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“We shall not cease from exploration
And the end of all our exploring
Will be to arrive where we started

And know the place for the first time.”

-T. S. Eliot
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Abstract

The Standard Model of particle physics, with all its elegance, has survived most experimental tests
at particle accelerators, but not all. This thesis arises in the context of dark matter phenomenology,
whose ubiquitous existence cannot be explained within the Standard Model framework. The na-
ture and particle content of dark matter is still a mystery, and proposing suitable models that can
explain its properties would be of great value. In this thesis, we perform systematic studies of the
phenomenology of dark matter models, focusing on the rich consequences the lepton and quark
flavour physics can have for the dark sector. In this regard, we highlight the important observables
that play a crucial role in identifying and quantifying possible new physics along with their present
experimental status. This sets the essential background of the studies included in the thesis. We
then move on to investigate two popular new physics models, the Inert Higgs Doublet model and
the U(1) x extension of SM, that not only gives rise to a suitable DM candidate, but are also moti-
vated by other general issues of the SM, such as light neutrino masses and lepton flavour violation
etc. We quantify the contributions from new degrees of freedom to various flavour physics ob-
servables such as branching fractions of meson decays, meson-mixings etc. We have displayed
the outcome of precise flavour data on the dark matter parameter space while simultaneously
explaining some anomalous results in low energy observables. We also highlight some interest-
ing features of these models that allow us to probe our model parameters both in DM and high
energy collider experiments using simple cut-based analysis. Further, we have shown how the
mediators in WIMP-nucleon scattering can modify elementary quark vertices with the W-boson,
which impacts the extraction of the CKM elements. Using the most up-to-date measurements,
we successfully constrain the masses and couplings of mediators having scalar or pseudoscalar
interactions with the dark matter and SM quarks. In summary, this thesis provides a comprehen-
sive outlook towards the implications of flavour phenomenology on new physics models, with a

particular focus on the dark sector.
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Chapter 1
Introduction

Our current understanding of elementary particle physics and its dynamics is best described by
the Standard Model (SM) which was formulated way back in 1970. It is a field theoretic descrip-
tion of three of the fundamental forces of nature i.e the strong, weak and electromagnetic forces.
Inspite of several efforts, the fourth force of nature, gravity, could not be included in the SM. At the
energy scale of sub-atomic particles, the effect of gravity is so negligible that the SM prescription
decently works. In this introductory chapter of the thesis, we would like to briefly discuss the

basic theoretical framework of the model and reasons to go beyond it.

1.1 The Standard Model of Particle Physics

The SM is a gauge quantum field theory in which all elementary particles are manifestations of
quantum fields and the underlying gauge symmetry is SU(3)c x SU(2)r x U(1)y. SU(3)c de-
scribes the theory of the strong interaction, also known as the quantum chromodynamics (QCD).
The conserved charge corresponding to this gauge group is the ‘color’ charge and the interactions
are mediated by 8 massless gauge bosons called the ‘gluons’. The electroweak interactions are
described by the unified SU(2);, x U(1)y gauge group and was first studied by Glashow, Salam
and Weinberg [19-22] (which is why it is also referred to as the GSW model). The weak isospin
interactions acting only between the left-handed (LH) fermions are described by the SU(2), sym-
metry while the U(1)y or the weak hypercharge symmetry distinguishes between the left and
right chiral particles. Quantum electrodynamics (QED) or the electromagnetic interactions can be
extracted as a sub-group of the larger SU(2);, x U(1)y group when it is spontaneously broken
at low energies to U(1)em. The gauge fields corresponding to the non-Abelian SU(2), and the
Abelian U(1)y symmetries are denoted by WfL (¢ = 1,2,3) and B, respectively. In addition to the
spin-1 mediators, there are 3 generations or families each of spin-; fermions which make up all
the matter content of the Universe. They are the up & down type quarks and charged & neutral
leptons. The particle content is summarized in Table. 1.1. Since parity is maximally violated, the
left and right-chiral fields transform differently under the SU(2);, x U(1)y symmetry. The LH

fermions transform as SU(2);, doublets while the right-handed (RH) ones are singlets under the
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2 Chapter 1. Introduction

Fields Spin | SU3)c x SU(2)r, x U(1)y
o [((0) o2
Quarks qk uly, by, th 2 (3, 1, 4/3)
@ i siy by G, 1,-2/3)
Ly (), (), () (1 2.-1)
Leptons VR Absent 3 (1, 1, 0)
(R €Rs 1Ry TR (1, 1,-2)
Gluons G (8, 1, 0)
Gauge bosons W-bosons W,}’2’3 1 (1, 3, 0)
B-Boson B, (1, 1, 0)
Scalar Higgs Boson (H) (‘ZZ) 0 (1, 2, 1)

Table 1.1: Charge assignment of SM fields under the SM gauge group SU(3)c x SU(2)r x U(1)y. Electromagnetic
charge is obtained by: Q = Is+ %, where I3 is the third component of isospin and Y is the U(1)y hypercharge quantum
number. Here ¢ denote the SU(3) color charges red (r), green (g) and blue (b) and a = 1,2, .., 8 represent the colour
charges of gluons.

same gauge group and hence their interactions with the gauge sector also differs. The particle list
is rounded off with the massive spin-0 scalar, the Higgs boson which is responsible for generating
the mass of all fermions and vector bosons.

The most general form of the SM Lagrangian can be written as

R 1 auy mha 7
Lom = i Py — L WS — gt H + |DH|? — V(H), (1.1)

where, D,, denotes the gauge covariant derivative, '}, is the gauge field strength tensor and V' (H)
is the scalar potential. The above equation is written using the Feynman slash notation where
A def ~y* A, for a covariant vector A and ~, are the Dirac gamma matrices.

The first term of the SM Lagrangian written above illustrate the kinetic interaction of a fermion
field (represented by a Dirac spinor 1) with the gauge bosons. Under the full SU(3)c x SU(2)r, x

U(1)y symmetry, the covariant derivative is given by

. g a a »gS a
D,=09,-igYB, — 50 W, — ZE)“IGW (1.2)

where ¢/, g and g, are the U(1), SU(2) and SU(3) coupling strengths respectively. Y is the weak
hypercharge whch is related to the electromagnetic charge () and the third component of isospin
(T5)as Q = T3 + % The generators of SU(2) are the three Pauli matrices ¢ (a = 1,..,3) while
that of SU(3) are the Gell-Mann matrices \* (a = 1, .., 8). As is evident from Eqn. (1.2), the kinetic
Lagrangian is dependent on the quantum charge assignment of the spinors under the different

gauge groups. For example, only the LH weak isodoublets couple to W and so the oW part of
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1.1. The Standard Model of Particle Physics 3

u2>0,)LH>0 ur<0,15>0

Vi
Vi

6 —v/\/? 0 V/VE
H H

Figure 1.1: The Higgs potential plotted for 4> > 0 and x> < 0 showing the spontaneous symmetry breaking of the
vacuum.

the covariant derivative will be absent for RH SU(2), singlet fields. Also, the coupling with the
gluon fields G, is applicable only for a fermion with SU(3) color i.e for the quarks.

The second term of Lgs is the gauge field Lagrangian and the field stress tensor is given by
Fl, = 0,F) —0,F; +g fach}jFlf for a general gauge field F'(= B, W, G) with g being the corre-
sponding coupling strength and f,. are the structure constants. For the Abelian U(1)y group,
fabe = 0; hence, there are no self-interaction terms for the B,, fields. In presence of fu., the La-
grangian is also known as the Yang-Mills Lagrangian.

The next part of the Lagrangian is characteristic of the Yukawa interaction of the SM fermions
with the Higgs boson where y;; are complex 3 x 3 matrices. The Yukawa term can be split into
different pieces for the quarks and leptons forming the basis of the flavour sector. Further, since
His an SU(2), doublet, gauge invariance of the Lagrangian demands that H must couple to one
SU(2)r, doublet fermion along with one SU(2)r, singlet field. Following this prescription, the

Yukawa Lagrangian was constructed as

Lyukawa = — Z (yzuj@LiﬁuRj + yzdj@LinRj + yszLiHZRj - h~C>, (13)
ihj

where i, j denote the generation index of the quarks and leptons, y;‘j’d’g are dimensionless matrices

and H = io2 H*. The subscripts L, R stand for left- and right-handed helicities respectively. Note
that, due to the absence of right handed neutrinos in the SM, the Higgs does not couple to the
neutrinos.

Finally, the last two terms of £g)s make up the scalar Lagrangian of the SM where the first part
is the kinetic term and V' (H ) denotes the Higgs potential which is given by

V(H) = 2 (HTH) Ny (HTH>2. (1.4)

Here, H is a complex scalar field whose SU(2), representation is shown in Tab. 1.1 and Ay is

the strength of the quartic self-interactions among the scalar fields. In order to ensure the stability
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4 Chapter 1. Introduction

of the minimum or the absolute vacuum, Az needs to be greater than zero. The SM gauge symme-
try do not allow us to write the mass terms of fermions and gauge bosons since such terms are not
gauge invariant. So fermions and gauge bosons are massless under the unbroken SU(2);, x U(1)y
symmetry which contradict our observation.

The mass of the SM particles can be generated through spontaneous symmetry breaking (SSB)
or the Higgs mechanism [23-25]. In layman’s language, symmetry breaking is a phenomenon by
which the ground state (or the equillibrium state) of a stable system no longer remains symmetric
under the symmetry of its Hamiltonian or Lagrangian. The 2 term of the potential plays a crucial
role here. If y? > 0, the potential energy has a minimum at |H| = 0 as shown in the left plot in
Fig. 1.1 which preserves the symmetry of the potential. However, if u? < 0, then |H| = 0 no longer

remains a stable minimum and is shifted to

_ v
(H) = N B (1.5)

as shown in the RHS of Fig. 1.1. Due to the symmetry of V' (H), there exists an infinite number of

degenerate minimum energy states or vacua which satisfies HH = % and the moment we choose
a particular vacuum out of the infinite solutions, the symmetry gets “spontaneously broken”. In
other words the scalar is said to acquire a vacuum expectation value (vev) ‘v”. Note that, one is
free to choose the direction of the minimum which, for convenience, is chosen along the real axis

of H-field. It is convenient to express the Higgs field in the unitary gauge as

R , (1.6)

where h is the real physical scalar of the Higgs field, discovered as the 125 GeV Higgs particle at
the LHC. It can be easily seen that the electromagnetic charge of H using the relation Q = 75 +Y/2
is zero. Hence, as mentioned before, as a result of the spontaneous symmetry breaking (SSB), the
SU(2)r, x U(1)y gauge symmetry breaks down to a remnant electromagnetic symmetry U(1)ep,
which is preserved by the vacuum state.

Let us recall the Goldstone theorem, which states that for a physical system with a global sym-
metry group G; which is spontaneously broken down to a subgroup Go, there is a massless mode
corresponding to each broken generator. In the SM, there are 3 Goldstone bosons corresponding
to the 3 broken generators which are eaten up to give mass to the 3 physical heavy gauge bosons

from the kinetic term as follows :

2
1 0

!
prEY (D, HY = |8, —it-B, —iloowe)— 1.7
( )( © ) (/i 9 H 92 u)ﬂ b ( )
v2 e 12
= 3 (92 ’W/} - ZWi‘ + (gWi’ - g'BM)Z) )
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1.1. The Standard Model of Particle Physics 5

From the above equation, the mass of the W-boson is obtained from the first term as

where the charged W-boson is defined as Wlf = %(W;} F zWﬁ) While it is straightforward to

derive the mass of the W-boson from Eqn. (1.8), the mass matrix of the neutral bosons are not
diagonal in the (W32, B,) basis as they undergo mixing. In order to obtain their masses, we need

to carry out the electroweak rotation as

Z, cw —Sw Wg 19
A, sSw Ccw B,

where cyr = cos 0y and sy = sin 6y, and the weak mixing angle 6y (also known as the Weinberg

angle) is given by:

/

tan gy = L. (1.10)
g

The physical neutral gauge bosons are therefore defined as

1
Z, = ——(gW3—-4¢B,), (1.11)
14 gz+g/2 7 12
1
Ay = ——=(gW,; +9By), (1.12)
g*+g

where A, is the photon field and their masses are given by

1/
MZ = §U gz+g/2, (113)

M, = 0. (1.14)

As expected, the photon remains massless (Eqn. (1.14)) after spontaneous symmetry breaking ow-
ing to the unbroken U (1)ey,. Similarly, the eight gluons corresponding to the SU(3). gauge sym-
metry also remain massless due to the unbroken color symmetry.

In addition to the gauge boson masses, the Higgs boson is also responsible for generating
the fermion masses. This can be achieved by replacing Eqn. (1.6) into the Yukawa Lagrangian
Eqgn. (1.3). Considering only the first generation of leptons, the Lagrangian terms featuring its

interaction with the Higgs is given by

Cyuawa D — [yeéRHTLLer;ELHeR} (1.15)
5 —[yeeR (o ’%) (”) Fyl (ae e)L <h2v>eR] (1.16)
¢/ V2
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6 Chapter 1. Introduction

> - (‘i’/;) (erer +érer) — %h(éReL +érer) (1.17)
D —meeée — %hée, (1.18)

where m, = (%) is the mass of the electron and ¥ = ™= denotes the strength of the interaction

2 v
of Higgs with the electron. Hence, in general, one can write the charged lepton masses as

my = % (1.19)

Proceeding in a similar fashion as above, one can obtain the mass matrices for the three generations

of up and down-type quarks as

d
yl?‘jv Yi;v

V2’ V2

These matrices are, however, in the generation space (also known as the weak basis). In order

u d
M = M5 = (1.20)

to obtain the mass eigenstates i.e. the physical states, we need to diagonalize M*? with suitable
unitary transformation matrices. Let us consider four different unitary matrices Ur,,Ur, D1, Dr

according to

Ui u d1 d
uz [ =ULR | c and |dy | =Drr|s : (1.21)
us t) Lr ds b/ L&

such that it leads to the diagonal quark mass matrices as
U M Uy, = diag (my, me,m;:) and D]}lMdDL = diag (mq, ms, mp) (1.22)

where u, ¢, t,d, s, b are the quark mass eigenstates while u;, d; are the weak states. The diagonaliz-
ing matrices also diagonalize the quark Yukawa matrices yfj’d which generates the hgg couplings
as y, = —* in the quark mass basis.

Since we have rotated the up-type quarks of the quark doublet by ¢/;, and the down-type quarks
by a different matrix Dy, the mass eigenstates of the down-type quarks no longer match that of
the up-type quarks. Also, the left-chiral and right-chiral fields are rotated by different amounts.

The effect of such mismatch shows up in the charged-current (CC) interaction Lagrangian given

by

3
Lee D —% Z(’aLi’YMWJdLi + CZLZ")/“W;ULZ'). (1.23)
=1

We have already seen that the w;, d; fields belong to the weak basis and are not the physical mass

eigenstates. Therefore, using Eqn. (1.22), it is more convenient to write the charged-current inter-
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1.1. The Standard Model of Particle Physics 7

action in terms of the mass eigenstates as

d
_9 (- 7 T AR+
Loe O ﬂ(u ¢ t)Luﬂ WiDp | s| +he (1.24)
b L
d
- Y9 (- = 7 AWtV h 1.25
\/i(u c t)L’Y u YCKM | s | +h.c (1.25)
b

L

where Vexm = L[;D 1 is a general 3 x 3 complex matrix. This shows that due to the bi-unitary trans-
formations of the quark mass matrices, any up-type quark couples to any other down type quark
resulting in quark mixing or “flavour” mixing which is an essential ingredient of this thesis. This
phenomenon was first studied by Cabibbo [26] for two generations of quarks and later extended
by Kobayashi and Maskawa [27] for 3 quark generations resulting in the name “CKM matrix” for

Ver v after their initials. The CKM matrix is unitary
Vi Vexy = U D) ULDL) = Diuyui Dy =1, (1.26)

and can be parametrized by four independent parameters : three mixing angles and one phase.
It is interesting to note that all the CP violation in the quark sector arise from this unremovable
phase of the quark-mixing matrix which was pointed out by Kobayashi and Maskawa in 1973. The

general form of the matrix parametrization is given by

Vua Vus Vb C12C13 $12C13 size” "
il _ —is —is
Vexkm = | Vg Vs Vi | = | —s12¢23 — c12s23513€ —C12C23 — 512523513€ 823C13 (1.27)
—is —1d
512823 — C12C23513€ —C12523 — 512C23513€ C23C13
Via Vis Vo

where s;; = sin 0,5, ¢;; = cos 0;; and 0 is the CP violating phase. In 1983, Wolfenstein proposed
a more convenient parametrisation [28] of the CKM matrix which took into account the fact that
there is a certain hierarchy in the mixing angles, viz. sj3 << s93 << s12 << 1. This hierarchy is

expressed by orders of A (= sin 612 where 65 is the Cabibbo angle) and is given by

1-— ’\72 A AX3(p — in)
Verkm = 5\ g AN + 0. (1.28)
AN(1 — p—in) —AN? 1

The diagonal elements are close to unity and the magnitude of the off-diagonal ones decrease with

increasing distance from the diagonal. The hierarchy is expresed in terms of the quantities :

Viol? Vg2 Vs
)\2 _ | us ’ AQ/\4 _ < , 4+ = — ua " ub 1.29
Vil [VidP? VP + Vil P (129)
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Figure 1.2: (a) A schematic sketch of the Unitarity Triangle. Figure taken from [1]. (b) Constraints
in the (p, ) plane of the UT. The red hashed region of the latest global combination by the
CKMFitter group corresponds to 68% CL. Figure taken from [2].

where p, 7] are related to p,n as

A V1— A2\ (p+in)
PEI= e [1— A2)4(5 +i7)]

(1.30)

The allowed region of the Wolfenstein parameters can be magnificently represented in the (p, 77)
plane in terms of a rescaled Unitarity Triangle (UT) using the unitarity conditions (1.26) as shown
in Fig. 1.2a. There can be six such triangles having the same area .J/2, where, J is the Jarlskog

invariant defined as
J = [Im(ViaVigVigVio)l = N A%, (i # j, o # ). (1.31)
The Jarlskog invariant is directly proportional to the CP violating phase 7 and hence is a mea-
sure of the CP violation in the SM. The sides of the UT are given by

Vua VJb

VeV,

R, = = VI - A+ P (132)

Via V5
=+/p?+7? and Rt:‘ td Vb

VeaVep

with the third side scaled to unity. The three angles of the triangle are given by

o=y —ang (g TR ), gm0 —ang (-7 ) = —ang () a3)

VaaVe, C ViaVi, VeaVi,
with
cosy = p/Ry, siny =1i/Ry
cosB=(1—p)/Ry, sinf=7i/Ry (1.34)
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1.1. The Standard Model of Particle Physics 9

a=1—0F—17.

Fig. 1.2b depicts the constraints in the complex (p, ) plane of the UT. We will discuss more about
the CKM matrix and constraints on the parameters from different sources in the coming sections
as this is one of the relevant topic of discussion of this thesis.

In passing we would like to mention that it is often convenient to rotate only the down-type
quark flavours to their mass eigenstates while keeping the basis of the up-type intact because it
is not possible to extract both &/ and D matrices simultaneously from experiments. One can only
find out their combination represented by the CKM matrix. Hence one can choose ¢/ = 1 without
loss of generality.

Let us now take a look at the neutral current (NC) interactions in the SM. The interaction La-
grangian involving the fermion and the neutral gauge boson Z can be written in the general form

as

3
Lo = —é > Gy (@5 — Q3 ) biriry Zu (1.35)
=1

where 9;(= u;, d;, ¢;, ;) is a general quark or lepton spinor. In the SM, the Z-boson couplings are
universal i.e they are same for each of the three generations of fermions since it is only a function
of the third component of isospin 73 and the electromagnetic charge ). Therefore, for the LH

down-type quarks, one can write

dy
9 (v 7 3 1 1,
Loe D —a (d1 dsy dg)L’)/u <—2+38W) ZQ Zﬂ (136)
3/ L
g 1 ]. 2 = [ = -'- n d
D —a _§+§SW (d S b)LDL’y Dy, | s Z, (1.37)
b L
1 1
_—— <—+3€V> 4" PrqaZ, (1.38)
cw 2 3

where ¢4 = (d,s,b) and Pp g = # are the chirality projection operators. Therefore, itis clear that
the neutral current interaction is flavour diagonal when the couplings are generation-independent.
One can follow the same method to work out the neutral current interactions of the up-quarks as
well as the leptons. A similar logic also follows in case of the electromagnetic interactions whose
strength of interaction with the fermions are also universal (proportional to the electromagnetic
coupling e = gsw = ¢'cw). Hence, “flavour changing neutral currents” (FCNCs) are naturally for-
bidden in the SM which is one of the many successes of this theory. It is quite intriguing to note
that in the SM with just the three light quarks v, d and s, both neutral and charged current inter-
actions would allow flavour changing and strangeness changing (AS = 1) processes to take place.
However, the non-observation of such decays (e.g K, — u* 1 7) in experiments made Glashow, I1-
iopoulos and Maiani (GIM) propose the existence of a fourth flavour of quark, the "charm" quark,

as a solution to this problem [29, 30]. The GIM mechanism, conceived in 1968, later became an
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Figure 1.3: The number of diphoton signal events as a function of the invariant diphoton mass distribution as obtained
by ATLAS [3] and CMS [4] experiments at CERN. The bump in the signal seen at m.,, ~ 126 GeV shows that this comes
from the Higgs boson and is considered to be the greatest discovery of the last decade.

essential tool in the developement of the electroweak theory by Glashow, Weinberg and Salam in
order to naturally suppress FCNC and AS = 2 transitions at the tree level. In the SM, such pro-
cesses occur only at the one-loop level and are therefore very important probes of physics beyond
the SM. The success of the CKM and GIM mechanisms can be attributed to the observation of CP
violation in Kaon decays in 1964 [31] and subsequent discovery of charm quark in 1974 [32, 33].
The mixing phenomenology in the leptonic sector is much less complicated than the quark
sector since the charged current interactions are diagonal both in the weak basis as well as in the
mass eigenstate basis of the leptons. For example, one can, in general, diagonalize the lepton mass

matrices using 3 x 3 matrices in a similar fashion as Eqn. (1.21)
€La = VLeLi and €Ra = VReRi (139)

where o = e, i, 7 are the flavour indices while ¢ = 1,2, 3 are the generation indices in the mass

basis. The leptonic charged current interaction can be written as

9 - - wt
£CC D) EVLQ’)/MELQWN o h.c. (140)
- 9 —
. | EVLQV“VLEMWN + h.c. (1.41)

Now since neutrinos are massless, one can always rotate the neutrino fields and define them as
VLa = VLVLi (1.42)

such that the charged current interaction Eqn. (1.40) would still remain diagonal. The leptons also
participate in neutral current interaction similar to the quarks.

The hunt for elementary particles of nature began with the discovery of electron in the late 19th
century and the SM was deemed to be complete with the detection of the Higgs boson in 2012 at
the Large Hadron Collider (LHC) at CERN [3, 4]; see Fig. 1.3. However, there are many inconsis-
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Figure 1.4: (a) : A schematic diagram of the rotational velocity of stars in the Milky Way galaxy. The dotted line is
the expected Newtonian nature of the velocity distribution while data (solid line) suggests a flat curve even at large
distances from the galactic centre signifying the role of the DM halo. Fig taken from [5]. (b) : The first three peaks of
the CMB anisotropy spectrum explained. Courtesy : Astronomy: Roen Kelly, after Wayne Hu.

tencies in the theory and there are many experimental facts that cannot be addressed within the
framework of the SM. Inspite of being so far the best theoretical foundation to explain the inter-
actions of nature, there is a need to go beyond it. In the subsequent sections we will elaborate on
the shortcomings of the SM and motivate the need to formulate theories beyond the SM (BSM).

1.2 Need For Beyond the Standard Model

In this section, we are going to briefly summarize some of the pressing issues of the SM theory
which would also be relevant for the thesis.

It is now a well established fact that about 27% of the total energy density of the Universe is
comprised of a non-luminous and non-baryonic form of matter known as the “dark matter” (DM).
The first conjecture regarding its existence was made by Fritz Zwicky in 1930’s while estimating
the mass of the Coma cluster [34]. He reported a mismatch of ~ 100 times between the gravitional
mass of the cluster calculated using virial theorem and the total luminous mass. He referred to the
missing mass as “Dunkle materie” or dark matter. However, his observations were greatly ignored
until the 1970s when Vera Rubin [35] reported similar observations within the galaxies themselves.
She observed that the velocities of visible objects, like stars and gas, does not follow the usual
Newtonian mechanics, according to which, the velocity should decrease as v  r!/2 (where r is the
distance from the center of the galaxy). As a matter of fact, the rotational velocity curve flattens out
at distances much larger than the galactic radius as depicted in Fig. 1.4a. This has been observed
in all galaxies including our own Milky Way. Although there are ample evidences of the presence
of DM coming from astrophysical and cosmological observations, no particle candidate for it has
been found yet. Hence, it remains one of the most exciting open questions in physics till date.

The Cosmic Microwave Background (CMB) plays a very important role in quantifying the

abundance of the dark matter in the present Universe. The CMB radiation is characterized by
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Figure 1.5: A schematic diagram showing the different classes of dark matter candidates depending upon the mass of
DM. Fig. taken from [6]

a uniform black body spectrum at a temperature of 2.73 K with the anisotropy being at the level of
10~5. COBE [36], WMAP [37], Planck [17] satellites have been imaging the fluctuations in the CMB
temperature over the entire sky over different angular scales which is represented by the power
spectrum shown in Fig. 1.4b. Using the ACDM cosmological model, it is possible to fit the CMB
power spectrum with parameters such as the energy density of different matter components and
radiation. The most recent data by Planck suggests that the present day abundance of dark matter
in the Universe is [17]

QDMh2 _ PDM

= 0.120 £ 0.001 (1.43)

Pe
where h = Hy /(100 kms~'Mpc~!), is the present day normalized Hubble expansion rate (Hy) of
the Universe, while ppys and p. = % are the DM density and the critical density of the Universe
respectively.

The mere fact that dark matter needs to be massive matter particles which experience grav-
itational force and weakly interact with other particles makes our lives complicated since the
SM does not account for any such particle in its list. This has led to several beyond the Stan-
dard Model (BSM) proposals which can successfully explain DM in the Universe. Fig. 1.5 is a
schematic diagram showing the different possible DM candidates along with their typical mass
ranges. Among different BSM prescriptions, the paradigm with a generic weakly interacting mas-
sive particle (WIMP) is well motivated. In such scenarios, the DM particle has mass and interac-
tions typically around the electroweak ballpark and can give rise to the correct dark matter relic
abundance, a remarkable coincidence often referred to as the “WIMP Miracle”. For some compre-
hensive reviews/articles on particle dark matter and WIMPs, see [6, 38—43].

Another reason for much dispute in the scientific community was due to the fact that neutrinos
are the only fermions which are massless in the SM. Ever since the first hint that neutrinos might
have mass came from the Homestake experiment [44] by Raymon Davis Jr. and collaborators
during 1970, there has been significant evolution of neutrino phenomenology beyond the SM. The
scientists observed a reduction in the solar neutrino flux compared to the theoretically calculated
one. However, the results were not compelling enough at that moment. Later, in June 1998, the

Super-Kamiokande collaboration reported the observation of a deficit in the detected atmospheric
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neutrino flux compared to the expected flux providing strong evidence for neutrino oscillations
[45]. This paved the way for a whole new area of research and was enough for scientists to believe
that the SM needs to be extended. We now know that neutrinos not only have non-zero mass
but different flavours of neutrinos mix with each other and over time change from one flavour
to another. At present the best estimate of the neutrino oscillation parameters from a fit to the
global data is summarized in Fig. 1.6. There are quite a few theoretical models which succesfully
generate tiny neutrino masses at or beyond tree level. The most popular one is the tree-level seesaw
mechanism [46-53] and its variants [54-58] as well as some mechanisms to generate neutrino mass
at the one loop level [59-63]. However, many other questions related to neutrino physics still
remain a mystery. For example, there is no concrete answer as to why the neutrino masses are
so small or why there is a hierarchy in the masses and mixing angles; we do not know whether
neutrinos are Dirac or Majorana fermions or whether there is CP violation in the lepton sector
similar to the quark sector. Therefore it is not only important to ramp up experimental efforts in
order to find answers to these questions but to also develop unique theoretical description of the
non-trivial lepton Yukawa structure.

Amusingly, SM neutrinos were once considered to be the solution to the dark matter problem
since they are massive, electrically neutral and are weakly interacting with other particles. How-
ever, the formation of the observed large scale structures depends a lot on the velocity of the dark
matter particles at the time of the beginning of structure formation. The rest mass of neutrinos are
so small that it would have been extremely relativistic ("hot") at the onset of structure formation
that would wash out the anisotropies and prevent the growth of small-scale structures. This is con-
trary to what is observed in the Universe and hence the dark matter needs to be non-relativistic
("cold"). There is a possibility of the existence of exotic new types of neutrinos, such as sterile
neutrinos or heavy Majorana neutrinos, which are also motivated from the point of view of small
active neutrino masses inferred from neutrino oscillation. For a nice and comprehensive review
on neutrino physics, see [64].

Another important issue that the SM cannot provide an answer for is the fact that there is a
huge abundance of matter over antimatter in the present Universe also known as the baryogenesis

problem. The baryon-to-photon ratio, defined as

ng = W (1.44)
is measured to be ~ 6 x 1071 in the present Universe from Big-Bang Nucleosynthesis (BBN) [65]
and CMB data [66]. Here, ng, n5 and n., denote the number densities of baryons, antibaryons and
photons, respectively. However, it is expected that when the Universe started with a Big Bang,
equal amounts of matter (baryons) and antimatter (antibaryons) were produced. Hence there
must be some dynamical evolution due to which we are left only with matter particles at present
times. This was first realized by Sakharov in 1967 [67] and he suggested that in order to succesfully
explain the baryon asymmetry of the Universe, the following conditions need to be satisfied : (i)

baryon number violation, (ii) C and CP violation and (iii) loss of thermal equillibrium. The SM has
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Figure 1.6: The figure summarizes the present status of the light neutrino masses and mixings for normal and inverted
hierarchy scenarios from a global analysis of neutrino oscillation measurements by the vFIT Collaboration [7, 8]
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all the ingredients of successfull generation of the above conditions. Baryon number is violated
through triangle anomalies, CP violation occurs during quark mixing and out-of-equillibrium con-
dition is achieved during electroweak phase transition [68]. However, the amount of CP violation
is many orders of magtinude smaller than what is required in order to explain the observed asym-
metry. Therefore, it fails to provide a solution to this problem and we need to go beyond it.
There are individual solutions to each of these issues and many BSM scenarios also solve more
than one problem at a time. There are many other drawbacks such as the Higgs vacuum stabil-
ity problem [69-71], the hierarchy problem, gauge coupling unification issue [72] etc. which are
complications related to the theoretical formulation of the SM and require modifications to the
theory. The general proposals include extension of either the SM gauge symmetry or addition of
new particles to the spectrum within the SM gauge group. However, the need of the hour is not
only to extend the theoretical framework of the SM but to also validate it in experiments. Unfor-
tunately, there has been no other direct detection of new particles at LHC or other colliders in the
last decade barring that of the Higgs boson. Direct detection experiments of dark matter particles
have also produced null results, thereby producing more and more stringent upper bounds on the
WIMP-nucleon scattering cross-sections. The much sought-after heavy neutrinos, required in or-
der to explain the tiny neutrino masses, have also not been found. Under such circumstances, it is
highly motivating to adopt an alternate avenue through which one can look for new physics (NP)
via tiny deviations from SM expections in low energy experiments. In recent times, this approach
has been further facilitated by the precisions of the theoretical predictions and experimental mea-
surements. This is precisely where “flavour physics” plays a crucial role and has been pivotal in

the discovery of physics beyond the Standard Model.

1.3 Relevance of Flavour Physics

The foundations of flavour physics is embedded in the Yukawa structure of the SM as discussed
in sec. 1.1. It is interesting to see that in absence of the Yukawa terms, there exists a global U(3)®
symmetry or “flavour symmetry” for a total of 5 fermion families (Q 1, ur, dr, L1, er) with 3 copies
(generations) of each field. The Yukawa Lagrangian in Eqn. (1.3) explicitly breaks the flavour sym-
metry in the SM by introducing a hierarchy in the fermion masses, a separation between up and
down type quarks and mixing between different generations of quarks. The residual symmetry
allow us to rotate the quark fields in a way such that only one of the two quark-mass matrices is
diagonal (CKM mechanism discussed earlier).

The SM has emerged through both theoretical and experimental discoveries spanning the last
couple of decades. Also, it has been extensively tested and reaches a point of highest develop-
ment after the discovery of Higgs. In this development, flavour physics has played a central role.
As discussed earlier, the CKM mixing matrix in charged weak interactions represents the single
source of CP violation in the quark sector. The FCNCs have also played an essential role in indicat-
ing the key pieces of evidence of the existence of charm quark, weak gauge bosons and top quark

even before their discovery. The CKM mechanism’s success was that it could predict a large set
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of physical phenomena spread over a massive energy scale from nuclear decays to the top quark
mass with an economical set of only four independent parameters. Despite these successes, the
SM fails in some key aspects, which has been discussed in the last subsection. The extensions of
the SM are expected to address these issues by introducing new degrees of freedom beyond the
SM. New particles or interactions introduced at a high scale could have a related shorter-distance
interaction. Therefore, apart from the direct searches at the colliders, low energy observables will
play an essential role in the indirect detection of the new particles through deviations from the
respective SM predictions.

In the SM, the tree-level processes are mediated by charged current interactions, and the de-
cay rates are directly sensitive to the square of the CKM elements. On the other hand, the FCNC
processes are loop suppressed in the SM, and the corresponding amplitudes are sensitive to the
product of CKM elements. Due to its simple and constrained structure in the SM, the weak pro-
cesses are potentially sensitive to new interactions beyond the SM and therefore, can be a potent
probe of models beyond the SM. It is necessary to measure the CKM parameters very precisely,
and during the last few decades extensive research has been performed at the BaBar, Belle and
LHCb experiments. High-luminosity experiments like Belle-II has also become operational and
within a few years we will expect a wealth of precise data which could be useful to put constraints
on new physics model parameters. Siginificant development has been made on the theory side
as well. As for example, precise predictions on the non-perturbative parameters like form-factors,
decay constants, bag-factors etc. are available from lattice QCD. In the following, we breifly re-
view the main experimental constraints on the relevant parameters of the CKM unitarity triangle
which will be later relevant for discussions present in the thesis.

Both the AF = 1 decays as well as AF' = 2 meson mixing processes provide important con-
straints on the Wolfenstein parameters. Here F' denotes the flavour quantum number which is
changing during the process. The AF' = 1 processes may involve both tree or loop level leptonic,
semileptonic decays as well as hadronic decays. Direct measurements of the elements of the first
two rows of the CKM matrix are available. The precise determination of the Fermi constant G
from muon decay [73] has been quite instrumental in facilitating the absolute determination of the
magnitude of the CKM elements. The first element of the matrix, V,,4 is most precisely determined

from the super-allowed 0" — 0™ nuclear beta decays [74, 75]

V,a| = 0.97420(21). (1.45)

O¢Tv,, is by far the most theoretically

Although the semileptonic electroweak process 7+ — 7
clean probe of |V,4|, the tiny branching fraction O(10~%) makes it difficult to achieve the precise
determination of |V,,4| unless statistically large amount of data are collected. The knowledge of
|Viual from neutron beta-decay experiments are not very reliable since the mean-life of the neutron
measured from two different methods yield different results and hence cannot be meaningfully
averaged. The leptonic and semileptonic Kaon decays are known as the “golden modes” of extrac-

tion of CKM elements. The K, processes K 2 — 70y and Kt — 700y, are traditionaly used in
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the determination of the quantity [76]
|Vius| f+(0) = 0.2165(4). (1.46)

The leptonic modes K — pv(y) and m — pv(7y) (known as the K, and 7y, decays respectively), on

‘Vus| fK+
|Vud| fﬂ—+

cays come from the decay constant measurements. Hence, the precise extraction of V,,s requires the

the other hand, help us to obtain the ratio

. The only source of uncertainty in leptonic de-

accurate determination of the hadronic quantities like the Kaon and pion decay constants fx, fr
and the semileptonic form factor at zero momentum transfer f, (0), all of which, can be obtained
using lattice QCD techniques [77]. Recently there has been an emerging tension between the ab-
solute values V,,; coming from different sources [78]. They are : (i) V,,; from K3 decays using the
knowledge of f;(0), (ii) Vys from the ratio (V,/ Vq) K22 using CKM unitarity, (iii) V,,s from CKM
unitarity using the input of V,,4 from superallowed nuclear beta-decays and (iv) from the ratio of
(Vus/Vua) from the ratio of tau decays 7 — Kv/7 — wv. The violation is at the level of ~ 40.
This is known as the Cabibbo Angle Anomaly (CAA). There are many new physics explanations
to this discrepancy [79-86]. |V.q4| and |V.s| can be extracted from the leptonic and semileptonic
decays of D, DT and D mesons. Various experimental collaborations like Belle [87], BABAR[88],
BES II1[89-91] etc have provided measurements on f7(0)|Vq| and £ (0)|V.s|. The errors are dom-
inated by the theoretical uncertainties of the form factors. Generally, the flavour-tagged W+ — ¢3

decays help to probe V. directly and is found to be [1]
|Ves| = 0.941332 4+ 0.13. (1.47)

On the other hand, from the neutrino scattering data, one can obtain V,; with sufficient precision
as [1]
]VCd] = 0.230 £ 0.011. (1.48)

Both V,,;, and V,;, are best determined from the semileptonic b — (u, c)¢v decays, (¢ = e, p).
However, there exists a tension between the determinations from the inclusive and exclusive modes
in both cases. On the basis of unitarity, |V,;| is expected to be very small. The total inclusive
semileptonic decay rate to charmless final states, I'(B — X, () (X, = 7, p,w,n,n’) can be re-
liably calculated using an operator product expansion known as the Heavy Quark Expansion
(HQE). However, there is an overwhelming background from the abundant semileptonic decays
to charmed final states, B — X fv,. Limited theoretical knowledge of the form factors also make
the precise determination of |V,;|, a challenging task. There are different techniques to model the
QCD shape functions for the extraction of inclusive V,,;,. However, the result from the different
approaches do not agree well with each other. Belle has recently analyzed the inclusive spectra
with hadronic-tagging and extracted the values of |V,;| by four different methods (BLNP, DGE,
GGOU, ADFR) and the average of all these result in [92]

Voo ™! = (4.10 + 0.09 £ 0.22 4 0.15) x 1073, (1.49)
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Currently the best estimate of |V,;;| is from B — 7lv since the branching ratio is now known to
~ 5% accuracy and precise calculations of the B — 7 form factors from Lattice QCD and Light-

cone sum rules (LCSR) are also available. The PDG average of the exclusive determination is [93]
[Vip|°* = (3.70 + 0.10 £ 0.12) x 1073, (1.50)

Using some updated inputs of the form-factors from LCSR for non-zero values of ¢?, the exclusive

determination of V,,, from B — m/v decay is found to be [94, 95]
Vi = (3.91 4 0.13) x 1073 (1.51)

which is closer to the inclusive determination. The measurement of the branching fraction of the
leptonic decay B — 7v is consistent with the SM prediction and also useful for extracting |V,;|.
The determination of V,;, is crucial in measuring the length of the side of the UT opposite
the angle 5 which is proportional to the quantity |V,;|/|Ve|. The extraction of V., requires the
knowledge of form factors which are calculated using the HQET. Preliminary results on the form-
factors at non-zero recoil by the lattice groups like Fermilab-MILC and JLQCD are also available.

PDG summarizes the values obtained from the inclusive and exclusive determinations as [93, 96]

Vind = (42.240.8) x 1073,

(1.52)
ygeel = (39.567 104y x 1073, V5o = (40.84 £ 1.15) x 1073

cl
B—D*{lv B—D/{v

Additionally, the ratio of |V3|/|Ves| can also be constrained from the baryonic Ag decays [97].
The elements of the third row of the CKM cannot be directly measured from tree level processes

involving the top quark. One needs to resort to the loop mediated B or K meson decays and

oscillations which are dominated by hadronic uncertainties. The products (V;,V}5), (Vs V}%) can be

probed directly from BY, B oscillation frequencies respectively, which are measured to be [98]
Amyg = (0.5065 £ 0.0019)ps~!, Amg = (17.757 & 0.021)ps ™. (1.53)

The accuracy of these results depend on the determination of the bag factors for which we need
to rely on lattice simulations. The mixing phase, ¢5, corresponding to the BY — Eﬂ mixing, is also
known to a pretty good accuracy and its current best estimate is ¢, = —0.055(21) [98].

The amplitude of the rare BY — p*u~ decay is directly proportional to the factor (Vi5V;;) and
hence the measurement of the branching fraction provides a complementary measure of the 3"
row CKM elements. LHCb presented an update on this decay channel using full Run 1 and Run 2
dataset [99]

B(B{ = pu™) = (3.09%5:57011) x 107° (1.54)
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while the most recent measurement by the CMS Collaboration quotes [100]
BB — ptp) =(2940.7+0.2) x 107 (1.55)

which is the most precise measurement on this mode till date. This leaves almost no room for NP

with the corresponding SM prediction being [101, 102]
B(BY = ptp ) sar = (3.66 +0.14) x 1077, (1.56)

The measure of indirect CP violation in Kaon oscillations, €, also puts important constraints on
UT by directly affcecting the imaginary parts of the products (V.,V}) and (VisV}};). The present

estimate of this CP violating parameter is [1]
lex| = (2.228 4 0.011) x 1073 (1.57)

The bag factor parameter, By, which enters the dynamics of the Kaon oscillations, has also been
precisely estimated from Lattice simulations. |V;;| can also be determined directly from the cross
section for single top quark production, ratio of branching ratios B(t — Wb)/B(t — Wq) as well
as from LEP electroweak precision measurements. However, the results are not very competetive.

The angles of the CKM matrix are all determined from hadronic decays of heavy mesons. «
is extracted from a Dalitz plot analysis of time-dependent CP asymmetries in B — 77, pp and
pm decays. The angle 3 is a measure of CP violation arising in the interference between mixing
and decay of b — c¢¢s transitions such as By — J/Y K, J/¢YK*, D*T D*~ etc. CP asymmetries in
B* —» DM K®* gt o DHrE BY - DK*0 and B, — D,K decays are sensitive to angle . The

latest world averages of these angles are [103]
a=(85.2718)°, B =(222+0.7)°, v = (66.273¢)° (1.58)

The LHCb Collaboration also does an independent global combination of angle v based on their
own measurements of the angle from various decay modes. The results of their most latest com-
bination gives v = (67 & 4)° [104].

The CKMFitter group uses a combination of the above flavour physics data and applies a fre-
quentist x? fitting approach to obtain a viable parameter space of the CKM parameters in the SM
framework and is considered to be a good consistency test of the CKM paradigm. Their most re-
cent results are summarized in Fig. 1.2b where the different constraints are highlighted and the
apex of the UT is denoted by the red hashed region. Although the fit to the SM scenario is consis-
tent with most constraints, there might still be a scope for tiny NP contributions in the data that
may resolve the discrepancies related to the unitarity condition violation or the inclusive and ex-
clusive measurements etc. However, the potential sensitivity to new physics is not the same for all
processes. Hence it might be an interesting prospect to investigate the allowed region of certain

new physics scenarios through these flavour tests.
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Charged lepton flavour violating (cLFV) decays such as 7 — iy, n — ey, 7 — 3p are also being
rigorously studied by experimentalists because they are highly sensitive to physics beyond the SM.
Amongst the above LFV decays the muonic modes are especially interesting since they occur in a
clean environment and therefore provide the most stringent bounds on NP parameters. So far, no

evidence of LFV decays have been found, thereby resulting in the following upper limits [1]

B(t — py) < 4.4x1078, (1.59)
B(r = ey) < 33x107%, (1.60)
B(r —3u) < 21x1078, (1.61)
B(tr = 3e) < 2.7x1078, (1.62)
B(p—ey) < 42x10713, (1.63)

These upper bounds severely constrain NP models where charged lepton flavour violation is sig-
nificant such as SUSY. These limits are especially relevant for the neutrino mass generating mod-
els since different mechanisms predict different rates for cLFV [105]. LHCb has extended their
database by also collecting data on lepton flavour violating B-decays such as Bt — K*puteT
[106], B? — e*uT, BY — ey [107, 108], BY — 7%uF, B — 7%uT [109] etc. Again, only upper

limits have been reported.

1.4 Some Anomalous Results

Certain low energy observables in the rare semileptonic FCNC decays of the B meson have hinted
towards the presence of new physics beyond the SM. The FCNC decays such as the b — s¢¢~
are extremely useful to indirectly probe new physics at high scales since they are suppressed at
the tree level in the SM as the Z boson does not couple to quarks of different flavour. Hence, tiny
contributions to such decay observables beyond leading order from virtual new particles that are
too massive to be produced at colliders may lead to measurable deviations from the expected SM
prediction. The excitement in B-physics is high due to the fact that over the past few years, huge
amount of data has been collected by the B-factories such as Babar, Belle and LHCb and the current
precision and statistics enable us to disentangle the NP from the SM. The study of the rare decays
involving the b-quark is therefore one of the primary focus of this thesis.

The exclusive B — K®*)/(*¢~ (¢ = e, 1) decays with underlying b — s¢*¢~ transitions occur at
one loop level via box and penguin diagrams. Since the branching fractions of these decays suffer

from hadronic uncertainties, it is convenient to consider ratios of the form

fqmaa': B—>Mu © )dqQ
m'Ln

Ry = (1.64)

meaz BHM6+€ )d 2

qm’L?’L

where the hadronic uncertainties cancel out, making them clean probes of NP. Here, M denotes

a meson (K, K* etc.), ¢2,;,, = 4m? ({ = p,e) and ¢2,,, = (mp — mar)?. These observables also
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help us to study an important property of the SM, the lepton-universality, which predicts that the
different flavours of leptons have similar electroweak interactions. Hence, these ratios are also
known as Lepton Flavor Universality (LFU) ratios and both their SM expectations are unity [110-

112]. However, the most precise experimental measurements from LHCb [113, 114]

Ry = 0.846750321000% for q* € [1.1,6.0] GeV?, (1.65)

0.66703F £ 0.03 for 2 € [0.045,1.1] GeV?,
Ry = : (1.66)
0.6910:8L +0.05 for q% € [1.1,6.0] GeV?

are in tension with respect to unity by 3.1 and 2.40 respectively. The Belle collaboration has also
tested the lepton flavor universality in B — K*{*{~ decays and obtained a value of Ry~ which
has huge uncertainty and is hence consistent with SM.[115]. Disregarding the Belle data with large
error bars, the precise data from LHCb hints towards lepton flavour universality violation (LFUV)
between electrons and muons. One would therefore naively expect it to be present with respect to
tau as well. This has been examined in the charged current B — D*) decays through similar LFU

ratios as described in Eqn. (1.64)

B(B — DWri,)

Ry = B(B = DOz, (L=e,p). (1.67)
The experimental world averages of these ratios are [98]
Rp = 0.340 + 0.027 + 0.013, Rp~ = 0.295 £ 0.011 +£ 0.008, (1.68)
while the SM predictions are [96, 98]
R2M =0.299 £ 0.003, RZY =0.252 4 0.007, (1.69)

which have a combined 3o discrepancy amongst each other.

Interestingly, although there exists hints of LFUV, there exist no sign of presence of lepton
flavour violating decays such as 7 — py, p — ey, 7 — 3p etc. as discussed previously. There are a
plethora of model-independent studies present in the literature based on the available binned data
on branching fractions as well as angular observables that highlight the important features that
need to be present in NP models [116-124]. Interestingly, the origin of such discrepancies could
be the presence of one or more new interactions (like vector, scalar etc.) beyond the SM which can
also have a close connection to the dark sector. Such possibilities are extensively studied in the
thesis.

The muon has attracted a lot of attention, not only due to discrepancies in the LFUV observ-
ables, but also due to the long standing anomaly between the measured and predicted values of its
magnetic dipole moment. The Landé g-factor of a charged elementary particle with half-integer

instrinsic spin is equal to 2 at the tree level, first predicted by Dirac in 1928 for electrons [125]. Any
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departure from this value due to higher order corrections is known as the “anomalous magnetic
moment” and is defined as

_ge—2
=5

ag (1.70)

which includes the quantum loop effects and parametrizes the small calculable deviation from
ge = 2 for charged leptons (¢ = e, i, 7).

The anomalous magnetic moment of muon has been measured very precisely while it has also
been predicted in the SM to a great accuracy. The SM contributions to a, come from QED, elec-
troweak and hadronic loop corrections respectively. For a recent review on the theoretical and
experimental status of muon g-2 read [126]. During the early days of my PhD, the most precise
measurement of muon anomalous magnetic moment was given by the Brookhaven National Lab-
oratory (BNL) as

Aay = a™ — ap™ = 26.8(7.6) x 10717, (1.71)

which deviated from the SM prediction by 3.7¢ [127]. However, the most recent result from the
run 1 of the Muon g — 2 experiment at Fermilab [128],

Aay = aS™ — ;™ = 25.1(5.9) x 10717, (1.72)

is an improvement over the previous Brookhaven result and indicates a strengthened anomaly at
~ 4.20. More data are expected to be analyzed by Fermilab in the coming years aiming to reduce
the uncertainty by a factor of 4 compared to the Brookhaven result. If the experimental result
persists then we expect to observe a ~ 7o inconsistency with the SM prediction.

There has also been an improvement in the measurement of the fine-structure constant which
points towards a deviation in the electron anomalous magnetic moment from its theoretical esti-
mate by a negative 2.40. Although both the above results have significant room for NP, the op-
posite sign disparity between the two anomalous magnetic moments makes it quite difficult to

simultaneously explain them from a common BSM framework.

1.5 Obijective of the Thesis

The source of the discrepancies in these low energy experiments may be attributed to some heavy
scale physics belonging to a dark sector. The main purpose of this thesis is to explore some
BSM models that can simultaneously accomodate the low energy observables, like data from B-
factories, muon anomalous magnetic moment and the LFV data as well as give rise to a stable DM
candidate whose relic abundance is generated by the correct amount. To achieve this we have ex-
tended the particle content in the minimal possible way such that FCNCs can be generated at the
one loop level. We have also investigated the possibility of neutrino mass generation in some of our
works. The predictability of our models can be attributed to the different and unique observable
collider signals at present and future high luminosity LHC runs which have been investigated. The

direct impact of precisely determined flavour observables, such as the CKM elements, on simple
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1.5. Objective of the Thesis 23

dark matter models have also been studied. DM interactions with SM quarks is important for its
direct detection through nuclear recoil in scattering experiments. But, such interactions would also
be subject to stringent constraints from flavour changing charged current decays. Such constraints
on the DM parameter space have never been considered before and therefore, it is important to

re-examine the parameter space of such models.
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Chapter 2

Methodology

In this chapter we would look into some of the concepts, tools and methods which will be widely
used throughout the rest of the thesis. In particular we would explore the weak effective Hamilto-
nian for the semileptonic B-decays and mixing, the use of statistical methods for constraining SM
and BSM parameters in a model-independent way and study the boltzmann equation useful for

the thermal freeze-out of dark matter.

2.1 Theoretical Framework

2.1.1 Effective Field Theory for B-decays and Mixing

Effective field theory (EFT) is an extremely useful tool to incorporate physics at high energy scales
(short distances) into the lower energy scale (long distance) by integrating out the heavy degrees
of freedom, leaving an effective lagrangian that can be expressed as a dimensional expansion

L1 Lo L

L=Lo+ 3+ 35+t on 2.1)

where £ contains all renormalizable interactions while £,,,n > 1, is a combination of non - renor-
malizable operators of dimension n 4 4 suppressed by n-th power of the new physics energy scale
A. The separation of scales makes the theory simpler by removing irrelavant degrees of freedom
and extracting useful information of physical processes that are relevant at that low scale. The
Fermi theory of beta decay is by far the best example of an EFT where the W-boson mass is inte-
grated out in order to express the decay as a four-point interaction. Other examples include the
effective theory of low energy QCD or the chiral perturbation theory (CPT), the theory of hadrons
described by the heavy quark effective theory (HQET) etc. A very useful lecture note on EFT can
be found in [129].

The EFT approach has been extensively used in studying the B-meson decays at the scale of
the bottom quark mass since it is much smaller than the top mass and weak interaction scale.
However, since QCD is inherently involved in the meson decays, the theoretical formulation of

the interplay of QCD with weak interactions become complicated. Two tools that come to our
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rescue in this endeavour are the operator product expansion (OPE) [130] and renormalization

group [131]. Using OPE one can write the amplitude of any weak meson decay process as
A= Ci(n) (Oi()) (2.2)

where C;’s are the Wilson coefficients (WCs) containing the information about the short-distance
effects, (O;(u)) are the matrix elements of the local operators consisting of long distance contri-
butions and p is the factorization scale. Fields which are heavier than the factorization scale (for
example, W, Z bosons, top, exotic heavy particles etc.) are integrated out and their information
get embedded in the Wilson coefficients. Therefore, using OPE, one can separate the problem into
two parts such that we can interpret ), C;O; as the effective Hamiltonian of the process under
consideration with O; as the effective vertices and C; the corresponding coupling strengths. Since
quarks are confined [132], it is only possible to probe weak interactions in a hadronic environment.
So the matrix elements are sensitive to long-distance QCD effects which are not perturbative and
calculable [133-138]. Alternative techniques are used to estimate the hadronic parameters such as
Lattice QCD, light-cone sum rules (LCSR), 1/N expansion, HQET etc which are beyond the scope
of this thesis. For more details refer to the following books/reviews [139-150]. The WCs in the ef-
fective theory are calculated using perturbations theory. However, the scale of the hadronic matrix
elements are much lower (in case of B-meson decays it is the b-quark mass m,,) than the weak scale
at which the Wilson coefficients are calculated. Due to the presence of such vastly different scales,
large logarithms appear in the calculation which destroy the validity of the perturbation theory.
This issue is tackled by summing up large logarithmic terms upto all orders in perturbation theory
using renormalization group (RG). So the matching of an effective theory onto a full theory is first
done at the high energy scales (corresponding to the scale of each particle that is integrated out)
and then the C;’s are evolved down to lower energy scales using renormalization group equations
for application to low-energy processes such as B meson decays. In the following sections we are

going to elaborate on the effective Hamiltonians of the b — s¢¢ and b — ¢/, transitions.

b — sl Transitions: The effective Hamiltonian for the b — s transitions at low energy can be
written as [151-153]

4
s = 29Ty v S o+ Y (GO + CIOY | + hee (2.3)
=1...

\/5 ) 6 1=17,8,9,10,5,P

1

Here, the twice Cabibbo-suppressed contributions (x V,,;V,5) have been safely neglected com-
pared to the ones mentioned above. O; and O;s are the dimension six effective operators which

are given as below,

O1 = (3acg)v—a(Csba)v—a, Oz = (5c)y_a(cb)y_a,
O3 = (b)v-a P (@@)v-a, Os=(Sabg)v-n Y (Gsda)v—a,
q q
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Oﬂe Ol!)

Figure 2.1: Quark level Feynman diagrams for the SM effective operators corresponding to the b — s transition.

Os = (3b)y_a Z(Q_Q)VM, Op = (5abg)v—-2a Z(q_ﬂqa)VM,

q q
07 = g%mb(gUuuPRb)Fuya O; = g%mb(gaﬂVPLb)FMV’
1 / 1
O = fmb(g(fijaPRb)G'uy, 08 = ;mb(g(fijaPLb)ij,
g
€2 _ " e2 _
Oy = gﬁ(g'thLb)(l'Y“l)» Oy = ;(EVMPRb)(l7Ml)’
€2 _ , e2 _
Op = ;(EVMPLb)(17“75l), Oy = ?@%PRZ)WW%Z)’
2 . , ez _
Os = M?(SPLZ))(”)? Og = 1672 (sPrb)(I),
e2 5 , e2 _
_ 5 = P 2.4
Op o3 (FPLb) (D), Op = o= (5Prb)(Ps1), (2.4)

where a and 8 denote the color indices and the labels (V' + A) refer to 7,(1 & 75). The operators
O1,2, O3, 6, O7, Og and Oy 1 are the current-current, QCD penguin, electromagnetic penguin,
chromo-magnetic penguin and semileptonic operators respectively. The Feynman diagrams lead-
ing to these operators are shown in Fig. 2.1. They appear in the SM effective theory, as well as
in specific BSM scenarios, while the rest (scalar operator Og, pseudoscalar operator Op and all
primed ones) will appear only in NP models. The Wilson coefficients corresponding to the SM
effective operators can be found in [151]. In this case the Wilson coefficients are calculated at a
matching scale ;1 = myy in a perturbative series expansion of the strong coupling constant a; and
then evolved down to the scale p ~ m,.

Another important rare decay mode that plays a crucial role in constraining new physics sig-

nals is By — ptp~. In the operator basis of Eqn. (2.4), the expression for the branching fraction,
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in presence of BSM contributions, is given by

G2 . 4m2  [m?2 4mg,
BB, = 1) = 7, 3y my, SEO vl 1 - 20 == (1—) s - csf

BS <
6473 mZBS mg 2 (2.5)
m / m /
B (Cp — Cp) + 27 (Chg - Cl) } .
b mp,

We have already mentioned in the previous chapter, cf. equations (1.54) and (1.56), that the experi-
mental observation and theoretical prediction of the above branching fraction are highly consistent
with each other within the error bars. Hence, the operators, C g ) and 01(3,)/ are tightly constrained
by the data on B(Bs — " u™). Therefore, the contributions from the scalar and pseudoscalar op-
erators can not explain the observed anomalous results in R (., [154, 155]. The operators relevant
for the decay b — s¢*¢~ are given by (9.(()/’)10. Model-independent analysis with b — s global data
suggests that Oy is the only one operator scenario that can simultaneously explain all the data in
b — s decays [116-120, 156, 157] and there is almost no room left for NP in O;9. However, there
are a few two or three operator scenarios which can best explain the data at the moment, and that
includes the combination Oy and O;y. The expression for the decay rate in the operator basis of

Eqn. (2.4) can be found in [152].

b — cTransitions: The most general effective Hamiltonian governing the b — c/7, transitions

is given by

4G

Hb—)c —
V2

NG G RGN | NG W o, C%O‘ﬂ (2.6)

where C’g( (X =W, W, 81, 52, T) are the Wilson coefficients corresponding to the operator basis

Oy, = (ey"br)(lryuvr),

Oy, = (CrY"br)(lLvuvL),

Os, = (cLbr)(lrrL), (2.7)
Og, = (erbr)(lrvL),

0% = (era"br)(lrowvr)-

The flavour of the neutrino is not determined experimentally in B decays and so all neutrino
flavours (v = ve, v, v;) are considered. Also the operator basis is constructed by assuming that
neutrinos are left-handed. There is only one dimension six effective operator that appears in the
SM i.e O€/1' The SM contribution comes from the term d,y and all other Wilson coefficients (C’g{)
are zero.

Babar, Belle and LHCb collaborations have collected sufficient data on B — D®/(5, decay
mode which includes Ry, tau polarization P,, D* polarization F7,(D*) and forward-backward

asymmetry App. The decay distributions in presence of NP can be found in [158, 159].
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2.2 Numerical Framework

2.2.1 Boltzmann Equation for Dark Matter Freeze-Out

A WIMP dark matter which was in thermal and chemical equillibrium with the hot SM bath in
the early Universe is known to achieve its relic density through thermal freeze-out mechanism.
During thermal equillibrium the production and annihilation rate of the DM particles are same.
As the temperature of the Universe drops due to its adiabatic expansion, the interaction rate, T',
of DM starts to reduce due to increased dilution in the number density of DM and at a certain
epoch, it falls below the expansion rate of the Universe H (the Hubble rate) i.e I' < H. When this
happens, the DM particles decouple or freeze out of the thermal bath and their number density
asymptotically reaches a constant value which is called the relic density. The present day relic den-
sity of the DM in our Universe is found to be Eqn. (1.43). The accurate description of decoupling
can be found out by solving the Boltzmann equation which governs the microscopic evolution of
the phase space distribution function.

The evolution of the number density of DM, n,, in the expanding Universe is described by the

following Boltzmann equation

i

7 = —<Jv>ann(ni — ni’eq) —3Hn, (2.8)

where H is the Hubble constant, (cv)ann is the thermally averaged annihilation cross-section and

Ny eq 1S the equillibrium number density of the DM which is given by

3/2 m
g (mT’f) e~ T my >>T
My sy = (2.9)
X,eq -
g (F) my << T

when the temperature of the thermal bath is 7. Here g denotes the number of internal degrees
of freedom of the DM and m,, is its mass. The thermally averaged cross-section (ov) is usually

expressed in terms of partial waves
(ov) = a+ b(v?) +d(v?).... (2.10)

where a,b,d are the leading s-wave, p-wave and d-wave contributions to the cross section respec-
tively. The first term on the RHS of Eqn. (2.8) is the collision term that accounts for the DM reaction
rate while the second term accounts for the dilution due to the expansion of the Universe. Itis more
convenient to express the Boltzmann equation in terms of the DM yield Y = n, /s where n,, is the
comoving number density and s is the total entropy density per comoving volume given by

272

_ e 3
s = ~=9.(T)T (2.11)
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Figure 2.2: The evolution of the number density of dark matter per unit comoving volume as a function of x or time.
Figure taken from [9].

with

(T)= > g 5 3+ > 7 (Y (2.12)
Gxs = ' i T ‘ ' 891 T . .
i=bosons i=fermions

It is also convenient to rewrite Eqn. (2.8) in terms of a new time variable z = % which sets the

scale for DM freeze-out. The Boltzmann equation as a function of x is given by

dY _ xs(0v)ann

@ Hmy) O =

m2
where the Hubble parameter is given by H(z) = H(m,)/x? with H(m,) = 1.66, [Gxp Tl Yrp =
4 4
> g (%) + > %gi (%) and Mp; ~ 2.4 x 108 GeV is the reduced Planck mass. The

i=bosons i=fermions
equillibrium distribution can be expressed as

Yog = 0.145-033/2¢=2 (2.14)

Gxs

Finally, we need to solve Eqn. (2.13) numerically in order to obtain the freeze-out of DM. Fig. 2.2
shows the evolution of a WIMP comoving number density over time. Let us understand the dif-
ferent features of this Boltzmann equation. At very high temperatures + << 1, the particles are
relativistic and the DM interactions are much larger than the expanion rate of the Universe. There-
fore the DM yield follows the equillibrium distribution until the time when the temperature of the
Universe ~ DM mass i.e x ~ 1. For z > 1, the equilibrium yield is exponentially suppressed and
annihilations become so scarce that the DM particles will not be able to maintain the equillibrium
abundance. This is the onset of freeze-out. When the temperature falls much below the DM mass,
the DM freezes out at x = xy = m, /Ty where Tt denotes the freeze-out temperature. Once the
asymptotic yield Y (z) is obtained, we can use it to calculate the relic abundance of dark matter
as [42,160]

ap? = ? MXSONVGe (2.15)

pe  3HZM3,0.26g.s
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Here, z, denotes a large enough value of x after decoupling and sy is the present entropy density
of the Universe which is ~ 3000 cm 3. For all practical purposes, one can obtain the approximate

analytical solution for relic density as [161] :

—27,. 3.—1
MMy 107“"em?’s

QOn? = ~ (2.16)
Pc (ov)
WIMPs generally freeze out at ¢ ~ {20 — 30} which can be obtained from the relation:
0.038gMpym, < ov >
ry=1In /2 12 , (2.17)
G« Ty

that is derived from the equality condition of DM interaction rate I' = n, (ov) with the rate of

/2T

expansion of the Universe H = g, (1 e, the freeze-out condition).

The thermally averaged anmhllatlon cross section (ov) is given by [162]

1

%) = RATRY

(my /T) /4002 aV/s(s = 4my) K1(v/s/T)ds , (2.18)

where K;’s are modified Bessel functions of order i. Eqn. (2.16) denotes the relic abundance for
a single component dark matter particle. But in general, there may be more than one dark mat-
ter particle in a model. In that case we have to solve coupled Boltmann equations for the dark
matter evolution and depending upon the mass splitting between the different SM particles, co-
annihilation processes may play an important role in the dynamics of the evolution. In presence

of co-annihilation, the effective cross section can be expressed as [163]:

N
gepf = Y _{oio)rir;
i
N
= 3 o) B A1+ A BiAD), (2.19)
17]

where A; = m%;nx for i = 2,3...., N number of DM components with masses m;. Total number

of effective DOF is given by:

geff—Zg 14 A)32e s, (2.20)

The thermally averaged cross section then reads:

0;iV) = Ly «
(oijv) SmZm3m, Ko ((mi/my )z p) Ko ((my/my)zy)
/( oy dsoij(s —2(m7 +m? ))\le(\fxf/mX). (2.21)
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Figure 2.3: A schematic diagram showing the different methods od dark matter detection. Figure taken from [10].
Hence, the relic density boils down to the approximate analytical solution:

_ 2.4x1071°
Ocff

Qh? GeV~2. (2.22)

2.2.2 Direct Detection of Dark Matter

There are three ways of detecting dark matter particles in complementary experimental setups
when they interact with the visible sector as depicted in Fig. 2.3. In this thesis we mostly concen-
trate on the direct detection (DD) possibilities of different DM models and hence we briefly review
the subject here.

We know that DM particles are electrically neutral and hence cannot be seen directly. But their
presence can be felt when they scatter off a target and produce a detectable recoil of the atomic
nucleus. Such a possibility of detecting WIMP DM was first pointed out by Goodman and Witten
[164]. Therefore direct detection experiments were setup underground to protect the detector
from noise. The differential recoil rate per unit recoil energy for a DM of mass m, scattering with

a target nucleus of mass mr is given by

dRr do 3
m = NTnX/d_Eva(v)d v (2.23)

where, Nt is the number of nuclei per unit target mass, n, = p,/m, is the local DM number
density, o is the scattering cross-section of the DM with SM particle and f(v) is the DM velocity
distribution in the detector frame. The typical velocity of DM in our local DM halo ~ 10~3.

The maximum recoil energy is given by

Emar _ |(7|3nax _ 2!“%%7)2 (2.24)
R 2mT mr

where, ¢'is the momentum transferred to the recoiling nucleus and 1. is the reduced mass of the

DM-nucleus system

v
pp=—2X"1 (2.25)
my +mr
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Figure 2.4: Summary of the WIMP-nucleon spin-independent cross section limits from some current and proposed
direct detection experiments. The orange thick dashed line shows the background limit from solar, atmospheric and
diffuse supernovae neutrino scattering. Figure credit [11].

Typically, for a WIMP DM in the mass range ~ (10 — 103) GeV scattering off a Xenon nucleus
(mr ~ 131 GeV), say for example, the maximum recoil energy would range from = (1 — 200) keV.

The scattering cross-section may vary depending upon whether the DM-SM interaction is spin-
dependent or independent. In general, the largest scattering rate can be achieved in case of the

spin-independent scenario. The spin independent scattering cross-section is given by [165]

2

ST — 4“71? (Zfy+ (A= 2Z)fn)? (2.26)

where (Z, A) denotes the atomic and mass numbers of the target nuclei and f,,, f,, are the effec-
tive couplings of DM to protons and neutrons respectively. The spin-dependent cross-section, for

scattering against a target nuclei of spin J, is given by [165]

32u%G% J +1

SD
o
s J

(ap(Sp) + an<Sn>)2

(2.27)

where G is Fermi’s constant, ay, a,, are the effective couplings of DM to protons and neutrons
respectively and (S, ) = (N|Sp | N) are the expectation values of the proton/neutron spin oper-
ator.

At present, the best limits on the spin-independent cross-section is put by XENON 1T [18]
which rules out spin independent WIMP-nucleon interaction cross section above 7.7 x 10747 cm?
for DM mass of ~ 35 GeV, but the bounds are more relaxed for higher DM masses. This limit
improves upon the earlier upper bounds from LUX [166]. The XENON nT [167] and DARWIN [168]
are some of the proposed future direct detection experiments. The limits on the spin-dependent
cross sections are weaker compared to the spin-independent ones. The most recent upper bound
on the cross-section is 4.1 x 107*! cm? at 90% confidence level for m, = 40 GeV/c? reported by
the PANDA-II collaboration [169] while other similar bounds are also reported by LUX [170].
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2.2.3 x? Analysis

One of the most useful method of parameter estimation of a model based on experimental data is
the y2-analysis. The chi-square (x?) is a statistical quantity which is a function of the parameters of
a model and is used to test whether any given data are well described by the model hypothesis.
Such a method is known as the chi-square test for goodness of fit. In this section we will briefly
describe the basics of this technique. For a comprehensive book/review on the introduction to
statistical data analysis read [171, 172].

Let us suppose that N independent variables z; are normally distributed with a mean y;(z;; 6)

and variance o2. Then the chi-square of the unknown fit parameters  is defined as

N

(o) = o ”;(;1;0))2 Ry ”;éma))z R “;VJQ\(;‘MG))Q -3 (i — N;'(;Ui;e))z'
=1 7

(2.28)
Considering the fact that the values of x; randomly fluctuate about the mean y;, each term is close
to unity. Therefore, the value of the chi-square would be approximately equal to N when the
data are well described by our hypothized function which, in this case, is the mean x;. If the chi-
square is much larger than N, then one can conclude that the data are not well described by our
hypothesized set of 1i;. This is the very general idea of the chi-square test. It is conventional in the
literature to quote the reduced chi-square which is defined as x?%/ng where n, is the number of
degrees of freedom (dof). Hence for a model with only one free parameter, the reduced chi-square
is approximately equal to 1 for a good fit and greater than 1 otherwise.
The chi-square, in a sense, gives the probability of an observed outcome given a set of param-
eter values and therefore is regarded as the “likelihood” of the set of parameter values given the

observed outcome. Hence, the chi-square is related to the log-likelihood function as
x*(8) = —2InL(0) + constant (2.29)

where the constant represents terms that do not depend on the parameters. The set of parameter
values (A) which minimize the chi-square is considered to be the best fit to the data. It is interest-
ing to note that the values of the parameters which minimize the chi-square are also those that
maximize the likelihood L. The value of the x? at its minimum (x?2,,,) is a measure of the level
of agreement between the data and fitted curve and can therefore be employed as a goodness-of-
fit statistic to test the hypothesis. It can be shown that if the hypothesis is correct then the x2,.

follows a probability distribution function given by

2
f(zing) = 27 r(Y)’ (2.30)
0, otherwise.

The goodness of fit can also be determined by the p-value of a hypothesis. The p-value is used

to determine whether there is evidence to reject the null hypothesis or our initial claim and is
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defined as

p= / " Iz (2.31)

where I'(x) denotes the Euler gamma function. This gives the probability of obtaining a X2 ,,, as
high as the one we obtain using 6, or higher, if the hypothesis is correct. The term significance level
is used to refer to a pre-chosen probability and if the p-value is less than the chosen significance
level then we reject the null hypothesis. In most cases the pre-specified probability is taken to be

5%. Hence, if p < 0.05, we reject our initial claim and go for an alternative hypothesis.
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Chapter 3

Correlating the anomalous results in
b — s decays with inert Higgs doublet

dark matter and muon (g — 2)

3.1 Introduction

We have already argued that the low energy observables in B decays and B, — B, (q = d,s) mixings
play an important role in the indirect detection of new physics. In this regard, the FCNC processes,
suchas b — s, are unique in a sense that in the SM they contribute at the loop level thereby keeping
their contributions suppressed, in general. For the last couple of years, the semileptonic decays
b — sT¢~ (¢ = pu,e) have gained a lot of attention. The measurements of the lepton universality
ratios Ry () by the different experimental collaborations have opened up an alternate avenue for
the search for new physics since the observed data indicate a possible violation of lepton univer-
sality. Although there is a clear hint of physics beyond the SM, the new physics does not manifest
itself as a large effect. In order to explain the observed discrepancies, one needs to develop a new
mechanism that will generate lepton universality violation (LUV) either at the tree level or via
loops. There have been plenty of analysis on the NP explanations of the observed discrepancies,
which we are not going to elaborate here. On the other hand, the fact that we do not have a suit-
able DM candidate in the SM which satisfies the requirements as given in [39], has led to several
BSM proposals which can successfully explain DM in the Universe. Since the WIMP dark matter
scenarios involve additional physics around the electroweak scale, it is tempting to speculate if the
same new physics can have plausible explanations for the observed flavour anomalies like R (.),
Aa,, mentioned earlier. Within such unified framework, one needs to find out the allowed NP pa-
rameter space consistent with flavour data as well as the requirements for a DM candidate. Also,
it is necessary to check that the required NP parameter spaces are consistent with all the other
relevant measurements which are not anomalous. In this chapter, we will look for a NP model
which is capable of addressing simultaneously both the above mentioned excesses [173]. There

have been several attempts along this direction, some of which can be found in [174-178] and
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references therein. Apart from being consistent with all these observations, it is also important
for such a scenario to be predictive at different experiments like direct detection of dark matter,
collider searches and so on.

Here, we consider the inert Higgs doublet model (IDM), which is a simple extension of the
SM by an additional scalar field ®, transforming as doublet under SU(2);, gauge symmetry and
has hypercharge Y = 1. The model has been introduced in [179], and later studied extensively by
several groups in the context of DM phenomenology [61, 180-188]. In this model, an additional
discrete Z; symmetry is introduced in order to prevent the coupling of this scalar field to the SM
fermions. Under this Z; symmetry, the additional scalar field transforms as ®, — —®; whereas all
SM fields are even. If the lightest component of ®; is electromagnetically neutral, it can be stable
and hence a good DM candidate. Being inert in nature, IDM will not contribute to the decay
b — sll. Hence, we have extended this model by considering three generations of vector like
SU(2)r, singlet down type quarks and charged leptons, odd under the same Z; symmetry so that
they can couple to the SM quarks and leptons only through the inert scalar doublet. The lightest
component of ®; remains the lightest Z> odd particle of the model and hence the DM candidate.
We have shown that apart from explaining the DM abundance of the Universe, the model can also
explain the observed pattern in Ry (.). This model has family non-universal Yukawa couplings
between ®,, vector like fermions and the SM fermions. Hence, it will contribute to b — s¢¢ at one
loop level. Now, if we consider a hierarchical structure between the Yukawa couplings of electron
and muon with the new vector like fermions, then we can expect to get Ry (.) # 1. The additional
vector like fermions can also contribute to the relic abundance, as well as direct detection scattering
rates of DM in this model, giving us a complementary probe of the model parameters in both DM
and flavour experiments.

In the pure IDM there exists two mass ranges where DM relic abundance can be satisfied: one
in the low mass regime below the W boson mass threshold (Mpm < Myy) and the other around
550 GeV or above. In our extended IDM, there will be additional annihilation channels of DM.
Therefore, it is important to rescan the parameter space for both the pure and the extended IDM.
The direct detection scattering in pure IDM is primarily mediated by the SM Higgs and faces the
strongest constraints from the direct detection experiments in the low mass regime. For example,
the latest data from the LUX experiment rules out DM-nucleon spin independent cross section
above around 2.2 x 1046 cm?2 for DM mass of around 50 GeV [166]. On the other hand, the results
from the XENON-1T experiment rules out spin independent WIMP-nucleon interaction cross sec-
tion above 7.7 x 10747 cm? for DM mass of 35 GeV [18, 189]. These strong bounds reduce the
allowed DM masses in the low mass regime to a very narrow region near the SM like Higgs res-
onance Mpy ~ myp,/2. Although the direct detection limits can be somewhat relaxed in the high
mass regime (Mpm g 550 GeV), the production of DM at colliders will be suppressed compared
to the low mass regime. In the presence of additional vector like quarks, there are additional dia-
grams which will contribute to the spin independent direct detection cross section. We in fact find

that, compared to the pure IDM, the presence of new vector like fermions can keep the dark matter
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direct detection rates closer to the experimental upper bound for some choices of parameters.

The mediators of our model couples to SM quarks and leptons, therefore interesting collider
signature are expected with leptons and / or jets in the final state with missing energy. We study the
final states containing (¢ ¢~ + Fr), (jj+ Hr) and ({70~ +jj+ Hr) to unravel the model in the large
hadron collider (LHC). These final states are already explored in supersymmetry (SUSY) searches,
and important constraints have been obtained on the parameter space [190, 191]. There have also
been some studies on collider signatures of pure IDM, for example see [192-194]. In our model,
we prepare few benchmark scenarios by choosing points from the new parameter spaces which
are allowed by flavour data and overcome bounds from the DM searches. We have predicted
the kinematical distributions of our signal events and compared them with the respective SM
backgrounds. We find that at the high luminosity LHC the model may be observed for a few
benchmark scenarios at more than 5o significance. We also check the perturbative unitarity of the
model for the chosen benchmark points.

The chapter is organised as follows: in Sec. 3.2 we discuss the particle content and possible
interactions, followed by the dark matter phenomenology of the model in Sec. 3.3; constraints
from muon (g — 2) and lepton flavour violating decays are discussed in Sec. 3.4; contributions
in b — s transitions are studied in Sec. 3.5; results from DM and flavour analysis are discussed
Sec. 3.6 and some benchmark points are also chosen for further collider study; we then discuss the
fate of this model at the LHC in Sec. 3.7, pointing out the possibility of probing it in future higher

luminosity; the RGE runnings are discussed in Sec. 3.8 and finally we summarize in Sec. 3.9.

3.2 IDM with Vector Like Fermions

Asmentioned earlier, the IDM is an extension of the SM by an additional global discrete Z; symme-
try under which a newly incorporated scalar doublet ®; transforms as ®3 — —®5, while the usual
SM fields are even under Z,. The requirement of keeping the Z; symmetry unbroken prevents the
neutral component of the second Higgs doublet from acquiring a non-zero vacuum expectation
value (vev). Since the same discrete symmetry prevents any coupling of ®; with the SM fermions,
it automatically makes the lightest component of ®, stable and hence a good DM candidate. The
scalar potential of the model involving the SM Higgs doublet ®; and the inert doublet ®; can be

written as N \
V(®1,@2) = |81 + 3| Baf* + TH @[t Tl + X8|

A
+ Mg @1 Do) + {;(qﬂ@g)? + h.c.}.

As the electroweak symmetry has to be broken by the vev of ®;, we assume u3 < 0. Also, 3 > 0

is assumed so that ®3 does not acquire a vev. Writing the scalar fields in terms of components and
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Particles SU@3)e x SU2)L xU(l)y | 29
ur,
QL= ( ) (37 2, %) +
dr,
UR (35 1, %)
dR (37 17 %)
Lp= (VL) (1727 %) +
€L
€R (17 17 _1)
¢ (1,2, 3)
D) (1525 %) -
DLR (37 17 %) 3
Err (1,1,-1) -

Table 3.1: Particle content of the extension of IDM by vector like fermions.

expanding the field ®; about the non-zero vev, we have

0 H=*
P, = , 9 = (3.1)
v+h HO944A0
V2 V2

in unitary gauge. Here v is the vev of the neutral component of ®;. After electroweak symmetry

breaking (EWSB), the masses of the physical scalars, at tree level, can be written as

m: = Ao,
Mpe = ps+ %/\3027
M, = 2+ %(Ag + A+ A5)0? = MEL + % (M + A5) 02,
Mi = p3+ é()\:% + M — As)v? = Mps + % (A — A5) 02, (3.2)

Here mj, ~ 125 GeV is the mass of the SM Higgs, Mpo, M 40 are the masses of the CP even and
CP odd scalars of the inert doublet while M+ being the mass of the charged scalar. Without any
loss of generality, we consider A5 < 0, A4 + A5 < 0 so that the CP even scalar is the lightest Z, odd
particle and hence a stable dark matter candidate.

Apart from the Z5 odd scalar doublet ®5, we consider additional vector like charged fermions
too, which are odd under the same Z, symmetry. The particle content of the model is shown in
Table 3.1. Here D is the down-type vector like quark and E is the vector like lepton. This allows the
coupling of the inert doublet scalar with the SM fermions through the vector like fermion portal.

The relevant Yukawa Lagrangian can be written as
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L= (y.)ijQi®1rurj + (4)ijQi®1dr; + (ve)ijLi®1erj + (A\)ijQi®2Dpg; + (\F);; L; D2 Fg;
+ MDiDLiDRi + MEIEILzERZ +h.c. (3.3)

)\E7D

where ®; 5 = iT2®7 5 and are the Yukawa couplings associated with the vector fermion in-

teractions. Also, ¢ and j are the generation indices. 1

3.3 Dark Matter Phenomenology

3.3.1 Relic abundance of DM

In the present model, discussed in the previous section, we consider one of the neutral component
of the scalar doublet ®; namely A 0 as the DM candidate for our analysis. This is similar to the inert
doublet model of dark matter discussed extensively in the literature [61, 180-186]. We have already
discussed the methodology of calculating the relic abundance of a single component WIMP dark
matter is section 2.2.1. In the low mass regime (Myo = Mpwu < Myy), the annihilation of DM to
the SM fermions (through s-channel Higgs mediation) dominates over other channels. As pointed
out in [183], the annihilation H'H® — WW* — W ff’ also plays a role in the Mpy < My
region. Depending on the mass differences My+ — Mpyo (= AMp+), Mo — Mpyo (= AM o),
co-annihilation of H°, H* and H?, A° become important in determining the relic abundance of
the DM. Typically, when the heavier components of the inert scalar doublet have masses close
to the DM mass, they can be thermally accessible at the epoch of DM freeze-out. Therefore, the
annihilation cross section of DM in such a case gets additional contributions from co-annihilations

between the DM and the heavier components of the scalar doublet ®,.
3.3.2 Dark matter direct search

_H(T B HU N Hl)

aq q q HO

Figure 3.1: The Feynman diagrams contributing to the direct search of H°. Here, D indicates the
contributions from down type vector like quarks (all the three generations).

As mentioned earlier, there are severe constraints on spin independent DM-nucleon scattering
rates from ongoing experiments [18, 166, 189]. In the pure IDM, the tree level DM-nucleon elastic

scattering can arise through the SM Higgs mediation and the current bounds on direct detection

!'Note that even if we consider CKM-like flavour mixing of the down-type vector-like quarks, then the new couplings

(say A" ;j) would just be (AP );; multiplied by the mixing parameter Vé v and thus just a re-definition of the old
couplings. This will not change the phenomenology discussed in this work.
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cross section can rule out some portion of the parameter space satisfying relic specially in the low
mass regime Mpy ~ my,/2 where bounds are stronger. The elastic DM nucleon scattering in the
present model gets additional contributions from exotic quark D, as depicted in Fig. 3.1 where the
first diagram corresponds to the usual SM Higgs mediated one. The additional contributions will
come from the rest of the two diagrams. There is another possible diagram mediated by Z-boson,
even in the pure IDM, but that has already been excluded by recent direct search data. Therefore,
in order to forbid the Z-mediated channel, the mass of A" has to be kept higher than that of H°
by a non-zero value, higher than typical kinetic energy (O(100 keV)) of a DM particle so that H°
can not scatter inelastically into A°. The chosen mass splitting in our analysis satisfy this bound as
well as the ones from LEP II data [195]. Hence, in this model we have three direct search graphs
corresponding to t-channel Higgs and exotic quark mediation and another s-channel diagram
mediated by the vector like quark. Due to these additional diagrams, the direct detection rates
of the extended IDM can be more promising compare to the pure IDM, as we will discuss later.
In the limit of very large exotic quark masses or very small couplings of exotic quarks to DM, the

direct detection rates will converge towards the ones known for pure IDM.

3.4 Muon (g — 2) and the lepton flavour violation (LFV) decays
The effective vertex of photon with any charged particle is given by:

1€0,q"

u(p')elu(p) = u(p') |ey,Fi(q®) + Fo(q?) + ... | u(p). (3.4)

2my

The factor g, = 2(F1(0)+F»(0)), and the anomalous magnetic moment is given as a,, = F»(0) #
0 (since F1(0) = 1 at all order). Similarly, the amplitude for the LFV decays ¢; — £;7 can be written

as:

M’y — aéj (p/) [ALQQ’YMPL + iARmKiU,ul/qVPR} Uy, (p) (35)

The associated branching fraction can be expressed as:

Ty,

4

B(t; — €;7) = —~mj, A%, (3.6)

where 7, is the life time of the lepton ¢; and @ = 1/137 is the fine structure constant.

Figure 3.2: Feynman diagrams contributing to muon anomalous magnetic moment a,, (left) and
lepton flavour violating decays (right). Here, E (= E;/E,/E3) is the vector like lepton.
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In our model, the leading contributions in a, and the LFV decays like 7 — pv, p — ey and
7 — e are obtained from the diagrams in Fig. 3.2. In the loop, we have either H or A” and the
vector like lepton £ (which could be either of E;, E; or E3). The diagram on the left hand side
will contribute to a,, which is given by [196-198]

ANENE"m? [ 1

0 0 1 0 0
a, = Z o 3, <§1 (rg; ) = &g, )) + i, <§1 (rp — &a(rph ))] : (3.7)

with 3 = m3, /My (X = H° or A°). Here, mp, is the mass of i-th generation vector like
lepton and AL, is the corresponding coupling to muon as expressed in Eqn. (3.3). Note that in
the Yukawas of the vector like fermions, the first index corresponds to the SM fermion generation

while the second index represents that for vector like fermions. The functions &; and &; are given

by:

—3+4r — 12 Inr
G = A= =y
1

Eo(r) = m[—llJr 187 — 9% + 21 — 61n7]. (3.8)

The contributions to the decay ¢; — ¢;v will be obtained from the RHS diagram of Fig. 3.2,
which is given as [197, 198] :

an= S M L (0t eut)) 4 e (60 - a0 09
R — - 1478 M]%IO \r'E, 2\"E, Mio \"E, 2\, . .
In this section we have only shown the analytical expressions of various contributions in a,,

and B(¢; — £j7), the numerical results are presented in section 3.6.

3.5 NP contributions in b — s decays

351 b — s€te~ decays (£ = p, e)

In our model, the diagrams that will contribute to the process b — s¢¢ are shown in Fig. 3.3, where
X /X' can be either of H? or A°. As one can see from Eqn. (3.3), the new couplings ()\fj’D) carry the
generation indices of the SM fields (first index) as well as that of the vector like fermions (second
index). Therefore, depending on the type of vector like fermion in the loop, there will be several
contributions to the decay amplitude. This will be function of the new Yukawa couplings and

the masses of the new particles. However, for the simplicity of the analysis, we have followed the
E.D
ij

respect to the diagonal terms. Also, since one of our goals is to explain the R (., anomaly, which

hierarchy: A << )\5 P, j=1,2and 3), i.e, the off diagonal Yukawas are suppressed with

requires lepton universality violation, we have further assumed )\SE?)’D >> )\QEQ’D >> )\ﬂ’D. In this

simplified picture, the box diagram with D3 and E> (in the loop) will have the dominant contribu-
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_— - -~ — =
D E
k
—_— L — — 5 - —
s X 14 4
b D S s b b D S
{ T { T
\ / \ /
N~ L7 N, 7
X/X' vz v/Z X/X'

( ( ( (

Figure 3.3: Feynman diagrams contributing to b — s/ process. Here X and X' can be either of
HY or A°. The box diagrams with X = X’ = H°/A° will also contribute to b — sl processes.

tion to the process b — su™* p™. Since the dominant contribution to all the observables mentioned
above occur via the third generation of down-type vector like fermion D3 (due the to hierarchy in
the couplings), we will from now on talk only about the mass of D3. In general, the contributions
from the penguin diagrams are dominant over that of the box diagrams. However, the penguin
diagrams alone can not explain R(K *)) anomaly, as they contribute equally to the decay rates of
B — K®pupand B — K®ee. Perhaps it is possible to explain the observed data by considering
contributions from the new box diagrams alone. In such cases, the interference of the SM Wil-
son coefficient with that obtained from the box diagrams will play the leading role in explaining
the observed pattern in R ., data. If we add the contributions from the penguin diagrams, then
there will be interference of the WC obtained from the box and the penguin diagrams. Hence, de-
pending on the size of the individual contributions, the interference of the new box and penguin
diagrams could also play an important role in the explanation of the observed data. For complete-
ness, in our analysis we have considered the contributions from all types of diagrams which are
shown in Fig. 3.3.

The most general expression for the box diagram with two different scalars X and X' in the

loop is given by :
i AR XD XE* \E)
iMpor = 31(2:)42] 2 A Oy, (3.10)
where the loop factor is given by [197]
A= My " < M2 >
(M% — M2,))(Mp, — M2,)(MZ, — MZ2,) "\ M2,
M3 2
2 1 B
+(M/%,L- — ME)(Mp, — M2,)(Mp, — M%) “< M2 > (3.11)
n Mg, ln(M%j >]
(Mg, — Mp)(Mp, — My)(Mg, — M%) \ My /|
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We have also added the contributions of the box diagrams with only one type of scalar (H°,
A®) in the loop. The expression for this can be found from Eqn. (3.11) by taking the limiting case
X - X

The effective operator is given by

Ocpr = [byu(l —5)s] 10" (1 — 5]
= [byu(1 = 5) sl 171 = [byu(1 = 75)s][17" 5]
— O — Oy (3.12)

where Oy 19 are the semileptonic operators introduced in Eqn. (2.4). For simplicity, from now on
we will rewrite the couplings A2 = Ay, A2} = A\ and M3 = )\, . On the other hand, we write

M = A, AL, = )\, and AE; = A to simplify our notations. Thus Eqn. (3.10) can be written as

iMBoy ~ i[CH Oy + CTY O10], (3.13)
where,
A As A2 A
NP _ _~NP _ _ 1
Gy~ = —Chp <327r2 ) ) (3.14)

which has to be normalized with a factor V' = — (% X 4;) so that the operators are at par
t S

with those given in Eqn. (2.4).

The amplitude of the photon exchanged penguin diagrams can be written as

2
_ ) y es _
My = [b(ALg®vu P + iArm-0,uq PR)S]?[E’YMEL (3.15)

where ¢ is the photon momentum. The dominant contribution will come from D3, therefore, the
form-factors Ay, and Ag are induced by the product A\;\, coupling. The contribution to Cy will

come only from Ay, whose approximate form is given by:

AsAp  &(rpy)

— 3.16
LT %Mz, 3 (3.16)
with
£(rp,) = W[_H +18rp, — 9}, + 2rh, — 6lnrp,]. (3.17)
The Z-mediated penguin amplitude for the process b — s¢¢ can be written as
_ 1 -
My = [bFL’yMPLS]W[E’y“ (aeLPL + a%PR)E], (3.18)
Z
where
f_ 9 f : f_ g .

. (t5 — Qpsin®Ow), af = o~ GW(—Qf sin” Oy ). (3.19)

TH-2853_166121012



Chapter 3. Correlating the anomalous results in b — s decays with inert Higgs doublet dark
44 matter and muon (g — 2)
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Figure 3.4: The Feynman Diagram contributing to the Bs-meson mixing in our model with X, X’
denoting either H” or A°. All other possible symmetric diagrams have also been considered
during computation. The dominant contributions will come from Ds.

From the diagrams of Fig. 3.3 we obtain

AE 1 S
53 Cosg0W 327rg [a% (2 3 20) +ap*rpyéo(rps) + aj B (3.20)

The finite parts of C, {x and B are given by

1 1
Cﬁzzé(mﬂ—qﬁmMM§m+(L—@M%$
L 1—x
(o) = [ e
1 1
B:2A;MwMMM;q+ﬂ—xM%J (321)

The details of the above calculations can be seen from [197]. The Z-mediated penguin diagrams
will contribute to both Cg and C;g. Therefore, the total contributions to Cy and C'g can be extracted

from

The numerical analysis is done in the next section (3.6).

3.5.2 B, — B, Mixing

The AF = 2 process Bs — B mixing may play a crucial role in constraining the parameters of our
model relevant for b — s transitions. In this case the important observable is the mass difference
AMp,, which is defined as

AMp, = 2|ML;|. (3.23)

In the SM, the dominating contributions to M % will come from the dispersive part of the box
diagram amplitude with W boson and the top quark in the loop. The mathematical expression

for it is given by

G2 . . 2
MlBQS oy = 127}:2 fésBBsMBsMgV(V;b‘/tS)2nBSO <J\4é{/>7 (324)
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Sp is the Inami-Lim function:

Ay — a2 + 23 323 log x
So(z) = 10 —2) — 20— 2 (3.25)

The detail of the SM calculations can be seen from [199].
In the presence of NP there will be additional contributions to M1y . In our model the dominant

contributions will come from the box diagram as shown in Fig. 3.4, which is given by

B, AN 2 7
M5 = 3972 /5. BB, MB,SNp (3.26)
NP
where,
4 2 2 2 2 2
Sup— M3, . Mp (M3 + M%) — 2Mp M5 M?, <Mg3>
(M2, = Mp)(Mp = M%) (M2, — M2 )2(Mp, — M) M3

(3.27)

My, 1 (M)Q(, )}
— n
(M2, — Mp)2(M2, — M%) M3

There will be several such diagrams with H? and/or A° in the loop. Our loop factor can be com-
pared with that given in [200].
In the SM, the B, mixing phase is negligibly small, also in our analysis we are assuming real

Yukawa couplings. Hence, we can express the mixing amplitude as

AMp, = (AMp,)sm + (AMp,)ne = (AMB, )sm (1 + AMix), (3.28)

A
with Amix = EMBS)NP. In this ratio, the bag factor and the decay constant will cancel which

Mp, ) SM
are the major sources of uncertainties in the SM predictions of the oscillation frequency. Awmix is

sensitive to the NP parameters and using Eqn. (3.28) we can find out the maximum allowed ranges
of this observable. Using the latest data on AMp_ [12] and the following inputs for decay constant
and the bag factor [77, 201]

fB, = 0.2284 £ 0.0037 GeV,and Bp, = 1.327 £ 0.034, (3.29)

we find that Amix could be as big as 15% if we consider the 1o allowed ranges of all the relevant
inputs. This could be even 20% if one uses the projected lattice results as given in ref. [201]. The
By — By mixing data allows sizeable NP contributions (=~ 30%)[202]. In our model, the contribu-
tions to By — By mixing will come from the diagram in Fig. 3.4, with the strange quarks (s) in the
external legs replaced by down (d) quarks. The dominant contribution will thus be proportional
to (AyAg)?. Therefore, following our assumption of the hierarchical structures of the new Yukawas,
the contributions will be highly suppressed. The same argument is also true for K-K mixing in
which the NP contribution due to our model is proportional to (AgAs)?. Actually, for all practical

purposes, we can set \q = 0. This assumption does not have any impact on our final results since
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Figure 3.5: Variations of relic abundance with the DM mass Mo for different values of the
couplings in the (a) low mass and (b) high mass regions of the DM. The plots show that as we
switch on the leptonic and/or quark portal couplings, new annihilation channels open up,
lowering the relic abundance for a fixed DM mass. In Fig.3.5a, the black-dashed and red-dashed
lines overlap and hence not visible. This is due to the fact that when \; is large, small variations
in A\, does not affect the relic abundance. Similarly, the black and red dotted lines are also
overlapped. See text for more details.

we are mostly interested in the observables which do not have dominant contributions from .

3.6 Results: DM and flavour

In this section we discuss the results obtained from the analysis of the DM and flavour sector of
our model. We scan the NP parameter space using the constraints from flavour data, relic density
and direct detection bounds. In the context of our model, the relevant free parameters are: A, A,
Aus Ar, Mo, Mo, M=, Mg, Mg,, Mg,, and Mp, = Mp, = Mp, = Mp 2.

In order to simplify the analysis, amongst them we have fixed few of the couplings, such as
As = 0.01 and A, = 0.001. Also, we choose A, < 1, A, < 1.5 and A, = 1.5. The rest of the free
parameters are constrained from the R (., B(Bs; — 1), Aa, and relic data. With these choices of
the couplings, we can easily overcome the present constraints on flavour changing b — s processes,
like Bs; — B mixing, B(B — Xv) etc. We will explicitly show this for B; — Bs mixing. We have
checked that in our model within the chosen benchmark points given in Table 3.2, the new physics
contribution to the branching fraction B(B — X7) will be of order O(10~%) which is suppressed
with respect to the corresponding SM branching fraction by two order of magnitude.

First, we will discuss the effects of different parameters of our model on DM relic abundance.
As mentioned earlier, in pure IDM, there exists two distinct regions of DM mass which satisfy the
relic abundance criterion. In Fig. 3.5 we have shown the variations of DM relic abundance with
Mo in two different DM mass regions (low and high) for different new couplings and masses
of the exotic vector like fermions. In Fig. 3.5a, we have kept AM = 60 GeV and varied Mo

between 50 GeV and 75 GeV (low DM mass region). In this region, with the variation of our new

*Though in our case the significant contributions will come from Mp, = Mp.
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Figure 3.6: The plots in the top panel (3.6a,3.6b) and the bottom left plot (3.6¢c) shows the
variations of relic abundance with the mass splitting AM = My+ — Myo = M40 — Myo for the
DM mass Myo = 70 GeV. Here, different benchmark points are chosen for the other new
parameters. The similar correlations in the high DM mass region (Mpgo = 600 GeV) is shown in
the bottom right plot (3.6d).

parameters, the allowed values of Myo do not change significantly from that obtained in pure
IDM case. In Fig. 3.5b, we have kept AM = 2 GeV and Myo > 500 GeV (high DM mass region).
Here, the same mass splitting between different components of the inert scalar doublet namely,
AM = Mg+ — Mgo = M 40 — Mpo are considered. In this region, the deviation from pure IDM
scenario is significant.As expected, for the fixed values of the masses of the vector like fermions,
the new couplings and the associated allowed values of Mo are positively correlated. For the
pure IDM scenario, in the low mass region, the allowed values of Myo is not strongly correlated
with the choice of AM, while in the high mass region the relic abundance is only satisfied when
AM is very small, or in other words when the inert scalars are nearly degenerate. Also, in Fig.
3.5a, the black-dashed and red-dashed lines overlap with each other. This shows that the DM
mostly annihilates to 717~ pairs through vector-like lepton F3 and the annihilation to muon pair
is sub-dominant since the coupling A is much larger than ). Hence small changes in A\, does not
affect the relic abundance when \; is large for universal vector-like lepton masses.

For simplicity, in the low DM mass region, we have fixed Mo at 70 GeV for the rest of our

analysis. In Fig. 3.6, we have shown the variations of the relic abundance with the mass splitting
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Figure 3.7: The left plot shows the variations of Aa, (muon (g — 2)) with the coupling A, for
different values of Mp,. In these plots M yo has been taken as 70 GeV. The red dashed and dotted
lines represent the 1-0 and 3-0 bands of the Aa,,, respectively. The right plot shows that with the
same benchmark values of the NP parameters the decay width for 7 — iy is well below the
present experimental limit [12].

AM for different benchmark values of the new couplings and masses. From Fig. 3.6a, 3.6b and
3.6c we note that, as the new parameters are switched on, the relic abundance decreases compared
to pure IDM scenario due to the increase in annihilation cross section. Also, the required mass
splitting AM will be less in our model compared to that in pure IDM. Since we have assumed
Ar > A, the dominant contributions to the relic abundance will come from the annihilation to
7777, which can be seen from Fig. 3.6a where the variations are almost independent of the choices
of \,. The sensitivity of the relic abundance to the mass splitting in the high mass region is shown
in Fig. 3.6d. With the increase in ), the mass degeneracies are becoming tighter compared to pure
IDM scenario. Similar trend is also expected with the variation of A, as well.

In section 3.4, we have discussed various diagrams and their contributions to muon (g — 2) and
LFV decays ¢; — /;. There will be contributions from penguin diagrams with vector like leptons
Es, F5 or Fy in the loop. However, since we are assuming hierarchical structure for the couplings:
M < MG << AB(= M) S AE(= \;), the diagrams with F3 and E; in the loop will not give
significant contributions to Aa,,. However for completeness, we consider all those contributions in
our analysis. The dominant contribution will come from the penguin diagram with E» in the loop.
The variations of Aa,, with the new coupling ), for different values of Mg, are shown in Fig. 3.7a.
We note that if we restrict ourselves to the values of A\, < 1.5, then it will be difficult to explain
the excess in muon (g — 2) within its 1-o range, unless we consider vector like lepton mass < 200
GeV. However, the excess can be succesfully explained within its 3—o range for values of A, < 1.5
and we restrict ourselves to this limit only. Especially, higher masses prefer higher values of the
coupling A,,. In future with more precision measurements, the tension between the predicted and
measured values may reduce i.e the data may become more SM-like. In such situations, the data
on a,, will not put strong constraints on our model parameters. In the opposite situations, one may

need to consider values of A, 2 1.5. On the other hand, the contribution from all the vector like
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Figure 3.8: Variation of Apjix with A, for four different values of the vector-like quark mass
Mp(= Mp,), since the dominant contribution will come from D = Dj. The black dashed line
indicates the maximum allowed value of Ay if we take all the inputs in Eqn. (3.28) within their
respective 1o confidence interval.

fermions will be relevant for the LFV decays. However, since in our framework the off-diagonal
elements are small compared to the diagonal elements, the contribution to the branching fraction
will not be significantly large. As an example, we have chosen A, = \¥; ~ 0.01. With this choice,
the branching fraction 7 — pvy will be much below the current experimental limit, even if we
choose A, or A; roughly ~ O(1) (Fig. 3.7b). Here, we have not discussed the LFV 7= — p~pp~
decay. In our model, the leading diagram for this decay is same as 7 — py , with a virtual photon
converting into a muon pair °. It is expected that for the same set of NP parameters the branching
fraction B(7 — p~ ptp) will be small compared to B(T — py); as an example see [197]. Therefore,
our NP parameters will be safe with respect to present limit B(7 — uup)(~ O(1078)) [12]. The
LFV decays and Aa, are insensitive to the coupling \,. However, observables like R (., and DM
relic abundance are sensitive to all the relevant couplings and masses of the model.

In the case of B, — B, mixing, in Fig. 3.8 we have shown the variations of Apix with Ay for
different values of the masses of Mp,. The black dashed line indicates the 15% allowed range in
Apmix, the solid lines represent our model predictions for different values of the vector-like quark
mass. The other relevant parameters are fixed as before. We note that for Mp, > 500 GeV, the
allowed value of A\, could be as big as 1. However, for lower values of Mp, higher values of A\, will
be disfavoured, as an example we can see that for Mp, = 300 GeV, A\, 2 0.7 will not be allowed.
Here, we would like to point out that the major uncertainties in the theory prediction is associated
with the decay constant. Therefore, if we consider the errors within their 1o confidence limit (CL)
ranges, then that will give us a conservative estimate of the allowed NP. We would like to stress
that data will still allow a NP contribution up to 30-40% at the 30 CL [202].

As mentioned earlier, the branching fraction for the rare decay B, — p™ 1~ is consistent with

its SM prediction within 1o confidence level. Therefore, the data on B(Bs — p 1 7) is expected to

3There will be one additional box diagram, the contribution of which will be suppressed compared to that of the
penguin diagram.
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put tighter constraints on the parameters of any NP model in the decay b — suu. More importantly
if we see the current data, the measured value is below that of SM prediction and our model has
the potential to accommodate it. Although we are not considering it seriously, we have to wait
for more precise data and lattice inputs to conclude it further, but at the moment one can not
rule out this possibility. The main source of error in B, — puu is the decay constant fp, whose
different lattice predictions have different errors (for detail see ref. [77]). Therefore, in order to be
conservative, the errors in the measured value have been taken in their 20 confidence level allowed
ranges to constrain the NP parameters.

From phenomenology point of view according to the low and high DM mass regions, we divide
our analysis into two parts: in one part, we choose Mo = 70 GeV (low DM mass), and in the other
we have considered Mpo = 600 GeV (high DM mass). These will be discussed in the following

sections.

3.6.1 Low mass DM

In this section we show our main results for a light dark matter of mass 70 GeV and mass splitting
AM = 110 GeV. Keeping in mind all the relevant correlations between the different parameters
shown above, we do a multi-parameter scan to find out the common parameter space that satisfies
all relevant flavour constraints i.e. Ry, B(Bs — pp~), muon magnetic moment anomaly in
Aa,, as well as the correct relic abundance and direct detection bounds of dark matter as shown in
Fig. 3.9. To generate these plots we assumed, for simplicity, that all generations of the vector-like
leptons have the same mass i.e Mg, = Mg, = Mg, = Mg. More regions on the parameter spaces
of A\, and Mg, will be allowed if we relax this mass degeneracy. We allow both Mg and Mp to vary
between 200 and 1000 GeV instead of keeping them fixed. In these plots A\ has been varied between
1.0 — 1.5, while we have kept A\, < 1.5 and A, < 1. As mentioned earlier, the major constraints
on the new parameters are mainly coming from the flavour data, in particular from B(B, — upu).
The blue scattered points satisfy the data on Rx, Rk~ and B(Bs — puu) in their respective 20
confidence intervals which shrink to the green points when we also consider Aa,, as a constraint.
Here, we have considered the excess in Aa,, within its 3-0 range. The red regions represent the
bound on the NP parameters from the relic density and direct detection cross section of DM. An
interesting feature here is the presence of two distinct regions in the parameter spaces of \,,, \;, and
Mp (Fig. 3.9a and 3.9b). These two regions correspond to high and low values of \;, respectively.
In both the allowed regions, A\, can take moderate values > 0.5. However, its magnitude can not
be very high (>> 1) when A\, 2 0.7. On the other hand when )\ is small, the common parameter
spaces are obtained in regions where )\, ~ 1.5, which could be relaxed and the values A\, < 1.5 will
be allowed if we lift the mass degeneracies of the vector like leptons, for example see Fig. 3.10a*.

Hence, for completeness we have analysed both these regions in the collider searches as will be

*If we lift the mass degeneracies in the vector like leptons than for higher masses of Mg, the DM will mostly an-
nihilate to 777~ and this channel will contribute maximally to the relic abundance. Hence, their won’t be any strong
constraints on the parameter spaces of Mg, and A, from relic abundance which can also be understood from the ob-
servations made in Fig. 3.6a and 3.6¢c.
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Figure 3.9: Correlation between different NP parameters for a Low Mass DM at Mo = 70 GeV.
The blue points satisfy all relevant flavour constraints within their 2o confidence intervals except
muon (g-2) anomaly. When we further apply the muon anomalous magnetic moment bounds
then the allowed region shrinks as depicted by the green points(see text). The red region satisfy
the relic and direct search constraints when we consider degenerate vector-like fermion masses.

discussed later. Also, we note that A, > 0.4 for Mg < 800 GeV and )\, > 0.7 in the whole range of
Mp are allowed by all data. Note that muon (g —2) is not sensitive to A\, or Mp. Also, we see a nice
correlation between Mg and Mp, for the higher values of Mp (> 500 GeV) the relic density prefer
Mp < 400 GeV. We have checked that this constraint can be relaxed if we assume non degenerate
vector like fermion masses for all the generations, for example see Fig. 3.10b.

Following the above discussions, from the allowed parameter spaces we have chosen seven
benchmark points (BPs), listed in Table. 3.2, for collider analysis elaborated in Sec. 3.7. Also, we
have checked that the values of the Wilson coefficients C{* and C{{¥ in all these benchmark
scenarios are consistent with those obtained from the global fit [157], in particular the scenario
with C)'F = —CJiP. We have focussed on both the allowed regions of couplings as shown in
Fig. 3.9a, so that we can phenomenologically distinguish them from each other. BP1 to BP5 have

the characteristics of high ), and intermediate )\, while a low )\, and high A, characterize BP6 and
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Figure 3.10: Similar plots as given in 3.9a and 3.9d. In addition, we have considered the case Mg,
# Mpg, which is represented by cyan region. This region satisfies the relic and direct detection
constraints when we assume the non-degenerate vector-like lepton masses.

BP | Mp (GeV) | Ay | Mg, (GeV) | A, | Mg, (GeV) | A, | Qh? | Rk | Riw | Ady x 10 | B(r — py) x 10° | B(By — pps) x 10°
1. 500 |09 150 05 350 15 | 0.120 | 0.769 | 0.760 315 5.98 1.95
2. 750 |09 250 0.7 250 12 | 0.117 | 0.777 | 0.769 28 571 2.49
3. 750 |09 200 07 350 15 | 0.122 | 0.758 | 0.749 401 5.39 2.55
4. 850 |09 250 07 250 12 | 0.118 | 0.808 | 0.800 2.81 571 2.59
5. 900 |09 350 038 350 15 | 0.119 | 0.803 | 0.796 2.07 2.67 2.69
6. 800 |01 300 15 350 15 | 0.121 | 0.908 | 0.903 95 6.03 1.89
7. 800 |01 180 15 500 15 | 0.121 | 0.885 | 0.880 462 5.35 1.84

Table 3.2: Model prediction of different relevant observables corresponding to our chosen
benchmark points.

BP7. Here we would like to mention that there is an existing lower limit on pair-produced charged
heavy vector-like leptons from LEP [203] : my+ 2 101.2 GeV. Our benchmark points satisfy this

limit.

In pure IDM, the electroweak precision observables (EWPO) like S and T, play an important
role in constraining the mass splitting AM between the inert scalars [180]. We have already taken
care of this constraint while scanning the new parameter spaces. Our model contains singlet vector
fermions which do not mix. Hence, there will not be any additional significant contributions in S,
T and U parameters, although there will be diagrams that contribute to Z — pjiand Z — bb decays
at one loop level. However, we have checked that within our chosen model parameters those
contributions are highly suppressed. Therefore, the EWPO will not put any stringent constraint
on our model parameters.

Before moving on to the collider analysis, we show, for illustrative purpose, the variation of

spin-independent direct search cross section (per nucleon) with the DM mass in Fig. 3.11 for some
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Figure 3.11: The plot shows the variation direct detection cross section with DM mass in direct
search plane. The black lines correspond to different BPs, where the DM mass has been varied,
while the dots correspond to specific choices of the DM mass (see text for details), the red line is
the exclusion limit from recent XENON-1T data and the blue line is the direct search limit from
pure IDM case.

of the chosen BPs in Table. 3.2. For a comparison, the similar correlation for pure IDM is presented
in the same figure. The solid red line is the exclusion limit from recent XENON-1T data [189]. The
black dots on each black line refer to particular point corresponding to a fixed Mo, satisfying
constraints from relic density, direct search (as they lie below the experimental exclusion limit)
and flavour bounds (which we have discussed in Sec. 3.4 and Sec. 3.5.1). As pointed out earlier,
and can now be seen from these plots, the presence of exotic quarks increases the direct detection
rates compared to the pure IDM keeping it more promising for observing at ongoing direct search

experiments.

3.6.2 High Mass DM

We analyze the high DM mass region of the IDM in context of our extended framework. As dis-
cussed earlier, we need to consider degenerate masses for the IDM scalars (as we need to resort on
co-annihilation channels in order to satisfy relic density) and also tune Az,(= A3 + A4 + A5), which
involves the DM-Higgs interaction, to an appropriate value. So the masses of vector-like leptons
(E;) and the vector-like bottom partner (D) will have to be greater than the masses of A° or H +to
maintain the stability of the DM. We consider a mass splitting of 2 GeV between the inert scalars
and set Az, to 0.0001.

The parameter space which are allowed by flavour data are shown in Fig. 3.12a and Fig. 3.12b.
We have kept the value of the DM mass fixed at Mo = 600 GeV. It is interesting to note that, in this
case, we will be able to explain the R (., anomaly only for higher values of A, (= 3 or 4). However,
for the same masses, such high values of A, will not allow us to achieve right relic abundance (see
Fig. 3.12c). Hence, it is not possible to obtain a common parameter space that satisfies both relic
abundance and flavour constraints simultaneously. When we add new interactions, new annihi-
lation channels open up and they make the DM under-abundant. So in order to make the effects

of NP minimal, we require the couplings to be small but masses to be large (Fig .3.5b). However,
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Figure 3.12: Top Left (3.12a): Variation of Rx with ), for fixed values of DM mass and A, for
three different values of Mg,. The yellow band shows the 1o experimental range of Rx. Top
Right (3.12b): Same for 1o experimental range of R (). Middle (3.12¢): Variation of relic
abundance with )\, for the same chosen parameters as in 3.12a and 3.12b, the orange band shows
the Planck-observed relic density bound.

if we also want to explain the flavour anomalies for such high values of the vector like fermions
masses, we need very high values of couplings as well (A, 2 3) . So it is impossible to achieve

solution in this region of DM mass and hence we discard further investigations for this case.

3.7 Collider Phenomenology

Our goal is to investigate the implications of our model on collider searches at the LHC. As men-
tioned earlier, we have expanded the contact interaction of the DM with the SM and included the
vector like fermions (mediators) as propagating degrees of freedom of the theory. Also, it is clear
from the above discussions that the mediators have decay channels to the SM fermions. In this sec-
tion, we will analyze the prospects for detecting our model at the LHC through various channels.
Due to the presence of the exotic vector like leptons and quarks, the model gives rise to several

tantalizing collider signatures. Here, we have discussed a few of them:
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Figure 3.14: Feynman diagrams for channels contributing to jj + Fr final state. The gluon fusion diagram has also
been considered in this case

Figure 3.15: Feynman diagrams for channels contributing to ¢*¢~ + jj + Fr final state.
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e Opposite sign dilepton (OSD) with missing energy (¢1 ¢~ + Br)°.

e Dijet with missing energy (jj + Er), there are cases where the b-jets have been tagged sep-

arately.
e Dilepton with dijet and missing energy (¢T¢~ + jj + Er).

All these three final states could be tested at the LHC. The corresponding Feynman diagrams
for the final states (¢T¢~ + Br), (jj + Br) and (¢4~ + jj + Fr) are given in figures 3.13, 3.14 and
3.15, respectively. In all these diagrams, the proton (p) is considered a multiparticle composed of
both quarks and gluons. Hence, all possible initial states with quarks and gluons have been taken
into account. We note that amongst all the diagrams, some will appear only in pure IDM case.
Therefore, it is important to test whether it is possible to discriminate the signatures of our model
from that of pure IDM at the LHC.

As mentioned earlier, from the common parameter space satisfying flavour constraints, relic
density of DM and direct detection bound, we have chosen our benchmark points (BP), which are
given in Table 3.2. All other parameters are fixed at the values: Myo = 70 GeV, AM = 110 GeV,
mp, = 125 GeV, A\, = 0.0001, A\ = 0.1, A\q = 0.001, A\s = 0.01, Ae = 0.001.

BP | opo-1my (fb) | o)1, (D) | 041 jj 1y (D)
1. 588 278 0.31
5 54 181 2.91
3. 173 177 2.73
4. 54 172 2.75
5. 17 173 2.98
6. 20 174 2.88
7. 307 174 1.00

Table 3.3: Production cross-sections for the different signals corresponding to the chosen
benchmark points.

3.71 Object reconstruction and simulation strategy

We implemented the model in FeynRule [204]. The parton level events are generated in MADGRAPH [205],
which are further showered through PYTHIA [206]. All the events are generated at /s = 14 TeV
using CTEQ61 [207] as the parton distribution function. All the leptons and jets are reconstructed

in order to mimic the LHC environment using the following criteria:

*Hadronically quiet dilepton with missing energy
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o Lepton (I = e, p): Leptons are identified with a minimum transverse momentum py > 20
GeV and pseudorapidity |n| < 2.5 such that they are in the central part of the detector. Two
leptons are distinguished as isolated objects if their mutual distance in the  — ¢ plane is
AR = \/(An)* 4 (A¢)? > 0.2, while that separation between an isolated lepton and a jet is
givenby AR > 0.4.

o Jets (j): The cone jet algorithm PYCELL has been used to build jets inside PYTHIA. All the
partons within AR = 0.4 from the jet initiator cell are included to form the jets. We require
pr > 20 GeV for a clustered object to be considered as jet. Jets are isolated from unclustered
objects for AR > 0.4.

o Unclustered Objects: All the final state objects which are neither clustered to form jets, nor
identified as isolated leptons, belong to this category. All particles with 0.5 < pr < 20 GeV

and |n| < 5, are considered as unclustered.

e Missing Energy (E7): The transverse momentum of all the missing particles (those are not
registered in the detector) can be estimated from momentum imbalance of the visible parti-

cles in the transverse direction. Thus, missing energy (MET) is defined as:

Br=- \/<me)2 + (X py (3.30)
2 4,5

where the sum runs over all visible objects that include the leptons and jets, and the unclus-

tered components.

e Hp: We have used another observable for collider searches which is the scalar sum of all

isolated lepton/jet transverse momentum:

Hy =) pr (3.31)
E?j

The dominant SM backgrounds have been generated in MADGRAPH and then showered through
PYTHIA. Also appropriate K-factors were used to match them with the Next-to-Leading order
(NLO) cross section. We have identified dominant SM backgrounds as: tt, W W~ W*Z,6 727,
Wj, Zj and Drell — Y an for the chosen signal regions. The discovery potential of the the model,
in terms of signal significance, are shown for only those cases where the signal can be clearly dis-
tinguished from the SM background. In each case, we have also shown the status of pure IDM
scenario for comparison purpose. Once again we would like to remind the readers that the pur-
pose of the collider phenomenology in our context is not to search for signals of the VLFs, but to
look for the signature of the model itself. In that sense, our choice of observables and cuts are

different from that of dedicated experimental searches done at the LHC or LEP.
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Figure 3.16: Invariant dilepton mass (M) distribution for the signals (in red), with SM
backgrounds for (¢*¢~ + Fr) channel.
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Figure 3.17: Hyp distribution for the signals (in red), with SM backgrounds (¢ ¢~ + FJr) channel.

3.7.2 Dilepton with missing energy final state

In Fig. 3.16 and 3.17, we have shown respectively the dilepton invariant mass (M) and Hr distri-
butions for the signal, in comparison with the relevant SM background for final states containing
opposite sign dilepton and MET. As one can see from Fig. 3.16, the primary difference in the My,
distribution between the signal and the background lies in the fact that we observe a long tail
in case of signal, which is not present in the background. The reason being, in case of signal,
the source of the leptons in the final state are the heavy new particles apart from the SM gauge
bosons. Since these particles are heavier than the SM gauge bosons, hence the leptons in this case
are much boosted than those coming only from the SM gauge bosons. As a result, we see a flatter
distribution for M, for the signal compared to the SM background (Fig. 3.16). As an example in
Fig. 3.13, we see that for signal, the leptons in the final state arise not only from SM Z or W but
also from the decay of heavy new particles e.¢, E* — H%/*. The same arguement holds for Hr,
where a flatter signal distribution (Fig. 3.17) arises because of the less boosted leptons in the final
state.

From My, distributions shown in Fig. 3.16 we can see that a cut: M, 2 300 GeV can help us

to get rid of the SM background completely for all BPs except BP1, retaining the signal intact. For
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Benchmark | gProduction 50D
Points (pb) (fb)
BP1 0.58 11.98
BP2 0.05 My, > 200 GeV | 3.05
BP3 0.16 Hr >280GeV | 8.77
BP4 0.05 3.04
BP5 0.01 0.45
BP6 0.02 0.48
BP7 0.30 0.85
Pure IDM 0.16 0.03

Table 3.4: Final state signal cross-section with M, > 200 GeV and Hr > 280 GeV for OSD + Fr final state. All
simulations are done at /s = 14 TeV.

Benchmark | gProduction o OSD
Points (pb) (fb)

tt 81.64 48.78
Ww 99.98 My > 200 GeV | 36.99
WwZ 0.15 Hp >280GeV | 0.06
727 14.01 0.14
Drell-Yan 2272.80 0.14

Table 3.5: Final state SM background cross-section with My, > 200 GeV and Hr > 280 GeV for OSD + Fr final state.
All simulations are done at /s = 14 TeV.

BP1, on the other hand, such a cut kills the background along with the signal as well. Similar kind
of trend is also observed in the Hr distribution. In order to determine the signal significance We
have used My > 200 GeV and Hr > 280 GeV cuts for BP1-5.

For all the benchmarks, final state cross-section with all the above mentioned cuts imposed
are tabulated in Table 3.4. Corresponding cross-sections for dominant SM backgrounds are also
shown in Table 3.5. Inspite of the fact that such a cut kills most of the signals for BP1, due to its
high production cross section (as shown in Table 3.3) it shows a very high significance along with
BP3. Similarly, Fr > 200 GeV and Hy > 320 GeV have been used to compute the significance of
BP6 and BP7 and a similar excess is seen in case of BP7 due to its high production cross section.
Therefore, the benchmarks BP1, BP3 and BP7 are prone to be eliminated in ongoing LHC runs, if
no excess is being found in those channels.

The significance plots for OSD + Fr channels are shown in Fig. 3.18. From the plot we can
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Figure 3.18: Significance plot for dilepton plus Fr final state for the different BPs. The dashed
blue line shows the significance for the pure IDM scenario for comparison. The thick red and the
dashed red lines are respectively showing the 30 and 50 confidences. Note that we have used
My > 200 GeV and Hr > 280 GeV cuts to compute the significance of BP1 to BP5 (left plot)
while By > 200 GeV and Hr > 320 GeV have been used to compute the significance of BP6 and
BP7 (right plot).

infer that:

e So far at LHC, we have not seen any excess in ¢*¢~ + Fp channels, therefore, our model

parameters in BP1 and BP7 are most likely to be ruled out by LHC.

o There is still a possibility that BP3 and BP6 might be probed in the future run of LHC at a
luminosity £ ~ 60 fb~! and 200 fb~! respectively.

¢ Due to identical masses of the vector like leptons (and hence same production cross section
for dilepton final state), the significance of BP2 and BP4 are exactly the same. Both of them
reach a discovery potential of 50 at very high luminosity (£ ~ 700 fb—1).

o It will be very hard to distinguish BP5 from pure IDM and seems almost impossible to be

probed within the future limit of LHC luminosity.

Therefore, from the collider searches of the (¢T¢~ + FJ) final state, it is hard to rule out the
model parameters entirely for some specific choices of BPs. What we see is that, vector like leptons
with masses < 200 GeV are prone to be ruled out by LHC at present luminosity. But vector like
leptons with masses of 2, 250 GeV and above are yet to be probed by the future high luminosity
runs. In the future runs the non-observance of any excess in the data will help us to rule out higher

mass regions of the vector like leptons.

3.7.3 Dijet plus Hr final state with and without b-tagging

We have used Fr and Hr as observables in order to distinguish the jet final state signal from that
of the SM backgrounds. For the SM, the only source of Fr are the SM neutrinos, which can be
approximately taken to be massless at the colliders. As a result, the peak of the F distribution

for the background lies at a very low value of Fr. For signal, on the other hand, we can see from
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Figure 3.19: Missing energy (E/r) distribution for the signals (in red), with SM backgrounds for
dijet+Fr channel. We note that in the left plot, it is hard to distinguish the distributions of the
benchmark scenarios BP2 and BP3 from each other. Similarly in the right plot all the signal
distributions almost overlap with each other.
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Figure 3.20: Hy distribution for the signals (in red), with SM backgrounds for dijet+Fr channel.
We note that in the left plot, it is hard to distinguish the distributions of the benchmark scenarios
BP2 and BP3 from each other. Similarly in the right plot all the signal distributions for BP4 and
BP5 almost overlap with each other.

Fig. 3.19 and Fig. 3.20 that except for BP1, in all the other benchmark scenarios it is extremely diffi-
cult to separate the signal of our model from the SM background and also from pure IDM signal.
This is due to fact that in our model the dominant contributions to missing energy are coming
from the diagrams in Fig. 3.14, where final states contain both SM neutrinos and the DM. Hence
the shape of the distribution is not just dictated by the massive DM, but the massless neutrinos
as well. The final state cross-sections are listed in Table 3.6 for the signal where we can see that
the cross-section for BP1 is significantly large, while for other benchmarks they are almost the
same. For the SM backgrounds corresponding cross-sections are also tabulated in Table 3.7. Note
that, due to hadronic final state, the backgrounds are more vigorous here, making the signal less
significant than that of leptonic final state.

In Fig. 3.21, we have shown the significance of different BPs for dijet final state with (left) and
without (right) b tagging. For BP1, a significant excess can be seen in all the distributions and it

shows a very high significance for present LHC luminosity, which are very likely to be ruled out
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Figure 3.21: Left: Significance plot for dijet+F/r final state for different BPs. Right: Same when
only b-jets are considered. In both the plots, the dashed blue line shows the significance for pure
IDM scenario; the thick red and the dashed red lines are respectively showing the 30 and 50
confidences. We have refrained from showing the significance plots for BP6 and BP7 because
they were similar and very close to BP3-5, making the plot look messy.

Benchmark | gProduction ol (aPP)
Points (pb) (fb)

BP1 0.27 7.62 (1.87)
BP2 0.18 1.27 (0.09)
BP3 016 | Fr:240-280 GeV | 1.22 (0.08)
BP4 0.17 1.29 (0.06)
BP5 0.17 1.15 (0.05)

PureIDM | 0.16 1.14 (0.03)

Table 3.6: Final state signal cross-section with Fr : 240 — 280 GeV for dijet + Fr final state. The numbers in the
parenthesis is the corresponding cross-section for exclusive b-jet final state . All simulations are done at /s = 14 TeV.

Benchmark | gProduction ol (aPP)
Points (pb) (fb)
i 814.64 317.71 (24.43)
WW 99.98 12.99 (0.00)
WWZ 0.15 Hr : 240-280 GeV 0.14 (0.00)
727 14.01 11.76 (0.28)

Table 3.7: Final state signal cross-section with Fr : 240 — 280 GeV for dijet + Fr final state. The numbers in the
parenthesis is the corresponding cross-section for exclusive b-jet final state . All simulations are done at /s = 14 TeV.

by LHC data. So far, no excess has been found in the present LHC run [208]. For inclusive dijet

search, all other BPs reach a 50 significance for a luminosity £ ~ 600 fb~!, as shown in the LHS

TH-2853_166121012



3.8. Renormalization Group Equation (RGE) Running of the Couplings 63

Yukawa Couplings

100 1000 10* 10° 108 107
u(GeV)

Figure 3.22: Running of the NP Yukawa couplings of our model with energy scale p (in GeV) is
shown here. The magenta lines represent the evolution of \,, the blue ones represent that of A~
while the orange ones are for ). The solid, dashed, dotted and dotdashed styles for the legends
are used to represent the running for benchmarks points 2, 4, 5 and 6 respectively. Note that the
solid and dashed lines overlap (due to similar variation of the couplings) and hence are
indistinguishable. Also the magenta and blue dot-dashed lines for BP6 overlap due to similar
coupling strengths.

of Fig. 3.21. It is also impossible to distinguish BP5 from pure IDM scenario, while all other BPs
(except BP1) lie very close to each other because of comparable production cross sections. On the
other hand, for exclusive b-tagged final states, although the BPs can be distinguished from pure
IDM case, but none of them reach a discovery limit even at very high luminosity. This makes the
model impossible to be probed at the LHC for final states containing b-jets. Thus, we can infer that,
at the present LHC luminosity the non-observation of any excess rules out the vector like quark
with masses < 500 GeV (BP1). However, Mp in between 700 GeV and 900 GeV are still allowed
which can further be constrained if we do not see any excess in the dijet plus Fr signal at high
luminosity LHC runs. We have also noted that Mp 2 900 GeV can not be ruled out at the LHC
even at very high luminosity run. This makes the model difficult to be probed in dijet plus Fr
final state even at high luminosity LHC runs.

In passing we would like to mention that dilepton plus dijet with missing energy final state has
production cross-section lower than that of other final state signatures we discussed so far (as tab-
ulated in Table. 3.3) which will result in very low signal significance over background. Therefore,

we refrain from elaborating the fate of such final states at the LHC.

3.8 Renormalization Group Equation (RGE) Running of the Couplings

Any finite coupling is expected to hit a Landau pole at some scale. The Landau pole is the scale
where the couplings become infinite. We check the high scale validity of our model by solving
the RGEs using PyR@TE 2 [209]. The RG equations for pure IDM has been studied extensively
before [210], but the addition of vector-like particles will modify the gauge, quartic and Yukawa

couplings. We have considered the running of the SM Yukawas and gauge couplings at two loop
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level as furnished in Appendix A.2. The running of all the new couplings are considered at one
loop level which can be seen from Appendix A.1.

In Fig. 3.22, we have shown the variation of the Yukawa couplings in our model for the allowed
benchmark scenarios. We note that, the Landau pole is reached at ~ 10" GeV for both BP2 and
BP4, for BP5 the Landau pole is reached at 2, 106 GeV, while for BP6, it is reached at 10° GeV. We
note that the cut-off scale is dependent on the initial value of our NP couplings. The cut-off scale
is higher if any one of the couplings are small as in BP2 (here the smaller one being A, = 0.7 while
the largest one being A = 1.2) while for BP6 in which both A, and A equal 1.5 and )\, = 0.1, the
Landau pole is reached at 10° GeV. Thus the Landau pole is mainly driven by the smaller coupling
and since we have chosen \; to be high in all the cases, the perturbativity of our theory is mostly

determined by the value either A\, or \;, whichever is smaller.

3.9 Summary

In this chapter we have studied an extension of the inert Higgs doublet model with SU(2), singlet
vector like fermions. The model offers a DM candidate same as that in pure IDM, while the vector
like fermions act as mediators between the dark sector and the visible sector in addition to the
usual SM Higgs portal interactions. Due to the presence of the Yukawa interaction and family-
dependent couplings, we have interesting FCNC and LFV processes, which can explain anomalies
in Ry (., data and also have the potential to incorporate the observed data on muon (g — 2). At the
moment, satisfying all the other constraints, our model can comfortably explain the lower limit
of the observed discrepancy in muon (g — 2). We have studied the parameter space of the model
in detail considering bounds from DM relic density, direct detection, as well as from flavour data
for both low and high mass region of the DM. Apart from change in allowed DM mass values
from relic density requirements, due to the existence of new interactions mediated by vector like
fermions, we also find more promising direct detection rates compared to pure IDM, for chosen
benchmark points.

From the resulting constrained parameter space, we have chosen a set of benchmark points for
turther collider studies. Because of the presence of the exotic particles, this model gives rise to
several interesting signals in collider consisting of: hadronically quiet dilepton channel (/*¢~ +
Hr), dijet channel (jj + Br) and dilepton plus dijet channel (¢* ¢~ + jj + Br), along with missing
energy. Final states containing two leptons with two jets plus missing energy provide a very small
production cross-section, and we refrain from analyzing such signals in our work. Of the other
two channels, hadronically quiet dilepton final state shows a 5¢ significance in few of our chosen
benchmark scenarios (BP2 and BP4) with Mg, and Mg, 2 200 GeV for M, > 200 GeV and Hy >
280 GeV, and the required luminosity is ~ 700 fb~!. BP6 is also likely to be probed at the future
run of the LHC when the luminosity reaches ~ 200 fb~!. We note that the vector like lepton
masses < 200 GeV are very likely ruled out by LHC data since they have not seen any excess in
the above mentioned final states at the present luminosity. Similar bounds were also later reported

by BifSmann et al. [211] from a more sophisticated analysis of multi-lepton signatures of vector-
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like leptons at /s = 13 TeV LHC. For inclusive dijet plus Fr final state, on the other hand, a 5¢
discovery can be claimed in couple of benchmark scenarios with Mp 2 600 GeV for luminosity
> 600 fb~".

To summarize, the vector-like fermion extension of IDM is capable of explaining anomalous
results like Ry (., and muon (g — 2); the required new parameter spaces are allowed by other
flavour data like the rare and radiative B, (¢ = d, s) decays, B, — B, mixing and the LFV decays
like 7 — py, p — ey etc. The DM of the model satisfies Planck-observed relic density, obeying
bounds from recent direct search data. The model can also be probed in the LHC experiment for
a higher luminosity for some particular final states satisfying all the constraints mentioned above.
We also check the perturbative unitarity of the model and find that for the chosen benchmark

points the model can remain perturbative up to an energy scale 105 — 107 GeV.
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Chapter 4

Phenomenology of a Light Leptophilic
Z' in the context of Dark Matter,

Neutrino Mass and Flavour Anomalies

4.1 Introduction

Gauged U (1) x extensions of the SM are quite popular in the phenomenological studies pertaining
to dark matter and neutrino mass. In some cases, these models also provide an explanation to the
discrepancies in the LFUV observables R (., and muon anomalous magnetic moments. Readers
may refer to these studies present in the literature [175, 176, 212-218] and the references therein.
In this chapter, we consider a U(1) x gauge extension of the SM whose symmetry is determined
from low energy b — s data and Aa,,. The resulting gauge group of the model will be SU(3). x
SU(2)r, x U(1)y x U(1)x which is an extension of SM by an abelian factor. For a review of such
Abelian gauge extension of SM, see [219].The advantage of such an extension is that it introduces a
minimal set of free parameters. The other most important feature of the new gauge symmetry we
adopt here is that it is leptophilic in nature i.e. only the leptons will be charged under U(1) x, not
the quarks. For an explanation of the above mentioned anomalous results, the lepton generations
must have different charges under U(1) x. The degree of fermion non-universality should explain
the observed discrepancies in Ry (.) and muon anomalous magnetic moment. In this minimal
model with GeV scale mass of U(1) x gauge boson, we can not explain Rp- and the data on electron
anomalous magnetic moment.

However, charging the fermions under this new gauge group in the absence of additional chi-
ral fermions generally leads to triangle anomalies which must be cancelled in order to validate
the gauge theory at the quantum level. Hence, in order to cancel the gauge anomalies, we need
to introduce additional degrees of freedom into our model, in terms of chiral fermions. Here, fol-
lowing the constraints from gauge anomaly cancellation, we discuss only two different possible
scenarios in which we can explain the existing data on DM and neutrino oscillation. In extended

version of such minimal model with more particle and interactions, there will be additional Feyn-
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Particles [ SU(3). x SUR2), xU(Q)y | U(Q)x
— (YL 1
Q= (4) (3,2,3)
UR (37 17 %) 0
dR (37 17 _%) 0
(V;)L (1727 _%) ny
<75>L (1727 _%) n2
(7). (1,2,-1) ns
€R (17 17 _1) ni
UR (1> 1, _1) n2
R (1v 1’_1) ng

Table 4.1: U(1)x charges of the SM fermions.

man diagrams which will contribute to Rp- and Aa, that help us to explain the observed data.

While such models with heavy U(1) x gauge boson have been extensively studied, there have
been very few studies on low mass regions [220-224]. However, our working model is very much
different compared to the ones discussed in the references mentioned above and we also correlate
the flavour anomalies with origin of neutrino mass and dark matter. Both the scenarios we discuss
here consider the viability of a leptophilic U(1) x gauge symmetry in a way that it is anomaly free,
predicts lepton flavour non-universality and the origin of light neutrino masses while the stability
of DM candidate is ensured by an additional Z; symmetry which also plays a non-trivial role in
neutrino mass generation for one of the models.

This chapter is organised as follows. In section 4.2 we briefly discuss our overall framework
followed by the corresponding analysis of flavour anomalies in section 4.3 by considering only
the SM particle spectrum along with a massive leptophilic and family non-universal U(1) x gauge
boson. We then move onto the discussions of the complete models in sections 4.4, 4.5 covering
the details of flavour anomalies, dark matter and neutrino mass. In section 4.6 we discuss about
different Higgs invisible and charged lepton flavour violating decays and also comment on other

possible ways to probe our model at the LHC and finally summarise our findings in section 4.7.

4.2 Our Framework

As mentioned before, our goal is to extend the SM by an Abelian U(1) x symmetry with a corre-
sponding massive gauge boson X. We restrict our study to only low mass regime (GeV scale) of
this additional gauge boson and allow only the leptons to couple to it. The charge assignments
of the different SM particles under the different gauge groups are listed in Table. 4.1 and the NP

interaction Lagrangian is given by

3
, = _ 1 L, € y
LY = ZnigX(EiL'y“ﬁlL +efiyrely X, — EXW,X“ + ZBWXN , 4.1)
i=1
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where gx is the gauge coupling of the U(1)x group, ¢ represents the lepton generation and n;
are the charges of the lepton families under U(1)x which we want to constrain from anomaly
cancellation requirements as well as flavour phenomenology. Here, in the above Lagrangian, ¢*
is the left-handed lepton doublet while e[ is the right-handed singlet with same gauge charge n;.
While writing the above Lagrangian, we have assumed that the U(1) x charges for the right and
left-handed leptons are same, leading to a vector type interaction. In Eqn. (4.1), B,,, and X, are
the standard U(1)y and U(1)x field stress tensors, respectively, and the factor e represents the
kinetic mixing between them. We assume that the leptophilic X mixes kinetically with the SM Z
boson with a strength e. This mixing will be helpful to get contributions in various low energy
observables like R, Rk~ through penguin diagrams with the lepton vertex dominated by the
above interaction and the one-loop quark vertex modified by the mixing parameter e. In muon
or electron anomalous magnetic moments or in other lepton flavour violating (LFV) decays, at
leading order, this mixing parameter does not have any specific role.

As mentioned before, assigning charges to the SM fermions under a generic U(1) x symmetry
leads to non-zero contributions to the one-loop triangle diagrams and makes the model anoma-
lous. Therefore in order to realise a anomaly-free renormalisable model, one needs to put addi-
tional chiral fermions into the model which may also provide a natural candidate for DM. At the
same time the additional chiral fermions required for anomaly cancelation could be made useful
for neutrino mass generation as well. For similar construction of Abelian gauge extended models
in the context of DM and neutrino mass generation, see [225-233] and references therein.

The equations that govern the anomaly cancellation requirements in our setup are given by :

(A) [SU@2)P*[U(1)x] :

1 1 1 1 1
— I x2xni+ (=) xX2xno+ =) xX2xn3— (=) x1xn—[=)x1xng
2 2 2 2 2 42)

) < —1( +n2 +ng3)
B n3—2n1 115 ns

2 2 2
1 1 1 b )
~3 X 2xmn+ CE X 2 X ng + —5 X 2xng—(=1)" xn; —(=1)° X ny

1
—(=1)?> xng = —5(n1 + 13 + ng)

4.3)

1 1 1
<—2> ><2><nf+(—2> ><2><n§+<—2> x2xn3—(—1)xn?—(=1)xn3—(—1)xn3 =0 (4.4)

(D) [UD)x]*:
ndx24n3x2+n3x2—nd—nd—n}=nd+nd+nd 4.5)
(B) [U(1)x]:
n; +nz +ng (4.6)
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From the above set of conditions (A-E) one can infer that :
e 11 + ny + n3 = 0 ensures anomaly cancellation of all the anomalies except Eqn. (4.5).

e In order to ensure Eqn. (4.5) is also zero, we can add N extra fermions with U (1) x charges
(m1, ma, ... etc.) such that XN: m; = 0 and ZN: md = — ( 23: nf’)
i=1 i=1 i=1

The one way of cancelling the anomaly without adding more fermions is to consider equal and
opposite charges for any two generations of leptons and let the charge of the third generation be
zero. These are the symmetries like U(1)r, 1, U(1)L, 1, which has been discussed earlier in the
references [176, 215, 218, 234]. However, if we want to consider non-zero charges for all the three
lepton generations, then we need to have additional chiral fermions in our model for anomaly
cancellation. So without choosing random charges and adding fermions in an ad-hoc manner,
we can try to constrain the possible values of n;, np and n3 from the available low-energy data.
Note that n; and ny will be sensitive to the observables like R (., as well as electron and muon
anomalous magnetic moments. There will not be any contributions to the lepton flavour violating
decays and the rare decays like B — pp or By — ee. Also, depending on the lepton in the final
state, the b — clvy; decays (with ¢ = e, u1, 7) will be sensitive to the charges as mentioned above.
However, due to the low mass of X, the new contributions in B — D®*) (1, decays are much smaller
as compared to the corresponding SM counterpart. Therefore, effectively we can get constraints
on n; and ny using the available data on b — s¢¢ decays (for ¢ = pu, e) and anomalous magnetic
moments; however, due to unavailability of sufficient data, 73 can not be constrained. We then look
for possible solutions for the charges (n1, n2, n3) such that ny +n2+ns = 0. Such a prescription also
allows us to constrain the mass of X and the kinetic mixing parameter effectively. The detailed

analysis is described in the next section.

Note that for general U(1)x charges of leptons, one can have a general structure of charged
lepton mass matrices. One can have non-diagonal terms in charged lepton mass matrix even with
vector-like couplings of leptons to X (equal charge of left-handed doublet and right-handed sin-
glets). This is because of the equality of U(1)x charges across multiple fermion generations or in
case we extend our model with additional Higgs doublets with appropriate U(1) x charges. In
such a case, the charged lepton mass matrix has to be diagonalised using a bi-unitary transforma-
tion as follows

M, = VM8 V]

where ]\4ldiag = diag(me, my, m;). As will be discussed later, the PMNS mixing matrix will get
additional contribution from charged lepton sector via Upnng = Vg U, where U, diagonalises
the complex symmetric Majorana light neutrino mass matrix M, = U, My UL with M8 —

diag(ml, mao, mg)
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Figure 4.1: Dominant diagrams contributing to b — s¢7 ¢~ decay.

4.3 Analysis

In the following subsection, we will discuss different observables which will be useful to constrain
various model parameters like U(1) x charges of leptons n;, new gauge coupling gx, new gauge

boson mass Mx, and the kinetic mixing parameter e.

4.3.1 Exclusive b — sff (with £ = e, p) decays

The measured value of Ry (., by LHCb can be found in egs. (1.65),(1.66). In our model, the leading
contributions to the Wilson coefficients will come from the diagrams shown in Fig. 4.1, and we
will have contributions only in Cy due to the vectorial coupling of the X to the leptons. There will
be contributions in both b — su™p~ and b — sete™ decays. As can be seen from Eqn. (4.1), due
to the absence of axial-vector coupling of X to the leptons, we do not have contributions to Cjy.

Therefore, at the leading order, the new WC is given by

/NP M2 nygxe 4 _, 1
NP _ W 1— = 4.7
% < Cw Sw 3o @ — MZ +ilxMx ) Clat) 47)

Ty 6 — 2y 3x: + 2
8 1—1',5 (1—1',5)2

with
mi

(4.8)

ln(xt)] . Tt

Here, m; and Myy are the top quark and WW-boson masses, respectively. The sine of the Weinberg
angle is defined as Sy = sin Oy and Cy = /1 — S‘%V. Also, ny = (n1,n2) depending upon the
lepton flavour it contributes to.

As mentioned earlier, to build a UV complete theory, gauge anomalies should cancel, for which
we need to introduce new heavy fermions in our theory in addition to the X boson. It is important
to note that there can be an additional contribution to Cy due to the anomalous coupling of the
longitudinal mode of X boson with SM gauge bosons [235, 236]. Depending on the masses of the
heavy fermions, the contributions can be significant. However, such contributions from the Wess-
Zumino terms will only occur if the new fermions have vectorial coupling with the SM gauge
bosons and chiral coupling with the U(1) x gauge boson. As we will see later, in our construction
of the toy models, we have added only three right-handed neutrinos which do not couple to the

SM gauge bosons. We do not have any other exotic fermions in our models. Hence, we will not
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have any such contributions as mentioned above from the longitudinal mode of X boson.

Note that we are working in a model with the mass of X in the GeV or sub-GeV range, in par-
ticular, we are focusing in the region Mx > 2m,,. On the other hand for B — K*)¢¢ decays, the
allowed values of ¢2 lie in the range 4m? < ¢® < (Mp—My+))?. Insuch a situation, one cannot Tay-
lor expand the X propagator in powers of ¢?/M%. Therefore, the new WC, as shown in Eqn. (4.7)
will have explicit ¢> dependence and in general, could be complex. Note that for the X-boson, we
have introduced the Breit Wigner (BW) propagator. In this form of the propagator, we will get a
finite analytic expression for the amplitude at the resonance region. This is because, around the
mass of X, the zeroth-order propagator vanishes and the higher-order effects are leading, which
is given by the imaginary part proportional to the X decay width. The imaginary part will receive
contributions from every particle into which X can decay. In general, without a priori knowledge
of all the decay channels of X, it is hard to predict its total decay width. However, we have con-
sidered a leptophilic X, and its primary decay channels are the dilepton final states, like ¢t ¢/~ and
vv with ¢ = e, u. Hence, one needs to estimate the decay width I'x ~ I'(X — £¢) + I'(X — vp).

In this model, there are free parameters which need to be constrained using the existing data.
In particular, the constraints from low energy experiments, like neutrino trident production (NTP)
bound, rare kaon decay K™ — v,u* X (— v), BaBar 4u channel search etc. along with cosmo-
logical observations of BBN are important. As can be seen from [237-239], the current data al-
low a gauge coupling n,gx ~ 0.0018 for My ~ 0.5 GeV and it could be 2 0.003 for Mx 2 1.0
GeV'. Depending on the values of the lepton charges the upper limits on gx would scale accord-
ingly. For example, for n, = 2, gx as large as 0.001 is allowed for Mx = 0.5 GeV, and it will be
~ 0.0015 for Mx = 1 GeV2. On the other hand, the kinetic mixing parameter e is constrained from
neutrino-electron scattering experiments like CHARM-II, GEMMA and TEXONO, for details see
[241]. Mixing strength % 1073 is ruled out for gauge bosons of mass around the electroweak (EW)
scale. For keV scale bosons, the bound is even tighter O(107¢). LEP II has put a lower bound on
the ratio of new gauge boson mass to the new gauge coupling to be Mx /gx > 7 TeV [242]. How-
ever, since we are interested in the low mass of the gauge boson, bounds from hadron colliders
like ATLAS and CMS will not be very relevant. Similarly, LEP bound is also not applicable in such
low mass regime®. With all these inputs, the X decay width as mentioned above, will be of order
O(1072-1077) GeV for gx € (107%,1073), which is much smaller than M. In the limit ]1;/[—’; -0
(narrow-width approximation (NWA)), the BW becomes a delta distribution: §(¢> — M%).

LHCb has done a dedicated search for light hidden-sector bosons by measuring the branching
fraction B(B? — K*Ox(uTu™)) = B(B® — K*9x) x B(x — uu™). Here, y is the light boson in the
hidden sector similar to X in our case. Depending on the lifetime 7 (), LHCb has put bounds on

the above mentioned branching fraction for a given mass range of x [244]. One can refer to Fig.7

!Note that the experimental bounds exist on the combined quantity (n¢ x gx) and therefore a proper rescaling with
the lepton charge is required in order to correctly infer the bound on gx.

Note that depending on the mass Mx, the bound obtained on the coupling gx in the refs. [237-239] and from BaBar
44 channel search [240] will be little more relaxed in our case. The obtained bound depends on the assumption that the
Z' couples with all the charged leptons and neutrinos with the same strength, while in our case coupling strengths are
not the same.

®As an example, one could see at the ref. [243] for a detail of the direct search bounds on such a light gauge boson.
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Figure 4.2: Variation of B(B° — K*°x(u"u™))/B(B° — K*°ut ™) as a function of the mass Mx for different values
of (a) the mixing parameter ‘e’ and (b) the U(1) x charge n;. From Figs. (b) and (c), we can check the dependence of the
above ratio on the coupling gx.

of the supplemental material of reference [244] in which the ratio B(B® — K*Ox(u"p~))/B(B° —
K*%1u 1) has been plotted as a function of m(y) (with 214 < m(x) < 4350 MeV) for different
values of 7(x) including 7(x) = 0. Here, the branching fraction B(B° — K**u* ™) is defined
for 1.1 < m?(utp~) < 6.0 GeV2. Note that if we choose the lifetime 7(x) = 1000 ps, which
corresponds to a very small decay width of X, the ratio as mentioned above could be of order one.
However, the bounds on the same ratio will be < O(1072) (at 95% CL) for 7(x) = 10 ps, which is
even the case in the limit 7(x) — 0. The width 'y ~ 10~? GeV corresponds to a lifetime ~ 10~*
ps which is close to zero.

In our model, we have estimated B(B? — K**X (utp™))/B(B° — K*°utpu~) within the ac-
cessible ranges of My. The normalisation B(BY — K*°u* ™) has been measured by LHCb for
1.1 < ¢% < 6.0 GeV? [245], which is given by (1.6 & 0.3) x 10~7. The dependences of this ratio on
different model parameters like ¢, the charge ny and the coupling gx are shown in Fig. 4.2. A close
inspection of Figs. 4.2b and 4.2a suggests that if we choose ¢ < 107, for values of ns as large as
5, the constraints from LHCb will be satisfied within the accessible ranges of Mx. However, even
though for gx = 1073, ny ~ 5 is allowed by the LHCb constraints as shown in Fig. 4.2¢, it will not
be able to satisfy other low energy experimental bounds mentioned previously. To satisfy the low
energy bounds for no = 5, we need gx < 0.5 x 10~%. In the rest of our analysis, we will consider

¢ ~ 107*. Note that even for a relatively large gauge coupling (~ 10~%) we can still be able to
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Figure 4.3: Diagram contributing to the anomalous magnetic moment of charged leptons.
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Figure 4.4: The dependencies of the muon anomalous magnetic moment (Aa,) on the different new physics model pa-
rameters. The red-dashed and solid lines represent the 30 lower limit of the measured values of Aa,, given in eqs.(1.71)
and (1.72) respectively.

satisfy the upper bound provided by LHCb.

4.3.2 Anomalous Magnetic Moments

Another important observable which could be useful to put tight constraints on the model param-
eters is the anomalous magnetic moments of muon or electron. As one can see from Eqn. (4.1),
since we do not have lepton-flavour violating couplings of X, the gauge boson mediated diagram
will not contribute to decays like 7 — 11y, u — ey etc.

The effective vertex of photon with any charged particle is given by:

1€0 ,q"

u(p')elu(p) = a(p') |ev Fi(q®) + Fo(q?) + ... | u(p). (4.9)

2my
The factor g, = 2(F1(0) + F>(0)), and the anomalous magnetic moment is given as a,, = F>(0) # 0
(since F'1(0) = 1 atall order). In our model, the diagram that will contribute to muon and electron
anomalous magnetic moments is given in Fig. 4.3. In our model, the contribution to Aay is given

by

Aaﬁx) — nigx myi /1 : 20°(1 — x)
0

4.10
8r? M% 1 —x)+ 2?r(z) (4.10)

where r¢(z) = (E—z) 4 = e, pand ny(= n;) denotes the U(1) x charge of the lepton. Our analytical
X
expression can be compared with the one obtained in [198]. Note that the contributions in Aa, for
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both ¢ = 1 and e are positive; however, in the case of electron magnetic moment, the expectation is
negative. Also, as compared to the requirement, the contribution in electron anomalous magnetic
moment is negligibly small. The dependences of Aa,, on various model parameters are shown in
Fig. 4.4. We can easily explain the excess in Aq,, for values of gx of order O(1073), and the data
prefers a value of Mx < 1 GeV. In such situation, the value of ny need not be >> 1. However, if
we choose gx ~ 10~* then in order to explain the excess in muon (g — 2), we need relatively larger
values of na(>> 1).

We have already pointed out in the introduction that the current measurement of the fine
structure constant poses a negative ~ 2.40 deviation in anomalous magnetic moment of electron

from its theory prediction [246]:
Aa, = —8.8(3.6) x 10713, (4.11)

In electron anomalous magnetic moment, the contribution from the diagram in Fig. 4.3 will be
positive and is given by
Aa® =211 x 1071 (4.12)

for Mx =1 GeV, gx = 0.001 and n; = 1. Hence, we can not explain the current trend of data in

Aa, with only an additional U(1) x gauge boson.

4.3.3 Combined parameter spaces

In this subsection, we discuss the constraints obtained on the model parameters from a simulta-
neous analysis of the observables in b — s¢/ decays and Aa,. As we can see from eqs. (1.66),
data are available in two different ¢* regions, one for ¢> € [0.045,1.1] GeV? (low-¢?) and the
other for ¢* € [1.1,6] GeV? (high-¢?). In our analysis, we have considered the inputs from R (),
B(B — K®u*pu~) (in both the ¢? regions) and Aa,. For Ry (), we have considered the LHCb
data in their 20 CL and Aa,, has been considered in its 30 CL interval.

As mentioned earlier, the mixing parameter ¢ plays a crucial role in constraining the other
relevant new parameters. We have noted that when ¢ ~ 107 the allowed regions of the other
parameters are more relaxed than the one obtained for € ~ 5 x 10~%. We scan the parameters over
the following intervals: 0.5 < Mx < 1.5 (in GeV), =5 <n3 <5, =5 < ny < 5,0.1 < gx(x10%) < 3.
Here, we would like to mention that the low mass regions 0.22 < Mx < 0.5 (GeV) are also allowed
by the data as discussed above; in the next section, we will show it in a specific scenario. The
allowed parameter spaces for e = 1 x 10~* are shown in Fig. 4.5. Note that ny and n; have a nice
correlation, higher positive values of ny prefers higher negative values of n;. Also, within our
chosen parameter values, only negative values of n; are allowed. For a fixed value of ny, a wide
range of values of n; is allowed. However, as expected, the scenario n; = ns is excluded. Here,
we have shown only the positive values of ny, which are allowed by the data. The allowed values
of ny are symmetrically distributed about the origin along the ns-axis. In addition, we see that for

e ~ 1 x 1074, within the given range of M, the allowed values of the coupling gx lies in between
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Figure 4.5: The allowed parameter spaces for ni, na, gx and Mx which passes the constraints from R, (.), the anoma-
lous magnetic moment of the muon and B(B — K*) ). Note that the observables in b — s£¢ decays are defined in
high (1.1 < ¢* < 6.0 (GeV?)) as well as in the low-¢* (0.045 < ¢* < 1.1 (GeV?)) regions.
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Figure 4.6: Correlation between Mx and gx constrained from all low energy flavour data and muon anomalous mag-
netic moment for nz and n; fixed at 2 and -1 respectively.

0.5 x 1072 and 2 x 1073. To be conservative, we have not considered values of gy larger than

2 x 1073 since other low energy observables constrain higher values, for details see [237-240].

4.4 The extension of U (1) x with additional degrees of freedom

A certain combination of n1, no would lead to a particular extension of the SM with chiral fermions.
While such an extension is not unique, we stick to minimal possible extensions in order to address
the problems discussed earlier. Therefore we can now proceed towards making a specific choice
for these parameters in order to complete our model in a way that the extension is minimal. We
have already been able to constrain n; and ny from low energy data while n3 remains uncon-
strained. One can easily see that the minimal way to cancel the anomalies would be to add three
chiral singlet fermions with U (1) x charges nj = —n1, nfy = —ng and n§ = —ng. This will make the
sum of the charges as well as sum of the cubes of the charges equal to zero. The three fermions
can be considered to be 3 right-handed neutrinos (RHNs). As a benchmark scenario we choose
(n1,n2,n3) = (—1,2,—1) which is in good agreement with the flavour data as shown in Fig. 4.5.
For ny = 2,n; = —1, the correlation between Mx and gx is shown in Fig. 4.6, here we have shown
the region 0.25 < Mx < 1.0 (GeV). For these values of [ng, n1] and for gx = 0.001, within the al-
lowed ranges of ¢*> and My the numerical values of the WCs ACY and AC§ will lie in between
[—0.827, —1.83] and [0.413, 0.91], respectively. These values of the WCs are consistent with the re-
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sult (within 20 CI) obtained from a global fit to all the available data in b — s¢¢ decays considering
NP effects in both the muon and electron final states [247].

Since the light gauge boson also couples to SM neutrinos, our model will have contributions to
both exclusive and inclusive rare B-meson FCNC decay to invisible final states. The present upper

limits on such modes are [12]

B(BT — Ktvp) < 1.6 x 1077,

(4.13)
B(B? — K”up) < 1.8 x 107°.

In Table. 4.2, we have specified the SM and NP contributions to the branching fractions of these
rare decay modes considering only central values of form factors and other decay parameters [248,
249]. Our choice of the light gauge boson mass and mixing modifies the SM prediction of the
branching fraction of the exclusive decay channels by ~ (1 — 3)% only while the inclusive B —
X,vv branching is enhanced by upto ~ 20%. At present, the predicted branching fractions are
well within the current experimental limit. Note that no experimental bounds are available on
B(B — X,vv).

B(BY — KTwp) x 10° | B(B® — K% i) x 10° | B(B — Xwp) x 10°
SM 3.90 9.12 28.11
Mx = 0.3 GeV 4.02 9.39 34.07
Mx = 0.6 GeV 3.94 9.15 28.51
Mx = 0.9 GeV 3.95 9.49 35.23

Table 4.2: Predictions for the SM and NP branching fractions for the rare B-meson decay to a pair of neutrinos. The NP
branching fractions are mentioned for three different light gauge boson masses considering gx = 10, ¢ = 10~* and
U(1)x charges as mentioned above.

One can make the fermion content richer by adding more chiral fermions with appropriate
charges that satisfy the anomaly cancellation requirements. However, we would like to have a
plausible explanation for the neutrino masses, and at the same time, we want to keep our model
minimal. Therefore, we extend our model with only three RHNs. All these fermions couple di-
rectly to SM leptons via SM Higgs (due to equal and opposite U(1) x charges of right and left
handed leptons while SM Higgs remains chargeless under it), and therefore we cannot consider
one of them to be our DM candidate. One can, of course, add a Dirac fermion on top of this which
will not contribute to any anomaly and assign this to be the DM. But such a scenario will be ad-hoc
and less motivating since the DM does not arise naturally from the anomaly cancellation require-
ments. Also, its mass remains a free parameter without being connected to the scale of U(1)x
symmetry breaking. Thus we need to look beyond this minimal solution by extending the particle
content further?. On the other hand, imposing a discrete Z; symmetry on the new chiral fermions

(at least in one of them) will help us in forbidding their direct coupling to SM fermions and SM

*One can consider one of the RHNS to have very tiny Yukawa couplings with leptons and become a candidate for
sterile neutrino DM. We do not consider this possibility here, for details of such scenarios please refer to the review
article [250].
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Particles SUB)exSUR2), xU(l)y | UN)x | 22
Q= <";L) (3,2.%) 0 |+
L
u 3,1,2 0 +
" 1)
dR (37 17 3) 0 +
L, = (’:’ (1,2,-3) 1|+
L
_(Vn _1
Ly = (1,2,-3) 2 +
k)L
Ly = (”T) (1,2,—1) T
3 — . ; s 4y T 9
eRr (1,1,-1) -1 +
UR (1,1,-1) 2 +
TR (1,1,-1) —1 +
Hl (172a %) 0 +
Nigr (1,1,0) -1 -
NQR (17 170) 2 -
N3gr (1,1,0) -1 -
Ho (172a %) 0 -
1 (1,1,0) 2 +
P2 (1,1,0) 4 43

Table 4.3: Particle content for Toy model I.

Higgs. In non-minimal or UV complete version of such minimal scenarios, it is possible to realise
such Z; symmetry as a remnant after spontaneous symmetry breaking of U(1)x [227-229, 231-
233]. Our minimal setup here will enable us to have a DM candidate without adding new fermions
apart from the RHNs. Under such a scenario, there are two possibilities with the different origin
of light neutrino masses but with almost the same DM phenomenology, which we discuss in the

following section.

4.5 Toy Models

In the following subsections, we discuss the toy models which have been built considering the
U (1) x charge assignments of the SM leptons and new chiral fermions as described in the previous
section i.e. (ny,n2,n3) = (—1,2,—1) and (nf,nH,ns) = (1,—2,1). We consider the additional
fermions (namely, N;, Ny and N3) to be right-handed, hence, their U (1) x charges will be the sign-
flipped version of (n),n,,n%) ie. (—1,2,—1). Based on how we are imposing the Z; symmetry
on the new chiral fermions, one can come up with different models, and here we will discuss two

such toy models.
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451 Toy Modell
Particle Content

In this scenario, we consider that all generations of the RHNSs, N; ( = 1,2, 3), to be odd under a
discrete Z; symmetry while all the SM particles are even. Thus to write a Yukawa term for the
RHNSs with the SM leptons, we would require an additional Higgs doublet (H3) which is also odd
under this discrete symmetry. The unbroken Z; symmetry prevents Hs from acquiring a non-zero
vacuum expectation value (vev), and it remains inert. However, it plays a crucial role in neutrino
mass generation by the radiative seesaw mechanism [61], which has been described later. To give
Majorana masses to right handed neutrinos, we require at least two singlet neutral scalars with
non-zero U (1) x charges. The particular choice of the U(1) x charge of the RHNs mentioned above,
automatically necessitates that the singlet scalars carry charge 2 and 4 respectively, allowing us to
right the Majorana mass terms for V; . The lightest singlet neutral fermion can be a suitable DM
candidate since the Z5 symmetry protects its decay into other lighter particles. However, since No
is unique from the other singlet fermions in terms of its U (1) x charge, so we consider this to be
our DM candidate and ensure that it is the lightest among all the Z; odd fermions. In Table 4.3,
we have shown the entire particle content alongside with their respective charges with respect to

different symmetries of the model.

Lagrangian and Scalar Mass Spectrum

In the set up given above, the total Lagrangian can be written as

.3 3
i _ ‘ _ - _
Lot = Lsm+Ls — Ly + 3 > NN +igx > [nz (EEye + efiyell) +ni Nipy" Nir| X,
i=1 i=1

1

€
— ZX#,,X“V + ZBWXIW

(4.14)
where n;,n are the U(1)x charges of the SM lepton generations and RHN generations, respec-

tively. The relevant Yukawa interactions are given by :

—Ly DY YiLiHiejr+ Y YyLiHoNj + Yig L HaNi + Y YiINeNjo1 + Vi NENgph  (4.15)
i,

7 ,J

where i, j, k are the generation indices with ¢, j = (1, 3), while £ = 2 and H, = iooH5. The scalar

Lagrangian Lg can be written as:

Ls = (D, Hy)' (D" Hy) + (D, Hs) (D" Ha) + (Dyipr ) (DFp1) + (Dyspa) ' (DFpa) — V(Hy, Ha, 01, 92),
(4.16)
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where the covariant derivative is given by
a
D, = <3u + zg%Wﬁ + ig’YBu - iGXXM). (4.17)

Here, Gx = (gxX + ¢'¢Y) and (Y, X) are the hypercharges related to U(1)y and U(1)x gauge
groups respectively. In the above mentioned scenario, X = 4 and 2 for 5 and ¢, respectively,
while X = 0 for H; and Hj. As defined earlier, € is the kinetic mixing parameter. The scalar

potential V' (H, Ha, 1, ¢2) is defined as

A A
V(Hy, Hy, o1, 02) = i | Hi o+ 3| Haf* + S |* + 7| Haf o+ As|HL P [ Ho? + M H{Hy
)\5 )\6 )\7
+{(HlTHz)QJrh-C-}+u§|w1|2+uilwzl2+|901|4+|¢2\4
2 2 2
(4.18)
A T 1 ol H. 2 2 ) H 2 2 A H 2 2
+ As(@]p1)(@hp2) + Ao|Ha|"|p1]” + Aio|Ha|*| 2| + Aoy [ Hi %] 1]

+ Ao | H1 [ a|* + {6 P1010% + h.c.},

with the doublet and singlet scalars after the electroweak symmetry breaking (EWSB) defined as

:l: :t ! ! ! !
w H v) + 8, +iA vo + 8, + 1A
Hl— 7H2: y P1 = < ! 1 1>7<102:< 2 2 2)' (419)
vth iz HO4iA° V2 V2
V2 V2

After spontaneous symmetry breaking, all the scalars apart from H> acquires a vev and is respon-
sible for giving mass to other particles. In order to spontaneously break the electroweak symmetry
as well as U(1)x, we must have p2 < 0, u3 < 0 and p3 < 0. Also since the inert doublet does not
acquire a vev, 3 > 0. Here, the term proportional to ¢ in the scalar potential (4.18) will play an
important role in determining the mass of pseudo-scalars like A}. The potential minimization

conditions are given by

1
bl 5 <)\w2 + Ao vt + )\@21)%)7
1
R <¢§v25 60?4 Agel + AW), (4.20)
1 2070
i o= —= | Avd 4+ Ago? + )\@21}2 + @ .
2 2y

The gauge boson mass term can be obtained from the kinetic terms in Eqn. (4.16) which is given
by
1 1
Linass = My Wy W 4 oMo 2,2 — A Zu X" + S M X, X", (4.21)
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with )

M2, — 7 9202’

M2 =0,

9o 1,9 12\ 2
Mzo = 1(9" +97)v%, (4.22)
1
A% = ZUQg’E\/QQ + g2,

1
19’21)262 + 4% (v} + 403).

Note that H; does not acquire a vev; hence, it does not play any role in the mass generation of the

M3 =

gauge bosons or fermions. We obtain the masses of W-boson, Z-boson and photon as in case of
SM. The X boson mass has been obtained as a combination of the vevs of the singlet scalars and
the vev of Hj; the contributions from H; is suppressed by the factor 2.

In Eqn. (4.21), to obtain the masses of the neutral gauge bosons, we need to carry out the stan-

dard electroweak rotation as given below

W2 = SwA,+CwZ) (4.23)
B, = CwA,—SwZ,, (4.24)

where A, is the photon field. Note that after the symmetry breaking there will be a remaining

mixing between Zg and X, which can be written as:

) MZ, —A2
Még = : (4.25)
-A? MZ

Here, we have neglected the mixing between the photon and the new gauge boson. The masses of
the physical heavy gauge bosons (Z, Z’) can be obtained after diagonalising the above matrix by a

rotation, and the masses are given by

1
M} = 3 (M%O + M3 + \/ (M2, — M%)2+ 4A4>, (4.26)
1

In the limit that Mx << Mo and mixing parameter e << 1, we obtain the masses as

12

M2 MZ,, (4.28)

A4
M2, = M3% - (]\42) ~ M%, since A* x €2 (in our case, €2 ~ 107%) (4.29)
Al
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and the mixing angle is given by :

2
tan 2¢ = (MgféM;) . (4.30)
On the other hand, the mass mixing matrix for the CP even and 2, even neutral scalars (1, s}, 5,)
is given by :
A 02 Ay VU] Ay VU2
M= [ Apvor Agvf +28 01 (V20 + Asva) (4.31)
App VU2 v1 (V20 + Agvg)  — <\/§1;’f’g;g2>\71;§’)

The physical scalars (h, s1, s2) are obtained after diagonalising the above mass mixing matrix and
they are related to the unphysical ones by an orthogonal transformation. We consider a general
real orthogonal 3 x 3 rotation matrix O as given in Appendix. B.1 with three mixing angles «;;,

(i,7 = (1,2,3);1 # j) and no phase, for diagonalising the above mentioned mass mixing matrix as

h h
si| =07 | (4.32)
S9 8/2

In order to make the notation simpler, we redefine the angles as a2 = o, a13 = g and as3 =
as3. Another important variable is the ratio between the vevs v and v; which we have defined as
tan f = “L. In general, to keep the analysis simple, we can assume that the mixing of s, with s; and
h are negligibly small. In such situation, we need to focus only on the mixing between s; and h, i.e
Sa, O Cq,. There are studies on the singlet scalar extension of the SM, and bounds are available on
the respective model parameters like tan 3 and s, ; for example, see [251-253]. These studies took
into account the bounds from various experimental measurements like the precision observables
S, T and U parameters, W-mass, LEP and LHC bounds. Alongside, they have considered various
theory inputs, like perturbative unitary constraints on scalar self-interactions, vacuum stability,
etc. All these studies suggest that for 300 < M, < 800 (in GeV), one can safely assume |sin ;| <
0.3 and tan 8 > 1. Note that in our model, we have two singlet scalars, and as discussed above
we have more free parameters. In general, we can expect that the bounds as mentioned above
will be little more relaxed in case of our model parameters. However, to be on the safe side, we
have used these bounds in our analysis. This will help us to constrain a few of the other model
parameters. In our analysis, we have considered [sin ;| < 0.2 and tan 8 = 2.0 and M,, = 500
GeV [252, 253] which is even more conservative. The corresponding values of Mj, can be obtained

after the evaluation of v, from Eqn. (4.22).
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The mass mixing matrix for the CP odd and Z; even neutral scalars (A}, A,) is given by

—2\/51125 ﬂvld
2§
vans (%)

After diagonalizing this matrix with an orthogonal transformation we will obtain one massless

M3, = (4.33)

goldstone (A;) corresponding to the gauge boson of U(1) x and another massive physical CP odd
scalar (As) of mass ( — %%“15)1/ 2, Here, s, = sin~, where 7 is the mixing angle between the
physical and unphysical CP odd scalars. It is evident from this expression that the dimensionful
coupling ¢ has to be negative. Also here, for simplicity, we can limit our discussion to the value
8y << 1.

The masses of the neutral and charged inert scalars are given by :

1
M}Q{O = 5 (2#% + )\LU2 I+ )\91}% + )\101}%)
1
M3, = 2 <2u% + A g0? 4 Agv? + Aloz)%) (4.34)
1
MIQJi = ,u% aF 5 ()\31)2 + )\9’0% T )\10@%)

where A\, = (A3 + A4 + A5) and A4 = (A3 + Ay — A5). To summarise, in Appendix C.1, we have
presented various couplings in terms of the relevant physical masses, vevs and the mixing angles.
These are the most general relations from which one can obtain the approximate relations for
small mixing angle. The coupling strength of the interaction between H; and H> is defined by
AL = A3 + As + As. In an inert two Higgs doublet model (2HDM) where H 0 is considered as a
suitable DM candidate, the bound on this type of coupling is given by A\;, <6 x 1073 [254]. We
have not explored this possibility. In our study, the doublet H> is relevant for the neutrino mass

generation and the required coupling is A5 which we have treated as free parameter.

DM Phenomenology

We adopt the thermal DM paradigm where DM gets produced in the early Universe thermally
followed by its freeze-out from the thermal bath which decides its present day abundance. The
relic abundance of DM can be computed by solving the appropriate Boltzmann equation and the
model parameters can be constrained by comparing the calculated relic with observed abundance
which, in terms of density parameter 2 and h = Hubble Parameter/(100 km s~'Mpc ™), is con-
ventionally reported as [66]: 2h% = 0.120+0.001 at 68% C.L. We solve the Boltzmann equation nu-
merically using micrOMEGAs [255] where the model information has been supplied to micrOMEGAs
using FeynRules [204].

In our model, we choose N as the DM candidate which is supposed to be the lightest RHIN.
Note that its U(1) x charge is different from the other two RHNs. The dominant contributions to

TH-2853_166121012



4.5. Toy Models

M;, =100 GeV, My, = 200 GeV
My =1 GeV, My =200 GeV, s,, = 0.01 My, =200 GeV, Yz = 0.1, 54, = 0.01
— Y =0.1 1l
i — Y=05
Y =10
0.01 0.01l
RS 100\ s
c ( c
104 N 1074}
- — M,, =50 GeV
— M, =100 GeV
02 03 04 05 06 0.7 08 6
1076} Mow (GeV) 107°[| — M,, =150 GeV
20 40 60 80 100 20 40 60 80 100
Mpwm (GeV) Moy (GeV)
(a) (b)
M,, = 100 GeV, M, = 200 GeV
M, =200 GeV, Yz, = 0.1 Yoo = 0.1, A5 = 0.01, 54, = 0.01
1t
L 001} . 0.01
s \ o
G — 54, =00, M,, =100 GeV G
107 5. =00, M, = 150 Gev L 107 4 My =100G
-=- Sq, = 0.0, Mg, = Y — Mip = My = eV
— 4, = 0.02, M,, = 100 GeV i — Mip = My = 300 GeV
1078 | — s, =02, M,, = 100 GeV 1078l — Mip = My = 500 GeV
20 40 60 80 100 20 30 40 50 60 70 80
Mpwm (GeV) Mo (GeV)
() (d)

Figure 4.7: Relic density vs dark matter mass (in GeV) for different values of Yukawa coupling Y22 (4.7a), M, (4.7b),
mixing angle s, (4.7c) and masses of inert scalars (4.7d). The solid black line in each figure denotes the Planck observed
relic abundance of DM. In Fig. 4.7a we have also shown the variation of the relic for sub-GeV masses of the DM in the
inset.

the relic abundance of DM will come from the annihilation diagrams shown in Fig. D.1. There are
a few other diagrams which are shown in Fig. D.3 in Appendix D.2 whose contributions in the
DM relic abundance will be sub-leading®

In this model, apart from My (= M) and gx(= gz/) the other parameters that are relevant

My,
v2

~
~

for DM phenomenology are My,, Mgo, Mg+, Mo, Y22, and Y5 , respectively. The
co-annihilation diagrams in Fig. D.4 are sensitive to Y;; (with 4, j = 1 or 3). Therefore, the relic
density is almost insensitive to these parameters since the contributions from these diagrams are
suppressed. Considering the bounds from the low energy data in the rest of our analysis, we

have fixed the mass M,/ at 1 GeV; also, we have set g, ~ 1073. As mentioned earlier, with a

5See [230, 256] for scenarios where such contributions can be important. As we can see, the mediators of the DM
interactions are the following: X = Z', s, Ho, H * and A,. The scalar sz does not interact directly with the SM
fermions, and it decays into them via mixing with the SM Higgs (h). In general, s can mix with s; as well. However,
those diagrams will be highly (doubly) suppressed because s; will decay to SM fermions or gauge bosons via its mixing
with h. Also, when the mass of the neutral inert scalars or the other RHNSs are close to the mass of N», there would be
several other co-annihilation channels that may contribute to the relic abundance as shown in Fig. D.4. However, we
have checked that those contributions are negligible compared to the one given by annihilation diagrams in Fig. D.1.
Note that in the low DM mass range of our interest, the efficient coannihilation processes will require the scalars from
inert Higgs doublet to be also in the low mass regime which is in tight constraints with LEP data.
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Figure 4.8: (a) The allowed regions of the DM mass satisfying the bounds on relic density and the spin-independent
direct detection cross section (c°!) of DM from XENON 1T, please see the text for other details. The allowed DM masses
near M/ /2 are not shown in this plot. (b) Dependencies of ¢°/ on s, and s, within the allowed ranges of Mp .

particular choice of tan 3 one can fix the value of M, since M}, is known. Once this is done the
allowed values Mj, can be fixed from Eqn. (4.22). In this regard, the perturbativity of the scalar
couplings will also play an important role. Since we have chosen tan 8 ~ 2 and M, ~ 500 GeV,
the corresponding values of M, and My, will be limited to < 200 GeV. Accordingly, the mass of
DM will be restricted because s-channel annihilations are the dominant annihilation process for
the DM.

In Fig. 4.7, we have shown the variation of the relic abundance with Mp); = My, for different
choices of the other model parameters as mentioned above. The sensitivities of the relic abun-
dance to Y23, My,, Myo(Mpg+) and s,, are shown in Figs. 4.7a, 4.7b, 4.7d and 4.7c, respectively.
Note that with the increasing values of Mpy, the relic density decreases to a minimum value at
the resonances, and it starts increasing again as the DM mass moves away from the respective
resonances. In this model, we have a couple of such resonances; the first one is at Mpyr ~ My /2
(Fig. 4.7a) which is the annihilation via the gauge boson Z’. Notice that for values of Mp, close
to this resonance (on both sides) the relic density satisfy its measured value. The other resonance
peaks are at Mpyr ~ Ms,/2 and ~ My, /2, respectively. Fig. 4.7b shows the pattern of the changes
in variations of relic density with Mp,, for different values of M,,. Note that for M,, < M}, the
bound on relic density is satisfied for DM masses close to, but less than M, /2. In such scenario,
the relic density is under-abundant at or near Mpys ~ Mj, /2. On the contrary, when M,, > M,
the relic density is satisfied at a DM mass close to M}, /2, provided we assume that there is a mixing
between h and sy, i.e 54, # 0.

As discussed earlier, we have restricted our analysis to the small values of s,,(~ 0.01). Later
we will see that such a restriction will be useful to evade stringent bounds on the direct detection of
Higgs portal DM from XENON-1T experiment [257]. However, we have shown the dependences
of the relic density on s, in Fig. 4.7c. As expected, in the no-mixing scenario, the resonance peak
due to the Higgs mass vanishes. In such situation, when M, > M, the relic density will be

satisfied for values of DM mass close to Mj, /2 instead at M}, /2, which is the case for non-zero s,,.
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(a) (b)

Figure 4.9: Diagrams contributing to flavour changing charge current process b — c{w,.

Note that there will be another resonance peak at Mpyr ~ My, /2, at or around which the relic
density will be much lower than the existing bound. One can also see from the Figs. 4.7a and 4.7d
that the co-annihilations with inert scalars do not play much role since the relic abundance do not
change with change in the value of coupling Y5 and the masses My, or My+. This is precisely
due to the fact that the scalar masses are much larger than DM mass making the coannihilation
processes inefficient.

In Fig. 4.8a, we have shown the allowed ranges of the DM mass obtained from a scan with the
constraints from relic density projected against the upper limit on direct detection cross-section
o1 (spin-independent) of DM from XENON 1T experiment [257]. To generate this plot we con-
sider tan 8 = 2, and the values of the other relevant parameters are the following: s,, ~ 0.01,0 <
Sas < 0.01, 0 < 54, < 0.01, 20 < M, < 200 GeV and M;, ~ 500 GeV. In this model, the spin-
dependent direct detection cross-section is highly suppressed; hence we have not considered it
for a numerical study. Note that the allowed values of the DM mass lies in between 5 and 90
GeV. It is evident that there will be an allowed region near M/ /2 which is not shown in this plot.
The dependencies of 0% on s,, and s, are shown in Fig. 4.8b. As expected, the large values of
Sa4 allows the relatively larger values of s,,, however, we will stick to the low values of both like

Sy R Sqy = 0.01.

Additional contribution to b — cfu,

We have already argued that the observables R (., are useful for the test of lepton universality.
For the last couple of years special attention has been given to these modes, both theoretically
and experimentally. Recall that the measured values of both Rp and Rp- are higher than the
respective predictions (Eqn. (1.68),(1.69)). Also, in both Rp and Rp-, the measured values are
higher than the respective predictions. At the moment the measurements of Rp and Rp- exceeds
the respective SM predictions by 1.40 and 30, respectively. It could be little more if we consider
the experimental correlation between them which is —0.38. Therefore, in principle, we don’t need
a large new physics contribution to explain the current excesses.

We have noticed that due to the coupling of the Z' to the lepton families, there would be a

vertex correction diagram contribution to the channel b — c7v; as shown in Fig. 4.9a. However,
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Figure 4.10: Variation of Rp and R — D* with coupling R3 for two different values of M+ and My as shown by the
legends. The grey bands are the respective 1o ranges of the world averages of these observables [13]. The dashed lines
are the similar 20 ranges of the data. We have plotted these for Myo = Mpy+ and Ry = 0.2.

that contribution is not sufficient to explain the anomalies in Rj,(.,. With the addition of the inert
scalar doublet and RHNs, we will have additional diagrams as shown in Fig. 4.9b. The lepton
vertex is modified due to the loop corrections coming from the scalars H*, H and N;, (i = 1,2, 3).
Hence one can obtain a bound on the Yukawa couplings Y;; of Eqn. (4.14) and masses of H*, H°
and RHN from the semi-leptonic b — ¢ decays.

The diagram given in Fig. 4.9b will contribute to Cy, of Eqn. (2.6) which is the WC of the four-

fermion operator Oy, in Eqn. (2.8). The following is the corresponding mathematical expression

) y,? 1 1—x ;
Cly = =5 d In A 435
i T 3972 /0 “ WHH> (4.35)
and
Ay =3My, + (1 — 2 — 2)M§ + zM}s. (4.36)

Here (i, j) denote the generation index of the lepton and RHN respectively and My denotes the
mass of H" or A” running in the loop. Hence depending on the generation of RHN running in the
loop, we would have different contributions to Cy, corresponding to each lepton flavour.

As shown earlier, IV, is our DM candidate, hence, the corresponding diagram will contribute
only to B — D™, decays and will be proportional to Y. There will be other diagrams with
N; and N3 which can contribute simultaneously to both B = D®Wri.and B — DWep, decays.
Since the loop factor as mentioned above is sensitive to My;,, if we consider the masses of N;
and N3 equal, for simplicity, then the total NP WC for the tau mode would be proportional to
R% = (Y + Y3) while that for the electron mode would be proportional to R} = (Y3 + Yi3). If
we assume that i3 << Y7j; or Y31 << Y33 then we can write down the following approximate
relations: R3 ~ Y3 and R? ~ Y{3. Since the semi-leptonic branching fractions of the B meson
into the light lepton channels are precisely measured [258, 259] and SM consistent, global fits of
the NP Wilson coefficients to Rp, Rp+ data [96] is done by considering NP only in the 7 decay
modes. However, since we have contributions to all semi-leptonic decay channels, we consider
NP in both the numerator and denominator of Rp, Rp+ while also ensuring that the contribution

to the light lepton modes does not overshoot the experimental limits on their branching fractions.

TH-2853_166121012



4.5. Toy Models 87

2.0

As = 001, Y22 = 01, MN2 = 40 GeV
o M= My =500 GeV | M :
o Myp = My = 1000 GeV | 252

A5 = 001, Y22 = 01, MN2 =40 GeV

PR IS o Rtet oy %

1.0

0.8 1.5

0.6 o
o< < 1.0

oal 0 REBESSEREREERSLT | 000 [ SRl TR

0.2 0.5 o My = My =500 GeV

o Myp = My =1000 GeV
00 ) i A ke rae # S 0.0
0.0 0.5 1.0 1.5 2.0 100 200 300 400 500
Ry My (GeV)

(@ (b)

Figure 4.11: In the left plot, the region bounded by the points is the parameter space of R; and R3 that satisfies Rp, Rp+
and B(B — D™ ¢1;) constraints in their 20 CL and B(B. — 7v) < 30% for M+ = 500 GeV (blue) and M+ = 1000
GeV (orange). The other relevant parameters have been fixed as shown in the plot label. The correlation between R3
and My is shown in the right plot.

In Fig. 4.10 we have shown the variation of Rp and Rp- with the coupling R3 for two different
values of My+ = Mpyo and My as shown by the blue and red legends. Since the measured value
of Rp has a large error, a value of R3 % 0.6 can easily explain the observed data in its 1o interval.
On the other hand, to explain Rp+ within its 1o range we need a value of R3 2 1.2; however, to
explain the data at its 20 range we need R3 X 1.0. Note that in these plots, we have not included
the errors in the respective SM predictions.

We perform a parameter space scan of Ry, R3 and My (= My, = Mn,) by fixing Y22 = 0.1 and
the masses of the inert scalars as shown in Fig. 4.11. The blue and the orange points are the allowed
regions for My+ = 500 GeV and 1000 GeV respectively, when the RHN masses are varied between
100 — 500 GeV. All these allowed points satisfy the experimental constraints on Rp, Rp- and the
branching fraction of B — D®¢i; at their respective 20 confidence interval (CI). These parameter
spaces also satisfy the bound B(B. — 7v) < 30% and the corresponding expression in terms of
Cy, can be seen in [260]. From Fig. 4.11a it is evident that the data prefers R3 > R;. Also, as
expected, athough it is allowed, we don’t necessarily need large values for R; and the data allows
a solution like R; ~ 0 while R3 2 1. In our model, Cy, is positive; hence, the new contribution will
interfere constructively with the SM and increase the relevant branching fractions from their SM
predictions. Notice that there are minimal dependencies of R (.) on Mpy+ and Myo. However, as
can be seen from Fig. 4.11b, it is almost independent of M.

Similar type of diagrams as given in Figure 4.23 with the replacement ¢ — u will contribute to
b — utv;, processes like B¥ — 71, B® — 71t 7, decays. We have checked that the required
values of the parameters for an explanation of the data in b — c7v; decays can accommodate the
current observation B(B* — 7%v.) = (1.09£0.24) x 10~* [12]. Similarly, our model will contribute
to s = urv,, ¢ = st decays which will lead to semileptonic and purely leptonic decays of K
and D/D,-mesons, respectively.

The readers may note that in our model the contributions to the semileptonic decays mentioned
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Figure 4.12: Dependence of lepton flavour universality test ratio R(7/x) on parameter Rs for different values of scalar
and heavy neutrino masses as shown in the legends keeping Y>> fixed at 0.1.

above will modify the W-/¢-v, vertex. Therefore, in this respect, the ratio R(7/u) = % will
be a good probe for such kind of NP effects. The most recent measurement of this ratio by ATLAS
Collaboration [261]

R(r /1) = 0.992 % 0.013, (4.37)

is by far most precise and is in well agreement with the SM expectation. Therefore, it is important
to ensure that our modification of the W-vertex does not overshoot this result. In Fig. 4.12, we
have shown the variation of this ratio with R3 for some fixed values of the inert Higgs and RHN
masses and Y22 = 0.1. If we consider the data withing its 1-o CI then R3 > 1 is not allowed,
however within the 2-0 range of R(7/u) the values like R3 ~ 1.4 is allowed. Therefore, we still
have some part of the parameter space shown in Fig. 4.11 which is not excluded by this lepton

flavour universality test; to conclude it further we have to wait for more precise data.

Anomalous Magnetic Moment and LFV

Magnetic moments :- In toy model-I, the additional contributions to anomalous magnetic mo-
ments will come from the type of diagram given in Fig. 4.13 (for : = j) with charged Higgs and
RHNSs in the loop. The contribution is given by

Y;” 2 2 il 9 2 1—
AaéHi’NR) — _| Jl Tnéf dz z ( _‘Z) 5 : (4.38)
8% Mipe Jo  x+ (1 —2)(1— A "z)Afre(HY)
My,
where (7, j) denotes the generation of the lepton and RHN respectively, \; = m];” and ry(H*)

= (MLZ)2 In case of muon anomalous magnetic moment, for My, = 40 GeV and Y2, = 0.1, we
H

will obtain the following from Eqn. (4.38)

—1.10 x 10~",  For M+ = 200 GeV,
Aa,(H*)={ ~1.86 x 1072, For My« = 500 GeV, (4.39)
—4.70 x 1071, For My+ = 1000 GeV,
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Figure 4.13: One loop charged Higgs contribution to lepton anomalous magnetic moment and 7 — e7.
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Figure 4.14: Plot shows the variation of the electron magnetic moment with the mass of RHNSs for three different values
of charged scalar mass M+ as denoted by the legends. We have plotted each curve for two different values of R; :
Ry = 0.5 (solid) and R; = 1.0 (dashed).

which are suppressed compared to the gauge boson mediated diagram for it, which is shown in
Fig. 4.3 (with X in the loop), by two or three orders in magnitude. On the contrary, as shown in
Eqn. (4.12), the contribution to electron anomalous moment from the same diagram is negligibly
small. Therefore, by extending the symmetry of the SM by an abelian U(1)x gauge group with-
out additional degrees of freedom, we cannot explain the observed discrepancy in the electron
magnetic moment.

Note that Aa. (Eqn. (4.11)) has a significant error, and at 3-o Cl it is consistent with zero. There-
fore, it would be too early to prejudge the potential impact of new physics on this observable. Here,
we will show that our model has the potential to predict negative values Aa. although it is diffi-
cult to explain the data in one or two-o CI. From Eqn. (4.38) it is clear that Aa, is sensitive to our
predefined variable Ry = /Y3 + Y74. In Fig. 4.14, we show the variation of Aa, with My for two
different values of R; and three values of My +. The chosen values of Ry, My and M+ explain
the data on Rp, Rp+ as previously shown in Fig. 4.11. From the plot we see that the contribution
is negative and small and we can not reach the present experimental limit within its 1 or 2-0 CIL.
To get a large negative contribution we need small values of My+ and My, and a large value of
Ry (R > 1). However, R; >> 1 is not allowed by B(B — D(*)Eu) data. Therefore, within the al-
lowed parameter space of R and My, we have a contribution to the electron anomalous magnetic
moment which is negative and of order O(10~1*) and within the 30 range of the experimental
data.
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Figure 4.15: Variation of B(t — ey) with the coupling combination |Y1:Y3:] for two different values of RHN mass
My = My, = Mn, (red and blue). For a fixed My, we have also shown the variation with respect to the charged

Higgs mass M+ by dotted and dashed legends. The black solid line is the experimental upper limit on the branching
fraction.

Lepton flavour violation:- The same one loop diagram given in Fig. 4.13 will also contribute to
the LFV process 7 — ey. Therefore, one must ensure that the contribution is within the current
experimental limit B(t — ey) < 3.3 x 10~%[12]. However, in our model there will not be any

contribution to 7 — gy or 1 — e7. The expression for the partial decay width I'(¢; — ¢;~) for the
diagram in Fig. 4.13 is given by [262] :

@ [¥5Yisl? m?

6= 0 = ey 222

A(r)? (4.40)

where,

M3,
and r= <J\42f> .
HE

In the above expression for the decay width we have a combination |Y7;Y3;| or |Y33Y3] de-

2r —5r—1  r’logr

AN = =19 "2 -1

(4.41)

pending on whether N; or N3 runs in the loop. So we can constrain the allowed values of these
product couplings from the experimental upper limit on the branching fraction of 7 — e7. As we
have seen earlier, if we assume that the off-diagonal Yukawas are much smaller in value than the
diagonal ones, the data on B — D™y, allow Rs = Y33 ~ 1and Ry = Yy; ~ 1 for My in the
range (100 — 500) GeV or more. Therefore, in general, the magnitude of the product couplings as
mentioned above could be small even if we assume Y33 ~ Y71 ~ 1.

In Figs. 4.15a and 4.15b, we have shown the variation of B(7 — ey) with the product coupling
|Y33Y13]| for different values of My+ and My. Also, these two figures are generated for two dis-
crete values of |Y11Y31|, which will be helpful to understand the dependence of B(7 — ev) on this
coupling. Notice that for low values of the masses, both the product couplings are tightly con-
strained. Masses like My+ ~ 200 GeV and My ~ 200 GeV are allowed for values of the product

couplings about 0.2 or less which are perfectly consistent with all the other observations as men-
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Figure 4.16: One loop neutrino mass generation mechanism.

tioned earlier. For higher values of the masses more higher values of the the product couplings

are allowed.

Neutrino Mass Generation

The neutrino mass will be generated by radiative scotogenic mechanism in a way similar to the
original proposal of [61] as depicted in Fig. 4.16 and will be mainly moderated by the mass splitting

between H” and A°. The one-loop contribution is given by :

YirYir M, M? M? M? M?
(My)i; =Y~ k( i T A;) (4.42)
327 M2, —M? M} M3 — M} M}

where, M, is the mass of the RHN N, running in the loop. The Majorana mass matrix, however,

has the following texture :

EYh 0 GV
Mr=1| o BY5 0 |- (4.43)
W0 Y

From the expression of the inert scalar masses in Eqn. (4.35), one can immediately see that (M7, —
M?3,) = A5 v*. Thus by tuning the parameter A5, one can obtain the correct light neutrino masses.
However, it is important to ensure that the Yukawa couplings involved in the expression of light
neutrino mass are consistent with the upper bound on the sum of the light neutrino masses,
>.m; < 0.12 eV [66], as well as oscillation data on the neutrino mass squared differences and
n;ixing angles [263, 264]. Hence it is convenient to rewrite the Yukawa couplings in terms of the
light neutrino parameters in order to automatically incorporate the above constraints on the cou-
plings. One useful way of achieving this is through the Casas-Ibarra (CI) parametrisation [265]
extended to the radiative seesaw model [266] which enables us to express the Yukawa coupling
matrix as

Y = UDY?RIAY? (4.44)

where, U is the usual Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix, D, is the diag-

onal light neutrino mass matrix, R is an arbitrary complex orthogonal matrix satisfying RRT =1
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and A is a diagonal matrix with elements

212 | 2M,;
A= (G 4.4
G (445)
and (; = M; Li(M%,) — Li(M?) - (4.46)
F\S(ME, — M3, | THY T A ’ '
where L;(m?) is the mass function defined as
2 2
9 m m

Note that we are working in a basis where the charged lepton mass matrix is not diagonal. The

PMNS mixing matrix can be parametrised as

c12€13 512€13 5136

U = Upmns = P, (4.48)

6 i
—C23512 — 523513C12€"°  €23C12 — 523513512€" 523€13

0

: s
593512 — €23513C12€"°  —823C12 — €23513512€"  €23C13

where ¢;; = cosb;j, s;; = sinf;; and ¢ is the leptonic Dirac CP phase. The diagonal matrix P =
diag(1, e, ¢(#+9)) contains the Majorana CP phases «, 3 that appears when v is Majorana and are
not constrained by neutrino oscillation data but has to be probed by alternative experiments. This
leptonic mixing matrix is related to the diagonalising matrices of charged lepton and neutrino
mass matrices as U = Vg U, and as mentioned above, V}, is not a unit matrix in our model. It

consists of a rotation in (1 — 3) plane which can be parametrised as

! )
€13 0 size™™

VL 0 1 0 , (4.49)

L i) l
_Slgez l 0 013

where ¢!y = cos !4, s\3 = sin 6}, and ¢, is an arbitrary phase which we assume to be zero for sim-

plicity. Using this and the above parametric form of PMNS mixing matrix U, one can parametrise

U, which can then be used to parametrise the light neutrino mass matrix as
M, = U, M, @)y (4.50)

In the above expression for M,, the diagonal light neutrino mass matrix is denoted by M, (1128) —

diag(m1, ma, mg) where the light neutrino masses can follow either normal ordering (NO) or in-
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verted ordering (IO). For NO, the three neutrino mass eigenvalues can be written as

M;hag = diag(m, \/m% + Amj;, \/m% + Am3,;)

while for IO, they can be written as

M3 = diag(y/m3 + Am3, — A3y, /m3 + Am3y, mg)

Structure of this parametric form of light neutrino mass matrix can now be compared with the
structure of light neutrino mass matrix predicted by the model. Note that the model not only
predicts a specific structure of right handed neutrino mass matrix given by Eqn. (4.43), but also

predicts the Dirac Yukawa coupling matrix to have a similar structure

Yiin. 0 Y3
Y = 0 Yo 0 . (451)
Y31 0 Y3

Using the formula for light neutrino masses given in Eqn. (4.42), it can be shown that the above
mentioned textures of Dirac Yukawa coupling matrix ¥ and right handed neutrino mass matrix
MF, lead to a very specific structure of light neutrino mass matrix with two independent zeros
namely, (M, )ep = (My)pe =0, (M) ur = (My)7, = 0 where the equality (M, )ag = (M,)gq results
due to Majorana nature of light neutrinos giving rise to a complex symmetric structure of mass
matrix.

We numerically solve these two texture zero complex equations in order to evaluate the un-
knowns namely, the lightest neutrino mass m; (NO), ms (IO), leptonic Dirac CP phase § as well as
two Majorana CP phases a, 3. The additional rotation angle in charged lepton sector 6 ; is consid-
ered as a free parameter which can lie anywhere in (0, 7/2). The other known parameters namely,
three mixing angles, two mass squared differences are varied in 30 range [264]. We find that these
textures in light neutrino mass matrix predict a large value of the lightest neutrino mass, which is

in tension with Planck 2018 bound on sum of absolute neutrino masses » . m; < 0.12 €V [66] as well

as bounds on absolute neutrino mass scale from laboratory based experizments like KATRIN [267].
Even if we consider a non-zero CP phase in charged lepton correction matrix V7, this conclusion
does not change. This is not surprising, given the fact that almost all possible two-zero textures in
diagonal charged lepton basis are ruled out by latest experimental data [268].

One possible way to make it consistent with neutrino data without changing the model sig-
nificantly is to change the U(1)x charge of the singlet scalar ¢, from 4 to 1. This results in a right
handed neutrino mass matrix having only one zero at (22) entry. While the lightest eigenstate of
singlet fermion mass matrix can still be a DM candidate, no zeros appear in the light neutrino

mass matrix even with the same Dirac Yukawa (4.51). Such a general structure of light neutrino
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mass matrix can be fitted with light neutrino data as there are sufficient free parameters, unlike in
the previous case with two texture zeros. It is very unlikely that such a setup will change our DM
and flavour physics results significantly. In the following subsection, we have added a discussion

on this modified scenario.

Modified Setup for Toy Model I

Asmentioned in the previous section, the light neutrino mass matrix that we obtain in this scenario
violates the Planck 2018 bound on the sum of absolute neutrino masses. We also identified that a
possible way out of this issue is by choosing the U (1) x charge of the singlet scalar ¢ to be 1 instead
of 4. In this subsection, we will briefly point out the changes that will occur in our theoretical
setup and how it might affect the other observables. First of all, the Yukawa interactions given in

Eqn. (4.15) will be modified as given below in Eqn. (4.52).

—Ly D Z Yi;jLiHyNj + Yoo Lo Ho Ny + Z Y;?Nz’chSOI + Z Y5 Nf Nas. (4.52)

2 i,5=(1,3) i=1,3
Note that the first three terms of the Yukawa Lagrangian remain unchanged, however, the interac-
tion term involving N3 and ¢, has changed. Also, there will be a little change in the scalar potential,

the trilinear term in Eqn. (4.18) now becomes {5 g02g02<p1 4F h.c.}. Hence, the pseudoscalar mass,

which primarily depended on this trilinear term, modifies to M4, = (— \/gf i% ) /2 Recall that the
gauge boson mass My mass and gauge coupling gx are related to the singlet vevs (Eqn. (4.22)).
With the change in the U(1)x charge of ¢, the aboove relation changes to

M2 = 29'20262 + g% (402 + v3), (4.53)
and for € << 1, we obtain Mz ~ Mx = gx \/W . For simplicity, if we consider vy = vy,
then from Eqn. (4.53), v1 ~ 450 GeV for My = 1 GeV and gx =~ 0.001. Therefore the masses
of s; and sy will be restricted to be < 450 GeV for the Yukawa and quartic couplings to remain
perturbative.

The analysis of relic abundance and the direct detection cross section will be in a similar line
as discussed in subsection 4.5.1. The annihilation via Z’ remains the same. However, we can not
consider a pure NN, state as our DM candidate, since the the Yukawa Lagrangian does not have a
Majorana mass term for N». Therefore, in principle, the lightest particle of Ny and N3 can be our
DM candiate, and the dominating contributions will come from the annihilation diagrams shown
in Fig. D.2. In such situation, as before, depending on the mass of s, the relic abundance will
once again be satisfied near the resonances i.e. near Mpys ~ Mj, /2. In the presence of s-channel
annihilation, the role of co-annihilations are expected to be sub-dominant as in the previous setup.

The possibility of mixing of the pure states N;, N2 and N3 can be considered by rotating the
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interaction basis N; to a new basis N; by using a general unitary transformation as

I N
N2 = OUR Né (454)
N, N

which will result in a mass matrix of the form

M, | = 0u, MrOL,.. (4.55)

In the rotated basis, the lowest mass eigenstate can be considered as the DM candidate which will
contribute via the annihilation diagram as given in Fig. D.2.
The Yukawa Lagrangian responsible for the RHN masses also gets modified such that the Ma-

jorana mass mixing matrix now becomes

Uilyﬁ L2y1%; ﬂYf?,

V2 V2 V2
Mg = %yﬁ 0 %Ygﬁ, . (4.56)

This is in contrast to the mass matrix we obtained before in Eqn. (4.43). Since the mixing angles
(si;) of Oy, are completely arbitrary, we have full freedom of choosing them in a way such that
M/} < My, M} and the Yukawa couplings are also perturbative.

It is important to note that the contributions to the other observables like anomalous magnetic
moments, LFV decays and R (.) remain unaltered. We have already seen that a charged Higgs
and RHN mediated diagram contributes to the magnetic moments of the leptons (cf. Fig. 4.13). In
the modified set-up, the changes occur in the Majorana- Yukawa interactions, which involves the

coupling Yl‘f, and they do not contribute to Aa,, ., LFV decays or R.).

4.5.2 Toy Model II
Particle Content

In this toy model, we have the same particle content as in the previous case, with the only difference
being that all particles except IV, are even under the discrete Z; symmetry. This will once again
prevent it from interacting directly with SM leptons. However, in this scenario, the neutrino mass
generation mechanism will be different from the previous one. The particle content, along with

their respective gauge quantum number and charges, has been described in Table 4.4.
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Particles SUB)exSU2), xU(l)y | UN)x | 22

QL= <ZL> (3,2,5) 0 +

UR " (31 1, %) 0 +

dR (37 17_%) 0 +

L, = (”e (1,2,-1) 1 |+
¢/L

Ly = (”“) (1,2, 1) 2 +
k)L

Ly = (”TT) (1,2,—-3) 1|+
L

eRr (1,1,-1) -1 +

UR (1,1,-1) 2 +

TR (1,1,-1) -1 +

Hl (172a %) 0 +

NlR (1, 1,0) -1 +

NQR (17 170) 2 -

NgR (1, 1,0) -1 i

H2 (172a %) -3 i

1 (1,1,0) 2 +

2 (1,1,0) 4 +

Table 4.4: Particle content for Toy model II.

Lagrangian and Scalar Mass Spectrum

In this scenario, the successful generation of charged lepton and light neutrino masses require Ho

to be charged under U(1) x. The relevant Yukawa interactions are given by:

—Ly D }/ig‘fliHlejR aF Y%EjHQ@kR == Y;V-EiﬁleR aF ka~ikﬁ2NjR
J ' v J 4 J

,J J i,j j (4.57)
+Y YZNGNire1 + Yo NipNires
,J

where both i and j can take values (1,3) and k£ = 2. Thus only the second generation of lepton
doublet couples to N 3 via the second Higgs doublet H,. The scalar Lagrangian will be similar to

the one defined in Eqn. (4.16) with the scalar potential as given below:

AH AH.
V(Hy, Hy, 01, 02) = 45 [H1|* + p3| Hol* 4 p3ler | + w3 le2]? + 71|H1|4 + 72|H2|4

A Ao
+ %|<P1\4 + %\ml“ + \i [Hi [ Ho|? + No(H| Ho) (H Hy ) @58
+ A3 (0l 01) (@ho2) + MalHi P01 | + As| Hy 2] + No| Ha|?[g1 |
C

+ )\7|H2|2‘902|2 + {5 @199190; +hC} + A2 {(HIH2)2(<P1(P2) —|—hC}
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In this case, all the scalars acquire a vev and are given by :

j: Zl: ’ / ! !
w h A A
o - CHy— A P (W) L — <v2+82+w> (4.59)
U+hl+iz/ ut+HO 4549 \/§ \/5
V2 V2

Under such a scenario, electroweak symmetry breaking of the scalars require u? < 0 (i = 1,2, 3,4)

and the minimization conditions are given by:

1
02 = -3 (uz()\mvz + A1+ A2) + Aavi + Asv3 + )‘H1”2>’
1
W = 2 (U2()\UW2 + A1+ A2) + Agvf + Agv3 + AH?U2> 7
1
K= T, <u2v2v2A o+ 201 (2V2020 + Asu} + M + dgu®) + W”iﬁ |
1
1
uy A . <u2v2v1)\ + 207 (V2020 + Agv2) + 202 (M50 + A7’ + A%z”%))ﬂ (4.60)

where A = ﬁ; the usefulness of this term will be discussed later in this subsection. The covariant
derivative can be defined in the same way as in the previous case Eqn. (4.17). From the kinetic

part of the scalar Lagrangian, we obtain the mass of the W-boson as :

1
M2, = Zgz(u2 + v?). (4.61)
One can rewrite the mass of W as Mg, = 1g%v% where, v3; = (u? + v?) = (246)? GeV>. We also
express the ratio of the two vevs as £ = tan 3. The neutral gauge bosons (W, B,,, X,,) on the other

hand mix and the mixing matrix is given by :

122 +02)  —Lgg'(u? +0?) — 3 ggxu?
Mép = | —1gg'(w?+v%)  1g%(u?+0?) 3 gxu? (4.62)
2 ggxu? Sygxi? g (9u2 e +4v5>).

After the usual Weinberg rotation as given in Eqn. (4.24), we obtain the masses of the physical

neutral gauge bosons as :

M2 = 0, (4.63)
1
M% = Mgozmg%%{v (4.64)
2 2 A4
Mz = M%—|-—]), (4.65)
z . (M%)

where M% = g% (4(v? + 4v3) + 9u?) — 3¢'gxu’e + O(e?) and A% = T2 (6gxu?® — g've). One can
w

immediately see that in the limit e << 1, M2, = M% ~ g% (9u® + 4(v} + 403) + 9u?).

In this model, none of the scalars are Z; odd, therefore, in principle, both the CP even and CP
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odd neutral components mix to give two (4 x 4) mixing mass matrices; one for (1, s, 55, H 0/) and
the other for (z', A’l, A’Q, Aol) as given below in egs. (4.66) and (4.67), respectively. We also have a

(2 x 2) mixing matrix for the charged scalars (w™*, h*) as given in Eqn. (4.68).

AH1v2 %)\u%vg + \vvq %)\u%vl + A5002 uv(Aviva + A1+ A2)
1 9 /\u2v2v274>\ v3 1 2,2 1 2
5 AU VU2 + Agvv1 - V2u16 + TAUTV 4 Azv1ve u(5Av vz + A1)
M2 o v1
se 'U2 u2’u2’u — ’U3
%)\uzvvl + A5002 V2u16 + i)\u2v2 + A30102 _2V2uio4a o 1740y 3 u(%)\v2v1 + A7v2)
uv(Aviva + A1 + A2) u(%)\v%g + A6v1) u(%/\v2v1 + A7v2) )\H2u2
(4.66)
—\ulvive %)\u%vz %)\uzvvl AUvv1 V2
P 2,2
) %)\uzvvg —%‘W V2v16 — i)\u2v2 —%)\uv%g
Mpscudo = b (467)
%)\u%vl V2o b — i/\uzv2 —%&;M”) —%)\uv%l
AUVV1 V2 —%)\uv%z —%)\uvzm —\v2vivg
(viva X + A2) —u®  juv
2
ME = 12022 (4.68)
2 . 2
uw  —u

2
We therefore require two (4 x 4) rotation matrices (cf. Appendix B.2) to diagonalize the CP even
and CP odd Higgs which we denote by R, and Ry respectively (as shown in Eqn. (4.69)) and an

orthogonal rotation by angle + for the charged scalars.

h h G, z
51 s} G Al G* wt
=RY : =R} and, =R (4.69)
59 Sy Ay A H* hE
HO HO ]\ 40 AY

where G, G, and G are the massless Goldstones corresponding to the physical vector bosons
Z,Z" and W respectively. Notice that in the scalar potential in Eqn. (4.58), we have added a higher
dimensional symmetry breaking term proportional to A(= 13 ) apart from the trilinear term. The
relevance of this term can be easily understood from the scalar mass matrix given in Eqn. (4.67).
In this matrix, the elements of the first and fourth rows and columns are proportional to A; hence,
if we set A\ = 0, the resulting mass matrix will be a 2 x 2 matrix with determinant zero, which
results in zero mass pseudo-scalar fields which can give rise to a long range force between the DM
and ordinary matter. However, such massless bosons are very tightly constrained by fifth force
searches. If the coupling of these pseudoscalars to SM is sizeable, then they can be produced in
the early universe giving rise to additional radiation or relativistic degrees of freedom which is
tightly constrained by BBN and CMB limits. Also, in absence of this higher dimensional term, the
U(1)x symmetry can be broken by the vev of H, alone, and we don’t need the additional singlet

scalars.
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We denote the angles in R, (g) by c;(0;;). Thus, we have many unconstrained terms in the rota-
tion matrices R, ¢ with at least 6 mixing angles in each, and so we make the following assumptions

to simplify the analysis:

(i) The mixing angles of h with the singlet scalars are aj2 = a3 and a3 = a3, respectively. Also,

we have not considered very large mixing scenarios.

(ii) For simplicity, the mixing angles of H 0 with the singlet scalars are set to zero, i.e ass =
agy = 0. Also, the possibility of mixing between the two singlet scalars has been neglected,

i.e agg ~ 0.

(iii) We denote the mixing of the h and H 0 by a4 = o

A similar approximation is also considered for the rotation matrix Ry. This helps us to eliminate
some of the mixing angles for each of the matrices. Therefore, we are left with the following free
parameters:

tang, v, My, M,

51,52,

170, M g0, My, M+, Mixing angles (a, az, a3, 8,02, 603,7). (4.70)

The couplings expressed in terms of masses and mixing angles can be found in Appendix C.2.
These model parameters are constrained from both theoretical requirements of unitarity, vacuum
stability, perturbativity etc. and experimental data on electroweak observables, Higgs decays and
so on. We have assumed small values of as and a3 so that we can utilize the existing bound on
the parameters like o and /5 of a two Higgs doublet model (2HDM) scenario with and without
an additional singlet. For recent analyses of extended 2HDM see [269-273]. It has been shown
that large singlet doublet admixture is allowed by the LEP and LHC data [271]. However, a large
admixture does not allow a large value for | cos(f8 — «)| [269]. In our analysis, we have considered
the scenarios with tan 8 < 5 and |cos(8 — «)| < 0.1, also, we have assumed sin a; < 0.1 and
sin ag < 0.1.

We identify h to be the 125 GeV Higgs boson discovered at the LHC and restrict the parameters

in the following range :

l<tan <5, cos(f—a)e[-0.1,0.1], v =450 GeV,

Mpo € [1,100] GeV, M, € [150,450] GeV, M., € [10,100] GeV,

M= € [100,300] GeV, Mo € [100,300] GeV, Ma, € [100,300] GeV,

sinags € [-0.1,0.1], sinfd € [-0.1,0.1], sinfy3 € [-0.1,0.1], sin~y € [-0.1,0.1].

4.71)

For the above range of masses, the scale A ~ (300 — 600) GeV for ¢ = —1. Note that tan 3 > 1
allows only the scenario M}, > Mo otherwise Ay, will pick up a very large value. One can have
the scenario M} < Mpyo when tan 3 < 1, however, these choices will lead to the large values of

AH,, and at the same time top-Yukawa y; >> 1.
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Figure 4.17: (a) The variation of relic abundance with the dark matter mass for different values of tan 4 and the mass
Ms,. In the inset we have zoomed into the annihilation peaks of the DM for 30 < Mpx (GeV) < 60. The black solid

line denotes the Planck observed relic of DM. (b) Same as in Fig. 4.17a for different values of sine of the mixing angle
3.
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Figure 4.18: (a) The bounds on Mp s from relic and the allowed limit on DM direct detection cross section (7). (b)
The variation of 7 with s, for different allowed values of Mpas.

In this case, at the leading order, the contributions to the relic abundance and the direct de-
tection cross-section will come from similar type of annihilation diagrams, as shown in Fig. D.1.
Hence the true relic abundance is expected to be satisfied only around the resonances of the dif-
ferent scalar and vector mediators. There will be no coannihilations in this case. Apart from M/
and gz, the other model parameters which will have a dominant role in DM searches are given by
Ms,, Soy and Yoy ~ ﬁfNQ.
by Ms,, Ma,, tan 8 and s,,. Therefore, we have fixed their values at M,, = 400 GeV, M4, = 200

GeV and so, = 0.1, respectively. In Fig. 4.17a, we have shown the variation of the dark matter

The other parameters which will have a subdominant role are given

relic abundance with DM mass for two different values of tan 5. The nature of the curve is sim-
ilar to the one observed in our toy model 1 (see Fig. 4.7a). When the DM mass is in the sub-GeV

range, the Z " mediated annihilation will be dominant similar to the previous case. As expected,
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Figure 4.19: The diagrams which will contribute to muon and electron magnetic moments.

the current bound on relic density will be satisfied at the DM masses close to the value M/ /2,
and at a value Mpys < Ms, /2. There are different peaks for Mpys > M, /2 which correspond to
the different resonance annihilation of the DM through the Higgs portal. In all the resonances for
Mpn > Ms, /2, the relic is much below the present observed abundance. The allowed values of
DM mass are mostly limited in the sub-GeV to less than 50 GeV mass. Note that the relic is almost
insensitive to the value of tan 3. Also, as shown in Fig. 4.17b the sine of mixing angle a3 does not
have an impact on the allowed regions of Mpy;. Although, we have chosen very small values of
544, the situation will not change even for larger values of s, .

In Fig. 4.18a, we have shown the regions of Mpj, allowed by relic density bound and the cur-
rent experimental limit on the DM direct detection cross section o/ from XENON 1T. To generate
this plot we consider tan 8 = 2, and the values of the other relevant parameters are the following:
0 < Sq3 < 0.01,and 10 < M,, < 100 GeV. All the other relatively less relevant parameters are fixed
at the values as mentioned above. The maximum value of Mpys allowed by the data on the relic
and o%7 is ~ 40 GeV. Note from Fig. 4.18b that the current limit on o°/ put stringent bound on s,,.
For example, for Mpy; ~ 30 GeV the allowed value of s,, can not be larger than 0.01. Here, we
have shown the plot for tan 5 = 2; however, as shown above, the results will be similar for other
allowed values of tan 3. Like in the case of toy model-I, the contributions to spin-dependent direct

detection cross sections are negligibly small in this model as well.

Electron Anomalous Magnetic Moment and LFV

Magnetic Moments :- In this model, apart from the contribution from a U(1)x gauge particle
as has been discussed in sub-section 4.3.2, the contributions to the muon and electron magnetic
moment will come from the respective diagrams shown in Fig. 4.19. The contributions from these

diagrams from left to the right, respectively, are summarised in the following equations:

L L A 4.72
Ge - 871'2M2 12 wit - ( ’ )7 ( . )
H
my Yl
Ad” = — [k 32 4.73
T TR MEL 12 73
2 2 1 2
N _ mu|R2’ r°(1 —x)

ACLH == —W dx M2 (4.74)

H* J0 x—}—(l—:c)MgNi

H
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Figure 4.20: (a) Variation of Aa; with the relevant Yukawa coupling Yis for different values of M0 and M 40. (b)
Dependencies of Aa;, with Y.
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Figure 4.21: (a) The variation of Aa, with Ry = /(Y3;? + Y44?) for different values of My, = My, = My and M.
(b) The total contributions in Aa, from the diagrams in Fig. 4.19 and 4.3. The grey horizontal line is the allowed 3-¢
lower limit [12], while the dashed grey line represents the 3-o lower limit of a very recent estimate [14].

Here, we have defined |R;|* = ((Y3)? + (Y35)?) in the same way as we defined Rj, R3 in the
previous toy model. To do so, we have assumed the same masses for N; and N3. Note that the
contributions in Aal™") is sensitive to the Yukawa coupling |Y}5|, and the contributions in Aa,, are
coming from the diagrams with v, and N; /N3 in the loop, respectively.

The variations of Aa, with |Y},| for different values of Mo and M 40 are shown in Fig. 4.20a.
Note that the contribution to Aa, is highly suppressed and the values like Y, 2, 0.01 are allowed.
As can be seen from Fig. 4.20b, the contribution to Aa, from the diagram with v, in the loop is
highly suppressed. In Fig. 4.21, we have shown the variation of Aa* with | R, | for different values of
Mo and My . Note that the contributions in Aa,, from the diagram with right-handed neutrinos
are significant and have negative values. We have already shown earlier that the contribution from
the diagram with X with a mass My ~ 0.5 GeV can accommodate the current discrepancy in Aa,,.
The large negative contribution from diagrams with Ny or N3 (in the loop) will reduce the value

of Aa,, obtained from a diagram with X. However, note that, for lower values of Ry i.e. Ry < 0.5,
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Figure 4.22: (a) Higgs mediated diagram contributing to 7 — 3u process. (b) Variation of B, with the coupling Y
for different values of tan$ and M yo. The constraint cos(5 — o) = 0.1 has been used while calculating the branching
fraction. The gray line denotes the experimental upper bound on the branching fraction.

the effects are not that significant. Therefore, to explain Aa, we can restrict R to a low value. In
Fig. 4.21b, we have shown the variation of the total contribution to Aa, with Ry for the ultimate

choices of the other relevant parameters.

Lepton Flavour Violation :- In our second model, there won't be any contribution to the pro-
cesses like 7 — py, 1 — ey or 7 — ey. However, from Eqn. (4.57), one can see that the charge

lepton mass matrix is not diagonal and is given by

Lylll Lylé’z Lyleg

V2 V2 V2
M, = 0 \/Liyé 0 . (4.75)
vk vl vl

Due to the presence of off-diagonal terms in the charged lepton mass matrix, we have a contribu-
tion to the lepton flavour violating decay 7 — 3 as shown in Fig. 4.22a. Although the contribution
is mixing suppressed, the stringent limit on the branching fraction will put a direct constraint on
the Yukawa coupling Y3, since the process occurs at tree level. The upper bound on the branching
fraction from the Belle Collaboration [274] is

B, <21x1078 (4.76)

at 90% CL. The amplitude for the process can be written in the form

Mz = gip(Brpr)(ARTL) (4.77)
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(b) ()

Figure 4.23: Diagrams contributing to b — clv, decays (¢ = e, i1, 7).

where

Yf;musa
s 4.78

and the branching fraction is given by[275]

T mT‘gLL|2 / / 3 . 5
B = (128 < 4873 dx | d(cosh) — 22° + z°cost) — 22°cost | (4.79)

where T is the lifetime of the 7 lepton, = 2E;/m is the reduced energy of the antimuon, and
6 is angle between the polarization of the 7 and the momentum of the antimuon.

In Fig. 4.22b, we show the variation of the branching fraction of 7 — 3u with Y3, for three
different values of Myo, and in each of these cases, we have chosen two different values of tan S. It
is evident from the plot that experimental upper limit on B(7 — 3u) restricts the allowed regions
of Y{; and My, and the preferable choice is Y4, < 0.005 for Mo 2, 50 GeV. The decay width is
also sensitive to the value of tan 3. Therefore, for all practical purposes it is convenient to set Y,

to a very small value, say 0.001, in order to evade this strong bound.

Additional contribution to b — cfv,

In this case, the diagrams that will contribute to b — ¢/, (with ¢ = e, ;1 and 7) decays are given
in Figs. 4.23. The diagrams in Fig. 4.23a will contribute to b — cui,, decays, whereas those in
Figs. 4.23b and 4.23c will contribute to b — cev, and b — c7, decays respectively. The resulting

Wilson coefficient contributing to b — cu,, can be written as:

Y 1 11—z )
el = 322]2gHH _— / dx / In Al  with H= (HO B, sy, A°, Ay), (4.80)
0 0
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Figure 4.24: Variation of the branching fraction of B — Duw,, (Fig. 4.24a) and B — D*u, (Fig. 4.24b) with R for two
different values of M and M+ each. The other relevant parameters are kept fixed as shown in the plot labels. In both
the plots, the gray shaded band is the measured branching fraction of the B-decays in their 1o CL respectively while
the dotted lines denote the 20 allowed band.
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Figure 4.25: Variation of Rp~ (left) and Rp (right) with R» for different values of My and My+. The shaded gray
region is the experimental 1o allowed region while the dotted lines denote the same in the 20 CI. The shaded and
unshaded colored bands (red,blue,green) signify the theoretical uncertainty in the 1o and 20 CI respectively.

where the coupling gy -+ between the charged Higgs, W-boson and the different neutral scalars

are given by :

JHOH-W+ = i(C’VROLM + S"/ROJ14)7 9hH-W+ = 5(077?'&41 + S’YROCM)?
g g

9ssH-W+ = 5(6772'0442 + 87R012)7 GAOH-W+ = 5(6773944 + 87R914)7 (4-81)
g

JAH-W+ = 5(077?'943 + 57R013)a

where, R,,; is the (ij) element of the rotation matrix given that diagonalises the CP even mass
matrix given in Appendix B.2, and similarly for Ry,;. The factor A%V g is given in Eqn. (4.36).
However, it is evident from the Lagrangian that the dominant contributions would come from the

diagrams containing H” and A° in the loop since their coupling with the neutrinos are not mixing
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suppressed unlike the other Higgses.

The contributions to b — cev, and b — c77; from the diagrams as mentioned above are negligi-
bly small. The contributions come from the second term of the Yukawa Lagrangian in Eqn. (4.57).
The Wilson coefficients in these cases are sensitive to the off-diagonal Yukawas of the charged lep-
ton mass mixing matrix. Also, we have already obtained a direct bound on the coupling Y, from
the branching fraction of 7 — 31 in the previous section and fixed it to 0.001. For such a small
Yukawa, the resulting WC will have a value of order O(10~?) which is negligibly small and hence
it can safely be neglected. Note that even if we choose Y3, ~ 0.01, the contributions to the WC will
be of order O(10~7). Similar conclusion holds for the electron final state. Therefore, we will only
focus on the contribution to the muon channel.

If we assume, for simplicity, the masses of N; and N3 are equal, then the Wilson coefficient
will be proportional to the parameter R which we have already defined in the previous sub-
section. We can then constrain the parameter space of Ry and My = My, = My, from the data
on Rp, Rp- and B — D®) u,. In Fig. 4.24, we show the variation of the branching fractions of
B — D(*)uﬂﬂ with R for two different values of My and M+ each, keeping the masses of the
neutral scalars H°, A° fixed. Also we keep tan f3 fixed at 2 and choose « such that cos(3 — ) = 0.1.
We see that even for a large (~ O(1)) Rz, the branching fraction of B — D) up, remains within
the 20 experimental range. Also, we have noted that the change in the branching fraction with
the mass of the charged scalar or the heavy neutrino is insignificant (the legends overlap in the
tigure). We have also studied the impact on Rp+ and Rp, and the results are shown in Figs. 4.25a
and 4.25b, respectively. Note that it is hard to explain Rp- even if we take both the theory and the
measured errors within their 20 confidence interval (CI)°. However, we can conveniently explain
the observation in Rp even if we consider the data and theory at their 1o CI. Also, even though
large values of Ry is allowed by the branching fractions to the muon mode, the data on R

restricts the value of Ry to < 0.5 for the entire range of RHN or charged scalar mass.

Neutrino Mass Generation

In this case the minimal seesaw mechanism will help us give rise to the neutrino mass. From the
Yukawa interactions in Eqn. (4.57), one can obtain the Dirac neutrino mass matrix Mp and the

Majorana mass matrix Mg to be :

B 0 5V LYE 0 ByE
Mp = NACTIUNE 2 €7 s Mr=1{ o BYS 0| (4.82)
By 0 55 Y5 0 Y

®Tt was discussed in refs. [96, 276] that at the moment, the predictions of Rp+ depend too much on the experimental
results on B — D* v, and B — D*ev. decay, and with the changes in the data the predictions are changing. For a
prediction independent of any experimental inputs, we have to wait till the inputs from the lattice at non-zero recoil
angle of the outgoing meson are available.
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Thus the light active neutrino masses can be obtained from the seesaw formula given by:
m, = — <M§MR1MD>. (4.83)

By using the structure of Mp, Mg in the type I seesaw [46, 48, 50, 277] formula for light neutrino
masses mentioned above, we find a general structure of light neutrino mass matrix without any
textures unlike that found in toy model I. However, the light neutrino mass matrix has rank 2 pre-
dicting the lightest neutrino mass to be vanishing. While neutrino oscillation experiments can not
constrain such a scenario, other experiments like neutrinoless double beta decay which is sensitive

to absolute neutrino mass scale can shed more light on such scenario in future.

4.6 Possible Collider Signatures

4.6.1 Higgs Invisible decays

In any NP model it is quite an exciting prospect to look into the non-standard or undetected decays
of the SM Higgs as a complementary search for BSM particles. The toy models that we discussed
above constitute of a dark matter particle that couple to the SM Higgs boson through its mixing
with singlet scalars. Also, there is a viable parameter space in both the models where the dark
matter mass is lighter than the Higgs. Under such a scenario, it would be a useful exercise to
study the model contribution to Higgs invisible decay and use the available data on it to further
constrain the model parameters. All the relevant diagrams contributing to the Higgs invisible
decay are shown in Fig. 4.26. From the figure it is almost clear that the dominating invisible decay
of Higgs would be to the DM N, for My, < M}, /2 and the decay to 4v via gauge bosons would in
general be suppressed compared to this tree level decay. However, since the new gauge boson in
our model, Z’, is light (sub-GeV), the contribution mediated by Z’ could also be quite significant.
The third decay, involving one heavy boson Z and a light 7, is in general suppressed by the very
small value of the gauge mixing parameter ¢ (~ 10~%) that we considered. Hence, one can safely
neglect the contribution from this decay mode. Therefore we will only consider the first two decay

modes in our calculation.

4 v

Figure 4.26: Invisible Higgs decay channels.

Both ATLAS and CMS have looked into such invisibly decaying Higgs mainly through its in-

clusive production in the vector boson fusion mode, as well as in the associated production of a

TH-2853_166121012



Chapter 4. Phenomenology of a Light Leptophilic Z’ in the context of Dark Matter, Neutrino
108 Mass and Flavour Anomalies

tan B =0.1, 5o, = 0.1

100 Sa, = 0.05, 5, = 0.01 e ‘ ta‘n B : 2, Sq, = Sflz = 9'01 ‘
500 - =0.05, 54, =0.05 S N\ 1 50¢ ]
Sq,  Sa, A [ ATLAS 2019
ATLAS 2019 |
X L 1S Y ATLAS 2020 _
< 10FATLAS 2020 P < 10t
o | S !
2 ®  5f
z =
£ z
= T
o < 1t
Q Q E
Sq, = 0.01, 5, = 0.01 0.5¢
..... Sq, = 0.01, 54, = 0.05
0105 05 1 5 10 50 0.1 05 1 5 10 50
My, (GeV) My, (GeV)

Figure 4.27: Higgs invisible branching fraction as a function of My, for two different values of s, and s, each is
shown. The red solid line is the upper bound from ATLAS 2019 [15] while the red dashed line is the upper bound from
their recent announcement in April 2020[16].

Higgs with a Z boson. The constraint on the Higgs invisible decay branching fraction from the
ATLAS experiment at LHC is [15]

I'(h — Invisible)

< .
(h— SM) + T(h = Invisible) = 20" (4.84)

B(h — Invisible) = T

while the recent ATLAS announcement [16] puts a more stringent constraint at 13%. The Higgs
decay to SM particles is known to be around 4 MeV. In the following two subsections, we will
discuss the impact of this upper limit on the model parameters, in particular the mixing angles.

Toy Model 1

The invisible decay width of Higgs to dark matter is given by :

2 2 3/2
L'(h — NaNy) = iM{j? M;, (1 - 4M]2V2> : (Sas + €2, Say5as)- (4.85)
8T V3 My

On the other hand, the decay of Higgs to SM neutrinos via X X, or equivalently via Z'Z’ is given
by :

1 62, AM2,N\ 2 MY M2
T(h— Z'Z' — dv) = 2L (1 - —Z 3 ho— R B(Z' — 2u)]* (4.86
(W= 22 =) =50, M T T, X%:[ (2= 2v)]” (4.86)

where g, 717 = Sgg((ca2 Say U1 + 484,02) is the effective coupling of SM Higgs with Z’ via mixing
with the singlet scalars. For our model, 3, [B(Z" — 2v)]* ~ 0.14 for Mz = 1GeV and gz = 1073,
Therefore, the total invisible decay width of Higgs is given by the sum of the decay widths as
mentioned above. In Fig. 4.27, we have shown the variation of the Higgs invisible decay with the
mass of dark matter for different values of the mixing angles. Note that only small mixing like
Sa, = 0.01, 5o, = 0.01 are allowed by the current limit for the entire mass range of N,. However,

Sq4 could be as large as 0.1.
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Figure 4.28: The variation of Higgs invisible branching fraction with the DM mass for different values of the other

relevant parameters in toy model 2. The red solid and dashed lines have a similar description as given in Fig. 4.27.

Toy Model 2

In our second model, the contribution to the Higgs invisible decay width is given by

I'(h = NoN: 1]\4’%@1\4 1 AMy, 3/2722 4.87
(h= Nolo) = ="M 1~ 312 - (4.87)

Also, the decay of Higgs to SM neutrinos via Z’'Z’ is given by :

1 62, AM2N\ 2 M: M2
T(h— Z2'7 — 4quy) = —2h2'Z (1~ 2 3 T B(Z' = 2u,)]? (4.88
(h= 22" = dv) = =5 M s T, X%:[ (77— 2)]” (4.88)

where gj,7/ 7 = 8 g§( (Ri2v1 +4R13v2) is the effective coupling of SM Higgs with Z’ via mixing with
the singlet scalars. Again, the sum of squares of branching fraction, ), [B(Z" — 214)]* ~ 0.14 for
My =1 GeV as mentioned before. In Fig. 4.28, we have shown the dependencies of the B(h —
invisible) with the DM mass and other relevant parameters in toy model 2, like sine of the mixing
angles and tan 3. Note that our chosen benchmark values like s, = 0.01, s,, = 0.01 and tan 5 = 2

or 4 are allowed by the current bound on B(h — invisible).

4.6.2 LFV decays of Higgs

Itis evident from the Yukawa interactions in eqs. (4.15) and (4.57) that there exists lepton flavour vi-
olating decays of the Higgs (h) for both the Toy models. However, there are notable differences be-
tween the allowed LFV channels in the two models. The U(1) x charge assignments of the charged
leptons are such that in both the models we will get the h — 7e decay, for example, see Fig. 4.29a.
However, only Toy Model II contributes to LFV h — p7 and h — pe decays via the mixing of the
h with the H° as shown in the Fig. 4.29b.

So far no excess have been observed in these channels at the LHC searches and the most recent
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Figure 4.29: Lepton Flavour Violating decays of Higgs boson.
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Figure 4.30: (a)Variation of B(h — er) with off-diagonal Yukawa coupling y for two different values of tan /5 and other
mixing angles. The red line denotes the upper limit on the branching ratio. (b) Similar variation for B(h — u7) is
shown.

upper limits on the lepton flavour violating branching fractions of the Higgs boson by CMS [278]

reads
B(h — eT) < 0.61%,

B(h — p7) < 0.25%.

(4.89)

These limits will be helpful to constrain the lepton flavour violating Higgs couplings Yi‘g where
(1,7 = 1,3) & i # j. The general expression for the branching fraction for the LFV Higgs decay is
given by

ly|? My, + My, 2 My, — My; 2\ 1" 2 2 2

2
y|=Mj,
~ <‘16’77Ft}?t> , for my,mg, << Mp.

(4.90)
Here, I'** = T'(h — SM) + I'(h — Invisible) and y denotes the effective LFV coupling. In most
of the allowed parameter spaces, we can expect I'(h — Invisible) << I'(h — SM); however, there
are regions where it might be relevant to consider. In both the models, for h — 7e decays the

effective LFV coupling is given by y = \/Yng + Y3£12. As mentioned earlier, there won’t be any
contribution to h — u7 or h — pe decays in Toy Model I. In Toy Model II, the expression for the
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braching fraction for h — u7 decay is given by

33|Y3£2‘2 M,
00 ) - (B (L2, as

which in the limit @ — 0, gives us the corresponding expression for h — et decay. We will obtain
the expression for B(h — pe) after replacing Yy, by Y, in Eqn. (4.91).

In Fig. 4.30a we have shown the variation of B(h — er) with the effective coupling y. Since the
contribution will be similar for both the models, we have not shown it separately for the two. It can
be clearly understood from the plot that the coupling cannot be larger than ~ 0.005 irrespective of
the value of tan 3 or other angles. There is very little dependence on s,, or s,, which is coming
from the contributions in I'(h — Invisible) (see Eqn. (4.85)) in the denominator. For illustrative
purpose, we have shown the variation for My, = 20 GeV; however, we have checked that the
variation does not change significantly on changing the DM mass.

In Fig. 4.30b we show a similar variation of the branching ratio to the y7 mode with Yz, for
two different values of tan 3 and other mixing angles. As mentioned earlier, this decay mode
is specific for Toy Model II only. Since this process is mixing induced, both tan 3 and Yy, are
tightly constrained from the data. As expected, the branching fraction is sensitive to both the
mixing parameters 3 and a. Note that for tan 3 = 2, the allowed values of Y, is Y4, < 0.01.
However, for tan 3 > 2, more higher values of the Yukawa coupling are allowed. In general,
higher values of the tan 3 prefers higher values of the Yukawa coupling. This is expected since the
constraint |cos(f — a))| = 0.1 implies smaller sin « for large tan 5. Once again the conclusions are
not affected significantly by the DM mass. Also, we have noted that for values like tan 8 = 2 and
Sas = Sas = 0.01, the branching fraction B(h — pe) < 0.4% for Y5 < 0.01.

e 1 Br I,
pp — Z — Z s2 — €10~ Hr (Toy Model-I and 1I) pp — L0y — 40
pp — Z — Z' 52 — £14 B (Toy Model-I and 1) pp — 0077 — 40
pp — h — h so — €147 Fr (Toy Model-I and 1) op— 27 — 40
pp — HTH™ — p* ™ Fr (Only in Toy Model-I)

Table 4.5: Collider signatures resulting in dilepton and 4-lepton final states for both Toy Models.

S1.No. Benchmark point (BP) olpp— HTH™ — ptu~ Hr) (fb)
(A) Mpy+ =500 GeV, My, =20 GeV, Yoo = 0.1 2.45
(B) M+ =500 GeV, My, = 40 GeV, Y22 = 0.1 2.39
(©) | Mys =500 GeV, My, = 20 GeV, Yas = 0.2 39.2
(D) | Mys =800 GeV, My, — 20 GeV, Yaz = 0.1 0.58

Table 4.6: Production cross-section of the dimuon +Fr final state generated from intermediate inert charged Higgses.
This production is exclusively for Toy model I.
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. o ET (fb) o* (fb)
S1.No. Benchmark point (BP)
ToyI | ToyIl | ToyI | ToyII
1 My, =20GeV, Mz =1GeV 0.10 | 0.074
25.54 | 25.54
2 My, =40GeV, Mz =1GeV 0.07 | 0.066
3. My, =20GeV, Mz =0.5GeV | 0.10 | 0.074
2557 | 25.57
4 Mn, =40 GeV, Mz =0.5GeV | 0.07 | 0.065

Table 4.7: Production cross-section of the dilepton + Fr (2+H7Y) and 44 (c**) final states for some specific benchmark
points of the two toy models. The intermediate channels that lead to such final states are listed in Table. 4.5. Please
note that the cross-section for the dilepton +Fr channel for Toy model I quoted here excludes the contribution from
the charged Higgs mediated diagram (which we have separately shown in Table. 4.6).

Vy

Figure 4.31: Feynman diagram for the production of u* + Fr final state at LHC (Toy Model I).

4.6.3 Other Possible Signatures

In this subsection, we would like to briefly discuss some other possible collider signatures of our
Toy models at the LHC, in addition to the specific ones mentioned above. Here, we will only
mention a few exciting channels for the search at the LHC; a detailed analysis is beyond the scope
of this study. It is quite evident that the most notable collider signals would be the multi-lepton
final states with or without an associated missing energy (F/r). More importantly, the dilepton
(20) + Hr channel which can be probed with excellent precision in the high luminosity colliders
in the near future, has the potential to discriminate the two Toy models. A few of the dominating
production channels are mentioned in Table 4.5. Note that the search for 4/ final states will not
be a unique test of our toy models. This is because, in all the cases, the primary decay channels
are via the production of Z’ which is very common in NP models with an additional U(1) x gauge
bosons. The details of the collider searches for such an extension with a sub-GeV M5 can be
seen from [243]. However, the search of (2¢ + Fr) could be helpful to probe Toy model I since
the process is also mediated by the production and decay of the new scalars. In Table 4.5, we
have mentioned only the dominating production channels. We have noted that for the allowed
values of the model parameters, as discussed earlier, the production cross-section o2+#r in Toy
Model-I is much larger than that in Toy Model-II. This is due to the presence of an additional
channel pp — H"H~ — u*u~ B in Toy Model-1. The corresponding production cross-section
of this specific channel for some benchmark scenarios are given in Table 4.6. Here, the events are
generated in MADGRAPH [205] at /s = 14 TeV. Depending on the charged Higgs mass and associated

coupling Yss, the cross-section can be quite large. For the rest of three channels as mentioned
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SL.No. Benchmark point (BP) o(u® + Fr) (fb)
1. M+ =500 GeV, Mo = 200 GeV, A\s = 0.01, My, = 20 GeV, Yoo = 0.1 0.0044
2. M+ = 500 GeV, Mo = 200 GeV, A\s = 0.01, My, = 40 GeV, Ya2 = 0.1 0.0041
3. Mpy+ = 500 GeV, Mo = 200 GeV, A\s = 0.01, My, = 20 GeV, Y22 = 0.2 0.071
4. M+ = 500 GeV, Mo = 200 GeV, A\s = 0.01, My, = 20 GeV, Y22 = 0.5 2.77
5. M+ =200 GeV, Mo = 200 GeV, A\s = 0.01, My, = 20 GeV, Y22 = 0.2 0.263

Table 4.8: Production cross-section of the monomuon +Fr final state in Toy Model I.

No. Benchmark Point o(ttu p et +o(r ptute™) | a(rrue) (fb)
(in fb)
Mo =50 GeV, M 40 = 100 GeV, Y5 = Y4, = 0.005 1.106 0.026
2. | Myo =100 GeV, M 40 = 100 GeV, Y15 = V> = 0.005 0.008 1.85 x 1074

Table 4.9: Possible signature of Toy Model II with the corresponding production cross-sections.

in Table 4.5, the estimated production cross-sections for a few benchmark scenarios are given in
Table 4.7. As one can see, the production cross-sections are very small, which is expected since
the diagrams mentioned here are mostly mixing induced which we have assumed to be small.
Note that the cross-sections are insensitive to the mass of Z’. We have checked that in both the
toy models, among these three channels the dominating contribution will come from pp — Z —
Z sy — {70~ Fp. Therefore, this channel will not be helpful to discriminate the signatures of Toy
Model-I from that of Toy Model-II. However, as one can see that o(pp — H"H~ — utu Fr)
is much larger than the production cross-sections for the rest of three channels, therefore, at the
colliders a dedicated search for p* 11~ + Fr signature could be helpful to probe Toy Model-I. Please
note than in order to obtain long-lived charged scalars whose decay length (c7) 2 0.1 mm, we
need Yukawa coupling of the order of ~ (1076 — 107°). This will give very low production cross-
section of the final state and therefore techniques like displaced muon and kink vertex will not be
applicable. So we do not discuss it further.

Another interesting collider signature could be the production of (¢ + Fr) which is an exclu-
sive feature of Toy Model I and can be a smoking gun signal. It can be observed at a pp collider
like the LHC where the intermediate particles leading to such a final state are the inert charged
Higgs (H™) and inert neutral scalars (H?, A°) as shown in Fig. 4.31. The readers may recall that
the inert Higgs couples to muon along with the dark matter. Due to electroweak interaction, it is
possible to have sizeable production of H*-H® which then decay to give a mono-muon plus miss-
ing energy final state. There are no other contributing diagrams to this muon specific signal. The
other mono-lepton channels (say the mono-electon for example) will be kinematically suppressed
due to the associated heavy neutrinos in the final state. The mono-muon signal is cleaner than the
mono-jet searches and therefore it is possible to tag the muon. The major background is the W (/v)
process but one can expect a clean signal away from the W -boson mass window. The other minor
backgrounds include ¢, t¢, Z/~ * (€£),~ + jets and V'V (where V stands for the SM vector bosons
W, Z). As can be seen from Table. 4.8, for a few suitable benchmark values of the scalar and DM

masses and coupling Y2, it is possible to obtain a few femtobarns of production cross-section. In
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Toy Model-II, the U(1) x charge of H, forbids its coupling with muon and N, simultaneously, in-
stead it couples with the other RHNs (N1, N3). Also the scalars are in general lighter than Ny, Ns.
Therefore, once again, the u* + Er production at LHC will be kinematically suppressed. The
probable collider signatures of Toy Model-II will be the productions of 7+~ p~e®, 77 ptute”
and 77 ue events at the LHC via the production and decay of HYH". This is possible only in Toy
Model-II since in this model, H° takes part in LFV interactions, which is not allowed in Toy Model-
I. In a few benchmark scenarios, the corresponding production cross-sections are given in Table
4.9. As expected, the cross-sections are highly sensitive to the mass of H°. Note that for the above
mentioned four-lepton final states the SM background will be highly suppressed. Therefore, a
dedicated search of these four lepton states with specific flavour and charge could be useful to test
our Toy Model-II.

4.7 Summary

We have extended the SM by an Abelian U(1)x gauge group which results in a massive gauge
boson (X) that couples only to leptons and has a small kinetic mixing with the SM Z boson. We
have considered only the low masses of X (Mx < 1GeV). In this kind of extension, we will get new
contributions to flavour changing processes like b — s¢T¢~ decays, and the new contribution will
be in AC¥ which is the WC of the operator Og. Here, Oy is a left-handed quark current operator
with vector muon/electron coupling. Also, in this model, the contributions to such flavour chang-
ing processes will be in both the electron and muon final states. At the same time, we will get new
contributions in anomalous magnetic moment of the muon. We use the present data on Ry, Rk~,
the ratio of branching fraction B(B® — K*Ox(utp™))/B(B® — K*utu~), B(B — K®ete),
and muon anomalous magnetic moment to constrain U(1) x charges of the SM leptons. Also, the
values ACY and AC§ which are obtained from the analysis are consistent with the global fit results
of the data in b — s¢* ¢~ decays including various angular observables. Additionally, we consider
all upper bounds from different experimental data on such light Abelian gauge boson mass and
its couplings.

Now charging the SM fermion under a generic U (1) x symmetry makes the theory anomalous.
To get an anomaly-free renormalisable model, we have incorporated additional chiral fermions
into the model. In order to fit our requirements with a minimal particle content, we have consid-
ered a scenario where the three generation of leptons having vector type U(1) x interactions have
corresponding charges (n1,n2,n3) = (—1, 2, —1) respectively. Such a choice is consistent with the
data and also ensures anomaly cancellations after adding one right-handed neutrino per fermion
generation having equal, and opposite U (1) x charges as that of SM lepton in that generation. Also,
we have added additional singlet and doublet Higgs fields to get the desired mass spectrum. To
prevent a direct coupling of the RHN's with the lepton doublets via SM Higgs, we impose a discrete
Z, symmetry on the particles in two different ways which lead to two distinct models and phe-
nomenology. This kind of symmetry restrictions will provide a natural candidate for DM in our

extended models. At the same time, the chosen particle content of the models can also generate
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light neutrino masses, in agreement with neutrino oscillation data.

We are able to successfully study the DM phenomenology which is almost similar for the two
Toy models but they have different neutrino mass generation mechanisms. The scalar content is
very rich with an additional scalar doublet and two scalar singlets apart from the usual SM Higgs
doublet. However, the second scalar doublet has very distinct features and plays different roles in
each of the two Toy models. The low gauge boson X mass allows us to evade stringent constraints
from LHC, while facing tight constraints from other low energy experiments. We ensure that our
analysis is consistent with the LEP II bounds on U(1)x gauge boson mass and coupling and the
bounds from other light boson search experiments. Few preliminary results have also been shown
and discussed.

The two toy models lead to phenomenological implications that can be tested at the collider
experiments. The promising channels are the 4-lepton final states, dilepton (2¢) + Fr etc. Also,
in the low energy experiments the potential signatures may come from the FCNC processes, like
b — s(d)+invisible, s — d+invisible, c = u+invisible which will lead to rare decays of B,/ K /D
mesons to a relatively lighter meson final state with invisible particles. Also, both the models will
contribute to LFV h — 7e decays.

We have discussed some distinct features of both the models which could be helpful to dis-
criminate the signatures of the two models at different experiments. At the LHC, the production
of u* + By and lepton-specific u* = + B events could be the possible signatures of Toy Model-I
which is not possible to get in Toy Model-II. On the other hand, the search for the specific multi-
leptonic states like 7t~ pu~et, 7= utute™ and 77pe could be useful to identify the potential sig-
natures of Toy Model-II. In the context of Higgs LFV, Toy Model-II contributes to h — 7 and
h — pe decays while Toy Model-I does not. Similarly, there are a few examples of the potential
observables in the low energy sector: Toy Model-I contributes significantly to the semileptonic or
purely leptonic decays B,/ K /D mesons via the following quark level transitions: b — c(u)77-,
s = utv,;, ¢ = stv;. However, Toy Model-II does not have significant contributions to these de-
cays with 7 in the final states. In Toy Model-II, we do not have any contributionin 7 — ey, 7 — py
and p — ey LFV decays; however, this model contributes to 7 — 3 decay. On the other hand, Toy
Model-I contributes only in 7 — e, not in all the other LFV decays as considered above. More
precise data from future experiments will be able to discriminate between such toy models while

confirming or ruling out some part of the available parameter space.
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Chapter 5

Constraining New Physics with Possible
Dark Matter Signatures from a Global
CKM Fit

5.1 Introduction

The simplest way to devise a dark matter model is by considering a scalar, fermionic or vector
field obeying the SM gauge symmetries whose stability can be ensured by an additional discrete
2, symmetry under which the DM is odd but all other SM particles are even. However, in or-
der to annihilate into SM particles and give rise to the correct relic abundance, there has to be a
mediator between the dark and the visible sectors. The interactions of the mediator with the vis-
ible sector must include a non-zero vertex with the SM quark fields among others such that, the
DM can scatter off a fixed target nuclei and be detected from any hint of nuclear recoil. However,
such interactions might also impact important flavour physics observables which most of the dark
matter analyses do not take into consideration. In this chapter, we are going to investigate the
constraints on the dark matter parameter space from flavour data in the context of a simple dark

matter model.

5.2 Model : Fermion Dark Matter with Scalar Mediator

For an illustration of our main objective, here we consider an extension of the SM by a singlet
Dirac fermion dark matter x and a real singlet scalar S. The DM decay is stabilized by imposing
a discrete Z; symmetry under which x — —x while all other particles remain even under the

transformation. The most general renormalizable Lagrangian for such a model can be written as

L="Lsy+ %;z(z'éﬁ —my )X — %(aﬂS)2 — [X(CL +iClys)x + (Cs +iCpys)0] S — V(H, S) (5.1)
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X " R B

Figure 5.1: Annihilation channels for the spin-0 mediated fermionic dark matter model under consideraion.

where, H denotes the SM Higgs doublet and 1) denotes SM fermions. The scalar potential V (H, S)

can be of the form

A2

1 2
V(H,$) = iy BV H + S (HUH)? + 435 + 5282 4 %sﬁ + Mg (BHTH)S + ZHH)S. (52)

2 ! Ar
We are mostly interested in the DM phenomenology and not in the exact details of the origin of the
scalar sector. Hence for simplicity we decouple the two Higgses by considering zero mixing and
obtain the mass eigenstates as m? = A\%,0%, = (125)2 GeV? with vy = 246 GeV and M2 = u% GeV2.
This also helps us evade stringent constraints coming from Higgs portal DM searches and collider
constraints due to h — invisible decays. For studies based on such models in the literature, see
[279-284]. Also, in our study, we mostly focus on effective DM interaction with SM quarks i.e
1 = q. There are plenty of analyses on such leptophobic DM models in the perspective of LHC
and indirect detection searches [282-287].

Following the Lagrangian given in Eqn. (5.1), it is evident that the dominant channel for DM
annihilation will be the s-channel transition x¥x — 1t shown by the Feynman diagram in the LHS
of Fig. 5.1. There can also be a t-channel annihilation xx — SS as shown in Fig. 5.1 but for heavy
scalars, that contribution will be much suppressed. The thermally averaged dark matter anni-
hilation cross-section < ov > is usually expressed as a partial-wave expansion in powers of the
square of the relative velocity between the annihilating particles as given in Eqn. (2.10). The dom-
inant contribution to the s-channel DM annihilation rate for pure scalar interaction mediation is
velocity suppressed due to the absence of s-wave terms. However, in presence of the pseudoscalar
coupling C), there is an enhancement in the annihilation cross-section due to the presence of an
unsuppressed s-wave [41]. Also, there will be contributions in direct detection cross section. The
advantage of non-zero pseudoscalar interaction is that the WIMP-nucleon scattering cross-sections
from such operators are spin dependent and velocity suppressed. This kind of pseudoscalar in-
teractions helps to evade stringent bounds from present direct detection (DD) bound from the ex-
perimental searches. The phenomenology of such pseudoscalar mediators have been extensively
studied in [283, 288-291]. While the pseudoscalar operators help weaken the direct detection scat-
tering cross-section with a momentum suppression, they also amplify the chances of probing the
WIMP at indirect detection experiments through initial/final state radiation or bremsstrahlung
processes [292-297]. The only way to obtain a spin-independent direct detection cross-section is

to have a non-zero scalar-scalar effective interaction i.e Cs, C’, # 0.
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Figure 5.2: Loop correction to the d; — u;W vertex in the presence of a real scalar S. The vertex modification will have
direct impact on the vertex CKM factor V.

5.3 Contributions in d; — u;jfv, decays

In the previous section, we define a Lagrangian (Eqn. (5.1)) which contains interactions of SM
fermions with the scalar S:

Ll = 0(Cs +iCyys)¥S. (5.3)

In this analysis, we have considered only the quarks and assumed universal coupling for all the
quarks. Note that this kind of interaction will affect the SM charged current vertex d;v*(1 —
vs)u; W, at one loop. There will be new contributions in the semileptonic or purely leptonic decay
rates I' (g, oy 00,) (0 = leptons) due to this type of correction. The representative diagram is shown
in Fig. 5.2, wherein these decays receive vertex corrections from the heavy scalar exchanges in
the loop. The Cabbibo-Kobyashi-Masakawa (CKM) element V;; appear as a vertex factor of the
charged current interactions in the SM.

The most general effective Hamiltonian for the d; — w;fv processes in a similar fashion as

written for the b — ¢/v Hamiltonian in Eqn. (2.8) :

HE = T;v [(551Z + C,)Oy, + Gy, 0, + C§, 05, + Cg,08, + c%ofp] (5.4)

where C’g( (X =V1,V3,51, 82, T) are the Wilson coefficients (WCs) corresponding to the operator

basis

Oy = (uipy"dir) (o),

Oy, = (@ry"dir)(Lryuve),

05, = (u LdzR)(ERVL) (5.5)
05, = (urdir)(lryL),

04 = (ajro"dir)((ro,wvL).

There are no lepton flavour violating vertices in the Lagrangian under consideration (5.1). Hence,
for all practical purposes, we can remove the suffix £ in the operator basis and write C% = Cx.
Note that in the SM, at the tree level, the contribution is obtained only from Oy;. Along with Oy,
the rest of the operators alone or in combinations may appear in different NP scenarios. Therefore,
the WC C'x incorporates the NP effects in these decays, and in the SM, C'x = 0.

TH-2853_166121012



5.3. Contributions in d; — u;{v, decays 119

In the SM, the d; — u;W vertex has a V' — A structure i.e v#(1 — v5). As will be shown in
the next subsection, the corrections due to NP have a direct impact on the vertex factors, which
in this case are the CKM elements V;j%. The semileptonic and purely leptonic decays rates are
directly proportional to the vertex factors. The detailed mathematical expressions of the decay rate
distributions of the exclusive semileptonic P — M ()1, and purely leptonic P — (v, decays can be
seen from ref. [98] where P and M are the pseudoscalar mesons, and M* is a vector meson. Here,
we would like to mention that most of the CKM elements, like |Vl [Veal, |Vausl, |Vesl, |Vabl, |Vesl,
are extracted from the semileptonic and purely leptonic (few cases) d; — u;¢v, decays with ¢ = p,
or e. The underline assumption is that these decays with the light leptons will be less sensitive to
any NP effects. The vertex correction shown in Fig. 5.2 may introduce additional operators (other
than V' — A type) due to operator mixing. The measured decay rates, along with some other inputs
from lattice (decay constants and form factors), are the useful probe of the CKM elements |V;;|. In
the presence of new four-fermi operators defined in Eqn. (5.4), the decay rates will be modified. If
only the vertex factor is modified, then the extracted values of the |V;;| (with) can be directly used
to constrain the new couplings. Otherwise, we need to fit the decay rates to constrain the new
couplings. In the following subsections, we will discuss it in detail.

Also, itis important to mention that all these CKM elements are extracted with reasonably good
precision. For example |V,,4| and |V.s| are known with an error ~ .01% while |V,5| and |V,,4| are
known with an accuracy of 0.1%. The |V,;| and |V;;| are relatively less precisely known. Therefore,
itis natural to expect tight constraints on the new couplings Cs and C), from an analysis of the CKM
observables, purely leptonic and exclusive semileptonic decay rates, respectively. Note that |V/;|
and |V,;| are also extracted from semileptonic inclusive decays. To constrain the new couplings,
we did not consider the inputs from inclusive decays. Constraining the NP from inclusive decays
requires a separate dedicated analysis. However, we do not expect much of an improvement since

the CKM elements are much more precise than |V,;| and |V3|.

5.3.1 Effective vertex

As mentioned earlier, in the SM the coupling strength for the d; — u;W charged current interation
is given by % and the interaction is of the type (V' — A). However, the one-loop correction of
this charged current vertex due to the interaction given in Eqn. (5.3) introduces one new (V' + A)
type interaction in addition to the original (V' — A) type interaction. The corresponding Feynman

diagram can be seen from Fig. 5.2, and the effective charged current interaction can be written as:

e { ‘/z _ _
Ll = 29\/5 [Crujyu(l = 75)di + Criujyu(l + v5)di] WH
1gVij
= CLOp + CrOg| WH. 5.6
2\/5[ 101 + CrORg] (5.6)

Here, the effects of NP coming from the loop corrections are introduced in the coefficients C, and
CRr, respectively. Hence, we can say that at the tree level (pure SM) C, = 1 and Cgr = 0.

We have done the calculation in a unitary gauge using dimensional regularization. The loop
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\ 1

2w dlw)  diw)

Figure 5.3: Quark self energy corrections in the presence of the new interaction given in Eqn. (5.3).

factor C, does not receive any X pole, however C, had a pole

C24+C2/ 1
potecy, = o (=3 ). 7

which can be removed by introducing appropriate counter terms. The counter term can be ob-
tained from the wave function renormalization which we have calculated from the quark self-
energy correction diagram given in Fig. 5.3, from this diagram we have obtained a pole relevant

for wave function renormalization as given below:

C:+Cp (1

Here, p is the incoming momentum of the quark under consideration. Hence, we can define the

wave function renomalization constant for the left and right handed quark field as:

C3+Ch 1

0% =025 = g 3¢

(5.9)

Note that from the vertex corrections, the divergence piece appears in Cg, not in Cr, and at
the tree level Cr = 0. Therefore, only the wave function renormalization would not be sufficient
to cancel the divergence. Also, the counter term related to Oy, needs to be absorbed since Cy, at
loop level does not have any divergences. We need to introduce the counterterms due to operator
renormalization or equivalently by the renormalization of the coupling constants. Following oper-
ator renormalization, in general, one can write the matrix elements of an unrenormalized operator

(’)7(,?) in terms of the renormalized one as

Oy = \/ Zu, Za, Zrin (On). (5.10)

In the other method, one can define the respective interaction Hamiltonian as

H=CV0OW = (25,,Co)\/ Zu; Za,0n

= CnOm + (Zyn/ Zu; Za; — O0mn) CnOnm. (5.11)
Both the methods are equivalent with
Zum = Zyn-
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In our analysis, to obtain the renormalized vertex (Eqn. (5.6)) we define the counter term follow-
ing Eqn. (5.11). The required wave function renormalization constant are obtained from Eqn. (5.9).
To absorb the remaining divergences, the required renormalization constants for the couplings C7,
and Cp, are given by

CI+Cy1 CI+Cy 1

875, = — - and 0Zf%;, = — —.
LL 1672 2¢7 0 O4RL 1672 4e

(5.12)
Note that here, we have written Z = 1 + §Z. At the tree level Cr = 0, hence we do not need Zzg
and Zr,r. However, in principle Zg, should be equal to Z7, L.

Using the renormalized vertex, after integrating out the W field from the diagram of Fig. 5.2

we obtain the following effective Hamiltonian

Heg 7 = V2

where the operators are defined in Eqn. (5.6), the WCs C', and C';, will be obtained from C, and

V;]' [(1 + CV1)0V1 + CVQOVQ] , (513)

Cr, respectively which are the following

C\q/l 9 = C{l/l‘b _ <167r32> Co (5.14)
and l—x
Cxq/;_ﬂb — ‘(1/}2% X o 2/ / dz < +In A> (5.15)
with

1 1—x
CO:/ da;/ dz <1+x> (5.16)
0 0 A

and Cr = (C2? + C}). Here, A = M3+ (1 —z)(1 — 2z — z)m? + (1 — x)zm? +z2(1 —z — 2)¢%
m;, m; are the masses of quarks u;, d;. Here ¢? is the energy carried by the W-boson propagator
and for meson decays of the form : P — M®){y;, and ¢? can range from m? to (mp — my)>.
Numerically, the value of the NP WC is quite insensitive to the value of ¢? in this range.

The important point to note here is the fact that the contribution to the left-handed (LH) quark
current vector operator Oy, is proportional to the product of the external quark masses. Hence,
for light quarks, such as u, d, s etc, the loop contribution is zero in the massless quark limit. Even
for heavier quark transitions, for example, b — cfv, Cy, is quite suppressed as compared to Cy,
for heavy scalar mediator masses (even when C; = 1). The contribution in Cy, increases with the
increase of scalar mass. Therefore, for numerical analysis one can practically set Cy, ~ 0.

We want to point out that, in the SM we can have similar vertex corrections with the scalar S
replaced by the SM Higgs or by a Z boson in Fig. 5.2. We can parametrize such correction as §C{/M

which represent a small shift from C‘S}N = 1. For SM Higgs, there won't be any contribution in

! We have checked that the one-loop correction to (Or)1—i00p introduces the same divergence piece in Cf, as given
in Eqn. (5.7) for Cr at the present case.
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Cy, and the contribution in 5C‘§1M is <1078, Also, for SM Z-boson, the contribution to both in
4] C{ZM and Cy, are negligibly small as compared to the new contribution in Cy,. We have dropped

any such contribution from our analysis; they have a negligible impact on our findings.

5.3.2 Contributions in the decays: semileptonic and leptonic

Using the effective Hamiltonian given in Eqn. (5.13), the differential decay rate for the P — M /v,

is written as [158].

dI'(P — M/y, G|V, |? m2 m2 3m?2
( ) _ GrlVyl® o AM<q2>( —q;) |1+cv1+cv22{(1+f) Ha,02+q;’Hé,f},

dq? 3m?, 2¢* 2
(5.17)
while that for P — M™*fv,
dI'(P — M*{v G2|Vi;|? m2
ot = B e (- )
1% Cy P + Oy, |2 M) (B2 HY 4 HEg)+ ST 5.18
(|1 + Cw|* + ICw, %) 1‘*‘@ (Hy 4 + Hy _ + V,o)+§qTHv,t (5.18)
" m?2 3m?
~2Rel(1+ Cu)Ci] | (1 518 ) (g + 268y Hu o)+ 5o 12, )
The helicity amplitudes are written in terms of the QCD form factors as given below
5 Anm (g2
Hiol) = [ 20 ), (5:199)
s 2 m12D — m%\i 2
Hy,(q") = Tﬁ)(q )- (5.19b)
and
Anr+ (g2
Hy,+ () =(mp + ma) A1 (¢?) F Y2 @) 7), (5.20a)
mp + Mmagx
9 mp + mpr* 2 )‘M*(q2) 2
= ¥ - L —q)A + A , 5.20b
volg’) SR (mp = mar-" = ) A(@) +Emmm Sy Aa @) (5.20b)
A+ (g2
Hy4(q*) = — ng(q )Ao(qz), (5.20c)
(5.20d)
respectively. The branching fraction for P — /v, corresponding to the same Hamiltonian is:
TP 2 2 my 2

From the above decay rate distributions, we can see that the new contributions in P — M /v,
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and P — (v, decays will modify only the vertex from |Vj;| — [V}| = |V;;(1 + Cy; & Cy,)|, respec-
tively. However, in P — M* (v, transitions the new contributions will modify the ¢? distribution.
Therefore, the CKM elements [V};| extracted from purely leptonic or P — M/{v, decays, can be
directly used to constrain the new parameters along with the Wolfenstein parameters: A, A, p and
n with which we need to parametrize |V;;|. Note that |V| is extracted from both B — D/vy, and
B — D*{v, decays. Hence, to extract the Wolfenstein parameters along with the new parameters
from B — D*{v, decays, we need to redo the fit to the experimental data. We will discuss the

detail in the next section.

5.4 Numerical Analysis and Results

5.4.1 B — D*fv Observables

As pointed out in the previous section, for the NP scenario under consideration we need to fit the
decay rate distributions of B — D*/{v, decays to extract the CKM parameters along with the new
physics parameters. The methodology of this fit will be similar to the one given in refs. [96, 276]
with a very recent updated results from Fermilab Lattice Collaboration [298]. For the first time,
they have provided the B — D* form factors at non-zero recoils. They provide a set of synthetic
data based on the Boyd-Grinstein-Lebed (BGL) parametrization [299] of the form factors truncated
at N = 2 atthree w values, {1.03,1.10, 1.17}, along with their correlations. We have used these data
points in our analysis. Like before, we have utilized the untagged dataset for the four-fold decay
distribution of B — D*{v by the Belle collaboration [300]. Also, we have used B — D* form factors
at ¢> = 0 from the QCD Light-Cone Sum Rules (LCSR) [301]. Additionaly, the Fermilab/MILC
lattice input, h4, (1) = 0.906(13) [302], allow us to efficiently constrain the form factor parameter
aé and hence, |V,;|.

The four form factors relevant for B — D*{yy decay are F; = {f(z), g(z), Fi(z), F2(2)}. In the

BGL method of parametrization, these form factors can be expressed as a series expansion in z as

1 g
= 73(2)@(2) jzoaj 27, (5.22)

where z is related to the recoil angle w as

Voo y3
SV ey (6-23)

The recoil angle is related to the momentum transfer ¢ as ¢* = mQB + m%* — 2mpmp=w. The

functions P;(z), called the Blaschke factors, are given by

Pz) = [ 2 (5.24)

b
1—22,
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Fit Quality _
Dataset Parameter Fit Result
x?/dof | p-Value
Vo] 38.69(79) x 1073
al 0.0123(1)
al 0.0222(96)
al —0.522(196)
al 0.0318(10)
Belle [300] + R4, (1) [302]
+ LCSR [301] + Lattice [298] | 52.82/45 | 19.75% a? —0.133(63)
af —0.62(146)
al? 0.0021(15)
al? 0.0515(12)
al? —0.149(59)
aj? 0.987(932)

Table 5.1: Fit result for the frequentist analysis of the mentioned B — D*{, dataset for the SM scenario.

which are used to eliminate the poles at z = z, where,

\/(mB +mp+)? — m% — V/Ampmp«
\/(mB + mp+)? — m% + VAmpmp-

Zp =

(5.25)

Here mp denotes the pole masses and can be looked up in [303]. The outer functions ¢;(z) are

chosen to be
), W (14 2)(1 = 2)3/2
i = 67TX¥1+ (O) [(1 + 7")(1 z) + 2\[(1 + Z)]4’
= e i (1+2)2(1 —2)"1/2
¢y = 16 3TXT_(0) [(1+7)(1 — 2) + 2y/7(1 + 2)) (5.26)
(z) = ﬁ nr ( Z)(l - 2)5/2
Fi = 67TX{+ (0) [(1 -+ r)( Z) . 2\[(1 + Z)] 5
or, = 8V2r? ik (1+2)2(1 —2)~1/2

T (0) [(1+ 1)(1— 2) + 2/ (1 + )]

where r = mp-+/mp and the other inputs can be found in [303]. Therefore, for N = 2, there
are twelve coefficients, af * for the four form factors. These coefficients satisfy the following weak

unitarity constraints :

N N N
Z;(agﬁ ' O(a§)2 +(al")? <1, Z;(a]]-:z)Q <1. (5.27)
Jj= Jj= Jj=
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Fit Quality
A A p 7
x2/dof | p-Value
CKMFitter'19 0.8235700%55 | 0.224837100%025L | 0.156970 000 | 0.349910-0072 - -
Our Result 0.8205 £+ 0.0075 | 0.22462 £+ 0.00031 | 0.1607 £ 0.0093 | 0.3558 £ 0.0088 | 34.18/23 | 6.26%
Updated 2021 Results | 0.8178 £+ 0.0070 | 0.22498 + 0.00029 | 0.1734 £ 0.0092 | 0.374+£0.011 | 37.25/25 | 8.37%

Table 5.2: Comparison of the best fit estimates of the Wolfenstein parameters by the CKMFitter group and our group
from the global CKM fit in the SM framework. The two results are consistent with each other within 1o limit of the
errors. We also provide the x?/dof and the goodness of fit for our fit results. The last row contains the best parameter
estimates of the global scenario with the most updated inputs.

Further, there are two kinematical constraints on the form factors, one each at zero and maximum

recoil :

Fi(1) = mp(l—r)f(1), (5.28)

147
max mazx )+ 5.29
F2(Wmao) Mm% (1 + Winas)(1 — r)rfl(w ) (5:29)

We consider these constraints in our analysis to remove two of the BGL coefficients from the theory.
In the limit of massless leptons, the decay distribution becomes insensitive to the form factor 7.
Hence, only 8 independent form factor coefficients are required to be fit the theory to the data.
For the numerical analysis presented here we perform a maximum likelihood estimation of the
parameters using Optex, a Mathematica based package. The fit results are given in table 5.1, the
value of V3| is very much consistent with the one obtained in [298]. In the following section we
will utilize this value of |V| for a global CKM fit without NP.

5.4.2 CKM Fit

As we have mentioned in the previous section, the new physics contributions to semileptonic (P —
M{vy) and leptonic decays will impact the vertex factor, which is proportional to the square of the
magnitude of the corresponding CKM element. Hence, we need to extract the parameters related
to NP alongside the other Wolfenstein parameters. This means that we need to do a dedicated
fit to all these parameters using the machinery used by the CKMFitter group to fit only the CKM
parameters.

To validate the code, we recreate the Summer'19 SM fit performed by the CKMFitter group
using the same set of inputs and observables as mentioned in [304]. The details of the theoretical
expressions for the observables can be found in [98, 202, 305, 306]. We report our fit results in Ta-
ble. 5.2 in comparison to the CKMFitter 2019 results. They are consistent with each other within 1o
confidence interval (CI). We have further used some most recent updates of the CKM observables
as listed in Table. 5.3 and redo the fit in this “Updated 2021” scenario. This is the most updated
global fit results after CKMFitter 2019. The other relevant inputs are given in Table. 5.4. Note that

the fit results of all the four parameters are consistent with 2019 results within 1o CI, however,
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Observable Value Reference
|Via| (nucl) 0.97420 + 0.00021 [75]
[Vaus | fE7™(0) 0.2165 + 0.0004 [76]
Vealun 0.30 & 0.011 [1]
[Veslw—ses 0.947052 £0.13 [1]
Vb ezel (3.914£0.13) x 1073 [94, 95]
Vb linel (4107399 +£0.15) x 1073 | [307]
Vel B D (40.84 +1.15) x 1073 [276]
|Veo| B D* (38.69 +0.79) x 103 this work
|Vebliner (42.16 4 0.50) x 1073 [308]
B(Ay — pp” 74) 2515/ B(Ap = Aepr™ D) g2sr | (0.947 £0.081) x 1072 [309]
B(B~ — 7 ,) (1.09 +0.24) x 1074 [98]
B(Dy — p~v,) (5.51 £ 0.16) x 1073 [98]
B(D; — 77 1;) (5.52 £ 0.24) x 1072 [98]
B(D™ — p~v,) (3.7740.18) x 10~* [98]
B(D™ — 77 1,) (1.20 4+ 0.27) x 103 [98]
B(K™ — e ) (1.582 + 0.007) x 10~° [1]
B(K™ — u~v,) 0.6356 + 0.0011 [1]
B(r~ — K~ v,) (0.6986 £ 0.0085) x 102 [98]
B(K~ = p~,)/B(n~ — p~0,) 1.3367 £ 0.0029 [1]
B(r— — K v.)/B(r— = 7 i) (6.438 4 0.094) x 102 [98]
B(Bs — utu™) (2.9+£0.74+0.2) x 107 [100]
[Veal f277(0) 0.1426 + 0.0018 [98]
[Ves| FP75(0) 0.7180 + 0.0033 [98]
lek| (2.228 +0.011) x 1073 [1]
Amy (0.5065 4 0.0019) ps—! [98]
Amy (17.757 4 0.021) ps~! [98]
sin 23 0.71 +0.09 [98]
bs —0.055 £ 0.021 [98]
o (85.279%)° [98]
7y (67 +4)° [104]

Table 5.3: List of observables used for the CKM fit (Updated 2021) in the SM framework. For the NP analysis we have

not used the inclusive measurements of |Vy5| and |Ves|. All other inputs have been considered.
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C(Ap = P~ Up) 2s15/C(Ap = Aep™ D) 257

1.471 £ 0.096 £ 0.290

Input Parameters Value Reference
fE=m(0) 0.9706(27) Np=2+4+1+1[77]
Fres/ frt 1.1932(19) Nyp=2+1+1[77]

fx 155.7+0.13 Ny=2+1+1[77]
DK (0) 0.747(19) Np=2+1+1[77]
P (0) 0.666(29) Ny =2+1[77]
B, 230.3(1.3) MeV Ny=2+1+1[77]
fs./fB 1.209(0.005) Np=2+1+1[77]
Bg 0.7625(97) Ny =2+1[77]
fp. 249.9(5) MeV Ny=2+1+1[77]
fp./fp 1.1783(16) Ny=2414+1[77]

(2]

Bp, 1.327 4 0.016 + 0.030 [77]
Bg,/Bg, 1.007 £ 0.013 + 0.014 Ny =2[77]
Me(me) 1.2982 4 0.0013 £ 0.0120 GeV [2]
my(my) (165.26 + 0.11 £ 0.30 GeV (2]
Net 0.402 £ 0 4 0.007 (2]
Nut 0.55 4 0 4 0.024 [2]
ng(MS) 0.5510 £ 0 £ 0.0022 [2]

Table 5.4: List of aditional inputs for the CKM fit.

the fit values p and 7 are slightly higher than earlier. The best fit points for p is increased by 8%
while that for 7 is about 5%. Primarily, these shifts are due to changes in the inputs of «, v and
sin 23 which have been updated from the previous 2019 inputs. Fig. 5.4 shows the single parame-
ter profile-likelihoods for the global CKM fit with the most updated inputs and observables. This
is the most updated best fit estimates of the CKM parameters.

5.4.3 CKM Fit including new physics

As mentioned earlier, due to the presence of the WC corresponding to the V' + A operator Oy,
the decay distribution of P — M*{v, decays will be modified unlike the alteration of the vertex
CKM factor in case of the other P — M /v, and P — {vy decays. Hence, in order to perform the fit
for the NP scenarios, we consider both the CKM observables listed in Table. 5.3 as well as the list
of B — D*/{v, data mentioned in the previous subsection. Also, as mentioned earlier, we do not
consider the inclusive determinations of |V,;;| and |V,;| for the NP fit. The fit results are reported
in Table. 5.6.

At first, we have presented the fit results of the analysis of B — D*{7, alone in Table. 5.5. We
are fitting Cr = CZ + C} along with |V, and the BGL coefficients for three different masses Mg
of the new scalar. In all three cases, the fitted values of the BGL coefficients are identical; hence
we have presented in only one case. Note that because of the new contribution in the decay rate

distribution, there is a small shift (=~ 1.5%) in the best fit values of |V,;|. However, the fitted values

TH-2853_166121012



Chapter 5. Constraining New Physics with Possible Dark Matter Signatures from a Global CKM

128

Fit

it Ouali
Mass (TeV) By dlt fQua It\}; I Parameter Fit Result
X" /ao p-Value
Cr 0.107(401)
[Ves| 39.30(85) x 1073
ay 0.0123(1)
af 0.0228(96)
aj —0.520(199)
q 0316(1
0.5 53.21/44 | 16.09% ag 0.0316(10)
ay —0.140(66)
ag —0.40(159)
ay* 0.0020(17)
ap’ 0.0513(13)
ay” —0.149(60)
az” 0.987(940)
1.0 53.21/44 | 16.09% Cr 0.096(359)
cb . X
|Veo| 39.30(79) x 1073
L5 53.21/44 | 16.09% Cr 0.090(339)
Vo] 39.30(85) x 103

Table 5.5: Fit result for the frequentist analysis for different NP scenario with the same B — D/, dataset as Table. 5.1.

i Fit Result
Case x2/dof | p-Value (%)
Cr A A p 7
No NP 87.2 6.9 — 0.79974 + 0.00769 | 0.224982 + 0.000293 | 0.17668 + 0.00970 | 0.38651 4+ 0.01186
0.5 TeV 87.0 6.0 —0.090 £+ 0.203 0.79952 4+ 0.00770 | 0.224980 %+ 0.000293 | 0.17723 + 0.00979 | 0.38747 4+ 0.01210
NP 1.0 TeV 85.9 7.0 —0.018 £ 0.016 0.79974 4+ 0.00769 | 0.224975 4+ 0.000293 | 0.17679 + 0.00970 | 0.38673 4+ 0.01187
1.5 TeV 85.8 7.1 —0.0009 + 0.0008 | 0.79979 £ 0.00769 | 0.224975 £ 0.000293 | 0.17667 £ 0.00970 | 0.38653 + 0.01186

Table 5.6: Fit Results for the Wolfenstein parameters and Cr with and without NP. For the NP analyses, we have shown

the results for three benchmark values of the mediator mass, Ms = (0.5,1.0,1.5) TeV.
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1.2 A =0.8178007 1.2F A =0.22498+0.00029
at 68.3% conf. level at 68.3% conf. level
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Figure 5.4: 1D profile-likelihoods for the CKM Wolfenstein parameters A, A, p, 7} for the global CKM 2021 Standard
Model fit. The best fit estimates at 68.3% confidence level are mentioned in each case.

are consistent within 1-o0 CI with the one obtained without any NP (Table. 5.1). As expected,
we have obtained a zero consistent solution for C7. However at the present level of precision, a
relatively large value like C7 = 0.5 is allowed by the data.

In a second fit, we have included the data on B — D*/i, alongside all the other data used in the
CKM fit. The presence of a new contribution in P — M /vy and P — (v, decays modifies the CKM
element to [V};| = [V;;(1£Cy, )| (with Cy; = 0). In such cases, the measured values of the elements
should be considered |V;;| while |V;;| will be parametrized in terms of 4, A, p and 7. Here, in the
expansion of V;; we have considered terms up to order \%. The fit results are presented in Table. 5.6.
We have analyzed the available data for three different values of Mg. Note that in the presence of
NP, A remains practically unchanged while the changes in A and p are in the fourth decimal places
and that for 7 is at the third decimal place. For all the three values of Mg the allowed ranges of
Cr is consistent with zero. For a value of Mg around 500 GeV Cr could be as large as 0.2 (at
1-0 CI). The negative values of Cr could be accomodated by introducing phases in C, and C),, for
example, by the following replacements: Cs — ¢™/2C, = iC, and C, — €7/2C, = iC,2. The
important point to note here is that for a relatively higher value of Mg ( 2 1.5 TeV), the allowed
range of C7 is becoming close to zero and |Cr| < 0.0017. This indicates that a very high value of

Mg will be discared by the data under consideration.
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Figure 5.5: The spin independent scattering cross-section is plotted against the dark matter mass for the three values
of Mg and two values of Cs. Also C has been varied in the range [0.0, 0.5]. The black dashed line is the upper limit on
the cross-section from the XENON-1T experiment [18].

5.4.4 DM phenomenology

We point out the main results of the DM phenomenology in this section. In order to generate the
parameter space we work in the basis of Cs and C7. Hence, for a fixed value of C;, the allowed
values of C), can be inferred from the best fit estimates of Cr as tabulated in 5.6. For simplicity, we
only consider the positive allowed solutions for Cr in the 20 range of the best fit estimate for the
DM analysis. Since the CKM data has already put significant bounds on the above couplings, the
DM vertex factors Cf, C}, might have very less freedom from the relic and DD data.

For non-zero values of the scalar couplings C, C?, the spin-independent direct detection (SIDD)
bounds will play a crucial role in constraining their upper limits. In order to estimate the allowed
ranges of these scalar portal couplings, we plot the direct detection cross-section as a function of
DM mass for Mg = 0.5,1.0 and 1.5 TeV respectively as shown in Fig. 5.5. To check the DD bound
on the scalar couplings, for each value of Mg, we plot the SIDD for two specific values of Cs, as
shown in the plot legends, while varying the other relevant coupling C?, in [0.0, 0.5]. The coupling
C,, has no role to play in the SI cross section and so, without loss of generality, we set it to zero
while scanning the parameter space, while C,, is varied within the allowed range of Cr for a fixed
heavy scalar mass. From the three plots shown in Fig. 5.5, we find that C; = 0.1 can be easily ruled
out by the SIDD upper bound constraint (shown in black dashed line) for Mg < 1(TeV). It will be

safe to consider Cs = 0.01 in all three cases, although the parameter space is still quite restricted

?In principle, one can consider C; and C), to be complex with the respective phases as unknowns which can be
constrained from the data on mixing. We did not explore that possibility which we will keep for a future work. Also,
it is to be noted that our NP scenario have negligible impacts on K — K or B; — B, (q =d,s) mixing.
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Figure 5.6: Here we plot the relic abundance as a function of the DM mass for the three values of Mg, as denoted by
the blue, orange and magenta points, when C,, is varied in its allowed range and C}, is taken to be same as Cj,. See text
for more details.

for Mg = 0.5 TeV. Since the SIDD cross-section also increases with increasing values of C?, very
large values will not be allowed from the data. As a conservative estimate, we fix both C and C,
at a value 0.01 for the subsequent plots.

Once the bound on the scalar couplings is obtained, it is easier to check for the allowed regions
of the pseudoscalar coupling from the relic data. In Fig. 5.6, we show the variation of the relic
abundance with the DM mass for Mg = 0.5,1.0 and 1.5 TeV, in blue, orange and magenta points
respectively, for the scenario C), = C), = \/Or — C2. Therefore the scan ranges for the different

mediator masses are :

Cp, € [0,0.55], for Mg = 0.5 TeV (5.30)
Cp, € [0,0.10], for Mg = 1.0 TeV (5.31)
Cp, € [0,0.02], for Mg = 1.5 TeV (5.32)

The black solid line signifies the Planck allowed present day relic abundance of DM. From the
scans, we find that the correct relic is satisfied for a wide range of DM masses much away from
resonance region for lower values of Mg. As we increase the mass, the parameter space gets con-
fined to the resonance region only.

We have also investigated the case : C), # C;,. We find out the allowed parameter space which
satisfy the relic and DD bounds. For three different masses, the correlation between Czlv and M,
are shown in Fig. 5.7 with scattered red points. To generate these plots, we vary C}, within the
range [0, 0.5] and C,, is constrained by the bound of Cr (Eqn. 5.32) while we fix Cs and C} to a
low value as discussed above. With the increasing values of Mg, to explain the bounds, we need
relatively larger values of C, since C, is much more restricted in such cases (from flavour data).
For Mg = 0.5 TeV, only low values of C}, is favoured as can be seen from Fig. 5.8. In all the cases,
we obtain solutions in a large range of DM masses.

We also explore the case Cs = C,,, with Cs = 0.001 for Mg = 0.5 TeV and C = 0.01 for Mg =1
and 1.5 TeV. The results are shown in Fig. 5.7 with scattered blue points. Like before, we vary C,,

in the range [0,0.5]. Note that in this particular case, it will be hard to satisfy the relic and DD
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Figure 5.7: In the above plots we scan the parameter space of C}, and M, for the different choices of the other couplings
as shown by the point legends. Both the blue and red points satisfy the constraints from relic and DD bounds.
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Figure 5.8: The plot shows the correlations between C,, and C}, for the relic and DD satisfied parameter space for three
different values of Ms.

bounds with C}, = C{. For all the three masses, we find that the parameter space shrinks to the

resonance region irrespective of the value of C}, when both C; and C,, are fixed to very low values.

5.5 Summary

In this chapter we have considered a simple fermionic dark matter scenario whose interactions
with the SM is mediated by a heavy neutral scalar. There is no symmetry to forbid the interactions
of the SM quarks to this new scalar. Hence, it will contribute to the charged current vertices of
dyu;W at one loop level. The modifications to the P — M and P — M* transitions due to the
new interactions are quite contrasting. In case of the leptonic P — /1, and semileptonic P —

M decays, the vertex factors will be altered while in case of the P — M* semileptonic decays,
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the ¢° decay distribution itself is modified. As a recent developement, lattice results on the form
factors of the B — D*{v, decay at non-zero recoil are now available. Therefore we update the
SM prediction of the CKM element |V,;| before incorporating the new physics effects. We obtain
|Vip| = 38.69(79) x 1073 at 68% CL.

With this new update and all other available CKM measurements, we perform a global fit in
presence of the new physics effects for some fixed values of the mediator mass. From this fit, we
are only able to constrain the combination C7 and not the individual couplings C;, C),. We show
that for high values of Mg, the coupling gets very severely constrained from the data. From the
dark matter SIDD constraints, we are able to restrict the scalar couplings Cs and C7, to very small
values ~ O0(0.01). This automatically translates to a bound on the parameter C, from out fit results
on Cr. However, since the pseudoscalar couplings have velocity suppressed contribution to the

spin-dependent DD cross-section, there remains some freedom in Cj,.
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Chapter 6
Summary and Outlook

We understand that dark matter exists in copious amounts in our Universe, which the SM of par-
ticle physics fails to address. Therefore, it is essential to introduce new degrees of freedom in the
particle content that will not only solve the dark matter problem, but also provide a solution to
other pertaining questions in particle physics. As discussed in the literature, there are multiple
ways of tackling this issue from a model builder’s point of view. Since we do not know the exact
properties of the dark matter, one can formulate dark matter models with scalars, fermions or even
vector bosons. In this thesis, for example, we consider scenarios with scalar and fermionic dark
matter. Due to the null results from direct detection dark matter searches, we also do not have
any idea about the probable mass of DM particles. Hence, physicists have explored dark mat-
ter masses spanning a range from ~ 10713 GeV/¢? (eg., axion dark matter) to as large as ~ 10'?
GeV/c? (for primordial black holes as DM candidates). In general, the WIMP like scenarios have
been predominantly studied due to its easy accessibility in present experimental probes (both di-
rect and collider searches). However, new physics models that introduce a dark matter candidate
at the weak scale, can often have contributions to certain low energy flavour physics observables
due to the interactions of the DM with SM particles. This opens up a whole new possibility of
finding indirect signatures of dark matter physics in flavour experiments complementary to the
more conventional probes of dark matter.

From the quark flavour physics perspective, we are currently in the precision era where sci-
entists are constantly trying to make more and more precise measurements with large statistics.
There has also been tremendous progress in the theoretical understanding of hadronic param-
eters such as form factors, decay constants, bag factors etc. from lattice simulations. Therefore
this wealth of accurate and statistically significant flavour data help us to disentangle the NP con-
tributions to observables from the SM ones, thereby putting stringent constraint on new physics
models. There is a plethora of various dark matter models in literature, most of which do not take
into account such low energy flavour constraints in their analyses. In this thesis, we have high-
lighted how flavour physics data can have significant influence on the parameter space of single
component WIMP-like dark matter models.

Interestingly, while some decays restrict the parameter space of new models, some decay modes
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also give us probable hints of new physics. For example, the LFUV observables R (.), correspond-
ing to the semileptonic FCNC decay b — s¢*¢~, deviates significantly from its SM prediction. It
could be exceedingly possible that such deviations could arise due to family non-universal inter-
actions of WIMPs with the SM fermions. In the thesis, we have not only constructed a model
with lepton family dependent couplings in order to resolve the discrepancies, but also shown how
the degree of non-universality is related to triangle anomaly cancellation requirements of gauged
U (1) models. In the process, we also achieved a natural gateway to small neutrino masses and un-
conventional collider signals in some cases which can be pursued by experimentalists to validate
our proposals. Although the flavour anomalies are not strong enough to conclude the presence of
newer degrees of freedom, there is a hope that this anomaly would not be easily washed out in the
near future since it has been there for a very long time. More data from Belle-1II, the future upgrade
of Belle, could shed light on the fate of the LFUV ratios. We have also made specific predictions
to few exclusive and inclusive B-decays to invisible final states which could be useful to provide
missing links to the study of both neutrinos as well as dark matter. Therefore it is important to put
significant effort on these modes from both experimental and theoretical point of view.

In the last part of the thesis we have explicitly shown the bounds on general scalar and pseu-
doscalar couplings of a heavy spin-0 mediators of DM interactions from CKM measurements.
During the process, we have also been able to produce state of the art results on the global Uni-
tarity Triangle fit in the SM as well as the above new physics scheme. The study could be well
extended to spin-1 mediators as well which would allow us to restrict the vector and axial-vector
couplings to the dark sector in a similar fashion as done for the spin-0 case.

In the thesis, we mostly pay attention to the single component WIMP type DM scenarios. How-
ever, there is no reason to believe that the total abundance of dark matter in the Universe is made up
of only one type of species. There are several BSM proposals that succesfully address the dark mat-
ter problem using multipartite scenarios. Such models are especially motivated from the absence
of observable signals at direct detection experiments. Once again, phenomenologists have over-
looked the flavour constraints while performing their analysis. Therefore the studies presented in
this thesis could be well extended to the multi-component dark matter models as well.

Flavour physics has played an essential /indirect role in many discoveries in particle physics.
We have reached a precision era and can measure a lot of observables with an accuracy of 1%. In
the long run, more precise measurements are expected from Belle-II and LHCb in the near future.
Progress from the theory is in place and more expected. Keeping in mind the difficulties in collider
searches, the first hint of new degrees of freedom may come from flavour data. Also, such a wealth

of precise data will be beneficial to constrain the parameter spaces of a variety of NP models.
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Appendix A

Renormalization Group (RG) Analysis

In this section we provide the one loop and two loop RG evolution equations for the SM and NP
Yukawa and gauge couplings for the models discussed in Chapter. 3.

The RG equations can be in general written as :

d\
4 =P = Bl + il (A1)

where ) is any arbitrary coupling, y is the energy scale and 3/(/?) is the one(two)-loop beta func-

tion.

A.1 One-Loop RG Requations

In this section we present the one-loop RG evolution equations for the gauge, quartic and Yukawa
couplings.

The evolution of the gauge couplings are given by :

35 ,

I
(4m)*B5, = —6g7, (4m)°B; = —=3¢°, (4m)°B, =+ai (A2)
where, g, g and g; are the SU(3), SU(2) and U(1) gauge couplings respectively.
The RG equations for the quartic couplings are given by :
(47)%B%, = —24Y2Y? — 12V, — 12V + 403 + 277 + 2A2 + 1227 + 43\ — 3167
391 9¢* 3
—9Ag? + % + % + 59707 — 4V + AN Y2,
(4m)*B5, = —12X7 + 2A% + 2X7 — 4% — 4A] — BAZAZ + 12A3 + 4A3 + A3 hy + 42\,
3¢ 94 3 (A.3)
AN 4 % + % + 59°0 — 3hagt — ONag® + 1200M,
2,1 2 2 2 391 , 99" 3 45,
(4m)* 65, = +4M5 + 203 + 228 + 20 A + 200hs +6M1 ks + 6Xoda + T+ = — Do

—9X39” = BA3g7 + 2A3Y2 4 2X3A% + 2X3A% 4 6A3Y; + 6A3Y,” + 63,
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(47)* B3, =+ 2A1 A5 4 2X2)5 + 8AsAs + 12X3)45 — 9Asg” — 3Asg7 + 2A5Y; + 2X50,
+ 20502 + 6)5Y)2 + 605Y,2 + 6507,

(4m)2B1,, = — 120077 — 1200V + 4A7 + 82 — AN2Y? — AN2Y7 42X A + 201 A5 — OMyg?
- 3)\49% — 9/\592 — 3)\59% + 2Xo Mg + 2X2 )5 + 2)‘4Y7—2 + 2/\4/\i + 2)\4)\72_ + 2/\5Y‘r2
+2X5A% + 20502 + 39797 + 6A4Y + 6A4Y) 4 6AuA; + 6AsY) + 6A5Y)” + 6A50;
+ 83 + 8A3)s + 1204 )s.

where \y5 = \s + A5.
The RG equations for the Yukawa couplings are given by :

1 9 9 9 5
anst, =vi(38 + 32 + 32 47252 - 3= D).

1 9 9 9 17
(am?st, i 5A8 + 5% + 5¥2 + Y2 -8 52— 1142,
1 1 1
(4m)2BY. =Y, =22 + A2 +3Y;2 + 3Y2 + §Y3 - 992 3 jg‘f s
T 24 2 2 4 4 (Ad)
4 2l =\ 9)\2 1y2 1y2 AQ )\2 8 2 9 2 5 2 .
(W)BAb—b§b+§b+§t+u+ T80 =49 T v )
, 5 5 1 9 15
(47)?B5, =Au (5/\2 + §A3 +3X2 + §Y7.2 — 7192 — Ig% ,
S S 1 9 15
(4m)?BL =\, <§Ai + §A3 +3)2 + §Yf - 192 - Zg’f’).
A.2 Two Loop RG Equations
The two loop RG equations for the SM gauge couplings are given by:
Ire gs 2 2 o 13 5 9, 2
gs (47{')4 e 798 - 2YE) T QYVt + Egl + 59 - 2)‘b 3
3
m_ 9 2 2 2 3y2 3y2 30 l.o 1yg 1o
By = () <Sg 201 +12g; — Yy — 5Y7 — oA - SYr — S5 ) (A.5)
3
IT g1 (214 9 929 1705 5.9 5.9 59 59 Sy
= — 6 —g;— =Y ==Y — Y X — A — A ).
g1 (47T)4<991+g+398 6 b 6t 2’7’ 2;1, 27’ 6b

The two loop RG equations for the SM Yukawa couplings are given by :

Y, 5 5 5 3
g = (i) ( — 12V — 12V — 24Y,2Y2 — iy,f‘xg = EYf)\g - §A;§ + A3+ AT+ A+ §A§
3 304 47
+ A8 = BAYE! = GAY — AN — 2200] + 1667 + 1607V — -gf — — a1
21492292294322322322322
— T IYRY2 DYV - DY S DAZAZ D202 - Dy2a2 - ty?)
49 47’b 47't 47’ 4/Lb 47’b 47’/L 47’7’
16 29 33 135 135 187 247
+ 392)\5 + ngybz + EQQ)% + T692Yb2 + Eg2}/t2 EQ%YE mgf)\g
9 15 25 25 31
+99% + 207V, + 2063V — J979” + ggQYf + gngf + oY+ ggfgf
45 45 85
+ ggQYf + ggQYf + 249?163>,
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Y,
(4m)*

5 5 5 3 3
g = (_ 12V, — 12V — 24Y2Y2 — §A§Y,,2 - §A§Yf - §A;§ + A3+ A+ A+ §A§ + ixg
304 41 21
— 6M Y — 6A Y — AXgA] — 2038 + 1697V + 1642Y;° — 793 - mgf P — 194
9 9 9

3 3 3 3 16 33
_7y2y2_7 QYQ—*YZI—*)\2)\2—*A2A2—*)\2Y2—*)\2Y2 72)\2 72)\2
4Tb 4Tt 47 4/,Lb 4Tb 4R 4TT+3ng+16gb
35 135 135 223 7
+ @9?1@2 + E92Y172 + 1—692}@2 + ngYbQ +99%97 + 2093, + 2093V, + ggf
19 ,, 25 45

25 45 85
gY? + 599+ gngf + oY+ < Yy + ggQYf + 249?122),

15
8

3
- 919"+

3
2
2

Y, 3 3
= ron ( - iyf —A2YE - NZY2 20202 — AL — AT A AT 4 s+ §A§ A2 - 6A Y — AN

27 27 27 27 7 421 9
—AMAZ — 22307 — 232 — ?YfoQ - IYZ}YE F- ZYEYf F- ZYt4 - ZY?ZQLL - 1)\12;3@2

33 55 33 5.5 103 5., 103 5.5 120 , o 135 ,_ o 791 ,
99232 4 20 2p2 L 2090 oy D9 ay2 22 ayn 099 aya | (90
169 ”+169 7'+ 1691 y,+ 1691 'r+ 1691 ‘r+ 169 T+ 2491
9 15 25 25 45 45 85
+ 2097y + 2093V + S 979 + §92Y3 +3 2 Y+ §92Yb2 + §92Y? 249?%2)
(A.6)

9
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Appendix B

Orthogonal Rotation Matrices

Here, we supply the most general forms of real orthogonal rotation matrices of dimensions 3 and
4. These matrices have been extensively used in Chapter. 4 and useful for the discussions related

to the mixings of scalar fields.

B.1 3 X 3 Rotation Matrix

A 3 x 3 orthogonal rotation matrix can be defined as

Cai2Cais Sa2Cas Saus
= | _ _ _d B.1
o Sa12Cass — CaiaSassSaiz  CaiaCaszs =~ SaiaSagzSais  SassCous (B.1)
Sai2Sa23 — Cay2CaszSais “CaiaSa3 = SaiaCas3zSais  CazzCais
where c,,; = cos a;; and s,,; = sin ;.
B.2 4 X 4 Rotation Matrix
The components of a general 4 x 4 real orthogonal matrix without phase are given by :
R11 = ci12c13¢14,
Ri2 = c13¢14512,
R13 = €14513,
Ria = 514,
(B.2)
Ro1 = —€23€24512 — €12€24513523 — C12C13514524,

’R22 = (C12€23C24 — C2485812513523 — C13512514524,
Ros = c13C24523 — S13514524,

Ros = 14524,
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Appendix B. Orthogonal Rotation Matrices

Ra1
Rz
Ras
Raa
Ra
Raz
Ras
Raa

—C12C23C34513 + 34512523 — C12€13C24514534 + 23512524534 + €12513523524534,
—C12€34523 + S12(—C13C24514 + 513523524)534 — €23(C34512513 + €14524534),
C13C23C34 — (€24513514534 — C13523524534,

€14C24 834,

—C12€13C24C34514 + €12513(C34523524 + €23534) + S12(C23C34524 — 523534),
—C13C24€34512514 + 512513(C34523524 + €23534) + c12(—C23C34524 + 523534),
—C24€34513514 — €13(C34523524 + €23534),

C14C24C34.

where s;; = sin a;; and ¢;; = cos a;.
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Appendix C

Useful Coupling Constants

In this section, we summarize the useful coupling constants appearing in the Toy models dis-
cussed in Chapter. 4 in terms of the parameters of interest such as the physical masses, vacuum

expectation values and mixing angles.

C.1 Coupling Constants : Toy Model I

The coupling constants relevant for Toy Model I are

2, (2 M+ MZ2s2 )+ M2 s?

S « S «
/\1 = v21 1 2 @2 ,
v 2000 + M — M)
3= 2 ,
= Mio + M?%, —2M%,
4= 2
Mp -~ M3
A5 = 2 ,
it
A6 = =3 (CZZMisaS + M?(Cas Say + Cay Saz Sas)> + JV[fl(c,le b i, Son Sa3)2) ’
1
1
M= <c2 (Cog Mz, + (ca, M + MZ, 3, )s2,) + (ca, M2, + Mjis?, )sa,
2
M3 s2v? (C.1)
+ 2¢a, ca:”(_Mﬁ 1y M921)S(X1 Say Sa3) ; 427477
U3
1
s = (cil Cog (M2 + M2S2 )80 + Cag (2, M2 + 52 (=M? + M2 52 _))s0,
M3 s?
+ Cay Say saz(M,% — Mfl)(ciS _ 323)) + 2;2 T
2
1
Apy = oo (coél Cas Cay Sar (—MP 4+ M2) + Cay Say Say(—c2 M7 + M2 + silMi))a
1
)\@2 = " (Caz Casg 5042(_Ci1M}? + MSQ — SilMi) + Cay Cas Say SQJ(M}? — ]\/[31))7

5= (Mizsg).
2\@@2
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C.2 Coupling Constants : Toy Model II
The couplings relevant for Toy Model II are given by :

(2, (B, ME + M2 52,) + M2,52,) + MPos?

>\H — S1 Q2 S27 Q3
1 2 )
v
2 (2 12 g2 2 .2 2 92
>\H — (8a2 (COtg (CCYQMh + Mslsag) + MSQSOtg) + MIQJOCi)tan25
2 2 )
v
2872 2 2 .2\,.2
- _(COMAQSeg + MZ%o55)v N chMSZI + MﬁsiQ
s 41)11 U% ’
2172 2 2 21,2 2 a2
A o _3(CGMA2893 + MAOSG)U Ca3M82 + (M]'%C%XQ + MS21832)833
2 16v; i v3 ’
5 (Miosg + chfbsgS)zP
8\/51)%1)2 ’
N (M2, + chiQSgS)tanzﬁ
- V20109 ’
_ tanB(casa (M3, — 2, (2, M7 + M2 s2,) — M2 s2.) + QMéiS?Y tan/3)
1= &) , 2
\ = (—QMéi s% + Mf‘osg + chfb sgg)tanzﬁ
2 — D) )
v
o (M3085 + cg M3, 55, 0% + 8cay (M — MZ,)Say 8050102
5T 8viv3 ’
), = (Miosg + chfbsg?))v e 2caca20a3(—M,% 4= Mfl)s,mvl
1 21}2}% ’
) (Miosg + chi2833)v - QCQCQB(%QM,% - MSQ2 + M§1)3a3v2
5 2003 ’
tanB(M?2,s2 + c2M?%_s2 v tanf + 2y Cas (M7 — M2 )5450,01)
A0°H 9" A3°603 agbag h s1/°a”az V1l
6= 2002 ’
i
_ tanf(M?3os5 + cgM3, 55, )0 tanf + 2cag8a(ca, My — M2 + M2 57, )Sa;02)
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Appendix D

Dark Matter Annihilation Diagrams

In this section we point out the leading and sub-leading annihilation channels of the DM scenario
described in Chapter. 4.

D.1 Leading Annihilation Diagrams

Figure D.1: The diagrams giving leading contributions to the relic abundance.

SM SM

SM SM

Figure D.2: Dark matter annihilation diagrams in the modified setup scenario of Toy Model-I as discussed in section. 4.5.
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144 Appendix D. Dark Matter Annihilation Diagrams

D.2 Subleading Annihilation Diagrams

A‘rg 15 1 A‘rg 1

_\ 2 ‘t I

Figure D.3: Subleading contributions to the relic.
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Figure D.4: Subleading Co-annihilation diagrams.
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