 5 Y3 = Y U = ¥, Yas = ¥ Yse = v
_ Y

and y33 = v Similarly, for BPs II and III, one can absorb Y,,, and Y}, respectively in the
overall factor ag to get the mass matrix parameters in terms of the ratios z; and y;;.

For each set of Yukawa structure, we show in Table 11 the best-fit values of the parameters
x;, yi; and ag. For BP I and II, we obtain inverted hierarchy (IH) and for BP III, we get
normal hierarchy (NH) of neutrino masses. The model predictions for the neutrino oscillation
parameters in each case are shown in Table 12, along with the 30 allowed range from a recent
NuFit4 global analysis [176]. It is clear that the fits for all the three sets are in very good

agreement with the observed experimental values. We note here that the NuFit4 analysis
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BP [ @1n [ w2 | yu [ vi2 | vz [ w1 | we2 y2s | wys1 | ys2 | w33 | ao(1079) ]

BP I (IH) —7950 34 —1.0 0 —0.01 0 0.001 0.08 0 0.05 0.70 0.017
BP II (IH) 14 4.7 0 0.05 0.01 1.0 0 0.02 0 0.06 0.03 0.19
BP III (NH) —-9.9 0.27 | 0.01 0 0.07 0 0.13 —0.007 | —1.0 0 —0.036 0.6

Table 11: Values of parameters chosen for different sets of Yukawa structure given in
Eqgs. 2.4.92-2.4.94 to fit the neutrino oscillation data.

Oscillation 30 allowed range Model prediction
parameters from NuFit4 [176] | BP I (IH) | BP II (IH) | BP III (NH)
Am2,(107° eV?) 6.79 - 8.01 7.388 7.392 7.390
Am2,(1073 eV?)(IH) 2412 - 2.611 2.541 2.488 -
Am2, (1073 eV?)(NH) 2.427 - 2.625 - - 2.505
sin? 0}, 0.275 - 0.350 0.295 0.334 0.316
sin® fy3 (TH) 0.423 - 0.629 0.614 0.467 -
sin’ fo3 (NH) 0.418 - 0.627 - - 0.577
sin” 6,5 (IH) 0.02068 - 0.02463 0.0219 0.0232 -
sin” 615(NH) 0.02045 - 0.02439 - - 0.0229

Table 12: 30 allowed ranges of the neutrino oscillation parameters from a recent global
fit [176] (without NSI), along with the model predictions for each BP.

does not include any NSI effects, which might affect the fit results; however, it is sufficient
for the consistency check of our benchmark points. A full global analysis of the oscillation
data in presence of NSI to compare with our benchmark points is beyond the scope of this
work.

In addition to the best fit results in the tabulated format, we also display them in Fig. 23
in the two-dimensional projections of 1o, 20 and 3¢ confidence regions of the global fit re-
sults [176] (without inclusion of the Super-K atmospheric Ayx?-data). Colored regions (grey,
magenta, cyan) are for normal hierarchy, whereas regions enclosed by solid, dashed, dotted
lines are for inverted hierarchy. The global-fit best-fit points, along with the model predic-
tions for each benchmark point, are shown for comparison. It is clear that the theoretical
predictions are within the observed 3¢ range in each case.

2.5 NSI in one-loop leptoquark model

There are only four kinds of scalar leptoquarks that can interact with the neutrinos at the
renormalizable level in the SM (see Table 2): Ld°€Q), LQx*, LQp and Lu®d.'? In this section
and next, we discuss neutrino mass models with various combinations of these LQs. Our
focus is again the range of neutrino NSI that is possible in these models. We note in passing
that all these scalar L(Q) scenarios have gained recent interest in the context of semileptonic
B-decay anomalies, viz., Rg) and Rg?. But it turns out that none of these scalar L) models
can simultaneously explain both Rg) and R%) [178].

We start with a LQ variant of the Zee model that generates small neutrino masses at

12The LQ fields €, x*, p, 6 are often denoted as Sy, Sz, Ro, Ry respectively [177].
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Figure 23: Global oscillation analysis obtained from NuFit4 [176] for both Normal hier-
archy (NH) and Inverted hierarchy (IH) compared with our model benchmark points (BP1,
BP2, BP3). Gray, Magenta, and Cyan colored contours represent 1o, 20, and 30 CL contours
for NH, whereas solid, dashed, and dotted lines respectively correspond to 1o, 20, and 30 CL
contours for IH. Red, purple, and (blue, black, brown) markers are respectively best-fit from
NuFit for IH and NH, and benchmark points I, IT and III for Yukawa structures given in
Eqs. 2.4.92-2.4.94.

one-loop level, via the operator is Oy, (cf. Eq. (2.2.2¢)). It turns out that Og, will induce
neutrino masses at one-loop, while Os,, owing to the SU(2); index structure, will induce
m, at the two-loop level. A UV complete model of O3z, will be presented in Sec. 2.7.2.
More precisely, the model of this section corresponds to OF of Table 4, which involves two
LQ fields and no new fermions. All other realizations of O3 will be analyzed in subsequent
sections.

The phenomenology of the basic LQ model generating Of will be analyzed in detail in
this section, and the resulting maximum neutrino NSI will be obtained. The constraints that
we derive here on the model parameters can also be applied, with some modifications, to the
other O3 models, as well as other one-loop, two-loop and three-loop LQ models discussed in
subsequent sections.

To realize operator Og, the SU(2), doublet and singlet scalars of the Zee model [43] are
replaced by SU(2);, doublet and singlet LQ fields. This model has been widely studied in

the context of R-parity breaking supersymmetry, where the L(Q) fields are identified as the @
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and d¢ fields of the MSSM [57, 179, 180]. For a non-supersymmetric description and analysis
of the model, see Ref. [59].

The gauge symmetry of the model denoted as O3 is the same as the SM: SU(3). x
SU(2)r, x U(l)y. In addition to the SM Higgs doublet H (1,2,1), two SU(3). triplet

’2
LQ fields 2 (3,2,1) = (w¥?,w™"/?) and x7'/3 (3,1, —%) are introduced. The Yukawa La-
grangian relevant for neutrino mass generation in the model is given by
Ly D AasLidiQe;+ N, 3Li@Qhx ey + Hee
= s (v %ofl/‘g - éadgw2/3) + Ao (Vads — Laug) X* + H.c. (2.5.1)
Here {a, f} are family indices and {i, j} are SU(2),, indices as before. As in the Zee model,
a cubic scalar coupling is permitted, given by

V O puH'Qx* +He. = p (wQ/BH_ + w_l/?’ﬁ()) X"+ H.c. (2.5.2)

which ensures lepton number violation.
Once the neutral component of the SM Higgs doublet acquires a VEV, the cubic term in
the scalar potential 2.5.2 will generate mixing between the w=? and y~'/? fields, with the

mass matrix given by:
2 2
M2, = ( My “”/;[) , (2.5.3)
/2 m;
where m? and mi include the bare mass terms plus a piece of the type \v? arising from the

SM Higgs VEV. The physical states are denoted as {X; Y 5, Xy Y 3}, defined as

Xy = cosaw-+sinay,

Xy = —sinaw+cosay, (2.5.4)

with the mixing angle given by

tan2a = s B (2.5.5)
X w
The squared mass eigenvalues of these states are:
1
mi, = 3 [mi +my F \/(mi —m3)? + 4pv?| (2.5.6)

Neutrino masses are induced via the one-loop diagram shown in Fig. 24. The mass matrix

is given by:
2

3 sin 2« m
M, = log | —5 | AMgNT + N MAT). 2.5.7
o og (21) (g A7) (25)
Here M, is the diagonal down-type quark mass matrix. Acceptable neutrino masses and
mixings can arise in the model for a variety of parameters. Note that the induced M, is
proportional to the down-quark masses, the largest being m;. In the spirit of maximizing
neutrino NSI, which are induced by either the w=? or the y~/? field, without relying on
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Figure 24: One-loop diagram inducing neutrino mass in the LQ model. This is the model
Of of Table 4. In SUSY models with R-parity violation, w™/3 is identified as d and y**/* as
de.

their mixing, we shall adopt a scenario where the couplings \,s are of order one, while
Aos < 1. Such a choice would realize small neutrino masses. One could also consider
N ~ O(1), with A < 1 as well. However, in the former case, there is a GIM-like suppression
in the decay rate for ¢, — {3 + 7 |62], which makes the model with A ~ O(1),\ <« 1
somewhat less constrained from cLFV, and therefore we focus on this scenario. The reason
for this suppression will be elaborated in Sec. 2.5.1.

2.5.1 Low-energy constraints

One interesting feature of the LQ model presented in this section is that the radiative decay
lo — g + 1y is suppressed in the model due to a GIM-like cancellation. On the other hand,
14— e conversion in nuclei gives a stringent constraint on the Yukawa couplings of the model,
as do the trilepton decays of the lepton to some extent. Since the product |AN| < 1 in order
to generate the correct magnitude of the neutrino masses (cf. Eq. (2.5.7)), we shall primarily
consider the case where || < 1 with |A| being of order one. This is the case where the
constraints from radiative decays are nonexistent. If on the other hand, |A\| < 1 and |N| is
of order unity, then these radiative decays do provide significant constraints. This situation
will be realized in other LQ models as well; so we present constraints on the model of this
section in this limit as well. The processes that are considered are: ¢, — fg+ v, np—e
conversion in nuclei, ¢, — l@;@&; (with at least two of the final state leptons being of same
flavor), 7 — ¢m, 7 — {n, T — {1 (where ¢ = e or u), and APV.

Atomic parity violation

> T > ur, ur,
dp I €L -1/3
: ( X
YWZ/S ——e -
1
e : d e e
L s 1 > bit L L

Figure 25: Doublet and singlet LQ contribution to APV at tree-level.

The strongest constraints on the A\ and X, couplings come from atomic parity violation
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(APV) [181], analogous to the R-parity violating supersymmetric case [182]. The diagrams
shown in Fig. 25 lead to the following effective couplings between up/down quarks and
electrons:

Aed|?
Eeff = ’ d|

_ )\/ 2 o
(éLdR) (dRGL) + "/7de2| (eiuL) (ﬂLe‘i)
w X
1 |/\5d|2 _ | ed|2 o 7
3 (exver) (dryudr) + 5 2 (ELY er) (Uryuur) (2.5.8)
w mX

where we have used the Fierz transformation in the second step. The parity-violating parts
of these interactions are given by

L = é%d! [(e4"7%€) (dud) — (e7"e) (dyuy°d)]
;’);n—gl [(ev"7°¢) (@) + (eyue) (@y7*u)] - (2:5.9)

On the other hand, the parity-violating SM interactions at tree-level are given by

Loy = \/‘ = > [C (B7"7°€) (q749) + Coq (E7"€) (37,7°9)] (2.5.10)
q=u,d
with
1 4 1
Cru = —§+§812U, Coy = —§+23§U7
1 2 1
Cld e 5 — 553)7 CZd g 5 — 25121} . (2511)

Correspondingly, the weak charge of an atomic nucleus with Z protons and N neutrons is
given by

Qu(Z,N) = —2[C1,(2Z + N) + C1a(Z +2N)] = (1—-4s2)Z - N, (2.5.12)

where (27 + N) and (Z 4 2N) are respectively the number of up and down quarks in the
nucleus. The presence of the new PV couplings in Eq. 2.5.9 will shift the weak charge to

|2

6Qu(Z,N) = [(22+N) md (z+2N)|Aed‘ } . (2.5.13)

X mw

1
2V/2G ¢

There are precise experiments measuring APV in cesium, thallium, lead and bismuth [183].
The most precise measurement comes from cesium (at the 0.4% level [184]), so we will use
this to derive constraints on LQ. For :23Cs, Eq. 2.5.13 becomes

5Qu (1Cs) = —2 (188|>\d|2 211“""1'2). (2.5.14)

w
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Figure 26: Feynman diagrams leading to —e conversion at tree-level in the doublet-singlet
LQ model.

Taking into account the recent atomic structure calculation [181], the experimental value of
the weak charge of 133Cs is given by [113]

QU (32°Cs) = —72.62 4043, (2.5.15)
whereas the SM prediction is [113, 181]
QN (33°Cs) = —73.234+0.02, (2.5.16)

based on a global fit to all electroweak observables with radiative corrections. Assuming new
radiative corrections from LQ are small and saturating the difference between Egs. 2.5.15
and 2.5.16, we obtain a 20 allowed range of 0Q),,:

—0.29 < 6Q, < 1.51. (2.5.17)

Comparing this with Eq. 2.5.14, we obtain the corresponding 20 bounds on A4 and )., as
a function of the LQ mass as follows:

m m
M| < 0.21( “) NV 0.51( X) . 2.5.18
e o) Nl o (25.18)
The APV constraint on down-quark coupling of the LQ is stronger than the up-quark cou-
pling constraint due to the fact that the experimental value of @, (cf. Eq. 2.5.15) is 1.50
larger than the SM prediction (cf. Eq. 2.5.16), while the doublet LQ contribution to Q,, goes
in the opposite direction (cf. Eq. 2.5.14).

/4 — e conversion

Another constraint on the LQ model being discussed comes from the cLFV process of coher-
ent pu — e conversion in nuclei (uN — eN). We will only consider the tree-level contribution
as shown in Fig. 26, since the loop-level contributions are sub-dominant. Following the gen-
eral procedure described in Ref. [143], we can write down the branching ratio for this process
as [62]

|ﬁe|]_Z’,Jnioz?’Zgﬂpr2
6472 72T

Mzdkud‘ + |>‘/e*d)‘;id |

BR(uN — eN) =~
(1N — eN) m2 2

(2A — Z)? ( )2 : (2.5.19)

where p, and E, are the momentum and energy of the outgoing electron respectively, Z and
A are the atomic number and mass number of the nucleus respectively, Z.g is the effective
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atomic number, F}, is the nuclear matrix element, and I'y is the muon capture rate of the
nucleus. Here we take |p.| >~ E. >~ m, and use the values of Z.4 and F}, from Ref. [185], and
the value of I'y from Ref. [186]. Comparing the model predictions from Eq. 2.5.19 with the
experimental limits for different nuclei [187-189], we obtain the constraints on the Yukawa
couplings (either A or \') and LQ mass as shown in Table 13.

Nucleus Experimental Zest F, | T'y [186] Constraint
Limit [185] | [185] | (106 s~1) on [N\l
33Ti | BR< 6.1x107'%[187] | 17.6 | 0.54 2.59 < 4.30 x 1076 (M)
197Au | BR < 7.0 x 10713 [188] | 33.5 | 0.16 13.07 | <4.29 x 107° (% @)2
285Ph | BR < 4.6x 10711 [189] | 340 | 0.15 | 1345 | <3.56 x 1075 (/%)*

Table 13: Constraints on Yukawa couplings and L) masses from p—e conversion in different
nuclei. For ]/\’e*d/\;d], the same constraints apply, with m,, replaced by m,.

l, — 5756765 decay

Leptoquarks do not induce trilepton decays of the type u — 3e at the tree-level. However,
they do induce such processes at the loop level. There are L(Q mediated Z and photon
penguin diagrams, as well as box diagrams. These contributions have been evaluated for the
LQ model of this section in Ref. [62]. With the Yukawa couplings A being of order one, but
with || < 1, the branching ratio for = — ete~e™ decay is given by [62]

2
3\/5 ) L |/\6d/\* |

Ciy—— 2.5.20

w

BR(p — 3e) = (

where

w w

1 m?\ > m?
L u 4 2 2 p
Cuy = P [726 (log m2) 108(3¢e" + 2e“|A\eq|) log (m2>

+ (449 + 687%)e* + 48662 | Aeq|? + 243|Aea* (2.5.21)

Here we have kept only those couplings that are relevant for neutrino NSI, and we have
assumed that there are no accidental cancellations among various contributions. Using
BR (i — 3e) < 1.0 x 10712 [122], we obtain

1/2

m

Aeaoy| < 4.4 10*3( =

[Aea “d| < % TeV

Analogous constraints from 7 — 3e and 7 — 3p are less stringent. For example, from

BR(r — 3e) < 1.4 x 1078 [123], and using Eq. (2.5.20) with a multiplicative factor of
BR(7 — pplv,) = 0.174, we obtain

) (14 1.45|Acal® + 0.8 Acal’)~ (2.5.22)

2
Deahsy| < 12( ) (1 + 1.96]Yag|? + 1.50|Yoq|*) "2 . (2.5.23)

TeV
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Figure 27: One-loop Feynman diagrams for ¢, — {7y processes mediated by LQ.

Similarly, from BR(7 — 3u) < 1.2 x 1078 [123] we obtain

2
Moyl < 11 (?;) (1+ 1.96[ Va2 + 1.50[V,q]*) V2 . (2.5.24)
e
The constraint on [AgA%,| from the trilepton decay (cf. Eq. 2.5.22) turns out to be weaker
than those from p — e conversion (cf. Table 13). Similarly, the constraints on |A.4Ax,| and
| A\uas,| from the trilepton decay (cf. Eqgs. 2.5.23 and 2.5.24) turn out to be weaker than
those from semileptonic tau decays (cf. Table 15).

l, — lzy constraint

The lepton flavor violating radiative decay ¢, — {3+ arises via one-loop diagrams with the
exchange of LQ fields (see Fig. 27). These diagrams are analogous to Fig. 10, but with the
charged and neutral scalars replaced by LQ scalars. Note that the photon can be emitted
from either the LQ line, or the internal fermion line. It turns out that the LQ Yukawa
coupling matrix A leads to suppressed decay rates for ¢, — (3 + 7, owing to a GIM-like
cancellation. The coupling of the w?*? LQ has the form ZQLCZCB_RwQ/ 3 which implies that
Qp = 2/3 and Qr = —1/3 in Eq. (2.4.30). Consequently, the rate becomes proportional
to a factor which is at most of order (m?/m?2)%. Thus, the off-diagonal couplings of A are
unconstrained by these decays.

On the other hand, the y~'/% LQ field does mediate ¢, — {3 4~y decays, proportional to
the Yukawa coupling matrix \. The relevant couplings have the form @ ¢; x*, which implies
that Qr = —2/3 and Qp = 1/3 in Eq. (2.4.30). We find the decay rate to be

9o | NggNaal® md,

F(ﬁa — gﬂ + ")/) = 576@% , (2525)
X

where 9 = 3% is a color factor. Here we have assumed ¢t = m3/m% — 0, since the LQ
is expected to be much heavier than the SM charged leptons to satisfy the experimental
constraints. The limits on the products of Yukawa couplings from these decays are listed in
Table 14.

Semileptonic tau decays

The decays 7= — (7%, £~n, {71/, with £ = e or u will occur at tree level mediated by the
doublet LQ w?? or the singlet LQ y~ /3. The relevant Feynman diagrams are shown in
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’ Process \ Exp. limit \ Constraint ‘
= ey | BR < 4.2 x107 3 [117] [ [N 5] < 2.4 x 1073 (i)
T — ey | BR < 3.3 x107® [116] [ NeaAral < 1.6 (%)2
Ty | BR <44 x1078 [116] | N < 19 (2]

Table 14: Constraints on the Yukawa couplings X as a function of the singlet LQ mass

from ¢, — gy processes.

Figure 28: Feynman diagram for 7 — pm® (un, pn') and 7 — er®

Fig. 28. The decay rate for 7= — £~ 7° mediated by w LQ is given by

AeaXiy|? f2m?

FT T ‘FT ) T )
in 1024m gt 2 e M)
where
2\ 2 2 2
_ My my\ My L
Frlme,ms) = [( mz> (”mz) mz] [1 (mT

(en, en') decays.

(2.5.26)

(2.5.27)

If this decay is mediated by the x leptoquark, the same relation will hold, up to a factor of
|Vual?, with the replacement (A, my) — (N, m,). The rates for 7= — ¢"n and 7= — (71
can be obtained from Eq. (2.5.26) by the replacement (fr, my) — (my, f) and (m,, fg,)

respectively. Here we have defined the matrix elements to be

(m(p)luy"y*ul0) = —(r"(p)ldy"yd|0) = —i%
(n(p)luy**ul0) = (n(p)ldy"y°d|0) = —i—Lp"

V2
v
V2

The sign difference in Eq. 2.5.28 is due to the fact that the state |7") =
|n) and |n’) states, these are obtained from the mixing of the flavor state

(0 (p)[ury"+"ul0) (' (p)|dy"~°d|0) = —i—=p"
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, (2.5.29)

(2.5.30)

(uu— ch)/\/ﬁ.iAs for
s |ng) = (Gu+dd)/v/2



and |ns) = §s:
n) = cos@ng) —sing|n,),
) = singln) +coseln.) . (2.5.31)
The matrix elements entering semileptonic 7 decays are then related as
[l = cosofy, fy = singf, (2.5.32)
where f, is defined through
)| al0) = —idLp (253

V2

The mixing angle ¢ and the decay parameter f, have been determined to be [190]
¢ = (39.3+1)°, f, = (1.07+£0.02) f, . (2.5.34)

Using these relations, and with f; ~ 130 MeV, we have f ~ 108 MeV and fg ~ 89 MeV
[191]. Using these values and the experimental limits on the semileptonic branching ratios
[113], we obtain limits on products of Yukawa couplings as functions of the LQ mass, which
are listed in Table 15. It turns out that these limits are the most constraining for off-diagonal
NSI mediated by leptoquarks.

We should mention here that similar diagrams as in Fig. 28 will also induce alternative
pion and n-meson decays: 7° — ete™ and n — £T¢~ (with £ = e or p). In the SM,
BR(m — ete™) = 6.46 x 107® [113], compared to BR(7? — ~7) =~ 0.99. Specifically, the
absorptive part of 70 — eTe™ decay rate!? is given by [192, 193]

Cabsp (70 — €Te™) 1, [me 2 1+ 8\?
= - — |1 2.5.35
I sy 2% \my) BU%T=5) (2:5.35)

where 8 = /1 — 4m2/m?2. For LQ mediation, the suppression factor (m./my)* ~ 1.4 x 107°
is replaced by the factor (m,/m,)* ~ 3.3 x 1071¢ for a TeV-scale LQ. Similar suppression
occurs for the 7 decay processes n — (T~ (with £ = e or pu) [192, 194]. Therefore, both

pion and 7 decay constraints turn out to be much weaker than those from 7 decay given in
Table 15.

Rare D-meson decays

The coupling matrix X of Eq. (2.5.1) contains, even with only diagonal entries, flavor
violating couplings in the quark sector. To see this, we write the interaction terms in a basis
where the down quark mass matrix is diagonal. Such a choice of basis is always available
and conveniently takes care of the stringent constraints in the down-quark sector, such as
from rare kaon decays. The x leptoquark interactions with the physical quarks, in this basis,
read as

—Ly D ANy Wadx* — € Viu;x*) + H.c. (2.5.36)

13The dispersive part of 7° — ete™ decay rate is found to be 32% smaller than the absorptive part in the
vector meson dominance [192].
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| Process | Exp. limit [113] | Constraint |

7= pm’ | BR < L1x 1077 | [Ag),| < 9.3 x 1072 (
T—er’ | BR<8x107% | |Aa)i,l <7.9%x 1072 (
T un | BR < 6.5x 1078 | [\g)\,| < 9.5 x 1072 (2

T—en | BR<92x107% | [AgAi,l <1.1x 107!
T—=un | BR < 1.3x1077 | A\, <2.3x 107!
T—en | BR<1.6x1077 | [Ag)ty| <25 x 107" (2

Table 15: Constraints on couplings and the L) mass from semileptonic tau decays. Exactly
the same constraints apply to A’ couplings, with m,, replaced by m,.

Figure 29: Feynman diagram for rare leptonic and semileptonic D-meason decays mediate
by the x leptoquark.

Here V is the CKM mixing matrix. In particular, the Lagrangian contains the following
terms:
—Ly D =M, (VElux™ + Vilaex™) + Hee. (2.5.37)

The presence of these terms will result in the rare decays D° — ¢T¢~ as well as D — wfT(~
where ¢ = e, u. The partial width for the decay D° — ¢+¢~ is given by

n . 1/2
P DPVaVaP mEfmy ((2m) () am\Y
DO 0% 1287 mi ’ o

Here we have used the effective Lagrangian arising from integrating out the x field to be

)\;d)\gd - _
,Ceff = 2—2(UL’}/MCL)(€/3L’)/M£QL) (2539)
mX

and the hadronic matrix element
(D°lay,yel0) = —ifppy - (2.5.40)

Using fp = 200 MeV, we list the constraint arising from this decay in Table 16. It will turn
out that the NSI parameter ¢, will be most constrained by the limit D° — p*u~, in cases
where x leptoquark is the mediator. Note that this limit only applies to SU(2), singlet
and triplet LQ fields, and not to the doublet LQ field 2. The doublet LQ field always has
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| Process | Exp. limit [113] | Constraint |

D’ —»efem |BR<79x107° |)\ J <16.7 (7)

DY =yt~ | BR<62x1077 | [N, <0.614 (52)
Dt — 7tete” | BR < 1.1 x107¢ d| < 0.834 (72)
Dt — 7ty | BR < 7.3%x 1078 y < 0.426 (1)
DY — 7tety™ | BR < 3.6 x 1076 ]/\ | < 1.28 (2x)?

Table 16: Constraints on the y leptoquark Yukawa couplings from D° — ¢*¢~ and Dt —
7Tt 0~ decays.

couplings to a SU(2), singlet quark field, which does not involve the CKM matrix, and thus
has not quark flavor violation arising from V.

The semileptonic decay DT — 77¢*¢~ is mediated by the same effective Lagrangian as
in Eq. (2.5.39). The hadronic matrix element is now given by

(T (p2)[ayucl D¥ (1)) = Fi(q*)(p1 + p2)u + F-(a°)(p1 — p2)u (2.5.41)

with ¢? = (p; — p2)?. Since the F_(¢?) term is proportional to the final state lepton mass, it
can be ignored. For the form factor Fy(¢*) we use

fD 9D*Dn
Fo(?) = %o —F— . 2.5.42
For the D* — Dr decay constant we use gp«p, = 0.59 [195]. Vector meson dominance
hypothesis gives very similar results [196]. With these matrix elements, the decay rate is
given by

|X d)‘ | fD 2 1
FD+~>TI’+Z$EE = 4m§< fﬂ' D*Dw‘v d’ M}— (2.5.43)
The function F is defined as
mbp. m, —m
= % —2m$, + 9mpm3,. — 6mpmp. — 6(m5. —m3)*my. log (%)} :

Note that in the limit of infinite D* mass, this function F reduces to m%/24. The numerical
value of the function is F ~ 2.98 GeV®. Using fp = 200 MeV, f, = 130 MeV, gp+p. = 0.59
and the experimental upper limits on the corresponding branching ratios [113]|, we obtain
bounds on the X couplings as shown in Table 16. These semileptonic D decays have a mild
effect on the maximal allowed NSI. Note that the experimental limits on D% — 7%/~ are
somewhat weaker than the DT decay limits and are automatically satisfied when the D+
semileptonic rates are satisfied.

2.5.2 Contact interaction constraints

High-precision measurements of inclusive e*p — e®p scattering cross sections at HERA
with maximum /s = 320 GeV [197] and eTe™ — ¢q scattering cross sections at LEP I with
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LQ LEP ‘ HERA
type | Exp. bound [124] | Constraint Exp. bound [197] | Constraint

w?/3 App >51TeV | B> 1017 TeV | Ajp>4.7TeV | B > 0.937 TeV
X P AL >B3T TV [ 5 > 0738 TeV | Ay, > 128 TV | 3% > 2.553 TeV

Table 17: Constraints on the ratio of L() mass and the Yukawa coupling from LEP [124]
and HERA [197] contact interaction bounds.

maximum /s = 209 GeV [124] can be used in an effective four-fermion interaction theory to
set limits on the new physics scale A > /s that can be translated into a bound in the LQ
mass-coupling plane. This is analogous to the LEP contact interaction bounds derived in the
Zee model 2.4.6. Comparing the effective LQ) Lagrangian 2.5.8 with Eq. 2.4.37 (for f = u,d),
we see that for the doublet LQ, the only relevant chirality structure is LR, whereas for the
singlet LQ, it is LL, with ¢, =%, = —1. The corresponding experimental bounds on A~
and the resulting constraints on L mass and Yukawa coupling are given in Table 17.

In principle, one could also derive an indirect bound on LQs from the inclusive dilepton
measurements at the LHC, because the LQ will give an additional ¢-channel contribution
to the process pp — ¢T¢~. However, for a TeV-scale LQ as in our case, the LHC contact
interaction bounds [198, 199] with /s = 13 TeV are not applicable. Recasting the LHC
dilepton searches in the fully inclusive category following Ref. [200] yields constraints weaker
than those coming from direct LQ searches shown in Fig. 31.

2.5.3 LHC constraints

Figure 30: Feynman diagrams for pair— and single—production of L.QQ at the LHC.

In this section, we derive the LHC constraints on the LQ mass and Yukawa couplings
which will be used in the next section for NSI studies.
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Figure 31: LHC constraints on scalar LQ in the LQQ mass and branching ratio plane. For a
given channel, the branching ratio is varied from 0 to 1, without specifying the other decay
modes which compensate for the missing branching ratios to add up to one. Black, red, green,
blue, brown and purple solid lines represent present bounds from the pair production process
at the LHC, i.e., looking for ete™jj, utu=jj, 777 bb, 757~ tt, 7v77jj and vijj signatures
respectively. These limits are independent of the LQ Yukawa coupling. On the other hand,
black (red) dashed, dotted and dot-dashed lines indicate the bounds on LQ) mass from the
single production in association with one charged lepton for LQ couplings Aeq (ua) = 2,1.5
and 1 respectively for first (second) generation LQ. Note the updated version of this plot is
presented in Figure 77 of chapter IV.

Pair production

At hadron colliders, LQs can be pair-produced through either gg or ¢g fusion, as shown in
Fig. 30 (a), (b) and (c). Since LQs are charged under SU(3)., LQ pair production at LHC
is a QCD driven process, solely determined by the L() mass and strong coupling constant,
irrespective of their Yukawa couplings. Although there is a t-channel diagram [cf. Fig. 30
(c)] via charged lepton exchange through which LQ can be pair-produced via quark fusion
process, this cross-section is highly suppressed compared to the s-channel pair production
cross-section.

There are dedicated searches for pair production of first [201, 202], second [202-204]
and third generation [204-206] LQs at the LHC. Given the model Lagrangian 2.5.1, we are
interested in the final states containing either two charged leptons and two jets (¢£jj), or
two neutrinos and two jets (vvjj). Note that for the doublet LQ Q = (w?/3,w™/3), the jets
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will consist of down-type quarks, while for the singlet LQ /2, the jets will be of up-type

quarks. For the light quarks u, d, ¢, s, there is no distinction made in the LHC LQ searches;
therefore, the same limits on the corresponding L) masses will apply to both doublet and
singlet LQs. The only difference is for the third-generation LQs, where the limit from 77 bb
final state is somewhat stronger than that from 7777 ¢¢ final state [204, 206].

In Fig. 31, we have shown the LHC limits on LLQQ mass as a function of the corresponding
branching ratios for each channel. For a given channel, the branching ratio is varied from 0
to 1, without specifying the other decay modes which compensate for the missing branching
ratios to add up to one. For matter NSI, the relevant LQ couplings must involve either up or
down quark. Thus, for first and second generation LQs giving rise to NSI, we can use e*e™jj
and ptp~jj final states from LQ pair-production at LHC to impose stringent bounds on
the A\oq and A, couplings (with o = e, ;1) which are relevant for NSI involving electron and
muon flavors. There is no dedicated search for LQs in the 77755 channel to impose similar
constraints on A4 and \_; relevant for tau-flavor NSI. There are searches for third generation
LQ [205, 206] looking at 7+77bb and 7+7~tt signatures which are not relevant for NSI, since
we do not require X, (for x7/3) or A, (for w?/3) couplings. For constraints on A4, we
recast the 7H77bb search limits [204-206] taking into account the b-jet misidentification as
light jets, with an average rate of 1.5% (for a b-tagging efficiency of 70%) [207]. As expected,
this bound is much weaker, as shown in Fig. 31.

However, a stronger bound on NSI involving the tau-sector comes from vvjj final state.
From the Lagrangian 2.5.1, we see that the same \,4 coupling that leads to 7177 dd final state
from the pair-production of w?? also leads to v,7,dd final state from the pair-production of
the SU(2) partner LQ w3, whose mass cannot be very different from that of w?? due to
electroweak precision data constraints (similar to the Zee model case, cf. Sec. 2.4.4). Since
the final state neutrino flavors are indistinguishable at the LHC, the vvjj constraint will
equally apply to all A\,q (with @ = e, u, 7) couplings which ultimately restrict the strength of
tau-sector NSI, as we will see in the next subsection. The same applies to the A, couplings
of the singlet LQ y~ /2, which are also restricted by the v77jj constraint.

Single production

LQs can also be singly produced at the collider in association with charged leptons via s-
and ¢- channel quark-gluon fusion processes, as shown in Fig. 30 (d) and (e). The single pro-
duction limits, like the indirect low-energy constraints, are necessarily in the mass-coupling
plane. This signature is applicable to LQs of all generations. In Fig. 31, we have shown
the collider constraints in the single-production channel for some benchmark values of the
first and second generation LQ couplings A.q and A4 (since d jets cannot be distinguished
from s jets) equal to 1, 1.5 and 2 by dot-dashed, dotted and dashed curves respectively. The
single-production limits are more stringent than the pair-production limits only for large A.q4,
but not for A,q. There is no constraint in the 7;j channel, and the derived constraint from
7b channel is too weak to appear in this plot.
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How light can the leptoquark be?

There is a way to relax the vvjj constraint and allow for smaller L.QQ masses for the doublet
components. This is due to a new decay channel w™'/3 — w?/3 + W~ which, if kinematically
allowed, can be used to suppress the branching ratio of w=%% — vd decay for relatively
smaller values of A\,q couplings, thereby reducing the impact of the vvjj constraint. The
partial decay widths for w13 — w?? + W~ and w™'/? — v,ds are respectively given by

3 2 2
F(w_1/3 _>w2/3w—) — 1 mw;1/3 (1 . mw2/3 )
v 3

327 m?_,,
2 2 1/2
My2/3 + My My2/3 — My
m,,—1/3 mg,—1/3
(2.5.44)
Aag]

T(w 3 = vuds) = Pasl” 2.5.45
(w — U, 5) 167 m,,—1/3 ( )

In deriving Eq. 2.5.44, we have used the Goldstone boson equivalence theorem, and in
Eq. 2.5.45, the factor in the denominator is not 87 (unlike the SM h — bb case, for in-
stance), because only one helicity state contributes.

The lighter LQ w?/? in this case can only decay to £,ds with 100% branching ratio. Using
the fact that constraints from 77775 channel are weaker, one can allow for w?/? as low as
522 GeV, as shown in Fig. 31 by the solid brown curve, when considering the \,4 coupling
alone. This is, however, not applicable to the scenario when either Ay or A,q coupling is
present, because of the severe constraints from e*e™jj and p* ™ jj final states.

Aw—l/s v Y3

Figure 32: Tree-level NSI diagrams with the exchange of heavy LQs: (a) for doublet LQ
with Yukawa A ~ O(1), and (b) for singlet LQ with Yukawa X' ~ O(1).

2.5.4 NSI prediction

5><i/

The LQs w3 and y~/? in the model have couplings with neutrinos and down-quark
(cf. Eq. 2.5.1), and therefore, induce NST at tree level as shown in Fig. 32 via either A or X
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couplings. From Fig. 32, we can write down the effective four-fermion Lagrangian as

A* _ /\g Ny
L = 22U dpver)(Tardr) + 2 (dpvss) (Pardr)
m2 my

LI AGaA8d 7 pr Naisd 7 g\
= -3 T(dp;y dr)(UarVuvsL) + 2 (dey"dr) Warvuvsr) | , (2.5.46)
w X

where we have used Fierz transformation in the second step. Comparing Eq. 2.5.46 with
Eq. 2.3.1, we obtain the NSI parameters

1 Neahsa | Aaasa
ey = G ( P ) (2.5.47)
F w X
For Y, (z) = %Z((i; = 1, one can obtain the effective NSI parameters from Eq. 2.3.5 as
3 Aearsd | Aad
Eap = 3cl5 = < ad?08 dzﬁd) . (2.5.48)
4\/§ GF mg, mX

To satisfy the neutrino mass constraint [cf. Eq. 2.5.7|, we can have either A or A" couplings
of O(1), but not both simultaneously. As mentioned in Sec. 2.5.1, the choice N < 1 and
A~ O(1) is less constrained from cLFV.

Doublet leptoquark

First, taking the A\-couplings only and ignoring the X" contributions, we show in Figs. 33 and
34 the predictions for diagonal (ee, €., €--) and off-diagonal (e.,, €,-, €.r) NSI parameters
respectively from Eq. 2.5.48 by black dotted contours. Colored shaded regions in each plot
are excluded by various theoretical and experimental constraints. In Figs. 33 (b) and (c),
the yellow colored regions are excluded by perturbativity constraint, which requires the LQ

coupling A\og < 4 /% [208]. Red shaded region in Fig. 33 (a) is excluded by the APV bound

(cf. Sec. 2.5.1), while the brown and cyan regions are excluded by HERA and LEP contact
interaction bounds, respectively (cf. Table 17). Red shaded region in Fig. 33 (c) is excluded
by the global fit constraint from neutrino oscillation+COHERENT data [89]. Blue shaded
regions in Figs. 33 (a) and (b) are excluded by LHC LQ searches (cf. Fig. 31) in the pair-
production mode for small \,4 (which is independent of A\,4) and single-production mode for
large A\nq) with a = e, u. Here we have assumed 50% branching ratio to ej or pj, and the
other 50% to 7d in order to relax the LHC constraints and allow for larger NSI. Blue shaded
region in Fig. 33 (c) is excluded by the LHC constraint from the vjj channel, where the
vertical dashed line indicates the limit assuming BR(w™'/3 — vd) = 100%, and the unshaded
region to the left of this line for small \,4 is allowed by opening up the w=/3 — W23~
channel (cf. Sec. 2.5.3). Note that we cannot completely switch off the w™'/3 — vd channel,
because that would require \;4 — 0 and in this limit, the NSI will also vanish.

The red line in Fig. 33 (b) is the suggestive limit on 2% from NuTeV data [169] (cf. Ta-
ble 18). This is not shaded because there is a 2.70 discrepancy of their s2 measurement
with the PDG average [113| and a possible resolution of this might affect the NSI constraint
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obtained from the same data. Here we have rederived the NuTeV limit following Ref. [169],
but using the latest value of s? (on-shell) [113] (without including NuTeV). Specifically, we
have used the NuTeV measurement of the effective coupling (§4)* = 0.0310 # 0.0011 from
v,q — vq scatterings [209] which is consistent with the SM prediction of (gg)gM = 0.0297.
Here (§%)” is defined as

@) = (gh+ei) + (gh +i8)° (2.5.49)
where g% = —%s?u and g% = %sfu are the Z couplings to right-handed up and down quarks
respectively. Only the right-handed couplings are relevant here, since the effective NSI
Lagrangian 2.5.46 involves right-handed down-quarks for the doublet LQ component w?/3.
In Eq. 2.5.49, setting ezf = 0 for this LQ model and comparing (g;;)Q with the measured
value, we obtain a 90% CL on %% < 0.029, which should be multiplied by 3 (since o5 = 3%%)
to get the desired constraint on e,45 shown in Fig. 33 (b).

For ., the most stringent constraint comes from APV (Sec. 2.5.1), as shown by the red
shaded region in Fig. 33 (a) which, when combined with the LHC constraints on the mass
of LQ, rules out the possibility of any observable NSI in this sector. Similarly, for €,,, the
most stringent limit comes from NuTeV. However, if this constraint is not considered, ¢,,
can be as large as 21.6%. On the other hand, e, can be as large as 34.3%, constrained only
by the LHC constraint on the LQ mass and perturbative unitarity constraint on the Yukawa
coupling (cf. Fig. 33 (c)). This is within the future DUNE sensitivity reach, at least for the
850 kt. MW.yr (if not 300 kt.MW.yr) exposure [94], as shown in Fig. 33 (c¢). Note that from
oscillation data alone, €,, — €, is constrained to be less than 9.5% [89].
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LQ model prediction (Max.) Scattering Global fit DUNE

NSI Doublet [ Singlet constraints constraints [89] | sensitivity [94]
e 0.004 0.0069 [—1.8,1.5] [169] [—0.036, 1.695] [—0.185, 0.380]
(LHC + APV) | (LHC+HERA) (1~0.130,0.185)

e 0.216 0.0086 [—0.024, 0.045] [169] [~0.309, 1.083] [~0.290, 0.390]
(LHC+PU) (D — wpup) | [0.0277,0.0857] (ours) (1-0.192, 0.240])

Err 0.343 [—0.225,0.99] [210] [—0.306, 1.083] —0.360,0.145
(LHC + Unitarity) (1-0.120,0.095])

Eon 15 %107 [—0.21,0.12] [210] [<0.174,0.147] [<0.025,0.052]
(LHC + pu — e conv.) ([-0.017,0.040])

or 0.0036 [~0.39, 0.36] [210] [~0.618, 0.330] —0.055,0.023
(LHC + 7 — en®) ([-0.042,0.012])

pr 0.0043 [—0.018,0.0162] [211] | [—0.033,0.027] [<0.015, 0.013]
(LHC + 7 — un) ([-0.010,0.010])

Table 18: Maximum allowed NSI (with d-quarks) in the one-loop LQ model, after im-
posing the constraints from APV (Sec. 2.5.1), cLFV (Secs. 2.5.1, 2.5.1, 2.5.1), LEP and
HERA contact interaction (Sec. 2.5.2), perturbative unitarity and collider (Secs. 2.5.3) con-
straints. We also impose the constraints from neutrino-nucleon scattering experiments, like
CHARM 1I [169], NuTeV [169], COHERENT [210] and IceCube [211], as well as the global
fit constraints from neutrino oscillation +COHERENT data [89], whichever is stronger. The
scattering and global fit constraints are on eiﬁ, so it has been scaled by a factor of 3 for
the constraint on €,4 in the Table. The maximum allowed value for each NSI parameter is
obtained after scanning over the L(Q) mass (see Figs. 33 and 34) and the combination of the
relevant constraints limiting the NSI are shown in parentheses in the second column. The
same numbers are applicable for the doublet and singlet L.Q exchange, except for .. where
the APV constraint is weaker than HERA (Fig. 35 (a))) and for ¢,,, which has an additional
constraint from DT — 77"~ decay (see Fig. 35 (b)). In the last column, we also show the
future DUNE sensitivity [94] for 300 kt. MW.yr exposure (and 850 kt.MW.yr in parentheses).
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Figure 33: Predictions for diagonal NSI (e, €,,, €--) induced by doublet LQ in the one-
loop LQ model are shown by black dotted contours. Colored shaded regions are excluded
by various theoretical and experimental constraints. Yellow colored region is excluded by
perturbativity constraint on LQ coupling A4 [208]. Blue shaded region is excluded by LHC
LQ searches (Fig. 31) in subfigure (a) by e+jets channel (pair production for small \.4 and
single-production for large A.q), in subfigure (b) by p+jets channel, and in subfigure (c) by
v+jet channel. In (a), the red, brown and cyan shaded regions are excluded by the APV
bound (cf. Eq. 2.5.18), HERA and LEP contact interaction bounds (cf. Table 17) respectively.
In (b), the red line is the suggestive limit from NuTeV [169]. In (c), the red shaded region is
excluded by the global fit constraint from neutrino oscillation+COHERENT data [89]. We
also show the future DUNE sensitivity in blue solid lines for both 300 kt.MW.yr and 850
kt.MW.yr [94].
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Figure 34: Predictions for off-diagonal NSI (e, €,r, €er) induced by the doublet LQ in the
one-loop LQ model are shown by black dotted contours. Colored shaded regions are excluded
by various theoretical and experimental constraints. Blue shaded area is excluded by LHC
LQ searches (cf. Fig. 31). In (a) and (b), the brown and green shaded regions are excluded
by 7 — ¢n° and 7 — fn (with £ = e, u) constraints (cf. Table 15). In (a), the red shaded
region is excluded by the global fit constraint on NSI from neutrino oscillation+ COHERENT
data [89]. In (b), the yellow shaded region is excluded by perturbativity constraint on LQ
coupling Anq [208] combined with APV constraint (cf. Eq. 2.5.18). In (c), the red shaded
region is excluded by p — e conversion constraint. Also shown in (b) are the future DUNE
sensitivity in blue solid lines for both 300 kt. MW.yr and 850 kt.MW.yr [94].
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Figure 35: Additional low-energy constraints on NSI induced by singlet L.Q. Subfigure (a)
has the same APV and LHC constraints as in Fig. 20 (a), the modified HERA and LEP
contact interaction bounds (cf. Table 17), plus the D™ — n+eTe™ constraint, shown by green
shaded region (cf. Sec. 2.5.1). Subfigure (b) has the same constraints as in Fig. 20 (b), plus the
D* — 7"~ constraint, shown by light-green shaded region, and D° — u*pu~ constraint
shown by brown shaded region (cf. Sec. 2.5.1). Subfigure (c¢) has the same constraints as in
Fig. 21 (a), plus the 7 — p7y constraint, shown by purple shaded region. Subfigure (d) has
the same constraints as in Fig. 21 (b), plus the 7 — ey constraint, shown by purple shaded
region.

78



As for the off-diagonal NSI in Fig. 21, the LHC constraints (cf. Sec. 2.5.3) are again shown
by blue shaded regions. The yellow shaded region in Fig. 21 (b) is from the combination
of APV and perturbative unitarity constraints. However, the most stringent limits for all
the off-diagonal NSI come from cLFV processes. In particular, 7 — (7% and 7 — ¢n (with
¢ = e, ;1) impose strong constraints (cf. Sec. 2.5.1) on ¢,,; and €., as shown in Figs. 34 (a) and
(b). For e, the most stringent limit comes from p — e conversion (cf. Sec. 2.5.1), as shown
in Fig. 34 (c). The maximum allowed NSI in each case is tabulated in Table 18, along with
the current constraints from neutrino-nucleon scattering experiments, like CHARM [169],
COHERENT |[210] and IceCube [211], as well as the global fit constraints from neutrino
oscillation+ COHERENT data [89] and future DUNE sensitivity [94]. It turns out that the
cLFV constraints have essentially ruled out the prospects of observing any off-diagonal NSI
in this LQ model in future neutrino experiments. This is consistent with general arguments
based on SU(2); gauge-invariance [49].

Singlet leptoquark

Now if we take the A couplings instead of A in Eq. 2.5.48, the NSI predictions, as well as
the constraints, can be analyzed in a similar way as in Figs. 33 and 34. Here the APV
(cf. Eq. 2.5.18), as well as the LEP and HERA contact interaction constraints on e, (cf. Ta-
ble 17) are somewhat modified. In addition, there are new constraints from DT — 7¢*(~
and D° — (0~ (cf. Sec. 2.5.1) for .. and £,,, as shown in Fig. 35 (a) and (b). For e,
the DT — wtete™ constraint turns out to be much weaker than the APV constraint. The
D° — ete™ constraint is even weaker and does not appear in Fig. 35 (a). However, for ¢,,,
the DT — 7" p*u~ constraint turns out to be the strongest, limiting the maximum allowed
value of ¢,,, to a mere 0.8%, as shown in Fig. 35 (b) and in Table 18.

The NuTeV constraint also becomes more stringent here due to the fact that the singlet
LQ x couples to left-handed quarks (cf. Eq. 2.5.46). So it will affect the effective coupling
(37). For e,,, we use the NuTeV measurement of (71)? = 0.3005 + 0.0014 from v,q — vq
scatterings [209] which is 2.70 smaller than the SM prediction of (§4)z,, = 0.3043. Here
(§4)? is defined as

(@) = (g8 +eiE)* + (g +eit)” (2.5.50)

where g} = %— %sfu and g¢ = —% + %sfo For the SM prediction, we have used the latest PDG
value for on-shell s? = 0.22343 from a global fit to electroweak data (without NuTeV) [113]
and comparing (QZ)Q with the measured value, derive a 90% CL constraint on 0.0018 <
eup < 0.8493. Note that this prefers a non-zero ¢,,, at 90% CL (1.640) because the SM with
£, = 0 is 2.70 away and also because there is a cancellation between g¢ (which is negative)
and e, (which is positive) in Eq. 2.5.50 to lower the value of (%) to within 1.64c of the
measured value.

For the off-diagonal sector, there are new constraints from 7 — ¢+ relevant for ¢,, and
Eer, as shown in Figs. 35 (c) and (d). However, these are less stringent than the 7 — ¢7°
and 7 — {n constraints discussed before. There are no new constraints for ¢,, and €., that
are stronger than those shown in Figs. 33 (c) and 34 (c) respectively, so we do not repeat

these plots again in Fig. 35.
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2.6 NSI in a triplet leptoquark model
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Figure 36: Neutrino mass generation in the one-loop model with both doublet and triplet
leptoquarks. This is the Of model of Table 4 [60].

This is the O model of Table 4 [60]. In this model, two new fields are introduced
— an SU(2) -triplet scalar LQ 5 (3,3,%) = (p**, p'/%, p2/*) and an SU(2).-doublet LQ
Q(3,2,%) = (w¥?, w™'/?). The relevant Lagrangian for the neutrino mass generation can
be written as

—Ly D AapLadiQ+ NyyLaQsp+Heeo = Ao (vadfw™? — Lod5w™?)

1
A0 [«%dﬁﬁ‘*“ -5 (Vads + Catig) P + vousp 23| + Hee. (2.6.1)

These interactions, along with the potential term

0O 1
V D uQpH +He =p {w*1/3p4/3H+ + _2 (w*l/SHO B w*72/3H+) p,l/g

— w2 BHY| 4 He., (2.6.2)

where p is related to p by charge conjugation as p (3,3, —1) = (p*/3, —p='/3, p=/3), induce
neutrino mass at one-loop level via the O operator in the notation of Ref. [60], as shown in
Fig. 36. The neutrino mass matrix can be estimated as

1w

M, ~ — &2
1672 M2

(AMGAT + XN MgAT) (2.6.3)

where M, is the diagonal down-type quark mass matrix and M = max(m,,, m,). The NSI
parameters read as

£ g
T 426G, 2

me, M —2/s szus
Note that both A and A’ cannot be large at the same time due to neutrino mass constraints
(cf. Eq. 2.6.3). For A > X, this expression is exactly the same as the doublet L(Q contribution
derived in Eq. 2.5.48 and the corresponding maximum NSI can be read off from Table 18 for
the doublet component.

3 [ Aadsa | NauMsu | AaaN
( adZfpd | “oufu 4 Zod ﬁd) . (2.6.4)
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On the other hand, for X' > A, the third term in Eq. 2.6.4 is analogous to the down-
quark induced singlet LQ NSI given in Eq. 2.5.48 (except for the Clebsch-Gordan factor of
(1/4/2)?), whereas the second term is a new contribution from the up-quark sector. Note that
both terms depend on the same Yukawa coupling A, = AL, in the Lagrangian 2.6.1. This is
unique to the triplet LQ model, where neutrinos can have sizable couplings to both up and
down quarks simultaneously, without being in conflict with the neutrino mass constraint. As
a result, some of the experimental constraints quoted in Sec. 2.5 which assumed the presence
of only down-quark couplings of LQ will be modified in the triplet case, as discussed below:

2.6.1 Atomic parity violation
The shift in the weak charge given by Eq. 2.5.13 is modified to

50wz N) = —— |z + nyRal 74 ony el (2.6.5)
o 2\/§GF 277121/3 m24/3 . o
Assuming m /s = m s = m, and noting that X, = A\, in Eq. 2.6.1, we obtain
117 |A,?

8Q, (333Cs) = Pedl 2.6.6

Comparing this with the 20 allowed range 2.5.17, we obtaln the modified constraint
N < 020 (%), 2.6.7
Xl e (26.7)

which is weaker (stronger) than that given by Eq. 2.5.18 for the SU(2).-doublet (singlet)
LQ alone.
2.6.2 u — e conversion

From Eq. 2.5.19, we see that for the triplet case, the rate of u — e conversion will be given
by

BR(IN — eN) ~ PelEem a324ﬁF2(2A 7y [ Reitual e Nul) (2.6.8)
— ~ — .0.
pay e 6472 ZT 5 m2,  2ml, )

For degenerate p-mass and \j; = \),,, we obtain the rate to be (3/2)? times larger than that
given in Eq. 2.5.19. Therefore, the constraints on [AZ3\ ;| given in Table 13 will be a factor
of 3/2 stronger.

2.6.3 Semileptonic tau decays

The semileptonic tau decays such as 7= — £~7%, £~n, {~1’ will have two contributions from
p'/3 and p*?. The relevant terms in the Lagrangian 2.7.22 are

1
—Ly D /\/aﬁ <—7£au5p1/3 + gad5ﬁ4/3) + H.c.

D M\, (—TTV supt® 4 po4/3> + Aed <—7£V *upt/® 4 €dp4/3> +H.c., (2.6.9)
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| Process | Exp. limit [113] |

Constraint

|

7= pr® | BR < L1x 1077 | [N \5] < 1.9 x 107! (22)?
7o en® | BR<8x107 | [N N5 < 1.6 x 107 (22)?
7= pn | BR < 6.5x 1078 | [N, N5 < 6.3 x 1072 (2
T—en | BR<92x1078 | [N N5 < 7.3x 1072 (2%)”
7= | BR < 131077 | [N \4| < 1.5 x 107! (%)
T ey | BR < 1.6x 1077 | [N N5 < 1.7x 107! (22)?

Table 19: Constraints on couplings and the L) mass from semileptonic tau decays in the
triplet LQ case. Here we have assumed all the triplet fields (p*/3, rho” 3, p~%/3) to have the
same mass 1.

where we have assumed a basis with diagonal down-type quark sector. Using the matrix
element 2.5.28, we find the modified decay rate for 7= — ¢~ 7° from Eq. 2.5.26:

2
|)‘2d/\l*d|2 2,3 1 1
== = fﬂ‘mT‘FT Mg, My - :
10247 ( ) mim 2ml2)_1/3

Thus, for m,-1s = mys, the 77 — (7% decay rate is suppressed by a factor of 1/4,
compared to the doublet or singlet LQ case (cf. Eq. 2.5.26). So the constraints on A\j;\%,
from 7 — (7% shown in Table 15 will be a factor of 2 weaker in the triplet LQ case.

On the other hand, using the matrix element 2.5.29, we find that the modified decay rate
for 77 — {~n becomes

(2.6.10)

FT—)ZWO

2
| Aol

1 1
= T frmlF (mg, my) (

2
+ ;
2mi_1/3>

which is enhanced by a factor of 9/4 for m p-1/3 = M3, compared to the doublet or singlet
LQ case. So the constraints on Ay, from 7 — ¢n shown in Table 15 will be a factor of 3,2
stronger in the triplet LQ case. The same scaling behavior applies to 7 — ¢ constraints.
These modified constraints are summarized in Table 19.

T (2.6.11)

10247

2
m
p4/3

2.6.4 (4 — 5+~

The cLFV decay ¢, — ¢+ arises via one-loop diagrams with the exchange of p LQ fields,
analogous to Fig. 27. The relevant couplings in Eq. 2.6.1 have the form fup'/® = u¢P 5"/
for which Qr = —2/3 and @ = 1/3 in the general formula 2.4.30, whereas for the couplings
(dp'? = dePplp'?, we have Qr = 1/3 and Qp = 4/3. Substituting these charges in
Eq. 2.4.30 and taking the limit ¢ = m%/m% — 0 (since the LQs are expected to be much
heavier than the SM charged leptons), we obtain

9 | Ny A% | m?
90 [AsaXaal g (2.6.12)

Pta =65 +7) = 555 A6rz)z mi -
o
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where 9 = 32 is a color factor and we have assumed m,-17s = M,ys. The rate in Eq. 2.6.12
is 9/4 times larger than that given in Eq. 2.5.25 for the singlet LQ case. Therefore, the
constraints on [Nz Aqy| derived in Table 14 will be weakened by a factor of 3/2.

2.6.5 D-meson decays

The lyupp'/® and £,dsp*’3 terms in Eq. 2.7.22 induce flavor violating quark decays. Following
the discussion in Sec. 2.5.1, we work in a basis where the down quark mass matrix is diagonal,
so there are no constraints from rare kaon decays. However, the {,ugp'/® term in Eq. 2.7.22
now becomes £, Vu;p'/? which induces D° — ¢*¢~ and D* — 7¢*¢~ decays. The analysis
will be the same as in Sec. 2.5.1, except that the X, couplings will now be replaced by
M. ./v/2. Correspondingly, the constraints on |\, | given in Table 16 will be v/2 times weaker.
For instance,

, 0.868 (s from D° — putp~
Aol < { 0.602 é;%_v from D+ — mtptpm (26.13)

2.6.6 Contact interaction constraints

The LEP and HERA contact interaction bounds discussed in Sec. 2.5.2 will also be modified
in the triplet L(Q case. Here, the interactions are only of LL type, but the effective Yukawa
coupling is 1/3/2 times that of the singlet case in Table 17. The modified constraint is given
by

3 .
m, LL { 0.904 TeV from LEP (2.6.14)

L Vier - 3.127 TeV  from HERA

2.6.7 LHC constraints

The LHC constraints on the p fields will be similar to the discussion in Sec. 2.5.3. Comparing
the Lagrangians 2.5.1 and 2.7.22, we see that p"/? will have the same decay modes to vj and
(7, and therefore, the same constraints as the singlet x~'/3 discussed in Sec. 2.5.4. In our
analysis, we have assumed degenerate mass spectrum for all the triplet LQ fields. But we
note here that the p~2/3 component can in principle be lighter, since it can only decay to
vj for which the constraints are weaker (cf. Fig. 31). However, the mass splitting between
p~2/3 and p'/? cannot be more than ~ 100 GeV from T-parameter constraints, analogous to
the charged scalar case discussed in Sec. 2.4.4 (cf. Fig. 9). In that case, the limit on m /s
for 50% branching ratio to vj and ¢j channels (since they are governed by the same X/ ,

coupling), one can allow for m,,-2/s as low as 800 GeV or so.
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2.6.8 NSI prediction

Taking into account all the constraints listed above, we show in Figs. 37 and 38 the predictions
for diagonal (e, €, €--) and off-diagonal (e, €,r, €er) NSI parameters respectively from
Eq. 2.6.4 by black dotted contours. Colored shaded regions in each plot are excluded by
various theoretical and experimental constraints, as in Figs. 33 and 34. The main difference
is in the NuTeV constraint shown in Fig. 37 (b), which is more stringent than those shown in
Figs. 33 (b) and 35 (b). The reason is that in presence of both £ and 7" as in this LQ model

(cf. 2.6.1), the total contribution to (gg)z in Eq. 2.5.50 is always positive, and therefore, any
nonzero ¢, will make the discrepancy worse than the SM case of 2.70. Therefore, we cannot
impose a 90% CL (1.640) constraint from NuTeV in this scenario. The line shown in Fig. 37
(b) corresponds to the 30 constraint on €, < 0.0007, which is subject to the same criticism
as the discrepancy with the SM, and therefore, we have not shaded the NuTeV exclusion
region and do not consider it while quoting the maximum allowed NSI.

From Figs. 37 and 38, we find the maximum allowed values of the NSI parameters in the
triplet LQ model to be

Eee = 0.0059, e = 0.0007, Errt 0.517,

ee 228 T =

emx — 19x 1078, &M = 00050, ™™ = (.0038. (2.6.15)

e er uT

This is also summarized in Fig. 60 and in Table 21.

84



Eee g
3.5 L
7 30%_~ e
3.0 NS -~ 2
90 R Pe a'tlveunltanty
2.5
Tﬁ — 20
| <
- X
) = 15
1.0
[ 1.9
0.5 |||||||||||||||||||||||
---------------- NUTEY. e

0.0 A i i 0.0 i i i
1000 1200 1400 1600 1800 2000 1000 1200 1400 1600 1800 2000
myq (GeV) myq (GeV)

81'1'

0% 309 20%

500 7000 1800 2000
myq (GeV)

Figure 37: Predictions for diagonal NSI (e, €,,, €;-) induced by the triplet LQ are shown
by black dotted contours. Colored shaded regions are excluded by various theoretical and
experimental constraints. The labels are same as in Fig. 33.
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Figure 39: One-loop neutrino mass in the minimal radiative inverse seesaw model [72].
This model induces the operator O of Eq. 2.7.1.

2.7 Other type-I radiative models

In this section, we briefly discuss the NSI predictions in other type-I radiative models at
one-, two- and three-loops. In each case, we present the new particle content, model La-
grangian, Feynman diagrams for neutrino mass generation and expressions for neutrino mass,
followed by the expression for NSI parameters. The maximum NSI allowed in each model is
summarized in Table 21.

2.7.1 One-loop models
Minimal radiative inverse seesaw model

This is an exception to the general class of type-I radiative models, where the new particles
running in the loop will always involve a scalar boson. In this model, the SM Higgs and Z
bosons are the mediators, with the new particles being SM-singlet fermions.'* The low-energy
effective operator that leads to neutrino mass in this model is the dimension-7 operator

, = L'IVH H'eyey(H'H) (2.7.1)

However, this mechanism is only relevant when the dimension-5 operator given by Eq. 2.1.1
that leads to the tree-level neutrino mass through the seesaw mechanism is forbidden due
to some symmetry. This happens in the minimal radiative inverse seesaw model [72]. In
the usual inverse seesaw model [212], one adds two sets of SM-singlet fermions, N and S,
with opposite lepton numbers. The presence of a Majorana mass term for the S-field, i.e.,
wsSS leads to a tree-level neutrino mass via the standard inverse seesaw mechanism [212].
However, if one imposes a global U(1) symmetry under which the S-field is charged, then the
1tsSS term can be explicitly forbidden at tree-level.!® In this case, the only lepton number
breaking term that is allowed is the Majorana mass term for the N-field, i.e., ug NN. It can

4 There is yet another possibility where the mediators could be new vector bosons; however, this necessarily
requires some new gauge symmetry and other associated Goldstone bosons to cancel the UV divergences.

15This can be done, for instance, by adding a singlet scalar field o with a global U(1) charge of +2, and
by making N and S oppositely charged under this U(1), viz., N(—1) and S(+1), so that the SoS term is
forbidden, but NoN and SoN are allowed. Furthermore, this global U(1) symmetry can be gauged, e.g.,
in an Eg GUT embedding, where the fundamental representation 27 breaks into 16; + 10_5 4+ 14 under
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be shown that this term by itself does not give rise to neutrino mass at tree-level, but a non-
zero neutrino mass is inevitably induced at one-loop through the diagram shown in Fig. 39
involving the SM Higgs doublet (which gives rise to two diagrams involving the SM Higgs
and Z-boson after electroweak symmetry breaking [72]). One can see that the low-energy
effective operator that leads to neutrino mass in this model is the d = 7 operator O] of Eq.
(2.1.5) by cutting Fig. 39 at one of the H-legs in the loop.

The relevant part of the Yukawa Lagrangian of this model is given by

_ _ 1
~Ly D YosLoHNg + S0 (My)paNa + §N§ C(ur)apNs + H.c. (2.7.2)

After electroweak symmetry breaking, evaluating the self-energy diagrams that involve the
Z-boson and Higgs boson (cf. Fig. 39), the neutrino mass reads as (in the limit purp <
My) [72, 213]:

Oy Tp TN 3xz IN
M, ~ —" (ML [—10 (_) LBz, (_)} (273
167Tm124/( pirMp) TN — TH & TH TN — Ty & Ty ( )

where Mp = Yv/V?2, a, = ¢%/4n, xn = m3/my, v = m%/my, and 27 = m%/m},, and
we have assumed My = my1 for simplicity.

The NSI in this model arise due to the fact that the light SU(2)-doublet neutrinos v
mix with the singlet fermions N and S, due to which the 3 x 3 lepton mixing matrix is no
longer unitary. The neutrino-nucleon and neutrino-electron interactions proceed as in the
SM via t-channel exchange of W and Z bosons, but now with modified strength because of
the non-unitarity effect, that leads to NSI [214]. If only one extra Dirac state mixes with
the three light states with mixing parameters U,4 (with o = e, u, 7), we can write the NSI
parameters as

Y, Y, Y,
Eee — (7_1> |Ue4|2> Eup = 7|U,u4|27 Err = 7|Ur4’27

cw = 3V DUl 2 = = DULUL g =
where Y,, = N,,/N, is the ratio of the average number density of neutrons and electrons in
matter. Note that for Y,, — 1 which is approximately true for neutrino propagation in earth
matter, we get vanishing e., and €., up to second order in Uas.'% Taking into account all
the experimental constraints on U,4Uj, from neutrino oscillation data in the averaged-out
regimes, beta decay, rare meson decay, beam dump experiments, cLF'V searches, collider
constraints from LEP and LHC, as well as electroweak precision constraints [214-219], the
maximum NSI parameters allowed in this model are summarized in Table 21. We find that

WUz, (2.7.4)

lel®| = 0.024, e = 0.022, er®* = 0.10,

ee o TT

EM — 0,001, €M™ = 0.003, M = 0.012. (2.7.5)

epn et = uT

SO(10) x U(1). The v and N belong to the 16; subgroup, while the S belongs to 1. Adding two scalars
0,0’ with U(1) charges —2 and —5 respectively allows the Dirac mass term NoS and Majorana mass term
No’'N in Eq. 2.7.2, but not the Majorana mass terms So()s.

16This result is in disagreement with Ref. [214], where they have e,5 = %Ua4U§4 for all the off-diagonal
NSI parameters, which cannot be the case, because for & = e, both CC and NC contributions are present,
whereas for a # e, only the NC contribution matters.
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For e, and ¢.,, we have used Y,, = 1.051 (for average value all over the earth) in Eq. 2.7.4,
in addition to the cLFV constraints on U.,U, ;4 and U.4UZ,. The maximum NSI values listed
above (and also summarized in Table 21) are obtained for a relatively light (~MeV-scale)
sterile neutrino, where the experimental constraints are weaker than at higher masses.

The NSI expressions 2.7.4 also apply to two-loop radiative models with two W-boson
exchange [220-222|. However, the maximum NSI obtainable in these models will be much
smaller than the estimate in Eq. 2.7.5 because the sterile neutrino in this case is required to
be heavier for successful neutrino mass generation at two-loop.

One-loop model with vectorlike leptons

1
(H?)
Figure 40: Neutrino mass generation in the one-loop model with vectorlike leptons. This
is the O} model of Table 3 [60].

This model [60] utilizes the same d = 7 operator Oy = L'LI L*e*H'e;je5 (cf. Eq. 2.2.2b),
as in the Zee model to generate a one-loop neutrino mass. The new particles added are a
scalar singlet n™(1,1,1) and a vectorlike lepton (1, 2, —%) = (E, F~7), which give rise
to the O operator L(LL)(e“H) (cf.Table 3). Neutrino mass is generated via the one-loop
diagram shown in Fig. 40. The relevant Lagrangian for the neutrino mass generation reads:

—L D fagLaLgnJr + y;ﬂLawgn’ + yagfzng + mwwiﬁc + H.c. (276)

where ¢ = (F** —E°¢) and H (1, 2, %) is the SM Higgs doublet. Expanding the first two
terms, we get

—L D fap(Walpn™ = lavan™) = yosWaEgn~ + Lo Eg n7) + He. (2.7.7)

The neutrino mass matrix can be estimated as

1 L(
1672 M2

M, ~ fMyyMpy™ +y' Mpy" Mo f7) (2.7.8)
where M, is the diagonal mass matrix for the SM charged leptons, M is the diagonal mass
matrix for the vector-like leptons with eigenvalues mpg,, and M = max(m,, mg,). Note that
just one flavor of ¢ is not sufficient, because in this case, the neutrino mass matrix 2.7.8
would have a flavor structure given by (fM, — M,f), which has all the diagonal entries zero,
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’ Observable \ Exp. limit Constraint ‘
[ ey BR < 4.2 x 10713 [117] 5 for] < 1.09 x 10 (mh;)2
T — ey BR < 3.3 x 107% [116] | f2 fur| < 0.71( ¢)
Ty BR < 4.4 x 1078 [116] f2 fer| < 0.82 (Bat)?

)2

D VeP|? = 0.9992 + 0.0011 [113]

q=d,s,b

lep./had. univ. | feul? < 0.015 (4

{1/e univ. g2 /g = 1.0001 £ 0.0020 [113] | || furl® — | for]?| < 0.05 (5t
7/p univ. g2 /geP = 1.0004 £ 0.0022 [113] | || fer|* — [ foul?] < 0.06 ()
/e univ. g2 /g = 1.0004 £ 0.0023 [113] | [|furl? — [ fen]?] < 0.06 (Zet)”

Table 20: Constraints on the singly-charged scalar Yukawa couplings [223|. Here ¢&*P stands
for the effective gauge coupling extracted from muon and tau decays in the different leptonic
channels.

similar to the Zee-Wolfenstein model [105]. Such a structure is ruled out by observed neutrino
oscillation data. Thus, we require at least two flavors of 1, in which case the diagonal entries
of M, are nonzero, and the model is consistent with experiments.

NSI in this model are induced by the f-type couplings in Eq. 2.7.7, similar to the f-
couplings in the Zee model Lagrangian 2.4.2. The NSI parameters read as

_ ee 1 feB
€ap = Eap = \/_GF

Due to the antisymmetric nature of the f couplings, the only relevent NSI parameters in this
case are €,,, €., and ... These are severely constrained by cLEF'V searches and universality
of charged currents [223], as shown in Table 20. This is similar to the case of Zee-Babu model
discussed later in Sec. 2.7.2. Since the singly-charged scalar mass has to be above ~ 100
GeV to satisfy the LEP constraints (cf. Sec. 2.4.7), we obtain from Eq. 2.7.9 and Table 20
the following maximum values:

(2.7.9)

7]+

em = (), emm = 9.1x 107", emax — 30 x 1073,
st =0, e =0, g = 30x107% (2.7.10)

ep

This is also summarized in Table 21.

SU(2)-singlet leptoquark model with vectorlike quark

This model [60] is the O3 realization of the dimension-7 operator Oz (cf. Table 4). The
new particles introduced are a scalar L(Q singlet x (3, 1, —%) and a vectorlike quark doublet
Q(3,2,-3) = (D73, X~*?). Neutrino mass is generated at one-loop level as shown in
Fig. 41. The QQx* and du®y interaction terms, allowed by gauge invariance, are forbid-
den by demanding baryon-number conservation in order to avoid rapid proton decay. The
relevant Lagrangian for the neutrino mass generation reads as

Ly D AagLaQpX* + NoLaQ0x + fad,QH + [ 505usx + Hee. (2.7.11)
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1
(H?)
Figure 41: Neutrino mass generation in the one-loop singlet leptoquark model with vec-
torlike quarks. This is the O35 model of Table 4 [60].

Expanding the first two terms, we get
—Ly D AapWadsx™ — laupX™) — AL (Va DY + € X X) . (2.7.12)

The neutrino mass matrix can be estimated as
1 v

M, ~
1672 M?

(AMafMpXT + N Mp fTMA") | (2.7.13)

where M, is the diagonal down-type quark mass matrix, Mp is the mass matrix for the
down-type VQ with eigenvalues mp,, and M = max(m,,mp,). With a single copy of VQ
quarks, the rank of M, is two, implying that the lightest neutrino has zero mass at the
one-loop order. This model can lead to consistent neutrino oscillation phenomenology.

NSI in this model are induced by the A-type interactions in Eq. 2.7.12:

Eaf = 2.7.14
B 4\/§GF mi ( )

This is exactly same as the singlet LQ contribution in Eq. 2.5.48 and the corresponding
maximum NSI can be read off from Table 18:

Eee = 0.0069, e = 0.0086, e = 0.343,

ee Hp

em 5% 1077, &M = 0.0036, ™™ = (.0043. (2.7.15)

e et uT

This is also summarized in Table 21.

SU(2),-doublet leptoquark model with vectorlike quark

This is referred to as Of in Table 4. The model has an SU(2).-doublet LQ Q (3,2,1) =
(w2/3, w*1/3) and an SU (2)-triplet vectorlike quark X (3, 3, %) = (Y5/3, U?/3, D*I/?’). Neu-
trino mass is generated at one-loop level via the Feynman diagram shown in Fig. 42. The
relevant Lagrangian for the neutrino mass generation can be written as

Ly D MsIS o+ (AapLadiQ+ X,QuSH + X LSO+ He.) . (27.16)
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Figure 42: Neutrino mass generation in the one-loop doublet leptoquark model with vec-
torlike quarks. This is the model O$ of Table 4 [60].

where 0 = i7,Q* is the isospin conjugate field. Expanding the terms in Eq. 2.7.16, we obtain
—Ly D My (YY+ DD+ UU) + [Aag (vaw™* = £ow®?) df

1
+X, {uaycm 5 (uaH’ + d HT) U + daDCHO}

1
+\ {I/QDWH/‘3 — E (—Vaw*_2/3 + ﬁaw*l/?’) U — Ean*_Q/?’} + H.c.] . (2.7.17)

The neutrino mass can be estimated as
1 v

M, ~ —

v 1672 M?

(AMGN MpN'™ + X' MpNTMgAT) (2.7.18)

where M, and Mp are the diagonal down quark mass matrix and vectorlike quark mass
matrix respectively, and M = max(m,, mp,), with mp, being the eigenvalues of Mp. As in
previous models with one copy of vectorlike fermion, the rank of M, is two in this model,
implying that the lightest neutrino is massless at the one-loop level.

NSI in this model are induced by the doublet LQ component w~'/3. The NSI parameters
read as 3
Eap = od 0L (2.7.19)
4\/§GF my,

This expression is exactly the same as the doublet LQ contribution in Eq. 2.5.48 and the
corresponding maximum NSI can be read off from Table 18:

Eoet = 0.004, e = 0.216, e = 0.343,

ee [ TT

emE 5% 1077, &M = 0.0036, ™ = (.0043. (2.7.20)

e et uT

This is also summarized in Table 21.

Model with SU(2).-triplet leptoquark and vectorlike quark

This is based on the operator O} (see Table 4) which is realized by adding an SU(2)-triplet
p(3,3,%) = (p*3, p'/3, p~%3) and a vectorlike quark doublet Q (3,2, —2) = (D=3, X~4/3).
Neutrino mass is generated at one-loop level, as shown as Fig. 43. There is also a two-loop
diagram involving p?/3, which is not considered here, as that would be sub-dominant to the
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Figure 43: Neutrino mass generation in the one-loop triplet leptoquark model with vector-
like quarks. This model corresponds to Of of Table 4 [60].

one-loop diagram. The interaction term (QQ)p is forbidden by demanding baryon-number
conservation to avoid proton decay. The relevant Lagrangian for the neutrino mass genera-
tion can be written as

—Ly D MgQQ°+ (NapLa®pp+ N, LoQp + yadl,QH + H.c.), (2.7.21)

where p is related to p by charge conjugation as p (3,3, —1%) = (p*3, —p~'/3, p=4/3). Ex-
panding the terms in Eq. 2.7.21, we get

1
—Ly D Mg (DD + XX¢) + [Aag {Vau5ﬁ2/3 — ——= (Vodg + Loug) p° + fad5ﬁ4/3}

V2
1
+AL {Vach4/3 + E (Lo X — vy DY) p 3 — €aDcp2/3}

+yo (DH® — HTX)d, + H.c] . (2.7.22)

The neutrino mass can be estimated as

1 v

M, ~ 1622 M2 (>\ Mgy Mp N4 N Mp yTMd >\T) ) (2.7.23)

where My and Mp are the diagonal mass matrices for down-type quark and vectorlike quark
fields, and M = max(mp,, m,), with mp, being the eigenvalues of Mp. With a single copy
of the vectorlike quark, the matrices y and X are 3 x 1 dimensional. Consequently the rank
of M, is two, which would imply that the lightest neutrino mass m; = 0 at the one-loop
level. Realistic neutrino mixing can however be generated, analogous to the model of Ref.
[44, 45].

NSI in this model are induced by both 52/ and p'/? fields, which couple to up and down
quarks respectively (cf. Eq. 2.7.22). The NSI parameters read as

3 A5 Agy AT
€ag = aulfu | ZadZhd ) (2.7.24)
4\/§GF mp72/3 2mp1/3

This is same as the triplet contribution in Eq. 2.6.4 and the maximum allowed values are
given in Eq. 2.6.15.
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Figure 44: Feynman diagram for neutrino mass generation in the extended one-loop LQ
model with up-type quark chiral suppression in the loop. The AL = 2 effective operator is
O, of Eq. 2.7.25.

A new extended one-loop leptoquark model

Here we present a variation of the one-loop LQ model of Sec. 2.5 wherein the neutrino mass
is generated with up-quark chiral suppression (see Fig. 44), rather than down-quark mass
suppression (as in Fig. 24). The effective operator of the model is of dimension nine, given
by

O, = (LQ)(Lu*)(HH)H , (2.7.25)

which may appear to be a product of O; of Eq. (2.1.1) and the SM operator (Qu°H ); but
the SU(2), contractions mix the two sub-operators. To realize this operator at the one-loop
level, three SU(3).-triplet LQ fields are introduced: 6 (3,2,%) = (6°/3, 6*%), p(3,3,3) =
(ﬁ4/3,ﬁ1/3,ﬁ*2/3) ¥3 (3, 1, %) Since three new fields are introduced, this model may be
viewed as non-minimal, and does not fit into the classification of The corresponding La-
grangian for the neutrino mass generation reads as

—Ly D XapLous + MysLaQsp + Hee. = Ao (vaud™? — Lou56°?)

1
+ Mg [Ladgp™? — 7 (Vadg + Loug) p° + uauﬁp—z/?’] +He o (2.7.26)
Neutrino mass is generated by the diagram shown in Fig. 44 using the Lagrangian 2.7.26,
together with the potential terms

Vo MpHHE + pHSe* + He = M\£2/3 <ﬁ4/3H‘H‘ FV2PVBHOH ,5‘2/3H°H°>
+ p& B (H? + H-6°%) + Hec. (2.7.27)

where H = (H°, —H™) represents the SM Higgs doublet. The neutrino mass matrix can be

estimated as
1 pulod

2

M, ~ —
1672 m3m?3

(AMNT 4+ N M AT, (2.7.28)

where my and my are the masses of the heaviest two LQs among the ¢, p and £ fields, and M,
is the diagonal mass matrix in the up-quark sector. To get small neutrino masses, we need
the product AN < 1. We may take A ~ O(1) and N < A which is preferable to the other
case of A < X, since the A" couplings are constrained by D-meson decays (see Sec. 2.5.1).
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After integrating out the heavy LQ fields, Eq. 2.7.26 leads to an effective NSI Lagrangian
with up-quarks in the neutrino propagation through matter. The NSI parameters read as

EaB = U + + . 2.7.29
B 4\/§GF ( 2 ( )

m?i M —a/s Qmius

For A > X, this expression is exactly the same as the doublet LQ contribution derived in
Eq. 2.5.48 and the corresponding maximum NSI can be read off from Table 18 for the doublet
component. For X' > A\, Eq. 2.7.29 is the same as Eq. 2.7.24. This latter choice maximizes
NSI in this model and is summarized in Table 21.

There are other variations of one-loop LQ models with more exotic particles [58, 59],
where the neutrino mass is proportional to up-type quark mass. The NSI predictions in
these models are the same as in Eq. 2.7.29.

2.7.2 Two-loop models
Zee-Babu model

This model realizes the operator Oy of Eq. (2.1.4). In this model [44, 45|, two SU(2) .-singlet
Higgs fields, h™(1,1,1) and k71(1,1,2), are introduced. The corresponding Lagrangian for
the generation of neutrino mass reads:

—Ly D [fasLhCLLh €5+ hagl™oClsk*™ + Hee.
= fap(WICls —VECL)RT + hopllClsk™ + Hec. 2.7.30
B\ B B Bta B

Majorana neutrino masses are induced at two-loop as shown in Fig. 45 by the Lagrangian 2.7.30,
together with the potential term

V D> —uh hkE*T +He.. (2.7.31)

The neutrino mass matrix reads:

ety T Sy
/{ Y Y,
I | \
_FI(_.—)_L(—.-—)—I—(—

Va e, f; 14 fg 14 5 Vg

/

Figure 45: Neutrino mass generation at two-loop in the Zee-Babu model [44, 45]. This
model generates operator Oy of Eq. 2.1.4.

1 8
M, ~ —
(1672)2 M2

fMA M, fTT, (2.7.32)

where M = max(my++,my+) and Z is a dimensionless function that depends on the ratio of
the masses of the two new scalars [118, 223-225|. The singly charged scalar A" induces NSI
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at tree-level through the f-type Yukawa coupling in Eq. 2.7.30. After integrating out the
heavy scalars, NSI induced in neutrino propagation through normal matter can be written

as ) “
— ee ealep

Eaf = €op = . 2.7.33

’ ’ \/§GF m}Qﬁ— ( )

This is exactly the same as Eq. 2.7.9 for which the maximum NSI are given by Eq. 2.7.10.

These are severely constrained by cLFV searches and universality of charged currents [223]

(cf. Table 20), restricting the maximum NSI to O(1073) level [226]. These numbers are

summarized in Table 21.

Leptoquark/diquark variant of the Zee-Babu model

One can also generate neutrino mass at two-loop by replacing leptons with quarks in the
Zee-Babu model as shown in Fig. 46. In addition to the SM fields, this model [61] employs
a scalar LQ x (3, 1, —%) and a scalar diquark A (6, 1, —%) The x (A) field plays the role of
singly (doubly)-charged scalar in the Zee-Babu model. The relevant Yukawa Lagrangian for
the neutrino mass generation is written as

~Ly D XapLiQix"€ij + hasdldiA™% + Hee.
= Aag (Vads — Laus) X* + hapdid5 A% + Hee. (2.7.34)

Neutrino mass is generated at two-loop via the Lagrangian 2.7.34 in combination with the
potential term

V O —ux*'x"A73 L He. (2.7.35)

The neutrino mass matrix can be calculated as

X, T T TS ~1/3

Figure 46: Neutrino mass generation at two-loop in the LQ/DQ variant of the Zee-Babu
model which generates operator Qg [61], cf. Eq. 2.1.4.

241

M, ~ ——F
(1672)2 M2

AMGATMANTT | (2.7.36)

where M = max(m,,ma), My is the diagonal down-type quark mass matrix, and 7 is a
dimensionless two-loop integral defined in terms of the ratio of mX and m?2 [118]. After
integrating out the heavy scalars, the NSI parameters in this model are given by
cop — 3 ANAad ‘
“ 4\/§GF mi

(2.7.37)
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This is exactly same as the singlet LQ contribution in Eq. 2.5.48 and the corresponding
maximum NSI can be read off from Table 18:

e = 0.0069, e = 0.0086, e = 0.343,

ee o TT

U — 15x 1077, £M™ = 0.0036, £ = 0.0043. (2.7.38)

ep et = ur

This is also summarized in Table 21.

There are a few variants of this leptoquark /diquark version of the Zee-Babu model. First,
one could replace the color sextet field A (6, 1, —%) by a color triplet scalar A (3, 1, —%) in
Fig. 46. The cubic term x*x*A will not be allowed by Bose symmetry in this case. By
assuming two copies of the y field, namely, x; and y2, one could restore this coupling from
XIX34A, in which case the diagram of Fig. 46 can be connected [70]. The NSI in such a
model is identical to the model described in this section. Second, one could replace the
internal down quarks of Fig. 46 by up-type quarks, with a simultaneous replacement of
X (3, 1, —%) by p (3,3, —%) and A (6, 1, —%) by A (6, 1, %) Neutrino NSI will then follow
the p NSI predictions as in Sec. 2.7.1. In this up-quark variant, one could replace the diquark

A (6, 1, %) by a color triplet field A (3, 1, %) as well [70].

Model with SU(2);-doublet and singlet leptoquarks

Operator O3, of Eq. (2.2.2¢) does not induce neutrino mass via one-loop diagrams owing
to the SU(2),, index structure. This operator will, however, lead to generation of neutrino
masses at the two-loop level. A simple realization of Os, is given in Ref. [62]. This model
uses the same gauge symmetry and particle content as in the LQ variant of the Zee model
(cf. Sec. 2.5), i.e., ©(3,2,1) = (w?/3,w™/?) and x (3,1, —3), with x coupling modified as
follows:

—Ly D )\aﬁLgdcﬁQjeij + faplougx + Hee.,
= Aap (Vadfw ™% — Lod5w®?) + fagliufx + Hee. (2.7.39)

Note that these Yukawa couplings conserve both baryon and lepton number as can be seen by
. N

assigning (B, L) charges of (5, —1) to Q and (%, 1) to x. The couplings \,pugdsx*, allowed
by the gauge symmetry are forbidden by B, and the couplings A, ;L.Qsx* (as in Eq. 2.5.1),
allowed by gauge symmetry as well as B are forbidden by L.!” The L symmetry is softly
broken by the cubic term in the scalar potential 2.5.2.

The simultaneous presence of Eqs. 2.7.39 and 2.5.2 would lead to neutrino mass generation
at two-loop level as shown in Fig. 47. Here X, (with a = 1,2) are the mass eigenstates
obtained from the mixture of the w™'/% and y~'/3 states (cf. Eq. 2.5.4). Evaluation of the

LQ-W exchange diagrams in Fig. 47 (a) give the neutrino mass matrix as

3¢? sin 2cv

M, ~ 22—
(1672)2 M2

[AMVT M, fTMy + MM,V M) T, (2.7.40)

where 3 is a color factor, «v is the w — x mixing angle (cf. Eq. 2.5.5), M, 4, are diagonal mass
matrices for the up- and down-type quarks, and charged leptons, respectively, V' is the CKM

1"The simultaneous presence of the f and X’ couplings will drastically alter the successful V — A structure
of the SM [227], and therefore, the A’ terms must be forbidden in this model by L symmetry.
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Figure 47: Two-loop diagrams contributing to neutrino mass generation in the model of
Ref. [62]. The model realizes operator Oy, of Eq. (2.2.2¢), see Table 4.
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Figure 48: Two-loop neutrino mass generation in the model of Ref. [63] with a LQ and a
vector-like quark. This model corresponds to O3 of Table 4.

mixing matrix, M = min(my, ms) (with m; o given by Eq. 2.5.6), and Z is a dimensionless
two-loop integral that depends on my o, my and M, 4, [62].

NSI induced in this LQ model has the same features as the LQ variant of the Zee model
discussed in Sec. 2.5.4. Note that the f,s-couplings in Eq. 2.7.39 do not lead to neutrino
NSI. The expression for the NSI parameters is given by

o 3 ANigAad
o 4\/§GF mZ, .

The maximum allowed values of these NSI parameters are given in Table 18 (doublet case)
and also summarized in Table 21.

(2.7.41)

Leptoquark model with SU(2).-singlet vectorlike quark

This model utilizes the dimension-7 operator L‘L’ e@-ijH leud® to generate two-loop neutrino
mass [63]. This specific realization corresponds to the model O3 of Table 4 [60]. In addition
to the SM fields, an SU(2)-singlet vector-like quarks U (3, 1, %) and U* (3*, 1, —%), and a
scalar doublet LQ Q (3,2,1) = (w?3,w /%) are added to the SM spectrum. Addition of
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these fields leads to the following new Yukawa Lagrangian:
Ly D AasLaQds + N,LoQU + Qo HU® + Hee.
= Mg (Vadiw ™ — LodSw®?) + X, [(w‘l/g)*ﬁaU + vy (W) U] (2.7.42)
+ fulugHUC — d HYU®) + Hec.,

where () = 179€2*. The presence of all three Yukawa terms implies that lepton number is not
conserved. Together with the quartic coupling term in the potential

V O MQH ey D —Aw VPP HTH + He., (2.7.43)

the Lagrangian 2.7.43 leads to neutrino mass generation at two-loop as shown in Fig. 48.
This can be estimated as

AT

M, ~ (16227 312 (AMgf Mg NT + N ME "My 2T, (2.7.44)

where M, and My are the diagonal down quark and vectorlike quark mass matrices respec-
tively, and M =max(m,, my,), with my, being the eigenvalues of M.
NSI in this model are induced by the w™'/3 LQ and are given by
3 ANgAad
Eaf = 2 )
4\/§GF mg,
same as the doublet L contribution in Eq. 2.5.48. The maximum NSI that can be obtained
in this model are given in Eq. 2.7.20 and are also summarized in Table 21.

(2.7.45)

Angelic model

Figure 49: Two-loop neutrino mass generation in the Angelic model [64]. This model
induces operator Oy; of Ref. [55].

This model induces operator Oy; of Ref. [55]:
On = L'LQF Q' deipeyy - (2.7.46)

In this model [64], one adds two scalar LQs x, (3, 1, —%) (with @ = 1,2) and a color-octet
Majorana fermion F(8,1,0). The relevant Yukawa Lagrangian is written as

aa o «

—Ly D MapaLla@QpXa + NadoFXa + AgaCotipXa + Hoe. (2.7.47)
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Figure 50: Two-loop neutrino mass generation with singlet scalar and vector-like quark,
corresponding to O} or Table 4 [60].

Expanding the first term, we get
Ly D )\a,Bl (Vadﬁ — foéu/g) X’{ + )\aﬁg (Vadﬁ — ga’l%) X; + H.c. (2748)

Within this framework, neutrino mass is induced at two-loop level as shown in Fig. 49 which
can be estimated as

4mF

M, ~ — I
(1672)2 M2

(ANV)(MaZMg)(ANV)T (2.7.49)

where V' is the CKM-matrix, M, is the diagonal down-quark mass matrix, M = max(mpg,m,, ),
and Z is a loop function containing m,,, mp and M, [64].
NSI in this model are induced by the singlet LQ x and are given by

o= 3 Adesda
T 426 m3,

: (2.7.50)

same as the singlet LQ contribution in Eq. 2.5.48. The maximum NSI in this model are the
same as in Eq. 2.7.15. This is tabulated in Table 21.

Model with singlet scalar and vectorlike quark

This model realizes the O} operator (cf. Table 4) by adding a singlet scalar n™(1,1,1) and
vectorlike quark Q (3, 2, —%) = (Dfl/ 3 XY 3). Neutrino mass is generated at two-loop
level as shown in the Fig. 50. The relevant Lagrangian for the neutrino mass generation can
be read as:

—Ly D faﬁLaL5n+ + f1O°Qan~ +Y,Qd5 H + H.c.
= fap(Valpn™ — Lavsn™) — fL(X dan™ + Duan™)
+Y,(Dd,H® — XdS,H) + H.c. (2.7.51)
The neutrino mass can be estimated as

g*m3 sin

M, ~
(1672)2m2

(f+r7), (2.7.52)
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where sin ¢ represents the mixing between W' and n*. The role of the vectorlike quarks
in this model is to achieve such a mixing, which requires lepton number violation. Note
that only the longitudinal component of W mixes with n*, which brings in two powers of
lepton mass suppression in the neutrino mass estimate — one from the Yukawa coupling of
the longitudinal W and the other from a required charality flip inside the loop. It is to be
noted that Eq. 2.7.52 does not fit the neutrino oscillation data as it has all diagonal entries
zero, owing to the anti-symmetric nature of the f-couplings.

Other operators which lead to similar inconsistency with the neutrino oscillation data
are O3, O} and O3 (cf. Tables 4 and 5). Therefore, we do not discuss the NSI prospects in
these models.

Leptoquark model with vectorlike lepton

Figure 51: Two-loop neutrino mass generation with SU(2)-doublet leptoquark and vector-
like lepton, corresponding to OF of Table 6 [60].

This model is a realization of 02 in Table 6. This is achieved by adding an SU(2)-doublet
leptoquark € (3, 2, %) and a vectorlike lepton ) (1, 2, —%) = (N, E). The Lagrangian re-
sponsible for neutrino mass generation can be written as

Ly D my® + (NagLaQdS + Ny ulQ + Nopte H + Hec.)
= my(NN°+ EE) + Nag(adiw™/® — Lod5w??) + N, (Ew™® + Nw?3)uf,
FN(NH™ + EH)E +He)] . (2.7.53)

Neutrino masses are generated at two-loop level via diagrams shown in Fig. 51 and can be
estimated as:

2

g v « x
(16722 mZnr2 (AMgM N* MpX" My + MA™ MpNTM M) (2.7.54)

M, ~

where M, M,, M, and Mg are the diagonal mass matrices for down quark, up quark, charged
leptons and vectorlike leptons, respectively, and mpg is the largest eigenvalue of Mg. The
NSI parameters can be written as

4\/§G r mz, 7

Eap = (2.7.55)
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This is exactly the same expression as the doublet contribution in Eq. 2.5.46, with the
maximum values given in Table 18.

Leptoquark model with SU(2),-doublet vectorlike quark

w—1/3

Figure 52: Two-loop neutrino mass generation with SU(2),-doublet leptoquark and
SU(2)z-doublet vectorlike quark corresponding to OF or Table 6 [60].

This model realizes the O3 operator (cf. Table 6) by adding an SU(2);-doublet lepto-
quark € (3,2, %) and an SU(2).-doublet vectorlike quark & (3,2,%) = (V*3 U%3). The
corresponding Lagrangian for the neutrino mass generation is given by

Ly D meE + AapLaQd + NoEuSH + N1ELQ + Hec.)
= me(VV+UU®) + Pag(aw™ " — Law?®)dG — N (VH™ + UH )ug,
TN (Uw™ 3 + Vw308 + Hee . (2.7.56)

Neutrino mass is generated at two-loop level as shown in Fig. 52 and can be estimated as

2

My~ o (MM My N My + M My MIMMAT)  (27.57)

(1672)2 m2mg,

where My, M,, M, and M;; are the diagonal mass matrices for down quark, up quark, charged
leptons and vectorlike quarks, respectively, and my; is the largest eigenvalue of M. The NSI
parameters can be written as

3 ANgAad
4\/§GF mg

This is exactly the same expression as the doublet contribution in Eq. 2.5.46, with the
maximum values given in Table 18.

Eap — (2758)

A new two-loop leptoquark model

Here we propose a new two-loop LQ model for neutrino mass, where one can get NSI with
up-quark. The effective AL = 2 operator is d = 13, and is given by

Ours=QLuQLu*HHHH . (2.7.59)
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Figure 53: New two-loop scalar L(Q model with up-quark loops. The operator induced in
the model is O4—13 in Eq. 2.7.59.

This model utilizes two scalar LQs — 0 (3,2, 1) = (6°/3,6%?) and Q (3,2, 1) = (w3, w™1/3),
and a scalar diquark A (6%,3,—3) = <A‘4/ 3. A-1/3 A%/ 3) . The relevant Yukawa Lagrangian
for the neutrino mass generation reads as
Ly D fapLadtf + hapQuAQs + YasQoHuf + Hee,
= fap (Vau56%3 — Lau0°®) + hag (uauBA*‘*/?’ + V2udg AT 4 dadﬁAWS)
+ Yap (e Huf — do H uf) + Hec. (2.7.60)
The relevant terms in the potential that leads to neutrino mass generation read as

V D uPA+ NTQHH 4+ He. (2.7.61)

The neutrino mass is induced at two-loop level as shown in Fig. 53 and can be estimated as

1 /“}4)\2 .
(1672)2 m2m2m2 SMhM, [ (2.7.62)
w A

M, ~

where M, is the diagonal up-type quark mass matrix. Note that M, is a symmetric matirx,
as it should be, since h = h'.
After integrating out the heavy scalars, NSI induced in this model can be written as

— 3 f;ufﬂu
4N2Gr Mg
This is same as the extended one-loop LQ model prediction in Eq. 2.7.29 for A > ). The

maximum allowed values can be read off from Table 18 for the doublet component. This is
also summarized in Table 21.

Eas (2.7.63)

2.7.3 Three-loop models
KNT Model

The Krauss-Nasri-Trodden (KNT) model [65] generates the d = 9 operator Og of Eq. (2.1.4).
SM-singlet fermions N,(1,1,0) and two SM-singlet scalars ;" and 7y with SM charges
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(1,1,1) are introduced. The relevant Yukawa Lagrangian is written as
1
—ﬁy D) fag LQLBHT + f(;ﬁ EZNgT]Q_ —+ §(MN>a5NaN5 . (2764)

Tree level mass is prevented by imposing a Z, symmetry under which the fields 7;” and N are
odd, while the other fields are even. The Majorana mass term for NV as shown in Eq. 2.7.64
explicitly breaks lepton number. Neutrino masses are generated at three-loop as shown in
Fig. 54 by the Lagrangian 2.7.64, together with the quartic term in the potential

VoD (g )2 (2.7.65)

The estimated neutrino mass matrix reads as

~
g™ ol s N

n; -
, b 4\772 AL

4 A

’ P \ \
R e e L
2 N, Ny & b Vs

Figure 54: Three-loop neutrino mass generation in the KNT model [65]. The model induces
operator Oy of Eq. (2.1.4).

As 1
M, ~ ~(16n2 12 FMf' My f*M,fTT, (2.7.66)
where M, is the diagonal charged lepton mass matrix, My = diag(my,) is the diagonal
Majorana mass matrix for N, fermions, M = max(muy,,my,,,My,), and Z is a three-loop
function obtained in general by numerical integration [228].
NSI in the KNT model arise from singly-charged scalar n that has the same structure
as in the Zee-Babu model (cf. Sec. 2.7.2) and are given by

1 iy feﬁ
€ag = ———— 20—, 2.7.67
B \/ﬁGF m7271 ( )

The maximum NSI one can get in this model are same as in Eq. 2.7.10 and also summarized
in Table 21.

AKS model

In the Aoki-Kanemura-Seto (AKS) model [67] an effective AL = 2 operator of dimension 11
is induced:
O, = LLHHe e’ . (2.7.68)

Note that there is a chiral suppression in this model unlike generic operators of type O}
given in Eq. 2.1.5. In addition to the SM fields, the following particles are added: an isospin
doublet scalar ®, (1, 2, %), a singly-charged scalar singlet n*(1,1,1), a real scalar singlet
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Figure 55: Three-loop neutrino mass generation in the AKS model [67]. The model induces
operator O} of Eq. 2.7.68.

n°(1,1,0), and two isospin-singlet right-handed neutrinos N,(1,1,0) (with a = 1,2). The
relevant Yukawa Lagrangian for the neutrino mass generation reads as

~ 1
—EY D yagaq)aLag% + hagggNgT]i —+ §(MN)a5NaN5 + H.c. , (2769)

where &, (1, 2, %) is the SM Higgs doublet. Tree-level neutrino mass is forbidden by imposing
a Z, symmetry under which n*, n° and N, are odd, while the remaining fields are even.
Neutrino masses are generated at three-loop, as shown in Fig. 55, by combining Eq. 2.7.69
with the quartic term in the potential

V D kea(P9) Ty n + Hee. (2.7.70)

In Fig. 55 H* are the physical charged scalars from a linear combination of ®; and ®,. The
neutrino mass matrix reads as follows:

1 (—mpv?)

M, ~
(1672)% m3, — mi,

42 tan® B(yh)(yh)' T, (2.7.71)

where tan 8 = (®9)/(®?) and Z is a dimensionless three-loop integral function that depends
on the masses present inside the loop.

NSI in this model are induced by the charged scalar H~. After integrating out the heavy
scalars, the NSI expression can be written as

c — 1 y;aayeﬁa
o 4\/§GF m%{,

(2.7.72)

This is similar to the heavy charged scalar contribution in Eq. 2.4.81. However, since the
same Yukawa couplings y... contribute to the electron mass in Eq. 2.7.69, we expect

Eap X yotan®f ~ O (1077) (2.7.73)

where v, is the electron Yukawa coupling in the SM. Thus, the maximum NSI in this model
are of order of O (107'°), as summarized in Table 21.
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Figure 56: Three-loop neutrino mass generation in the cocktail model [68]. The efective
operator induced is Og of Eq. (2.1.4).

Cocktail Model

This model [68] induces operator Oy of Eq. (2.1.4) at the three-loop level. The model
includes two SU(2)-singlet scalars n™(1,1,1) and k1 (1,1,2), and a second scalar doublet
D, (1, 2, %), in addition to the SM Higgs doublet &, (1, 2, %) The fields n* and ®, are odd
under a Z, symmetry, while k™ and all SM fields are even. With this particle content, the
relevant term in the Lagrangian reads as

Ly D Yas®iLal§ + Yoslolsh™ + Hee., (2.7.74)

which breaks lepton number when combined with the following cubic and quartic terms in
the potential:

A
V D 5(@{%)2 + k1@ i @1 + Kok T Ty T + €T i@tk + Hc. (2.7.75)

The ®, field is inert and does not get a VEV. After electroweak symmetry breaking, it can
be written as

o :( b3 ) (2.7.76)
2 H+iA) - o

For k; # 0, the singly-charged state ¢5 mixes with n* (with mixing angle 3), giving rise to
two singly-charged scalar mass eigenstates:

Hf = cppy + 50",
Hf = —sppy +cam™, (2.7.77)

where sg = sin 8 and cg = cos 3.
The neutrino mass matrix is obtained from the three-loop diagram as shown in Fig. 56

and reads as [68|

2

M, ~ (1697)3MZ(Y+YT)M€, (2.7.78)
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where M, stands for the diagonal charged lepton mass matrix.

As for the NSI, since both ®3 and 1™ are odd under Z, and the SM fields are even, there
is no tree-level NSI in this model. Note that neutrino mass generation utilizes the W boson
couplings, thus the neutrino matter effects in this model are the same as in the SM.

Leptoquark variant of the KINT model

et st Sy e i
’} X2 pt *Xf/% 4
’ i \ \\
’ e \ \
>k =2 > A Lo
Vq d’\, dn’, Np Np dg d(i Vs

Figure 57: Three-loop neutrino mass generation in the LQ variant of the KNT model,
which induces operator Oq [66].

One can replace the charged leptons in the KNT model (cf. Sec. 2.7.3) by quarks, and
the charged scalars by leptoquarks. The effective operator induced in this model remains
as Qg or Eq. (2.1.4). To achieve this, two isospin-singlet scalar LQs X;1/3 (3, 1, —%) (with
a =1,2) and at least two SM-singlet right-handed neutrinos N,(1,1,0) (with a = 1,2) are
supplemented to the SM fields. A Z, symmetry is invoked under which y, Y3 and N are
odd, while the rest of the fields are even. The relevant Yukawa Lagrangian is as follows:

o a1
Ly O Mgl gxf/%ij+A;5dgNﬁX21/3+§(MN)QBNQN5+H‘C. (2.7.79)

Here the first term expands to give Aog (Vads — Caug) Xf/ ®. These interactions, along with
the quartic term in the potential

2
V o A (X;1/3X;1/3) , (2.7.80)

generate neutrino masses at three-loop level, as shown in Fig. 57. The neutrino mass matrix

reads as
15X

(1672)3m2,

M, ~ AMA* My NTMAT T (2.7.81)
where the factor 15 comes from total color-degrees of freedom, M, and My are the diagonal
down-type quark and right-handed neutrino mass matrices, respectively, and Z is a dimen-
sionless three-loop integral that depends on the ratio of the masses of particles inside the
loop [66].

NSI in this model arise from the X1—1/ ? interactions with neutrinos and down-quarks. The
expression for NSI parameters is given by

cy = 3 Mg
[ 4\/§GF mil ;

which is the same as the singlet contribution in Eq. 2.5.48. The maximum NSI for this model
are the same as those given in Eq. 2.7.15 and are summarized in Table 21.

(2.7.82)
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Figure 58: Neutrino mass generation at one-loop in the scotogenic model [73].

2.8 Type II radiative models

As discussed in the introduction (cf. Sec. 2.1.1), type-1I radiative neutrino mass models in
our nomenclature contain no SM particle inside the loop diagrams generating m,,, and there-
fore, do not generally contribute to tree-level NSI, although small loop-level NSI effects are
possible [229]. To illustrate this point, let us take the scotogenic model [73] as a prototypical
example. The new particles introduced in this model are SM-singlet fermions N, (1,1,0)
(with o = 1,2,3) and an SU(2);, doublet scalar 1(1,2,3) : (n*,7°). A Z, symmetry is
imposed under which the new fields N, and n are odd, while all the SM fields are even. The
new Yukawa interactions in this model are given by

1
~Ly D has(van® — lan™)Ng + §(MN)QBNQN5 +H.c. (2.8.1)
Together with the scalar quartic term
VD ?(q) n)*+ H.c., (2.8.2)
where ® is the SM Higgs doublet, the Lagrangian 2.8.1 gives rise to neutrino mass at one-
loop, as shown in Fig. 58. Since this diagram does not contain any SM fields inside the loop,

it cannot be cut to generate an effective higher-dimensional operator of the SM. Therefore,
we label it as a type-II radiative model. The neutrino mass in this model is given by

Asv? hMyhT M3 ( ma )}
M, = 1-— log , 2.8.3
8m2 m3 — M3, m3 — M3, M3 ( )

where we have assumed My to be diagonal, and m? is the average squared mass of the real
and imaginary parts of n°. It is clear from Eq. 2.8.3 that the neutrino mass is not chirally
suppressed by any SM particle mass.

A new example of type-II-like radiative model is shown in Fig. 59, where the new particles
added are as follows: one color-sextet diquark A (6, 1, %), one SU(2), doublet scalar LQ
§(3,2,%) = (6°/3,6%%), and an SU(2),, singlet scalar LQ & (3,1,2). The relevant Yukawa
Lagrangian is given by

—Ly D [fap(Vab®? — £8P uf + Aapul Auf + Hc. (2.8.4)
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Figure 59: A new example of type-II radiative neutrino mass model.

Together with the scalar potential terms
V D udt®s + p/6*A + Hee., (2.8.5)

where ® is the SM Higgs doublet, the Lagrangian 2.8.4 gives rise to neutrino mass at two-loop
level, as shown in Fig. 59. The neutrino mass can be approximated as follows:

1 M2MIU2 T

M, ~ (16722 m2n3 (fAF), (2.8.6)
where m; and msy are the masses of the heaviest two LQs among the 4, £ and A fields that
run in the loop. Thus, although this model can be described as arising from an effective
AL = 2 operator O] of Eq. 2.1.5, the neutrino mass has no chiral suppression here. In this
sense, this can be put in the type-II radiative model category, although it leads to tree-level
NSI induced by the § LQs, as in the one-loop type-I model discussed in Sec. 2.7.1. A similar
two-loop radiative model without the chiral suppression can be found in Ref. [230].

2.9 Conclusion

We have made a comprehensive analysis of neutrino non-standard interactions generated
by new scalars in radiative neutrino mass models. For this purpose, we have proposed a
new nomenclature to classify radiative neutrino mass models, viz., the class of models with
at least one SM particle in the loop are dubbed as type-I radiative models, whereas those
models with no SM particles in the loop are called type-II radiative models. From NSI
perspective, the type-I radiative models are most interesting, as the neutrino couples to a
SM fermion (matter field) and a new scalar directly, thus generating NSI at tree-level, unlike
type-II radiative models. After taking into account various theoretical and experimental
constraints, we have derived the maximum possible NSI in all the type-I radiative models.
Our results are summarized in Fig. 60 and Table 21.

We have specifically analyzed two popular type-I radiative models, namely, the Zee model
and its variant with LQs replacing the charged scalars, in great detail. In the Zee model
with SU(2), singlet and doublet scalar fields, we find that large NSI can be obtained via the
exchange of a light charged scalar, arising primarily from the SU(2)-singlet field but with
some admixture of the doublet field. A light charged scalar with mass as low as ~100 GeV
is found to be consistent with various experimental constraints, including charged lepton
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flavor violation (cf. Sec. 2.4.5), monophoton constraints from LEP (cf. Sec. 2.4.11), direct
searches for charged scalar pair and single production at LEP (cf. Sec. 2.4.7) and LHC
(cf. Sec. 2.4.7), Higgs physics constraints from LHC (cf. Sec. 2.4.10), and lepton universality
in W% (cf. Sec. 2.4.8) and 7 (cf. Sec. 2.4.9) decays. In addition, for the Yukawa couplings
and the mixing between singlet and doublet scalars, we have considered the contact inter-
action limits from LEP (cf. Sec. 2.4.6), electroweak precision constraints from 7T-parameter
(cf. Sec. 2.4.4), charge breaking minima of the Higgs potential (cf. Sec. 2.4.3), as well as per-
turbative unitarity of Yukawa and quartic couplings. After imposing all these constraints, we
find diagonal values of the NSI parameters (ece, €,,, €--) can be as large as (8%, 3.8%, 43%),
while the off-diagonal NSI parameters (¢¢,, €cr, £,4r) can be at most (107°%, 0.56%, 0.34%),
as summarized in Fig. 60 and Table 10. Most of these NSI values are still allowed by the
global fit constraints from neutrino oscillation and scattering experiments, and some of these
parameters can be probed at future long-baseline neutrino oscillation experiments, such as
DUNE.

We have also analyzed in detail the LQ version of the Zee model, the results of which can
be applied to other LQ models with minimal modification. This analysis took into account
the experimental constraints from direct searches for LQ) pair and single production at LHC
(cf. Sec. 2.5.3), as well as the low-energy constraints from APV (cf. Sec. 2.5.1), charged
lepton flavor violation (cf. Secs. 2.5.1 and 2.5.1) and rare meson decays (cf. Sec. 2.5.1), apart
from the theoretical constraints from perturbative unitarity of the Yukawa couplings. In-
cluding all these constraints we found that diagonal NSI (ece, €,,, €7-) can be as large as
(0.4%, 21.6%, 34.3%), while off-diagonal NSI (£.,, er €,r) can be as large as (107°%, 0.36%, 0.43%),
as summarized in Fig. 60 and Table 18. A variant of the LQ model with triplet LQs
(cf. Sec. 2.6) allows for larger £,.) which can be as large as 51.7%. Neutrino scattering
experiments are found to be the most constraining for the diagonal NSI parameters .. and
€uu, While the cLFV searches are the most constraining for the off-diagonal NSI. ¢, is the
least constrained and can be probed at future long-baseline neutrino oscillation experiments,
such as DUNE, whereas the other NSI parameters are constrained to be below the DUNE
sensitivity reach.
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Figure 60: Summary of maximum NSI strength |e,4| allowed in different classes of radia-
tive neutrino mass models discussed here. Red, yellow, green, cyan, blue and purple bars
correspond to the Zee model, minimal radiative inverse seesaw model, leptoquark model with
singlet, doublet and triplet leptoquarks, and Zee-Babu model respectively.
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CHAPTER III
LEFT RIGHT SYMMETRIC MODEL WITHOUT HIGGS TRIPLETS

3.1 Introduction

Left-right symmetric models (LRSM) based on the gauge group SU(3)c®@SU(2),®@SU(2)r®
U(1)p—_r |33, 38, 231-235| are attractive extensions of the Standard Model on several grounds.
They explain Parity violation as a spontaneous phenomenon resulting from gauge symmetry
breaking. They incorporate the right-handed neutrino (vz) as an essential component of
the right-handed lepton doublet, paving the way for neutrino mass generation by the seesaw
mechanism [33, 38]. The promotion of hypercharge Y of the Standard Model into (B — L)
in LRSM [236, 237| may shed deeper insight into its origin from higher unification such
as SO(10). And these models lead to a variety of interesting phenomena, if the left-right
symmetry is realized near the TeV scale, that can be tested in ongoing and forthcoming low
energy as well as in high energy collider experiments.

For consistent phenomenology the SU(2), ® SU(2)r ® U(1)p_1, gauge symmetry should
break spontaneously down to SU(2), ® U(1)y via the Higgs mechanism at a scale vg much
larger than the electroweak symmetry breaking scale vy. In the early constructions of LRSM,
before the advent of the seesaw mechanism to generate small neutrino masses [32-36, 38|, a
pair of Higgs doublets x,(2,1,1)+ xr(1,2,1) and a Higgs bidoublet ®(2,2,0) were employed
for this purpose [232-235]. (The quantum numbers here refer to SU(2), @ SU(2)r®@U (1)L,
transformations.) When the neutral component of xr develops a vacuum expectation value
(VEV), (x%) = vr/V/2, the gauge symmetry breaks down to SU(2); ® U(1)y, giving masses
of order vg to the W;%t and the Zr gauge bosons. The Higgs bidoublet ®(2,2,0) is used
to generate quark and lepton masses, including neutrino Dirac masses. The smallness of
neutrino masses compared to the charged fermions masses would remain unexplained in this
scenario.

The discovery of the seesaw mechanism caused a major shift in the thinking on Higgs
multiplets needed for symmetry breaking in LRSM. It was pointed out in Ref. [33, 38| that a
pair of Higgs triplets Af(1,3,2)+Ag(3, 1,2) can simultaneously generate Wi and Zx gauge
bosons masses and Majorana masses for the vg fields, thus realizing the seesaw mechanism.
After this observation, a Higgs sector consisting of {A7(1,3,2) + Ag(3,1,2) + (2,2,0)}
has become standard in the discussion of LRSM models. One feature of this Higgs system
distinct from the Higgs doublet scenario of early years is the appearance of a pair of doubly
charged scalars (%i and 5?[ in the physical spectrum. The presence of the Ay (3,1, 2) Higgs
field, which is the Parity partner of the Ag(1,3,2) Higgs field used for SU(2)r @ U(1)p_1,
symmetry breaking, provides a compelling motivation for type-II seesaw mechanism for small
neutrino masses in this context |7, 33, 39|, which is in addition to contributions from the
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type-1 seesaw mechanism [32-36, 38]. The phenomenology of this class of minimal left-right
symmetric models has been well studied in the context of flavor physics [238-260|, neutrino
masses and cosmology [256, 261-273|, Higgs boson physics [237, 253, 274-277|, as well as
collider physics [265, 266, 278-293].

The purpose of this chapter is to develop an alternate minimal version of LRSM which
uses a Higgs system consisting of {x.(1,2,1) + xr(2,1,1) + ®(2,2,0)} for gauge symmetry
breaking and fermion mass generation, as was done in the early papers [232-235]. As for
realizing the seesaw mechanism, a new singlet scalar n*(1,1,2) is introduced which has
Yukawa couplings to the right-handed neutrino that violates lepton number. Majorana
masses for the vp fields are induced via two-loop diagrams involving the ™ field. This Higgs
sector is arguably a little simpler than that of the standard left-right model. The physical
scalar spectrum in this scenario consists of four neutral scalars, two pseudoscalars, and three
charged scalars. This is to be compared with the physical spectrum of standard left-right
model which has one less charged scalar, but two doubly charged scalars.

The phenomenology of the model developed here is also distinct from that of the standard
left-right model with respect to neutrino physics, Higgs boson physics and collider signals.
A careful analysis of this model shows that if the Wg gauge boson has a mass near 5 TeV,
two of the vg fields would have masses in the few MeV range, leading to interesting low
energy phenomena. Such a scenario is constrained by early universe cosmology as well as by
supernova 1987a energy loss in vg. By analyzing these constraints we show the consistency
of such a low mass Wﬁ scenario. As the mass of Wﬁ increases, so does the vz masses. We
show that the entire range of Wf%[ masses, from a few TeV to the GUT scale of 10'¢ GeV, is
consistent within the model.

Left-right symmetric models involving this set of Higgs boson have been studied previ-
ously [294, 295|. In the early work of Ref. [294] the v fields were found to be as light as
the usual neutrinos, with masses of order eV or less. (The model of Ref. [294] also contains
iso-singlet down-type quarks, but the Higgs sector and the lepton sector are identical to the
model analyzed here.) In the recent work of Ref. [295]| the vg fields were found to have
masses of order 400 MeV or less. These results were obtained based on the evaluation of
one-loop diagrams for vz Majorana masses, which are proportional to the charged lepton
masses. We observe here that there are more important two-loop diagrams for vz masses
that do not rely on electroweak symmetry breaking parameters. The vg mass arising from
such diagrams scale linearly with vg, suppressed by a two-loop factor. This allows for the
vk mass to be anywhere from sub-MeV to 10** GeV, depending on the scale vz where the
SU(2)r gauge symmetry breaks. In terms of effective operators, the vz mass receives two
contributions:

O = c; VRV (XL PXR), Oy = c2 VY R(XRXR) (3.1.1)

where Wg denotes the right-handed lepton doublet. The Wilson coefficients ¢; and ¢y are
found to be of order

(y2fas) (1 (Y2fou) [ pua
T <W) 2 16r2) (W) ' (312)

Here y, is the tau-lepton Yukawa coupling, f is the Yukawa coupling of the charged scalar
nt, a4 and 4 are scalar quartic and cubic couplings which together violate lepton number,
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and M ~ wvg is the scale of new physics where these operators are induced. The operator
O is realized through one-loop diagrams, while O is realized through two-loop diagrams.
In spite of the additional loop suppression, it is clear that as vy takes values much larger
than v, contributions from O will dominate over ;. Establishing this fact is an important
result of the present chapter.

As we shall show explicitly from a symmetry breaking analysis of the model presented in
Sec. 3.3, all scalar fields have masses of order vy or smaller, except for the n* field, which
can have an arbitrarily large mass. The mass parameter M appearing in Eq. (3.1.2) is not
the mass of n*, but of the other scalar fields of the model which are of order vz. Thus the
model allows for the n* field to be integrated out while still yielding the vz Majorana mass
operators of Eq. (3.1.2). The vz mass depends only logarithmically on the ™ mass. While
this is a simplifying feature of the model, phenomenology would require a relatively large
Wﬁ mass of order 50 TeV or larger in this case. We shall consider therefore the more general
case of " mass being of order the W;zt mass or lighter, in which case both particles may be
observed in collider experiments on the horizon.

Our careful evaluation of the two-loop diagrams that generate Majorana masses for the
vg fields confirms that these diagrams dominate over the one-loop diagrams for the entire
range of Wg mass. We have analyzed the phenomenology of two specific scenarios, one where
the Wﬁ gauge boson is light, with a mass in the few TeV range — so that it is observable at
the LHC, and one where it is much heavier. In the former case the v Majorana mass is in
the few MeV range, which can potentially modify standard big bang cosmology, unless the
vr decays before the onset of nucleosynthesis. Satisfying this constraint requires that the n*
scalar should have a mass of order a few TeV as well. We have re-evaluated the constraints
on W}j{ mass arising from the energy loss in vi from supernova 1987a. Including the full
cross section for vg production, as well as certain interference terms that were previously
ignored, we found the constraint on Wi mass to be My, > 4.6 TeV, which is somewhat
weaker than the limit of M,,, > 23 TeV found in Ref. [296].

For intermediate value of Wéﬁ mass, the n* scalar may be accessible to collider exper-
iments which could lead to multi-lepton signals from the decay of n™n~ pairs. We have
analyzed the current constraint from LHC, and obtained a limit m,+ > 410 GeV, which may
be increased to 585 GeV at the high luminosity run of the LHC.

The rest of the chapter is organized as follows. The LRSM without Higgs triplets is
outlined in Sec. 3.2. In Sec. 3.3 the scalar sector of this model is presented and analyzed.
Here the masses of the Higgs field are laid out with a few simplifying assumptions. In Sec.
3.4 we summarize the the gauge boson masses and mixings in the model. In Sec. 3.5 we
study the generation of right-handed neutrino mass via one-loop and two-loop diagrams.
In Sec. 3.6 we present fits to the neutrino oscillation data with a TeV scale Wx. Here we
summarize various experimental and cosmological limits on an MeV scale sterile neutrino and
show that these constraints are satisfied in the model. In Sec. 3.7 we revisit the supernova
constraints on Wpx mass valid when the vz mass is below 10 MeV. Sec. 3.8 provides fits
to the neutrino mass matrix with the neutrino oscillation data. In Sec. 3.9 we discuss the
collider implication of this model by analyzing the production and decay of charged scalar
singlet. We finally conclude in Sec. 3.10.
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3.2 LR Symmetric Model without Higgs Triplets

Here we present the basic ingredients of the minimal LRSM model without Higgs triplets.
The model is based on the gauge symmetry SU(3)c ® SU(2), @ SU(2)r @ U(1)5—1, [33, 38,
231-235] under which the fermion fields transform as left-handed doublets and right-handed
doublets:

=)~ B2, a5 ~ ez,

€r, ER

U, = (”L> ~(1,2,1,-1), Up = (”R) ~(1,1,2,—1). (3.2.1)

Here the generation index is suppressed, but should be assumed. Under Parity symmetry
Qr < Qr and ¥ < Vg, which is possible due to the enhanced gauge symmetry. Note
that the right-handed neutrino vy is required to complete the lepton multiplet, unlike in the
Standard Model, leading to tiny neutrino masses via the seesaw mechanism.

The SU(2)r ® U(1)p_r symmetry is broken spontaneously down to U(1l)y at a scale
vr > vy, where vy, denotes the electroweak symmetry breaking scale. Furthermore, realistic
fermion masses should be generated through couplings to the Higgs fields. In the model
developed here, these requirements are achieved by the choice of the following Higgs fields:

X1 Xk
XL - ( 6) ~ (1727 ]'7 1)7 XR - ( OR> ~ (17 1727 1)7
XL XR
= (71 2) ~(1,2,2,0), nt ~(1,1,1,2). (3.2.2)
o1 @3

The purpose of the xr Higgs field is to achieve SU(2)r x U(1)p_1 symmetry breaking down
to U(1)y. The x field is the parity partner of x g, which takes part in electroweak symmetry
breaking. The & field is used to generate fermion masses. Since the xp field cannot couple
to the fermions, the vy fields would not acquire Majorana masses at tree-level. The singlet
scalar n* does have lepton number violating Yukawa couplings to vg, which induce Majorana
masses via two-loop diagrams (as well as sub-dominant one-loop diagrams), which we shall
evaluate carefully in Sec. 3.3.

All neutral components of the Higgs fields acquire nonzero VEVs, which are parameterized
as follows:

@ = (5 mee) s =T (0] W= (D). G2y

Here the VEVs k and vg, which can be complex in general, have been made real by SU(2),,
and SU(2)r gauge transformations. In order to accommodate the success of the standard
(V — A) theory of weak interactions, the VEVs should obey the hierarchy vg > k, k', vr.
Such a hierarchical structure would lead to the ng gauge boson being much heavier than the
Wf boson, which is a phenomenological requirement to satisfy low energy weak interactions
constraints. For example, K°— K9 mixing constraint limits the mass of W}j{ to be My, > 1.6
TeV [238|. (The mass of the Wj%t gauge boson is proportional to vg, while that of the VVLi
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is proportional to y/k? + k2 + v2.) Furthermore, direct searches for dijet resonances at the
LHC has set a limit of 3.6 TeV on the mass of the W7 boson [297], which also suggests the
VEV hierarchy.!

The most general Yukawa interaction of quark and leptons with the Higgs fields of the
model is given by

~Ly = Var, (Y ® + Y @) Vor + Qup, (Yar ® + Yo, @) Qo
+ L (WL,CU Y et + fR (VR0 ) et + Hee. (3.2.4)

where ® = 7,®*7,, C'is the charge conjugation matrix, and (7, j) and (a, b) stand respectively

for SU(2) and generation indices. The couplings vy, 7, Y, Y, f£, and f# are 3 x 3 Yukawa
coupling matrices, with faLb’R = — bLa’R required by Lorentz symmetry. Under left-right Parity

symmetry (P), the fermions and scalar fields transform as follows:
@(—)‘bT, EIV)H(’I;T, XL < XR, T}+ (—)7’]+, QLHQR, \IJL<—>\IJR (325)

along with W <+ Wg. For most of our discussions we shall assume P to be exact, in which
case the Yukawa coupling matrices obey the following relations:

y=y', y=3", Y=Y, Y=Y fi=ff=¢f (3.2.6)

Once the Higgs fields acquire VEVs, fermion masses are generated with the mass matrices
for up and down quarks (M, and My), charged leptons (M;), and Dirac neutrinos (M,p)
given by

(Y K€ +Y k), (3.2.7)

M, = (Y k+Y Ke ™), My =

1 1
Ve Ve
1 ! _io ~ 1 ~ | —ix

M, = —=(y~re*+yr), Myp =— (yrk+yr'e ™), (3.2.8)

V2 V2

These relations can be inverted to express the Yukawa coupling matrices in terms of the
mass matrices:

V2 V2

Yy = /12 _ H/2 (HMVD - /fle_iaMf) ; @/ = m (H,Mg - /fleiaMVD) s (329)
\/5 —io v \/§ i

This assumes that « # k/, which has to be true for phenomenology, otherwise the masses
of the up-type quarks would equal those of the down-type quarks. These relations, Eq.
(3.2.9), provide important constraints on the loop-induced Majorana masses of the vy fields,
especially when the W;%t mass is near the TeV scale. In this case the a prior:i arbitrary Dirac

I This limit arises from high-mass resonance searches in the dijet channel, which is applicable to the model
presented here. A slightly more stringent limit arising from searches for same sign or opposite sign dilepton
final states is not applicable to the present model, as the vi fields have MeV scale masses here and won’t
decay within the detector. See discussion in Sec. 3.9.
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neutrino mass matrix M, should have very small entries so that the light neutrino masses
obtained from the seesaw formula are in the sub-eV range. Thus, the vz masses will be solely
proportional to the charged lepton masses, as shown in Eq. (3.1.2).

Another observation about the Yukawa coupling relations of Eq. (3.2.10) is that the ratio
|’ /K|, which can be taken to be < 1 without loss of generality, cannot be too close to 1,
or else the top quark Yukawa coupling would become in the non-perturbative regime. If we
demand that the top Yukawa coupling not be larger than a reasonable perturbative value of
1.5, we obtain an upper limit of |<'/k| < (0.578, 0.616, 0.645), corresponding to the left-right
symmetry breaking scale vg being (1, 10, 100) TeV. These numbers are obtained by evolving
the top quark Yukawa coupling, along with the standard model gauge couplings, from low
energies to the scale vg, which yields Y; = (0.865, 0.793, 0.736) at these scales. These upper
limits on |'/k| would be relevant in our discussion of W; — Wi mixing, especially in the
context of supernova 1987a energy loss constraints, see Sec. 3.7.

Since the vy fields acquire Majorana masses, the 6 x 6 neutrino mass matrix spanning
(v, v°) fields can be written down as

ME Mo
M, = ( t, AL ) : (3.2.11)

where M,p is given by Eq. (3.2.8), and M} and M, will arise through one-loop and two-loop
radiative correction (cf. Sec. 3.5). Assuming that M,» < M,,, the 3 x 3 light neutrino
mass matrix can be obtained as

MU = ML M (M,) T M (3.2.12)

which explains the smallness of the neutrino mass. The eigenvalues of the heavier states
in Eq. (3.2.12) are the same as the eigenvalues of M,, in this approximation, which we
shall evaluate in Sec. 3.5. As for the light neutrino masses, if the second (first) term in Eq.
(3.2.12) dominates over the first (second) term, it is the type-I (type-1I) seesaw domination.
We shall investigate both options, but our results show that the model can support only the
type-1 seesaw scenario for low Wpx scheme while it supports both cases for high scale Wg
scheme.

3.3 Scalar Sector

In this section we analyze the Higgs potential of the LR symmetric model without Higgs
triplets. We shall assume Parity symmetry, as defined in Eq. (3.2.5). The most general
renormalizable Higgs potential involving ®, x1, Yz, and n* fields is given by:
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Vo= — i} tr(@1D) — i3 [tr(PPT) + tr(DID)] — 3 [ xr + Xpxa] + 42 Inf?
+ Ay [0t A tr(DTR)2 4+ Ny [tr(DDN)? 4 tr(DTD)?) + A3 tr(DDT) tr(DT D)
+ Mg tr(®T®) [tr(POT) + tr(DT®)] + pr [(X]x2)® + (xhxr)®] + P2 XoXLX xR
+ g [ Oxr + XEXL] + s [ PxR + XEDTXL] + ar tr(®T0) XD xr + Xhxr]
+ {Ozgei‘5 XExptr (@01 + x by rtr(9T0)] + H.c.} + s [ 00T, + LT dyg]
+ {a4 IXEiTa® xRN~ + Xgiqu)TXLTf] + H.c.} + as |n*tr(®T0)
+ag [ [tr(@DT) + tr(DT®)] + o [n]*[x]xL + xhxr] - (3.3.1)

Here all the couplings, save as, have been made real by field redefinitions. Certain additional
invariants, such as the one obtained from the ay term by replacing ® by ®, can be shown to
be not independent. Inserting the VEVs of Eq. (3.2.3) in Eq. (3.3.1), we require the following
conditions for the potential to be an extremum:

oV oV oV 9V 9V vV

7 — = — = 3.2
ok Ok’ Ovp, Ovg 00, O« 0 (3.3.2)

These conditions lead to six relations among the VEVs and various Higgs potential param-
eters:
2 2 > 1 2 2
0 = MKKL — Kpy — 2K 5 cos a + éalm(vL +vg)
+ K1 { Mg cos (362 + K?) + 26K (A3 + 2Xg cos(2a)) }
&'ULURCOSQL, (3.3.3)

V2

1
0 = MKk — K13 — 2Kpu5 cos o + §(a1 + a3)K (V2 + vR)

+ k' {v} cos(d — a) + v cos(d + )} +

+ k{Ascos a(3k + k%) + 2kK (A3 + 23 cos(2a))}
+ agk{v} cos(§ — a) + vhcos(d +a)} + ﬂvaR cos(f, — ), (3.3.4)

V2
0 = amivL — 2u3v, + \/ivR{/i% cos O + K 'py cos(0p —a)}
+ {20103 + povh + sk’ + dagkk’ cos(6 — a)}, (3.3.5)

0 = amivR — 2u3vp + \/ivL{/im cosOp + k'py cos(6p —a)}
+ vp{2p1V% + pvs + azk? + dagkk cos(d + )}, (3.3.6)

0 = vpvr{kussinfy + £ pgsin(f, — )}, (3.3.7)
0 = 2kK'p3sina — 8k%K"?\g cos asin o — /{/{'/{i)q sin o
1
aork{v7 sin(d — ) — vEsin(d + @)} + —=k pgvgvr sin(fy — ) . (3.3.8)

V2
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Here and in what follows we shall take |x| > |x’| without loss of generality and define

K2 =K FR?. (3.3.9)
For simplicity in presenting the scalar mass spectrum, we shall assume that the Higgs po-
tential parameters as well as the VEVs are all real. That is, we set o and 6, of Eq. (3.2.3)
to zero, which is an allowed solution if the phase ¢ of Eq. (3.3.1) is taken to be zero. In
this case the last two of Eq. (3.3.8) are automatically satisfied. From the remaining condi-
tions of Eq. (3.3.8) we eliminate the mass parameters {u?, p3, u2, pus} in favor of the VEVs
{vr, vg, K, '}, which are taken to be independent parameters and express the mass matrices
in terms of these VEVs, the quartic couplings, one cubic scalar coupling parameter p4, and
p; which determines the mass of 7*.

The mass matrix for the charged Higgs bosons M7 is first constructed in a basis {07,035, X7,
X%, nT} by expanding the potential about the minimum given in Eq. (3.2.3) to quadratic
order. This 5 x 5 matrix contains two massless modes, those associated with the massive
gauge bosons W}% and WLi, which we denote as G} and Gf. We make a rotation by an
orthogonal matrix O™ that removes these two massless modes from the 5 x 5 matrix. The
intermediate states are denoted as {G}, G}, ki, k5", ks }. The explicit rotation matrix OF
to go to this intermediate basis is given in Eq. (A.3) of Appendix 3.11.1. This rotation ma-
trix depends only on the ratios of VEVs, which are our independent parameters. The 3 x 3
mass matrix for the remaining states {h|", h", h5"} is presented in Eq. (A.6) of Appendix
3.11.1. A subsequent rotation would bring this 3 x 3 matrix to a diagonal form, which is
not explicitly carried out. We denote this rotation matrix as O'". The full transformation
that takes the original charged scalar states to the mass eigenstates, which are denoted as
{H H), Hy} is then V' = (O'TOT)T.

In an analogous fashion we remove the two Goldstone states (GY, GY), corresponding to
the Z;, and Zr gauge bosons, from the 4 x 4 pseudoscalar mass matrix constructed in the
initial basis {¢Y, %, X%, x%}. Here the superscript i refers to the imaginary components of
the relevant fields. This is achieved by a rotation matrix O, which is given in Eq. (B.4)
of Appendix 3.11.2. The remaining 2 x 2 mass matrix is diagonalized by a second rotation
matrix denoted as O". The mass eigenstates are denoted as {GY, GY, Ay, Ay} and the 2 x 2
mass matrix for the massive pseudoscalar fields is given in Eq. (B.6) of Appendix 3.11.2.

The 4 x 4 mass matrix for the real scalar bosons contains no zero modes. However, we
rotate this matrix to an intermediate basis by a rotation matrix O" so that the SM-like
Higgs boson is easily identifiable. A second rotation by O would diagonalize this mass
matrix. The physical states are denoted as {h°, HY, HY, HY}. The rotation matrix is given
in Eq. (B.6) and the mass matrix is given in (B.9) of Appendix. 3.11.2.

The full rotation that is performed in the various sectors can then be summarized as
follows:

IL Gy 0 0 0i 0
; o o h o el
2 R or J2Le ¢0i | o
XZ =Vt Hfr , %r =Vr %) , (Q)i =V 2 , (3.3.10)
+ + XL H, XL Ay
XR H2 X0r HO XOi A,
77+ H;— R 3 R
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Higgs state Mass ‘
H ~ (cosw e —sinw €)¢] +cosw ¢3 —sinw xj | m2, = L{(az — pi2)vg — VA}

Hyf
Hy ~ —(sinw €+ cosw €)¢] —sinw ¢35 — cosw x} mlzﬁl2+ ~ “E{(ag — p12)vr + VA}
Hi ~n* m? ., ~ g+ ok
3 3 3 3
Ay ~ (cosw € +sinw €)Y + cosw @Y + sinw XY mi, ~ miq
Ay ~ (— sinw € + cosw e')gbOi —sinw ¢% + cosw XY mé, ~ miﬁ
2
Or / 07" a1k
~ )" + e - 2,01URXR mio = 26%( A + dedy — 4p1)
0 or _ _ or 2 2

H; z(cosw €+ sinw €)¢1 cosw¢ sinw x7j Mo o My
HY ~ (sinw € — cosw €)@ — sinw ¢07’ + cosw xI m2, ~m?
2 H,
0 ik Or e Or 2 2
HY ~ x% + gplvR(ﬁb + epy’ 7) Mo ™ 2p1vg

Table 22: Physical Higgs eigenstates and mass spectrum at the leading order with vp >
vy, k, K, keeping only the linear terms in e = £, ¢’ = “KL and vg >> v, K, K, p1a = 2p1 — pa
and A = 83 + (a3 + p12)?v%. Here h° is the standard model-like Higgs.

where

vt=(O"roNHt, vr=O"o"", Vi=(0"0H". (3.3.11)

We show in Table 22 approximate expression for the physical Higgs states and their
masses, in the approximation vg > vy, k, k'. We define the ratios

_ _ U 3.12
€=—, € (3.3.12)

and keep only liner terms in € and € in the expressions given in Table 22. In these limits,
the Goldstone modes associated with charged scalars read as

Gf ~ —¢f + €3 +€x}
Gy ~ x5 - (3.3.13)

Similarly, the Goldstone modes associated with pseudoscalars read as
_¢OZ + €¢2 + GIX%
Gg ~ X% . (3.3.14)

After reducing the charged, scalar and pseudoscalar mass matrices by removing the re-
spective Goldstone modes, there still remains some mixing between heavy states. In the
approximation made here, there is one mixing angle denoted as w, which is defined as

2\/§,u4

(a3 + (2p1 — p2))vr

tan 2w = (3.3.15)

The approximate mass eigenvalues of Table 22 are functions of this angle.
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3.3.1 Scalar sector in the electroweak symmetric limit

In the electroweak conserving limit, the charged, real and pseudoscalar mass matrix can be
obtained from the Higgs potential of Eq. (3.3.1) by setting the electroweak breaking VEVs
k,k', and vy to zero. The mass matrices for the charged, real, and pseudoscalar have the
same structure and is diagonalized by a single 3 x 3 unitary matrix V' such that

VIMPV = M, (3.3.16)

where Mgiag contains the physical masses of the Higgs field. The mass matrix M? in this
limit is found to be

—pi + —U% 2,u% — vy —%
M? = | 2p3 — apvd,  —pd + Eepd v (3.3.17)
—k %R Loy — 2p1)0%

All elements of the mass matrix in Eq. (3.3.17) are of order v%. However, we wish to make
one of the Higgs doublets light so that it can trigger electroweak symmetry breaking at a
lower scale vy. This light doublet state is identified as the SM Higgs doublet. Making this
state light is achieved by demanding that the determinant of M? in Eq. (3.3.17) is nearly
zero. It is only this zero-mass doublet that acquires a vacuum expectation value. Thus, the
VEVs (k, &/, vp) are related to the rotation matrix V as

Var K Va1 vL
2= Mg 3.3.18
Vi K Vi K ( )
Using the unitary nature of V', these relations would lead to the relations
!/
Vi = iv Vo1 = i7 Va1 = U—L, (3.3.19)
KL KL KL
where Ky, is the electroweak VEV, defined as
K} =K+ K2+l (3.3.20)
The masses of the scalar fields n™ and x% are given by
Qa7
m2 = pi + 71@, (3.3.21)
mi% = 20105 . (3.3.22)

The remaining scalar fields x7; and x% are Goldstone modes.

3.4 Gauge Boson Sector

In this section, we derive the physical gauge boson eigenstates and their masses arising from
the symmetry breaking sector given in Eq. (3.2.3). Noting that x; — Urxr, Xr = UrXr,
and & — U L(IJU; under SU(2);, x SU(2)r gauge transformations parameterized by unitary
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matrices Uy, and Ug, the Lagrangian containing the covariant derivatives of the scalar fields
can be written down as

Lyauge = (DMXL)TDMXL + (DMXR)TDMXR + tr[(DuCI))TDH(I)] ) (3.4.1)

where

-

1. 1.
D,xr = 0Ouxr — WL T War xo — 5198L XrB,

1. . - 1.
D,xr = OuXr— SURT Wur XR — 598L XrB,.,

1 o 1 -
D“(I) = 8#(1) - §’LgL T- W“L(I) + §ZQRCI)7_" WuR . (342)
Under left-right parity Wy, <+ Wg, which implies g, = gr. The gauge boson mass matrices

are then obtained by substituting Eq. (3.2.3) into Eq. (3.4.1) and using Eq. (3.4.2). In the
charged gauge boson sector, in the basis (W5, W), the mass matrix reads as

M%%:1< ﬁﬁ%_,_gﬂﬁ“wa>. (3.4.3)
pr A\ =2 grgpkeT 9k K%
where kg, is given by Eq. (3.3.20) and we have defined

K=K+ K> +0g . (3.4.4)
To diagonalize this matrix, one can first write it as

M2, =P M?, P*, (3.4.5)

where P = diag (1, ¢7™) and M&,Jr is a real symmetric matrix. The phase contained in
LR

P can be absorbed into the Wi field with a redefinition. The real symmetric matrix ]\Zl'gv+
LR

can be straightforwardly diagonalized. We let WfQ denote the mass eigenstates such that

Wi = cos¢ W/ +sin¢ Wi,
Wyt = —sin¢ W/ + cos¢ Wi . (3.4.6)

The mixing angle ( is then identified as

49rgrKK'
tan2( = —5——— (3.4.7)
IrKR — 91K
The mass eigenvalues are found in the limit of vg >> K, k', v, as
M2 Nl 2 2 M2 Nl 2,2 3 4 8
W, = 49L“La Wy = 49RUR- (3.4.8)

The mixing angle  is constrained to be |[¢| < 4x 1073 from strangeness changing nonleptonic
decays of hadrons 298], as well as from b — sy decay [246], independent of the mass of W.
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Similarly, in the neutral gauge boson sector, the states (W2, W3, B,) field will mix to
produce A, Z,r, and Z,p, in analogy with the SM. The photon field A, remains massless,
while the two orthogonal field Z,; and Z,r mix. It is convenient to choose the following

basis:

 9L9rByu + 959rWiL + 91.95W ik

A“ 2 (2 2 2 2
\/gB (97 +9%) + 919%
P 98B+ grW g
R=—
g V& + 9%
B, - 1+ ) W3, + g3
989rb, — grgr (1 + 5 ur T 98W R
Zyup, = 1 , (3.4.9)

2 2
VT T G5 + g} + B

The photon field decouples from the rest in the mass matrix, while the Z; — Zg fields mix
with a mass matrix given by

2 2
2 A 2,2 2 .2 9rt9L
) 1 (9v + 91) K1, (97K% — gvK1) e )
Mz, .=~ — 0y o2 1 i o ol , (3.4.10)
4 (gz K2 — g2 HQ) 9ntor _29R9VRL | IpFR 9y K1,
R IYEL) N gk -y 9%—9% 99y = IR 9%

We have used the relation between SU(2)g, U(1)p_r, and hypercharge coupling (gr, g5, gy)
in Eq. (3.4.10) to eliminate gp in favor of gy [299].

B-L 111
Y =Tp+ = S ==+ (3.4.11)
2 9y 9r 9B

We obtain easily the eigenvalues of the matrix of Eq. (3.4.10) by writing the mass eigenstates
as 4 9:

Zy=cosé Zp +sin€ Zg,
Zy = —sin€ Zy +cosé Zg. (3.4.12)

with

2 (9pK% — 9vk1) V(9% — 93) (9 + 91)
4 .2
9rFR

Thus, in the approximation vy > k, k', vy, the masses of neutral gauge bosons read as

tan 2§ ~

(3.4.13)

1 g3

|

Here Z; is identified as the Z gauge boson. Note that the mass ratio Mz, /My, ~ 1.19 in
this model. The mixing angle £ is constrained to be small, of order 1073 from electroweak
precision observables, but this limit is automatically satisfied once the lower limit on the
mass of Z5 of about 5 TeV from LHC searches is imposed.
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Figure 61: (a) Typical one-loop diagrams responsible to generate left /right-handed Majo-

rana neutrino mass. (b) A typical two-loop diagram responsible to generate right-handed
heavy Majorana neutrino mass.

3.5 Generation of Radiative Majorana Mass forvy

The LR symmetric model without Higgs triplets does not generate Majorana masses for the
Vg at the tree level. However, their interactions with the n™ field does lead to lepton number
violation, and the vy fields will develop Majorana masses through loop corrections. Such a
mechanism for generating masses for the usual neutrinos radiatively is well studied [26, 43—
46]; here we apply such a scheme for inducing vg masses. As noted in the introduction,
there are one-loop diagrams which induce vz masses proportional to electroweak symmetry
breaking, which were studied in Ref. [294] and more recently in Ref. [295]. We analyze these
contributions in detail and show that they are sub-leading to the two-loop induced masses
which do not require electroweak breaking effects.

3.5.1 One-loop radiative correction

In this section we evaluate the one-loop contribution to right-handed Majorana neutrino
masses. The relevant diagram is shown in Fig. 61 (a). It is clear from this figure that the
one-loop diagram requires two powers of electroweak symmetry breaking VEVs, one power
arising from the charged lepton mass, and the other arising from n*¢* mixing. Furthermore,
one power of charged lepton Yukawa coupling of the ¢ scalar, which diminishes the induced
mass. While it is true that the ¢* Yukawa coupling has a contribution not proportional to
the charged lepton Yukawa coupling, this contribution is proportional to the Dirac neutrino
Yukawa coupling through the relations of Eq. (3.2.9), which is even smaller for low scale vg.
These one-loop diagrams are suppressed by inverse powers of vy, so raising v will not make
their contributions any large. These remarks are supported by our explicit computation,
which we now summarize.

The 5 x 5 charged Higgs matrix is diagonalized by the unitary matrix V', as shown in
Eq. (3.3.10) and Eq. (3.3.11). The induced neutrino mass matrix arising from Fig. 61 (a) for
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both v and the light v, fields can be evaluated to be
2

1 * ~ * mHJr
(MVR)ab = @ [faZME‘/;é (yfb‘/l;r — Yo 25+) + (a A b)} 10g (mg - ) ’ (351>
Hy
L 1 oyt mi{f
(My )ab = 8 I:faZMEk 56 (ykbv yk,b 15 ) + (Cl < b):| ].Og m2 . (352)
HT

8
where Hj s = (H{,H,, HJ) with the index 8 summed over the three different physical
Higgs ﬁelds Here we have assumed Parity symmetry so that f® = f¥ = f, which appears
identically in the vg and the vy mass matrices. Expanding Eq. (3.5.2) and Eq. (3.5.1), the
one-loop neutrino mass is obtained to be

2

1 T * T mH;r
MVR:@ (fMé?J +y MEf) 54(0 O +O 044)10g m2
H+
i
0L (03,0% +04+104;>log( )}
M+
m2
C M+ MY O (050 + 0L0M 1y
(MG + 7 Mf") O55 (05,04, + 05,0,4) log 2
H+
2
'+ M
i
ME = MY (OF, < OF, ,0f, < Of), (3.5.4)

where O7 is the orthogonal matrix that takes the original charged scalar fields to an in-
termediate basis, as shown in Eq. (A.3) and O'" is the orthogonal matrix that takes the
intermediate basis to the physical basis.

We have computed the maximum allowed value of the vz mass arising from these one-
loop diagrams by varying all parameters of the model within their allowed ranges. Our
results are plotted as a function of the W}% mass in Fig. 63, along with the contributions
arising from the two-loop diagrams. Here we also show these one-loop induced masses when
the assumption of Parity symmetry is relaxed, so that f& # ff. It is clear from this figure
that with the assumption of Parity, the maximum one-loop contribution to the vz mass is
at most 10 eV, while without Parity this can be as large as an MeV or so, corresponding
to TeV scale Wg. Furthermore it is also clear from Fig. 63 that the two-loop induced vg
Majorana mass is always more important than the one-loop induced mass. In our numerical
evaluation of the mass, we have demanded that the Majorana masses of the v, fields arising
from these diagrams do not exceed about 0.1 eV. This constraint restricts the maximum
allowed one-loop vr mass significantly.

3.5.2 Two-loop radiative corrections

Now we analyze the two-loop induced vrp Majorana masses in the model. The relevant
diagram is shown in Fig. 63 (b). The Yukawa couplings and the Higgs potential coupling
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that are necessary to generate the neutrino mass at the two-loop level are given respectively
in Eq. (3.2.4) and in Eq. (3.3.1). There are three more topologies similar to the one shown
in Fig. 61 with the variation of the Higgs field inside the loop which are shown in Fig. 69 of
Appendix 3.11.3. Since the external neutrino in the diagram are Majorana particles, each
diagram has another set with internal particles replaced by their charge conjugates. The
sum of these pairs of diagrams makes the neutrino mass matrix symmetric. The two-loop
diagrams do not require electroweak symmetry breaking, so we work in this limit. In the
electroweak conserving limit, the n* field does not mix with the doublet fields, and the
charged and the neutral scalar mass matrices of the three SU(2), doublets are identical, as
shown given in Eq. (3.3.17). Thus matrix is diagonalized by a single 3 x 3 unitary matrix,
V', with the scalar ™ remaining a mass eigenstate, and with the x5 and x% being Goldstone
modes:

o1 G o e o c"
of | =vHf |, o) =v | HY|, 0l =v A, (3.5.5)
X1 Hf Xy HY XY Ay

We carry out the evaluation of neutrino mass in Feynman gauge. Here we must keep the
Goldstone contributions, which however, have the same structure as the contributions from
physical scalars. It is sufficient to identify the Goldstone boson masses as those of the W and
the Z boson. We also set the mass of the h° field to be 125 GeV. In this gauge, we should also
include possible contributions from the gauge bosons. However, these contributions always
require electroweak symmetry breaking, which will result in much smaller contributions.

The most general Majorana mass matrix for the vy fields arising from Fig. 61 (see Fig. 69
for the complete set of diagrams) can be written as

(My)ab = V2 quv (Avay + Azay + Asap) (3.5.6)
where
Avay = { foe [ia VEA=VirVis = Vi Vas + Vay Vo = TaVia VagV7,)
(yao Vi — UanVas) + (a b)} e,
Agap = {fac (WoaVs = UegVis) [Han Vo d—Vay Vig — Viy Vag + Vay Vag}

— Vi Vasit] (@ e )b 17

A3ab = {(yca‘/l*ﬁ - gca‘/;ﬁ) fcd [gdb ‘/22{_%7‘/1B - %7‘/25 + ‘/27‘/35}
— ydemeVM + (a + b)} [fd””. (3.5.7)

Here we have defined the two-loop integrals as

me _ / / d'p dlg q-p

o (2m)* (2m)* (g% — m2)(¢* — m3)(p* — még)(pz —m2)((p— q)* —m3p)’
=17y & B),
I =10 (n < 8). (3.5.8)
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Here m, and m, are the charged lepton masses. (m,, m H;) and mpo are the masses of the

charged and neutral scalars, respectively. The calculation of I} A [300-309] is carried out in
Appendix 3.11.4%. In Eq. (3.5.8) the indices 3 and « are summed over different Higgs states,
except 1, which remains unmixed with the other states in this limit. «4 is the quartic
coupling given in Eq. (3.3.1). f and y are Yukawa couplings given by Eq. (3.2.4). Here
Ay, Ag, Az contain the flavor structures associated with each of the diagram in Fig. 69 (a),
(b), and (c). Note that the flavor structure (yfy”) or (yfy”?) has no contribution to As,, in
Eq. (3.5.7) as the Yukawa coupling matrix f is antisymmetric in flavor and therefore these
terms vanish when the conjugate diagrams are included.

Case with M,» < M,

To illustrate the calculation of two-loop induced vg Majorana mass, we take M,»p < M,
which is realized in the case of low scale Wi (cf. Sec. 3.6). This makes both Yukawa
couplings y and y proportional to the charged lepton masses, simplifying the flavor structure
of Eq. (3.5.7). Although each diagram is divergent in the physical basis of scalars, we show
explicitly that the divergent piece of the integral vanishes due to unitarity conditions. The
induced vgr Majorana neutrino mass matrix takes the form in this limit given by

(M 2\/§ QAUVR

vi)ab = 2= ) (fM7+ M;fT) ((Jm "+ Ch. 177”) : (3.5.9)

where I"?7 stands for ij 7, as we neglect the charged lepton masses in comparison to the
scalar masses in evaluating the integrals. Here we have defined
24U 2 1 2
Oﬁ»y—ﬁ )\57_€>\ﬁ7_6>\57+)\5’y’
1242 2 1 i
and
Ny = Vi Vs Vi |
Ny = [Viy Va5 V3,
Noy = Vo [Vig*Vay = V3 ViVa, Vag + Ve, [PV Vis
N2, = Vi Vo " Vi, — Vi ViVi, Vi + [V, [PV Vs (3.5.11)

~

Here the parameter € is defined in Eq. (3.3.12).

Each diagram with the variation of index  and + is divergent. However, the divergent
piece is independent of § and +; therefore, the sum of the diagrams will be convergent
because of the following unitarity condition

ZA}VJ’Y - ZA%’Y - Z)‘gv - Z)‘gv =0. (3.5.12)
B B By B

Summing over possible values of 5 and ~, the dimensionless quantity IZJ'B can be expressed

2In Appendix 3.11.4, integral 132 = Igd'm is evaluated as it is the most general case including electroweak
symmetry breaking, whence n* mixes with the other charged Higgs fields.
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Figure 62: Integral function in Eq. (3.5.14) as a function of mass ratios, r; and 5.

as the ratio of scalar masses. In evaluating the integral Iﬂﬂ , we neglect terms that are

proportional to the masses of charged lepton since they are much smaller than the masses
of scalar fields. Thus, in the limit of m. = my = 0, the vg mass matrix can be expressed in
terms of two mass ratios of scalars as

2\/§ QQUR 2 2 T
M, )ap = M; + M
( R) b KQ(I —62)2 (1677'2)2 (f l + Zf )

2 2
{¢s G(m—2’7 — ) + G(mT” mTHO) b (3.5.13)
g My i
We have evaluated he function G(Tl, 7“2) analytically to be.
1 1 r 1 2 )
G(T‘l,’f’g) = —élog (7’17’2) + Z 10g2 (é) -+ 27"17“2 [— F — (7’1 — ].) <L12(]. — 7”1)

+ Lis(L=1/r)n) + (ry 472 = 1) (f [roy ] + f K_? H — [27 i} TQ)
— (1) (L12(1 ~ry) + Lin(1 — 1/7“2)7’2)] , (3.5.14)

where the function f is given by Eq. (D.17). In getting Eq. (3.5.14), we define y? = m3 = m%s
in Eq. (D.19). This function is plotted in Fig. 62 as functions of the mass ratios. Red, green,
and blue lines in Fig. 62 show values of the function G(ry,rs) as a function of r; for specific
choices of 7o = 1, r9 = 0.1, and ro = 0.01. There are simple asymptotic limits of the function
as given below:
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Figure 63: Maximum values of the one-loop induced and two-loop induced M,, as a
function of Myy,. The dashed blue line corresponds to the two-loop contribution, while the
dashed green and the solid red lines respectively represent one-loop contributions to the vy
mass with and without Parity symmetry.

—g—l—grlogr forrm=rm=r r<<l1

G(ry,m) — (3.5.15)

= W

—%Q—i-irllogrl forry =1, m << 1

We have also discussed the details of asymptotic forms in terms of masses eigenstate for two
cases: mgo > my = Myt (ri=ry=r,0<r<1)and My = Myt > my, (rp=1,r <1)
in Appendix 3.11.6.

3.5.3 Comparing One-loop vs two-loop neutrino mass

Here we proceed to compare the one-loop induced vz mass with the two-loop contribution.
We found that the two-loop contribution is always dominant over the one-loop contribution if
parity is an exact symmetry. Fig. 63 shows the maximum one-loop and two-loop contribution
to RH Majorana neutrino mass as a function of Myy,. The solid blue dashed line corresponds
to the contribution generated from the full two-loop function of RH Majorana mass given
in Eq. (3.5.6) when the parity is assumed to be exact, i.e., there is no breaking of parity in
the Yukawa coupling f. The solid red line represents one-loop contribution from Eq. (3.5.1)
to the vg Majorana mass without assuming parity, i.e., when fZ # f% in Eq. (3.2.4). In
contrast, the dashed green line represents the maximum vy mass taking parity symmetry
to be exact. The two-loop contribution is proportional to the choice of quartic coupling ay.
Here we have chosen the maximum allowed value of ay = 47 from perturbative unitarity
limit in generating Fig. 63. Note that choosing a4 to a smaller value, such as a4 = 3, the
crossover between contribution from the two-loop and the one-loop contributions happens
at 8 TeV My, mass. In contrast, with exact parity symmetry, the two-loop contribution is
always more significant than the one-loop contribution, which is clear from the green dashed
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My, (TeV) 5 10 15 30 50 | 100 10*
M,, (GeV) | 0.0042 | 0.010 | 0.020 | 0.05 | 0.11 | 0.36 | 4.2 x 10°

Table 23: Maximum contribution to the Majorana mass of vg M,, as a function of the

I/I/'Ri gauge boson mass Myy,. Here we set of ay = 3.0 and f,; ~ f., = 1.0.

line in Fig. 63.

We now summarize the procedure adopted to obtain the maximum rgr mass from the
two-loop diagrams. We first diagonalize the scalar mass matrix given in Eq. (3.3.17). As
mentioned in Sec. 3.3.1, we first identify the eigenstate corresponding to the lightest eigen-
value and fix that mass at 100 GeV. After this identification, the rotation matrix that takes
the original basis to an intermediate basis can be parametrized by three parameters, k, k',
and vy, see Eq. (3.3.19). One can then rotate the remaining 2 x 2 matrix to get the masses of
the heavier Higgs fields. To obtain the maximum vz mass we diagonalizing the mass matrix
given in Eq. (3.5.6). Furthermore, the Yukawa couplings y and y appearing in Eq. (3.5.7) are
expressed in terms of charged lepton mass and Dirac neutrino mass as given in Eq. (3.2.10).
We take account of the running of quark and lepton masses as a function of SU(2)z breaking
scale vg. We take the Dirac neutrino masses to be arbitrary, but demand that this be less
than the vz Majorana mass. A detailed numerical scan is then done with these constraints
to obtain the maximum v mass. For instance, with the quartic coupling o, taking value
as large as 4, the maximum allowed right-handed neutrino mass in this model is about 16
MeV for My, of 5 TeV. A similar approach is taken in evaluating the maximum vz mass
arising from the one-loop diagrams as given by Eq. (3.5.1). Since the one-loop neutrino mass
generation requires electroweak symmetry breaking, we numerically diagonalize the full 5 x5
charged scalar matrix given in Eq. (3.3.10) and perform a scan over the parameters.

In Table 23 we have listed the maximum possible vr masses within the model as a
function of the Wx mass with the quartic coupling oy = 3.0 and f,, ~ f,; = 1.0 fixed. We
see that for low scale W3, the model predicts vp mass in the (1 — 100) MeV range or below.
This can lead to interesting phenomenological consequences, which are discussed in the next
section. It is also worth mentioning that with the small mixing among the charged scalars,
the two-loop contribution to the vz mass begins to dominate over the one-loop contribution

with the following relation:
vr 2\ 1672k M, . (3.5.16)

Taking k = 246 GeV, and M, = m,, the two-loop contribution exceeds the one-loop con-
tribution above vg = 26 GeV. The one-loop contribution to the vg mass estimated in Ref.
[295] found it to be as large as 400 MeV, in contrast to a few MeV we find. This discrepancy
may be attributed to the constraint on the lepton Yukawa couplings given in Eq. (3.2.9),
which is not used in Ref. [295].

3.6 Realizing Low Scale Left-Right Symmetry

We have seen that the mass of the v field is in the tens of MeV range if the mass of the Wéﬁ
is in the multi-TeV range in the model. In this section we pursue the possibility that W]% is
within reach of collider experiments in the near future. Keeping this in mind we seek a fit to
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the neutrino oscillation data with vg masses in the (1 —100) MeV range. One should ensure
that this scenario is not in conflict with experimental constraints as well as constraints from
cosmology and astrophysics. We illustrate here that all constraints can be satisfied in such
a low-scale Wéﬁ scheme.

Since the radiative correction to the LH neutrino mass is always suppressed in comparison
to the usual seesaw (cf. Sec. 3.8.1), one can take M* = 0 in Eq. (3.2.11). One can then
diagonalize RH neutrino mass matrix (cf. Eq. (3.6.17) and write the unitary matrix that

transforms the weak eigenstates vy, and vp to the mass eigenstates v; (j = 1,2,3) and
N, (0 =4,5,6) as
Uyu Ul/N
U= 3.6.1
( Uny Unn ) ( )

Note that U,,,U,n,Un,, and Uyy are not separately unitary. The unitary matrix U diago-
nalizes the 6 X 6 neutrino mass matrix as

T * My, 0
UtM, U ( v > (3.6.2)
where
m,, = Diag (m1, mg, ms) My, = Diag (My, My, M3) . (3.6.3)

Here U}, is the usual PMNS matrix characterizing the mixing among light neutrinos. The
three neutrino oscillation observables 615, 013, and 6,3 are obtained from the following rela-
tions:

o 1UaP Ul

21— Usl 1~ Ul
where s;; = sin 6;;, with 0;; being the mixing angles among different flavor eigenstates 7 and
j. The magnitude of Dirac CP violation ¢ is determined by the Jarlskog invariant .J, [310]:

(3.6.4)

5%3 = ]U€3]2, 5%3 =

Jop = Im(Up JSUeQU;tQ)

1
= 3 cos 013 sin 26,5 sin 26053 sin 26,5 sin ¢ . (3.6.5)

Next, we analyze various low energy constraints on sterile neutrino with a mass of 1
MeV to 100 MeV range that mixes with the light neutrinos. There are various constraints
one needs to consider, such as lepton universality, invisible Z-boson decay, neutrinoless
double beta decay, magnetic and electric dipole moments, neutrino oscillation constraints,
and cosmological constraints. We will discuss astrophysical constraints in the next section
arising from the energy loss in vg in supernovae. Here we focus on the most stringent
constraints for the mixing of sterile neutrino as a function of its mass in the range 1 to 100

MeV.
3.6.1 Direct experimental constraints

One can obtain constraints on active-sterile neutrino mixing [217, 311] by looking for visible
final state particles in beta-decay, pion decay, kaon decay, muon decay, etc for sterile neutrino
mass in the (1 —100) MeV range. There are several dedicated searches for the existence of a
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Mass 1 MeV 5 MeV 10 MeV 30 MeV 50 MeV 100 MeV

[Uen]? | 2.6x107% | 1.1x107° | 3.5x1075 | 44 x 1077 | 1.2x1077 | 7.1x107°
BD2 BOREXINO | BOREXINO | PIENU | 7, PIENU | PIENU

|Uun? | 1.1x1072 | 2.75x107* | 2.06x107* | 8.6x107° | 2.35x107* | 3.76x107°
Tu PSI | mu, PSI | m, PSI | m, PIENU | K, KEK | K,, KEK

U n? — — 0.49 0.021 4.9x1073 | 5.1x107*
CHARM CHARM CHARM CHARM

Table 24: Constraint on active and sterile mixing Uy, U,n and U,y for different masses
of the sterile neutrino.

sterile neutrino. We quote various direct experimental constraints in Table. 24 in this mass
range for the sterile neutrino. The TRIUMF PIENU [312] experiment performed a kinematic
search for sterile neutrino produced in pion decay and set the limit on the mixing U,y
(v = e, u) for the mass range of few MeV to tens of MeV. For example, the collaboration set
limits at the level of |U.y| < 107® in the mass range of sterile neutrino 60 MeV to 129 MeV
[313-315] Reactor neutrino experiments put bounds to sterile neutrino with masses from 1
MeV to 10 MeV as it can decay to electron pair and a neutrino (N, — ete~v). Experiments
like Rovno [316] and Bugey [317] reactors have set the limits on mixing U.y. We note the
most stringent limit of a sterile neutrino mixing with v, from the BOREXINO experiment [318]
in Table. 24, which looked for neutrinos produced in Sun with masses up to 14 MeV.

The limit on v,-sterile neutrino mixing for the mass range of 1 MeV to 100 MeV is provided
by various experiments such as PSI [319], PIENU [320], KEK [321, 322] and measurement of
muon decay spectrum [323]. Similarly, the upper limits on the mixing of v, -sterile neutrino
in the relevant mass region is provided by NOMAD [324| and CHARM [325]. The most stringent
limits are summarized in Table. 24.

3.6.2 Neutrinoless double beta decay

Neutrinoless double beta decay provides important limits on the active-sterile mixing as a
function of sterile neutrino mass. The inverse half-life T’ 10/”2 for Ov33 can be expressed as

[326-328
1 p?) o~ U? i
= G¥g4| M e M. 3.6.6
7-'10/112 ’ ‘ az + M2 ( )

Here G% and g4 are the phase factor and the axial vector coupling relevant for the decay. M
is the light neutrino exchange nuclear matrix element, whereas (p) is the average momentum
transfer of the process. The first term in Eq. (3.6.6) m”, is lepton number violating effective
Majorana mass parameter for standard Ov83 mechanism that read as

(3.6.7)

v | 2 2 2 2 i 2 iB
Mg, =| ClaCiamy + 875C13mMae" + si3mze™ |

where o and § are the Majorana phases. The second term in Eq. (3.6.6) is a new physics
contribution to the Ovg3S mechanism due to purely left-handed currents with the exchange
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of right-handed neutrinos. It should be noted that if the heavy sterile state and the light
states are in a complete seesaw formalism, then the effective neutrino mass is zero.

(M) =ml, + > Uy, My, =0. (3.6.8)

In the low Wg scenario of the LRSM, the model predicts vz masses of a few MeV; thus,
momentum transfer can be much heavier than sterile neutrino mass, suppressing the Ovgg3
decay rate. In this case we find that the next order contribution does give important con-
straint, but this is much weaker than the one resulting from (M,);; were it not zero. The
new contribution arising from purely right-handed currents and through the exchange of
right-handed neutrino to Ov/ mechanism is given as

2

1 M
= Gl | M| — ( WL) My, (3.6.9)
Tlo/VQ MWR ; N4Na

where Uy is given in Eq. (3.6.1). This contribution from right-handed current is negligible
in our model due to the choice of flavor structure of right-handed neutrino (see Eq. (3.6.15)
for low W§x scheme; the model exhibits a distinct hierarchy among right-handed neutrinos
My, << My, ~ My,. Moreover, we take x; = 0 by choosing f., = 0 in Eq. (3.6.15).
This has an interesting feature as one of the eigenvalues of vz mass is precisely zero, while
other the two becomes degenerate. Thus we decouple the lightest vg from the 6 x 6 mass
matrix leading to no contribution to the Ov83 mechanism. We show two different cases as
presented in Fitl and Fit2 with the variation of sterile neutrino mass and show that they
are consistent with effective Majorana neutrino mass constraint from neutrinoless double
beta decay.

3.6.3 Cosmological constraints

A sterile neutrino in the mass range of (1 — 100) MeV can potentially upset the successful
predictions of big bang cosmology. If these neutrinos are long-lived, they will contribute to
the effective number of neutrino species, which is constrained by Planck data [329]. A long-
lived sterile neutrino can also over-close the universe, in contradiction with observations.
Here we show that the model with low Wf%[ indeed satisfies all the cosmological constraints.

The MeV mass sterile neutrino (denoted here as V') can decay into three neutrinos, v;ete™
or into v;y. The three body decays arise through the mixing of N with the active neutrino
v;. The rates for these decays are given by

(N, —»efev)= Z [;(No — eTe7 )

G2 M3, 1 1 . 2 1
=2 Z|UJQ|2 190 — o s [{ je+(—1+551n20w)} —i—Zsm‘lé’w], (3.6.10)

5

I'(N, — 3v) = Zr” N, = pvv;) _2Z|UN|2 T 11;2 fga (14+241). (3.6.11)
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Here a factor 2 appears to account for the Majorana nature of N. The eTe v decay is
mediated by Z boson as well as by W boson, which result in the factors given in Eq.
(3.6.10). The factor (1424 1) in Eq. (3.6.11) account for the three neutrino flavors in the
final state, with the 2 accounting for identical particles.

We point out that if right-handed neutrino has mass of a order GeV corresponding to the
mass of heavy Wg of order 100 TeV (cf. Figure 63), RH neutrino can decay to lepton and
pair of jets that hadronizes. The decay rate is given by

2
M,
(N, — (jj) = Gr (AA?

© 19273

4
> Vit Unyw, | MR, (3.6.12)

where Uy is given by Eq. (3.6.1) and V.2 is right-handed analogues of CKM matrix. Fur-
thermore, it can also decay into lepton and pion provided that my, = m, + m,. The decay
rate is given by

G2 ( My, \*
F<Na - ﬁ’/r) ==L - ’Vu]fl UN[NQ‘QM?V fz g(.ﬁlﬁg,xﬂ.) (3613)
8 MWR *
where f (x4, 2,) = [(1 — a2 — 22 (1+ ZL‘?)} [(1— (2r + ?L’g)z) (1—(zr — a:g)Q)}lﬂ and T, =

My 0

vl Though these decay modes are as important as the decay prescribed in Eq. (3.6.10)
and Eq. (3.6.11), we show next that radiative decay N — v~ mediated by charged singlet
nt is essential in getting a lifetime of order 1 second.

The radiative decay N — v+ receives contribution from the exchange of n* which is
enhanced compared to the W= and mixed W; — Wg contribution. The decay rate is given
by [114, 330|

D(Ny = v7) = Y Tj(Na = v;7)
j
3 .02 2 2 20 .2 9 2
= (M) || o (T} 4 || | s
12874 m? m? 2My,

where p = (M, /My, and we have kept only the magnetic moment contribution propor-
tional to the 7 lepton mass [331, 332|, which turn out to be the most dominant. We shall use
these formulas to estimate the lifetime of the sterile neutrino and show that the radiative
decay mediated by the n* scalar can lead to a lifetime of order 1 second, which would make
it consistent with big bang cosmology.

As it turns out, one of the right-handed neutrinos will have a mass much smaller than
the other two in the LRSM due to the flavor structure of the induced mass matrix. This
lightest v cannot decay fast enough to satisfy the lifetime limit of 1 second. If this vg
has negligible mixing with the active neutrinos, its contribution to the effective number of
neutrinos would be about 0.1, which is not inconsistent with Planck observations [329]. This
reduction in N arises since the right-handed neutrino decoupled from the plasma above

QCD phase transition, when the number of degrees of freedom was around 67. N =
[g*(400 MeV)/g*(1 MeV)]*/3 ~ 0.1, where 400 MeV is the typical decoupling temperature
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of vg if the Wgk mass is of order 5 TeV. If such a decoupled light sterile neutrino has a
mass of order eV of less, it would not over-close the universe, thus making it consistent with
cosmology.

3.6.4 Neutrino oscillation fit consistent with low W mass

Here we provide a fit to the neutrino oscillation data in the context of low scale Wéﬁ that
satisfies all of the experimental and cosmological constraints on MeV scale sterile neutrinos.

The Yukawa coupling matrix f that couples left- and right-handed lepton doublets with
charged scalar singlet ™ can be made real by the phase redefinitions. The Yukawa coupling
matrices y and y in Eq. (3.2.4) are hermitian due to Parity symmetry. Thus the theory would
appear to have enough parameters to easily satisfy the neutrino oscillation data. However, in
the low vg (M, ) regime, one can safely ignore the Dirac neutrino mass M, p contributions
in evaluating right-handed neutrino mass. This reduces the input parameters making the
Yukawa couplings y and y in Eq. (3.2.10) proportional to the charged lepton mass matrix
(cf. Sec. 3.5.2). Moreover, the vg Majorana mass matrix of Eq. (3.5.9) has the following

2
structure, taking advantage of the hierarchy Z—g < % << 1
0 i 1
2 T 2
My, =T | = 0 Ty — Ty (3.6.15)
2
1 To — m;:ﬁx? 0

with

2 2
2v/2 aqupm?f. m2 Myt m2 Mo

- e o, al —n ) pon g o, D } 3.6.16
J k2(1 — €2)? (1672)2 { l m%,g’ m%s + s m?{g ’ milg ( )

Here 21 = feu/fer, @2 = fur/fer, and € = £. (Cs,, Ch,) are given in Eq. (3.5.10) and the
function G is given in Eq. (3.5.14). Note that we have taken Parity to be exact so that the
two-loop diagram is always dominant compared to one-loop diagram (cf. Fig. 63). Moreover,
we take z1 = 0 by choosing f., = 0. As discussed in the context of cosmology, the lightest vz
can be decoupled from the 6 x 6 mass matrix so that it does not cause problems with N¢f.
This structure has an interesting feature as one of the eigenvalues of the vg mass matrix
is precisely zero, while the two others become degenerate. Furthermore, one of the light
neutrino mass eigenvalue also becomes zero in this case.

We make the following unitary transformation to diagonalize the vz Majorana mass
matrix of Eq. (3.6.15):

OMVROT — MS;ag (3.6.17)
—cosf sinf@ O 0 0 0
o= - = ] M= (o om0 ] G
—sd s 0 0 Myp,
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Oscillation 30 allowed range | Model Fits
parameters NuFit5.0 [8] Fitl | Fit2
Am2,(107° eV?) 6.82 - 8.04 740 | 7.45
Am2, (1073 eV?) 2.435 - 2.598 249 | 2.48
sin? 0}, 0.269 - 0.343 0.325 | 0.316
sin? 0,3 0.415 - 0.616 0.537 | 0.561
sin” 0,5 0.02032 - 0.02410 | 0.0221 | 0.0220
Scp/° 120 - 369 274 275

Table 25: 30 allowed ranges of the neutrino oscillation parameters from a recent global-
fit |8, along with the model predictions, as described in Sec. 3.6.4.

mi2 (MQV) ™mo3 (MQV) masa3 (MQV) 9/ © @12/ ° (,013/ ° (,025/ °
Fitl | -2.54 x 107% | -4.22 x 107% | 6.12 x 107 | 42.1 296 182 328
Fit2 | -4.30x1073 7.36x107% | -9.11x1072 | 319 249 192 275

Table 26: Values of parameters that gives Fitl and Fit2, as prescribed in Table 28 to fit
the neutrino oscillation data.

my, (TeV) | my,, (MeV) | My, (TeV) | as | 7 (s) | mgp (eV)
Fit1 4.0 4.2 4.0 3.0 0.97 0.009
Fit2 4.0 10 6.0 4.0 1 0.072 0.017

Table 27: Masses of 1, vg, and Wg that are consistent with Fit1 and Fit2. Here 7 stands
for the lifetime of the sterile neutrino and mgg corresponds to the effective Majorana neutrino
mass.

where

2

2 my 2
ma =1 a(1= )

T

m2

G (3.6.19)
To (m% — mi)

This orthogonal rotation takes vy fields into a new basis such that the arbitrary hermitian
Dirac neutrino mass matrix with its matrix elements m,; is modified as follows:

tanf =

mas | (3.6.20)
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where
1 . . |
M1y = = Sec 9{ — V2 mypet — (201379200 4 202 00) tan 6} ,
2
Mg = 5{\/5 myge™¥12 — (eH2P137928) 00 4 1202800 tan 9} ,
miz = e ¥2myqcsch,

mgg = \/5 6“02377’123 — 6724‘01277112 cot 9,

m32 = secC 9(—6_%0237%23 + m33) s

1

V2
. L
M3z = E(e ZL’DQ?”ITLQ?, + m33) (3621)
where ¢;; corresponds to the phase of m;;. We make the following substitution to get the
first column zero, so that one vz decouples from the seesaw setup:

1 . . |
min = 5 tan 9{ — V2 mppetr2 — (61(2“’13 ©28) 1m10s + €"2723m33) tan (9} ,
Moy = €9 Moz — V2 e " 2myycot O,

1 . 4
mi3 = Eel(wliﬁ ¥23) tan 6 (777/3362('023 — m23) . (3622)
The analysis reduces the neutrino mass matrix into the 5 x 5 matrix, with one zero eigenvalue
corresponding to an active neutrino, and two nearly degenerate vy states. The fit of neutrino
oscillation data to this 5 X 5 mass matrix is shown in Table 25, with the corresponding input

parameter given in Table 26. The active and sterile mixing matrix for Fitl and Fit2 is
found to be:

0.89 4 0.53i —0.69 4 0.113

Un=10"%x [ 059 —1.23i 3.16 + 0.59i Fit1 (3.6.23)
—0.21+0.68  2.73—0.011¢
—0.414+0.15:  —0.069 + 0.29i

Un=10"2%x [ 048 —0.15i —1.12 — 0.69i Fit2 (3.6.24)
—0.314+0.199  —1.11 —0.078i

It is easy to verify that with these fits, all the direct active-neutrino oscillation constraints
listed in Table 24 are satisfied. Furthermore, with these choices of parameters, the lifetime of
the heavier vy fields are found to be less than 1 second, showing consistency with cosmology.

3.7 Supernova Energy Loss Constraints

Supernova dynamics may be significantly altered in presence of right-handed charged current
interactions, provided that the right-handed neutrinos are lighter than about 10 MeV, which
is the case in our model with TeV scale Wg. Barbieri and Mohapatra have derived a lower
limit of 23 TeV on the Wi mass by demanding that the vy luminosity not exceed 10°® erg/sec
for supernova 1987a [296]. We have reexamined this limit carefully and found that this may

138



be significantly weaker, with the lower limit on Wg as low as 4.6 TeV. We have made three
improvements over the estimate of Ref. [296]. First, we computed the exact cross section for
the production of vy inside supernova via the reaction e~ 4+ p — vg + n. Our cross section
turns out to be a factor of 3.3 smaller compared to the naive cross section valid for low
energy neutrino scattering used in the estimate in Ref. [296]. Secondly, we have included
an important interference effect between the Wi contribution and the Wi — Wi mixed
contribution in the production cross section that further reduces the cross section compared
to Ref. [296] for one sign of the mixing parameter. And third, we have used the average
electron energy to be ~ 150 MeV, as opposed to 300 MeV used in [296], which appears to be
reasonable, given that the core temperature of supernovae is (30 — 70) MeV. We now detail
the improvements we have made.

Light right-handed neutrinos with masses less than about 10 MeV may be produced inside
supernovae through the process e+p — vg+n mediated by the W;%t gauge boson. Unless the
W is lighter than about 600 GeV, the vr produced this way would not thermalize and will
escape, carrying energy with them, which could be in conflict with the energy loss mechanism
inferred from sn1987a. The effective interactions involving the leptons and quarks in this
model is given by

4G F cos b — M{%V — _
L= ——""|—sin(d;y"ur + cos L dpyHu URY,€ 3.7.1
7 Cdpy*ur, CMI%VR rY'ur| (VrVu€R) ( )

where G is Fermi coupling, ¢ is the cabibbo angle, and ( is the the W, — Wg mixing
angle defined in Eq. (3.4.7). This Lagrangian needs to be converted to hadronic Lagrangian
involving the proton and the neutron. Since strong interactions are parity conserving, we
infer that the left-handed and the right-handed quark currents will yield the same hadronic
matrix elements. From quasi-elastic neutrino-nucleon cross section calculations [333] we
obtain the matrix elements for both terms. Compared to the Fermi coupling this operator
will have a suppression factor given by

2

M
B = —sin( + cos( MZVL : (3.7.2)
Wr

Note that the two terms here would interfere, which was not accounted for in Ref. [296].
Note also that the two terms are comparable in magnitude with an unknown relative sign,
see Eq. (3.4.7). For one sign of the mixing parameter this interference can reduce the vg
production cross section.

We have worked out the cross section for the scattering process

e (pp) +p (pp) = vr (p) + 1 (Pn) (3.7.3)
explicitly. The differential cross section is given by
d 1 2 2 6) B 2
o G% cos® 0| B M) (3.7

dt 64 (s —m2 —m2)% — 4m2m?

Here M is the invariant amplitude expressed in terms of leptonic and hadronic currents as

B
o _ . q Ga
M = a7 (1 +75) Ue - Uy, (fﬂa + 91775 + Zf2<7a5—2M + Q2M%> Up (3.7.5)
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Figure 64: Total cross section for vg production via e + p — vg + n at supernova energies
as a function of the CM energy of the electron.

The following definitions of the Mandelstam variables are used here:

s = (pe+pp)* = (v +pn)”,
= (pe - py)2 = (pn - pp)27

u= (pe—pn)’ = (P — 1p)°- (3.7.6)

with s +u+t =mZ +m2+m. +m} and ¢* = (p, — pp)* = (pe — py)". After some tedious
but straightforward algebra, we find the spin-averaged and summed amplitude-square to be

% = A(t) + (s —u)B(t) + (s — u)*C(t) (3.7.7)
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where

Aty =412l = (m2 = m2)" =AM (m2 4+ m2 = ) + 2 + gfl{ = (m? = m2,)?

t2
A+, = 1)+ )+ ] = (mE e, — ) — A(mE = w2 )+
g5t .
+ 4%{ —(m2—m? )?+ (mZ + m,%R)t} + 8Re(f1f2){2t2 — (m2 —m} )

— (m2+m2)th+16 Re(gigs){ — (m2 = m2,)? + (m? + m2, )t }

2\t
—4A2K|ff| + |f3] )(4M2—m§—miR+t)+ |Gt |(4M? + mZ + m, —t)

4M?
+ @{(mQ +m? )t — (m? —m? )2} +4(m? +m? )Re(g193)
M?2 e VR e VR e VR 9199
202 e = i ol f5) | + GAMAG — m, el fion + Fug) (373)
* * (mg B mzR) 2 * *
B(t) = —16tRe(fyg1 + fig7) +4A T (If5]+ Re(fifs +9195)) (3.7.9)
C(t) =4 (|71 +1gil) _lnl (3.7.10)
= 1 91 M2 .
where we have used the definitions
A =m, —m,, M = w (3.7.11)

Furthermore the form factors (f;, g;) are real functions and are given by

1—(1+&)t/aM? ¢

N Sy T2 E A WA YV E) Ry VA e
g = %, go = ;A;_g; (3.7.12)

where ¢;(0) = —1.270 £ 0.003, M2 = 0.71 GeV2, M3 ~ 1GeV?, and £ = k, — K, = 3.706 is
the difference between the proton and neutron anomalous magnetic moments in units of the
nuclear magneton.

Our results for [M]? in Eq. (3.7.7) are in agreement with the results of Ref. [333] as well
as Ref. [334] derived for quasi-elastic neutrino and anti-neutrino scattering on nucleons if
my, in Eq. (3.7.10) is set to zero, and if the signs of the terms with coefficients f;g; and
fag7 are flipped. These sign flips arise due to the V' + A nature of the leptonic current in
the present case. We have numerically evaluated the total cross section as a function of the
electron center of mass energy, which is plotted in Fig. 64. From this figure one can read off
the cross section to be o = 69.2 x 10~*'cm? for electron energy of 150 MeV. This value is
a factor of 3.3 smaller compared to the estimate used in Ref. [296]. This difference can be
attributed primarily to the low energy approximation used as well as due to the absence g
and fy form factors and the momentum dependence of the form factors in the naive estimate.
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Since the core temperature of supernova is in the range of (30-70) MeV, we find it reasonable
to choose the average electron energy to be about 150 MeV, in contrast to the energy of 300
GeV used in Ref. [296]. Following the same rough model of supernova dynamics, we have
derived the mass limit on Wpg, which can be as low as about 4.6 TeV. For this estimate we
also used the fact that |sin¢| < 0.95 x My, /Mg, , which arises from the requirement that
the top-quark Yukawa coupling not exceed about 1.5 (see discussions following Eq. (3.2.10).)
Although the estimate is very rough, we conclude that the model with low W5 mass may be
compatible with supernova supernova constraints.

There is one other source of energy loss in supernovae in the presence of a vy field with
a mass less than 10 MeV. This arises through the transition magnetic moment interactions
which could produce vg via vre — vre and vrp — vrp. Once produced this way, the v will
escape, thus providing a source for supernova energy loss. Since in the model with low W,
the vr decays into a v + 7, the transition magnetic moment is sizeable [331, 332|. For the
decay lifetime to be < 1 sec, we find that the transition moment is about p,,,,,,, ~ 1x 107 pp.
Ref. [335] has estimated an upper limit of (0.2—0.8) x 107! 5 from the energy loss argument,
which may be just about consistent with the needed value within the model.

3.8 High Scale Left-Right Symmetry

We now wish to show that the model is consistent if the W}% mass is very high, well above
the LHC reach, by fitting the model with neutrino oscillation data. Here one does not need
to decouple one of the v fields from the rest as was done in the low scale Wx scheme. Both
the type-I and type-II seesaw scenarios are consistent at the high scale left-right symmetry as
Dirac neutrino mass can be as significant as charged lepton masses. For simplicity, we show
model fit to the type-I case. We adopt the usual seesaw assumption by taking M, » < M,,,.

Here one can have Dirac neutrino mass M,p arbitrary and large, unlike the low scale
szt scheme discussed in Sec. 3.6. Thus, it has enough parameters to fit the light neutrino
oscillation observables. A simplifying assumption is to take ' = 0, so that the charged
lepton masses and Dirac neutrino masses in Eq. (3.2.8) become

1 1
My = — M,p = — ykx.
V2

T

o
One can choose to work in a basis where M, is diagonal, in which case ¥ is also diagonal.
Thus, M,, has the same structure as in Eq. (3.6.15) with y << ¥y and a modified overall
factor J' given as

(3.8.1)

2v/2 a4vaeTmZ 9 3 -
J = = (A5, 17— Xg, 1) (3.8.2)

where A3 and )\};W are given in Eq. (3.5.11). There is ample freedom in the choice of the
Dirac neutrino mass texture; we choose a specific form given by

211 212€"% 213

MVD = Ms33 zlge_i“’ 2992 0 . (383)
213 0 1
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Oscillation 30 allowed range Model Fit
parameters NuFit5.0 [8] Fit3 (NH) | Fit4 (IH)
AmZ,(107° eV?) 6.82 - 8.04 7.40 7.42
Am2,(1073 eV?)(IH) 2.414 - 2.581 - 2.48
Am2,(107% eV?)(NH) 2.435 - 2.598 2.517 -
sin? 01, 0.269 - 0.343 0.314 0.311
sin? B3 (IH) 0.419 - 0.617 - 0.589
sin® 63 (NH) 0.415 - 0.616 0.570 -
sin” 6,5 (IH) 0.02052 - 0.02428 - 0.0228
sin” 6;5(NH) 0.02032 - 0.02410 0.0217 -
dcp/° (IH) 193 - 352 - 318
dcp/° (NH) 120 - 369 317 -

Table 28: 30 allowed ranges of the neutrino oscillation parameters from a recent global-
fit [8], along with the model predictions for both normal (NH) and inverted (IH) hierarchy
scenarios.

T T2 211 212 Z13 292 2 mo (eV)
Fit3 (NH) 1 —0.860 0.649 —0.562 | —0.139 | 0.617 | 2.42° 0.008
Fit4 (IH) | 11.17 | —1.316 | —0.0205 | —0.0416 0 0.0448 | 5.10° 1.45

Table 29: Best fit values of parameters that yield Fitl and Fit2, as prescribed in Table 28
to fit the neutrino oscillation data.

From this structure we obtain a symmetric light neutrino mass matrix through the type-I
seesaw formula as
(Milght)ij =Mmg Q5 , (384)

Here a;; = aj; (1,7 = 1,2,3) are obtained by inserting Eq. (3.6.15) and Eq. (3.8.3) into type-I
seesaw equation given in Eq. (3.2.12). Here my fixes the overall scale of the light neutrino
masses. For this structure of light neutrino mass matrix, the model provides excellent fits
for both the normal hierarchy and the inverted hierarchy as shown in Table 28 as Fit3 (NH)
and Fit4 (IH) along with the 30 allowed ranges taken from a recent NuFit5.0 global analysis
[8]. The choice of parameters that gives these fits are tabulated in Table. 29. These fits are
in perfect agreement with the observed experimental values.

The overall scale mq determines the scale for the SU(2)g breaking, which depends on the
choice of the Dirac mass entry mss. With the benchmark parameters of Fitl (NH) and Fit2
(IH) represented in Table (29), we can simply write the right-handed neutrino masses as

2
33

M, = 1.25 x 10" Diag{1.318, 1.315,0.0035}(G v> : Fit1l (NH) (3.8.5)
€
2
M,, = 6.9 x 10° Diag{1.690, 1.630,0.0380}(%) . Fit2 (IH) (3.8.6)
(§

In addition to the best-fit results in the tabulated format, we also display them in Fig.
65 in the two-dimensional projections of 1o, 20, and 30 confidence regions of the global fit
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Figure 65: Global oscillation analysis obtained from NuFit5.0 [8] for both normal hierarchy
(NH) and inverted hierarchy (IH) compared with our model benchmark points (Fitl and
Fit2). Yellow, Green, and orange colored contours represent 1o, 20, and 30 CL allowed
regions for NH, whereas solid, dashed, and dotted lines respectively represent 1o, 20, and 3o
CL allowed regions for IH. Red, purple, and (blue, black, pink, brown) markers are best-fit
from NuFit for IH and NH, and benchmark points Fitl, Fit2, Fit3, and Fit4.

results [8] (with the inclusion of the Super-K atmospheric Ay?-data). The global-fit best-fit
points, along with the model predictions for each benchmark point are shown for comparison.
The theoretical predictions are in good agreement within the observed experimental data.

3.8.1 Inconsistency with the type-1I seesaw in low scale LR scenario

In the limit of small mixing between scalars, i.e. in the limit when the flavor eigenstate and
mass eigenstate coincide, we take Eq. (3.2.11) and obtain the condition when M! dominates

M. Note that for the type-II contribution, M’ is given by one-loop diagrams which is
shown in Fig. 61 (a) and evaluated in Eq. (3.5.2). Now Eq. (3.2.11) can be written as
M 8—'6;? F' MZ,D (3 3 7)
v M;FD 62UROC4JT o

where F' and F is the flavor structure given in Eq. (3.5.2) and Eq. (3.5.9). ¢ is the one-
loop factor, which is equal to 1/(167%). After some straightforward algebra, we obtain the
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following relation between type-I and type-II:

Mt < M, M! (3.8.8)
K

It is clear from the above equation that the type-I contribution will always dominates type-II
contribution. We emphasize that in low Wx mass regime, the maximum vz mass is few tens
of MeV, implying that Dirac mass should be of order keV or less to get correct scale for
the light neutrinos. The Dirac mass contribution to the Yukawa couplings y and 7 given in
Eq. (3.2.9) is negligible compared to charged lepton mass. Thus, both Yukawa couplings y
and y are proportional to charged lepton mass. The type-II contribution from the one-loop
diagram given by Eq. (3.5.2) has the flavor structure with diagonal elements being zero.
It is worth mentioning that fine-tuning yx = —yx’ can lead type-II dominance; however,
the diagonal elements of the light neutrino mass matrix will be all zero in this case. With
diagonal elements zero in the neutrino mass matrix, in a basis where the charged lepton
masses are diagonal, one cannot obtain the correct neutrino oscillation pattern [43, 44, 105].

3.9 Collider Implications

The Wﬁ gauge bosons as well as other new particles in the model can be produced at the
Large Hadron Collider experiments, if they are sufficiently light. In the standard left-right
symmetric model, the Wg boson can be resonantly produced when kinematically allowed,
which then decays into a charged lepton plus right-handed neutrino, or a pair of jets. CMS
has obtained a lower limit of 3.6 TeV on the Wg mass from resonant searches in the dijet
channel [297]. This limit is applicable to the present model. There are also somewhat
stronger limits derived from searches for the decays of Wy into leptonic final state of the
same sign or opposite sign [336, 337]. These occur in the standard left-right symmetric model
as the heavy vg decays into leptons plus jets [283]. In our model, however, when the Wx
mass is in the TeV range, the mass of vg is of order 10 MeV, which would mean that it
won’t decay within the detector. Thus these leptonic constraints on the W3 mass are not
applicable to our scenario.

There are however, other ways of testing the model at the LHC. We focus on the discovery
potential of the right-handed neutrino as well as the n* scalar present in the model. n*n~
can be pair-produced via the Drell-Yan process mediated by the Z and photon, which has a
significant cross section at LHC energies for relatively low mass 7. Assuming that the W3
is quite heavy, the mass of the vz can be in the few to hundred GeV range in the model.
The n* would then decay into (Lvg as well as into (fvy final states, with roughly equal
branching ratios. The vz would then decay through a virtual n* exchange into £ + £, + vy
This would lead to interesting multi-lepton signals that has already been searched for by
ATLAS. Here we carry out an analysis of this process and derive bounds from the LHC and
estimate the reach of high luminosity LHC.

It is worth mentioning that M, < My, in the model due to the two-loop suppression
in vg mass. Thus it is natural to expect vi to be light, even when the Wy gauge boson is
heavy. The decay of vi into SM leptons is suppressed due to their small mixing, typically
of the order m,n/M,,. Furthermore, the decay of v to v;¢}(43) is also suppressed, as the
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Figure 66: Feynman diagram for pair production of singly-charged scalar n* (left) and
decay of RH neutrino vg — ¢*¢ v (right) at LHC (note: «, 5,0 = e, u (B, # () .

Figure 67: Feynman diagram for the production of 4-lepton + F; through Drell-Yan
process with pair production of n*. vp decays to lepton pair and neutrino via virtual 7.

coupling with the SM Higgs is small, while the other neutral scalar should be heavy, of order
10 TeV or higher, in order to satisfy flavor changing neutral current constraints [338].

We consider the case where in addition to the vz, the scalar n" is also light, which opens
up the possibility of production of vz via n™, as shown in Eq. (3.2.4). At the LHC n* is
produced through the s-channel Drell-Yan process pp — v/Z — n*n~, as shown in Fig.
66 (left) followed by n* decaying into leptons 3. We take the cleanest channels e,y in the
final state from the decay of n*. This can be achieved by setting the Yukawa coupling that
couples T to v, to be small, as shown by Table 29, obtained from neutrino oscillation fit.
We also set the coupling f., at 0.01 to suppress the muon decay constraint and the single
production of n*. Then, n* decays into veuj, e}, Ver 1, and v, e}, with a branching ratio
(BR) of 1/4 for each process. The right-handed neutrino v.p and v, can decay into a pair
of leptons and neutrinos via virtual 7, as shown in Fig. 66 (right) with branching ratio 1/2
for each process (i.e. Ver — fiy fihVe, €1 hv, and vup — prehve, eperv,). This means that
the Drell-Yan production of ntn~ has 20 + o, 4l 4+ Fr, and 61 + 1 as possible final states.

We note that although dilepton + MET search (pp — n*n~ — (*¢~ Fr) is appealing as
it has a higher cross-section, the background is much harder to suppress. Thus, we study
the process with 4-leptons and 6-leptons final states, i.e, pp — 4l + F7 (Ref: Fig. 67) and
pp — 6l + Fr. 4-leptons and 6-leptons final states will have a suppressed background in
contrast to 2-lepton final states. We implement our model file in the FeynRules package
[126] and compute all the cross-sections at the parton-level using MadGraph5 event generator
[127].

Following the search done by ATLAS [339] with four or more leptons, we generate the
events for signal region (SRO<%¢) with 139 fb~! integrated luminosity at /s = 13 TeV

bveto

3The decay of n* to quarks is generally suppressed since the mixing angle of n with other charged scalars
is small.
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Figure 68: The observed 95% C.L. limit of the production cross section, o(pp — n™n~),
as a function of mass of n* scalar obtained from four leptons searches at /s = 13 TeV pp
collisions by the ATLAS experiment [339]. Dotted line corresponds to the future sensitivity
limit at the high luminosity LHC with 3 ab~! data.

proton-proton collisions. For the estimation of sensitivity, we adopt the background estima-
tion done by ATLAS analysis. This same effective cut is implemented on the signal region
for our model. We implement Z-veto cut that rejects events where any SFOS lepton pair
has an invariant mass close to Z boson mass, i.e., in the mass range of 81.2 — 101.2 GeV.
To suppress the radiative Z boson decays into four leptons, Z veto also takes into account
combinations of any SFOS LL pair with an additional lepton or with second SFOS LL pair.
Also, to separate background and left-right (LR) model signals, m.;; > 600 GeV cut is used.
Here meyss is defined as

Megr = Y pr+ »_ pr(>40GeV) + B (3.9.1)

leptons jets

where EZ'*% is the missing transverse energy, and the pr > 40 GeV requirement suppresses
contribution from pileup and the underlying events [340|. The observed signal limit at 95%
CL, as shown in Ref. [339] is used to evaluate constraints on our model. Fig. 68 shows
the limit on the production cross-section of n7n~ as a function of the mass of the scalar n*
assuming the mass of right-handed neutrino mass at 50 GeV. We see that the current limit
on the mass of ¥ is 410 GeV from LHC, as shown in Fig. 68. We also show in Fig. 68 the
mass reach for 3 ab~! integrated luminosity by rescaling and assuming the same efficiency.
We find that the reach for n mass is 585 GeV.

For 6-leptons final state, both n* and 7~, as shown in Fig. 66 and Fig. 67 decays into
right-handed neutrinos vg; both v then decay to a pair of leptons and a light neutrino. There
are no current 6-leptons + MET searches available in the literature. It would be interesting
to do such a study as we expect half the number of events in this channel compared to
4-leptons + MET searches but with a much-suppressed background. For instance, for n™
mass of 410 GeV, 6-lepton final state would have a cross-section of 0.071 fb with the basic
selection cuts form the ATLAS searches [133, 339]. It is beyond the scope of this work to do
the full analysis as it requires detailed reducible background simulation.
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3.10 Summary and Discussions

In this chapter, we have presented a simple and minimal left-right symmetric model which
does not use the conventional Higgs triplets. Gauge symmetry breaking is achieved by
Higgs doublets and a Higgs bi-doublet. Majorana masses for the right-handed neutrinos are
induced through two-loop diagrams involving a singly charged scalar field n*. This model
naturally exhibits a hierarchy in the masses of vz and Wy, If the Wy gauge boson has a
mass in the (5 —20) TeV range, the v fields will have masses of a few tens of MeV. We have
shown that such a scenario is consistent with low energy constraints, as well as constraints
arising from cosmology and astrophysics.

The model presented admits type-I seesaw mechanism for the entire range of W mass
ranging from a few TeV to the GUT scale of order 10'® GeV. Prior analysis of left-right
symmetric models with this Higgs spectrum focused on the one-loop induced vz Majorana
masses, which turn out to be sub-dominant. For the entire parameter space of the model
we have shown that the dominant contributions to vz masses would arise from two-loop
diagrams, which do not rely on electroweak symmetry breaking, unlike the one-loop diagrams.
We have found excellent fits to neutrino oscillation parameters for low Wx scenario as well
for high W scenario.

We have explored the multi-lepton signals at colliders arising from the production and
decays of the nt scalar, assuming that it is kinematically accessible to the LHC. While the
current limit on the ™ mass is found to be 410 GeV, we estimate that at the high luminosity
run of the LHC this limit can be improved to 585 GeV.

3.11 Appendices

3.11.1 Evaluation of the charged scalar mass matrix

In evaluating the masses of charged scalar we first identify the Goldstone bosons as:

Gf - UXLTHO KO (A1)

VU2 + K2+ K2
ot — KEIURXE + 26K vpXT + k(K2 +v1) oy — K (K2 + vi)oT (A2)
R — . .
V(L +0R) (KL + vfvg + K20 + vp))

G} and GF have been chosen to be orthogonal to each other. We choose the following

orthogonal matrix O which transforms the original basis {¢{, #3, X7, X%, 7"} to a new basis
{G+ G+ ht Rt hH—}
L>~Ry"™"1 »1%2 5123 -

’

HooEo w00
—K! (K2 —v?) k(K2 40v2) 2kK'vr, K2 VR 0

VN v Vs VEe

4+ _ K UR KUR —
O o \/Hf—f—niv% \/H‘i—f—niv% O \/Tm O ! (A 3>

wop (k2 +v%)  Kup(—k240%) —k‘i—kiv% 2kK/ VL UR 0

VN1 VN VN1 VNi
0 0 0 0 1
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where kp, is given in Eq. (3.3.20) and where we have defined normalization factors as

Ny = (k2 + wiog) (KL 4+ vivg + k2 (0] + vR))

Ny = (k5 +vi) (kL +vivk + K (V] + vR)) - (A.4)

To get the mass spectrum for charged Higgs, mass matrix M? in the basis {¢], o3, X7, x5 n"}
is first constructed from the bilinear terms by expanding the potential given in Eq. (3.3.1)
around the VEVs shown in Eq. (3.2.3). One can write the mass matrix in the new basis by
performing the transformation

OTM;O'T = M2. (A.5)
The elements of the symmetric mass matrix ]\ZJ; = ]\Zt are given by

A 1 2,022 2 4 2.2\2
Vi = o (4 ok (R o))

+ 4\/§/£’,LL4ULUR(/$‘£ + K203) — pravy (mg + QHfUQR)
— provivR (3K + /<o2)} ,

- Var

L 2 2 | 2
My = 2k (KL + K20%)3/2 {KIULUR(_QQSH Fp1a(=r= 4 vR))
— V2uu(rt + Hi’”?%)} ;
M, ! N
2 2k + K2 { (agﬁ a p12vR> 1} ’
M, = ! { —ay(k + HI)UL<(H — K2+ v%) } ,
2\/kL + k2%
—~ 1
M asvg(k — KNV Ny,
22k 4 K202) 10R( VM
~ ;o Q5 9 2, Q7. 9 2
My = 20’ + 264 + gy + (0] + vh) (A.6)

where p13 = 2p; — po. One can further rotate ]Tf:% to the physical basis { H;", Hy , Hy } to get
the masses of charged scalars such that

OTMIO™T = M3 (A7)
with M? being a diagonal matrix.

3.11.2 Evaluation of the neutral scalar mass matrices

The basis {¢?, 9, X%, x%} consisting of complex fields can be broken up into real and imag-
inary components which are rotated into new basis {h)", h9", h3", h)"} and {GY, G, hY hd'}.
For simplicity, we turn off all the phases, which ensures that there is no mixing between
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scalars and pseudo-scalars. We first construct the scalar and pseudoscalar mass matrices
from the Higgs potential of Eq. (3.3.1) in the original basis states.

In the pseudoscalar sector we make a rotation from the original basis to an intermediate
basis denoted as {GY, G, h?¥, h3'}, where the Goldstone bosons are identified as

GO _ _H¢?i + 'Li,¢(2]i + ULX% (Bl)
! VUi + K2+ K2
(;g:: ﬁv%¢€l__K/U%¢€l_+imilUZx% +>H%Zﬁix% (E{Q)

V(L + 2+ 52) (30} + KivR)
We orthogonal rotation to go to this intermediate basis is denoted as O, which is chosen to
be

O'M?O" = M?, (B.3)
where M? is the mass matrix in the {¢%, ¢3', X%, x%} basis, M? is in new basis, and
_ K s A
KL KL KL O
kv —K'vZ HivL KLUR
O’i — /{L\//Ng KV N3 Kk VN3 v/ N3 (B4)
K i 0 0
K4 K4
KVLVR  —KULUR K+UR —K4vg

VN miVNs VN5 VN
where £, is defined in Eq. (3.3.20) and where we have defined
N3 = K207 + Kjvg . (B.5)
The elements of the matrix ]\Aji2 with ]\ZI] = M]IZ read as

oF 1
My = W{Zl\@’i/ﬁi“wwﬁf — (2p1 — p2)VLvR(3K™ + K7)

+4I€2_l{i(—2)\2 + A3) + Oz:;lij_(i)% + v?{)} ,

~ v N.
My, = 9 ; {\/5’&#4 —(2p1 — P2)/<6/ULUR} )
l{li+

~ —2p1+ p2

One can further rotate ]\Ajf to the physical basis to get the masses of the pseudoscalars.
Next, we examine the the mass matrix of real scalars in the original basis, {h%", h9", h3", h9"}.
We use the following orthogonal matrix to transform the original basis into an intermediate

basis. N

O"M?0™ = M?, (B.7)
where M? is the mass matrix in the {9, ¢35, X%, x%'} basis, ]\A/ff is the same matrix in the
new basis, and where we have chosen

L /A
H; KL KR
O =| s = (B.8)
RVUJ, KR VU], k4 0
K4KL KyKp, K,
0 0 0 1
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The Matrix ]\Ajf is symmetric, ]\Z’; =M’

N?"

NT'
N’I"
M,
N?"

-

1, with its elements given by

2
%{Ami + (4kK' Ay + aq v} K% + 4K2 K Ao

’2 2 2 4
+4K'vi ok + azvi kT + prug)}

1

— {—2K2 (26K Aoz + K3 A1) — (k' + 209K )07},
+RL
v

p 22 {262 (K21 + ANRK") + 2(—4K°K% a3 + K5 p1v7)
+RL

+(an k2 4+ azk” + dagkk!) (KL — v})},

1
K—{4a2m@’ + a3k’ + ami + 2p107 Yog,
L

1
52 {4K° g3 — 4\/5141’/11#4%1)3 — (3K + k) provivy,
+ —
Fagry (v + V7)Y,
1
m{—%és/i’/ﬁz/ﬁi% + 4k vp (26K Ng3 + fsi)\4)
+L

/ 2.2 2 2 2 2
+KULP12K VR — 4agkK L EZ UL — \/§,u4vR/<+/£L} ,

1
{~V2u40p k2 — 203K K2R + (—daark? + K prav?)or},

2Kk 4
1
OR2 12 {4U%(—Oé1/€i + K/ (dankk? + 4k%K Naz) + Him
+RL
—agh?K5 — ARK AR + KA — prakivn ),
1
264K {—2(4K sk + arw? + agn™) + KL phy — Vi pra}urvr,
+KL
2
— 1o
p; L + 2p1012%‘

(B.9)

Here \y3 = 2Xa+ A3, p12 = 2p1 — po, and p'y = 2p1 + pa. This 4 x 4 matrix can be diagonalized
numerically to obtain the mass eigenvalues of the scalar fields. Note that the field 1% is
the SM-like Higgs boson, which has small mixings with the heavier states.

3.11.3 Different topology for the generation of vz Majorana mass

In this section we show different topology for the right-handed Majorana neutrino mass
generation. Unlike in Fig. 61, these are represented in the physical basis for the scalar fields.
There are three more diagrams with internal particles replaced by their conjugates. Note
that in the electroweak symmetry conserving limit, the neutral and charged scalars have the
same mixing matrix and are degenerate. Moreover, scalar and pseudoscalars do not mix, and
the n* field will remain a mass eigenstate, the remaining Higgs field mix, and a common 3 x 3
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Figure 69: Topology for right-handed Majorana neutrino mass generation with with various
arrangement of scalar fields. There are three more diagrams with internal particles replaced
by their charge conjugates.
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Figure 70: A typical two-loop diagram involving gauge bosons that induce right-handed
Majorana neutrino mass in the model.

unitary matrix V' diagonalizes both charged and neutral scalars. There are Goldstone modes
associated with various rotations. We work in the Feynman gauge, where the Goldstone
bosons are treated just as the physical scalars, with their masses identified as those of W
and Z bosons. Note that there are other topology associated with gauge fields such as the
one in Fig. 70 that needs to be considered. However, these diagrams are suppressed as they
require " field mixing with gbfg, which is only possible after electroweak symmetry breaking.
Note diagrams consisting of only one Yukawa coupling f like the one shown in Fig. 70 are
summed over its conjugate diagram yielding zero right-handed neutrino mass, as Yukawa
coupling f is antisymmetric in nature. Thus, we do not include these contribution in our
analysis.

3.11.4 Evaluation of ;3

Here we evaluate general loop integral I}3? given in Eq. (3.5.9). After performing a Wick
rotation and setting ¢ — —¢, Eq. (3.5.8) becomes (up to an overall sign):

132 d4p d4 ap
w-) / @ @ T @+ ) Y

Here p and ¢ are Euclidean four-vectors. my and mj are the charged lepton masses. (mq,
ms) and mg are the masses of the outside and inside scalars. In the limit of keeping only the
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. . / . .
linear terms in € = =, ¢ = *L and vg >> vg, k, &', scalar masses are given in Table 22. We

use some useful relation in evaluating Eq. (D.1).

1 _ 1 { 1 1 ] (D2

(2+m3) (¢*+m3)  (mi-—m3) [¢>+m3 ¢?+mi

p-q 1 (m3 —mi —mj3)

(P? +mi) (¢ +m3) ((p+ @) +m3) 5{ (0 m}) (@ +m3) ((p+ a)? +m3)

1 1 1
TP (o md) (@ rmd) (P md) P md) (@ +md) } '
(D.3)

In addition, introducing a new notation, [301] one can write the integral in a compact form
as:

mn n ]'
(milma) = /d p/d sy pa— (D.4)
n n 1
(milmalms) = /d p/d q(p2 T (@A) (pt R L md) (D.5)

From Eq. (D.2), (B.6), (D.4) and (D.5) (with n = 4) we can write Eq. (D.1) as follows:

123 — ! Mgy ) — (o |y ) — (T4 |1 mo |
12 = St (malme) = nals) = () + (s

—(m3 —mi — m3)(ma|ms|ms) + (m3 — m3 — mz)(ma|ms|ms)

+(mi — mj — m3) (ma|mi|ms) — (mg —m; — m?)(mz\ml\mes)} : (D.6)

Solving Eq. (D.4) and Eq. (D.5), gives the solution to I;52. In order to evaluate (m;|msy) we
use the following identity with e =n — 4 :

/dn 1 -2221+ +log ( 2)+~22[7T2+12 1
=mm- |- — og |\ mTm M e | — — - =
1 1 1
+ 5+ 5 — 1) log (7m?) + 7 log? me] +O®E). (D7)
Furthermore, (m;|ms|ms) can be expanded to
1 2 2 2
(ma|malms) = 3. [mi (mamy [ma| my) +m3 (mams [ma| my) +m3 (mama|mams)]

(D.8)
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where the term in Eq. (D.8) is given by [303, 341]

1

1y |1g| 3 = dn dn
i) = [ [ e T

_ —T (7(?1(3_2 _% / da;/ dy n/2—2y(1_y)2—n/2

1
X [F(E) —n) TR (1 — y)) — + §F(4 —n) o+ 2= y))} (D.9)
where ) )
2—%, a:%, b:Z—? (D.10)

Now, letting ¢ = n — 4 and expanding in the limit e — 0,

-2 1 1 1
(mymy |ma|ms) = = {6—2 + - (1 —2yg —2log (Wmf))] + 7 [ —5~ Eﬂ'2 +vE — Ve
(1 - 295) log(mm?) — log? (wm?) — f(a, b)] L0, (D.11)
where the function f(a,b) is given by:
1 2160 112
faub):h/ dx(Lb(1—,ﬁ)—fiJ£%}), (D.12)
0 L =p
and the dilogarithm function Liy is defined as:
“log(1 —
Lis(z) = — / wd@/. (D.13)
0

Performing the y integration, f(a,b) in Eq. (D.12) becomes [301, 341]

a+b-—1 —Ta . —y2> . (—351)
b ———1 logh — = | ——— Lo [ —= | +Li, | —== | = Lis | —
f<a ) s aios 2 ( \/A ) { 2 ( U1 ) 2 ( T 2 Yo

_ng(_y ) +L12<b_“) + Li (“_b) —Lig(b_a> ~ Li (a_b) }
T Y2 T n

T2 2

where A = (1 — 2(a +b) + (a — b)?) and
1 1

:5(1+b—a+\/Z), x2:§(1+b—a—\/Z),
1 1
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By explicit symmetrization between a and b (a <> b) and using the relation

Lip(1 — 2) = —Liy(2) — log zlog(1 — 2) + =7~

(1 ) 1., 1,
Lis (—> = —Liy(2) — 3 log“(—z) — &7 (D.16)

the function simplifies to:

1 a+b—1 T yg) 1. 59
a,b) = —=logalogh — |——— Li + Li + —log” —
o) = —gtosatons — () {u (S72) 41 (32) + ot

23/2 11g2$1_11g2372 WQ}

1
+-log —

. -+ -

D.17

It is to be noted that function f(a,b) in Eq. (D.17) can have non-zero imaginary part
[341, 342]. However, the imaginary component of the function f(a,b) cancels out with
judicious logarithmic branch choice. The real part of Eq. (D.17) is in full agreement with
Eq. (D.14. By expanding Eq. (D.6) as in the relation of Eq. (D.8) and making use of
expression given in Eq. (D.11) together with Eq. (D.7), I;3? is obtained as

132 1

1 m? 1 m?
| =2 42—y —logm —logu? [—1{—1 2 (M
45 (1672)2 € * T TR s (mt —m3) o p?

1 m3 m3 1 m3 1 m3
— 21 -1 } 2 1 2) - 21 2
2 Og(/ﬂ) T =) {4 o (u 2 e\

2
1
2(mi —m3)(m3 — mj)

{1
—log
4 It It
2 2 2 2
2 my 2 my 2 my 2 ms
(mios (5 ) —mivon (72 ) ) (s () — i (3 ) ]

1 2 2 2 2
* ST g L = md) (mif e mi A i)
(o ) (A ) — )

Y

X (mAfE 4 mdfE 4 mf) — (mf — md — m)(mA £+ mEfE 4 md )]

(D.18)
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where f/* = f(—z, m—%), (1,7,k) = (1,2,3,4,5) and f is given by Eq. (D.17). In the limit

of my = m; = 0, one can reduce Eq.(D.18) as follows:

1 2,,2 1 2
+2 ve — log ™ — log ji? ——log (mlmQ) + = log? <£§>
e 4 my

1132 — 1
00 (1672)2

1 2
| = T+ — ) 1+ £
1772

(2 — ) £ S — (3 — ) (A 20+ mif >] , (D.19)
where fF = f( ) 0= f<—z,0), and f[a,0] = f[0,a] = Liy(1 — a).

3.11.5 Evaluation of M,

To evaluate the neutrino mass, one needs to finally sum over all possible diagrams. Recog-
nizing outside scalars in the diagram as «, 3, and inside scalar as -, one needs to sum over
a, 3, and ~v. In doing so, all the constants that appear in the integral vanish owing to the
unitarity condition. The total contribution to the neutrino mass is given in Eq. (3.5.6) and
Eq. (3.5.7) with n replaced by a. As an illustration we have,

Ay = Fel g 1277 (E.1)
where F¢4 ~p 1s the flavor structure with linear combinations of unitary matrices associated

with the two-loop neutrino mass matrix in Eq. (3.5.7). Farsl%7” in the limit of m, = mg = 0,
vanishing charged lepton masses, is given as

1 mimz\ 1., (m2 1
— —log |t log” | — |+ 5
2 m2 4 ms 2m2msg

x@@+mawﬁm@ﬁﬂw@ﬁﬂwﬁﬁ%—maw@>

A
af afy
FaﬁWIOO 7= (167T2)2

XWM%WW%—W%m%mﬁHmM)—§4H, (E2)

where the function f is given by Eq. (D.17) with a and b being the ratio of the masses.
Moreover, we take p? = mi in Eq. (D.19) in getting the above expression.

3.11.6 Asymptotic behavior of If;?ﬁ in evaluating the right-handed Majorana
neutrino mass

We show here the asymptotic behavior for the two cases, mpgo >> M+ = m Y and mpo =

]mﬂ

My >> My We write Igf]ﬁ as identifying m,, = m,+, My = (mhf,mh;,mhg), and

mgo = (mpo, My, myo). In evaluating the asymptotic behavior of the neutrino mass, we
vy 1 2 3

have to sum over all possibilities in 8 and . Furthermore, to simplify the flavor structure,
we consider i > y, and take all the phases zero.
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mpgo >> My = Myt = Mg

Since the masses of leptons are much smaller than Higgs masses, the terms with m? and
m? are suppressed and can be ignored in Eq. (D.6). Thus, in this limit, we obtain the
right-handed neutrino Majorana mass as

2 2 2
4 VR e~ m T m m
(Myp)ap =~ —(167r2)2 (fac Yng Yab Agy + Transpose) { — mQB L f 25_ log (mf )} . (F.1)

mpy = mH; =mpg >> My

Here we take two masses being equal to each other and much heavier than the third. Ignoring
the masses of leptons we obtain the RH Majorana mass as

2 2
Q4 VR ~ o~ m m
(M, ap = m (fac UoqYar + Transpose) Agg m—g log (m—g) ) (F.2)
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CHAPTER IV

UNIFIED FRAMEWORK FOR B-ANOMALIES, MUON g — 2, AND
NEUTRINO MASSES

4.1 Introduction

Among the many reasons to consider physics beyond the Standard Model (SM), an un-
derstanding of the origin of neutrino masses stands out, as neutrino oscillations have been
firmly established [12] which require nonzero neutrino masses, in contradiction with the SM.
While neutrino masses may be accommodated at tree-level simply by the addition of three
SM-singlet right-handed neutrino fields having large Majorana masses via the type-I seesaw
mechanism [7, 32-36], or by the addition of an SU(2).-triplet scalar (or fermion) via the
type-11 |7, 38, 39| (or type-III [40]) seesaw, there are other interesting scenarios where small
neutrino masses arise naturally as quantum corrections |37, 43-45]. These models of radia-
tive neutrino masses, which we focus on in this chapter, are more likely to be accessible for
direct experimental tests at colliders. (For recent reviews on radiative neutrino mass models
and constraints, see Refs. |26, 46].) Here we show that the new particles that are present in
these models to induce neutrino masses can also play an important role in explaining certain
persistent experimental anomalies, viz. the anomalous magnetic moment of the muon (Aa,,),
and the lepton-flavor-universality violating decays of the B meson (Rpw and Ry)).

There has been a long-standing discrepancy in the measured value of the anomalous
magnetic moment of the muon by the E821 experiment at Brookhaven National Labora-
tory [14] and the SM theory prediction [16], resulting in a value for Aa, = a5® — afM =
(27.4 + 7.3) x 107!° which indicates a 3.7 o discrepancy. The muon g — 2 experiment
at Fermilab [343| which is currently in the data accumulation stage, in conjunction with
more precise calculations of the dominant hadronic vacuum polarization contribution [344-
350], is expected to settle in the near future whether this discrepancy is indeed due to new
physics [351]. Meanwhile, it appears to be productive to envision TeV-scale new physics
that can account for the observed anomaly. We shall pursue this line of thought here in the
presence of an Ry(3,2,7/6) leptoquark (LQ) scalar (in the notation of Ref. [227], where the
numbers in parenthesis denote SU(3). x SU(2); x U(1)y quantum numbers) that also takes
part in radiative neutrino mass generation.

Independently, various anomalies have been reported in the semi-leptonic rare decays of
the B-meson by BaBar [17, 18], Belle [19-21] and LHCb [22-25| experiments. The com-
bined average ratio of branching ratios for the charged-current decay, R+ = BR(B —
DWry)/BR(B — D®v) (with ¢ = e, u) [17-23] differs from the SM prediction [352] by
1.4 (2. 7) o. The ratio of branchmg ratios for the neutral-current decay Ry = BR(B —
K®utpu™)/BR(B — K®ete™) [24, 25| differs from the SM predictions [353-356] by
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2.6 (2.4) o in the high-momentum range, while the discrepancy is 2.2 ¢ in the lower-momentum
range for Rx+. These anomalies, while taken together, appear to suggest some lepton-flavor-
universality violating new physics beyond the SM. The most popular explanation of these
anomalies is in terms of scalar LQs. While the charged-current B-anomaly requires the rel-
evant LQ to have a mass around 1 TeV, the neutral-current anomaly may be explained with
a LQ that is somewhat heavier.

A single scalar LQ solution to both b — s¢*¢~ and b — c7Tv anomalies [357-360] seems
to be ruled out when such models are confronted with global fits to b — su™ ™ observables,
as well as perturbativity constraints and direct limits from the LH [178] (see also Refs. [361,
362|). The Rpu) anomaly may be explained by either an Si(3,1,1/3) or an Ry(3,2,7/6)
LQ, while the Ry, anomaly may be explained in terms of an S3(3,3,1/3) LQ.! Thus, in
order to explain both Rpu) and Ry anomalies, there are two logical options: Addition of
(i) R2(3,2,7/6) and S3(3,3,1/3) LQs, or (ii) S1(3,1,1/3) and S5(3,3,1/3) LQs. Among
these options, we find it more compelling to adopt (i) as there is a direct connection with
neutrino masses induced radiatively in this case, since both the LQs are essential to generate
neutrino mass, unlike option (ii) where only one such LQ is sufficient, along with a color-
sextet diquark to ensure lepton number violation [61|. Therefore, we adopt here a radiative
neutrino mass model involving Ry(3,2,7/6) and S3(3,3,1/3) LQs, along with an isospin-
3/2 Higgs field A(1,4,3/2) which is needed to induce an R,—S} mixing that leads to lepton
number violation, a requirement to generate Majorana neutrino masses.

We show by explicit construction that a model with Ry(3,2,7/6) and S5(3,3,1/3) LQs
plus A(1,4,3/2) Higgs field [360] can simultaneously explain the Rpw), Rgw and Aa,
anomalies, while being consistent with all low-energy flavor constraints, as well as with the
LHC limits. We propose a minimal Yukawa flavor structure that achieves these, while also
providing excellent fits to neutrino oscillation parameters. We have also evaluated constraints
from /s = 13 TeV LHC data on the LQ Yukawa couplings to fermions of the first two
families arising from non-resonant pp — ﬁfﬁj’ processes mediated by t-channel exchange of
LQs. These limits on the couplings are found to be in the range (0.15—0.36) for a 1 TeV LQ,
which would preclude any solution of Rp) with new LQ-mediated decays of the B meson
involving v, or v,, an a priori logical possibility. We also show that the A** scalar from
the A(1,4,3/2) multiplet, which decays to same-sign dileptons for much of the parameter
space, can be probed to masses as large as 1.1 TeV at the high-luminosity (HL) phase of the
Vs = 14 TeV LHC with 3000 fb™! of data, as it can be produced via strong interactions in
the decay of S;‘/g — (R3)72/3 + A**. The mass reach in this new mode is somewhat better
than in the standard Drell-Yan (DY) channel. We also find that the same Yukawa couplings
responsible for the chirally-enhanced contribution to Aa, give rise to new contributions to
the SM Higgs decays to muon and tau pairs, with the modifications to the corresponding
branching ratios being at a few percent level with opposite signs, which could be tested at
future hadron colliders, such as HL-LHC and FCC-hh.

There have been various attempts to explain radiative neutrino masses and a subset
of the anomalies in Rpx, Ry and Aa, using scalar LQs. For instance, Ref. [359] has
studied neutrino masses, Rpw and Aaq,, whereas Refs. [363-368| address neutrino masses

The Ry LQ can also explain Ry ) [360], but only by modifying b — sete™ at tree-level and thus cannot
explain the other b — sy~ anomalies like P; [356].
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and Ry . Similarly, Refs. [369, 370] explain radiative neutrino masses, Ry and Ry,
while Ref. [371] explains neutrino masses and lepton g — 2. In some cases such explanations
are disconnected from neutrino mass generation, in the sense that removing certain particle
from the model would still result in nonzero neutrino masses [372, 373|. Our approach here
is similar in spirit to Ref. [374], which address all three anomalies, viz., Rpu), Ry and
Aay,, in the context of radiative neutrino masses; but unlike Ref. [374] we do not introduce
new vector-like fermions into the model. In the model proposed here there is a close-knit
connection between the Rp) and Ry anomalies, Aa, and neutrino mass. In particular,
neutrino mass generation requires all particles that play a role in explaining these anomalies.
Removing any new particle from the model would render the neutrino to be massless. For
other models of radiative neutrino mass using LQ scalars, see Refs. [59, 60, 62-64, 375].

The rest of the chapter is organized as follows. In Section 4.2 we present the basic
features of the model, including the Yukawa Lagrangian (cf. Section 4.2.1), scalar potential
(cf. Section 4.2.2), radiative neutrino mass generation mechanism (cf. Section 4.2.3) and a
desired texture for the Yukawa coupling matrices (cf. Section 4.2.4) consistent with flavor
constraints that can explain the flavor anomalies. In Section 4.3 we discuss how the LQ
scalars present in the model explain the Ry and Ry flavor anomalies. In Section 4.4
we show how the Ry LQ explains the Aa, anomaly. In this section, we also point out the
difficulty in simultaneously explaining the electron g — 2 (cf. Section 4.4.1), as well as the
model predictions for related processes, namely, Higgs decay to lepton pairs (cf. Section 4.4.2)
and muon electric dipole moment (cf. Section 4.4.3). Section 4.5 summarizes the low-energy
constraints on the LQ couplings and masses. Section 4.6 analyzes the LHC constraints on
the LQs. In Section 4.7 we present our numerical results for two benchmark fits to the
neutrino oscillation data that simultaneously explain Ry, Rg and (g — 2), anomalies,
while being consistent with all the low-energy and LHC constraints. Section 4.8 further
analyzes the collider phenomenology of the model relevant for the A™* scalar, and makes
testable predictions for HL-LHC and future hadron colliders. Our conclusions are given in
Section 4.9.

4.2 The Model

The model proposed here aims to explain the B-physics anomalies Ry and Ry, as well
as the muon (g — 2) anomaly Aaq,, and at the same time induce small neutrino masses as
radiative corrections. To this end, we choose the gauge symmetry and the fermionic content
of the model to be identical to the SM, while the scalar sector is extended to include three
new states, apart from the SM Higgs doublet H:

Ry (3,2,7/6) = (¥ w*)", S5 (3,3,1/3) = (p** p'* p )",
A(1,4,3/2) = (AT AT AT AN H (1,2,1/2) = (HT HY)'. (42.1)

Here the numbers within brackets represent the transformation properties under the SM
gauge group SU(3). x SU(2);, x U(1)y. The superscripts on various fields denote their
respective electric charge @) defined as Q = I3 + Y, with I3 being the third-component of
SU(2)-isospin. The Ry and S3 LQs are introduced to explain Rp) and Ry anomalies
respectively. The R, LQ also explains Aa,, through a chirally-enhanced operator it induces,
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which is proportional to the top quark mass. The SU(2);-quadruplet A field mixes w?/3
from R, with p*? from S} (the complex conjugate of p~% 3), which is needed to generate
Majorana neutrino masses radiatively. This multiplet, with its characteristic triply-charged
component, was introduced to generate tree-level neutrino masses from dimension (d)-7
effective operators in Ref. [376]; here we use it for radiative mass generation, also via d =7
operators.

4.2.1 Yukawa Couplings

In addition to the SM Yukawa couplings of the fermions involving the Higgs-doublet field
H, the following Yukawa couplings of the Ry and S5 LQs are allowed in the model:?

Ly = fu(u)" Cvy)Riei; — [ (Qi Cef) Rieis + un(Qf CTathy) S — (@ CTa) S50 (+ H-C)-
4.2.2
Here we have adopted a notation where all fermion fields are left-handed. Q = (u d) and
1 = (v e)T are the SM quark and lepton doublets respectively, {i, j} are SU(2) indices, {a, b}
are flavor indices, C' is the charge conjugation matrix, ¢;; is the SU(2) Levi-Civita tensor,
}N%2 = iR}, and 7, (with @ = 1,2,3) are the Pauli matrices in the doublet representation
of SU(2). The color contraction is unique in each term, which is not shown. It is to be
noted that S3 possesses both leptoquark and diquark couplings, as shown in Eq. (4.2.2),
which would lead to potentially dangerous proton decay operators. Therefore, we set the
diquark coupling ¢/, to zero in Eq. (4.2.2), so that baryon number remains unbroken. This
is achieved by assigning baryon number B = —1/3 to S5 and Rj, along with B = 1/3 for
quarks and —1/3 for anti-quarks, and 0 for leptons and anti-leptons.
We redefine fields to go from the flavor basis (u, d, €) to the mass eigenstates (u°, d°, €°)
for the charged fermions (and similarly for the (u€, d¢, e°) fields) via the following unitary
rotations in family space:

u=V,u’, d=V;d’ e=V.e", v=V1",
e =Vyeu®, d°=V3ed?® e =Vee?. (4.2.3)

The Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix Voky is generated in the
process and is given by
V = ViV, = PVexu@, (4.2.4)

where P, () are diagonal phase matrices which are unphysical in the SM, but become physical
in non-SM interactions, such as the ones involving the LQs. These phases will have an
effect on C P-violating observables, such as the muon electric dipole moment (EDM), see
Section 4.4.3. Note that the unitary rotation on the neutrino fields in Eq. (4.2.3) is the
same as for left-handed lepton fields e, and therefore no Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) mixing in the charged weak-current interactions of leptons is induced at this stage.
For explaining the anomalies in B-decays and in muon g — 2, there is no need to go to the
mass eigenstates of the neutrinos; the distinction between the mass and flavor eigenstates

2The field A has no Yukawa couplings with fermions at the tree-level, but couples to the leptons at
one-loop level (cf. Eq. (4.2.52)).
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will only affect neutrino oscillation phenomenology. For convenience, we also redefine the
Yukawa couplings as follows:

VIfV. = f, VIfVee = VT, VIV, = VTy. (4.2.5)

Eq. (4.2.2) can now be written in terms of mass eigenstate fermions (except for neutrinos
which are still flavor eigenstates) and the redefined Yukawa couplings as

Ly = uTCfu® —uTCfew®® +u"C(V* f)efw ™ + d"C f'ew™??

1/3 1/3
—uTC(V*y)vp 3 + uTC(V*y)ep— + dTC’yup— +d"Cyep*® + Hee.  (4.2.6)

V2 V2

Here we have dropped the superscript ¥ in the labeling of mass eigenstates. In the discussions
that follow, the quark and lepton fields are to be identified as mass eigenstates. Note that
the Yukawa coupling matrices f’ and y, which respectively appear in the d — e® and d — ¢
couplings, also appear in the u — e® and u — e couplings, along with the generalized CKM
matrix V. Any texture adopted for f’ and y should therefore be consistent with flavor
violation in both down-type and up-type quark sectors. The flavor indices i and j in f;; (and
similarly for f’ and y) refer to the quark flavor and the lepton flavor respectively. We shall
make use of these interactions in explaining the B-anomalies, Aa, and radiative neutrino
masses.

4.2.2 Scalar Sector

The most general renormalizable Higgs potential involving H, Rs, S3 and A is given by:

A
V = — L HH + pARIRy + 1125555 + pAATA + TH(HTH)Q + 7(3532)2

!/

A N A s, o
+ 5 (R Rag)(RY Raa) + 57 (5553)° + 5 (S3T08)° + (54 535)(54 )

Ns e 18 As AFAY2 o A
— (95 TaS35)(55" TaSsa) + - (ATA)" + =2

+ Ny (H 7, H) (RS 7a Ry) + A (HTH)(S1S5) + Ny g (H 7, H)(SIT,S5)

+ Aga(H H)(ATA) + Ny A (HI 7, H)(ATTIA) + Mg (RIR,)(S1S5)

+ Mg (RymaRe) (SIT0S3) + Ars (RY Rop) (S5 S35) + Nps (RS 7a Rop) (S1°T0S35)

+ Ara(RER) (ATA) + Mo (RETRa) (ATTLA) + Asa(S155)(ATA)

+ Non (SITLS3) (ATTA) 4+ N A (SIT, T, 95) (ATT!TIA)

+ (uA*iijQngjk 4 Aparse RE Sy Sap Hon € €™ 4+ A\ gys A HoH Hy, + H.c.) .
(4.2.7)

Here {i,j} are SU(2), indices, {a, f} are SU(3). indices, 7, are the Pauli matrices, and T,
T! (with a = 1,2,3) are the normalized generators of SU(2) in the triplet and quadruplet
representations, respectively.® Color-singlet contractions not shown explicitly are to be as-
sumed among two colored fields within the same bracket. For example, the N4 term has the

+ (ATT!AY? + Ayr(HYH)(RIR,)

3This potential differs considerably from the one given in Ref. [360], which is missing many terms.
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color contraction (RY*7,Raa) (S} T,Ss5). Here Ss, and A¥F are the completely symmetric
rank-2 and rank-3 tensors of SU(2), with their components related to those given in Eq.
(4.2.1) as:

++ +

%, Apgy = A—\/g, Nogy = A", (4.2.8)

The presence of the quartic coupling with coefficient Aags in Eq. (4.2.7) will induce a
vacuum expectation value (VEV) for the neutral component of A, even when p%i > 0 is
chosen. The cubic coupling with coefficient ;@ would then lead to mixing of w?? and p*/3
components of Ry and S5 LQ fields. Such a mixing is required to realize lepton number
violation and to generate neutrino masses. We shall be interested in the choice u% > 0
(which leads to electroweak symmetry breaking), and u%, u% > 0 (so that electric charge
and color remain unbroken), and p4 > 0 — so that A acquires only an induced VEV. To
ensure that this desired vacuum is indeed a local minimum of the potential, we now proceed
to derive the masses of all scalars in the model.

Scalar Masses

We denote the VEVs of H? and A° fields as
v VA

with (v? + 30v3) ~ (246.2 GeV)? determined from the Fermi constant Gr. While v can be
taken to be real by a gauge rotation, va is complex in general. However, all the complex-
valued couplings of the potential, i.e. terms in the last line of Eq. (4.2.7), can be made real
by field redefinitions, which we adopt, and consequently minimization of the potential would
make v real as well.

We obtain the following conditions for the potential to be an extremum around the VEVs
of Eq. (4.2.9), assuming that v # 0:

1
—/ﬁq + 5)\]{1)2 + % (6)\AH3U + 2 gava + SA}{AUA) = 0, (4.2.10)
2 ]_ 3 ]- 3 / 2 1 9 !/ 3
pava+ gAamv’ + ( SAua + s ) vvat (GAat gAL )R = 0. (42.10)

We eliminate p% and p3 using these two conditions. To derive the scalar mass spectrum, we
construct the mass matrices from the bilinear terms resulting from expanding the potential
in Eq. (4.2.7) around the VEVs v and va.

The 2 x 2 mass matrix involving the mixing of the charge-2/3 LQs in the basis (w??, p?/3)
is found to be:

2 vA
m ey K75 s

M22/3 = < ;3 m\ZE ) 7 (4.2.12)
V] /3
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where

v? V2
miz/g - ,U?g + E()\HR + )‘;{R) -+ IA(Q)\RA + 3)‘/RA) s (4.2.13)
2 2 1)2 ! UQA / "
M2y = :uS"{'5()‘HS+>‘HS)+§(4)\SA+6)\SA+9 ISR (4.2.14)

The mass eigenstates denoted as X o are given by

X, = cospw?? +sinpp??, (4.2.15)

X, = —sinpw?? + cosp /3, (4.2.16)

where the mixing angle ¢ is defined as

\/§UAM

tan2p = . (4.2.17)
(miz/s - miz/:’,)
The mass eigenvalues of the charge-2/3 LQ fields are then given as
1 .
mx, x, = 3 [miw + mim + \/(’rrli2/3 - m32/3)2 + QIMQUQAJ. (4.2.18)

The masses for the remaining LQ components (w®/3, p'/3, p*/3) are obtained as follows:

2 2

v v
m2s, = m%,+E(AHR—A;,RHZA(MRA—?)AQ%), (4.2.19)
e — 24y YA (9hen 4 3N 4.2.20
o3 = ,Lts‘i‘? HS+I< sa +3Nga) (4.2.20)
N S WY YA 14 Non -+ 15N 4221
mp4/3—/is+5< HS — HS)+§< sa — 6Aga + 15Xga) - (4.2.21)

As for the A fields, the masses of the triply and doubly-charged components are given by

3)\/ 2 9)\/ 2 by 3
My = — f;A“ - i“ﬂ - AQZIZ” : (4.2.22)
3)\/ 2 )\ 3
MA iy = —Nyav?— “oAUA  ZAHTD (4.2.23)
2 QUA

The singly-charged components of H and A will mix, with a mass matrix given by:

1 —3v V3v
M? = i(AAHwJFA’HAUA)( \/gj e ) . (4.2.24)
VA

One combination of (H*, A¥) fields is the Goldstone boson (G¥) eaten up by the W= gauge
boson, while the other combination (§%) is a physical charged Higgs field. These fields are

vHT 4+ V3uaA AT 5 - V3upaHT — AT

N VR 3k

G+ = (4.2.25)
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with the mass of 6 given by*

2 ia (V2 + 303) _ Aans (v3 + 3v3v) (4.2.26)
o 2 20 ' -

The neutral C'P-even scalars do not mix with the C'P-odd scalars, since all couplings and
VEVs are real. The mass matrix for the C'P-even states in the basis (Re H°, Re A?) reads
as:

Ve Av? 4 3Aamsvva 4[3Xamsv ;l— (2Ama + 3Njya) va]
even S[38Aamsv+ (2Ama +3Nga)va] =235 + (Aa + 9Ny) 0]
(4.2.27)

The resulting mass eigenvalues are given by

1 9 A 2 — 303
w2 = et 4 Ot et - 2amt =3 | g (4.2.28)
’ 2 4 20
where
9 A 24+303)°
A = Doz = (a4 2 ) o o Dameolv” +303)
4 QUA
+ 02 [BAamsv + (2hga + 3Nga)val® (4.2.29)
The corresponding mass eigenstates are given by
h = cosaRe(H") +sinaRe(A?), (4.2.30)
H = —sinaRe(H") + cosaRe(A?), (4.2.31)

with /
IAasav + (2Aga + 37
snge = UBramvt Qhas +3Xys)ua] (4.2.32)

(m; —mj)

The field h is to be identified as the SM-like Higgs boson of mass 125 GeV.
Similarly, the C' P-odd scalar mass matrix, in the basis (Im H®, Im A°) is given by

1 —9va 3v
M2, = §AAH3U< 30 __A> (4.2.33)

We identify the Goldstone mode G° eaten up by the Z° gauge boson and the physical
pseudoscalar Higgs boson A° as

vIm(H?) 4 3vaIm(A°) 5 - 3ualm(H?) — v Im(AP)
V0?2 + v ’ VU2 + v 7

4In the limit va < v, the physical §* field is nearly identical to the original AT field. So we will use the
same notation for mg+ and ma+.

G0 =

(4.2.34)
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with the mass of A° given by

PYNTE s IOAA 30V

2 AH AH3VUA

= — — . 4.2.35
a 2UA 2 ( )

The VEV va must obey the condition va < v from electroweak T-parameter constraint.
In presence of va, the electroweak p parameter deviates from unity at tree-level, with the
deviation given by [376|

5p ~ —622 (4.2.36)

Although there are also loop-induced contributions to dp, arising from the mass splittings
among components of A, Ry, S3 fields which typically have the opposite sign compared to
Eq. (4.2.36), we assume that there is no precise cancellation between these two types of
contributions. A parameter pg, defined as
miy
myyp
(where é; = cos Oy (my) in the MS scheme, 6y being the weak mixing angle, and p includes
leading radiative corrections from the SM), has a global average py = 1.00038 +0.00020 [12].
Eq. (4.2.36) can be compared to this global value, with po = 1 in the SM, which sets a limit
of |[va] < 1.49 GeV, allowing for 3 ¢ variation, and ignoring loop contributions proportional
to mass splitting among multiplets.
In the approximation |va| < |v|, one can solve for va from Eq. (4.2.11), to get

)\AHSU?’

213

A X — (4238)

Substituting this into the masses of the Higgs quadruplet components, we obtain [376]

/ ?}2
miA ~ pi— g HQA ’ (4.2.39)
where ¢; is the (non-negative) electric charge of the component field A; (with ¢ = 1,2,3,4
denoting the four components of A given in Eq. (4.2.1). We note that there are two pos-
sibilities for mass ordering among these components, depending on the sign of the quartic
coupling Ny o, with ma+++ being either the heaviest or the lightest member. Phenomenology
of these scenarios has been studied extensively in Refs. [376-379].

By choosing all the bare mass parameters p% (for X = H, Ry, S3,A) in Eq. (4.2.7) to
be positive, and the quartic coupling Ay to be positive, the desired minimum can be shown
to be a local minimum, as long as the masses of A, Ry, S3 are well above v ~ 246 GeV. To
verify that this minimum is also the absolute minimum of the potential for some range of
parameters, further work has to be done, which is beyond the scope of this chapter. Since
none of the quartic couplings, except for Aags, plays any crucial role for our analysis, it
appears possible to achieve this condition. Similarly, there is enough freedom to choose the
quartic couplings so that the potential remains bounded from below. We shall discuss below
a set of necessary conditions for the potential to be bounded, which will find application in
Section 4.4.2 in the discussion of modified rates for A — ¢/~ in the model.
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Necessary Conditions for Boundedness of the Potential

While the full set of necessary and sufficient conditions on the quartic couplings of Eq. (4.2.7)
for the Higgs potential to be bounded from below is not easily tractable, certain necessary
conditions of phenomenological interest (cf. Section 4.4.2) can be analyzed analytically. We
focus on the quartic couplings involving only the H and R, fields, which will turn out to
be of phenomenological interest. With SU(2), and SU(3). rotations, these fields can be
brought to the form

0 T 0 0
= (U)7 B = (ySinae"‘f’ 1 COS (v 0> ; (4.2.40)

where in R, the color indices run horizontally. Here v, z, y can be taken to be real. The
quartic terms V4 (H, R,) can be then written as

1 v
VW(H, Ry = 5 (v 2% )N |2? ], (4.2.41)
y?
where ) is defined as
A Al A = Nyg AR + Nyg
A= )‘HR_)\}{R )\R+>\R )\R+)\Rsin2a . (4.2.42)

)\HR—FA/HR /\R—I—S\RSiIlQOé )\R+:\R

The necessary and sufficient conditions for boundedness of this potential can now be derived
from the co-positivity of real symmetric matrices |96, 380, 381]:

)\H Z 07
Ae+Ag > 0,

Ak — Ngr = —\/ Au( )
i+ Nyp > =\ Au(Ag + Ar),

)\R+5\Rsin20z Z _(/\R'f‘S\R);
()\HR—/\/HR) )\R+:\R+()\R+5\Rsin2a)\/)\H
+Aar + NV AR+ Ar + Qg+ Ag)VAg > 0 or det()) > 0.(4.2.48)

These conditions should hold for any value of the angle a.

Note that from Eq. (4.2.45) it follows that if (Agr — Njyr) is negative, its magnitude
cannot exceed about 1.33, if we demand that none of the quartic couplings should exceed
V47 in magnitude from perturbativity considerations, and using the fact that Ay ~ 0.25 is
fixed from the mass of h, m;, = 125 GeV. This result will be used in the calculation of the
modified Higgs branching ratio h — ¢t¢~ in Section 4.4.2.

(4.2.43)
(4.2.44)
V(A + Ar (4.2.45)
(4.2.46)
(4.2.47)
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Figure 71: Feynman diagram generating neutrino masses through the exchange of LQs
in the model. The one-loop diagram shown is the leading contribution, while the two-loop
diagram can be important. The dot (e) on the SM fermion line in the one-loop diagram
indicates mass insertion arising from the SM Higgs doublet VEV. There is a second set of
diagrams obtained by reversing the arrows on the internal particles.

4.2.3 Radiative Neutrino Masses

Neutrino masses are zero at the tree-level in the model. However, since lepton number is
not conserved, nonzero M, will be induced as quantum corrections. The leading diagrams
generating M, are shown in Fig. 71, mediated by the charge-2/3 LQs. The Yukawa couplings
in Eq. (4.2.6), together with the A*RyS3 trilinear term and the A*HHH quartic term in
the scalar potential (4.2.7), guarantee lepton number violation. These interactions result
in an effective d = 9 operator that violates lepton number by two units, given by O, =
(vQ)(Yu®)(HH)H |26, 55, 56, 382]. Smallness of neutrino mass can be loosely understood
even when the new particles have TeV scale masses, owing to a loop suppression factor and
a chiral suppression affecting M,,.
The induced neutrino mass matrix arising from Fig. 71 can be evaluated to be

M, = (k14 k) (fFMV*y + 4" VM, f), (4.2.49)

where M, = diag{m,,, m., m;} is the diagonal up-quark mass matrix, and k1, ko are respec-
tively the one-loop and two-loop factors given by

1. m%,
1= sin 2¢log (m§(1> : (4.2.50)
1 Aamgsvp
~ - 42.51
"2 (16722 M2 (42.51)

The leading contribution to M, is the one-loop term proportional to k. In evaluating
this loop integral we have ignored the masses of the up-type quarks in relation to the LQ
masses. In Eq. (4.2.50) the parameter ¢ is the w?/® — p?/3 mixing angle given in Eq.
(4.2.17). Since the effective operator for M, arising from the one-loop diagram is of the type
OI=T = o) HH HTH, which is of d = 7, one should also consider the lower dimensional d = 5
operator O%° = Yy HH that can be induced at the two-loop level as shown in Fig. 71. In

the approximate expression for ks given in Eq. (4.2.51), the relevant mass scale is that of
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the heaviest particle in the loop, denoted here by M, defined as M = max(mx,, mx,, mao),
with my, x, being the physical masses of the charge-2/3 LQs (cf. Eq. (4.2.18)) and mao
being the physical masses of the quadruplet (cf. Eq. (4.2.39)). When mx, x, > mao, the
ratio ke/K1 ~ mio/(16m%v?), which becomes of order unity for mao < 3 TeV or so. However,
as we will see later in Section 4.7, the R, LQ is required to have a mass not larger than
about 1 TeV in order for it to explain the R anomaly. In this case the two-loop diagram
is negligible, and therefore, we only include the one-loop contribution in the neutrino fit
described in Section 4.7.2, although the x5 term can be important in a more general setting.
The overall factor k1 in Eq. (4.2.49) is a free parameter which needs to be of O(107®) to
get the correct order of magnitude for the neutrino masses. Note that the Yukawa matrix
elements f;; and y;; must have at least some entries that are of order one in order to explain
the B-decay anomalies. x; ~ 1078 can be achieved by taking either the cubic coupling p in
Eq. (4.2.7) or the induced VEV wva to be small. Both these choices are technically natural,
since if either of these parameters is set to zero, lepton number becomes a good symmetry.

We note that the same operator that leads to neutrino masses in this model also induces
an effective A-quadruplet coupling to the SM leptons. (Recall that A cannot couple to
fermions at the tree level in the model.) This can be seen from partner diagrams of Fig. 71,
where the SU(2), components are chosen differently. Ignoring small SU(2)-breaking effects,
these couplings would all arise from the same effective operator (Y1 H'A). Therefore, one
can write these couplings as being proportional to M,. Explicitly, we find that the A*"
coupling to leptons has the Yukawa coupling matrix given by

(YA++e€)ij = %(]\f:)ija

(4.2.52)

where the 1/4/3 is a Clebsch-Gordan factor for the A** component of the quadruplet in
the expansion of the (Y HTA) operator. Eq. (4.2.52) will play a crucial role in the collider
phenomenology of the quadruplet, as discussed in Section 4.8.

4.2.4 Yukawa Textures

In order to minimize the number of parameters in our numerical fit to Rp, Rp+, Ri, Rk~«, (9—
2),, and the neutrino oscillation observables, while satisfying all flavor and LHC constraints,
we choose the following economical textures for the Yukawa matrices f’, f and y defined as
in Eq. (4.2.6) with the first (second) index corresponding to quark (lepton) flavors:

0 O 0 0O 0 O
f= 0 0 O , = 0 Joo Jos |, (4.2.53)
0 fi /i 0 fa2 Jas
O 0 O O 0 O
y = 0 oo Yo3 (Fit—1I), or y = 0 1y O (Fit — II).
Ysi ys2 O Ys1 Y2 Y33
(4.2.54)

Our motivation for the above textures is as follows: Nonzero (f%,, fs2) can explain the
anomalous magnetic moment of the muon via chirally-enhanced top-quark loops. The cou-
plings (f43, faa, fo3) are responsible for R, while (y22, ys2) can explain Ry). Similarly,
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the coupling f33 is required to suppress the lepton-flavor-violating (LFV) constraint from
chirally-enhanced 7 — gy, while simultaneously explaining (¢ —2),. The remaining parame-
ters (yo3 (33), ¥31) in Eq. (4.2.54) are needed to satisfy the six neutrino oscillation observables
(Am2,, Am2,, sin” 3, sin® 03, sin 019, dcp). For more details, see Section 4.7. We also note
that the zeros in the coupling matrices of Eqgs. (4.2.53)-(4.2.54) need not be exactly zero; but
they need to be sufficiently small so that the flavor changing processes remain under control
(cf. Section 4.5).

4.3 B-physics Anomalies

In this section, we present our strategy to reconcile the observed tension between experiment
and theory in the lepton flavor universality violating observables in the charged-current
decays B — D™ /(v (with ¢ = e, i, 7) and the neutral-current decays B — K®{+(~ (with
¢ = e, ;) by making use of the Ry and S3 LQs.

4.3.1 Charged-current Observables

The relevant lepton universality violating ratios Rp and Rp« are defined as

BR(B — DW1v)
BR(B — D®W{v)

These observables have been measured by both BaBar [17, 18] and Belle [19-21] in the
B — D™™/¢~p, decays, while LHCb has measured only the Rp.« parameter using both
B — D**(~1, [383] and B® — D~*{*v, decays [23]. Combining all these measurements,
the average of these ratios are found to be [352]:

RP® = 0.340 £ 0.027 £ 0.013,
REZ® — (.295 4 0.011 £ 0.008

which induce tensions at the levels of 1.4 0 and 2.5 ¢ respectively with respect to the corre-
sponding SM predictions [384-392] given by:

RM = 0.299 4 0.003, 3.
RD = 0.258 £0.005. (4.3.5)

Considering the Rp and Rp+ total correlation of —0.38, the combined difference with respect
to the SM is about 3.08 ¢.
A related observable is the ratio R/, defined as

p_ BR(B = J/Yrr)
T BR(B = J /i)

(with £ = e, u), (4.3.6)

which also shows a mild discrepancy of 1.7 between the experimental measurement [22]

Ry = 0.71+0.17+0.184, (4.3.7)
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and the corresponding SM prediction [393-400]
R3Y, = 0.289+£0.01. (4.3.8)

However, the experimental uncertainty on this measurement is rather large at the moment,
and any new physics scenario that explains the R, anomaly automatically explains the
Ry anomaly. Therefore, we will not explicitly discuss R/, in what follows.

In order to confront our model with the experimental data for the charged-current pro-
cesses, we shall consider L(Q) contributions to the flavor specific process b — c¢7~v. Thus,
only the numerator of Eq. (4.3.1) is modified by the new LQ) interactions. To this end, we
consider the general low-energy effective Hamiltonian induced by SM interactions as well as
the Ry, and S3 LQs, which is given by

4G
Hep = T;Vcb (7" ver) (E0vubr) + g4 (1) (Fey*ver) (Crvubr) + g95(pr) (Frver) (Crbr)

+grf}(/m) (7_'RO'“VI/5L) (ERO'W,bL) + H.C. s (439)

where the first term is the SM contribution, while the remaining terms correspond to new
physics contribution, with gﬁ s being the Wilson coefficients defined at the appropriate
renormalization scale pg. As shown in Fig. 72, left panel, the w?/3 component of the Ry LQ
mediates the b — ¢77 7, semileptonic decay via a tree-level contribution. After integrating
out the R, field, we obtain the following Wilson coefficients at the matching scale pr = mg,:

Jaefss
4\/§m2R2GFVcb 7

gs (pr = mp,) = 4gr (ur = mp,) = (4.3.10)

where ¢ = e, p, T correspond to the outgoing neutrino flavors v,, v, v, respectively. These
Wilson coefficients are then run down in momentum to the B-meson mass scale in the leading
logarithm approximation, yielding [401]

won=m) = [G8]  [eimas] v aa
gr(ur = my) = [Z E;",:i] B {%] _Q;@gﬂw — mp,), (4.3.12)

where Bénf ) = 11-2n /3 is the running coefficient, with n; being the number of quark flavors
effective in the relevant momentum regime [402, 403]. vs and 7 are anomalous dimension
coefficients given by 7¢ = —8 and vyr = 8/3. Thus, using as(mz) = 0.118, which yields
(using QCD running at four loops) a,(mp) = 0.2169, as(my;) = 0.1074 and ag(mg,) = 0.09
for our benchmark value of mg, = 900 GeV, we obtain the following renormalization factors:®

9s(ur =my) = 1.596 gs(ur = mg,), (4.3.13)
gr(ur =my) = 0.855¢g7(r = mg,) . (4.3.14)

We see that the tensorial coupling gr becomes less important at pr = my, with its value
given by gs(ur = mp) = 7.56 gr(ur = my) [405]. We also note that we have ignored
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Seg g

Figure 72: Feynrnan diagrams for the dominant LQ contributions to the b — ¢7~ v (left)
and b — su~pt (right) transitions.

here the mixing between between the Wilson coefficients gs and gy, which is an excellent
approximation, as these off-diagonal terms are much smaller than the diagonal terms [405].

The p'/3 component of the S5 LQ can also contribute in principle to b — cr7, via the
Wilson coefficient g¢, given by

_ y3e(V*y)3s

) 4.3.15
Sm%SGF‘/cb ( )

gf/(luR - mss) =

However, this contribution cannot accommodate R as the relevant Yukawa couplings are
highly constrained from flavor physics. Any nonzero vy is subject to D° — D° mixing and
must be small (cf. Section 4.5.5), while LHC limits constrain both y3; and yss (cf. Section 4.6).
Furthermore, the product of the Yukawa couplings ys, and ysp is strongly constrained by
processes such as B — Kvv. It is also worth mentioning that one can induce Wilson coeffi-
cient gt of Eq. (4.3.15) proportional to ysy3s, in conjunction with CKM mixing. However,
for ¢ = 3, this contribution has an opposite sign compared to the SM, and therefore would
require the new contribution to be twice as large as the SM one, bringing it to the non-
perturbative regime. For ¢ = 1 or 2, there is no interference with the SM term, which
would again require large non-perturbative values from the S5 contribution. Thus we shall
ignore these Ss-induced contributions to Rpx. In Section 4.7.1, we have shown two best
fit values of the Yukawa coupling matrices. For these choices of Yukawa couplings, shown
in Egs. (4.7.3) and (4.7.4), we get negligible contribution to g{, = —5 x 107> for Fit I and
g% = 6 x 1075 for Fit II from the S5 LQ, whereas the allowed 1o range to explain Ry is
[0.072,0.11]. Therefore, we will only focus on the Ry contribution to R induced through
the Wilson coefficients g5 and g%. Rp and Rp- induced through the Wilson coefficients g
and g% at pur = my with v, in the final state are approximately given by [406]

Rp ~ RP"(1+ 1.54Re[gg] + 1.09 |g5|* + 1.04 Re[g7] + 0.75 [g7|*) | (4.3.16)
Rp- ~ R} (1—0.13Re[gg] + 0.05|g5|> — 5.0 Re[g7] + 16.27 |g7]%) , (4.3.17)

where the numerical coefficients arise from the relevant form factors. These expressions
are applicable for v., final states as well, but by setting the Re[gi] and Re[g}] terms in
Egs. (4.3.16) and (4.3.17) to zero. This is because the new physics and the SM contributions
interfere only when v, = v,.

The required values for the Wilson coefficient to get a simultaneous fit for both Rp and
Rp- is depicted in Fig. 73. We make use of Flavio package [407] that has NNLO QCD and

>The running of gg is identical to that of the b-quark mass, see for e.g., Ref. [404].
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Figure 73: Left: The 10 allowed ranges for Rp and Rp- in the complex plane of gg with
gs" = 0. The purple shaded regions correspond to the allowed region that explains both
Rp and Rps. Right: The 10 allowed ranges for Rp and Rp« in the plane of (g%, g5) (with
g% = 0). The same result is obtained by replacing g% with g§.

NLO electroweak corrections coded in it, in generating Fig. 73. The left panel shows the 1o
allowed range of Rp (light blue band) and R}, (light coral band) in the complex plane of g%
with g¢ = 0, i.e., with fo3 # 0 and fo1 = foo = 0 in Eq. (4.3.10). The intersection between
the two bands, highlighted by the purple shaded regions, represents the allowed region that
satisfies both anomalies. From this plot, we find that Im(¢Z) must be nonzero, as first
noted in Ref. [408|, while Re(g%) should be nearly zero to fit Ry . From Eqgs. (4.3.16) and
(4.3.17) it is clear that any nonzero Re|g7] would pull Rp and R}, in opposite directions, in
contradiction with experimental values (cf. Eqgs. (4.3.2) and (4.3.3)), which is what forces
Re(g%) ~ 0. In the right panel, we set Re(g%) = 0, i.e., we set g% (or, equivalently, the fo3
coupling) to be purely imaginary, and switch on the fs; coupling as well, as is the case with
our texture in Eq. (4.2.53). Again, the 1o allowed ranges for Rp and Rp« are shown by the
light blue and light coral bands, respectively. The same result is obtained by replacing foo
with for, i.e., by using gg instead of ¢g§. In our numerical fit to Rpw in Section 4.7, we fix
mp, (fa2) close to its minimum (maximum) allowed value from LHC constraints (discussed
in Section 4.6), and find a neutrino mass fit for fo3 and fj; such that the g™ values are
within the allowed region for both Rp and R shown in Fig. 73.

The same effective Hamiltonian (4.3.9) relevant for R, also gives rise to the exclusive
decay B, — 7v. Within our model, the branching ratio for this decay is given by [398, 409|:

BR(B. — mv) = 0.023 |1 — 4.068 gs(pir = mg,)|* . (4.3.18)

Here we have used 7[B.] = (0.507 £ 0.009) ps, fp. = 0.43 GeV, and mp, = 6.2749 GeV.
The branching ratio BR(B, — 7r) has not been measured experimentally. Thus, B, lifetime
needs to be compared with theoretical calculations [410-414]. With the benchmark fits
shown in Section 4.7, we obtain branching ratio at the level of 12 %, which is consistent with

the limit quoted in Refs. [406, 409, 415, 416].
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4.3.2 Neutral-current Observables
The relevant lepton flavor universality violation ratios Ryx and Ry« are defined as

BR(BT — Ktutu™) Re. — BR(B — K*u*pu™)

Ry = .
K7 BR(B* - Ktete )’ BR(B? — K*%¢te)

(4.3.19)

The latest LHCb measurement of Ry in the ¢> € [1.1,6] GeV? region (¢? is the invariant
mass of the lepton pair in the decays) is [24]

R = 081678, (13.20)
which shows a discrepancy at the level of 2.6 o from its SM prediction [353, 417]
R = 1.0003 4+ 0.0001 . (4.3.21)

Analogously, the LHCb Collaboration has also measured the Ry« ratio in two bins of
low-¢* region [25]:
RLHOD 0.6607041 +£0.024  ¢* €]0.045,1.1] GeV?, (4.3.22)
K> B +0.113 2 2 o
0.6857 ) o69 £ 0.047 q° € [1.1,6.0] GeV~.

which have respectively 2.2 0 and 2.4 ¢ deviations from their corresponding SM results [354]:

M 4.3.23
K 1.004+0.01  ¢*€[1.1,6.0] GeV>. ( )

- {0.92 +£0.02 ¢ €[0.045,1.1] GeV?,
In addition to these LHCD results, Belle has recently announced new measurements on both
Rk [418] and Rg~ [419], but these results have comparatively larger uncertainties than the
LHCDb measurements on Ryx.

The effective Hamiltonian describing the new physics contribution to the neutral-current
process b — sutu~, in presence of Sy LQ, is given by

4GF 62
Vi Vi
V2 )

with C§" and C{{}' being the Wilson coefficients. Here we have assumed that the new physics
couplings to electrons are negligible. We focus on new physics contributions in the b — sput ™
channel, i.e. modifying only the numerator of Eq. (4.3.19). This is motivated by the fact
that an explanation of Ry by modifying the b — su™u~ decay provides a better global fit
to other observables, as compared to modifying the b — sete™ decay [356]. It is known that
both Ry and Rg+ can be explained by either a purely vectorial Wilson coefficient C§* < 0,
or a purely left-handed combination, C§* = —C1* < 0 [178], with the latter combination
performing better in the global analysis due to a ~ 20 tension in the BR(Bs; — uu) decay
which remains unresolved in the C§* scenario [356]. In our model, the dominant contribution
to b — sutp~ comes at tree level via the mediation of the p*/? component of the S5 LQ, as

Her = — 5 |Co" (37, Prb) (i 11) + O1f (37, Prb) (i y°p) | + Hee., (4.3.24)
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shown in Fig. 72, right panel. After integrating out the S5 field, one can extract the Wilson
coefficient for b — s~ p™ decay as:

T Yool
cht = —Ci' = 32 4.3.25
o V;Sb‘/tsaem ms ( )

The required best fit values of the Wilson coefficients at y = m; are Cy = —C}y = —0.53,
with the 1o range being [—0.61, —0.45] [356]. In our numerical fit, Yoo and yso are fixed by
the neutrino mass fit (up to an overall factor), which is then used to fix mg, such that the
best-fit value of Cy = —C'y is obtained from Eq. (4.3.25).

Note that the Ry LQ can also give rise to b — s¢T¢~ transition at tree-level with the
corresponding Wilson coefficient given by:

v’ J 22f

V;b‘/ts Qe m Ro

che = o (4.3.26)

There is no acceptable fit to Ry with Cy = Cg. Thus, taking the product of couplings
f5., and fi_ to be zero (or very small), one can suppress Ry contribution to Ry. On the
other hand, a loop-level contribution to b — s¢*¢~ transition can in principle accommodate
Ry, but not simultaneously with Rp ), due to the stringent limits from 7 — py [420]. In
our numerical fit, therefore, the Ry contribution will not play a role in explaining Ry ).

4.4 Muon Anomalous Magnetic Moment and Related Processes

Virtual corrections due to the LQ states can modify the electromagnetic interactions of
charged leptons. The contribution from scalar LQ to anomalous magnetic moments has
been extensively studied [421-423]. In particular, the w®? component of the Ry LQ can
explain the muon (or electron) anomalous magnetic moment, as it couples to both left-
handed and right-handed fermions, see Eq. (4.2.6). The new contribution to the anomalous
magnetic moment arising from w®? LQ can be written as [114, 421]:

Smg

Doy = -5 Z[ (1Fal? + 10V F)0l) (QuFs(g) + Qs Fa(ay)

—%Re[fqe (V12 (QuFo() + Qs Falz,)) | (44.1)

where @, = 2/3 and Qs = 5/3 are respectively the electric charges of the up-type quark and
the LQ propagating inside the loop, as shown in Fig. 74.° Here z, = m]/m%, and we have
ignored terms proportional to m?/ m%b in the loop integral. The loop functions appearing in

6The last term in Eq. (4.4.1) appears with a negative sign, as f and f’ in the Lagrangian have opposite
signs, see Eq. (4.2.6).
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Figure 74: Chirally-enhanced contribution from the Ry LQ to the muon anomalous mag-
netic moment.

Eq. (4.4.1) are:
1

q
1
Fsy(z,) = TP (1 -2+ 2z,Inz,) , (4.4.3)
q
1
q
1 2
Fs(z,) = TP (=3 44wy — 27 —2Inx,) . (4.4.5)
q

Note that the first term in Eq. (4.4.1) is the LQ contribution to the anomalous magnetic
moment without chiral enhancement, whereas the second term is the chirally-enhanced one,
which in our case will be proportional to the top-quark mass.

4.4.1 Difficulty with Explaining Aa,

A discrepancy has also been reported in the anomalous magnetic moment of the electron,
denoted as Aa,, with a somewhat lower significance of 2.4 ¢ [121]. The signs of Aa. and Aa,
are opposite. We have investigated whether Aa,. can also also explained in our framework,
but found that the model does not admit a simultaneous explanation of both anomalies, as
introducing couplings of the type f,. would lead to a chirally-enhanced contribution to the
decay p — ey, which is highly constrained. One can attempt to explain both anomalies by
simply avoiding chirally-enhanced ¢; — ;7 decays by adopting a redefinition of V*f' = f’ in
Eq. (4.2.6). However, one introduces Vo in the down sector leading to strong constraints
arising from processes such as K; — e*u¥, K; — (*¢~, and K — K mixing.

A logical option to explain Aa, would be to choose the Yukawa coupling fs; to be of
O(1), and rely on the charm-quark loop (proportional to fa; f3,), while being consistent with
all the flavor constraints and Rp). However, it turns out that the required values of the
Yukawa couplings in this case have been excluded by the latest LHC dilepton constraints on
LQ Yukawa couplings and masses from the non-resonant ¢-channel process pp — £7¢~. These
constraints are discussed later in Section 4.6, and are summarized in Fig. 78. Therefore,
simultaneous explanation of the electron and muon anomalous magnetic moments, together
with Rpe), is not possible in our setup. Thus, we focus on the parameter space required to
explain Aa,, but not Aa,, as the former is the more persistent and significant discrepancy.
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Figure 75: Feynman diagrams for the LQ contribution to h — p"u~ (and also 7777) in
our model.

In particular, we set f,. = f,. = 0 in Eq. (4.2.53) to avoid any Aa. contribution for our
numerical fits discussed in Section 4.7.

4.4.2 Modified Higgs Decays to Lepton Pairs

The same R, LQ interactions that lead to the chirally-enhanced m;/m, contribution to the
muon g — 2 in Fig. 74 will also induce a loop-level correction to the decay of the SM Higgs
boson h — ptp~. The Feynman diagrams are shown in Fig. 75. In addition to these diagrams
which modify the Yukawa couplings directly, one should also take into account correction
to the muon mass arising from the Ry interactions. The relevant diagram is obtained from
Fig. 75 by removing the Higgs boson line. The significance of the L.Q diagrams in modifying
h — u*p~ decay has been noted recently in Ref. [424]. We have carried out this calculation
independently, and found full agreement with the results of Ref. [424]. It is sufficient to
compute the coefficient of the d = 6 operator (E# 1 r)H(HTH) which is finite, as any loop
correction to the d = 4 operator (E# . r)H will only renormalize the SM operator. The
modification to the branching ratio BR(h — p17) is found to be

_ BR(h—=ptp”)
et = BRI — pt i )su

3 Vs fmE o (mi m?
B Y e T A PO

]2
8m>my,  my, 8 i Mg,

2

(4.4.6)

The loop function F(z,y) can be expanded to first order in y = mj/m3,_ (so that the
coefficient of the d = 6 operator is picked out), and also to the required order in x = m3 /m?.
Although m?/m? ~ 1, the actual expansion parameter is some factor k times this ratio,
with k& ~ 1/10, leading to a rapidly converging series. The function F(z,y) to third order
in m3 /m? is found to be

13 1 1
Flx,y) = —8+ 3 SxQ - 7—0x3 +2(x—4)logy. (4.4.7)
For our benchmark fits (see Eqs. (4.7.3) and (4.7.4)) with mpg, = 0.9 TeV, the model pre-
dictions for f1,+,- as a function of the quartic coupling combination (Agr — Ajyp) is shown
in Fig. 76. These predictions are essentially the same for the two benchmark points, so we
present our results for Fit I (cf. Eq. (4.7.3)) in Fig. 76.
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[ Collider |t [ e |
HL-LHC [428] [ 92% | 3.8%
HE-LHC [428] | 3.4% | 2.2%

ILC (1000) [429] | 12.4% | 1.1%

CLIC (3000) [430] | 11.6% | 1.8%

CEPC [431] | 17.8% | 2.6%
FCC-hh [432] | 0.82% | 0.88%

Table 30: Expected relative precision of the Higgs signal strengths for future colliders. The
numbers shown here are for the kappa-0 scenario of Ref. [427].

The coupling A}, is responsible for the mass splitting between the w?? and w®? com-
ponents of the Ry LQ (cf. Egs. (4.2.13) and (4.2.19))), which yields a positive contribution
to the electroweak p-parameter:

_ NGr
p= 8+v/272

where N, = 3 for color-triplets like Ry. Using the current global-fit result for pg = 1.00038 4+
0.00020 [12] (with pp = 1 in the SM) and allowing for 3 ¢ uncertainty, we obtain an upper
bound on the mass splitting Am < 55.9 GeV (assuming that v < few MeV, adopted in our
collider physics analysis), which yields a corresponding bound on |\, ;| < 1.66. As discussed
in Section 4.2.2; a necessary condition for the Higgs potential to be bounded from below
(cf. Eq. (4.2.45)) is that for negative values of (Agr — Ajyp), its magnitude should be below
about 1.33, assuming that the magnitudes of all quartic couplings lie below /47 to satisfy
perturbativity. Using the same constraint, we would then have —1.33 < (Agr— Nyp) < 5.20
as the preferred range, which is what we shall choose for our numerical study.

Our model prediction for p,+,- is shown in Fig. 76 by the solid blue line. We see that
the deviation from the SM predictions in this branching is typically at the (2-6)% level.
This is fully consistent with the current LHC measurements: pf 4% = 1.2 £ 0.6 [425]
and MS%S— = 1.19%03 (stat.) T51a (syst.) [426]. For comparison, we quote in Table 30 the
future collider sensitivities for p,+,- from Ref. [427], and the relevant ones are also shown
in Fig. 76 by the horizontal dotted lines. Thus, our predictions for the modified h — putpu~
signal strength can be tested at the HL-LHC, HE-LHC, as well as at the FCC-hh colliders.

It is also worth pointing out that the Yukawa textures needed to simultaneously explain
B-anomalies, muon g — 2, and neutrino mass require the f33 entry to be nonzero, leading
to a new contribution to h — 7777, This is also shown in Fig. 76 by the solid red line for

our benchmark points. Our predictions for p,+,- = % are consistent with the

current LHC measurements: pATEAS = 1.097013(stat.) T) 35 (syst.) 018 (theory syst.) [159)
and pMS = 0.851017 [433]. For comparison, we quote in Table 30 the future collider
sensitivities for p,+,- from Ref. [427]. Some of these are also shown in Fig. 76 by the
horizontal dot-dashed lines. Thus, our predictions for the modified h — 77~ signal strength
are potentially detectable at future colliders.

As can be seen from Fig. 76, a characteristic feature of the model in the allowed parameter

J

(Am)?, (4.4.8)
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Figure 76: Branching ratios of Higgs to dimuon (blue) and ditau (red) decays with respect
to the SM predictions in our model as a function of the quartic coupling parameter (Agr —
Nygr)- The horizontal dotted (dot-dashed) lines show the sensitivities of future colliders
for the p*p~ (7777) channel. The shaded regions in yellow and blue are excluded by
perturbativity plus electroweak precision data, and by perturbativity plus boundedness of
the potential constraints, respectively.

space accessible to future colliders is that while the shift in the branching ratio of h — ptpu~
is downward compared to the SM, it is upward for the branching ratio of h — 7777,

4.4.3 Muon and Neutron Electric Dipole Moments

LQ interactions can also lead to electric dipole moments (EDM) of the charged leptons (as
well as quarks). Existing limits from electron and muon EDMs would place strong constraints
on the imaginary part of the Yukawa couplings of the Ry LQ [434, 435]. These constraints
are significant only when the LQ couples to both left- and right-handed charged leptons, as
depicted in Fig. 74. The lepton EDM arising from these diagrams is given by [421]

3
- 32—;2 ::3: Tm[— e (V> f)il] (QqFe(q) + Qs Fa(x4)) | - (4.4.9)
q 2

In particular, the constraint arising from electron couplings is quite stringent due to the
ACME limit |d.| < 1.1 x 107 e.cm [436]. However, since our model does not give additional
contribution to (¢ — 2)., we can simply avoid the electron EDM limit by setting the relevant
couplings fae = fi. = 01in Eq. (4.2.53). Furthermore, the muon EDM arising from the CKM
phase, and from the phases in the matrices P and @ of Eq. (4.2.4) when varied in their
full range [0, 27|, is found to be at most 3 x 1072 e-cm, which is well below the current
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experimental limit of |d,| < 1.9 x 107 e-cm [437], but may be potentially measurable in
future experiments [343, 438, 439| with high-intensity muon sources [440].

The large Yukawa couplings necessary to explain anomalies in b — c¢7v decay can also
lead to EDM of the tau lepton d,, which is closely related to Im(g7) appearing in the Rp-
calculation in Eq. (4.3.10). Tt is found to be at most 4.7 x 1072! e-cm when the phases in
the matrices P and @ of Eq. (4.2.4) are varied in their full range [0, 27|, which is below the
current experimental limit of |d,| < 2.5 x 107! e-cm [441].

Similarly, the same Yukawa couplings that lead to tau EDM can also lead to charm quark
EDM d, proportional to Im(g7). The relevant expression is obtained by replacing m, by m.,
x, by x4, Q, by Q, = —1 and Qg by —5/3 in Eq. (4.4.9). Tt is found to be at most 3.1 x 10722
e-cm. It is below the current experimental limit of |d.| < 1.5x107%! e-cm [442], obtained from
the limit on neutron EDM, d,, < 3.0 x 10726 e-cm [443]. There is also a chromoelectric dipole
moment of the charm quark (CZC), arising from diagrams where the photon emitted by the
leptoquark is replaced by a gluon. This contribution in the model is obtained from Eq. (4.4.9)
by keeping only the second term, and making the substitutions mentioned above. We find
that d, is at most 2.1 x 102 g,-cm, which is below the experimental limit, |d,| < 1.0 x 10722
cm [442|. Improving the neutron EDM limit by one order of magnitude can therefore directly
test the leptoquark explanation of the Rp- anomaly.

4.5 Low-energy Constraints

This section summarizes the most stringent low-energy flavor constraints that are relevant
for our model.

4.5.1 Ly — lgy

These LFV radiative decays arising from LQ loops set some of the most stringent constraints
on the couplings of the LQs to p and 7. As can be seen from Eq. (4.2.6), the Ry LQ has both
left- and right-handed couplings to charged leptons via the f and f’ couplings; thus, it can
lead to lepton decays both with and without chiral enhancement. The S3 LQ on the other
hand, only couples to left-handed charged leptons, so it cannot induce ¢, — {37y processes
with chiral enhancement.

The decay width for the ¢, — {3y mediated by LQ loops is given by [114, 422, 444]

Qo (M2

2 \3
o« Yy ) o
D(ly — lgy) = S :(ya Baj2 1 |02 ) (4.5.1)
q

4dm A
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The amplitudes op 1, arising from the exchange of Ry L(Q) can be written as

3
o = m{ [, faad s + M, (Vg (V)] [QqF5(a:q) + Qst(xq)}
—My fi (V*f');- |:QqF6(xq> + QSF3($q>} } , (4.5.2)
3
agﬁq _ m{ [mga(V*f/)qa(V*f');ﬂ + mgﬁfqﬁf;a] [QqF5(wq) + QSFQ(xq)}
_mqa/*f,)qi f(;z [QqFG(xq) + QSF?)(xq)} } s (453)

with the loop functions Fj(z,) defined in Eqs. (4.4.2)-(4.4.5). Here we generically denote
the masses of both 2/3 and 5/3 components of Ry as mg,, assuming them to be degenerate.
Note that the amplitude o} can be obtained from ¢} with the substitution f <> V*f’. The
last terms in Eqgs. (4.5.2) and (4.5.3) which are proportional to m, are the chirally-enhanced
contributions. Similarly, one can obtain the S5 L(Q contribution by replacing the f couplings
in the first term of Eq. (4.5.2) by y, assigning proper charges for the quark (Q),) and scalar
LQ (Qs), and dropping the f’ terms in Eq. (4.5.2).

In the limit m,, — 0, which is a very good approximation for both y — ey and 7 — (v
(with ¢ = e, 1), and taking into account the u? few®3 uT (V*f)ecw ™53, and d'yep*/? terms
in Eq. (4.2.6), the full expression for ¢, — {37y in our model can be written as

9Im? o
T = eom
16(1672)? [Z {

q:u7c7t

2

1+ 4logzx,)

fapfia N ((V*f’)qa a8 +fqa(V*f’)§ﬂ> My

2 2
2m Ry 3m Ry

«

V* V*f *a V> afs+ foa(V* Nx ?
n ’( féqu% f)q I (( f)q qgm%fq ( f)q5> ﬁ(1+4logxq) }
2 2 “
yq'ﬁyq’a

2] . (4.5.4)

Here we have not included the Ss contribution from the @$erp'/? term, because it is sup-
pressed compared to the dfyerp*/? contribution because of smaller electric charge, as well
as due to a CKM-suppression factor and by a Clebsch factor of 2, as can be seen from
Eq. (4.2.6). Similarly, the w?*? component of the R, LQ gives sub-dominant contribution
proportional to m?/m%, compared to the w®? component, owing to a GIM-like cancellation
[62]; so we have not included it in Eq. (4.5.4). We have displayed the constraint on the
Yukawa coupling f from this process in Table 31.

4.5.2 p— e Conversion

1 — e conversion in nuclei provides a stringent constraint on the product of the Yukawa
couplings in our model. The couplings of the S3 LQ, in conjunction with CKM rotation, is
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Process | Experimental limit Constraint

= ey | BR< 42 x 1071 [117] | [f,0 5] < 4.82 x 10- (mR2)

TeV
7 ey | BR<3.3x 1078 [116] Fafsl < 0.32(”;;*@
Ty | BR< 4.4 x 10 [116] fafisl < 0. 37(”“*2)

Table 31: Constraints on the Yukawa couplings as a function of LQ mass from ¢, — (g
decay. Constraints on f’ couplings are obtained by replacing f with (V*f’) for the w®? LQ.
Constraints on the S3 Yukawa coupling y (V*y) arising from d$epp?/? (u$epp'/?) are weaker
by a factor of 3/2 (6) in comparison to those shown here for the f couplings, suppressed by
smaller electric charge and Clebsch factor of 2, as can be seen from Eq. (4.2.6).

subject to the LF'V process from coherent ;1 — e conversion in nuclei. The branching ratio
for this conversion, normalized to muon capture rate, is given by. [26, 62, 143|:

|p.| Eem3a3  Z%: F? (V*)11(y*V)io
BR(uN — eN) =~ pem e P(2A—2Z)? 4.5.5
(1 eN) 647221 N ( ) 2771253 ( )

where 'y is the muon capture rate of the nucleus, p, and E, are respectively the momentum
and energy of the outgoing electron, A, Z, and Z. are atomic number, mass number and
effective atomic number of the nucleus, whereas F), is the nuclear matrix element. The
experimental limit from gold nucleus provides the most stringent bound [188] of BR <
7.0 x 10713 leading to a constraint on the Yukawa coupling:

m 2
(V)1 (y*V)ia| < 8.58 x 1078 (ﬁ) . (4.5.6)

4.5.3 Z — 177 Decay

Modifications of Z—boson decays to fermion pairs through one-loop radiative corrections
mediated by LQs provide another important constraint on the Yukawa couplings of the LQ
fields in the model. We focus our study on the leptonic Z boson couplings as they are the
most precisely determined by experiments [12, 445]. Within our model, we require the fj,
coupling to be of O(1) to explain the Rpu) anomaly. Thus we focus on the Z — 77 decay
which provides a constraint of fi;. The shift in the coupling of 75 with the Z boson arising
through loop corrections involving the Ry LQ is given by [446]

3 2
Rel[dgy ] = 1’2332| [2 (1—|—logxt)——{logxt (2 4 8/3sin® Oyy) + (4+1O/3Sin29w)}
(=34 4sin® ) + log 2. (18 + 125in? Oyy) | (4.5.7)
103 sin® Oy ) + log x, sin” Oy 5.

2 2
Here we have used the definitions z; = nT; and z, = ::zz , and kept terms only to linear
R. R

orders in these parameters. Using the experimental results on the effective coupling obtained
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by the LEP collaboration [445], Re[dgF] < 6.2 X 10™*, we obtain the 10 (2¢) limit on the
Yukawa coupling as
] < 0.835 (1.18) (4.5.8)

for the LQ mass of 900 GeV. Within the context of our model and to find a good fit to Ry,
we allow this coupling to be in the 20 range. A similar constraint on fj, can be derived,
|fo3] < 1.7 from Z — ptp~ decay, which is however much weaker than the constraint that
one would obtain from 7 — vy, which requires | f5, fi5] < 0.3.

4.5.4 Rare D-meson Decays

Rare meson decays also put important constraints on the model parameters. The relevant
decays are D° — putpu~ and Dt — 7tutpu~.7 For effective Lagrangian for these decays
mediated by the Ry and S3 LQs is given by (cf. Eq. (4.2.6))
1/3
Ly D ul'(V*few ™" + uT(V*y)e’O— + H.c. (4.5.9)
V2
There is also a contribution from the f Yukawa, but it does not come with Vi rotation,
so we do not need to consider this contribution for our choice of f;, = 0, while deriving the
partial decay width for the decay D — puu. The decay width for D° — pu proportional to
the Yukawa couplings f’ and y is given by

* 1/2
I'pos,,, = |VUSVCS|2ml2LJ%mD (lfé2’4 + ‘922‘4> (1 — 4m_3) . (4.5.10)
s 1287 mfy,  4mg,

From Eq. (4.5.10), one can obtain the constraint on fj, using the experimental limit BR(D° —
prum) < 6.2 x 107 [12]:
fhal < 0564 (52 (4.5.11)
TeV
The semileptonic decay D™ — 7T is mediated by the same term as shown in Eq. (4.5.9)
and we implement the calculation of Ref. [26] to obtain the following decay rate:

2
/|4 4
FD‘“%ﬂﬂm = (|f2f| + M) [f_DgD*levuch:|

1
mhp, 4dm 5 -

1

64m3mp

F, (4.5.12)

where the function F is defined as

m2,. m2. —m?2
— ﬁ {—2777,6,3 + 9mpmp,. — 6mpmp. — 6 (mp. — m%)2 m3,. log (#)} :
(4.5.13)
The numerical value of the function F ~ 2.98 GeV. Using fp = 212MeV, f, = 130 MeV,
gp<pr = 0.59 and the experimental upper limits on the corresponding branching ratio
BR(DT — 7 uu) < 7.3 x 1078, we obtain bounds on the f’ coupling as
fial < 0208 (T2). (4.5.14)

"In general, the decays B — Kvv and K — 7mvv would provide more stringent constraint on the LQ
Yukawa couplings [361, 447]. However, these bounds are avoided in our model by the choice of Yukawa
coupling matrices.

183



Similarly, one can find the constraints on Yukawa coupling ys2, which is weaker by a factor
of v/2 in comparison to f4, shown in Egs. (4.5.11) and (4.5.14), owing to a Clebsch factor.

4.5.5 D°— DY Mixing

Both Ry and S5 LQs can give rise to D° — D° mixing via box diagrams. Explicit calculation
of the box diagram involving Ry LQ gives [448|

2
Amp = =Bi(mpf3C1, (4.5.15)

where fp ~ 212 MeV is the D meson decay constant, and C7] is the Wilson coefficient given
by

1 (flafga)Q ‘

C; (p=1TeV) =
! 12872 m3,

(4.5.16)
Here « is the lepton flavor that runs in the box diagrams, which is summed. The renormalized
Wilson coefficients €] [449-451] and the bag factor B; [452], evaluated at ur = 3 GeV scale,
are given by

C! (g =3 GeV) ~ 0.8C!(ug =1TeV), By(ur=3GCeV) = 0.75. (4.5.17)

From the experimental value |Amp| = 0.95703} x 10'° s71 [12, 453], we obtain the limit

frafi| < 0.0187 <%) . (4.5.18)
The same constraint applies to the f’ coupling as well. However, in addition to the limit
quoted in Eq. (4.5.18), the Yukawa f’ is also supplemented by Cabbibo rotation, as seen
from Eq. (4.2.6). Thus, for any nonzero entry in the up-sector fi, or charm-sector f; , a
nonzero D° — D° mixing will be induced by the (V*f) term in Eq. (4.2.6). Consequently,
we get a bound on the individual couplings:

mR2)1/2

L < 0.305(
‘fla’ |f20¢‘ Tev

(4.5.19)

Similarly, one can obtain a limit on the individual Yukawa y as well, since a nonzero i,
(or 32,) would result in a box diagram contribution to D° — D° mixing, owing to the CKM
mixing. This has contributions from u — v term in addition to the u — e term in Eq. (4.2.6).
Thus for any nonzero entry in the up-sector or charm-sector in the Yukawa matrix y, the
bound is slightly stronger than that shown in Eq. (4.5.19):

ms3>1/2

ol lyaal < 0.288
[Y1al, [42a] < 0.288 Tov

(4.5.20)

It is worth mentioning that the Yukawa couplings ys, and f3, also contribute to D-meson
mixing. However, these contributions can be safely ignored in the context of our model as
they are strongly suppressed by CKM mixing angles by V., and V.
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4.6 LHC Constraints on Leptoquarks

At the LHC, the R, and S3 LQs can be pair-produced through gg and ¢ fusion processes,
or can be singly produced in association with charged leptons via s- and ¢- channel quark-
gluon fusion processes. The pair production of the LQs at the LHC is solely dictated by
the LQ mass, irrespective of their Yukawa couplings, whereas the single production rate
depends on both mass and the Yukawa coupling of the L.QQ. Therefore, the single-production
limits are relevant only for larger Yukawa couplings ~ O(1) [26, 454] to the first and second-
generation quarks. For the benchmark points studied in Section 4.7, the Yukawa couplings
to the first and second generation quarks are not too large (< 1), hence the collider bounds
from single-production are not so significant compared to the limits from QCD-driven LQ
pair-production. However, we will show in Section 4.6.2 that there are stringent limits on
the Yukawa couplings of the LQ from the the dilepton processes pp — E;’Ej_.

4.6.1 Pair-production Bounds

Once pair-produced at the LHC, each LQ will decay into a quark and a lepton, and the
collider limits on these L(Q masses depend on the branching ratios to different decay modes.
To impose the bound on the L(Q masses, we use the upper limits on the cross-sections
from dedicated searches for pair production of first [201, 202], second [202-204| and third
generation [204-206] LQs at the LHC and recast them in the context of our model, following
the analysis in Ref. [26]. For this purpose, we first implement our model file in FeynRules
package [126] and then analyze the signal cross sections using MadGraph5aMCONLO [127],
which is then compared with the experimental upper limits on the cross section times the
branching ratio, assuming that the cut efficiencies are similar in both cases. Our results for
the Ry, LQ are shown in Fig. 77, where the black, red, green, blue, cyan, purple, orange,
gray, and brown solid colored lines respectively represent the current bounds from the je,
ju, br, tT, tv, ju, ce, cu, and j7 decay mode of the L(Q. Here the branching ratio of each
decay mode is varied from 0 to 1 individually without specifying the other decay modes,
which compensate for the missing branching ratios to add up to one. As expected, the
bounds on the first and second-generation LQs are much more stringent, as compared to
the third-generation case. We will use this information to our advantage while choosing our
benchmark points in Section 4.7.

In particular, for the Yukawa ansatz of Eqs. (4.2.53), the dominant decay modes of the
Ry LQ are:
MLLREN Uy, CUry t0,, 0.,

f

/

Ww2/3 brt, but,

ﬁ
; (4.6.1)
WO L et ert) tut, trt,

WL trt tut.
The branching ratios for these decay modes corresponding to the fits presented in Eqs. (4.7.3)
and (4.7.4) are shown in Table. 32. As we can see, the w??3 component of the Ry, LQ

dominantly decays to jv and br final states, whereas the w®/3 component mostly decays to
tr, and j7 final states. Note that the mass of the w?? component cannot be very different
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Figure 77: Summary of the updated direct limits from LQ pair-production searches at
the LHC for different quark-lepton decay channels of the Ry LQ). The branching ratio for a
specific decay channel of the LQ as indicated in the figure is varied from 0 to 1, while the
other decay channels not specified compensate for the missing branching ratios to add up to
one. These limits are independent of the L.() Yukawa coupling.

Branching ratio

Model Fit w?/3 wo/3

vj bt bu vt it 1] TJ i
Fit 1 41.8% | 54.1% | 4% | 0.04% | 54.1% | 4% | 37.8% | 4%
Fit 11 41.3% | 54% | 4% | 0.04% | 54.1% | 4% | 37.8% | 4%

Table 32: Branching ratios for different decay modes of the Ry LQ corresponding to the
fits presented in Eqgs. (4.7.3) and (4.7.4).

from that of the w®? component due to the electroweak precision constraints, and hence,
we consider them to be almost degenerate in our analysis. Given the branching ratios in
Table. 32, the bbr*7~ final state gives the most stringent constraint on the R, LQ mass,
which is required to be larger than 859 GeV, as can be seen from Fig. 77.

As for the S3 LQ relevant for Ry ) anomaly, it can in principle decay to all quark and
lepton flavors, due to the CKM-rotations involved in Eq. (4.2.6). However, the dominant
decay modes of the S3 LQ corresponding to the Yukawa ansatz in Eqs. (4.7.3) and (4.7.4)

are
o3 o sut,
P\ — eut, &, (4.6.2)

p 23— .
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In addition, for mpg,,ma < mg,, the S3 LQ can decay to the Ry LQ and the quadruplet
scalar A, mediated by the trilinear coupling p in Eq. (4.2.7) that is responsible for neutrino
mass in our model. For our numerical analysis, we focus on the scenario with the Ry (S3)
LQ mass around ~ 1 TeV (2 TeV) and the quadruplet mass also around 1 TeV. In this case,
the S3 — Ry + A decay is the dominant one with ~ 100% branching ratio. In this case, the
various components of S3 decay as follows:

p3 s WTBATE W TBBAT
PP — WTEBAY WA (4.6.3)
3 WA W2BAL

As a consequence, limits on the S3 LQ mass from the standard LHC searches are not ap-
plicable to our scenario. See Section 4.8 for more details on the S3 decay signatures at the
LHC. For this decay to occur, S3 mass should exceed that of Ry LQ.

4.6.2 Dilepton Bounds

Apart from the direct LHC limits from LQ pair-production, there also exist indirect limits
from the cross section measurements on the dilepton process pp — éféj_, which could get
significantly modified due to a t—channel LQ exchange for large Yukawa couplings. Ref. [17§]
had derived indirect limits on the LQ mass and Yukawa couplings involving the 7 lepton using
the previous resonant dilepton searches at the LHC. Meanwhile, a dedicated search [455]
for the non-resonant signals in dielectron and dimuon final states has been performed at
the /s = 13 TeV LHC with integrated luminosity 139 fb~!, which is more appropriate
for the t-channel LQ search. Therefore, we use this recent non-resonant dilepton study to
derive new indirect limits on the L() mass and Yukawa couplings. For this analysis, we
first implement our model file in FeynRules package [126], then analyze the cross section
for pp — 6;“6; signal using MadGraph5aMCONLO [127] and compare the quoted observed
limits [455] on the cross-section to derive the limits on the Yukawa coupling for a given LQ
mass. Our results are shown in Fig. 78 for different Yukawa couplings fi, and f}, (with
i=1,2; 5 =1,2,3; o = 1,2) of the Ry LQ. Similar bounds can also be derived for the
S3 LQ. There are no bounds on the f3; and fs» couplings quoted in Fig. 78, because they
involve top-quark initial states, whereas the bounds on f3; and f3, come from bottom-quark-
initiated processes (cf. Eq. (4.2.6). Similarly, we do not report any bounds on the Yukawa
couplings involving 7-flavor, as there is no corresponding non-resonant dilepton analysis
involving taus available so far. Based on the previous analysis [178], we anyway expect the
tau-flavor limits to be weaker than the ones quoted here. Note that the bounds derived in
Fig. 78 are independent of the LQ branch ratios, unlike the direct limits shown in Fig. 77. As
can be seen from Fig. 78, the flavor-dependent upper limits on the LQ Yukawa couplings for
1 TeV R, LQ mass to the first two family leptons and quarks are in the range (0.15 — 0.36),
which get slightly relaxed to (0.15 — 0.45) if we include the bottom-quark. This precludes
a solution of Rp) with Rp-mediated decays of the B-meson involving v, or v, final states.
Therefore, we only focus on the scenario with v, final state in our benchmark points for the
explanation of Ry .
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Figure 78: Summary of the new indirect constraints on the Yukawa couplings of the Rs
LQ as a function of its mass from a recent non-resonant dilepton search at the LHC.

4.7 Numerical Fit

In this section, we present our numerical results for the model parameter space that explains
the anomalies in Ry, Ry, and Aa, within their 10 measured values, while being con-
sistent with all the low-energy and LHC constraints discussed above. It is beyond the scope
of this work to explore the entire parameter space of the theory; instead we implement all
the constraints and find a few benchmark points to explain the anomalies. First of all, we
fix the Ry LQ mass at 900 GeV to satisfy the LHC bound obtained from pair-produced w?/?
decaying to bbrT7~ (cf. Fig. 77 and Table 32). Note that mpz, needs to be around 1 TeV
to explain Rpe); making it larger would require larger fi; and fos coupling values beyond
O(1). For example, with fi; = Imfo3 = 1.5 and fay = 0.45 (to be consistent with the flavor
constraints), the maximum mpg, we can have is 1.4 TeV. We also fix the S3 LQ mass at 2
TeV for our Ry analysis, but it can be scaled up to much higher values without requiring
either of the Yukawa couplings 22 or ys» in Eq. (4.3.25) to exceed O(1) values.

4.7.1 Fit to Ry

In Fig. 79, we show the allowed parameter space to explain Ry at 10 (orange shaded) and
20 (light blue shaded) CL in the most relevant Yukawa coupling plane Im(fo3) — | fi5] for a
fixed Ry LQ mass at 900 GeV. We have also fixed foo = 0.29, which is the maximum allowed
value from the dilepton constraint (see Fig. 78). Note that a nonzero fy is required by the
neutrino oscillation fit for the textures we have (see Section 4.7.2), and a larger fso helps
widen the R region. In our numerical analysis to generate Fig. 79, we have made use of
the Flavio package [407]. As already noted in Section 4.3.1 (cf. Fig. 73), the fo3 coupling
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Figure 79: 1o (light red) and 20 (light blue) allowed range for R in the relevant
Yukawa coupling plane, with the Ry L(Q mass at 900 GeV and with a fixed fao = 0.29. The
horizontal purple band is from the Z — 77 constraint. The curved green band and cyan
bands respectively represent exclusion from L(Q pair production in pp — bbrT and pp — jjvv
channels at LHC. The vertical yellow band corresponds to the exclusion from LFV decay
7 — py. The dark purple shaded box represents the 1o allowed region for R that is
consistent with all the constraints in this model.

needs to be complex to get a good fit to Rp). Thus, while doing the minimization to get
neutrino oscillation fit, we choose the fo3 coupling purely imaginary, as shown in Fig. 79.

The dark purple shaded area highlighted in Fig. 79 represents the allowed region that is
consistent with all the constraints in our model. The rest of the colored regions are excluded
by various constraints discussed in the previous sections. The horizontal purple band is from
Z — 77 constraint (cf. Eq. 4.5.8). The green and cyan shaded regions respectively represent
LHC exclusion from LQ pair-production in b7 and jv decay modes (cf. Fig. 77). The vertical
yellow shaded region corresponds to the exclusion from LFV decay 7 — uy (cf. Table 31).
In the next subsection, we will choose both f3; and fo3 values from within the allowed region
shown in Fig. 79. Similarly, Fig. 80 shows experimental averages for Rp and Rp- taking
correlation into account between the two observables, along with benchmark fits within the
model corresponding to the parameters shown in Eq. (4.7.3) and Eq. (4.7.4).

We note that Yukawa couplings to the third generation lepton required to explain anoma-
lies in Rp+) can induce C§¢ and Cf§ operators via penguin diagram [356, 456, with renormal-
ization group equation running down to the B-meson mass scale. For instance, in scenarios
with vector LQ, the same Yukawa couplings that explain R induce such one-loop photon
penguin diagrams [457]. Similarly, with scalar LQs, similar log enhanced contribution can
be realized [458]. However, within our model, although such contributions exist, the flavor
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Figure 80: 1o (dark red) and 30 (light red) contours for experimental averages from
Ref. [459] for the LFUV observables Rp and Rp- observables. Individual 1o regions from
Belle, BarBar, and LHCb are respectively shown by the dotted green, gray, and purple
contours. Black error bar represent the SM prediction, whereas black and brown marker
corresponds to the two model Fit I and Fit II given by Eq. (4.7.3) and Eq. (4.7.4).

structure we have adopted in Eq. (4.7.3) and Eq. (4.7.4) with fi; =0 (y33 = 0 or y33 < 1)
results in these contributions being negligible.

4.7.2 Neutrino Fit

In this section, we explicitly show that the neutrino oscillation data can be explained in our
model, while being consistent with the B-anomalies and (g — 2),, as well as satisfying all
the experimental constraints given in Sections 4.5 and 4.6. We have performed a detailed
numerical study to find the minimal texture for the Yukawa couplings to fit all the observ-
ables. We show our results for two different textures, namely, Fit I and Fit II as given in
Eqgs. (4.2.53 and (4.2.54. For this analysis, we fix the Ry and S3 LQ masses at 900 GeV and
2 TeV respectively. Furthermore, the masses of the up-type quarks entering the neutrino
mass matrix (cf. Eq. (4.2.49) are fixed at |12, 404, 460)|

mu(2 GeV) = 2.16 MeV, me(me) = 1.27GeV, my(my) = 160GeV. (4.7.1)

We have used these input values of the running up-type quarks given in Eq. (4.7.1) and
then extrapolate them to the L(Q) mass scale at 1 TeV in doing the numerical fit for the
neutrino oscillation data. We obtain m,(1TeV) = 1.10 MeV, m.(1TeV) = 0.532 GeV,
and my(1TeV) = 150.7 GeV [404, 461]. The neutrino mass matrix given by Eq. (4.2.49) is
diagonalized by a unitary transformation

o~

Upnns Mo Upnus = M, (4.7.2)

where ]\71, is the diagonal mass matrix and Upyns is the 3x3 PMNS lepton mixing matrix. We
numerically diagonalize Eq. (4.7.2) by scanning over the input parameters with two different
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Oscillation 3 o allowed range | Model | Model
parameters from NuFit5.0 [8] | Fit I | Fit II
sin? 01, 0.269 — 0.343 0.290 | 0.324
sin? 03 0.02032 — 0.02410 | 0.0235 | 0.0210
sin’ fys 0.415 - 0.616 0.472 | 0.430
Am2, (107° eV?) 6.82 — 8.04 7.39 7.45
Am2, (1073 eV?) 2.435 — 2.598 2.54 2.49
d (degree) 107 — 403 329.6 | 322.7
’ Observable \ 10 allowed range \ \ ‘
Rp 0.310 — 0.367 [352] | 0.348 | 0.343
Rp. 0.281 — 0.308 [352] | 0.288 | 0.284
Cy = —Cyg [—0.61,—0.45] [356] | —0.52 | —0.51
| (9—2), (1071 | 274+73[344] | 297 | 344 |

Table 33: Fits to the the neutrino oscillation parameters in the model with normal hierarchy;,
along with the B-anomalies, and muon g — 2 for two benchmark fits given in Eq. (4.7.3) and
Eq. (4.7.4). For comparison, the 3 o allowed range for the oscillation parameters and the 1o
range for the other observables are also given. Note that correlation between Rp and Rp-
is not taken into account here (see Fig. 80 to see such correlation).

textures as shown in Eqs. (4.2.53 and (4.2.54. For ease of finding the fits to oscillation
data, we factor out m; into the overall factor and define my = myk;, where Ky is given
in Eq. (4.2.50). Furthermore, we perform constrained minimization in which the neutrino
observables are restricted to lie within 3 ¢ of their experimental measured values, for which
we use the recent NuFit5.0 values (with SK atmospheric data included) [§].

Our fit results for the two textures given in Eqs. (4.2.53 and (4.2.54 are shown below:

Fit I: With mg=9.9 eV,

0 0 0 0 0 0 0 0 0
Ff=1o0o o o , f=10 020 086 |, y= 0 0.124 0.064
0 029 —1.15 0 0.0059 0.0226 —0.016 0.028 0

(4.7.3)

Fit II: With mg = 15.1 eV,

0 0 0 0 0 0 0 0 0

Ff=1o o o , f=10 020 0887 |, y= 0 0.22 0
0 029 —1.10 0 0.0061 0.0215 0.026 0.0155 —0.035

(4.7.4)

For each of these Yukawa textures, the corresponding fit results for the neutrino oscillation
parameters are shown in Table 33. It is clear that both fits are in excellent agreement with
the observed experimental values. The fs33 entry in the benchmark texture shown above is
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required for fine-tuning at the level of 7% the 7 — py amplitude arising from top quark loop
with a chiral enhancement (cf. Section 4.5.1). Note that the input parameter fs3 in both
Fit I and Fit IIa is purely complex, which is required to get R correct (cf. Fig. 79).
Furthermore, the same coupling leads to a significant Dirac C'P phase, as can be seen from
Table 33, consistent with the recent T2K result [462].

We note that the structures of f and f’ do not change significantly from Fit-I to Fit-II.
This happens due to the various flavor violating constraints. In this sense, the parameter
space is rather limited for f and f’. However, the structure of y is different for Fits-I and
II, and there is also some freedom in the overall scale of y, as illustrated in Eqgs. (4.7.3 and
(4.7 4.

We shown in Table 33 the fit results for Rp, Rpw, Ry and (g — 2),, all of which are
within 1o of the experimentally allowed range.

4.7.3 Non-standard Neutrino Interactions

The LQs w?? from R, and p~2/3, p'/3 from S3 have couplings with neutrinos and quarks
(cf. Eq. (4.2.6). These couplings can induce charged-current NSI at tree-level [26]. Using the
effective dimension-6 operators for NSI introduced in Ref. [47], the effective NSI parameters
in our model are given by

3 * V * o V* *
oy = flc;fm Vy )12( s Yialhs ) (4.7.5)
4\/§GF UDRYE: mp72/3 2Tn,ol/3

Any non zero entry in the up-sector fi, and y,, relevant for generating tree-level NSI, does
not affect the neutrino oscillation fit, as it is suppressed by the up-quark mass. However,
Yukawa couplings to the electron and muon sector fi, and 31, (o = 1,2) are highly con-
strained by the non-resonant dilepton searches at the LHC. The limit on f;; and fi5 are 0.19
and 0.16, respectively, for 1 TeV LQ mass (cf. Fig. 78). Also, the limit on y;; and y;5 are 0.16
and 0.15. Thus €117 and €99 are sub-percent level, and far beyond the reach of forthcoming
neutrino experiments. Furthermore, any nonzero ¥, is in conjunction to Cabibbo rotation
and induces (V*y)a, leading to D° — D° mixing with a constraint given in Eq. (4.5.20).

As noted in Section 4.6.2, the LHC limits on the LQ Yukawa couplings in the tau sector
are weaker, and in principle, one can allow O(1) Yukawa coupling for fi3 and generate a e33
which can be as large as 5.6%. However, we require fs3 to be nonzero and O(1) to explain
Rp), and the constraint on the product of Yukawa couplings fi3f23 is severe due to the
D — D° bound, see Eq. (4.5.18). Thus the induced NSI will again be at a sub-percent
level. For simplicity, we choose fi, = y1o = 0 for all @ = 1,2,3 (cf. Eq. (4.2.54) in both the
numerical fits discussed in Section 4.7.2.

4.8 Collider Implications

This model provides an avenue to test a unified description of B-anomalies, muon anomalous
magnetic moment and neutrino masses at the LHC through a new decay channel of the Ss3
LQ. The presence of the two scalar LQs Ry and S3 and the isospin-3/2 scalar multiplet A
(especially its triply- and doubly-charged components) give rise to a rich phenomenology
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Figure 81: Feynman diagram for the pair-production of the p*? component of the Ss
LQ (pp — p*3p=4/3), followed by p decay to the w??3 component of the Ry LQ and the
doubly-charged component of the A quadruplet (p¥4/3 — w*?3ATF). The w?? component
can then decay to br (or jv) final state, while the doubly-charged scalar mostly decays
to same-sign lepton pair (for small va). This leads to the striking signal of this model:
pp — (000~ + 757~ + bb (where £ = e or p).

for the LHC. In this section, we analyze the production and decay of the doubly-charged
component of the scalar multiplet at the LHC and prospective smoking gun signals correlated
with the B-anomalies.

4.8.1 Production of Doubly-charged Scalars via LQ Decay

Being part of the SU(2)r-quadruplet, the charged scalars (AT*% A*% A*) can be pair-
produced at the LHC by standard DY processes mediated by s-channel Z/+v exchange. In
addition, s-channel W exchange can lead to associated production of AFEEAFF (ATEAT).
It is important to note that being s-channel processes, the DY pair production cross-sections
are highly suppressed for large A*** (A*%) masses (similar to the doubly-charged scalar pro-
duction in the type-II seesaw [463-465]). The collider phenomenology of SU(2)-quadruplet
scalars with DY production and the same-sign dilepton (trilepton) signals from doubly
(triply)-charged scalars has been studied extensively in different contexts [376-379, 466, 467|.

Here we propose a unique production mechanism for the doubly-charged scalars at the
LHC via the gluon fusion process, as shown in Fig. 81. In the gluon-gluon fusion process,
the S3 LQ can be pair-produced copiously. Once produced, the various components of the
S3 LQ would decay dominantly to the components of the Ry, LQ and A quadruplet, if
kinematically allowed (cf. Eq. (4.6.3). Here we will mainly focus on the pT43 — W*2/3AFF
decay channel, as p*/3 and w?/3 are respectively the components responsible for the Ry
and Rp) anomalies in our model. Therefore, the signal shown in Fig. 81 provides a direct
test of the Ry and Ry explanations at the high-energy LHC.

Another reason we consider the A** production via S5 decay is that the LQ-induced
charged-scalar pair-production rate is not as highly suppressed as the DY rate for higher
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Figure 82: Comparison of the NLO pair-production cross-sections for the doubly-charged
scalars in the DY channel (pp — ATTA™7) versus the LQ channel (pp — ATTA™ 4
w?3w=2/3) as a function of the doubly-charged scalar mass at /s = 14, 27 and 100 TeV.

masses. In addition, there will be an enhancement factor for gluon luminosity compared
to the quark luminosity, which becomes even more pronounced at higher center-of-mass
energies. This can be seen from Fig. 82, where we compare the doubly-charged scalar pair-
production cross-sections at NLO in the DY mode pp — ATTA~" and in the new LQ mode
pp — ATTATT £ w?Bw™2/3 (in Fig. 82, w?/3w=?/3 is collectively denoted as X) for center-of-
mass energies /s =14, 27 and 100 TeV. Note that for the LQ mode, the cross section only
depends on the p*? LQ mass; however, to make a direct comparison with the DY mode,
we have fixed the w?/3 mass at 900 GeV (the preferred value for Rg) explanation), and for
a given A*™ mass in Fig. 82, have chosen the p*/® mass such that the pT4/3 — W*?/3ATT
decay branching ratio is ~ 50% (with the other 50% going to w**/3AT¥¥). From Fig. 82,
we infer that the production cross-sections for the doubly-charged scalar in the L) mode
are sizable up to the multi-TeV mass range, and the collider reach in the inclusive mode
pp — ATTA™™ 4+ X can be significantly enhanced, compared to the pure DY mode (see
Section 4.8.4 for more details).

4.8.2 Decay of Doubly-Charged Scalars

Now we turn to the decay modes of the quadruplet scalar A. The doubly charged scalar
A** can decay to (T{* via the leptonic coupling given by Eq. (4.2.52). In addition, being a
part of the SU(2)-quadruplet, the covariant derivative term leads to bosonic decay modes
(WEW#) of A¥£. On the other hand, when the mass-splitting between consecutive members
of the quadruplet are nonzero, cascade decays also open up. One should note that depending

194



on the quartic coupling A}, 5, there could be two different hierarchies: (a) when A, > 0,
we have ma+++ < mass < max < mpo and (b) when M. < 0, we have matts > mpa+s >
ma+ < mpo (cf. Eq. (4.2.52). Therefore, due to mass-splitting, it can decay in cascades
via AFFEXTF or ATX* (where X = 7, W*) depending on whether Am > 0 or Am < 0.
For simplicity, we consider AT** to be the lightest member of the A multiplet throughout
our analysis. The partial decay widths for different decay modes of A** can be written
as [378, 379

2 1/2
F(Aii_)@l:é;t) _ mAii(mv>ij (1_ m} _ m? ){)\( m; m? )] 7

2 2 2 2 1.3
67 (14 6;5) va MAse  Mass MArs Mits

(4.8.1)
3 4,2 0,3 3 4 2 1 2
Dot o wws) = MoAmes (b b Wy (b))
16mmy;, Mpse Mazs 4 MA+s
4 V., 2(Am)3 £2
T (Aj:ﬁ: _ A:I::i::l:ﬂ_q:) _ 9 | d8|w(n4m) Jx 7 (4.8.3)
W
4 5
g'(Am)
[ (A* = A¥HFy,) = 120m5m1 (4.8.4)
[ (AT = AF¢g) = 30 (A™F = ATF(Fy,) | (4.8.5)
9g5maz+ v2 m3
++ 7 A W
(AT - W W) = STl b : (4.8.6)
w AxE
where the kinematic functions are given by [379]
Mz,y) = 1+ 2% +y* — 20y — 20 — 22,
6(.73) =V 1- 41:7
47 13 1
F(z) = —|1 -z (7$— 5 —i——) +3 (1 — 6z + 42?) | log /x|
x
3(1—-8zx+4202%) | (3z—-1

If A** decay to A*X* is allowed, the corresponding partial widths will be the same as in
Eqgs. (4.8.3-(4.8.5. The different scaling factor due to the Clebsch-Gordon coefficient for the
quadruplet scalar is taken into account properly for the partial decay width formulae of the
doubly charged Higgs given above. For example, the leptonic decay width given in Eq. (4.8.1)
is suppressed by a factor of 2/3, compared to the type-1I seesaw scenario [468, 469]. On the
other hand, the bosonic and cascade decay modes are enhanced by a factor 3/2 in the
quadruplet case compared to the triplet scenario [468-470].

In Fig. 83, we show the generic decay phase diagram for A** in our model, with maz+ = 1
TeV. The dotted, dot-dashed, dashed and thick solid contours correspond to 99%, 90%, 50%
and 10% branching ratios into the leptonic, bosonic or cascade decay modes. The decay
phase diagram clearly depicts that the branching ratio to leptonic decay modes of A**
decreases with va, whereas the branching ratio to gauge boson decay mode increases with
va. The cross-over happens at va = 107% GeV with Am ~ 0, similar to the type-II seesaw
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Figure 83: Generic decay phase diagram for A** in our model, with maz++ = 1TeV. The
dotted, dot-dashed, dashed and thick solid contours correspond to 99%, 90%, 50% and 10%
branching ratios respectively for the leptonic, bosonic or cascade decays, whereas Am is the
mass splitting between the A*T and the next lightest scalar component.
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case [468, 469]. As soon as the mass splitting is set to > 10 GeV, cascade decays open
up and start dominating depending on the exact value of vao. Note that the mass splitting
|Am/| between any two components of A cannot be larger than ~ 50 GeV due to stringent
constraints from electroweak precision data [379].

4.8.3 Comment on 4-body Decay of A

In addition to the two-body decays given in Eqs. (4.8.1-(4.8.6, there will also be four-body
decay modes of the doubly-charged scalar via the virtual exchange of R, and S3 LQs pro-
portional to the p term in Eq. (4.2.7): AT* — (w*?/3)*(p**/3)* with each LQ decaying to
two fermions. These decays will depend on the same parameters that lead to AT+ — ¢+
decays. The phase space for these decays would appear to be comparable to the two-body
decays, since the latter has a suppression of a loop factor, 1/(167%)2. We have evaluated these
four-body decays of ATT semi-analytically following the procedure outline in Ref. [471], as
well as numerically. The two methods gave very similar results. As an example, for a bench-
mark values of ma++ = 800 GeV, mg, = 1 TeV, mg, = 2 TeV, u = 246 GeV, v = 1074
GeV, and the values of the Yukawa couplings given in Fit I (cf. Eq. (4.7.3)), the four-body
decay width is 2.3 x 1071 GeV, which turns out to be much smaller than that for the dilep-
tonic decay, which is 2 x 107? GeV. As v, is increased, the four-body decay may compete
with the dileptonic decay; however, in this case AT — WTW™T decay would dominate.
Consequently, the four-body decay of A™* can be safely ignored in our discussions.
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Production A** mass reach for £ =3 ab~!
Channel | /s =14 TeV | /s =27 TeV | /s = 100 TeV
LQ-mode 1.1 TeV 2.0 TeV 6.2 TeV
DY-mode 0.9 TeV 1.3 TeV 2.9 TeV

Table 34: Comparison of the doubly-charged scalar mass reach in the LQ and DY modes
(with same-sign di-muon pair final states only) for 3 ab™! integrated luminosity.

4.8.4 Signal Sensitivity

We focus on the small va region which gives same-sign dilepton final states from the A**
decay, because charged leptons with large transverse momenta can be cleanly identified with
good resolution and the charge of the leptons can be identified with fairly good accuracy at
hadron colliders. For the benchmark fits given in Section 4.7.2 with normal hierarchy, the
dilepton branching ratios of the A** — ¢;¢; for different flavors are as follows:

BR(ee) = 0, BR(up) = 0.22, BR(r7) = 0.23,
BR(ex) = 0.01, BR(ur) = 0.39, BR(er) = 0.16. (4.8.10)

For simplicity, we focus on the pu final states and consider the signal pp — ATTA™ +
X — ptputp~p~ + X to derive the sensitivity at future hadron colliders. The relevant
SM background is mainly from the multi-top and multi-gauge boson production [472, 473].
However, there are several discriminating characteristics of our signal: (a) the invariant
mass distributions for same-sign lepton pair from the A** decay would peak at a mass value
much higher than the SM Z boson mass; and (b) the outgoing leptons will be more energetic
compared to the ones produced in the decay of SM gauge bosons, since these leptons are
produced from heavy particle A** decay. To derive the signal sensitivity, we first implement
our model file in FeynRules package [126], then analyze the cross section for the signal
using MadGraph5aMC@NLO [127], simulating the hadronization effects with PYTHIAS8 [474] and
detector effects with the Delphes3 package [475]. In order to optimize the signal efficiency
over the SM background, we impose the following basic acceptance criteria: pf > 15 GeV for
each lepton, pseudorapidity |n| < 2.5 and a veto on any opposite sign dilepton pair invariant
mass being close to the Z boson mass |M(¢T¢~) — mz| > 15 GeV. In addition, events are
selected such that the invariant mass for same-sign muon pair is higher than 500 GeV. After
passing through all these acceptance criteria, we estimate the required luminosities to observe
at least 25 events at different center-of-mass energies (1/s=14, 27, 100 TeV). Our results are
shown in Fig. 84. It is clear that for a given luminosity and a given /s, the doubly-charged
scalar mass reach in the L) mode is higher than that in the DY mode. The mass reach for
3 ab~! integrated luminosity is summarized in Table 34 for different center-of-mass energies.

Once we identify the doubly-charged scalar from the multi-lepton signal, the next step
is to distinguish the underlying model. In order to identify whether the A**’s come from
the S5 LQ decay, accompanied by the w?/® LQs, we can consider the decay chain given in
Fig. 81, i.e.

pp — PP o WTEBATRWBATT o T T+ bb. (4.8.11)

197



10

1000

I 100}
é 100 TeV LQ mode
N 10! — —— 100 TeV DY mode
—— 27 TeV LQ mode
: ——— 27 TeV DY mode
1 —— 14 TeV LQ mode
7 ——— 14 TeV DY mode
o1
2 4 6 8 10
My [TeV]

Figure 84: Required integrated luminosities for different center-of-mass energies of the pp
collider to observe at least 25 events for the signal pp — ATTA™™ + X — ptptp = + X
in the LQ and DY production modes.

In this case, the right combination of the br invariant mass peaks at the w?/® LQ mass, if
it is produced on-shell from the A decay. Considering the fact that the benchmark fits in
our model give 54% branching ratio of w?3 to br (cf. Table 32), and taking into account
the b-tagging and 7-identification efficiencies of ~ 70% each, we find that at least 25 signal
events in the channel given by Eq. (4.8.11) can be obtained with 3 ab™! luminosity for the
S3 LQ masses up to 1.5, 2.4 and 5.5 TeV respectively at /s = 14, 27 and 100 TeV. Hence,
it is possible to independently test the unified description of B-anomalies, muon g — 2 and
neutrino masses in our model at future colliders.

4.9 Conclusion

We have presented a radiative neutrino mass model involving TeV-scale scalar leptoquarks R
and S3, which can simultaneously explain the Ry, Ry), as well as muon g — 2 anomalies,
all within 10 CL, while being consistent with neutrino oscillation data, as well as all flavor
and LHC constraints. The R, LQ is responsible for the Ry and (g — 2),, while the S;
LQ explains the Ry anomaly. The model also features a scalar quadruplet A, which is
required for the radiative neutrino mass generation. The same trilinear A*RyS3 coupling
that is responsible for neutrino mass also leads to interesting collider signatures in the S3
and A decays that can be probed in the forthcoming run of the LHC. Similarly, the same
Yukawa couplings responsible for the chirally-enhanced contribution to Aa, give rise to new
contributions to the SM Higgs decays to muon and tau pairs, with the modifications to the
corresponding branching ratios being at 2-6% level, which could be tested at future hadron
colliders, such as HL-LHC and FCC-hh.
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CHAPTER V

PREDICTIVE DIRAC AND MAJORANA NEUTRINO MASS TEXTURES
FROM SU(6) GRAND UNIFIED THEORIES

Multiple neutrino oscillation experiments over the past two decades have conclusively estab-
lished that neutrinos have non-vanishing masses [113], thereby providing concrete evidence
of new physics beyond the Standard Model (SM). However, although these experiments have
measured the neutrino mass splittings and mixing angles, the actual values of the neutrino
masses still remain unknown. In particular, it is not known whether the neutrino mass
spectrum exhibits a normal or inverted hierarchy. Several medium and long-baseline neu-
trino oscillation experiments have been proposed to settle this issue [476]. At present, the
important question of whether neutrinos are Dirac or Majorana fermions also remains unan-
swered. Future neutrinoless double beta decay (0vf3) experiments may be able to resolve
this question [477].

Grand unification [231, 478, 479] is one of the most attractive proposals for physics
beyond the SM. In these theories, the strong, weak and electromagnetic interactions of the
SM are unified into a larger grand unifying group. The fermions of the SM are embedded
into representations of this bigger group, with the result that quarks and leptons are also
unified into the same multiplets. These representations often contain additional SM singlets,
which can naturally serve the role of right-handed neutrinos in the generation of neutrino
masses. The fact that the SM quarks and leptons are now embedded together in the same
multiplets often leads to relations between the masses of the different SM fermions [480]. If
these multiplets also contain right-handed neutrinos, these theories can impose restrictions
on the form of the neutrino mass matrix, leading to predictions for the neutrino masses.
Familiar examples of unified theories that can relate the masses of the neutrinos to those of
the charged fermion include the Pati-Salam [231] and SO(10) [481, 482] gauge groups.

In this chapter we explore a class of models based on the SU(6) grand unified theory
(GUT) [483, 484] that lead to sharp predictions for the neutrino mass spectrum. In these
theories, the right-handed neutrino emerges from the same multiplet as the lepton doublet
of the SM. A natural consequence of this construction is that, at the level of the lowest-
dimension terms, the Dirac mass term for the neutrinos is skew-symmetric in flavor space,
so that the determinant of the Dirac mass matrix vanishes. If neutrinos are Dirac particles
that obtain their masses from this term, then, in the absence of corrections to this form from
terms of higher dimension, the neutrino mass spectrum consists of two degenerate species
and a massless one. Once higher-dimensional terms suppressed by the Planck scale Mp, are
included, this class of models can easily reproduce the observed spectrum of neutrino masses
and mixings. A firm prediction of this construction is that the spectrum of neutrino masses
is inverted, with the lightest neutrino hierarchically lighter than the other two. Then the
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sum of neutrino masses is predicted to lie close to the lower bound of 0.10 eV set by the
observed mass splittings in the case of an inverted hierarchy. Future precision cosmological
experiments, such as LSST [485], Euclid [486], DESI [487|, the Simons Observatory [488|,
and CMB-5S4 [489], that have the required sensitivity to the sum of neutrino masses will be
able to test this striking prediction. The final phase of Project-8 [490], with an expected
sensitivity of 0.04 eV to the absolute electron neutrino mass, will also be able to test this
scenario. Similarly, future large-scale long-baseline neutrino oscillation experiments, such as
Hyper-K [491] and DUNE [492], will be able to test the prediction regarding the inverted
nature of the mass spectrum.

It is well-established that there is a lower bound on the light neutrino contribution
to the OvfBf process in the case of Majorana neutrinos that exhibit an inverted mass-
hierarchy [493, 494]. In particular, it has been pointed out that if long-baseline neutrino
experiments determine that the neutrino mass hierarchy is inverted, while no signal is ob-
served in Ov3 3 down to the effective Majorana neutrino mass m.. < 30 meV, then this would
constitute compelling evidence that neutrinos are Dirac rather than Majorana fermions [495].
The model we present here is an example of a GUT framework that can naturally accom-
modate such a scenario.

If, in addition to the skew-symmetric Dirac mass term, there is also a large Majorana
mass term for the right-handed neutrinos, the neutrinos will be Majorana particles. In this
scenario, the skew-symmetric nature of the Dirac mass term implies that the lightest neutrino
is massless, up to small corrections from higher-dimensional operators!. In contrast to the
case of Dirac neutrinos discussed above, the spectrum of neutrino masses can now exhibit
either a normal or inverted hierarchy. However, the lightest neutrino is still predicted to be
hierarchically lighter than the other two, so that for both normal and inverted hierarchies the
sum of neutrino masses is predicted to lie close to the corresponding lower bound dictated
by the observed mass splittings, i.e. 0.06 eV for the normal case and 0.10 eV for the inverted.
This is a prediction that can be tested by future cosmological observations once long-baseline
experiments have determined whether the spectrum is normal or inverted. In addition, these
predictions for the sum of neutrino masses translate into upper and lower bounds on the
Ov 3 rate for each of the normal and inverted cases, with important implications for future
OvpBp experiments. In our analysis, we explore both the Dirac and Majorana possibilities in
detail and obtain realistic fits to the observed masses and mixings.

To understand the origin of the prediction that the Dirac mass term for the neutrinos is
skew-symmetric, we first consider the minimal grand unifying symmetry, namely SU(5) [478].
In this class of theories the SU(5) grand unifying symmetry is broken at the unification scale,
Mgyt ~ 10'% GeV, down to the SM gauge groups. In simple models based on SU(5), all
the SM fermions in a single generation arise from the 5 and 10 representations. The 5
is the anti-fundamental representation while the 10 is the tensor representation with two
antisymmetric indices. The Higgs field of the SM is contained in the fundamental repre-
sentation, the 5. The up-type quark masses arise from Yukawa couplings of the schematic
form e*r5y,10,,10,,, where 5y contains the SM Higgs, e"* is the 5-dimensional an-
tisymmetric Levi-Civita tensor, and the Greek letters represent SU(5) indices. Similarly,

LA recent work [496] considers Majorana neutrino masses in the framework of an SU(3) x SU(3) x U(1)
model embedded in an SU(6) GUT. The resulting pattern of neutrino masses shares some of the features of
our Majorana construction, including a massless neutrino.
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the down-type quark and charged lepton masses arise from Yukawa couplings of the form
5};”10“1,5”. Although attractive and elegant, the minimal SU(5) model does not contain
SM singlets that can play the role of right-handed neutrinos, and does not make predictions
regarding the neutrino masses. Simple extensions of minimal SU(5) to SU(6), however, do
contain natural candidates for the role of right-handed neutrinos and also allow for elegant
solutions to the doublet-triplet splitting problem [497-502].

In the simplest extension of SU(5) to SU(6), the SM fermions emerge from the 6 and
15 representations. While the 6 is the antifundamental representation of SU(6), the 15 is
the tensor representation with two antisymmetric indices. Under the SU(5) subgroup of
SU(6), these representations decompose as 15 — 10 + 5 and 6 — 5 + 1, and can be seen
to contain particles with the quantum numbers of the SM fermions. But now, in addition,
the singlet of SU(5) contained in the 6 representation is a natural candidate to play the role
of the right-handed neutrino. If the SM Higgs emerges from the fundamental representation
of SU(6), the down-type quarks and charged leptons can obtain masses from terms of the
schematic form GTH“15W6”. However, with this set of representations it is not possible to
obtain masses for the up-type quarks of the SM at the renormalizable level. This presents a
problem because the top Yukawa coupling is large.

One possible solution to this problem, first explored in Refs. [503, 504]|, is that the
third-generation up-type quarks emerge in part from the 20 of SU(6), which is the tensor
representation with three antisymmetric indices. This decomposes as 20 — 10 + 10 un-
der SU(5). This allows the third-generation up-type quarks to obtain their masses from a
renormalizable term of the form e"’\“”p"6H,€15>\“201,pU. Nonrenormalizable operators suffice
to generate masses for the up-type quarks of the lighter two generations.

The problem of the top quark mass in SU(6) GUTs admits an alternative solution if
electroweak symmetry is broken by two light Higgs doublets rather than one, so that the
low-energy theory is a two-Higgs-doublet model. In this framework, one of Higgs doublets,
which gives mass to the up-type quarks, is assumed to arise from the 15 of SU(6). This
allows all the up-type quark masses to be generated from renormalizable terms of the form
eMP7154,,15,,15,,, where the Higgs doublet is now contained in the 15y [483]. The
other Higgs doublet, which arises from the 6 of SU(6), gives mass to the down-type quarks
and charged leptons. The central observation is that the same Higgs doublet in the 154
that generates the large top quark mass can also be used to generate a Dirac neutrino
mass term through renormalizable operators of the form y,15y,,6;'6}, where i and j are
flavor indices. Since the 15 of SU(6) is antisymmetric in its tensor indices, this vanishes
if the flavor indices 7 and j are the same. Therefore, this construction naturally leads to a
skew-symmetric structure for the Dirac mass matrix of the neutrinos in flavor space.

This framework can naturally accommodate either Dirac or Majorana neutrino masses.
The right-handed neutrinos can naturally acquire large Majorana masses of order M&yr/Mp; ~
10** GeV from nonrenormalizable Planck-suppressed interactions with the Higgs fields that
break the GUT symmetry. This naturally leads to Majorana masses for the neutrinos of the
right size through the seesaw mechanism [32-35]. Alternatively, as a consequence of addi-
tional discrete symmetries, a Majorana mass term for the right-handed neutrinos may not
be allowed, while the coefficient of the Dirac mass term is suppressed. In such a scenario we
obtain Dirac neutrino masses. In this chapter we will consider both the Dirac and Majorana
cases.
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This chapter is organized as follows. In Section 5.1, we outline the framework that
underlies this class of models and show how the pattern of neutrino masses emerges in
the Dirac and Majorana cases. In Section 5.2, we present a realistic model in which the
neutrino masses are Dirac, and perform a detailed numerical fit to the neutrino masses and
mixings using a recent global analysis of the 3-neutrino oscillation data. We show that
this framework predicts an inverted spectrum of neutrino masses with one mass eigenstate
hierarchically lighter than the others. In Section 5.3, we present a realistic model in which
the neutrino masses are Majorana, and again perform a detailed numerical fit to the neutrino
oscillation data. We show that in this scenario one neutrino is again hierarchically lighter
than the others, but the spectrum of neutrino masses can now be either normal or inverted.
We also explore the implications of this scenario for future Ov5S experiments and future
cosmological observations. Our conclusions are presented in Section 5.4.

5.1 The Framework

Our model is based on the SU(6) GUT symmetry with the fermions of each family arising
from a 6 representation, denoted by Yy, and a rank-two antisymmetric representation 15,
denoted by 1. For now we omit the generation indices. Note that anomaly cancellation
for the SU(6) group requires that there be two 6 chiral fermion representations for each 15
fermion. We denote the additional 6 of each family by x. After the breaking of SU(6) to
SU(5), the fields in y that carry charges under the SM gauge groups acquire large masses at
the GUT scale by marrying the non-SM fermions in the 15. Therefore, these fields do not
play a role in generating the masses of the light fermions. However, the SM-singlet field in y,
which has no counterpart in the 15, may remain light. We employ the familiar convention
in which all fermions are taken to be left-handed, and the SM fermions are labelled as
(Q,us,d°, L,e), with QT = (u,d) and LT = (v, ().

The SU(6) symmetry is broken near the GUT scale down to SU(5), which contains the
usual embedding of SM fermions in a 5 and a 10 of SU(5). Without loss of generality we
take the SU(5) indices to be (2,3,4,5,6), so that the index 1 lies outside SU(5). Color
indices run over (4,5, 6).

We now consider the assignment of fermions under representations of SU(6). Under the
fermion multiplet y that transforms as a 6, we have

x =1L |, (5.1.1)

where L is the SM lepton doublet, LT = (v,£). Note that the Dirac partner v° of the SM
neutrino is embedded in the same multiplet as the left-handed leptons. The fermions in y

also transform as 6:
NC
x=11 |. (5.1.2)
DC
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The fermion content of ¢, which transforms as a 15-dimensional representation of SU(6), is
given by

0| L¢ D
0 e d
¢ = 0 Y . (5.1.3)
0 wus —us
0 uf
0

The breaking of SU(6) down to SU(5) at the GUT scale is realized by a Higgs field H
which transforms as a 6 under SU(6) and acquires a large vacuum expectation value (VEV)
along the SM-singlet direction. A Higgs field 3, which transforms as an adjoint under SU(6),
further breaks SU(5) down to the SM gauge group. The breaking of electroweak symmetry is
realized through two Higgs doublets H and A that arise from different SU(6) representations.
The field H, which gives masses to the down-type quarks and charged leptons, emerges from
a 6 while A, which gives masses to the up-type quarks, arises from a 15. The Higgs fields
H, H and A are assumed to have the following VEVs:

M 0 0O v, 0000
0 Vg —v, 0 0 0 0 O
- 0 0 0 0 0000
0 0 0 0 0000
0 0 0 0 0000
The VEV of 3 takes the pattern

0 0 0 0 0O

0 -2 0 000

B A 0 0 -2 000

_ 2
0 0 0 010
0 0 0 0 01

The field content is summarized in Table 35. Here Nr denotes the number of ﬂayors;
We now discuss the generation of fermion masses. The additional fermions L, D® in X
and L¢, D in 1 acquire masses at the GUT scale through interactions with H of the form

_ﬁdecouple = ;\1]1/)02]];[‘}‘}107 (516)

where we have suppressed the SU(6) and Lorentz indices and shown only the flavor indices.
Consequently, these fields do not play any role in the generation of the masses of the SM
fermions. These interactions do not give mass to the SM-singlet field N¢ in x. However, even
if N¢is light, the fact that it is a SM singlet means that in the absence of other interactions
its couplings to the SM fields at low energies are very small.
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Multiplets | SU(6) representation | Np

X 6 3
fermion | x 6 3
Y 15 3
H 6 1
scalar | H 6 1
A 15 1
5 35 1

Table 35: Field content of the SU(6) model under consideration.

The SM fermions acquire masses from their Yukawa couplings to the Higgs fields H and
A after electroweak symmetry breaking. The SU(6)-invariant Yukawa couplings take the
form

—ﬁy = yd7ij'¢inH + yu,ijwiijT + h.c. (517)

The down-quark and charged-lepton masses arise from the gy, term in the Lagrangian after
the Higgs field H acquires an electroweak-scale VEV. Similarly the up-quark masses arise
from the y, term in the Lagrangian after A acquires a VEV. In general, the masses of the
SM fermions also receive contributions from higher-dimensional operators suppressed by the
Planck scale (Mp,) that involve 3, such as

Y o Yu,ij S At
—L = X o H + 05 AT 4 hee. 5.1.8
The VEV of 3 breaks the SU(5) symmetry that relates quarks and leptons [cf. Eq. (5.1.5)].
Therefore these higher-dimensional operators violate the GUT symmetries that relate the
masses of the down-type quarks to those of the leptons of the same generation.

A Dirac mass term for the neutrinos may be obtained from interactions of the form

—Lp = YA+ hee. (5.1.9)

As explained earlier, the fact that A is an antisymmetric tensor under SU(6) implies that
Yu,i; 1s skew-symmetric in flavor space. Consequently, the resulting Dirac mass matrix for
the neutrinos has vanishing determinant. We expect corrections to the Dirac mass term from
Planck-suppressed higher-dimensional operators, such as

—Lap = %Ximxﬁwh.e. (5.1.10)
Pl

In general, this contribution will be suppressed by a factor Mgyr/Mp ~ 1072 relative to
that from Eq. (5.1.9).
A large Majorana mass term for the right-handed neutrinos can be obtained from Planck-
suppressed nonrenormalizable interactions of the form
>\1/C,i

Pl
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Multiplets | SU(6) representation | Z, quantum number | Z; quantum number
% 6 +1 +4
fermion | y 6 -1 -1
P 15 +1 +1
H 6 +2 +2
H 6 0 0
scalar | A 15 +2 +2
)3 35 0 0
o 1 0 +1

Table 36: Quantum numbers of the various fermion and scalar fields under the discrete
Z4 X Z7 symmetry in the model of Dirac neutrinos. Here the integer entries n correspond to
transformation under Z, as e2™/* and under Z, as e2™"/7,

This leads to Majorana masses for the right-handed neutrinos of order M&/Mp), which is
parametrically of order the seesaw scale ~ 10'* GeV. Then, from Egs. (5.1.9) and (5.1.11),
we obtain Majorana neutrino masses of the right size.

If neutrinos are to be Dirac particles, the mass term for the right-handed neutrinos shown
in Eq. (5.1.11) must be absent. Furthermore, we require the coefficients of the Dirac mass
terms to be extremely small, v, ;, kyij ~ 107! to reproduce the observed values of the
neutrino masses. In Section 5.2, we shall show that the absence of the Majorana mass
term for the right-handed neutrinos, Eq. (5.1.11), and the smallness of y, ;; and &, ;; can be
explained on the basis of discrete symmetries.

5.2 Dirac Neutrino Masses

5.2.1 Pattern of Neutrino Masses

We now present a simple model that realizes the pattern of Dirac neutrino masses discussed
in Section 5.1. The model is based on discrete Z, x Z; symmetries under which the fermions
and Higgs scalars have the charge assignments shown in Table 36. The Yukawa couplings
that generate masses for the SM fermions, Eqs. (5.1.7) and (5.1.8), are consistent with the Z,
and Z; symmetries. The interaction in Eq. (5.1.6) that gives GUT-scale masses to the extra
fermions j}, D¢ in X and L, D in 1 is also allowed by the discrete symmetries. However,
the renormalizable Dirac mass term for the neutrinos, Eq. (5.1.9), is now forbidden by the
discrete Z; symmetry. Instead, the leading contribution to the neutrino masses arises from
the dimension-5 term

o
—£d25 = yl/,ij_XinAT + h.c. (521)

Mpy
The field o, which is a singlet under SU(6), is assumed to acquire a VEV, thereby sponta-
neously breaking the discrete Z; symmetry. For (o) ~ 107 GeV, we obtain Dirac neutrino

masses in the right range. Since A is in an antisymmetric representation of SU(6), these
mass terms are antisymmetric in flavor space, i.e.

Yvij = —Yugi - (5.2.2)
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This leads to a highly predictive spectrum, with one zero eigenvalue, and the other two
eigenvalues equal in magnitude and opposite in sign. This corresponds to an inverted mass
hierarchy, in which the smaller Am? arises from the difference between the masses of the
two heavier eigenstates. We can perform phase rotations on the right-handed neutrinos to
ensure that the elements of this mass matrix are real, so that the phase in the PMNS matrix
vanishes.

Clearly, the mass pattern above is ruled out experimentally. However, we need to include
the effects of higher-dimensional terms, which will give corrections to the pattern above.
Since these corrections are expected to be small, we expect to retain the qualitative features
of the spectrum above, in particular, an inverted ordering. An example of such a higher-
dimensional operator is the dimension-6 term

o N
—,Cdzﬁ = HV,Z]WXlHTXJHT +hC (523)
Pl

This correction is parametrically smaller than the antisymmetric contribution in Eq. (5.2.1)
by a factor MGUT/MPI ~ 1072

In order for the terms in Eq. (5.2.1) to give rise to the leading contribution to the
neutrino masses, other possible mass terms involving the light neutrino fields » and v¢ must
be suppressed. The discrete Z; symmetry forbids Majorana mass terms for v and v°¢. It also
forbids Dirac mass terms between v and N¢. A Dirac mass term between v and N¢ can be
generated as a Zz-breaking effect, but only at dimension-8:

B
~Li—s = ——XHYH +he. (5.2.4)
MPI

This is too small to have any observable effect. Therefore, without loss of generality, the
neutrino mass matrix has the form of a real skew-symmetric matrix with a small complex
symmetric component. We write the mass term in matrix form as,

VC
~Lonass = (V5 V5 vE )M, | vy | - (5.2.5)
Vr
It is convenient to decompose the Dirac mass matrix as,
M, = M)+ ém. (5.2.6)
Here M? is skew-symmetric and takes the form
0 Mg My
M= -mqy O m, |, (5.2.7)

-mp —m, 0O

while dm is an anarchic symmetric matrix whose entries are parametrically smaller than those
in M°. We can choose m,, m; and m, in Eq. (5.2.7) to be real without loss of generality.
However, in general the elements of dm are complex.
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The PMNS matrix U is, as usual, defined to be the rotation matrix that relates the flavor
eigenstates v, of the active neutrinos to the mass eigenstates v;:

Ve n
v, =U|l »nn |. (5.2.8)
Vr V3

Defining D, = diag(mi, ms, m3) as the diagonalized mass matrix with mass eigenvalues m;
corresponding to the eigenstates v;, we have

DID, = UMM,U. (5.2.9)

Therefore the PMNS matrix is identified with the matrix that diagonalizes the matrix M M,,.
By a suitable choice of of m,, my, m., and the elements in dm, we can fit the observed neutrino
mass splittings and mixing angles.

Before proceeding with a numerical scan, we first estimate the region of parameter space
consistent with observations. Although there are a large number of free parameters, since
only m,, m; and m,. are expected to be large, this scenario is very predictive. We parametrize
the elements of the skew-symmetric matrix M7 as follows:

me = mcostcosqo,
m, = mcosfsing,
me. = msinf. (5.2.10)

Since dm arises from a higher-dimensional operator, it can be treated as a perturbation. At
zeroth order in this perturbation, the eigenvalues for MJM, are simply {m? m?2, 0}. This
corresponds to a limiting case of an inverted mass hierarchy in which the smaller (solar) mass
splitting vanishes. By convention, in an inverted hierarchy the mass eigenstates mi, ms, ms
are labeled such that ms corresponds to the mass of the lightest state and the smaller splitting
is between m, and mo, with my > m;. In our case, these correspond to the masses of two
degenerate eigenstates with mass m. Then the eigenstate with vanishing mass is identified
as v3. The mixing angle #,, mixes states in the degenerate subspace, and hence is arbitrary
at this order. It will be fixed by the perturbation. The other two mixing angles are given by
013 = 0 and 093 = ¢. The Dirac CP phase dcp can be rotated away at this order as well.

To summarize, for m = 0, which corresponds to zeroth order in the perturbation, the
model predictions for the solar and atmospheric mass-squared splittings, the mixing angles,
and the Dirac CP phase are given by

2 2 2 _ 2, 2
Am Ams = 0, Ami, = |Ams| = m”,

913 = 0, 023 = Qb, 012 = arbitrary, 5CP =0 s (5211)
where Am?; = m7 —m?. Once we add the perturbation dm, the solar splitting and the
mixing angle 05 are fixed. The perturbation dm can be parametrized as nm, where m is an

anarchic symmetric matrix with entries of order m. The lightest eigenstate acquires a mass
of order nm from the perturbation, and the solar splitting is now

Am2, = mi—m] ~ 2nm?. (5.2.12)
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| Fit [ el [ leeel [ 2ss | 22 | 213 | 23 | on | em
Fit 1 (IH) | 0.0620 | 0.0180 | 0.0410 | 0.0088 | 0.0184 | 0.0075 | 227.18° -
Fit 2 (IH) | 0.1012 | 0.0234 | 0.0202 | 0.0113 | 0.0151 | 0.0022 | 292.30° -
Fit 3 (IH) | 0.0620 | 0.0604 | 0.0239 | 0.0038 | 0.0236 | 0.0041 | 269.50° | 288.10°

Table 37: The values of the parameters for three benchmark points chosen to fit the neutrino
oscillation data in the case of Dirac neutrinos.

Oscillation 30 allowed range Model prediction
parameters from NuFit4.1 [176] | Fit 1 (IH) ‘ Fit 2 (IH) ‘ Fit 3 (IH)
Am3, (107° eV?) 6.79 - 8.01 7.35 7.39 7.41
Am3,(1073 eV?) 2.416 - 2.603 2.540 2.506 2.540
sin? 6,5 0.275 - 0.350 0.319 0.314 0.305
sin® fog 0.430 - 0.612 0.557 0.558 0.559
sin? O3 0.02066 - 0.02461 0.0230 0.0224 0.0227
dep (°) 205 - 354 330.8 277.7 287.7
ms (107* eV) - 1.57 1.56 2.88

Table 38: Predictions of the three benchmark points for the neutrino oscillation parameters
in the case of Dirac neutrinos, compared to the 3o allowed range from a recent global fit. Also
included are the predictions of the benchmark points for the mass of the lightest neutrino.

The atmospheric mass splitting Am?2, = |m3 — m3| continues to remain of the order of m?.

The ratio of the solar and atmospheric splittings determines the parametric size of n, which
in turn sets the mass of the lightest eigenstate. Putting in the numbers, we have

~ 0.05 eV,
A 2
me &~ my+ —2sl .05 eV,
2m1
A 2
my ~ — sl 7107 eV, (5.2.13)
21/ Am?

2
my >~ AmMZ,

atm

We see that a satisfactory fit to the data requires the parameter n to be of order mg/m; ~
1072, Remarkably, this is in excellent agreement with the expected value of n from our
construction, n ~ Mgur/Mp; ~ 1072

We see that this flavor pattern results in a very predictive spectrum of neutrino masses and
mixings. We obtain an inverted mass hierarchy, with one neutrino hierarchically lighter than
the other two. This prediction can be conclusively tested in future long-baseline oscillation
experiments such as Hyper-K [491] and DUNE [492]. Since the CP-violating phase d¢p in
the PMNS matrix vanishes in the limit that dm is zero, it might have been expected to be
small. However, the results of our numerical scans in Section 5.2.2 show that this need not
be the case, and that fairly large values of cp can be obtained even for n < 1072,
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Figure 85: Global oscillation analysis obtained from NuFit4.1 for the case of an inverted
hierarchy (IH) compared to the results from our benchmark points for the Dirac model (Fit1,
Fit2, Fit3). The gray, green, and pink-colored contours represent the NuFit 1o, 20, and 30
CL allowed regions respectively, while the red markers represent the NuFit best-fit values for
an [H. The blue, black, and brown markers are respectively the predictions of the benchmark
points corresponding to Fit 1, Fit 2, and Fit 3, as given in Table 38.

5.2.2 Fits to the Data

Our strategy for the scan is as follows. The neutrino mass matrix is parameterized in terms
of a skew-symmetric matrix M? with a small symmetric correction dm, as discussed in
Section 5.2.1. We fix the parameters {mg,my, m.} of the skew-symmetric matrix M? in
Eq. (5.2.7) such that the zeroth order predictions match the measured values of Am2, ;63

atm?

and 0y3 as given by Eq. (5.2.11). In particular, we take m? = Am2, = 2.509 x 1073 eV?,
0 = 6,3 = 8.61°, and ¢ = 0,3 = 48.3° corresponding to the central values from NuFit [176] for
the inverted hierarchy case and employ Eq. (5.2.10) to determine my,, my, and m,. Further,
the size of the perturbation 7 is fixed by Am2,. We then scan over the anarchic matrix m
and obtain numerical predictions for the entire PMNS matrix. We choose to parametrize

the mass matrix in Eq. (5.2.6) in terms of m, and the ratios z1 = my/m., 2 = my/m. and
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xij = dmyj/me,

0 My My
M,=| —-m, 0 m, | +dm
-mp —m, O
0 21 @ | 211 |etP1 T12 Z13
= M. —X 0 1 + T12 ’3322’67;@22 93 . (5214)
—ry —1 0 T13 T23 T33

As can be seen from Eq. (5.2.10), the values of z; and zy are fixed at 4.393 and 4.931,
respectively. The elements of the perturbation matrix dm are restricted to be much smaller
than mg, my, and m.. The input parameters x;; shown in Table 37 are examples of fits that
are in excellent agreement with the recent global fit results from NuFit [176]. In obtaining
these fits, all the elements of dm have been taken to be real except dmq; and dmss. We have
introduced phases 11 and 9y in the elements dmq; and dmoy respectively in order to obtain
a non-zero CP phase in the PMNS matrix. Although the addition of just a single phase, say
©11, can give us a non-vanishing dcp (as in Fits 1 and 2), we find that in this case a large
dcp requires a somewhat larger value of |x11] (as in Fit 2). The addition of a second phase
2o allows us to obtain a large dcp even if all the z;; are small (as in Fit 3).

The predictions of these fits for the oscillation parameters are shown in Table 38, along
with the 30 allowed range from NuFit4.1 global analysis [176]. Also included are the pre-
dictions for the mass of the lightest neutrino. Note that in each of these fits the lightest
neutrino mass is hierarchically lighter than the other two mass eigenstates by more than
two orders of magnitude. The results for the fits presented in Table 38 are also displayed in
Fig. 85 as Fitl, Fit2 and Fit3 in a two-dimensional projection of the 1o (gray), 20 (green),
and 30 (pink) confidence level (CL) regions of the global-fit results (without the inclusion
of the Super-K atmospheric Ax?-data). The NuFit best-fit points in each plane are shown
by the red markers, while the blue, black and brown markers correspond to Fitl, Fit2 and
Fit3 respectively.

Interestingly, we find no significant restriction on the CP-violating phase d¢p in the PMNS
matrix in this scenario. In particular, as seen from Fit 3, we can get a large CP phase in the
PMNS matrix even if all the elements of m are smaller by a factor of order 10~2 than the
observed atmospheric splitting. Larger dcp values seem to be preferred by the recent T2K
results [462], and in the future, a more precise determination of dcp can only help us better
constrain the parameter space of the model.

5.3 Majorana Neutrino Masses

5.3.1 Pattern of Neutrino Masses

We now present a simple model in which the pattern of Majorana neutrino masses discussed
in Section 5.1 is realized. The model is based on a discrete Zg symmetry under which the
fermions and Higgs scalars have the charge assignments shown in Table 39. With this choice
of charge assignments the interaction in Eq. (5.1.6) that gives GUT-scale masses to the extra
fermions (L, D¢) in x and (L¢, D) in ¢ is allowed by the discrete Zg symmetry. The Yukawa
couplings that generate masses for the SM quarks and charged leptons, Egs. (5.1.7) and
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Multiplets | SU(6) representation | Zg quantum number
X 6 +1
fermion | x 6 —2
b 15 +1
H 6 —2
scalar | H 6 +1
A 15 +2
) 35 0

Table 39: Quantum numbers of the various fermion and scalar fields under the discrete Zg
symmetry in the model of Majorana neutrinos.

(5.1.8), are also allowed. Turning our attention to the neutrino sector, the renormalizable
Dirac mass term for the neutrinos, Eq. (5.1.9), and the nonrenormalizable Majorana mass
term for the right-handed neutrinos, Eq. (5.1.11), are both consistent with the discrete
symmetry. In the absence of other mass terms involving v and v¢, these interactions lead to
the desired pattern of Majorana neutrino masses. The singlet neutrinos /N in x obtain large
Majorana masses of order the right-handed scale through the operator

—LruN = ANij i GHTY (5.3.1)

Mp,
The discrete symmetry forbids a renormalizable Dirac mass term between the SM neutrinos
v and the singlet neutrinos N. Any allowed Dirac mass terms between v and N are highly
Planck suppressed and much smaller than their Majorana masses. It follows that the effects
of N on the neutrino masses are small and can be neglected. Then, the Dirac mass term in
Eq. (5.1.9) and the Majorana mass term in Eq. (5.1.11) give the dominant contributions to
the neutrino masses, leading to Majorana neutrino masses of parametrically the right size
that exhibit the pattern discussed in Section II.

5.3.2 Fits to the data

In this subsection, we obtain fits to the neutrino masses and mixings for the case of Majo-
rana neutrinos. The skew-symmetric Dirac mass matrix Mp and symmetric Majorana mass
matrix M,. are parameterized as

0 mp My My My Mys
MD = —my 0 ms |, Ml,c = M12 M22 M23 . (532)
—my —mg 0 Mz Maz Mss

In the limit that Mp < M, we can write the following seesaw relation for the light neutrino
masses,

M, ~ —MpM; M}
-1

0 w1 ¥ ly11le?? 1o Y13 0 —y1 —v
= —My|-x» O 1 Yiz Y22 Y23 v 0 —171, (5.3.3)
—y2 —1 0 Y13 Yoz 1 Y2 1 0
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I Fit [ w1 [ w2 [ Tyl [ we2 [ w2 [ wis [ wes | 9 [ Mo (eV) |
Fit 1 (IH) 4.152 5.100 0.9937 0.8351 —0.0640 | 0.0537 | 0.0877 131.5° 8.485 x 10~ 7
Fit 2 (IH) 4.459 4.868 0.9773 0.8608 —0.0624 0.0458 0.0745 148.0° 1.000 x 103
Fit 3 (NH) 0.5116 | 0.4549 | 0.1330 | -0.7430 —0.0375 | 0.0990 | 0.0263 | 241.3° 1.127 x 102
Fit 4 (NH) 0.4983 0.4614 0.1211 -0.6934 —0.0430 0.0980 0.0425 245.4° 1.204 x 102

Table 40: Values of the parameters chosen for four different benchmark models that fit the
neutrino oscillation data in the case of Majorana neutrinos.

Oscillation 3o allowed range Model prediction
parameters from NuFit4.1 [176] | Fit 1 (TH) [ Fit 2 (IH) | Fit 3 (NH) | Fit 4 (NH) ]
AmZ,(107° eV?) 6.79 - 8.01 7.40 7.39 7.24 7.50
Am2,(1073 eV?)(IH) 2.416 - 2.603 2.509 2.504 - -
Am2,(10~2 eV?)(NH) 2.432 - 2.618 - - 2.532 2.500
sin? 012 0.275 - 0.350 0.309 0.310 0.303 0.300
sin? 0o3 (TH) 0.430 - 0.612 0.590 0.544 - -
sin? 623 (NH) 0.427 - 0.609 - - 0.516 0.527
sin? 013 (IH) 0.02066 - 0.02461 0.02258 0.02241 - -
sin? 013(NH) 0.02046 - 0.02440 - - 0.02232 0.02231
scp (°) (IH) 205 - 354 296.3 286.4 - -
Scp (°) (NH) 141 - 370 - - 282.3 277.2

Table 41: Predictions of the benchmark models for the neutrino oscillation parameters in
the case of Majorana neutrinos, compared to the 30 allowed range from a recent global fit.

where we choose to parametrize the mass matrix in terms of y; = m;/ms, y;; = M;;/Mss, and
My = m3/Mss. The overall mass scale M is required to be tiny, of order 107! GeV, to obtain
the observed values of neutrino masses. We perform a numerical scan of the input parame-
ters, as shown in Eq. (5.3.3), to obtain predictions for the entire PMNS matrix. It is beyond
the scope of this work to scan over the full parameter space; instead, we perform a con-
strained minimization in which the five neutrino observables (sin® 6}, sin? 0,3, sin® O3, Am3,,
and |[Am3,| with [ = 1 in the case of normal hierarchy and [ = 2 for inverted) are restricted to
lie within 20 of their experimentally measured values. The parameter M;; has been chosen
to be complex in order to induce a CP violating phase in the PMNS matrix, but the other
parameters have been taken to be real. We emphasize that the lightest neutrino is exactly
massless due to the skew-symmetric nature of the Dirac mass matrix Mp.

The input parameters shown in Table 40 provide excellent fits to the oscillation data,
as can be seen in Table 41. For each of the benchmark points the CP phase in the PMNS
matrix is large, showing that there is no restriction on its value. Fits 1 and 2 correspond to
an inverted hierarchy, whereas Fits 3 and 4 represent a normal hierarchy. The benchmark
points (Fit 1, Fit 2, Fit 3 and Fit 4) are also displayed in Fig. 86 as Fitl (IH), Fit2 (IH),
Fit3 (NH), and Fit4 (NH) as blue, black, brown, and gray markers respectively in various
two-dimensional projections of the global-fit results [176].
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Figure 86: Global oscillation analysis obtained from NuFit4.1 for both the normal hierar-
chy (NH) and inverted hierarchy (IH) compared to our benchmark models for the Majorana
case (Fitl, Fit2, Fit3, Fit4). The gray, green, and pink-colored contours represent the NuFit
1o, 20, and 30 CL contours respectively in the NH case, whereas the solid, dashed, and dotted
lines correspond to the 1o, 20, and 30 CL contours respectively for IH. The red and purple
markers in each case correspond to the NuFit best-fit values for the IH and NH respectively,
while the blue, black, brown, and gray markers are the predictions of the benchmark models
corresponding to Fit 1, 2, 3, and 4 respectively, as given in Table 41. In the bottom right
panel, |Am3;| refers to the atmospheric mass-squared splitting, with [ = 1 (2) for NH (IH).
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5.3.3 Neutrinoless double beta Decay

In the standard framework with only light neutrinos contributing to Ov33, the amplitude
for the OvBp rate is proportional to the ee—element of the neutrino mass matrix, given by

2 2 ia 2 2 i 2
Mee = |Miciocis + € “Mmasiycs + e Bmgslg\ ) (5.3.4)

Here my, mo, and ms are the masses of the three light neutrinos, while sfj = gin? 05,
c?j = cos?;; (for ij = 12,13,23), and («, () are the two unknown Majorana phases.

We can apply Eq. (5.3.4) to our framework to determine its implications for OvS3. Since
the determinant of Mp vanishes owing to its skew-symmetric structure, the lightest neutrino
is exactly massless. For a given mass ordering (normal or inverted), the masses of the heavier
two neutrinos can then be determined from the observed mass splittings. The expression
for the effective Majorana mass given in Eq. (5.3.4) then reduces to one of the following
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equations, depending on whether the hierarchy is normal or inverted:

M = ‘ V Am3ysTycly + 1\ Am3y sty (5.3.5)
it = |Vl - i+l st (536)

Note that only one Majorana phase (or one specific linear combination of phases) is relevant,
due to the smallest mass eigenvalue being zero.

To illustrate the range of possibilities for Ov5f3 in this class of models, in Fig. 87 we plot
the effective Majorana mass as a function of sin®6;5, Am2, and the sum of light neutrino
masses y_m;. We restrict to points that lie within 1o and 30 of the allowed oscillation
parameter range. Each data point in Fig. 87 represents a valid fit that has been obtained
by scanning over the input parameters shown in Eq. (5.3.3). For the purposes of this scan,
we have taken all the elements of the M, matrix to be complex. Here the blue (red) points
correspond to the case of normal (inverted) hierarchy. The Majorana phases, as well as the
other observables in Egs. (5.3.5) and (5.3.6), have been obtained as predictions of the points
in the scan. First, the PMNS matrix is identified with the matrix diagonalizing M} M,
where M, is given in Eq. (5.3.3). Then, taking UTM,U = D, gives the diagonalized mass
matrix with the appropriate Majorana phases.

We can use Egs. (5.3.5) and (5.3.6) to obtain upper and lower limits on the rate of Ovgf3
in this class of models. In the case of a normal hierarchy, the two terms in Eq. (5.3.5) add
constructively for 0 < (f—«) < /2, while partial cancellation occurs for 7/2 < (f—«) < 7.
The most effective cancellation (addition) happens when § — o« = 7 (27). This allows us
to calculate the minimum and maximum values of the effective Majorana mass, which is
parameterized as

my VMAY (NH) = "\/ Am3, 535615 F )/ Am3, sy (5.3.7)

Allowing the fit values from NuFit4.1 to vary over the 30 range, the minimum effective Ma-
jorana mass is obtained as mMN = 9.7 x 107* eV, whereas the maximum effective Majorana
mass is mMAX = 4.3 x 1073 eV. One can make similar arguments in the case of an inverted
hierarchy, for which the most effective cancellation (enhancement) happens when a = 7 (0)
in Eq. (5.3.6). This leads to

mle\gIN’MAX (IH) = ‘\/|Am§2] — Amj, 0220%3 + | Ams3, | 3%20%3

, (5.3.8)

This allows us to determine the minimum and maximum values of the effective Majorana
mass in the case of an inverted mass hierarchy as mM™~N = 1.39 x 1072 eV and mMAX =
4.95 x 1072 eV respectively.

Future ton-scale Ov 35 experiments such as LEGEND [505] and nEXO [506] should be able
to probe the entire parameter space of this class of models if the hierarchy is inverted. For
illustration, we show in Fig. 87 the future sensitivity from nEXO [506] at 30 CL (horizontal
orange band), where the band takes into account the nuclear matrix element uncertainties
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involved in translating a given lower bound on the half-life into an upper bound on the
effective Majorana mass parameter.

Similarly, a future cosmological measurement of the sum of the light neutrino masses
> m; would allow another test of the model predictions. Shown in the bottom panel of
Fig. 87 are the 1o sensitivity from CMB-S4 [489] (vertical band) for both the normal hierarchy
(blue) and inverted hierarchy (red). It is clear from the figure that the model predictions lie
well within the 1o sensitivity of CMB-S4, and so these measurements offer an opportunity
to test this scenario.

5.4 Conclusion

In summary, we have presented a framework for neutrino masses in SU(6) GUTs that predicts
a specific texture for the form of the leading contribution to the Dirac mass term. In this
scenario, neutrinos can be either Dirac or Majorana particles. A concrete prediction in the
Dirac case is that the mass hierarchy is inverted. In the Majorana case, on the other hand,
both normal and inverted hierarchies are allowed. In both the Dirac and Majorana cases,
the model makes cosmologically testable predictions regarding the sum of neutrino masses.
Furthermore, in the case of Majorana neutrinos, this framework predicts lower and upper
bounds on the rate of Ov3S for both the normal and the inverted hierarchies. In the case of
an inverted hierarchy, this prediction can be tested in future ton-scale Ov 3 experiments.
Note Added: While this work was in progress we received Ref. [496], which considers
Majorana neutrino masses in the context of an intermediate scale SU(3) x SU(3) x U(1)
model embedded in an SU(6) GUT. Although based on the inverse seesaw framework, the
resulting pattern of neutrino masses shares some of the features of our Majorana construction,
including the skew-symmetric form of the Dirac mass term and a massless neutrino.
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CHAPTER VI
SUMMARY AND CONCLUSIONS

The standard model has been highly successful in confronting several significant discoveries
were made over the past few decades. However, it fails to explain many observed phenomena
as forementioned; thus, it cannot be a complete theory of nature. Building new models
Beyond SM (BSM) to resolve shortcomings of the SM and solving various experimental
discrepancies has been the primary focus of this dissertation. Each model presented here
has its unique features and rich phenomenology that can be experimentally investigated.

In chapter II we studied comprehensive radiative neutrino mass models to analyze non-
standard neutrino interactions generated by new scalars. Here we also coined a new classifica-
tion type-I and type-1I, based on whether SM fields are present in the loop. Furthermore, only
type-I radiative models (with SM fields inside the loop) are significant in generating NSI at
tree-level as neutrino couples to a SM fermion and a new scalar directly. We mainly focused
on two popular models: the Zee model and its variant with LQs replacing the charged scalars.
After properly implementing various constraints, such as charged lepton flavor violation,
monophoton constraints from LEP, direct searches for pair and single production of charged
scalars at LEP and LHC, Higgs physics constraints, lepton universality, and electroweak
precision constraints, we found diagonal values of NSI in Zee model (e, €4, €77) can be
as large as (8%, 3.8%, 43%), while the off-diagonal NSI parameters (., €cr, €,4-) can be at
most (1073%, 0.56%, 0.34%). Secondly, we also studied LQ version of the Zee model in great
detail and found that diagonal NSI (e, €, €--) can be as large as (0.4%, 21.6%, 34.3%),
while off-diagonal NSI (., €. £4r) can be as large as (107°%, 0.36%, 0.43%), while being
consistent with various constraints.

The study in chapter IIT showed that the mass of right-handed Majorana neutrinos is
induced via two-loop diagrams in a simple and minimal left-right symmetric model without
conventional Higgs triplets. This model has a scalar charged singlet ™ to break the lepton
number by two units. The model exhibits a natural hierarchy in the masses of vz and Wg
due to the two-loop suppression factor. For the Wx mass of (5 — 20) TeV, the vy fields will
have masses of a few tens of MeV while being consistent with low energy constraints and
constraints from cosmology and astrophysics. Moreover, we have also studied multi-lepton
collider signals from the production and decay of the nt scalar and found the limit on the
mass to be 410 GeV in an optimistic scenario.

In chapter IV we explored a radiative neutrino mass model involving TeV-scale scalar
leptoquarks Ry and S3, which can simultaneously explain the R, Ry, and muon g — 2
anomalies, all within 1o CL. The model is consistent with neutrino oscillation data, as well
as all flavor and LHC constraints. The model also employs a quadruplet scalar A required
to generate Majorana neutrino mass at loop level. Moreover, the same parameter that gives
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rise to muon g — 2 also naturally leads to SM Higgs decays to muon and tau pairs, with
the modified branching ratios at 2-6% level, which could be probed at the future hadron
colliders, such as HL-LHC and FCC-hh.

Finally, chapter V presented a model for neutrino masses in SU(6) GUTs. The firm
prediction of this framework is that the mass ordering of neutrinos is inverted for Dirac
particles, whereas both normal and inverted ordering is allowed for the Majorana case.
Moreover, in the Majorana case, this model predicts a lower and upper bound on the rate
of OvBp3 that can be tested in future ton-scale O35 experiments.

Thus this dissertation aims to study various BSM neutrino mass mechanisms ranging from
a simple extension of SM by adding scalars to grand unification to resolve the shortcomings of
the SM. All the models studied focuses on the future sensitivity of these new BSM models at
the Energy Frontier and the Intensity Frontier, particularly with LHC, DUNE, and IceCube.
Thus, this proposal aspires to strengthen the theoretical and experimental motivations for
dedicated new physics searches in the coming future.
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