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ABSTRACT

The Standard Model (SM) of particle physics is a very successful, mathematically consistent
and experimentally proven theory of the known elementary particles. However it is challenged by
a variety of theoretical and experimental puzzles. Two well-established theoretical puzzles are the
tiny neutrino masses generations and explaining the observed astronomical dark matter content of
the Universe. Besides that there are a few anomalous experimental results that cannot be explained
by the SM alone. These are the hints that we need some new physics beyond the SM. In this
dissertation, we introduce new physics ideas in the form of a model at the MeV to TeV scale, by
extending the SM by adding new particles and/or new gauge symmetry and study different puzzles
of the SM. Since the new physics scale is below TeV, we can probe the models with the current

data coming from various experiments.
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1. INTRODUCTION

There is more mass throughout the Universe than what we are capable of seeing. The study
of the Gravitational effects such as galaxy rotation curve shows strong evidence of the presence
of an unobserved mass in the galaxy [28]. On the other hand, galaxy cluster collisions such as
the “bullet cluster” event [29] does not just confirm the presence of an extra mass in the galaxy,
but they also show evidence that these invisible masses have almost no interaction with the visible
masses. Only five percent of the Universe is visible or luminous mass. Therefore, there must be
more matter, which is not visible, causing an additional gravitational effect in the Universe. The
immediate question is, how many kinds of invisible matter are there in the Universe and what
fraction of the energy budget of the Universe is the invisible matter, what is the nature of these
matters, and what is their role in the formation of the galaxy, galaxy clusters and in general the
evolution of the Universe. We find that these invisible matters constitute 25% of the Universe with
relic abundance 2, = 0.265. Traditionally we call them Dark Matter. In this thesis we focus on
the origin of these dark matters within a model and how they interact with the visible sector of the
Universe, assuming the particle nature of dark matter. Explaining this dark matter content of the
Universe is one of the well-established puzzles of Elementary Particle Physics.

While it is clear that, dark matter can not be made up of any known particle from the Standard
Model (SM), there is a possible candidate for dark matter that could have the right behavior. At
a first glance, the neutrinos of the SM behave just like a viable dark matter candidate with no
electromagnetic interactions, they have only weak interactions with visible matter, and they also
form cosmic neutrino background after neutrino decoupling at ~ 2.5 MeV. The relic density of
massive neutrinos is given by 0, = (3°;m;)/94h* eV, where h is a dimensionless parameter of
order one, h = 0.673 £ 0.012. The measurement of the invisible decay width of the Z boson rules
out more than three SM neutrinos [30], hence j = 3. Therefore 3-4 eV mass per neutrino would
give correct dark matter relic density.

Unfortunately, there are problems with having light neutrinos that are that massive. The first



problem is that, if neutrinos are dark matter, they would be hot dark matter. And the hot dark matter
would have washed out the matter density perturbation by free streaming, affecting the large-scale
structure formation of the Universe. The second problem is with the cosmological data, which
put a bound on the sum of the neutrino mass, Zj m; = 0.12 eV (BOSS Ly« + Planck [31, 32]).
Therefore only 1% dark matter can be in the form of light neutrinos. So what constitutes the other
99% of the invisible Universe is still a mystery. A most promising possibility is the particle dark
matter such as sterile neutrinos, weakly interacting massive particles, etc, which comes as a form
of a new unknown particle that must satisfy all the current particle physics and cosmological data.

Another interesting unsolved problem of elementary particle physics is the tiny mass of the
neutrinos which was confirmed from the observation of neutrino oscillations [33, 34]. SM can not
explain this tiny mass. Though the absolute values of the three species of neutrinos have not been
measured the mass square differences have been determined by solar and atmospheric neutrino
experiments. The global fit of neutrino oscillation data gives [35], Am?, = m3—m? ~ 7.4x107°

sol
eV? and Am?2, = m% — m?} = 2.5 x 1072 eV, Therefore at least two neutrinos have non-zero
masses. Assuming the lightest neutrino to be massless, we get m,,, = (0.00,0.008,0.05) eV. They
are consistent with the cosmological data [32]. We need new physics ideas to explain these tiny
neutrino masses and mixings.

The main goal of this thesis would be to address the two most important shortcomings of the
SM: the origin of the neutrino mass and mixings and explaining the observed dark matter content
of the Universe. The central theme of the thesis is to construct models at the MeV to TeV scale, by
extending the SM by adding new particles and/or new gauge symmetry in a bottom-up approach
and understand the puzzles of the SM. We also test the new physics models using the currently
available data and future projections from the upcoming experiments. We have used these models
to explain the recently found/confirmed anomalous experimental signals and predicted new signals
for the current/upcoming experiments.

This thesis is written based on the following published and unpublished research articles, orga-

nized in a chronological order,



1. B. Dutta, S. Ghosh, I. Gogoladze and T. Li, “ Three-loop neutrino masses via new massive

gauge bosons from Fg GUT”, Phys. Rev. D 98, no. 5, 055028 (2018), arXiv:1805.01866

[hep-ph].

2. B. Dutta, S. Ghosh and J. Kumar, “A sub-GeV dark matter model”, Phys. Rev. D 100,
075028 (2019), arXiv:1905.02692 [hep-ph].

3. M. Abdullah, B. Dutta, S. Ghosh and T. Li, “(g — 2),, . and the ANITA anomalous events
in a three-loop neutrino mass model”, Phys. Rev. D 100, no. 11, 115006 (2019),

arXiv:1907.08109 [hep-phl.

4. B. Dutta, S. Ghosh and J. Kumar, “Contributions to AN,;; from the dark photon of
U(1)rsr”, Phys. Rev. D 102 (2020) 1, 015013, arXiv:2002.01137 [hep-ph].

5. B. Dutta, S. Ghosh and T. Li, “Explaining (g — 2),., KOTO anomaly and MiniBooNE
excess in an extended Higgs model with sterile neutrinos”, Phys. Rev. D 102 (2020) 5,
055017, arXiv:2006.01319 [hep-ph]

6. B. Dutta, S. Ghosh and J. Kumar, “Opportunities for probing U (1),3z with light media-
tors”, Phys. Rev. D 102 (2020) 7, 075041, arXiv:2007.16191.

7. B. Dutta, S. Ghosh, P. Huang and J. Kumar, “Explaining g, — 2 and Ry, using the light
mediators of U(1)r3r”, arXiv:2105.07655.

All of the published papers are available under the terms of the Creative Commons Attribution
4.0 International license. This license permits unrestricted use, distribution, and reproduction in
any medium, provided attribution to the author(s), and the published article’s title, journal citation,
and DOI are maintained. The mathematical expressions, figures, and tables were reproduced from
these research articles to use in the appropriate places in this thesis.

The thesis is divided into three main chapters. In each chapter, we introduce a new physics
model by extending the SM and describe the related phenomenology. In Chapter. 2, we introduce

a low energy model, which is a complete model of neutrino mass and mixings and dark matter.
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It involves a light scalar mediator which can explain a few of the recent anomalies. This chapter
is based on article No. 5 from the above list. In Chapter. 3, we introduce a sub-GeV dark matter
model, allowed by current data, which can deplete correct relic density and has interesting direct
detection prospects. This chapter is based on articles No. 2, 4, 6, and 7. In the last chapter,
Chapter. 4, We describe a three-loop radiative neutrino mass model, accessible at the LHC, which

is based on the article No. 1 and 3.



2. EXPLAINING (g — 2)u, e , THE KOTO ANOMALY AND THE MINIBOONE EXCESS IN
AN EXTENDED HIGGS MODEL WITH STERILE NEUTRINOS*

The SM of particle physics is far from being a complete model, since it can not explain the
origin of tiny masses of neutrinos, their mixing [33, 34], and the observed abundance of dark matter
particles [32]. Besides the neutrino mass and dark matter problem, there are a few more recent
anomalous experimental results such as the muon and electron anomalous magnetic moment [36,
37, 38, 39], anomalous events at the KOTO experiment [40, 41, 42], and the observation of excess
electron-like events at MiniBooNE experiments [43, 44]. They are the indications that we need new
physics beyond SM to correctly describe the nature. In this chapter, we want to build a complete
model for neutrino mass and mixing with correct dark matter relic density that can explain the
above-mentioned experimental anomalies. We build the model by extending the SM by adding
three right-handed neutrinos and extending the scalar sector by adding one additional scalar doublet
and one scalar singlet. We produce a phenomenologically interesting physical scalar spectrum with
one short-lived, light scalar with mass ~ 100 MeV, which plays an important role to connect the
anomalies. Correct neutrino masses and mixing can be generated using a low-scale type-I seesaw
mechanism. The lightest physical sterile neutrino with mass ~ O(10) keV, is a viable dark matter
candidate that can produce the correct relic abundance. We have shown that the tree-level flavor
changing interactions of the light scalar together with the sterile neutrinos can explain all three
anomalies simultaneously, satisfying related constraints from the current experimental data.

The rest of the chapter is organized as follows: In Sec. 2.1 we discuss the details of the model by
introducing necessary parameters and interaction terms. The origin of neutrino mass and mixing
is presented in Sec. 2.2. In Sec. 2.3, we discuss the possibility of the lightest sterile neutrino
as a viable dark matter candidate in our model. We generate a phenomenologically interesting

physical scalar spectrum in Sec. 2.4. In Sec. 2.5, we study the anomalous magnetic moments

“this chapter is reprinted from “Explaining (g — 2),, ., KOTO anomaly and MiniBooNE excess in an extended
Higgs model with sterile neutrinos” by B. Dutta, S. Ghosh and T. Li, Phys. Rev. D 102 (2020) 5, 055017 published
by the American Physical Society under the terms of the Creative Commons Attribution 4.0 International license.



of the electron and muon and allowed parameter space related to this. In Sec. 2.6, we discuss
the allowed parameter space associated with the KOTO anomaly and the relevant constraints. In
Sec. 2.7, we discuss the recent MiniBooNE observation and how to accommodate it in our model.
We summarize our analysis in Sec. 2.8 by showing a few benchmark points (BP) which explain
all the anomalies after satisfying all other experimental data. We provide additional information in

the Appendix. A and Appendix. B.
2.1 Model

The SM has the simplest possible scalar sector with just one scalar doublet [45, 46, 47, 48,
49]. Two-Higgs-doublet model (2HDM) [50, 51] and singlet/triplet extensions of 2HDM are good
example of the extension of the SM scalar sector backed by strong motivations [52, 53, 54, 55, 56,
57,58,59, 60,61, 62,63, 64, 65, 66, 67]. In this chapter, we consider a simple extension of the CP-
conserving 2HDM by adding one complex scalar singlet. In addition to the extended scalar sector,
we add three right-handed sterile neutrinos n’Rl, with ¢ = 1,2, 3 to explain the observed neutrino
masses and mixing. The definition of the electric charge is same as the SM i.e. () = 715 + Y. The

electroweak charges of the scalars are,

(bl ~ (27 1/2)7 ¢2 ~ (27 1/2)7 (bS ~ (170) ) (21)

For the purpose of our study, we assume that the scalar sector respect the CP symmetry but in

general it can be CP-violating. Note that, we do not impose any discrete symmetry to the scalar



sector. The most general renormalizable and CP-conserving scalar potential can be written as,

V.= migior +mieies +miy(6]¢n + 6lér) + miekes — m (6% + oF)
tmis(8lros + 6010%) + mas(8leads + ehoaol) + L (ol0n)? + (o))
F25(8565)° + 2610 (6462) + Ma(6162)(8k0n) + As [ (8162 + (6101
2 |(6101)(8162) + (6101) (Bh1) | + v [ (@hen) (6102) + (ehen) (0}01)]
+hs(0]61) (610s) + Aas (362 (86s) + zs | (9162) (6hs) + (9hen) (6Les) |
+1mas(61d2ds + Bhdhdr) - (22)

We work in a basis, similar to the so called Higgs basis [68, 69, 70, 71, 72], where only one

of the doublet will obtain vev, (¢;) = v/v/2. The ralated basis tranformation rules are defined

in Appendix. A. Therefore the doublet ¢; completely controls the spontaneous breaking of the

electroweak gauge symmetry and the mass generations of the fermions and gauge bosons. While

the other doublet and the singlet play role in the Yukawa interactions. After the spontaneous

symmetry breaking, the scalar fields can be written as,

Gt ot
¢1 ~ a¢2 ~ ’ )
50+ p1 +iGo) T5(p2 + i)
1 .
G5~ E(Ps +ing) . (2.3)

We get the following conditions from the extremization of Eq. 4.3,

by 2

m2 + 12” ~ 0, 2.4)
A 2

m%ﬁﬁT” ~ 0. 2.5)

Eq. 2.5 implies that the field ¢, does not obtain vev. We get further conditions from the minimiza-



tions,

A >0, m2<0, As>0, \>0,
m2, <0, mps >0, mg=0. (2.6)
The last condition makes sure that ¢g does not get vev.

Therefore there are altogether 17 free parameters in the scalar sector including the vev v. The
total number of scalar degrees of freedom is 10. Three of them get eaten to give mass to the gauge
bosons, W+ and Z while the other 7 dof correspond to physical Higgs.G* and G, become the
Goldstone bosons in the Higgs basis. ¢3 gives two charged physical Higgs h*. CP-even states p;,
p2 and pg mix to give three neutral physical scalars h, h; and hy. We denote the SM Higgs boson
as h. The CP-odd states 7, and g mix and gives two neutral physical pseudoscalar s; and s,.

Analyzing the scalar potential, we find that the physical charged scalar mass squared is given

as,
by 2
mis = ml+ 3’2” 2.7)
The three CP-even neutral scalars p;, p2 and pg mix in the following way,
P1
1
V’rfzass = 5 (pl P2 pS) (M/?)gxg P2 ) (28)
Ps
where the 3 X 3 mass square matrix Mg is defined as,
)\1’02 )\6’(}2 0
Mlg = /\6'02 m% + )‘?T425U2 m\1/22§v. . (2.9)
0 sy m% — 2m%, + ’\87”2

we have used Eq. 2.5 to simplify terms in the above mass squared matrix and defined \i;; =



A3+ Mg+ A5. We get three physical scalars from the above mixing, h, h; and hy with mass squared
mj,,m; and mj,_, respectively. The fields in the mass basis, h, hy and h, are related to those in the
interaction basis, p1, p2 and pg through a 3 x 3 rotation matrix Ugs,3(6;). Ug can be parametrized

with three Euler angles 6, 6, and 65 in the following way,

€11 C12 (13

UR = Co1 Coo Co3 ) (210)

C31 C32 (33
where p; = Ug,;h;. The quantities ¢;; are functions of cosfy and sin6, (k = 1,2,3). The

interaction states can be expressed in terms of the physical states as

p1 = cithe + cioh 4 ci3hy
p2 = carho + coah + cashy

ps = cartha + c3oh + c33hy . (2.11)

The two CP-odd neutral scalars 72-17¢ mix as

1 Up
Vinass = 5 (12 19) (M), : (2.12)
UE
where the 2 X 2 mass square matrix M,? is given by
m?2 + A3450” _ Mi25v
M? = 2 2 V2 aE (2.13)
ML 4 2m + Y

where we have defined \;;; = A3 + Ay — \;. From the above mixing, we get two physical neutral



pseudoscalar which can be expressed in terms of the interaction states as,

S1 cosa —sino 2
= , (2.14)
S9 sinaw  cos Ns
where the mixing angle is given by
2
tan 20 = T2/ V2 (2.15)
2 2
myp — My
The corresponding mass squared are given as,
1 1 m2,qv?
mgl - §(m%1 +m3,) — 5\/(7”%1 —m3y)* + % (2.16)
and
2 2 2 1 9 m%QSU
mg, = 5(my; + my,) + B (mi; —m3y)? + 9 (2.17)
respectively, where
1 A2 A\? As0P
mflzi(ngr 32 + 42 - "’2 > (2.18)
and
1 Agv?
m3, = 5 (mg +2m? + 82 ) . (2.19)

The Yukawa sector of our model is very interesting in the Higgs basis. Both scalar doublets
interact with all the fermions in the interaction states. On the otherhand, the saclar singlet only
interacts with the right handed neutrinos. The doublet ¢, controls the masses of the fermions
while the other doublet ¢, couples to the fermions in an unconstrained way and do not need to
obey the flavor symmetry. Therefore the neutral component of ¢, interacting with the fermions
can gives rise to tree-level flavor-changing neutral current (FCNC). The mixing in the scalar sector

ensures that the singlet scalar can interact with the fermions in the mass basis. We start with the

10



complete Yukawa sector Lagrangian in the interaction basis,

—L = G, Wha)idr, 01 + T, (Vr)igtln, &1 + I, (Wh0)ii€r, 01 + 11, (Y1n)ign'e, &1

1

where ¢, j = 1,2, 3 are the family indices. The fermions in the interaction basis are denoted by the
primed fermions. Note that, in general all the Yukawa matrices defined are 3 x3 complex matrices.
In general, the 33 Yukawa matrices, y;; and the Majorana mass matrix M;; can be diagonal-

ized using biunitary transformations as follows,

Ul ¥1aUin = v1a.  Where (y14)ij = (y10)ii0s; - (2.21)
UJLyiuUuR = Y14, Where (ylu)ij = (ylu)iiéij ) (2.22)
UgLyieUeR = Y1, Where (yle)ij = (yle)iiaz’j ) (2.23)
UijinUnR = Y1n, Where (yln)ij = (yln)iiéij ) (2.24)
Ul M'U,, =M, where M; = M;b;;, (2.25)
where Uy, , Uq,,, Uy, Uup, Ue,, Uep, Uy, and U,,, are eight appropriate 3 X 3 unitary matrices

which can be used to define the physical states of the fermions in the following way,

di, = (U}, )iy, dr, = (U},)ijdy, . (2.26)
ur, = (UL, )ijur, ug, = (U}, )ijufg, (2.27)
e, = (UL e, er, = (UL, )ijek, » (2.28)
v, = (U},)ivi, nr, = (UL, )in’, - (2.29)

11



In addition to the above eight matrces we also define the following matrices,

(2a)is = (U )irnWha)ra(Uag)is (2.30)
(va)ii = (UF)ieWou) k(U )ij » (2.31)
(v2e)ii = (UL)in(Wae)u(Uer)is (2.32)
()i = (U))in(Wan)ia(Ung)ij » (2.33)
Wsn)ii = (U )W)t (Un)ts - (2.34)

Using the relations defined in Eq. 2.21-2.34 and the definition of the physical scalar states, the

Yukawa sector Lagrangian can be rewritten as follows

_ 1
—L = (mf)ifz‘fz‘+(mud)i(ﬂLinRi+ﬁRiVLi)+§ i(NR,nR, + NRr,N%E,)

+ 05, (Ubyws)in(Uae)ejer, h™ + r, (yoe)in(Upnins)rgvi, -

— er,(Upnns)ik(Yon)kjnr,h~ — g, (y2n)ik(U;MN5)kj€Ljh+

+ w[(Uckm)ik(Y2d)ki Pr — (You)ik(Uck m )k Pr)d;h ™

+ Ji[(y2d)ik(U(TjKM)ijL - (UgKM)ik(?JQu)ijR]Ujh_

+ ﬁ(yf¢)ijfj¢ + (yn¢)ij(77LinRj + ﬁRil/LjW

+ (Ynng)ij (R, R, + NRNR))S (2.35)
where we have used the compact notation: f = d,u,e; ¢ = h,hy, h,s1,52 and (my); =

(y17)iv/+/2. The Dirac mass matrix of neutrinos is defined as (m,,); = (y1,)iv/+/2 while the Ma-
jorana mass matrix is M; = M;;0,;. The definitions of the Cabibbo-Kobayashi-Maskawa (CKM)

and Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrices are given by

Uckn = U} Uy, , (2.36)

Upuns = UL U, . (2.37)

12



respectively.

The scalar-charged fermion couplings

(Yrns)is
(ysn)ii
(Yrni )ig
(Yrs1)ig

(yf32 )ij

Y¢q are defined as

(my); (ya1)ij

" c110;5 + 2 Leor
(my); (ya1)ij
5.+ \Y2r)ii

" C120;5 + 2 22
(my); (ya1)ij
0;i J

v 13Y45 + \/5 23 >

The couplings of active-sterile neutrino states with the scalars, y,,4 are defined as

(Ynha )i
(nn)ij
(Y )i
(Yns )i

(ynSQ )ij

(Ynnhy )i
(Ynnn)ij
(Ynnhy )ij
(Ynns: )ij

(ynnSQ)ij

1 cos a ,
V2
»(ny)ij .
7 sin «v 2.38
NG (2.33)
(M )i (y2n)ij
—2 10 + ——— ,
11 J \/5
(M )i (y2n)ij
c120;5 + Coo
12045 \/5 22
(mu )z (an)z
TD01352‘]‘ + Tj 23 5
.(an)ij
) cosa ,
V2
.(an)ij .
7 sin « 2.39
NG (2.39)
_ (ysn)ij Cs1
\/§ )
_ (ysn)ij Cao
\/§ )
_ (ysn)ij C33
\/§ )
(ysn)zj .
= — sin
V2
= Wy (2.40)



The above discussions show the general framework of the model without assuming any partic-

ular parameter space in mind. In the next three sections we will develop a particular phenomeno-

logically interesting parameter space which satisfy all the current constraints.

2.2 Neutrino Masses and Mixings

This section describe the mixing of active and sterile neutrino states and the generation of

tiny neutrino masses consistent with the global analysis of neutrino data. The three right handed

neutrino states generically mix with the three SM left handed neutrino states and give rise to six

physical neutrino eigenstates. We rely on the type-I see-saw mechanism [73, 74, 75, 76] to produce

the light mass states, where they get suppressed by the scale of the heavy right handed states. The

masses of the neutrinos can be obtained from the following Lagrangian,

- ﬁneutrino

1
(de)i(DLinRi + ﬁRiVLi> + _Mi(ﬁﬁ%inRi + ﬁRzni%z)

We define the 6 x6 Dirac-Majorana mass matrix of neutrinos as,

2
1 0 (m;‘f )z VL,
3 (V5 g,) ¢ +Hec.. (2.41)
(ml/d>i Ml ngl
0 (ml,{'d>1
MPM — : (2.42)
(mu,)i M

The mass matrix, MiD M can be diagonalized by blocks [77, 78], up to corrections at the order of

M; ' (m,,);, under the assumption that all the eigenvalues of M; are much larger than the eigen-

7
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values of (m,,); as follows,

(Miignt)i 0
WL MPTMyy ~ , (2.43)

(2

O (Mheavy>i

where the 6x6 diagonalizing matrix VV is given by

1-1RR R
W ~ (2.44)

-R — %RTR
with R = M, ' (m, ,)i- The 3 x 3 light and heavy neutrino mass matrices produced in the process
are given by

my, = (Mygn)i = —(m}, )iM; " (my,); , (2.45)

3

my, = (Mheavy)i = Mz . (246)

7

respectively.

The physical states v; and n; are the light active and heavy sterile neutrinos respectively. A
more detail treatment of low scale type-I seesaw can be found in Ref. [79]. The absolute masses
of the light active states are not known from the oscillation data as the neutrino oscillation is only
sensitive to the mass squared differences, mii — mZJ_. The mass squared differences depend on the
hierarchical order of the light neutrino masses. For our study, we consider the normal hierarchy
scenario, where m,, < m,, < m,,. In this scenario, the two mass squared differences are
Am3, = (7.05 — 8.24) x 107° eV? and Am3, = (2.334 — 2.524) x 1073 eV? based on the global
analysis of the oscillation data [35]. It is easy to see that, there are at least two non-zero eigenstates.

Assuming the lightest neutrino to be massless, we get m,,, ~ (0, 8.66 x 1073,0.05) eV. The mixing

15



angle between the active-sterile states can be parametrized as 6;; = M, (m,,,); (U] ):;. We also
define 6% = 3=, |0;;1>. We consider two interesting benchmark scenarios that can generate tiny
neutrino masses estimated above along with m,,, , ~ O(100) MeV range, and m,,, ~ O(10) keV.

We also estimate the mixing parameter.

M; (mud)i

92
(MeV) (GeV)

BP

BP1 (0.002,420,10) (0,1.9 x 1075,1.58 x 107%) 6 x 10~°

BP2 (0.007,380,640) (0,1.81 x 1075,5.62 x 10=6) 10~

Table 2.1: We consider two different benchmark scenarios which can generate 3 light and 3
heavy neutrino states in the normal hierarchy case.

2.3 Dark Matter

In Sec. 2.2, we found that the lightest of the three sterile neutrino state, 7, can get mass m,,, =~
O(1 — 10) keV. These particles can be the dark matter candidates in our model under certain
conditions. Let us investigate the scenario where this can be a viable dark matter candidates. These
O(1 — 10) keV particles can be produced in the early Universe at high temperature but they can
never be in thermal equilibrium due to their very weak interactions with the SM particles. Though
the interaction strength is weak, these neutral particles can decay to the lighter SM particles as
the decay is not protected by any symmetry. But they can have lifetime longer than the age of
the Universe, which is controlled by the active-sterile mixing parameter defined in Sec. 2.2. On
the otherhand, the decay of the sterile neutrinos can put bounds on the mixing parameter. The
dominant decay channel is n; — 3v through active-sterile mixing the weak interactions of v.
Another possible decay channel could be n; — v(h] — ), where the off-shell h; decays to 2
final state through a muon loop. But the choice of (m,,); = 0 forbids this channel as (¥, )11 is

directly proportional to (m,,);. The expression of the decay width of n, decaying into 3v is given

16



by [80, 81]

GEm? 0*
r, — —Lm’
9673
02 My, \°
~ ! ) 2.47
1.5 x 1014 sec (10 keV) ( )

The lifetime of n, is given by 7,,, = 1/I',,,. As the decay of n, is not protected by any symmetry,
the only way it can be viable dark matter candidates is that it is long-lived enough. To satisfy that
condition we need 7,,, > ty, where ty = 4.4 x 107 sec [32] is the age of the Universe. This in

turn gives a bound on the mixing parameter,

10 keV>5

My,

0% <« 3.4x 1074 ( (2.48)

In the following, we consider the possible production mechanism of such particles in the early
Universe. As they were not in the thermal equilibrium with the SM particles due to their weak
interaction strength, there must be some other model dependent mechanism. We consider two

benchmark scenarios with two different possible production mechanism.

1. BP1: m,,, = 2keV: The production mechanism considered here is the non-resonant Dodelson-
Widrow mechanism [82], where the sterile neutrinos mix with the active neutrinos and pro-
duced at high temperature through the mixing angle suppressed weak interactions. This
mixing generically arises in the type-I see-saw scenarios and we have estimated the mixing
angle to be 6% ~ 6 x 107 for the 2 keV n, as shown in Table. ??.For a given thermal his-

tory of the Universe, the dark matter relic density is uniquely determined by m,,, and 62 as

follows [83]

62 m 1.8
Qn,h? ~ 0.1 ( - ) 2.4
' : (3 X 10—9) 3keV ’ (249)

where h = .72 40.08 [32]. This also gives 6% ~ 6 x 10~ for the 2 keV n;. This benchmark

is safe from the structure formation bounds and X-ray search bounds [84].

2. BP2: m,, = 7 keV: We use the Shi-Fuller mechanism [85] to produce n,. This bench-
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mark point gives 6% ~ 107! which is favored by X-ray searches [84]. In this mechanism
lepton asymmetry of the model plays vital role. It produces large enhancement due to the
Mikheyev-Smirnov-Wolfenstein (MSW) effect [86, 87]. The dark matter relic density is

controlled by the lepton asymmetry and the mass and is given by,

AL
Q, B2~ 0.1 (D) (22 2.50
mh”~ 0 (1keV> (0.02)’ (2.50)

where AL is the lepton asymmetry. We need AL ~ 3 x 1073 to get the correct relic density.
We can introduce lepton asymmetry in our model by considering CP-violation in the lepton
sector. The decay of 7 keV n; can be the source of the recently observed 3.5 keV line in the

X-ray spectra of the galaxies [88, 89, 90] with #% ~ 10! [84].

For simplicity, we will consider only CP-conserving real Yukawa sector and m,,, ~ O(1 —
10) keV for our studies, though a complete study can include the CP-violating lepton sector with

more freedom in the mixing parameter.
2.4 Light Scalar

We obtain an interesting physical scalar spectrum in this section, which has phenomenologi-
cal significance. Specifically, we want to produce one light physical scalar with mass O(100 —
200) MeV. This light scalar when interacts with the SM fermions can produce tree-level FCNC,
which will be usefull for the rest of the analysis. The rest of the physical scalars are heavy enough
to satisfy the LHC constraints. We summarize the values of the free parameters of the scalar po-
tential in Table. 2.2 along with a specific benchmark points. The mass parameters O(100) GeV
and couplings \; ~ 0.01 — 0.1 can give the desired light physical scalar with mass ~ 100 MeV.

The physical scalar masses and the possible final states in the detectors are summarized in
Table. 2.3. Note that, the SM Higgs h can decays to a pair of the light scalar h, through h — hihq,
where h; mostly decays to dark matter pair. Therefore this decay can contribute to the invisible
decay branching channel of the SM Higgs. For the given choice of parameters, we get the hhqh

coupling is 0.42 with Br(h — invisible) = 0.01. This is consistent with the LHC bounds which
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Descriptions Benchmark

Parameters and Values Values
m? = —(88.7)? GeV?
m2 = (497)? GeV?
m%vgn%’ Zn’%Q ~ [26)(100) S]GV]Q ’ mQZ — (_(55))2 GCV2
M) Mg mi < 0,mi, <0 md = (277.7)2 GeV?
mé/ = (199.8)2 GeV?
mys = 0
mis, Mag ~ 0(100) GeV, Moy = 50 GeV
mi2s mis = 0,mizs > 0 mias = 50 GeV
AL, Az, Az, A A1 = 0.26
PO ~ 0(0.1),
)\57)\67)\7 )\1 )\5 (/\6 i 0 )\27)\37)\47)\57)\67)\7
As, Ai2s Y Ag, Aag = 0.1
)\15, )\25 ~ O(OOl) )\15' - )\QS - 001

Table 2.2: The descriptions of the free parameters of the scalar sector defined in Eq. 4.3. We
choose the given range of values to generate a light scalar with mass ~ 100 MeV and other heavy
scalars consistent with the LHC bounds. We show one specific BP for the purpose. The value of
v is 246 GeV.

gives Br(h — invisible) < 0.24 at 95% Confidence Level (C.L.) [91, 92].
For the rest of the analysis, we assume that the light scalar h; is lighter than the muon and
promptly decays mainly to 72,1, pair with relatively small branching fraction to e™ e~ pair as well.

The partial decay widths are given as,

_ 2 mhl 47’)1311 3/2
F(h‘1_>nln1) = (ynnfn)ll - ’

X 2
167 mp,
2.51)
4m2 3/2
T(hy — etem) = (yop )2 x (1 e . 2.52
(ha ete”) (Yeni )11 X Ry mil ( )

with a negligible branching fraction to di photon final states. Therefore the total decay width can
be written as, I'y, = I'(hy — fiyng) + T'(hy — eTe™), and the lifetime is 7,, = 1/T';,. For the

purpose of our study we set the couplings, (Ynnn, )11 = 7 X 107° and (yen, )11 = 107°. Therefore
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Mass values

Particles for the benchmark Poss1tblte final
of Table. 2.2 slates
Charged scalars : n 7
h* myp+ = 500 GeV h€+:1\/([i]’§¥’
mp+ ~ O(500) GeV i
Neutral scalars : = 125.5 GeV, h,ho — fifjs
h) hlahQ Y, hlhl
mp, = 0.15 GeV o
mp, ~ O(.1) GeV e — 500 GeV hy —eTe™,
M, ~ O(500) GeV ha i1
Neutral
pseudoscalars : ms, = 500 GeV, S12 — €i€j,
S1, S9 ms, = 400 GeV d;d;

ms, ~ O(500) GeV

Table 2.3: The descriptions of the physical scalar mass spectrum and the possible final states in
the detectors for the BP defined in Table 2.2.

the lifetime of h; for m,, = O(1 — 10) keV and my, in the range 100 — 200 MeV, is given as

Th, = 7 x 107 sec. The branching fractions are,

Br(h1 — T_LlTll) ~ 0.95 s

Br(hy —efe”) ~ 0.05. (2.53)

In the following, we discuss different bounds relevant for the O(100) MeV scalar.

1. Fixed target/ beam dump experiments: These experiments can put bounds in the (1, (Yen, )11)
and (mp,, (Yen, )22) parameter space. We show them in Fig. 2.2 and Fig. 2.3 along with fu-
ture projection from the NA64 [25] experiments. In these experiments, e-bremsstrahlung

+

can give rise to the h; production. It then decays to either nym, or e"e™ pair when my, <

2m,,. NA64 [25] experiment is sensitive to the invisible final states while experiments like
E137 [93, 94, 10, 95] and Orsay [95] are sensitive to e*e™ final states.

2. Kaon decay: Rare Kaon decays produced by the h; mediated process and tree-level FCNC
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can put bounds on the (1m,, (Yan, )21) parameter space. LSND [96] can also put bounds on

this parameter space [97].

3. B-meson decay: Due to the presence of the tree-level FCNC in the quark sector, rare B
decay process like B — Kpu™p~ can occur via h; mdeiated diagram and can put bounds
from the LHCDb results [98]. We assume that the coupling that give rise to this process to be
(Yan, )32 ~ 0 without affecting any of the results of our analysis. Due to this assumption, the

decay is highly suppressed and we can neglect the LHCb bounds.

4. Supernova cooling, ANy, BBN: The astrophysical and the cosmological bounds are very

weak [99, 2] for the mass range of interest and therefore we do not show them here.

2.5 Anomalous Magnetic Moment of Muon and Electron

There is a 3.7¢0 tension between the theoretical predictions [100, 101, 102, 103] and the exper-
imental results [36, 37] of the anomalous magnetic moment of the muon, given as,

Aay, = S —all = (274 + .73) x 1077, (2.54)

"

Theoretical efforts are underway to improve the precision of the SM calculations [104, 105,
106, 107, 108] by various methods such as by computing the hadronic light-by-light contribution
with all errors under control by using lattice QCD. Recently one such result [109] was found
to be consistent with the previous predictions, hinting towards a new physics explanation of the
discrepancy. On the other hand, the ongoing experiment at Fermilab [110, 111] and one planned
at J-PARC [112] are aiming to reduce the uncertainty further.

Recently this was compounded with a 2.4¢0 tension between the experiment [39, 38] and the-
ory [113] values of the anomalous magnetic moment of electron, given by,

Aa, = af™ — ' = (=8.7+£3.6) x 1073, (2.55)

e

The fact that, the deviations are in the opposite direction and Aa./Aa, does not follow the
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lepton mass scaling, m?/ mi ~ 2.25 x 107° indicates that a new physics solution is needed to
explain them simultaneously. Few such solutions can be found in [114, 115, 116, 117, 118, 119,

120, 121, 122, 123, 124, 125, 126, 127, 128, 129, 130].

€j

Figure 2.1: We adopt a notation to denote a diagram as e;e;, e, where e;, e; are the leptons in
the outer legs and ey, runs inside the loop. Similar diagrams with heavier scalars are also possible
which are further suppressed by the large masses of the scalar particles.

We rely on the tree-level lepton flavor violating couplings of the light scalar h; to solve the
puzzle. The one-loop diagrams mediated by h; with different leptons inside the loop, that con-
tribute to the calculations are shown in Fig. 2.1 . In general, there can be 6 different realizations
of each process with three leptons inside the loop and different chirality of e; and e;. We assume
an asymmetric Yukawa matrix, (y.p, );; and get that €;e;zh, and €;ze;h, couplings are different.
We utilize this to get the opposite sign for Aa, and Aa.. We further assume that some of the
elements of (y.p, );; are zero, for simplicity.

The one loop diagrams with muon inside the loop will contribute most to a,,. The contribution
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can be written as, [131]

2
) m 1 21.2 _ .Z'S

—£ T .
22
42 Jo  a®m? + (1 —x)mj

Aayy = (Yeny) (2.56)

The related parameter space plot in (my,,, (Yen, )22) plane is shown in Fig. 2.2. Here, we show
the allowed parameter space as well as the relevant future bounds. This parameter space is allowed

by all the muon experiment as my,, < 2m,,.

0.001— — S
5.x 1074}

1.X10_4, k
5.x 1079}

(Veh, )22

1.)(10_5; ]
5.x 10751

002 005 010 020
My, (GeV)

Figure 2.2: The allowed region in the parameter space favored by Aa,, is shown as blue shaded

region. The relevant region of parameter space also satisfy the constraints from all muon experi-
ment.

The electron magnetic moment case is not as straightforward as the muon case. Both tau

and electron-induced loop diagrams are non-vanishing and the corresponding contributions to the
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electron anomalous magnetic moment are [131]

2
me
Aaee,T (yeh1)13 (yehl) An 1

ld 2 — 3 —|—mTa: 5 57
X .
/o T EmE + o2 —m?) + (1 - )ml (37

2 1 2 3
2 Mg 20 —x
Aaeee - (yefn)ll Ar ) / dxx2m2 T (1 — l’)m}% . (258)
€ 1

It is interesting to note that Aa,. . always gives positive contributions while Aa,. . can be neg-
ative if one of the couplings is negative because of the chiral nature of the couplings. Therefore we

require that Aa,. , gives the dominating contribution, and Aa. , + Aae. . explains the deviation

We show various bounds in the (1, , (Yer, )11) plane in Fig. 2.3
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Figure 2.3: The excluded regions are shown as the shaded regions and the dotted lines denote
the future bounds.
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Here we show one benchmark scenario that gives correct values and signs for both Aa,, and

Aa,. The light scalar mass is taken to be m;, = 140 MeV, and the Yukawa matrix (yep, );; is given

by
107° 0 —6.8 x 1074
(Yenn )ij = 0 5.13 x 1074 10-7 : (2.59)
3.5 x 1074 0 0

Note that, these values do not vary much for the mass range m;,, = O(100 — 200) MeV.

The Yukawa matrix presented in Eq. 2.59 can introduces flavor violating decays in the lepton
sector, mediating through the light scalar h; such as: ; — ey with 7 inside the loop, 7 — e~y with
e inside the loop and 7 — py with p inside the loop. The analytical expression of the branching
fractions of these decay channels is given in Eq. B.1 of Appendix. B. We show the values of these
branching ratios for our benchmark and the corresponding experimental bounds [132, 133] in Table
2.4. We get that the branching ratios are safe from the experimental bounds. Note that, the values

do not change significantly over the mass range m;,, = O(100 — 200) MeV.

Descrintions Values for Experimental
P mp, = 140 MeV bounds
Br(p — ev) 5.75 x 1071 <4.2x10713
Br(r — ev) 1.15 x 1071 <11x1077
Br(t — py) 1.92 x 1071° <4.5x%x1078

Table 2.4: We summarize the values of different lepton flavor violating processes for the
Yukawa matrix of Eq. 2.59. We also show corresponding experimental bounds.

2.6 KOTO Anomaly

0

Rare Kaon decay processes such as KY — 7% and K™ — 7tvi are good candidates to

search for in order to probe the physics beyond SM [42, 134, 135, 136, 137, 138, 139, 140]. In
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SM, these processes are loop suppressed [141, 142] and the predictions are [42]

Br(K} — n’vp)sy = (3.00£0.30) x 107" (2.60)

Br(KT — nmtvo)sy = (9.11£0.72) x 107" (2.61)

Therefore observation of such events in an experiment would require new physics ideas to explain
them. The KOTO experiment [143, 144] at J-PARC [145] and NA62 experiment [146] at CERN
are dedicated to study these processes and searching for new signals. In a recent run in the KOTO
experiment, four candidate events were suspected as new signals over the SM prediction of 0.10 &
0.02 [40, 41], which were observed in the signal region of K9 — 7%, One of the event was
suspected as a background coming from the SM upstream activity. The other three events can
be considered as signals as they are not consistent with the currently known background and are
consistent with

BI‘(KE — 7T01/I7)KOT019 < 211??2{1)7) x 1077 (2.62)

at 68(90)% C.L., including statistical uncertainties, given, single event sensitivity as 6.9x 1071° [40,
41]. The photons and invisible final states were interpreted as v in their study. The central value
is almost two orders of magnitude larger than the SM prediction and is in agreement with their
previous bounds [147]

BI‘(K% — WOVD)KOTOIS <3.0x1077. (2.63)

The KOTO experiment did not see any excess events for the charged Kaon decay while NA62

puts a bound on such processes [148]
Br(K" — nfuvi)Naga < 2.44 x 1071 (2.64)

at 95% C.L., which is consistent with the SM prediction of Eq. 2.61.

One need to satisfy the Grossman-Nir (GN) bound [149] for the neutral and charged kaon
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decays, which depends on the isospin symmetry and kaon lifetimes. The bound is given as,
Br (Kg — 7r0w7) < 4.3 x Br (K+ — 7T+VD) , (2.65)

To explain the anomalous events found by KOTO, the new physics explanation should satisfies this
bound.

We utilize the tree-level FCNC in the quark sector mediated by h; to generate the coupling,
(Yan, )21 necessary for Kaon decay to pion. This gives rise to the tree-level s — d transition through
hy. The neutral/charged Kaon decays to a neutral/charged pion and a h;, which then promptly
decays to a pair of dark matter or an electron pair. The dark matter final states, Br(K? — 7%n7;)
can mimic the invisible search and give the desired branching fraction. There is a kinematic cut in
the mass range ~ m, + 25 MeV [148, 150, 151, 152] for the Br(K* — 7" + invisible) bound.
We utilize this fact and choose the mass my,, in that range to evade the GN bound.

The decay width of K? decaying into a neutral pion and an on-shell A, is

2
R sty = sl ()

167‘(‘ng Mms — My
m2, m?

FAmi) x A2 (1,m;°,m;1 , (2.66)
K UKD

where \(z,y, z) = 2% +y* + 22 — 2zy — 2yz — 2z is the triangle function, and the function f(¢?)

for the vector form factor is given as [153]

(@) = f4(0) (1 +0q ) (2.67)

with £, (0) = 0.97 and \g = 1.8 x 1072
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Figure 2.4: The parameter space favored by the KOTO anomaly in our model is shown as the
pink shaded region and the contour corresponding to the central value of the KOTO anomaly

is the blue dashed line. The green contour corresponds to the KOTO18 excluded region. Con-
tour line corresponding to the K — 7% e~ decay is shown in brown. The excluded region by
NAG62, E949 and LSND are also shown.

The decay width of K; decaying into a charged pion and an on-shell &, is

2
F(Ki N Wihl) _ |(ydh1)21|2 <m%(:t —mfri>
]_67TmK:t ms — My
2 2
2 2 1/2 mﬂ'i mhl
AL 5= ) 2.68
f(mhl)x (7m%(i7m§<i) ( )

The light scalar, h; produced in the decay of the kaon is short-lived with typical lifetime 7, ~
10713 sec, can travels ycry,, ~ 10~* m before it decays, assuming it’s energy to be Ej,, ~ 1.5 GeV.

Therefore h, decays inside the detector as the length of the KOTO detector is 3 m . It can promptly
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decay into ny7; or eTe™ pair with branching fractions of 0.95 and 0.05, respectively. So we get

Br(K? — %) = I(K? — Wohl)rx Br(h; — nlﬁl)7
KY

Br(K? — nlete) = P(K} — Wohl)rx Br(hy — e+e*)7
K}

(2.69)
where I'go = F;%%—F(Kg — mOnynp )+ T(KY — 7 te™) with F%\% = (1.2940.01)x 107" GeV.
We get similar expressions for the K* decays. Fig. 2.4 shows the favored parameter space in
(mpny s (Yan, )21) plane for KOTO anomalous events. We also show the other relevant constraints.

Note that, the non-zero coupling (g, )21 can gives rise to the tree-level K° — K° mixing
mediated through h,. The contribution of this mixing to the K; — Kg mass difference can be

expressed as,

9 2 2,2 2

AmK — (ydgl)Ql meK |:1 o My 2:| ’ (270)
my, 12mg (ms 4+ ma)

where, Am3P = 3.52 x 107"° GeV [37]; fx ~ 1.23m,, is the kaon decay constant [37]. One needs

(Yan, )21 < 1078 to avoid this constraint for the mass range my,, = O(100 — 200) MeV, which is

obviously satisfied in our discussions above.
2.7 MiniBooNE Excess

MiniBooNE experiemnt recently, in 2018, has reported a 4.70 excess of v, + v, like events over
the estimated background in the energy range 200 < EYY < 1250 MeV [43]. This was the result
of 15 years of data taking. The total excess events was found to be 460.5 £ 99.0 corresponding to
12.84 x 10?° protons on target in neutrino mode and 11.27 x 10?° protons on target in antineutrino
mode. A year after from the announcement, the result was updated with 638 + 132.8 electron-like
events (4.80) as the reported number of excess events corresponding to 18.75 x 10?° protons on
target in neutrino mode and 11.27 x 10%° protons on target in antineutrino mode [44]. Both of

these are in tension with the simple two-neutrino oscillation mechanism within the standard three
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neutrino scenario of SM.

Several explanation of these excess events can be found in the literature within the context
of dark neutrino mass models using heavy sterile neutrinos and dark gauge bosons [154, 155,
156, 157, 158, 159] and dark sector models with dark scalars [160]. In all such scenarios, it was
considered that the light neutrinos upscatter to a heavy neutrino after coherent scattering off the
nucleus and subsequent decay of the heavy neutrino into a pair of electrons. The neutrino energy
can be reconstructed using the energy and angular distribution of the mediator coming from the
sterile neutrino decay [161]. Note that, the MiniBooNE detector can not distinguish the electron
pair.

Fig. 2.5 shows the Feynman diagram that gives rise to the excess events at the MiniBooNE
detector. Here, the heavy sterile neutrino n, can be produced from the upscattering process: v, A —
ns A mediated through the light scalar h;, which is enhanced by ~ A? as it is a coherent scattering.
The heavy sterile neutrino, n, then decays into n; and an on-shell /;, which subsequently decays
into a pair of ete™ with Br(h;) — ete™ =~ 5%. We estimate the path length they travel before
decay as [,,, < 107" m and [;,, ~ 10~ m, taking the typical energies as, FE,,,, E,, ~ 1 GeV. Note
that, there is an advantage for the scalar mediator models in comparison to the vector gauge boson
mediated explanations. The parameter space requied for the explanation in the dark gauge boson
models are constrained by CHARM-II data [162], since the scattering cross-section get enhanced
for large neutrino energy. On the other hand, the scattering cross section are much smaller for large
neutrino energy in the scalar models [160].

The total number events that will be observed by the MiniBooNE detector, given both the heavy

neutrino ny and the light scalar h; decay promptly, can be written as,

dER X
Eg dER

‘min

ERmax E E
/ do(Er, By) Br(hy — ete™), (2.71)

EUmax
Nevent - fexp/ dEz/(I)(Eu)

‘min

where [, is a factor which depends on the details of the experiment, including the numbers of

protons on target, exposure, effective area of the detector; E'r is the recoil energy of the target
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qi qi

Figure 2.5: The Feynman diagram for the upscattering process vA — nA. This diagram con-
tributes to the cross section which will give rise to the MiniBooNE excess events in our model.

nuclei; E, is the energy of the incoming neutrino ; and ®(F,) is the incoming neutrino flux from
the Booster Neutrino Beam (BNB) line at Fermilab [163]. Therefore, one can define a model
dependent quantity as, fiodel = Nevent/ fexp- The differential scattering cross section is given as

follows,

do (y h )2 (m2 + QmAE’R)(QmA + ER>
— 7 A -7 - 2\Jnhi )22 no
By~ At A D e e T e amaERy

F*(Eg), (.72

where m 4 is the mass of the target nucleus; Z and A — Z are the proton and neutron numbers of the

target nucleus; F'(Eg) is the nuclear form factor [164, 165]; the factors f, ,, are defined as [166]

fpn _ pn) fq (pn fq
> + 5 <1— > ) Z . (2.73)

q=u,d,s q=u,d,s q= cbt

We take, fru.q) = (Ywan, )11 and fsp, = 0. The constants fi(pi ), f% ), f:(rz) and f}:) are taken to
have the values 0.020, 0.041, 0.0189, and 0.0451, respectively [167, 168, 169, 170, 171].
In Fig. 2.6 we show the allowed range of ny masses for m;, = O(100 — 200) MeV to generate

the MiniBooNE events given the couplings : (Ynn, )22 = 6.1 X 1072, (yun, )11 = 5.0 x 107% and
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Figure 2.6: The allowed parameter space in the (my, , m,,,) plane which gives the desired num-
bers of total events is shown as the blue shaded region.

(Yan, )11 = 5.0 x 1075, Note that the masses of n, is consistent with the neutrino mass generation
and mixings, as shown in Table. 2.1.

In Fig. 2.7, we show the total cross section versus the incoming neutrino energy for the bench-
mark values: m,, = 420 MeV and m;,, = 140 MeV. Note that, the cross-section is small at,

E

Y

= 20 GeV [172] the energy scale of the CHARM-II experiment [173, 174, 175], therefore
gives no excess events [160]. If the decay length of the heavy sterile neutrino n, has decay length
ln, < 10~* m, then the scalar mediated process does not produce any excess events [176] in T2K
ND280 [177, 178, 179, 180, 181, 182] and MINERvA [183, 184, 185, 186] experiments. The
model-dependent parameter fioqe1, 1S consistent with other dark gauge bosons [155, 162] or dark

scalar models [160].
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Figure 2.7: The solid blue line shows the corss-section of the upscattering process as a function
of the incoming neutrino energy. We have used the following BP: m,,, = 420 MeV, m;, =
140 MeV, (ynh1)22 =6.1x 10_2, (yuhl)ll =5.0 X 10_6, and (ydhl)ll =5.0 X 10_6.

2.8 Discussions

The main focus of this chapter was to present a complete model that can address the issues of
neutrino mass and mixings, and the observed dark matter relic density. We also addressed few re-
cent anomalous experimental results using the framework of this model. And we found a parameter
space, which is allowed by all the current data, can explain all the anomalies simultaneously.

To justify our claim, we choose three benchmark points in the allowed region of the parameter
space and show that they produce the correct observables. The becnhmark points are summarized
in Table. 2.5. For all the benchmark scenarios the following couplings were taken to be fixed:
(Ynnny )11 = 7 X 107, (Yo, )11 = 1 X 107°, (Ypn, )22 = 6.1 x 1072, (Yun, )11 = 5.0 x 1075,
and (yan, )11 = 5.0 x 107%. The observables calculated based on these benchmark values are

summarized in Table. 2.6.

33



Parameters BP1 BP2 BP3

my, (MeV) 130 140 150

My, (keV) 2 3 2

My, (MeV) 435 420 440

(Yen, )22 5x 1074 4.75 x 1074 5.5 x 1074
(Yeny )13 -3.5x 1074 —6 x 107* —6.8 x 1074
(Yen, )31 6.8 x 1074 4 %1074 3.5 x 1074
(Yany )21 3x 10713 3.5x 10713 4 x 10713

Table 2.5: Three BPs are shown, for which we calculate the different observables quantities, and
can account for three anomalies.

Observables BP1 BP2 BP3
O, h? 0.1 0.1 0.1
Aa, x 107° 2.67 2.27 2.86
Aa, x 10713 —8.43 —8.50 —8.43
Br(K? — 7%nyny) x 1077 1.42 1.91 2.47
Br(K? — mYete™) x 10711 5.81 7.82 1.01
Neyent (V + D) 671 644 497

Table 2.6: The observables corresponding to the three BPs.

Therefore the light scalar model studied here appears to be very effective in describing neu-
trino mass and mixing, explaining the dark matter content of the Universe and explaining recent

experimental anomalies. As the experiments gather more data, this model would be probed further.
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3. A SUB-GEV DARK MATTER MODEL: U(1)r3zr EXTENSION OF SM*

Weakly interacting massive particles (WIMP) were speculated as to the most promising candi-
date for particle dark matter [28]. But experimental searches, so far, have failed to find any evidence
of WIMP. As a result, there is a recent interest in sub-GeV dark matter candidates. The sub-GeV
dark matters are very interesting as they can evade the current direct detection constraints and can
get the correct relic density (see, for example, [187, 188]) by evading the Planck bound [32]. If we
look at the two lightest flavor sectors of SM, the associated mass scale is O(100) MeV. Therefore,
following the idea of the WIMP miracle, if one connects the new physics of the dark sector to the
light flavor sector of the SM, the dark matter that arises from that new physics will also lie at that
scale. The new physics can also address the Yukawa hierarchy in the light flavor sector. We build
a model by connecting the dark sector to the light flavor sector of SM through dark photon/Higgs
interactions for right-handed SM fermions by adding a new gauge group U (1)735 to the SM gauge
symmetry. Only the right-handed SM particles are charged under the new gauge symmetry. We
also introduce a pair of left and right-handed fermion charged under the new symmetry and SM
singlet. The Yukawa sector needs dark Higgs insertion, which gets vacuum expectation value
(V' = 10 GeV) and breaks the symmetry down to parity under which only the new set of fermions
are charged and are possible dark matter candidates. The masses of all the particles scale as V' and
all of them are sub-GeV. One of the most important features of the model is that it has two light
mediators: one light scalar and one light gauge boson. The model satisfies all the current direct de-
tection constraints and can give the correct relic abundance satisfying the Planck bounds. Because
U(1)rsr couples to chiral fermions, it gets qualitatively new constraints compared to the other well
studied U(1) gauge symmetry models. The parameter space is tightly constrained but can satisfy

all the current constraints. A variety of upcoming experiments can probe the open parameter space.

“this chapter is reprinted from “A sub-GeV dark matter model” by B. Dutta, S. Ghosh and J. Kumar, Phys. Rev.
D 100, 075028 (2019); “Contributions to AN, ;; from the dark photon of U(1)73z” by B. Dutta, S. Ghosh and
J. Kumar, Phys. Rev. D 102 (2020) 1, 015013; “Opportunities for probing U (1)3r with light mediators” by B.
Dutta, S. Ghosh and J. Kumar, Phys. Rev. D 102 (2020) 7, 075041 published by the American Physical Society under
the terms of the Creative Commons Attribution 4.0 International license.
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The model can also satisfy the recently found new constraints of the anomalous magnetic moment
of the muon [189] and can explain the recent value of B-anomalies processes [190].

The rest of the chapter is organized as follows: In Sec. 3.1, we describe the details of the
model including all possible interaction terms and the UV completion of the model. We describe
various bounds that can put constraints on the parameter space of our model in Sec. 3.2. The direct
detection prospects of our model are described in Sec. 3.3. In Sec. 3.4, we talk about ways in which
we can obtain the correct thermal relic density of the dark matter particles. The recent results of

the flavor violating process, (- are explained in Sec. 3.5. We conclude in Sec. 3.6.
3.1 Model

In this section we describe the setup of our model in detail. The low energy gauge symmetry

of our model is given by SU(3)oxSU(2),xU(1)y xU(1)z,,. The new gauge group U(1)r,,

is not connected to electric charge, defined as ()=T5;+Y. This gauge group was first used in
the context of left-righ symmetric model [191, 192, 193]. In this scenario, only the right-handed
Standard Model (SM) fermions (including a new right-handed neutrino) are charged under the
U(1)r,, gauge group and all other SM fields have their usual charges under the SM gauge groups.
We add three more new matter fields, a scalar ¢, and a left and right-handed fermion pair 7, and
nr, Which are SM singlets and only charged under U (1), ..

For simplicity, we assume that only one charged lepton, one up-type quark, one down-type

quark, and one neutrino (all right-handed) are charged under U(1)r,,, gauge group. This is neces-

T3r
sary to cancel all the gauge and gravitational anomalies, though they need not all be in the same
generation. We further assume that the up-type quark state is a linear combination of all up-type
mass eigenstates while the charged lepton and down-type quark states are mass eigenstates. This
was shown technicaly natural in Ref. [99]. We get tight constraints from cosmological observa-
tions [1] and atomic parity violation experiments [194], if we take electron as the charged lepton.

Therefore we take the right handed muon as the lepton charged under U (1) We also assume

Tsp:
that the right-handed u- and d-quarks are charged under U(1)735 to avoid tight constraints from

the Kaon decay process if we take the second generation right handed quarks. We summarize all
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fields with non-trivial charges under U(1)r3g in Table 3.1.

field wr dgr Wpwr VvR ML MR @

qT3R -2 2 2 -2 1 -1 2

Table 3.1: The charges of the fields which transform under U (1)735. For the fermionic fields,
we list the charges of the left-handed component of the Weyl spinor.

The non-renormalizable low energy interaction Lagrangian of the model can be written as,

Mz o N, Moo= n MNe oy oo _
,C = —KHQZ) QLU,R—KngbQLdR—XHgb LLVR_KMHQSLL,UR_mDanL

1 —C 1 * —=C * *
—5)\L¢77L77L - 5)\R¢ NRNR — uiqﬁ ¢ — )\¢(¢ ¢)2 + H.c., (3.1

where ()7, and L, are the left-handed SM quark and lepton doublet, respectively; H is the SM
Higgs doublet; and H=im H*.

The scalar field ¢ obtains a vev, V=(—pu2/2),)"/? and breaks the U(1)rsr down to a Zy
symmetry. In this process we also get a physical scalar ¢/, which we call a dark Higgs, which
comes from the expansion, ¢ = V + ¢’/ V2. All of the SM fields and ¢/ are even under the Z,
symmetry while only 7);, r are odd. The mass matrix of 7 has both Dirac and Majorana mass terms.
We assume that the Dirac mass, mp to be very small compared to the Majorana mass, m,;. We
further assume that, A\, = Ag = A\j;. Therefore, the Majorana masses for the left-handed and the
right-handed fields are equal, with my; = AV = AgV = (Ay/V). This gives us two physical

Majorana fermions 7); and 7),, with masses m; = my; — mp and my = my; + mp respectively.
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The states are expressed as,

. 1 nL — Mg
1 = = 5
\/§ nL, — MR
1 | no+ng
N2 = 7 , (3.2)
Ny + Mg

Note that, the mass spliting between them is 6 = 2mp, which is very small as mp < my,;. The
small mp also make sure that the couplings of ¢ to 7, , are proportional to the mass m; 2. The
lighter one of the two, 7 is the dark matter candidate in our model.

The low energy effective Lagrangian, below the SM scale for the physical fermions is given as

follows,
_ = _ _ 1 1
L = —myurur —mgdrdr — m,pVrLvg — muyrLitr — §m1771771 - §m27}2772
My, 7 myp _ _
V\/—LRCb V\/—LRCb—WD—LRCb— ﬁﬂLﬂR¢,
1 m 1 m
1] S+ He., (3.3)

The neutrino mass matrix for v, z contains a Dirac mass term, m,,,,, which is proportional to
V, and contains a Majorana mass for v which is proportional to V2 /A, where A is some high-
energy scale. We expect the Majorana mass to be less than V. The diagonalization of the squared
mass matrix gives two mass eigenstates, 4 and vg. We will assume small mixing between them
such that the active neutrino v4 is mostly v, with only a small mixing of vg.

The new gauge sector interactions can be explored by defining the covariant derivative as,
DI = 3,0 +i27,W,u+igYB, +ilB2Q., A (3.4)
12 H 2 a’’ pa 9 H 2 Tsp“ - :

where g, ¢’ and gr3p are the coupling constant corresponding to the SU(2), U(1)y and U(1)r3r

groups respectively. W, B, and A/, are the gauge bosons of the SU(2)r, U(1)y and U(1)r3r
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groups respectively. The mass of the dark photon, A’, comes from |D,,¢|* as m%, = 2¢35,V 2. The

interactions of the gauge boson A’ with the fermions and dark Higgs are then given by,

2
ma I (5 = VAT a1 g1
Laue = ——A Hng — i + ALAH 4+
gaug 4\/§V u<n17 T2 — 7Y 7]1> V\/§¢ m
m

22V

m2,
412
I A . (3.5)

¢/¢/ALA/M

where the interaction current for the SM fermions is defined as, j, = > Q:J;3R o (H%) f- Note
!

that the 7 fields have only off-diagonal vector interaction with A’.

fr fr
k k k k
, E— —_— , —_— _—
i3 A (k%) = 4, A, i3 2 (k%) = A, Z,
fr fr
(a) (b)

Figure 3.1: The one loop diagrams that give rise to the kinetic mixing parameters.

In addition to the interactions given in Eq. 3.5, the A’ has vector couplings to all other SM
fermions, with couplings given as , ee, where € is a kinetic mixing parameter. The kinetic mixing
can arise from one loop diagrams shown in Fig. 3.1, where the right handed fermions charged
under U (1)r35 run inside the loop.

Note that, all the SM fermion masses, dark matter masses, the dark photon and the dark Higgs
masses are proportional to the symmetry breaking scale V' and therefore their masses should be
less than V. A suitable choice to consider is, V' = O(1) GeV, which would naturally give rise to
sub GeV masses for all the particles with O(1) couplings, but would be ruled out by the current

data. A more suitable choice is V' = 10 GeV, leading to couplings which are moderately smaller

than O(1).
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3.1.1 A’ decays

The tree-level coupling strength of the dark photon to the right handed SM fermions are given

as,

iy

gr3r = W (3.6)

where the symmetry breaking scale V' can be treated as a free parameter. We show the relation
between gr3r and m 4/ for various choices of V' in Fig. 3.2. The dark photon has vector coupling
to the other SM fermions with coupling strenght given by ee, where € = grsp\/Qem /473, We

consider the kintic mixing paramter, € as a free parameter in our study.

0.01

T

1074

10—6*

gT3R

10—8*
— V=10 GeV

10_10 V=30 GeV

10—12

10° 106 0001 | 1
Ma (GeV)

Figure 3.2: The relation between the coupling constant g3z of U(1)73z and the gauge boson
mass m 4 is shown for three different values of V' = 1, 10, 30 GeV. For phenomenological study
we choose the value V' = 10 GeV in rest of the chapter.

To avoid the bounds from BaBar [6, 7], we take m4 < 2m,,, therefore the possible final
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states of A’ decays are 7 2721, v, and ete™, of which only the last one is visible. If my <
2m,, then there is no visible decay channel as the decay A’ — ~+ is forbidden by the Landau-
Yang theorem [195, 196]. In thta case, if either the 77, or vsvg final states are kinematically
allowed, then those tree-level decays will dominate the branching fraction. But if neither of them
are kinematically allowed, then the possible final states are vsv4, 414 but they are suppressed by

the neutrino mixing angle. The expressions for the related decay widths are,

1/2
FA’ _ m?‘l’ 1 — 4.777/% 1 + 2m727
M2 96712 m, m%, )’

FA/ B mqu, 1 4mis 3/2
vsvs T 12wV ma, ’
/ 20y gt Am2\ V2 9m2
ra M(l_ me) (1 N me). 37
2 2
3 m4, mi

3.1.2 ¢ decays

The ¢’ can decay to visible final states such as " p~ and ~+, which is via one loop, and the
invisible mode such as nn, vv, A’A’. Note that, decays to v5 or A’ can also produce visible energy,
if those states in eventually decay to SM particles. If my > 2m, then tree-level decays to hadronic
states are also possible, but the corresponding branching fraction is negligible compared to p* i,
because the coupling to first-generation quarks is so small. Also, if mg > 2m 4/, then ¢’ can decay

promptly to A" and if this decay channel is dominant, then ¢’ production in a beam experiment is

41



essentially same as A’ production. The related expressions for the decay widths are given by,

5 1/2
F(’b/ _ m¢/ 1— 4m2A/ 14 12mil4, _ m_i/
AA! 1287TV2 mi, mé/ mi/ ’
3/2
; m2mey Am?
]_"¢+ = p'the 1— 2# ’
o 167172 m2,
9 9 3/2
I‘¢f = My, Mgy 1 — 4mm 7
T 327V2 mi,

2

2 2

F(b’ _ My My 1 — myg
vsva 16wV m3 )

o m* m> me ?
e — —em i |14 (14K sin~! —2~ ,
R 8m3my V2 mé/ 2m,,

(3.8)

where the decay width I’% is calculated under the assumption that mg < 2m,,, otherwise, this

decay is negligible compared to the p* i~ channel. ¢’ will always decay very promptly.
3.1.3 vg decays

If the mass of the sterile neutrino is greater than 2m,, then it will decay rapidly via the process
vs — 1T vy, at tree level. On the other hand, if m,,, < 2m,,, the sterile neutrino vg can decay

via the process s — v 477y, with a rate

7 2
my, m,

2 Vs
Fl, X o, -
S em m;ls/‘/4

(3.9

We estimate the lifetime as 7,, ~ O(10') sec for V' = 10 GeV, my ~ 100 MeV, m,, =
10 MeV, m,,,, = 1073 MeV. Therefore they can be considered as stable particles for the Laboratory
experiments. Another possible decay channel is s — v 47, through a transition dipole interaction,

but this process arises at two loop level and is therefore highly suppressed.
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3.1.4 Longitudinal polarization of A’

As U(1)73g has chiral couplings to the fermions, the tree level production cross section of the
longitudinal mode of A’ can be enhanced. Therefore we can get qualitatively new constraints for
U(1)7sr compared to other well studied U (1) gauge groups such as such as U(1)p_r, U(1)r,—1,,
U(1)x [197, 198, 199, 200, 201]. Note that the enhancement entirely comes from the axial part
of the chiral interactions. The pure vector part of the interactions vanishes identically for the
longitudinal mode, by Ward identity. Therefore the A" production cross section is only enhanced
if the A’ is produced at tree-level. If A’ is produced through kinetic mixing, then the contribution
from longitudinal polarization will again vanish identically due to the Ward Identity as this is pure
vector interaction.

The longitudinal polarization vector is proportional to £4//gr3gV and this yields an enhance-
ment to the matrix element for the production of the longitudinal mode at high-boost. The matrix
element for such processes is similar to that for production of the Goldstone boson of U(1)r3g
symmetry-breaking, with a coupling to fermions which goes as m/ V2V, according to the Gold-
stone Equivalence theorem. For small m 4/ limit, the coupling of a SM fermion to the longitudi-
nal polarization mode is enhanced with respect to the transverse polarization modes by a factor
mys/m4. But note that, this enhancement is restricted by perturbative unitarity, so can not be
arbitrarily large. Our scenario is perturbative as we have my < V' = 10 GeV.

As the production cross section of the longitudinal mode of A’ can be approximated as the
production corss section of a pseudo scalar with couplings proportional to m s/ V2V, one can see
that the most dramatic effect will be on production of the A’ through a coupling to muons as the
coupling to u — /d—quarks is suppressed by close to two orders of magnitude, compared to the
coupling to muons. Therefore the enhancement in the production will affect the cosmological pro-
duction (via pu*pu~ — yA’), production in supernovae (which have non-negligible muon content),
and from future experiments involving the invisible decays of light A’ coupling directly to muons,

such as NA64, and LDMX-M3.
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3.1.5 UV completion

All the fermion mass terms were generated from a non-renormalizable low energy effective
lagrangian defined below the scale of electroweak symmetry breaking, of the form (1/A)H¢f f
due to the U(1)rsg assignments. Therefore there should be some UV completion of the model.
One such possibility is the universal seesaw mechanism [202, 203, 204, 205, 206, 207, 208, 209].
We add a set of heavy fermions x4, Which are singlets under SU(2),, and U(1)73r, and have
same quantum numbers under SU (3)c and U(1)y as u, d, p and v, respectively. They mix with the
fermions charged under U(1)735, generating the mass terms and couplings of the light fermions

through a high-scale seesaw mechanism. We summarize all the particles in Table. 3.2.

Particle SU(S)C X SU(Z)L X U(l)y X U(l)TgR
XuL (3,1,2/3,0)
XdL (3,1,—1/3,0)
XL (1,1,-1,0)
XvL (1717070)

XZR (37 17 _2/37 O)
X;R (37 17 1/37 0)
Xon (1,1,1,0)

X;C/R (1717070)

qL (3,2,1/6,0)
up (3,1,-2/3,-2)
dg (3,1,1/3,2)

I (1,2,-1/2,0)
15 (1,1,1,2)

Vg (1,1,0,-2)

nL (1,1,0,1)

g (1,1,0,-1)

H (1,2,1/2,0)

0] (1,1,0,2)

Table 3.2: The charges of the fields under the gauge groups of the model. For the fermionic
fields, we have shown the charges of the left-handed component of each Weyl spinor.
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The renormalizable Lagrangian of the UV complete model at high scale can be written as,

—Ly = Aa@XonH + Ara@uXanH + Al x,pH + )‘LZZ_;ZX;LRH
FARuX W URD" + AraXurdr® + Arv Xy VR®* + AriX Ll R®
+mXuX;LXuR + mxdjdiLXdR + meX/yLXVR + meX:LLXuR

1 1 .
+mpnrNL + 5)\77L77277L¢ + 5)\7737?%773¢ + Hec., (3.10)

the fermionic mass matrix in the flavor basis is given by,

My = . (3.11)
/\RfV mx}

We diagonalize the above mass matrix using the seesaw mechanism, which gives two mass eigen-
states, the lightest one is the SM fermion while the heavier one is the physical vector-like fermion.

The mass term for the SM fermion is given by,

ALfARFOV
mp = L\f[—Rf” (3.12)
2mxxf
and the physical vector-like fermion mass is
My 2 My, (3.13)
The physical mass eigenstates can be expressed in terms of the flavor state as follows,
fLR cos sin 6 fh
_ fL.r JL,Rr LR ’ (3.14)
Xfr.r —sin efL,R cos efL,R Xfl g
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where 0y, ,, are the mixing angles. In the high-scale seesaw limit, m, , > Apfv/2 we get,

0, ~ tan~" [\/A{?;U ] : (3.15)
Xf

and if m, , > ArfV then,

(3.16)

0, ~ tan™" [)\Rfv} :

My,
Note also that the neutrino mass matrix is more complicated 3 x 3 matrix since they can also

get Majorana maases as both v, and x/, are uncharged under the unbroken SM gauge groups.
3.2 Constraints

In this section, we discuss various constraints for our model. The parameter space of our model
is tightly constrained by the current experimental bounds. But we have enough open parameter
space. Some of these open parameter space can be probed by future/upcoming experiments. Still
there is a small allowed region which even these upcoming experiments can not probe. We briefly
discuss our strategies for using the new datasets to probe the scenario. We broadly divide the

constraints in few categories and discuss them separately.
3.2.1 Corrections to g — 2

There is a long standing 3.7¢0 tension between the theoretical predictions [210, 211, 212, 213,
100, 101, 102, 214, 215, 103, 216, 217, 218, 219, 220, 221, 222, 223, 224, 109, 225, 226] and
the experimental results [36]. Recent data from Fermilab [189] combined with the BNL data [36]
increased the tension to to 4.2 o level. This is given by,

Aay, = a? —a)) = (2.52+0.59) x 107° (3.17)

n

The muon anomalous magnetic moment receives corrections from one loop diagrams in which

either ¢’ or A’ run in the loop as shown in Fig. 3.3. The correction to a, = (g, — 2)/2 due to
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one-loop diagrams involving A’ and ¢’ is given by [131]

Ao - m, /1 (1—2)*(1+x) m? /1 y 2¢(1 — z)(z — 2)m%, — 22°m,
# 1672V2 Jo (1 —2)*m?2 +amj,  3272V2 J z2m? + (1 — x)m?, '

(3.18)

>
¢I, AI

B p

Figure 3.3: One-loop Feynman diagrams mediated through ¢//A’ that contribute to g,-2.

Note that, the contribution to g, — 2 from ¢’ mediated diagram is always positive, while the
contribution from A’ mediated diagram is always negative, as the A’ has both vector and axial
couplings to the muon. These contributions must cancel each other to within O(1%) in order
for the total correction to g, — 2 to be consistent with experimental result. There is a region of
parameter space where we can achieve this cancellation. The contributions from the A’ mediated
is almost constant while ¢’ mediated diagram depends on the ¢’ mass. We find a narrow band in
the my parameter between 70-80 MeV, where this cancellation happens. We show this region of

parameter space in Fig. 3.6 along with other bounds.
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3.2.2 Cosmological and Astrophysical Constraints

We summarize the various constraints on our model arising from the cosmological and astro-
physical observations. As mentioned in the previous , due to the chiral nature of A’ couplings, the
tree level production cross section of the longitudinal mode of A’ gets an enhancement. This affect
the cosmological production of A" in the early Universe. On can not go to the arbitrarily small
coupling limit to avoid the constraints arising from the cosmological observations. This leads to
tight constraints from CMB measurements [32]. If we assume that the Universe reheats to a tem-
perature > 100 MeV, then region of parameter space given by m 4 < 1 MeV for V' ~ O(10) GeV
are ruled out, as they would lead to a number of effective neutrinos (N.¢¢) [1] which is inconsistent
with CMB measurements [32]. Note that, this bound can be circumvented if the Universe reheats
to a lower temperature.

Bounds on supernovae cooling [4, 5] can also restrict the parameter space. This is also impacted
by the enhancement in the tree level production cross section of the longitudinal mode of A’. The
temperature of supernovae is large enough that a non-negligible population of muons is produced,
and they couple to ¢’ and A’ at tree level, which decay to invisible final states, then there will be
an anomalous rate of supernova cooling which is ruled out by observations of SN1987A. These
supernova cooling bounds would also rule out my < 200 MeV if the decays ¢’ — nn, vsvg
are kinematically allowed. White dwarf (WD) cooling constraints can be neglected if m,,, m,, >
0.1 MeV, as in this case they will be in equilibrium with the plasmons inside the WD and can
not escape. The other possible final states e™e™ and v4v 4 are either not allowed kinematically or
mixing angle suppressed [227]. We also show related bounds from solar cooling [2, 3] and cooling
of stars in Globular clusters [2].

We show all the bounds arising from the above cosmological and astrophysical observations in
Fig. 3.4 on the (m 4/, my ) parameter space, in the case where A" and ¢’ decay invisibly. Note that,
all the astrophysical bounds can be evaded by assuming dark photon to be chameleon-type field

with its mass depending on the environmental matter density [228, 229, 230, 2].
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Invisible final states: Astrophysical/cosmological bounds
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Figure 3.4: Bounds from cosmological and astrophysical observables, where we assume that the
A" and ¢’ decay to invisible states: constraints on AN, (green region) [1], on excess cooling of

stars [2, 3] and globular clusters (gray region) [2], and excess cooling of supernovae (light green
region) [4, 5].

3.2.3 Visible Decays at Displaced Detectors

One important strategy to probe the new light mediators is to produce them at a proton collider,
fixed-target, or beam dump experiment and searching for visible decays of this mediator at a distant
detector. The light mediators have to be long-lived enough and decay to visible final states to be
detected by these detectors. The ¢’ of our model, which decays rapidly hence has a short lifetime,
can not produce an appreciable number of particles to reach the detector. Therefore they can not be
searched for in these displaced detectors. However, if A’ dominantly decays e* e~ through kinetic
mixing, then the decay length may be long enough for the decay to occur within the detector.

The dominant production mechanism of A’ are p-bremsstrahlung and meson decay, where
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Visible final states: Current laboratory bounds
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Figure 3.5: Shaded regions represent excluded region of parameter space by current laboratory
experiments, assuming that A" and ¢’ decay dominantly to SM particles: BaBar [6, 7, 8], E137 [9,

10, 11], Orsay [12, 8], U70/NuCal [13, 12, 8] and from fifth force experiments [14, 2].

the A’ couples at tree-level to u- and d-quarks. Note that, visible decays are only possible for
my > 1 MeV, the enhancement to the production rate of the longitudinal polarization is minimal
and can be neglected. Though the production is at tree level, A’ decays at one-loop through kinetic
mixing. Therefore the allowed parameter space of our model can be estimated by considering
the estimated sensitivity of these experiments to models where A’ only couples to the SM via
kinetic mixing, but with the number of events enhanced by the factor (7/ae,, f)?, to account for

the fact that A’ production is a tree-level process, where, f is the factor by which the kinetic mixing

parameter exceeds that obtained only from one-loop diagrams with SM fermions in the loop.

The sensitivity curve of these experiments have a ceiling, above which the A’ decays too rapidly

to reach the detectors, and a floor, below which the coupling is too weak for enough A’ to be pro-
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duced. To get visible decays of A’, we must have m 4 > 1 MeV; taking V' = 10 GeV, we find that
we must have grsp > 1074, We also assume that kinetic mixing is generated at one-loop only by
SM fermions (that is, f = 1). The parameter space of our model is constrained by the experiments
such as, E137 [9, 10, 11], Orsay [12, 8], U70/NuCal [13, 12, 8]. Future/upcoming experiments
such as FASER, FASER-2 [231, 232, 233, 234, 15], SHiP [235, 236] and SeaQuest [16, 237]
can project bounds on the parameter space. Electron beam dump experiments can also put con-
straints on our model [238], where one-loop processes can result in the production of either A’
(kinetic-mixing) or ¢’ (Primakoff production), with subsequent one-loop decays to SM particles at
a displaced detector. In particular, BaBar [6, 7] provides tight constraints on the regions of param-
eter space where ete™ — utu= (A, ¢ — ptp™) is kinematically accessible. We also consider
the bounds coming from the fifth force searches experiments, [14]. They can put tight constraints
in the regions of parameter space where ¢’ or A’ are extremely light.

We show all the constraints on our model in the (m .4/, m )-plane in Fig. 3.5, coming from the
existing experimental data assuming that A’, ¢’ predominantly decay to SM particles. In Fig. 3.6,
we show the projections on the parameter space from the upcoming experiments in the region of

parameter space allowed by all the current experiments.
3.2.4 Visible and Invisible Decays at Nearby Detectors

In this subsection, we consider the bounds coming from the experiments with nearby detectors.
If A’ predominantly decays to invisible final states, then the Crystal Barrel (CB) [22, 23] detector
can give constraints on m 4 from the measurements of the branching ration of the process, 7 —

~A’. The bounds on this branching ratio from CB is [22, 23],
Br(n’ — yA) <28 x107*,  myu < 65MeV, (3.19)
and,

Br(n’ — yA) < 6.0 x 107°, 65 MeV < my < 125 MeV, (3.20)
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Visible final states: Future laboratory bounds
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Figure 3.6: Shown are the sensitivities of upcoming laboratory experiments assuming A’, ¢’ de-
cay visibly at displaced detectors: FASER [15] (purple region), FASER 2/SHiP [15] (dark green
region), and SeaQuest [16] (light green region). The constraints from current laboratory experi-
ments are shown by light gray region, reproduced from Fig. 3.5. The blue band shows the region
of parameter space where the g, — 2 is consistent with the recent observations.

The expression for this branching fraction for our model is given by

 4raV?2 2

m o

2 2\ 3
Br(n® — yA) = A (1 - mA’) (3.21)

Therefore the region of paramter space, 55 MeV < m 4 < 120 MeV is ruled out by CB.

The other experiments we considered are the Proposed detectors such as NA64y [24, 25] and
LDMX-M? [26, 27] (a proposed muon beam version of LDMX [239]) that can probe this scenario
in the case where either A’ or ¢’ has a significant decay rate to invisible states. In the NA64

experiment a muon beam will be collided with a target, and interactions with missing energy will
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Invisible final states: Current laboratory bounds
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Figure 3.7: Shaded regions represent excluded region of parameter space by current labora-
tory experiments, assuming that A" and ¢’ decay dominantly to invisible particles: included are
bounds from COHERENT [17, 18, 19, 20, 21](light blue) and Crystal Barrels [22, 23] (light pur-
ple) experiments.

be searched for. The LDMX-M? will also be a similar type experiment. Both of them can probe
the my parameter space if ¢’ decays dominantly to invisible final states. NA64 can probe muon-
scalar couplings ~ O(107?), largely independent of the scalar mass [24]. The coupling of ¢’ to
muons is O(1072) in our model, implying that this scenario can be probed by NA64 for any m,
provided the branching fraction to invisible states is Br(invisible) > 107°. In a similar way,
LDMX-M? Phase 1 will probe any m, provided Br(invisible) > 10~%, while Phase 2 will have
a greater sensitivity than NA64u [27].

In our model, the decay ¢/ — 7+ is one-loop suppressed, whereas the decays ¢’ — vsva,nn
occur at tree-level.Therefore the invisible decays will dominate if kinematically allowed. Even

if the decay ¢’ — 't~ is kinematically allowed, the invisible decays will still have a branching
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fraction of at least O(10~*), provided m,, . > 1 MeV which is enough to be probed at these exper-
iments. The sensitivity to m 4 parameter space is roughly similar for both NA64, and LDMX-M3.
Even arbitrarily light A’ can not escape these search as the longitudinal mode couples to muons
approximately the same as a pseudoscalar with coupling ~ O(1072). Therefore, NA64; and
LDMX-M? will be able to probe the entire parameter space, provided m 4 5 > 2m,, or 2vg. Even
if the nn and vsvs final states are not kinematically allowed for A’ decay, and the dominant decay
channel is is eTe™ final states. NA64/ and LDMX-M? can still probe if the decay length of the A’
is long enough that a significant number of A’ leave the detector without decaying. We show the

CB constraint in Fig. 3.7 and show the projected bounds of NA64 and LDMX-M? in Fig. 3.8.
3.2.5 Dark Matter and Sterile Neutrino Scattering at Displaced Detectors

In this subsection we consider the neutrino experiments which can be complimentary to the
beam dump experiments, as such they probe the appearance of dark matter/sterile neutrinos at the
detector. There are a variety of stopped pion based experiments e.g., COHERENT [17, 18, 19,
20, 21], CCM [240, 241], JSNS? [242, 243, 244, 245, 246], etc that fall into this category. These
experiments produce neutrinos from a proton beam hitting a target, and search for the neutral cur-
rent scattering of these neutrinos at a distant detector. Among them, the ongoing COHERENT and
CCM experiments are CEvNS [247, 248] experiments. A large amount of photons from proton,
electron bremsstrahlung and meson decays [249] are produced in these experiments, which can
then produce A’. If the decays A" — nm, vsvg are kinematically allowed, then they will occur
promptly and dominate the A’ branching fraction and can scatter off the nuclei of the target ma-
terial, which can then be probed. However, neutrinos coming from pion and muon decays can
produce background which can mimic the dark matter/sterile neutrino signlas. However one can
extract the dark matter signal from the neutrino background by utilizing the pulsed nature of the
beam and the timing and the energy spectra of the recoiling nucleus [250]. This idea was used in
details in [249] to get bounds and we can rescale their result for our purpose.

Recently, the COHERENT experiment has observed 6.7 evidences of CEvNS type events us-

ing Csl detector [17] while previously they found a 3.8 excess using LAr [21] detector. Moreover,
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Invisible final states: Future laboratory bounds
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Figure 3.8: Shown are the sensitivities of upcoming laboratory experiments assuming A’, ¢/
decay to invisible particles: NA64 [24, 25], and LDMX-M3 [26, 27] (light blue region). The
constraints from current laboratory experiments are shown by light gray region, reproduced from
Fig. 3.7.

the CSI-data shows some excess events at ~ 2.4 — 3o confidence level for m 4 < 100 MeV as-
suming the A" decays promptly to dark matter or sterile neutrino (in this model) [250]. We simply
rescale the limits found in [249] to get the related bounds on the parameter space of our model. We
also find a benchmark which can explain the excess events.

In our scenario, the A’ is produced from the tree level couplings to u- or d-quarks. It then decays
to nn or vgvg final states, which scatters off the nuclei of the target material by the process,v,/n; +
N — vg/n; + N mediated by either A’ or ¢', and generate nuclear recoil to be detected by the
detector. Therefore the event rate is proportional to g%, two powers of the coupling of A’ to dark
matter (from the squared scattering matrix element) and four powers of the coupling of the A’ to

first generation quarks (two from the squared scattering matrix element, and two from the squared
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A’ production matrix element). To do the rescalings of the result of [249], we relate our event rate
with that of [249] by assuming m,,/m 4/, m,/ma = 1/3. If the dark matter/sterile scasttering is
mediated by A’, we then find that g73z ~ 0.002 can reproduced the COHERENT excess, following
[250]. This corresponds to m 4 ~ 30 MeV for our model and interestingly this value is not ruled
out by any other laboratory based experiment. The dark photon mass parameter above 30 MeV
is ruled out COHERENT data. Note that, if the dark matter/sterile scattering mediates through
¢/, then we get an additional suppression factor g;5pm2m? ;. /2V*. This still rules out m, >

30 MeV. In Fig. 3.8, we show the limits on the A’ mass parameter from COHERENT together with

bounds from other laboratory based experiments where the final states are dominantly invisible.
3.2.6 Non Standard Interactions for Active Neutrinos

The non-standard interactions of active neutrinos with nuclei mediated by A’ and ¢’, assuming
the momentum transfer to be small compared to mediators mass, can be expressed as dimension-6

effective operators as,

sin” 6
Ou = Sy Zar"Prva)(@.Fra).
mZsing ~
Oy = QVQmZ/ (7aPrva)(qPrq), (3.22)

where 6 is the active-sterile neutrino mixing angle. We consider the constraints on these interac-
tions found in [251] by considering all the NSIs from a large set at the same time. Current data
bounds the coefficients of these operators to be < O(107°) GeV~2 [251]. And the bounds on the

mixing angles are,

sin’? < O(107°) (3.23)
for O 4 [251]. And for Oy itis [251]
2
ing < -3y (e :
sind < [0(107)] (55 (3.24)
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Future experiments such as DUNE [252, 253, 254, 255, 256, 257], Hyper-K [258, 259, 260, 261,

262, 263] etc. can probe values of the mixing angles one order of magnitude smaller.
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Type of Name .Of the Production of A’/¢’ Final states Results
experiments experiment
E137 rules out :
A’ : electron Y 1 MeV < my
bremsstrahlung BO?; dfoln;ﬁlaift:lcay < 20 MeV,
Electron through kinetic P .. Y 1 MeV< my
.. to visible SM
beam dump E137, Orsay mixing at one-loop, T < 65 MeV.
. ’ . states e e .
experiments @' : Primakoff , .
. ¢’ decay is
production at rapid Orsay rules out :
one-loop. pic. 1 MeV < may
<40 MeV.
U70/NuCal
rules out :
1 MeV < my/
< 93 MeV.
A s e FAlsl}\E/Il:\(/:aE I;),I;Obe :
U70/NuCal, through kinetic < 140 R/Ie\;‘/
Proton FASER p-bremsstrahlung mixing. - '
: /
beam.dump SH1?, SeaQuest or meson decay / ¢ — Y FASER 2/SHiP
experiments (displaced at tree level ¢’ decays rapidly can probe -
detector) hence cannot P ’
be probed I MeV < ma
probec. < 161 MeV.
SeaQuest
can probe :
1 MeV S ma
< 180 MeV.
BaBar

eTe™ collider
experiments

pp collider
experiments

BaBar, Belle-II

Crystal Barrel

etem =t + A4,

ete™ — A

pp — 7Om070,

w0 — A

4y final states,
7 + invisible

invisible states

rules out for
(4p final states) :
200 MeV < m g4
< 1.3 GeV,
290 MeV < myg
<3 GeV.

Belle-II can probe
(v + invisible):
ma > 30 MeV.

The parameter
space is ruled
out for:

55 MeV < ma
< 120 MeV
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engﬁfnzflts I::g:;i(ietgf Production of A’/¢’ Final states Results
Relevant for
Precision tests extremely The parameter
Fifth force of gravitational light A’/¢'. q acl; is ruled
searches Casimir, and Formy — 0 n/a P out for:
experiments van der Waals limit, the ma /m <' LeV
forces Longitudinal mode AT = '
will contribute.
SN1987A
rules out :
mar, Mg
<200 MeV.
Y+u— A+, /
C STI%ZCAS’ ut+p—pu+p+ A, A'f_d> M VsVs Stellar cooling
. ooling of Sun e A (if decays to )
Astrophysical WrpT = L rules out:
probes and at tree level vv, € e then can mar, m
e A/ 5 45/
gl{)):]);llilfsg&l:rt;rs, ete” — A’ through ;1/0t_e>s;:apcla/)l,j < 1MeV.
kinetic mixing. >
WD constraints
are negligible
it my, m,,
> 0.1 MeV.
If the Universe
Lo ) reheat at
prpT =y A
production of a temperature
>
Cosmological longitudinal mode s = 100 MeV,
AN,y s value invisible states ma,my < 1 MeV
probes get enhanced .
Jue to axial is ruled out.
. (Can be evaded if
vector coupling.
reheat occurs at a
lower temperature.)
NA64y, LDMX-M?
can probe
the entire
parameter space
Can probe when ifma 4;/”; 2.0,
NA64Lu, A’ /¢’ has a L _4
equ(e):irzZil:; LDMX-M3 p—bremsstrahlung significant decay rate Br(1nv1:1Vbelﬁ); 1075,
p (nearby detectors) to invisible states AV = it
such as vv, nn . B
is allowed

still
Br(invisible)> 104
provided
My, > 1 MeV.
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Type of Name of the

. . Production of A’/¢’ Final states Results
experiments  experiment

Can be probed by
looking at
nuclear/electron recoil.

ma ~ 30 MeV can

!/
A" = v/, explain the

Neutrino COHERENT, p/e- bremsstrahlung, vs/0i + N = vs/1; + N 2.4-30 excess found
. CCM generate nuclear recoil,
experiments JSNS2 meson decay Do)+ € — Vo), + € by COHERENT,
s/ 1 s/ 11j ma > 30 MeV

generate electron recoil :
is ruled out.

CCM and JSNS?
will improve
the sensitivity.

Table 3.3: A summary of the various experiments/probes considered here, their methods for pro-
ducing and detecting the mediating particles, and the resulting sensitivities.

3.3 Direct Detection

In this section, we discuss about the direct detection prospects of our model and where does it
stand based on the current constraints. The direct detection experiments play vital roles in deter-
mining the presence of the dark matter in the Universe, where the dark matter particles hit the target
material of the detector. In the traditional direct detection experiments, the nuclear recoil energy is
detected as the detected energy, which does not work for sub-GeV dark matters as they loose their
sensitivity. Several new techniques have been considered to probe the sub-GeV dark matter direct

detection. Three such experiment can provide constraints for the sub-GeV dark matter:

1. CRESST-III: constrains the elastic spin-independent dark matter-nucleon scattering cross

section to be less than og; ~ 1073°cm? for m ~ 200 MeV [264].

2. XENONIT: cosmic ray boosted dark matter can deposit enough recoil energy to be detected

and can give bounds o5; < O(107% — 1073%) cm? or og; > O(107%) cm?.
3. CDEX-1B: this experiment utilize the Migdal effect and can give constraints for the mass
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range 50-180 MeV, which requires the cross section to be less than og; ~ 10732 — 10~34cm?.

We will show that, our model satisfies all of the above constraints. We also show projection of
differential event rates for future experiments with very low threshold. Studying the dark matter
-electron scattering cross section is another way to detect the low mass dark matter regime. Ex-
periments like XENON10 [265], SuperCDMS [266] and SENSEI [267] can put constraints on the
dark matter-electron scattering cross section, but our model satisfies them as well.

The differential event rate for nuclear recoil per unit target mass can be expressed as,

dR NTp"] /'Uesc do 3
_—_= — ) d 3.25
dER 77’l77 Uf(U) dER v ( )

Umin

where N7 is the number of target nuclei per unit mass; p, ~ 0.3 GeV cm™? is the local dark matter
energy density; v is velocity of the incoming dark matter and f(v) is the corresponding normalized
velocity distribution, both in detector frame, and; v,,,;,, is minimum dark matter velocity required

for a scatter to produce recoil energy Eg, and v.,. = 540 km s~!

is the local galactic escape
velocity of the dark matter. And (do/dER) is the DM-nucleus differential scattering cross section
defined, in general, as

mé/’A/
(2mAER + mi/’A/)Q

do ma

= FX(E 3.26
dER QM%AU (Er), ( )

500(nA — nA)

where pi,4 = (myma)/(m, + ma) is the reduced mass of the n-nucleus system; F'(Epg) is the

nuclear form factor; and oy, is the scattering cross section at zero momentum transfer. The velocity-

distribution and the nuclear form factor used in the calculations are defined in Appendix. C.
There are two distinct channel to generate spin independent (SI) 0g(nA — nA) in our model.

They are,
* Elastic SI scattering mediated via ¢, which is isospin-invariant.

* Inelasatic SI scattering mediated by A’, which is isospin-violating [268, 269, 270], since the

up and down quarks have opposite charges under U (1)r3g
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The isospin-invariant dark matter-nucleus scattering cross section at zero momentum transfer
can be expressed in terms of the dark matter-nucleon spin-independent scattering cross section at

zero momentum transfer (o3;) as follows,

2
co(nA = nA) = ol a2t (3.27)
nN

where f1,n = (m,my)/(m, + my) is the reduced mass of the n-nucleon system. For the case
of inelastic scattering mediated by A’, the factor A2 in the above formula will be replaced with
(A — 2Z)? due to it’s isopin-violating nature. For the elastic scattering 7;4 — 1;A mediated
by the scalar particle ¢’, the dark matter-nucleon spin-independent scattering cross section at zero

momentum transfer (aévl) is given as,

2 2
scalar(p,n) 'unNmn 2
TS S i o 29

where [166],
Jom _ o fo 2 [ (o) Ja
my Z qu my i 27 L Z qu Z m. (3.29)

q=u,d,s q=u,d,s g=cbt 1
where, fuia = Mud, fscor = 0; f(i), fg) and f}f) are 0.019, 0.041 and 0.14, respectively [271];
and f}z), fg) and fg) are 0.023, 0.034 and 0.14, respectively [271]. The threshold velocity as a
function of the nuclear recoil is,

VImaE
Uy = Y EAZR (3.30)

2:“7714
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Figure 3.9: Dark matter-nucleon scattering cross section is shown as a function of the dark mat-
ter mass for my =200 MeV, 6 = 0and V' = 10 GeV.

For the inelastic scattering 7,4 — 7,;A mediated by the gauge boson A/ the dark matter-

nucleon spin-independent scattering cross section at zero momentum transfer (o'3;) is given as,

tor(p,n) MQN
osi = ey (3.31)

Here, we only consider small ¢ and keep only the terms which are linear in §. In this limit,

M, N =2 pig,n = fiyn and the threshol velocity is given by,

1 m AER )
Upin = +0 . (3.32)
Vv 2TnAEwR ( HnA
We show both o5 "™ and ¢%""™) in Fig. 3.9, where we set my = 200 MeV, and

for the A’-mediated process, we assume 0 = 0 (note, 045" does not depend on my/). Both
of these scattering cross sections satisfy the constraints posed by XENONIT and CDEX-1B.
Note that, the differential scattering cross section in our case will be suppressed by a factor
[1 + (2maER)/mZ, 4)]~* and the A’-mediated scattering is suppressed by an additional factor
of [l — (2Z/A)]%. On the otherhand, the bounds are derived assuming the dark matter nucleon
scattering cross section is equal to the zero momentum transfer cross section. CRESST III does

not give any bounds for m,, < 100 MeV. We show the excluded region in the mg-m,, parameter
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space for the ¢’ mediated elastic scattering corresponding to the XENON 1T and CDEX-1B bounds

in Fir. 3.13a.
1081 — my=40 MeV 100 — my=80MeV
mp=50 MeV mp=100 MeV
B 108} s 109
S s
X x
4 w
<} S}
100l & 10t
100F 1 100
‘ s ‘ ‘ . . . . . .
0.01 0.02 0.05 0.10 0.01 0.02 0.05 0.10 0.20 0.50
Er (&) Er (eV)
(a) (b)

Figure 3.10: Differential event rate for elastic scattering off a Xenon nucleus for different dark
matter masses. We used, my = 200 MeV and V' = 10 GeV. In both panels, the upper limit of
recoil energy increases with increasing dark matter masses.

The nuclear recoil spectrum for elastic scattering is shown in Fig. 3.10 and for inelastic scatter-
ing is shown in Fig. 3.11 respectively. Here we consider Xenon (A =131 and Z = 54) as the target
material and express the differential event rate in “differential rate unit” (dru), which is 1 event per
keV per kg per day. Note that for the elastic case, the upper limit of Fr increases with the dark
matter mass. For the inelastic case, larger values of § push the nuclear recoil energy, E'r to smaller

values in order to satisfy the condition v,,,;,, < Vese.
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107,

dR/dEg (dru
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Figure 3.11: Differential event rate for inelastic scattering off a Xenon nucleus for different dark
matter masses. We used, m 4 = 55 MeV and V' = 10 GeV. Note that the values of maximum
recoil energy decrease with the increasing values of 9.

Dark matter-electron scattering also plays important roles to know more about the interac-
tions of dark matter with SM particles. The typical energy of light dark matter with mass O(1 —
100) MeV is E ~ mv?/2 ~ 50 eVx(m/100 MeV) which is not sufficient to deposit enough
nuclear recoil to overcome the threshold of the current experiments but is enough for the following

processes from dark matter-electron scattering,
* Jonization of electron of orbital electrons in the target atoms.
» Excitation of orbital electrons in the target atoms.

The typical enery required for these processes are O(1 — 10) eV and dark matter with mass
O(1—100) MeV can produce such signals in the detectors when scatters off the electrons of atoms
of the target material. We show the dark matter-electron scattering scross section in Fig. 3.12.
For this range of dark matter mass the allowed cross section is < 1073 cm? [272, 273], comes
from experiments like XENONT10 [265], SuperCDMS [266] and SENSEI[267]. We also show the

exclusion region in Fig. 3.13b.
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Figure 3.12: Dark matter-electron scattering cross section is shown as a function of the dark
matter mass for mgy =200 MeV, § = 0 and V' = 10 GeV.
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Figure 3.13: Exclusion region shown in the mg - m,, parameter space: the left panel is for the
dark matter-nucleon cross section bounds and the right panel is for the dark matter-electron cross

section constraints. In both panel, we have used: my = 200 MeV, m,, = 100 MeV and V' = 10
GeV.

3.4 Relic Density

In this section, we produce the correct relic density of dark matter using the standard theory of
thermal relic, where the dark matter abundance is depleted by (co-)annihilation to either Standard
Model particles or to other dark sector particles. Correct sub-GeV dark matter relic density can also

be obtained in a variety of other non-standard way, e.g. DM production from the decay of a heavy

66



particle [274], freeze-in [275], modifications to the expansion rate in the early Universe [276] etc.
To ensure that, dark matter freezes out before BBN, we assume that m,, > 40 MeV.

The tightest constraints on dark matter annihilation cross section comes from Planck bounds [32]
on the effect of energy injection at the time of the recombination on the CMB. If the s-wave chan-
nel, which is dark matter velocity independent dominates the dark matter annihilation and dark
matter decay to SM particles, then the produced cross section is large enough to deplete the dark
matter abundance ruled out by Planck bounds. One of the following scenario can be used to obtain

the correct thermal relic density consistent with these constraints,

o If the dark matter annihilation is p-wave suppressed i.e. velocity dependent, (ov) o v
During the freeze out the cross section is suppressed by a factor of 10 as at that time v =
0.1 but during the time of recombination, v is very small, thus the cross section is highly

suppressed and can evade the Planck bounds

e If the dark matter annihilation produce invisible final states, then there is not extra energy

injection during the recombination.

* If dark matter largely co-annihilates at the time of freeze-out, but if the heavier component
has decayed away by the time of recombination, then dark matter co-annihilation at the time

of recombination will be negligible, and Planck constraints will again be satisfied.

In the following we consider two different channel for obtaining the correct relic density. Note
that, A’ couplings are suppressed by the mass of the A’, while ¢’ couplings are suppressed by the

mass of the particle to which it couples.

» ¢'-resonance: The dominant annihilation is through s-channel ¢’ resosnance, which is p-
wave suppressed. The possible final states are A’A’, ov, (¢, ww, vy, where the ¢ is nearly

on-shell. The resonance condition is needed to enhance the cross section, since the coupling
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of ¢’ to the outgoing fermions is suppressed by the mass of the SM fermions.

ma{E? —m?)
AV2E2[(4E? —m2)? + (my Ty )?]
X (2m¢lf¢/), (333)

(7(77@77@ — QZ)/ — X)Urel

where Iy is the total decay width of ¢'.

o A’-mediated: Co-annihilation of dark matter mediated by A’ in the early Universe can de-
plete the dark matter relic abundance correctly if the mass eigenstates 7; and 7, have com-
parable abundances at freeze-out, implying that 6 /m < ((0.1) and that the lifetime of 7,
should be much greater than O(1) sec. The possible final states are v4v4 and e*e™ (the 7y
final state is forbidden by the Landau-Yang Theorem [196]). Both of these final states are
suppressed, either by a neutrino mixing angle or a kinetic mixing parameter, therefore the

co-annihilation via A’ will play no role in our benchmark scenario.

We show two benchmark scenario which can deplete the correct thermal relic abundance of
dark matter in Table. 3.4. For both them, we considered the ¢’ resonance methods. The corre-

sponding dark matter-nucleon cross section is also mentioned.

ma MeV) mgy MeV) m, MeV) m,.(MeV) m,p(MeV) (ov) (cm®/sec) o ™ (pb) o2 (pb)

150 80 40 10 1073 3x10726 0.58 1.17
180 76 38 10 1073 3x10726 0.58 1.06

Table 3.4: Masses of A’, ¢’ and ny (DM), and the neutrinos and the corresponding thermal relic
abundances are shown . The dark matter-nucleon scattering cross sections for each BP are also
shown.

3.5 Explanation of R .

In B-physics, there are variety of anomalies in observables based on the process b — s¢t (™.

Any new physics explanation of these anomalies requires both lepton flavor non-universality and
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quark flavor violation. The lepton flavor non-universality arises in our model naturally since the ¢’
and A’ couple only to  at tree-level. On the other hand, when we complete our low energy model
with the UV completion described in Sec. 3.1.5, it may introduces flavor violation couplings in the
quark sector. Therefore, our model can accommodates the flavor anomalies of the B-physics sector

such as [277, 278, 190].
3.5.1 Background

We restrict our analysis only to theoretically clean observables [279] such as R, Ry+, and
Br(Bs — ptu7), since they are devoid of hadronic uncertainties. The observables Ry and R

are defined as

Br(B— Kutu™)
Br(B — Kete™) ’
Br(B — K*u*tu™)
Br(B — K*ete™)

Rg

(3.34)

R~

(3.35)

Note that, the SM predictions for Rx and Ry~ are close to unity [280, 281] due to the lepton
flavor universal coupling. But the measurements of these observables are always below the SM
predictions [277, 278, 190, 282, 283]. Recently, The LHCDb collaboration reported the updated
value of the Ry based on the data set of full RUN-1 and Run-2 in the ¢? bin of 1.1 to 6 GeV?. The

analysis now show a 3.1 o deviation from the SM prediction,

Ry = 0.8467 5035 (stat) *{ 513 (sysv), (3.36)

On the other hand the Ry« measurements [277, 278] disagree with the SM predictions at the 2.4 o

and 2.5 o respectively for the ¢ bin of (2m,,)? to 1.1 GeV? and 1.1 to 6 GeV? respectively,

0.66019 07 +0.03 (2m,)? < ¢* < 1.1 GeV? ,
Ry = (3.37)

0.68570 0% £0.05 1.1 GeV? < ¢® < 6 GeV? |
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For simplicity, we restrict ourselves to the central bin of Ry~ measurement, since it is extremely
challenging to explain the result of both bins at the same time using the effective operators, and we
will wait for more data to confirm the energy dependency [284, 285]. Another clean observables,
the branching fraction of b — s /T ¢~ transitions, was also reported by LHCb collaboration using

the full data set [286],
Br(By — ppm) = 3.0975-35(stat) T 1o (sysm) x 1077, (3.38)

ATLAS [287] and CMS [288] also give value of this observable. All of these results favor a decay

rate smaller than the SM predictions [289, 279].
3.5.2 Theroretical Calculations

The lepton flavor non-universality from the low energy effective model and the flavor vi-
olating couplings originating from the UV completion in our model can generate the process,
b — s¢t{~. In the UV complete model, the Z and A’ couplings to fermions in the flavor eigen-
state basis are diagonal matrices which need not be proportional to the identity while, these cou-
pling matrices can become non-diagonal in the mass eigenstate basis, yielding vertices of the
form by" Pp ps(Z, A’ x- One can get contribution to universal quark flavor-changing processes
(b — stt¢7) form l_w“PL, rsZ, , while terms of the form I_)WPL, RSA;L can contribute to lepton
non-universal quark flavor-changing processes (b — su™p~). Note that, such flavor changing
interaction vertices are not allowed for photon due to gauge invariance.

In Sec. 3.1.5, we describe the minimal UV completion. Note that, one could add additional
generations of these heavy particles, or even a single additional particle, without generating anoma-
lies. We consider an additional X/, neutral under U(1)r3x, which mixes with b and s through La-
grangian terms of form A} .H @%SPRxg +mj )ZZIPRq%’s + h.c. (we assume negligible mixing with
the first generation). Note that (x/,) g has same Z coupling as (b, s) g, therefore the Z-coupling to
these right-handed quarks is the identity in every basis. On the other hand, (x/,)., has a Z coupling

which differs from (b, s) ., therefore we would find a vertex of the form by* PrsZ,, at tree-level as
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shown in Fig. 3.14a. A coupling of the form [_)’)/“PLSA;L is also induced at one-loop through Z — A’

kinetic mixing, but this term will generally be small if we consider small kinetic mixing.

() ()

"
Xay

bL SL br sr

(@) (b) (c)

Figure 3.14: Feynman diagrams that contribute to the B-anomalies.

We add another vector-like fermion, !, charged under U(1)rsr charge Qrsr = 2. It has the
same SM quantum numbers as (b, s)g but with and therefore it can mix with b, s (we assuming
negligible mixing with d) through a Lagrangian term of the form A} .¢x;, Prqy. We get a tree-
level contribution to the coupling l_w“PL RSAL as shown in Fig. 3.14b, since x” is charged under
U(1)rsr while b, s are not. Similarly, since (x”), has a different Z coupling than (b, s), this term
will yield a tree-level contribution to the coupling by* Pp,sZ , while there is no similar contribution
to by"PrsZ,, since (b, s, X" )r all have identical coupling to the Z boson. A vertex of the form

5.5 @' AL(s,0)AR(b,s) SN 925,1;) ; is also possible, since X/, is charged under U(1)r3z. we show the
corresponding diagram in Fig. 3.14c.

The effect of these interactions can be approximated with effective operators which couple a
(b, s) quark bilinear to a muon bilinear, since the energy transfer is much larger than the mediator.

The various effective operators that contribute to the b — s/~ process can be written as,
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2

Of = 3;2 tan® Oy (sin 0,7, sin Oy, + sin 6, sin 6, ;) (07" Pps)
Z

1 _
X (ﬂ% [PR + (1 - m) PL} M) (07°s) (iy°p) (3.39)

’ 1 . . ma 2 7 —
Oy = Psmegwﬁ) sin 0y 1, g) (W) (v Prrs) (17, Priv)
1 MuMp\ 7 5.\ (-5
gy iy () (55) )
1 MuMs\ 7 5\ — 5
—Fsmé sin Oy 1 ( 2‘{/2 ) (07°s) (i7" 1) (3.40)

" //
0%, = )\ 5 sin 6; (bPRs)(,uu)+ sm@'

bL\/— sL\/— (bPLs) (), (3.41)

where 0, are the left-handed (s,b) — x;, mixing angles, 0(, . p) are the left-/right-handed
(s,b) — x mixing angles, and where we take A ~ O(2) GeV.

We expand the above operators using the following basis

Xem G F % bstl b a
—VyV, E C*" 0" 3.42
\/_71' tb Vs ( )

where different operators are defined as,
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bstl  __
Oq =
bstl  __
O =
Obs% —

bstl  __
ot =

Defining CY = C%**¢ and CNV =

ACY
ACE,

ACYY
AC;}NU

ACRY

ACNU

AC;NU

(59" PLb) (L), Oy*! = (59" Prb)((7,¢),

(59" PLb) (£v,7°0), O = (59" Prb)((4,7°0),
my(5PRb) (00), O = my(5PLb) (00),
my(5Prb) ((7°0), O = my(5PLb)(4°0). (3.43)

= O _ OV we find

(—146)(sin Oz, sin Oy, + sin 0., sin 6, ),
(1.8 x 10%)(sin O, sin Gz, + sin 6., sin 6, ),

ACHY = (1.9 x 10%) sin ., sin 6, ( ma )

ACHY = (1.9 x 10%) sin 0., sin 6, ( ma

“ACNY — (2.0 x 10°
Cy (2.0 x 10° GeV ™" (10GeV>

X (sin @, sin Oy, — (ms/my) sin b, sin ;)

my, %4 !
(2.7 x 10" GeV~H\/ sm&’sL (10 GeV) :

my, 1% -1
(2.7 x 107 GeV~ )X’smegL <1OGeV) :

(3.44)

Since sin® fy, ~ 0.23, the universal lepton vector coupling is negligible.

Note that the coefficients can be controlled by independently-tunable couplings and mixing

angles. Also, we have freedom in the quark couplings, although the vector couplings to muons are

only right-handed.
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3.5.3 Benchmark Scenarios

It is usually very difficult to explain the Ry, and By — pup~ simultaneously with a vector
mediator while respecting all current experimental constraints. The allowed parameter space by
beam dump/fixed target experiments are tightly constrained by bounds from neutrino trident pro-
duction at CCFR [8, 290] and Br(B — K*vv) [291]. Due to the lack of the left handed neutrino
couplings in our model, these bounds can not be applicable to our model. But the chiral nature
of the couplings give rise to another tight constraints in our model: C’é/)NU = C'ﬂ))NU, and this
constraint makes it difficult to explain the Ry and Ry, and Br(Bg — u'u~) measurements si-
multaneously. The Ry and Ry~ measurements prefers a negative Co***, or a positive CP5** while
the smaller decay rate of B, — u*p~ favors a positive CT5#*, or a negative Co*". If we want
to explain Ry and Ry~ with a positive CY5**, which is favored by B, — u*p, that implies a
negative Co"*. Also, we have the relationship, CVV = CNU, a negative C2** and a positive
C’fg“ * imply a negative non-universal part and a positive universal part. Therefore a positive C?5¢

will leave the Rk and R}, unexplained. We rely on the following scenario to solve this puzzle,

* In the first scenario, we consider non-zero scalar and pseudoscalar couplings and use them

to explain Br(Bs — u* ), while the other operators take care of R (..

* In the second scenario, we consider non-zero primed operators, which only contain the non-
universal part. Therefore the contributions are generated from both left-handed and right-

handed quark couplings.

Based on the above setup, we consider four different benchmark scenarios. For all of them we
calculate the flavor observables such as Ry and Ry, and Br(Bg — p ) using flavio [292]. In
order to understand how well those three measurements can be described and how significant the
deviation is from the SM, we also calculate the SM pull, defined as \/A_X2 . Note that, we only

consider the clean observables from LHCD results to calculate the SM pull.
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Benchmark BMA BMB BMC BMD

T 485 -5.86 27 5.67
Ny -0.30 3.65 -0.8 4.55
IC, — C'| GeV~!  0.033 0.024 0.011 -

C, — C!| GeV™! - 0.030 0.043 -

Ny - - - -1.28
Ry 0.82 0.87 0.86 0.87
R [1.1,6] 0.83 0.78 0.97 0.89

Br(B, — ptp~) 336x107° 3.05x1079 2.67x107° 3.34x107°

SM pull 4.40 4.60 3.80 420

Table 3.5: We summarize the four benchmark scenarios described in the text. The first five rows
present the values of the coefficients C,, C¢'}), |Cs — C?| (in units of gev™), |C,, — C7| (in units
of gev™!), and Cg{'. Rows 6-8 present predictions for Ry, R+ (inthe ¢* € [1.1,6]gev? bin),
and Br(Bs — ptp~). Row 9 presents the SM pull of each benchmark point.

Out of the four benchmark scenarios, the first three correspond to the scenario described above,
where the scalar and pseudo-scalar operators were used to explain the Br (B, — p* ™) while the
others operators were used to fit Rx and Ry-. In particular, BMA has the scalar operators, and
while in BMB, and in BMC, we include both scalar and pseudo-scalar operators. For BMA,
Ry and By — ptp~ agree with the LHCb results within 1o, and Ry« agree with the LHCb
results within 20, and the SM pull is 4.40. For BMB, all three observables agree with the LHCb
measurements within 1o, with a SM pull of 4.6¢. For the third benchmark, BMC, Ry and By —
wp agree with the LHCD results within 1o, while Ry« is SM like. The fourth benchmark, BMD,
corresponds to the second scenario. Here, we introduce the primed operators, which includes non-
universal part. Ry and By — pu*p~ agree with the LHCD results within 1o, and Ry agree with
the LHCb results within 20, and the SM pull is 4.70

In Table. 3.6, we summarize the predictions for other variables along with the experimental
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value and the SM predictions, related to b — s¢*¢~ for our model. Note that, these observables

have large theoretical uncertainties related to hadronic form factors.

Observable Measured Value SM BMA BMB BMC BMD
¥ - Y(10-3
Br(B® = Kupm)A075) 56432 411 03] 268436 780 829 104 924
[15.0, 19.0] :
Br(B® — K°utpu™) (107%)
[15.022.01 6.741.140.4 [293] 9.841.0 331 304 415 294
Br(BT — Ktutu=)(1078)
(15.032.01 8.54 0.3 + 0.4 [293] 107+1.2 359 330 45 320
dB(Bs—éutu~) _8 _9 +0.33
e (1070 GeVTY 2570, 0088019 ) o) 4 056 160 168 228 187
[1.0,6.0] [294]
dB(A?—Apt ™) 7 _9 +0.09
g (1071GevT)  LA8Tyg £0.03£027 g2 | 08 219 228 029 248
[15.20] [295]

Table 3.6: Predictions for observables for the four benchmark scenarios summarized in the
Table. 3.5, along with the Standard Model prediction and the measured value with uncertain-
ties. The uncertainties, from left to right, are statistical, systematic and due to the normalisation
mode (for the last two only). Rows 1-3 consider Br(B* — K*tutu~)(¢* € [15,19]gev?),

Br(B® — K°utu™)(¢* € [15,19)gev?), and Br(B* — KT utp)(¢* € [15,22]gev?), respec-

tively, all in units of 10~8. Row 4 considers dBr(Bs — ¢utp~)/dqg?, in units of 10~ 8gev—>2,

averaged over ¢ € [1,6]gev?, while row 5 considers dBr(A) — ApTp~)/dg?, in units of
10~ "gev—2, averaged over ¢* € [15, 20]gev?.

3.6 Conclusions

In this chapter, we have considered the scenario where only the right-handed light SM fermions
are charged under a new gauge group, U(1)rsgr. This scenario is of particular interest because it
can tie the symmetry breaking scale of U(1)r3g to that of the light SM fermions and the new dark
sector physics. Sub-GeV particles arise naturally from the scenario including dark matter, sterile
neutrinos, dark photon, and dark Higgs. Besides that, this model can address the hierarchy problem
in the light fermion sector of the SM.

We find that the parameter space of the model is tightly constrained by various laboratory-
based experiments and cosmological/astrophysical observables. But there is enough open parame-

ter space is available, part of which can be probed in the upcoming/future experiments. We show,
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for example, on possibility in Fig. 3.15. Still, there is a part of the parameter space which these up-
coming/future experiments can not probe. The parameter space is also consistent with the currently
available data from the dark matter direct detection experiments. Another interesting feature of the
model is that it can produce the thermal relic density of dark matter by evading Planck bounds
consistently. Moreover, this model has the potential to explain some of the recent flavor anomalies

such as R+ .

— mup=180 MeV
— my=200 MeV

SeaQuest SHiP FASER]

100 500 1000 5000 10
En (GeV)

Figure 3.15: We show the estimation of maximum d/ In(V /) necessary for an experiment to be
able to probe our model for m 4 € [180 — 200] MeV, as a function of the maximum A’ energy
produced by the experiment. d is the distance of the detector from the beam dump, and N4 is the
number of A’ at energy F 4 produced in a beam aimed at the detector. The maximum A’ energies
for the experiments like FASER, SHiP and SeaQuest are also shown.
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4. A THREE-LOOP NEUTRINO MASS MODEL*

Tiny neutrino masses can be obtained at tree level using Weinberg’s dimension-5 operator [296],

Ls = fiimnlrliprdU™ o caress + Flimnlorlisnd™ 65" €agess 4.1)

But to realize them in the context of a model one needs a very high scale particle, usually at the
Grand Unified Theory scale which is inaccessible at LHC. Therefore to obtain the neutrino mass
using a testable new physics scale, one needs a new suppression mechanism such as the radiatively
generated neutrino mass. At the n-loop order, a dimension d diagram estimates the neutrino mass
as § 2K

my, ~ c X (1617r2) X 8\}/[02—]31 , 4.2)

where c is a dimensionless quantity contains all the coupling constants and other mass ratios, and
the mass dimension of the corresponding effective operator is 2k + 3. For example, we consider
the dimension-5 Weinberg operator with n = 3 and k£ = 1 in this paper.

We build a model by extending the SM by the gauge group SU(2)y, which arises from the
decomposition of Eg GUT. We also impose a discrete Z, symmetry such that only one particle
is odd under it and can be a viable dark matter candidate. The matter content of the model and
the Z, symmetry prevent the Majorana neutrino mass from being generated below the three-loop
level. One can realize the dimension-5 effective Majorana neutrino mass operator at the three-loop
level in the model. The three-loop suppression factor pushes the new scale to TeV. The new flavor
structure involving the vector-like leptons can explain both muon and electron anomalous magnetic
moment simultaneously mediated by scalar mediators. The new particles of the model satisfy all

the current constraints from LHC and can be tested in future collider experiments.

“this chapter is reprinted from ““ Three-loop neutrino masses via new massive gauge bosons from Fs GUT” by
B. Dutta, S. Ghosh, I. Gogoladze and T. Li, Phys. Rev. D 98, no. 5, 055028 (2018) and “(g — 2)M,e and the ANITA
anomalous events in a three-loop neutrino mass model” by M. Abdullah, B. Dutta, S. Ghosh and T. Li, Phys. Rev.
D 100, no. 11, 115006 (2019) published by the American Physical Society under the terms of the Creative Commons
Attribution 4.0 International license.
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The rest of this chapter is organized as: In Sec. 4.1, we describe the gauge symmetry, particle
content, and the Higgs potential of our model. In Sec. 4.2, we derive all the necessary physical
scalars and fermions. The gauge boson masses and interactions are discussed in Sec. 4.3. In
Sec. 4.4, the theoretical framework and numerical analysis of the neutrino mass and mixing are
described. The anomalous magnetic moment of both muon and electron are explained in Sec. 4.5.

We conclude in Sec. 4.6.
4.1 Model Building

In this section, we discuss the gauge symmetry and the field content of our model. The low
energy gauge symmetry of our model is SU (3)¢ x SU(2), x SU(2)nx x U(1)y. Note that, SU(2) v
has no component to the electric charge operator in our model, so the charge operator is defined
as Q = Ts;, + Y. This symmetry structure can arise from the Eg GUT. One possible maximal
subgroup of Eg is SU(6) x SU(2)y while the SU(6) group has a maximal subgroup SU(5) x
U(1). We assume that U(1)" gauge symmetry is broken at a very high scale, possibly around the
GUT scale.On the other hand, SU(5) group contains the SM gauge symmetry. Hence we get our
symmetry structure. We assume that the SU (2), doublet assignments are vertical and the SU(2) v

doublets are horizontal. The fermionic field content is given as,

Ui 1 C Q 2 C /1C c 9 1
Qi ~ ~(3,2,1,=), Uf~@3,1,1,-2), Dj~(d df)~(3,1,2,7),
d: 6 3 3
7
1 E) v 1
DZ'N (371717_5)? L’LN N(17272a_§)a EEN (1717171)>
By ey
Ef 1
L/ ~ ~(1,2,1,=), N~ (nf; n3) ~(1,1,2,0),
E_‘O 2
i
Fs; Py F¢  F¢
Fi ~ Z ' ~ (1, 1,3,-1), F°~ > . ~ (17 1,3,1),
Iy — I Iy —ry
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where ¢ = 1,2, 3 are the family index. We can get Q;, U?, D$, D;, L;, Ef, L., and Nf from the
fundamental representation of Ej i.e. 27 , while the vector-like fermions F; and F come from the
351 and 351 representations of F, respectively. By construction, this scenario is free of all gauge
and gravitational anomalies.

The scalar sector of the model contains four scalar fields and given as,

¢”  ¢3° 1 gt 1
HdN ! ’ N(172727_§)7 HUN ? N(172717§)7
o1 ¢z $2°
T1++ T2++ 3
SY~ (89 89) ~(1,1,2,0), T~ ~(1,2.2,5).
vt Tt

One 27 representation of Eg can give H,, H,, and S° and we get the bi-doublet scalar field T
from one 650 representation. S° acquires a VEV and breaks SU(2)y gauge symmetry while the
electroweak gauge symmetry is broken by the VEVs of H,; and H,,.

The most general renormalizable scalar potential is given by,

A
Viotential | = M2 Hyl s Hago + m2H, Hyo +m2S08%, + m2 T Tho + ?2HuLHMHUTBHu 5
ALt - A3 oot - As 0 cot qo ot
7HdaﬁHd5aHd75Hdé'y =+ ?HdaﬁHdﬂfdengdéa + ?Sas 095" 5
A6

2
N Hol Hans Haly Hus + AsHyl Ho0 595 + 20805 H Hap,

+
A
+ 5 ThpTsaTisToy + 5 TapToy TlsToa + MHL Ho Halyg Hage

+FA0SYHa s Hagy SO0+ AuSOSO T Ta + Mo SOT 5T, 8%0 + Mg H,L Ho T ST
AMaH L Top Tl Huy + MsHal g Hago T3 Ty + MsHal g Hag, T 5 Tsa
+>\17Hd1¥5TBaTJ5Hd67 + X[Hwﬂdmsgeaﬂewg + HC]

+)\[TapHdﬁngwHd(gyea/gepgeygelw + TapHdﬁadequéyeaﬂepuevdeau + HC] s (43)

where «, 3, 7, 0, p, o, v and v are the SU(2) indices and €,4 is the totally antisymmetric SU(2)

tensor with €15 = +1. We also assume that all the parameters are real.
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The minimization conditions for Eq. 4.3 are given as,

1 1 1 1 v,
m% + 5()\1 + )\3)1)% + 5)\41)% + 5/\9’03 — E/\, o = 0 s (44)
1 1 ]_ 1 V1Vs
m; + 5)\41)% + 5)\27)3 + §>\8U§ - E)\/ " =0 s (45)
1 1 1 1 ,uwv
2 2 2 2 V12
) —A —AU5 — — =0. 4.6
my + 9 9V + 92 8Us + 2 Uy \/5 Vs ( )

We write the most general Lagrangian for the Yukawa sector and the mass terms for the vector-

like fermions as,

_EYukawa = ylijLiaBT'yﬁFj(%Ea'ye,Béeﬁé + yQijLiaﬁHd'yﬂFﬁSgEa'yEBéeﬁé + y3ijQiaHd6'yD;5€a,8€'y6
+y4ijQiaHuﬁch€a6 + y5ijDiCaSOBDj€aﬁ + yﬁiijfyL/jﬁSOéEaﬁ@yé
+y7ii L iaHagy N js€aptys + YsijLioy Haps Ejeapeys + Yoij Lioy Hus Njsapeys

1
+§MijEch + ,uijEE; + mNiijNjc s (47)

where i and j are the family indices; a, /3, v and § are SU(2) indices; and €qp 18 the totally an-
tisymmetric SU(2) tensor with €;5 = +1. For simplicity, we make the following assumptions:
M;; = M;0;;, and p;; = 0. We also impose a discrete Z, symmetry. Under this discrete sym-
metry, only N{ are odd while all other particles are even. In such a scenario, the terms in Eq. 4.7
proportional to the couplings y7;; and yo,; are forbidden. The physical states of N are denoted as
ny, g, andng and the lightest component is thus stable and can be a viable dark matter candidate
in our model. Note that, there are no low-energy neutrino mass terms at tree level.

We rewrite the Yukawa Lagrangian using the explicit form of the fermionic and the scalar fields
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as follows,

Ly = p(—E)T + v + E; TV — ey T By,
+y0ij(—EYo7 + vidy + B ¢ — ei_¢g)F3cj
i [(widy — did?)d§ — (widy — di3)d'5] + yaj (wd — dip3 ) Uy
+ysig (d'5S5 — diST)D; + yei; (EYE) — B EF)SY — (1EY — e EF)SY)

— — — — c 1 c cnTe
+ysij (B d5 — vidy — E; ¢ + e; ¢))ES + §M1FZFZ + myig N; N (4.8)

We consider that only three scalar fields get vev: (¢) = 4, (¢3) = %, and (S3) = 5. Note
that, such vev assignment mean that, ; controls the mass of down-type quarks and the charged

leptons, while H,, gives mass to the up-type quarks. Vector-like particles get mass from S° field.
4.2 Physical Scalars and Fermions

We calculate the mass terms for all the necessary physical scalars and fermions in this section.

After the spontaneous symmetry breaking, Hy, H, and S° obtains vevs and we can write them as

T5(v1+p1+im) Tz +ing)
b1” ¢3~

Hg ~ ; (4.9)

P2 1 . 1 .
H, ~ , S0~ <\/§(p18 +in1s) ﬁ(vs + pa2s + “723)) . (4.10)
%(Uz + p2 +in2)

Using Eq. 4.9 and 4.10 in Eq. 4.3, we can get the mass terms of the various physical scalars.
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We start with the single charged scalar mass squared terms,

Asvive N _ =1 N
Vn:’ib:ass = < + > !
9 \/§ (¢1 ¢2 ) 1 v 4
Vo 2
m,? 62 o
+ )| ’
6 0?2 m| Ty
2 2 2
n [m% n ()\15 +2)\16)U1 " (/\13 +2)\14)v2 n )\1;’08 Tfor ' @11
where,
A3v? As02 Apov? Nogu
;2 3V7 5U) 105 2Us
m.2 = _ + 4.12
and

e 2 Asvf L (A13 4 Awa)v3

A1+ Aio)v?
ml? =l o+ +(11 12)V;

2 2 2

(4.13)

The charged states ¢ and ¢3 mix and give four charged scalars ;" and h; with mass squared

2,2 , . .
mil =0 and m,zl2 = % <W + %) respectively. The two massless states corresponding to
two charged Goldstone modes, and the other two states b3 are two single charged physical scalars.
They can be expressed as,

hli = cos [ qbf + sin 8 ngi , (4.14)

hi = —sin B ¢t + cos B ¢ | (4.15)

where the mixing angle is given by, tan 8 = 5—? Similarly, we get four more charged physical

scalars Hi" and H3 from the mixing of ¢3 and 75" as follows,
Hf = cosf ¢35 +sinf Ty (4.16)

HF = —sinf ¢5 + cos0 Ty, (4.17)
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The corresponding mass squared are,

1 1

miﬂi = §(m§ +m3) + 5\/(m§ —m3)? + 144220} (4.18)

and
SR 2 1\/ 2 2)2 1 144)\2p% 4.19
mH§—§(m2+m3)_§ (m3 —m3)* + Uy, (4.19)
respectively. The mixing angle is defined as tan 20 = ng iiQ . The definition of the parameters m3

2 3
and m? are
A2 (A3 + A)vd (A + Agg)v?

m%:m%_‘_ 1;1+(13214>2+(11212)5’ (420)

and
m?,) _ _)\31)% )\5@% )\10@3 )\,UQUS ‘ (421)

2 2 2 V20,

We get two more physical scalar states, 7-, which are singly charged, with mass squared given by,

Ais + Aig)v? Az + A\)v2 A2
m :m%+(15216)1+<13214>2+ 1;8_ (4.22)

We get four doubly charged physical scalars 7;** and 75 from the following term,

2 ++
o Mt 0 Ty
Vi = (T Ty ) T . (4.23)
0 mlis T
2

Note that, the matrix is already diagonalized. We have defined the following terms,

s + Mg + \i7)v? Aigv2 Ap0?
2+<15 16 17)1+132+ 11Vg

2
mTlii = M 9 9 9 ) (4-24)
and
Ai507 Ai3v3 A A2 )02
mles = mi 4 SO 4 SO O +2 12)ts (4.25)
respectively.
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There are 5 neutral CP-even states and 5 neutral CP-odd states. The mass terms for CP-even

states can be written as,

()‘1+>‘3)U% )\/U2Us )\41)11)2 _ & )\gvlvs _ m
2 2v/201 2 22 2 22 p1
— V10 "vg Aov3 "v1v VoV )
Vinass = (P1 P2 p2s) % - ;x/i 5+ ;\\/%Uz 2 5T ;\\/% P2
A9V1Vs _ M A8V2Vs _ m Asvg + N vivg
2 2v2 2 2v/2 2 2v20s P2s
Aov1vs Ny 1 P3
+ ( 4 + NG (p3 p1s) ' . (4.20)
2v2 1 Z_i P1s
and the for the CP-odd states,
N S Us V2 Uit
V’r:]mss = 2\/5 (771 2 7728) Vs % (1 P
V2 U1 U;ff T2s
)\10’011)8 /\/Ug Z_S —1 UE;
+ < + (ms ms) [ , (4.27)
4 2\/§ -1 = s

We get three neutral physical scalars, s;, sy and so; with masses ms,, ms,, and ms,_, respec-
tively, from the mixing of p;, po and py,. The mixing is given by, p = R~ 's, where the mixing

matrix can be parametrized with three angle 61, 5 and 63 as follows

Cel 093 - 092 891 593 _091 893 - 092 693 891 591 892 C11 Ci12 (13
—1 o —
R - Co3 S0, + Co,Co, S04 Ch,Co,Co5 — S0, 505 —Cp, S0, - C21 C22 Ca3 ’ (428)
505505 Co350, Coy C31 C32 Cs3

where ¢y, = cos; and sy, = sin6; (: = 1,2, 3). We identify the s; as the SM physical Higgs field,
s1 = h with mass m;,. The mixing of the three CP-odd states 7, 72, and 7)o, can be parametrized
in a similar way, 7 = R &', using three angles ¢/, 6} and #}. Here, we get one physical neutral

pseudoscalar s} with mass m,, along with two neutral pseudoscalars Goldstone mode(s and sp’).

85



The interaction states can be expressed in terms of the mass states as, 7; = ¢}357, 72 = ¢h35, and
Tos = C3357-

We get two more states from the mixing of p3 and p;,, one neutral scalar Goldstone mode, s,
and one neutral physical scalar, s3 with mass m,,. The mixing can be parametrized in terms of

only one angle, 1) as follows,

Royo(¥) = cosy  siny . (4.29)

—sinYy cos

Similar mixing and parametrzitation (using angle ¢’ ) occurs for the two CP-odd states 73 and
715, Where we get one neutral pseudoscalar Goldstone mode, s{, and another physical neutral pseu-
doscalar, s% with mass m,. The interaction states can be expressed in terms of the physical states
as, p3 = —sin sz and p15 = cosss; 3 = —sin’'sy and 115 = cos'sh.

Therefore we start with 24 scalar degrees of freedom but end up with 18 physical scalars. The
rest 6 degrees of freedom, which corresponds to the massless Goldstone mode, are eaten to give
mass to the gauge bosons. Hence there are 6 massive gauge bosons and one massless gauge bosons.

In the fermionic sector, the vector-like leptons £, and [F3; mix and give two charged physical

vector-like leptons as follows,

- = cosO;E; —sin6;F;
o = sin0;E + cosO;Fs; (4.30)

respectively with masses my,, and my,,. The mixing angle, 6, can be determined by diagonalizing
the mass matrix. All the important physical scalar fields and fermionic fields are summarized in

Table. 4.1

86



Possible final states

Particle type Particles Mass parameters Mass values at LHC

= ud LBV L B
Charged scalars hi, hi My M, M, , ~ O(500) GeV hig — ufljg EQ + EY,
145

N .
HY, Hy M, M, mu, ~O(500) GeV  Hi'y — wid; + vi + EY,

mmyg, ~ 0(5) TeV dzd] + €j_ + E?
h, so mp, Ms, myp, = 125 GeV S2, S92, — ej‘e;,
Neutral scalars S2g, 83 Mgy, s My ms ~ O(500) GeV d;d;
s, sh—ele
Neutral pseudoscalar s}, s§ Mg, Mg, mg ~ O(500) GeV L 3d-J v
Charged vector-like - ' ‘ f1.2i = uid; + E?
leptons fis 12 my,, My, my ~ O(100) GeV did, + e + B0 + 7,
Neutral vector-like =g o . mgo > Mpo EY = efe; + E?
leptons BB MEe, Meo ~ 0(100)GeV EY = v; 4 ny;fig;
X?‘Lf — ngi_, d,JZ
New gauge bosons XXy, XY mx,, mx,, mx, mx >3.6TeV X{"Q — u;d; + di;

+7; + EY

D mp mp ~ O) TeV 7+V1'—|-Ei,
did; + d; + 6?6;

Charged vector-like
quark

Table 4.1: Summary of the physical scalars, fermions, and the gauge bosons required for the
calculations. Here n; and n, are the viable dark matter candidates in our model . The E° decays
only to neutral fields leading to a missing energy signal at the LHC.

4.3 Gauge Bosons

In this section, we explore the gauge sector of the model, the gauge boson masses and their

interactions with the other particls. First, we define the covariant derivative as,
DI = 0,0+ i1 W+ i%20 W+ gV BT 431
pt — Ypu ZéTa na + 137—0, pa + g pne o ( . )

where ¢, g} and ¢’ are the coupling constant of SU(2)r, SU(2)n, and U(1)y groups respectively.

W,, W',, and B,, are the gauge bosons of the SU(2), SU(2)n, and U(1)y groups respectively.
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The gauge boson masses can obtained from the following Lagrangian,

T
Lpnge-sator = (DL (D), + (DHE) L, (DHE) , + (D,87) (D)

« @

T\ 1 T
+ (DMT )aﬁ (D“T )Ba , (4.32)
where « and 3 are the SU(2) indices.
4.3.1 Gauge Boson Masses

In this subsection we calculate the expressions for the gauge boson masses. The massless gauge
bosons will become massive after the spontaneous symmetry breaking. The part of Eq. 4.32 that

gives gauge boson masses is,

—Lpa = S0 W 260+ 02) X, XY
g (i +v3)  —gg' (i +15)  —gghet Bt
" é (B Wau Wa) | —gg'(v}+03) g2 +03)  ggpo? Wy 4p3)
—g' g5t ggevi g5 (i) )\ Wi

where we have used the definitions, \/EW;F = Wy, F iWs, and \/§X1,2M = W', FiW'y,. The
By, W3, and W, fields will mix among themselves and give rise to three physical gauge bosons,

which can be written as follows,

AM = sin GW Wgu -+ cos 6‘W BM (434)
Z,, = cos O cos Oy W3, — cos Oy sin by B, + sin Oy Wéu (4.35)
X3, = —sinfy cos Oy Way, 4 sin Oy sin Oy By, + cos Oy W3, (4.36)

where the mixing angles are defined as, tan 6y, = % and tan 20y = ai_ with the following defini-

1
b= Soh/g?+ g0k @37
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1
16

as = 7 870 +02) £ (¢ + ¢) (0} +03) - (4.38)

There are four more charged physical gauge bosons, Wlf and X 5,. Therefore, we summarize all

the mass squared terms for all six gauge bosons as follows,

1
miys = 76" (0F +03) (4.39)
2 _ ]‘ 12/ 2 2 440
Mx, = 492 (v +5) , (4.40)
m% =0, (4.41)

my = a; —\/a> + b2, (4.42)
mk, = a; +/a® +b?. (4.43)

4.3.2 Gauge Boson Interactions

Part of Eq. 4.32, that gives the interactions between the gauge bosons and the physical scalars
is given by,
i

1 _ 1 _ _
_9§2X2MX{J¢:J{¢3 + _952X2quT;T2 + géXlu (augbf) ¢3
2 2 V2

1

- 50X (007) 01 -

V2 4 4
1 _ 7 _ )
+_9§X1u (aMTl )T2+ - EgéXluTl (8“T2+) + ﬁ

V2
95 X0, (M) Ty + ... (4.44)

l

V2

nt
Lie =

l

95 XouTi" (9T
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In terms of the physical scalar states Eq. 4.44 can be rewritten as,

1
§9§2X2qu [HH{ + Hy Hy | +

V2

+£‘95qu sinf cos 3 [(0"Hy )hy — Hy (0"h3))

b gy Xy, sin 6 [T} (0" HY ) — (9"T} ) Hy |

V2

+% G4 X, cos 0 [TH(O" Hy ) — (0"T ) Hy | + hc+ ... (4.45)

int
Ly

95Xo, cosOsin B [H{ (0"hy) — (0" H{ )hy ]

We can derive the necessary Feynman rules from Eq. 4.45. Next, we consider the kinetic energy
term of the leptons, L; and calculate it’s interactions with the gauge bosons. Similar calculations

can be done for all other fermions.The kinetic term can be written as,

= . - . I
’Céinetic = (Li)aﬁ Z/Yu (aulLi)ﬁa + (Li)aﬁ Z,}/M <§ZgTaWuaLi>
Ba

= . 1. - . 1.
+ (Lf)aﬁ o <§zg;raW,;aLiT ) . — (L,»)aﬁ iyh <§@g’B“]LZ~) . (4.46)

where i is the family index; o and § are SU(2) index; and a = 1,2,3. Few important interaction

terms we get from Eq. 4.46 are,

1 . _
Lr . = ~ 7 Gy X V" EY — y1i; EYT Faj + yoij sin ¢ Ehy F§;+Hc+... (447)

4.4 Neutrino Masses

Here we discuss the neutrino mass generation mechanism in our model and the related numer-
ical calculations. The discrete Z> symmetry and the particle content of the model ensure that the
tree level Lagrangian does not contain neutrino mass terms. So we must rely on the radiatively
generated neutrino mass terms. It is also evident that the mass term can not be generated be-
low three-loop level. The dimension-5 effective Majorana neutrino mass operator L;L; H;H}; /M,

where M is some effective mass scale, in the interaction basis can be generated from the Fig. 4.1.
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Figure 4.1: The three-loop diagram in the interaction basis that gives rise to the Majorana mass
term in our model.

4.4.1 Theoretical Calculations

(b)

Figure 4.2: The three loop Feynman diagrams in the mass basis responsible for the Majorana
neutrino masses. We have two more similar diagrams for the X; gauge boson.

The new gauge bosons, X; and X, associated with the new gauge group SU(2)x play im-
portant role to generate and controll the neutrino masses. The three-loop diagrams in the mass

basis are shown in Fig. 4.2, which gives the Majorana mass matrix elements, in unitary gauge, as

91



follows,

L,

(Ml/>ji = 1924y1jly2li sin 26 sin®3 x L3100p (4.48)

where 7, j , [ = 1,2,3. The three-loop integral factor, /3., is given as follows,

7 1 /Ood r2 1 + 1
00 - r
Bloop (1672)3 (mi — mgj) (m3 —m3,)m3% Jo r+ M? |r+ m%,l r -+ mf%

X <4Mlmojm0i{fh (r, m%{v m(2)z" m;QZQ)QQT(T, m%@ méj, mQTl)

+fT (Ta m%ﬂ m(2)j7 m%“l )92h (Ta m%ﬁ m(2)i7 m}QZQ)

_mg(fh(/ra m%{? m(2)i7 m}212)fT(Ta mg(a mgj7 m%“l)}

+2m0jfT (T’ m%(? m(z)jv m%} ){g4h (Ta mg(v m%z‘? mizzz) - m?)(g% (Tv mg(a m(2)i7 mizu)}

_QmOifh (7“, m?Xﬂ m(Q)i’ mig){gllT(r? m%@ m(2)jv m%)

_m§(92T <T7 m§(7 m(2)]7 m%"l )}) . (449)

The definitions of the various functions are,

1 (1 —z)r + (1 — x)mk + am}
, ) ) X ha
| _ drl 4.50
fh(r,mx,mozamhg) /0 xr Hx 1_:5)7’4—(1 —.f)mgz‘i_xm%m ’ ( )
1 a(1 —2)r+ (1 —2)m% + rmj
) ) ) X T
| _ drl 4.51
fT(r,mX,moj,mTl) /0 T nx 1—a2)r+ (1 _aj)m%j+xm2Tl g ( )
1 (1 —2)r + (1 —2)m% + am?
g%(nmgﬁmgi’mi) = mE(/ dx In ( ) ( _ )m% ha
0 Mx
1 z(1 —2)r + (1 —z2)md, + am?
—mgi/ dz In ( )t 2 i = (4.52)
0 Mx
1 (1 —=2)r + (1 — 2)m% + zm?
gQT(T7m§(7m3j’m%1> = m%{/ dz In ( ) ( 5 ) X T
0 Mmx
1 z(1—z)r+ (1 —2)md,; + amj
it / o L) (m2 e Iy 53
X
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' (1l —x)r + (1 — x)m% + am?
g4h(r7m§(vm(2)iami2) = m%{/ dx In ( ) ( ) X ha
0

mk
1 (1 —2)r+ (1 —2)m2 + am?
—mi, / g 2= ; Jmo; ha 0 (4.54)
0 mx
1 (1 —z)r + (1 — 2)m3 + xm?
0 mx
1 (1 —2)r+ (1 —2)m2, + xm?
—my; / dotn T > ), L (459
m
0 X

4
Note that, the mass matrix element gets suppressed from the loop factor (lgﬁ)g ~ 10711, which

plays important role to determine the scale of the new physics scale. Here it can pushes the new

physics scale to TeV. In the following subsection we show the numerical calculations which fit the

oscillation data in our model.

4.4.2 Numerical Analysis

Here, we want to show that the analytical expression of the neutrino mass matrix can fit the

data from the neutrino oscillation experiments. For our calculations, we only consider the normal

hierarchy scenarios but similar calculations can be done for the inverted hierarchy scenarios as

well. For normal hierarchy, the best fit of the neutrino oscillation data at 3o level are [297],

sin? 05 = 0.271 — 0.345; sin? 63 = 0.385 — 0.635; sin’Hy3 = 0.01934 — 0.02392;
Scp = 0° — 360°;
Am3, = 7.03 x 10~°eV — 8.09 x 10~°eV;

Am2, = 2.407 x 1073V — 2.643 x 10~ %eV (4.56)

We consider the diagonal neutrino mass matrix in mass basis as M, = diag(mq, mq, ms),
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where

my ~0eV;my ~8.66 x 1072 eV;mg ~4.98 x 1072 eV . (4.57)

The Majorana mass matrix is then defined as, M, = U~'M,, U, where U is the PMNS matrix. We

obtain,

6.35989 x 10712 1.18618 x 10~!1 1.32647 x 10~
M,=1 1.18618 x 107** 2.3611 x 10~ 2.59738 x 10~* | GeV. (4.58)
1.32647 x 107 2.59738 x 10711 2.86893 x 101!

We present one benchmark scenario which can reproduce the matrix obtained in Eq. 4.58. The

parameter point is,

my, = 5TeV,mpy, =500GeV, my =5TeV, my, = 268 GeV,
mr, = 500GeV , tanf8 =50, v/v2=7GeV, 6= 0.005°,

my = (110,120,130) GeV, mpgo = (105,110, 115) GeV . (4.59)

Note that, we need y; X - to be of the order of 0.1 to 0.01 to satisfy the data. Also, the renor-
malization group evolution suggest that the gauge coupling g5 is of similar strength to the SM

couplings, and we take it to be 0.35.
4.5 The Muon and Elctron Anomalous Magnetic Moment
4.5.1 Background

There is a 3.70 tension between the theoretical predictions [100, 101, 102, 103] and the exper-
imental results [36, 37] of the anomalous magnetic moment of the muon, given as,
Aay, = a? —all = (2744 .73) x 107°. (4.60)

I

And a 2.40 tension between the experiment [39, 38] and theory [113] values of the anomalous
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magnetic moment of electron given by,

Aa, = a™ — ' = (=8.7+£3.6) x 1073, (4.61)

e

Note that, the simplest BSM solution where a new mediator couples to both electrons and
muons, are expected to give Aa. and Aaq, of the same sign, since the new physics couplings
would appear twice in each diagram. On the other hand, if one assumes coupling universality then
we expect the corrections to scale with the lepton mass, that is Aa./Aa, ~ mZ/m? ~ 2.25x107°.
As neither of those is true, a more complex solution is required. Here we utilize the diversity of
the Yukawa couplings of our model in particular the chiral (different for left-handed and right-
handed components) and flavor non-universal (different for each lepton) nature. The chirality of
these interactions ensures that certain couplings appear only once in a given diagram, allowing for
corrections to a. and a, in opposite directions, while the non-universality allows for modifying

each independently of the other.
4.5.2 Calculations and Results

The relevant Yukawa sector Lagrangian is given as,

—L = ¢[Cs1+ Cp17s]f1is3 + €[Csa + Cpavys| faiss + €[Css + Cpsys) frisy
+6;[Csq + Cpays| f2i55 + €[Css + Cpsysleiss + €[Cse + Cpeys|eisas
+6;[Cs7 + Cprysleisy + &[Css + Cpsys| EY H + €[Csg + Cpoys| Ef Hy

+¢;[Cs10 + Cpioys)vihy + €[Cs11 + Cpiiyslvihy + H.C. | (4.62)

where the various couplings are defined as follows,

1
Cs1 = —=(ysisint cos Oy — yo; sinp sin O + yg; cos 1 cos ), (4.63)

2v/2

1
Cp1 = —=(ysisinv cos 0y — yo; sin 1y sin O + yg; cos 1 cos Oy), (4.64)

2v/2

95



Cso = —=(ygisint cos 0y — yo; sinp sin O + yg; cos 1 cos Oy), (4.65)

[\
§|>—l
[\)

1

Cpy = ﬁ(y& sin ¢ cos Oy — yq; sin sin Oy + yg; cos ) cos by), (4.66)
1

Cg3 = m(y&' sin v cos Oy — yo; sin sin Oy + yg; cos Y cos by), (4.67)
1

Cp3 = m(ygi sin ) cos 0 — yo; sin 1P sin O + yg; cos Y cos by), (4.68)
1

Csy = ﬁ(]Jgi sin ) cos 0 — yo; sin 1P sin O + ye; cos Y cos by), (4.69)
1

Cpy = ﬁ(ygi sin ) cos 0y — yo; sin 1P sin O + yge; cos Y cos by), (4.70)

C L Cps: C L C (4.71)

= —=ysic12 = —Cps; = ——=ysic13 = —Chpg, :
S5 2\/598 12 p5; Use 2\/53/8 13 P6
1 1
Cs7 = 2_\/5?/&‘0,13 = —Cpr; Csg = S Ysi cost) = —Cpsg, 4.72)
1 . 1
Csg = —5Ysi sinf) = —Cpyg; Cs19 = —5Ysi cos 3 = —Cpo, 4.73)
1 .
Cs11 = S Ysi sinf3 = —Cp1 . 4.74)

where the couplings C's;-C'py; are linear combinations of three Yukawa couplings 9, ys, and ys.
This will give rise to products of two different Yukawa couplings in various diagrams. Note that we
have exactly 11 one-loop Feynman diagrams generating from Eq. 4.62. We show them in Fig. 4.3

We broadly categorize the Feynman diagrams of Fig. 4.3 into two category: ones with a neutral
scalar inside the loop and ones with a charged scalar. Each of them can be written in the general
form

— L =¢[Cs + Cpyslfis 4.75)

where [ denotes the fermion and S the scalar that run in the loop.

96



The contribution from the first type of diagrams with a neutral scalar can be written as [131]

Aaii<05'7 CP) myq, ms) =

Y

—q5mz; /1 p [C§ (IZ -2t Z_f“'z) +C3 (myi — _mfi>]
87 Jo ) mea® + (my; — mg)x +m3(1 — x)

(4.76)

and the contribution of the second type of diagrams with charged scalar can be written as

_gum?, [ ] [cg <x2 — 2?4 %(ﬁ — :c)> + C% (mp; — —my;)
x

8r2 m2x? + (m2 —m2)x +m7,(1 — )

Aa’gi(CS7 CP) mfi) ms) =

4.77)

In the following we discuss how the various diagrams contribute to Aa;.

* Fig. 4.3a shows four diagrams where we have the vector-like leptons f; » and the new neutral
scalar particles s3 and s; inside the loop. Their contributions to Aa,; is given by Eq. 4.76.
Here we get quadratic terms in the Yukawa couplings (y3;, yZ; and y32;) as well as cross terms
(Y2i X Ysi» Y2; X Yg; and yg; X Ys;). The quadratic terms are all proportional to mgi and the cross
terms are proportional to my; X me;. With a fermion mass my; ~ 100 GeV, the cross terms
can give contributions that are both large and of opposite signs for the muon and electron

cases.
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Figure 4.3: The one loop Feynman diagrams in the mass basis which contributes to the anoma-
lous magnetic moments of the muon and electrons.
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The next three diagrams shown in Fig. 4.3b with the new neutral scalars s, Sy and s
inside the loop along with the SM muons and electrons are proportional to the SM Yukawa
couplings, y2;, and hence suppressed by m?. Therefore, their contribution to Aa,; is small
compared to the contributions of the first four diagrams. Therefore the masses of the scalars

involved are thus far not fixed.

Fig. 4.3c and 4.3d give four more diagrams with charged scalars (H fQ and hfg) and neutral
fermions such as E? and v; inside the loop. Their contributions to Aa,; are also suppressed
compared to the diagrams with cross terms as they are also proportional to y2,. Moreover,
as these particles also enter into the three-loop diagrams (Fig. 4.2) needed for neutrino mass
generation, their masses are already fixed in our model, and so they do not play important

roles in the Aa,; calculations.

In addition to these 11 scalar loop diagrams we do get contributions from the one loop
diagrams with gauge bosons associated with the new gauge group SU(2) . The lower limit
on the new gauge boson masses is given by ~ 3.6 TeV [298, 299, 300] assuming the gauge
coupling ¢, to be 0.35. These contributions to Aa,; are also suppressed by the square of

lepton masses and their contributions can be neglected.

For completeness we consider the contributions from all the 11 Feynman diagrams to Aa,; and

can be expressed in a simple form as follows,

A(Zei

= Aal;(Cs1,Cpr, My, Masy) + Aal(Csa, Cpa, M fyrs Misy) + Aal(Css, Cps, My msg)
+Aa‘li(CS47 CP47 mf2i7 msg) + Aaii<cs57 Mei, mSQ) + Aaéi(0567 Mei, mSQS)
+Aag(Csz,mei, my;) + AaZ;(Css, Cps, mpo, mu, ) + AaZi(Csg, Cpo, mpo, mi, )

+Aa2,(Cs10, Cpio, Mus, mat) + AaZ(Csit, Cpir, Muys, Mag) - (4.78)

To find a viable parameter space, we start by setting the dimensionless parameters that are not

yet set by the neutrino mass and then vary the mass parameters. The yg’s are fixed by the SM
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charged lepton masses, m.; = ys;v1/v/2, and we set them to be yg. = —7 x 1077, ys, = 0.015
and ys;, = 0.25. Other important coupling constants are: yo. = 0.80, yg. = 2.50, 9, =
0.50 and yg, = 0.25. We choose the mixing angles v, ¢’ 0, 0193 and ¢ , 5 to be 45° for
simplicity. We now vary the masses of the fermions and the scalars, f;2, s3 and sj, that play

important role in the Aa; calculations and show such five benchmark in Table. 4.2.

Benchmark  mg M fo M3 mg,
Point (GeV) (GeV) (GeV) (GeV)

BP1 120 121 350 1985
BP2 120 135 350 1121
BP3 120 102 350 1578
BP4 120 118 350 570

BP5 120 145 350 2150

Table 4.2: Five Benchmark points are shown which can account for Aa.; as well as be consistent
with neutrino mass calculations.

We perform a random scan over some of the parameters going into the g — 2 calculation to
check how well the model can fits the results. We limit the scan to a subset of four parameters and
fix the other parameters. For example, the diagrams in Fig. 4.3 shows that the dependence on m,
and m, is similar to that on my, and my, respectively, therefore, we fix the former and scan over
the latter. Similarly we fix .., and vary ys. ,. The ranges of the parameters used in the scan is
shown in Table. 4.3

We sample 100,000 points at random from the range of the parameters shown in Table 4.3 with
the fixed parameters as yo. = 0.9, yo, = 0.5,m = 120 GeV and m,, = 350 GeV. In Fig. 4.4 we
show the results of the scan as a scatter plot in the Aa, — Aa, plane along with the 1 ¢ bands and
find that about 2800 points fell into the intersection of the two bands. We also find that while a

wide range of Aa,, can be achieved, the values of Aa, mostly lie on the upper end of the band.
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Parameter Range

Yoo 0.6-3.0

You 0.001-2.0

my, 100-150 GeV
my, 300-2500 GeV

Table 4.3: The scan range, are shown for the parameters, used to generate Fig. 4.4. The fixed
parameters are: yo. = 0.9, yo, = 0.5, my =120 GeV and m,, = 350 GeV.

-4.x107"3
_6.x 1013 [

_8.x 1013

Aa,

-1.x107"2¢ 7

-1.2x107"2

_1.4)(10—12- L L L L L L L L 1 L L L L 1 L L L L 1 L L L L
1.x10” 2.x107° 3.x107° 4.x107° 5.x107° 6.x 107
Aa,

Figure 4.4: A scatter plot in the Aa,, — Aa, plane: we show about 16,800 points from a scan
100,000 parameter points randomly selected from the range shown in Table. 4.3. The bands rep-
resents the 1o deviation. 2,773 points fall into the interaction of the two bands.
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4.6 Conclusions

In this chapter, we build a new physics model with energy scale at TeV, thus can be probed by
the current and proposed collider experiments. In addition to the theoretical appeal of fitting into
a unification scenario, the model has the potential to generate correct neutrino mass and mixings
radiatively at the three-loop level. The model can also explain the observed values of the anomalous
magnetic moment of muon and electron. The interesting flavor structure of the model, which
also allowed the neutrino fit, plays a crucial role to calculate the contributions to the anomalous
magnetic moments.

To explain all the above observables, we introduce a bunch of new particles in the range of 100
GeV to 1 TeV. All of these particles are allowed by the current LHC constraints. One reason they
have not been ruled out by LHC is that there is mass degeneracy between the particles and one
of their decay products. This can be a good motivation for LHC to close the mass gap by getting

more data.
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5. SUMMARY AND CONCLUSIONS

The main motivation of this thesis is to understand a problem of neutrino mass and its mixings
and the observation of the astronomical dark matter. These are the most interesting and compelling
puzzles of the SM. Though the SM is a highly successful theoretical model of elementary particle
physics to explain various experimental data at O(100 GeV), with solid experimental evidence,
it cannot accommodate the neutrino mass and the origin of the dark matter. Therefore any new
physics model that is an extension of the SM should incorporate them. Besides them, a few more
puzzles are coming from the experimental data.

In this thesis, we tried to link these experimental puzzles to a complete model of (a) neutrino
mass and its mixings and (b) nature of the dark matter.. For that purpose, we have proposed three
different models by extending the SM. The first model is a low energy model with a light scalar
of mass ~ O(100) MeV. This model can produce correct neutrino mass using the type-I seesaw
mechanism and can give correct dark matter relic density using the Shi-Fuller mechanism. The
light scalar plays a crucial role to explain the anomalous magnetic moment of electron and muon,
excess events observed by the MiniBooNE experiment, and KOTO excess events simultaneously.
The main idea behind the second model was to get a sub-GeV dark matter model. We utilize the
gauge group U(1)73g to connect the new dark sector physics to the light flavor sector of SM and
obtain the sub-GeV particles with a symmetry breaking scale of 10 GeV. The model has interesting
direct detection prospects and can obtain correct thermal relic density by evading Planck bounds.
The parameter space is tightly constrained, but open parameter space is available and has the
potential to explain the recently confirmed flavor anomalies in the B-meson decay processes. The
third model was proposed to generate neutrino mass radiatively at the three-loop level to bring
down the new physics scale associated with to TeV scale. Therefore this model can be probed at
the current/upcoming collider experiments. The interesting flavor structure of this model has the
potential to explain the anomalous magnetic moment of both muon and electron.

All of these models can be further probed at the upcoming/future experiments or with more
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data from the current experiments. I hope that this thesis will help us to understand SM and its

extensions more robustly.
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APPENDIX A

HIGGS BASIS TRANSFORMATION

In this appendix, we briefly discuss the basis transformation strategy we have used in the
Sec. 2.1 of Chap. 2. To begin with, we consider two complex scalar doublets /; > and once

singlet scalar Hg. The charges under the SM gauge symmetry are,
Hy ~(2,1/2), Hy~(2,1/2), Hg~ (1,0). (A.1)
The most general charge conserving vev’s can be defined as,

ay— | Y ay— | Y He) = 3 A2
(1>—ﬂ,<2>—ﬂ,(s>—ﬁ- (A.2)

V2 V2

The neutral components of the Higgs fields can be redefined by rotating via a Unitary ma-
trix U in such a way that only one of the scalar doublet will obtain a non-zero vev. The neutral

components of the new Higgs fields can be defined as,
60 = UnHy | (A3)
b

where a,b = 1,2, and S. And the Unitary matrix U is defined as,

u Y2 U3
v v v
U=| —z u g (A4)
v v
_ u
v 0 v
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Using Eq. A.4 in Eq. A.3, we get the vev’s of the new Higgs fields as,

0
(¢)) = , (69) =0, (¢%) =0, (A.5)

v

V2

where, we have defined v = (v? + v2 + 1132,)1/2

. Therefore, in this Higgs basis, only one doublet
will controll the spontaneous symmetry breaking and the mass generation of various particles in

the model.
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APPENDIX B

CALCULATION OF LFV PROCESSES

In this appendix, we provide the most general expression for the branching fraction of the
lepton flavor violating processes mediated by scalar mediator. The expression for the process

e; — e;7 shown in Fig. 2.1 mediated by light scalar is given by,

I'(e; — e;7)
F(ei — GJEJVZ)

3a ma [1(m€i7me'7me , Mp )
= W (1 - mg]) [(yeh1)ik(yeh1)kj]2 s ; - ) (Bl)

Br(e; — ejy) =

here, the lepton e runs inside the loop. The function Il(mei,mej,mek,mhl) comes from the
partial decay width T'(e; — e;7) and the function I(m? /mZ ) comes from I'(e; — ¢;7;1;) .

The functions /; and I, can be defined as,

1 1=z Z(Me, — Mg, ) — (2 — 1)(2me, + Me
Il<m€¢7m8jam€kimhl> :/ dZ/ dy y ( - 2 Z> <2 >( : 2 k) 2 7(B2)
0 0 Z(y + 2= 1)mei - yzme]- + (]' - Z)mek + thl
mgj mﬁj mgj mgj mﬁj m?2
I mgi =1- Smi +8mgi — mi + 12mgi In mgj . (B.3)

respectively.
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APPENDIX C

NUCLEAR FORM FACTOR AND DARK MATTER VELOCITY DISTRIBUTION

We provide the nuclear form factor and the dark matter velocity distribution used for the direct
detection rate calculations, in this appendix. Following the references [164, 165], we write the

nuclear form factor as,

_ 35(gh)

F<ER) qR

exp (—¢*s%/2), (C.1)

where the momentum transferred is ¢ is defined as ¢ = \/2m 4 E, E is the nuclear recoil energy;
71 1s the spherical Bessel function of index 1; s ~ 1 fm is the measure of nuclear skin thickness,
and; R, ~ /12 — 552 with r = 1.2A4/3 fm and A is the mass number of the nucleus of the target
material.

To get the dark matter velocity distribution in the Earth frame, we start with the Maxwellian

dark matter velocity distribution in the galactic rest frame [301],

3/2 2
fdv' = [ ; 2} exp (—202) A dv (C.2)
Yo

where vy = 220km/sec. One crucial aspect of the dark matter velocity distribution is that it is
truncated at the local galactic escape velocity.

We make the following Galilean transformation to get the velocity distribution with respect to
the Earth frame,

v = T+ g, (C.3)

where v is the dark matter velocity with respect to the Earth frame and v is the velocity of Earth

with respect to the galactic rest frame, equal to 232 km/sec. Therefore in the Earth frame, the dark
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matter velocity distribution is given by,

3 132 3 ., o] v 3vvg 5
flw)dv = pr exp _2_71(2)(U + vg) 3 sinh 72 drvdv. (C.4)
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