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Abstract

The Standard Model (SM) of particle physics has been highly successful in ex-
plaining most of the experimental measurements in elementary particle physics. It has
survived decades of precision tests at highest available energies and with the discovery
of the Higgs boson in 2012 at the Large Hadron Collider (LHC) the last missing piece
of the SM was confirmed. However, the SM suffers from a number of shortcomings,
which strongly suggest that the SM is only an effective limit of a more fundamental
theory of interactions. The aim of this thesis is to study various aspects of the physics
beyond the SM ranging from the phenomenological implications of viable models to
cosmological implications such as the matter-antimatter asymmetry of the universe,
dark matter, and dark energy.

In this thesis we study several models beyond the SM in the contexts of LHC phe-
nomenology, neutrino masses, flavor anomalies associated with B-decays and gauge
coupling unification. We also study the possibilities of explaining the matter-antimatter
asymmetry via baryogenesis (leptogenesis) mechanisms in these models. We also
touch upon the issues of potential candidates for dark matter and the realization of
dark energy in models beyond the SM.

We study the implications of a right handed charged gauge boson W]if with mass
of around a few TeV for leptogenesis. We point out how the discovery of a TeV scale
W,}t will rule out all possibilities of leptogenesis in all classes of the left-right symmet-
ric extensions of the SM due to the unavoidable fast gauge mediated B — L violating
interactions. We also study the framework of LRSM with additional scalar singlets
and vector-like fermions in the context of the recent LHC excess signals and the phe-
nomenological implications for the fermion masses and mixing. We also discuss how
the introduction of a real bi-triplet scalar, which contains a potential DM candidate,
can allow gauge coupling unification. Furthermore, we point out that the existence of
new vector-like fermions can also have interesting implications for baryogenesis and
the dark matter sector.

The effective low energy left-right symmetric subgroups of the superstring inspired
Es model provide a rich phenomenology, thanks to many additional exotic fields in-

cluding leptoquarks. We systematically study these low energy subgroups in the con-



text of the LHC excess signals reported by the CMS collaboration, and high scale
leptogenesis. We also study the left-right symmetric low energy subgroups of Fjg in
the context of recent experimental results from the LHCb, BaBar and Belle collabora-
tions on the decays of the B mesons: B — D7 and B — KII, showing significant
deviations from the SM, which hint towards a new physics scenario beyond the SM.
We use the leptonic decays D — 777, BT — 775, DT — 777 and D°-D mixing
to constrain the couplings involved in explaining the enhanced B decay rates. We also
study the Eg motivated U (1) extension of the supersymmetric SM in the context of
the LHC excess signals and the baryon asymmetry of the universe. In light of the hint,
from short-baseline neutrino experiments, of the existence of one or more light sterile
neutrinos, we also study the neutrino mass matrices, which are dictated by the discrete
symmetries in the variants of this model.

We study a cogenesis mechanism in which the observed baryon asymmetry of the
universe and the dark matter abundance can be produced simultaneously at a low re-
heating temperature without violating baryon number in the fundamental interactions.
This mechanism can also provide a natural solution for the cosmic coincidence prob-
lem. We also present a realization of mass varying neutrino dark energy in two simple
extensions of the SM, where the SM is extended to include new TeV scale triplet scalars
and fermions, respectively. We also discuss the possible leptogenesis mechanisms for
simultaneously generating the observed baryon asymmetry of the universe in both the

scenarios and the collider signatures for the new TeV scale fields.
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Introduction

1.1 The Standard Model of particle physics

The Standard Model of particle physics is a theory based on local gauge symmetries
describing the strong, the electromagnetic and the weak interactions. The symme-
try gauge group Gey = SU(3). x SU(2)r, x U(1)y governs these interactions. The
SU(3). gauge theory governs the strong interactions dictating the interactions among
the quarks of six flavors having three colors each, mediated by eight gauge bosons,
called gluons, corresponding to the eight generators of the group SU(3).. Colored
states are confined (today) and only color singlet states such as baryons (consisting of
three quarks forming a color singlet) or mesons (consisting of quark-antiquark form-
ing a color singlet) are allowed to exist as free particles in nature. The weak interac-
tions responsible for nuclear beta decay can be described by a dimension six effective
four fermion interaction leading to a coupling constant with a dimension of inverse
mass squared. This effective theory emerges from a renormalizable theory, called elec-
troweak theory [1-3], which describes both the weak and electromagnetic interactions
at around 100 GeV. The electroweak theory based on the gauge group SU(2), xU(1)y

is spontaneously broken at around 100 GeV with the symmetry breaking pattern
SU2)L x U(l)y — U(1)g, (1.1)
such that the electric charge () and hyper charge Y are related by

Q=T +Y, (1.2)

19
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where T3, is the diagonal generator of SU(2),. There are three gauge bosons corre-
sponding to SU (2), with electric charges +1, 0, where the gauge bosons with electric
charges +1 corresponds to the raising and lowering generators of SU(2),. There is
another electrically neutral gauge boson corresponding to U(1)y. Before the elec-
troweak symmetry breaking all four generators are massless; and after the symmetry
is spontaneously broken, three of the gauge bosons W*, Z become massive, leaving
behind a massless combination of the two neutral gauge bosons, which is identified
with the photon corresponding to U(1)g. The electromagnetic interactions governing
the interactions of charged particles is described by a U(1), gauge theory, where ()
corresponds to the electric charge. The electromagnetic interaction is mediated via
the photon, which is the gauge boson corresponding to the only generator of U(1)g.
The heavy W%, Z bosons appear as internal propagators in the effective four fermion

interactions and mediate the weak interaction.

In the Standard Model the quarks and the leptons are the only fermionic fields. The
left handed fermions transform as doublets under SU(2), while all the right handed
fermions transform as singlets. Once the SU(2) transformations are assigned to a
particle, the hypercharge quantum number can be determined from the electrical charge
using the relation given in Eq. (1.2). The left handed up type quarks (u; ;) and down
type quarks (d';) form a doublet )7, where o = 1,2,3 is the SU(3). index and
i = 1,2, 3 is the generation index. In the leptonic sector the left handed neutrinos v, ;
and the leptons ¢;; form a doublet under SU(2).. There are no right handed neutrinos
in the Standard Model. The SU(3). x SU(2). x U(1)y quantum numbers of the fields

in the Standard Model are summarized in Table. 1.1.

Other than the fermions and gauge bosons, the Standard Model also includes the
doublet Higgs scalar which is responsible for breaking the electroweak symmetry [4—
8]. The Higgs scalar transforms as a doublet under SU (2), with a charged and a neutral
component. The transformation of the Higgs scalar under SU(3). x SU(2), x U(1)y

is given by

¢+

ASS
Il

=(1,2,1/2). (1.3)
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Ist 2nd 3rd (SU(3)¢e, SU(2)1,U(1)y)
generation generation generation transformations
uf s t7
o t t t (3,2,1/6)
dr, 51, b,
(TN Uy ck t% (3,1,2/3)
d5y d s b (3,1,~1/3)
Ve v U,
Vi i o g (1.2,-172)
er 03 L
e’i_R 6]_% lu}_?: 7_15 (1’1’_1)

Table 1.1: The transformation of the Standard Model fermions under the gauge group
gSM = SU(3)C X SU(Q)L X U(l)y.

The renormalizable gauge invariant Lagrangian for the gauge interactions is given by
L= — —Gp Gh — 1W””‘I/V*“’ — 1B B*
- 4 uv~"p 4 ur'’’'m 4 [id
Qi [50(55@0“ + igs0an(Tp) G

/

+ igéag(aab)mW:l—f—igG aﬂdabB i|QbL
2
R [Gasu + ig5(Tap )V Gl + i?gcsaﬁBu} ol

/
A [Sapdh + 19, (Tap) Gl = %0058, | iy
/

+  ariy” [(5ab8u+ig<0-ab)mW:L ,g dap B ]%R

+ eriy" [0, —ig' Byl er ; (1.4)

where we have dropped the generation indices ¢ for simplicity; a,b = 1,2 are the
SU(2), indices and «, § = 1,2,3 are the SU(3), indices in the fundamental repre-
sentations; g, g and ¢’ are the gauge couplings for the groups SU(3)., SU(2), and

U(1)y, respectively. G%,, W[ and B, are the field strength tensors for SU(3).,

pv?
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SU(2)r, and U(1)y groups, respectively. TP, ¢ are the generators of the groups
SU(3). and SU(2), respectively.

1.1.1 Spontaneous symmetry breaking and masses of the gauge

bosons

The Lagrangian involving the Higgs scalar can be written as

Ly = Lokin + Ly —V(9), (1.5)
where the first term on the right hand side L4k, is the kinetic energy term given by
1 q 2
‘CgbKin = —5 8M¢+ZgUleZn¢+Z§Bu¢ ; (16)
the second term L+ contains the Yukawa interactions
— Ly = hQiruird + hlQirdird + hibire;rd + hec., (1.7)

where i, j = 1, 2, 3 are the generation indices and (/5 is defined as

b = iTpd* = % = (1,2,—1/2), (1.8)
—¢
where 7 is the second Pauli matrix. The last term in Eq. (1.5) corresponds to the scalar
potential given by
/,L2 t )\ T 2
V(9) = —F50'0+ 7 (4'0)" (1.9)
Taking the mass parameter i to be positive-definite, it is straightforward to find the

vacuum expectation value (VEV) of the Higgs scalar

(p'e) = v* = p?/ . (1.10)

Note that the manifold of points, at which V(¢) is minimized, is SU(2) invariant
and one must perturb ¢ about a particular choice of minimum to break the symmetry

spontaneously. Now in the unitary gauge ' where

(¢) = ; (1.11)

!The unitary gauge is a particular gauge choice in a gauge theory with a spontaneous symmetry
breaking, such that the scalar field responsible for the spontaneous symmetry breaking is transformed
into a basis in which the Goldstone components are set to zero. In the unitarity gauge choice the manifest

number of scalar degrees of freedom is minimal.
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it is easy to verify that the generators of SU(2), and U(1)y no longer annihilate the
vacuum state; however, the linear combination 73, + Y = @) does. Thus, the spon-
taneous symmetry breaking leaves the subgroup U(1)g unbroken, which governs the
quantum electrodynamics.

The interactions of the Higgs scalar ¢ with the gauge bosons of the broken groups
given in the kinetic energy term [Eq. (1.6)] make the gauge bosons massive. The

charged gauge bosons corresponding to SU(2),, given by,

1
Wt =—
V2

and a combination of neutral gauge bosons,

(Wi F WD), (1.12)

Z,, = cos Qij’ —sin 6, B, (1.13)

where sin 6, = ¢'/(¢> + ¢'*)*/%, get masses

1 1
my = 5”9» my = 57}\/ 2 +g7, (1.14)

respectively, while the other remaining neutral gauge boson, identified as the photon,
A, = sin HwW/f’ + cos 0, B,,, (1.15)

remains massless.
Comparing the effective four-fermion interaction describing muon decay obtained

in this theory with the (V' — A) theory gives the relation
g2 /m3, = 4V2G, (1.16)

where the Fermi constant G = 1.16639 x 107°GeV 2. One obtains the value of the

VEV of ¢ given by

2
v =W L 946 GeV. (1.17)
g

The interactions of the physical gauge bosons with the fermions is given by

g . g Trrr—
Leange = _E( gCW: + joo Wu ) —

— ewj]“mzu — ejB AL, (1.18)

where
y o
Joc = YrLvy 5(71"‘”2)%%
) - 1
iNne = ¢fL7“§(Cv — cay? )y,
jo = V" QiyL, (1.19)
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are the charged current, the neutral current and the electromagnetic current respec-
tively. 7, and 7, are the first and the second Pauli matrices, ¢y = T5;, — 20) sin? 6, and
ca = Ty
The relative strengths of the neutral and charged current weak interactions is often
expressed as the p-parameter defined as,
2

My

= 1.20
P m?% cos? 0, (1.20)

which is experimentally constrained to be very close to unity within a small uncer-

tainty, which matches with the value given by the Standard Model.

1.1.2 Fermion masses and mixing

After the symmetry is broken by the VEV of ¢ the fermions acquire masses through
the Yukawa couplings in Eq. (1.7)
"~ v d A~ 0 o - 0
— ﬁy = hijQiLujR 0 + hz‘jQiLde + hijwiLejR + h.c.
v v

= m?jﬂiLujR + m%JiLde + m%éz'LGjR + h.C.7 (121)

where the up type quark, down type quark and the charged lepton mass matrices are
given by

U o U, d __ 1d,,. e __1€e.,.
mg; = hiv;  mg; = hiv;  mg; = hiv; (1.22)

respectively. The neutrinos are massless in the Standard Model. We will discuss the
issue of neutrino masses in more detail in the following section.

Note that the quark and lepton mass matrices are in general non-diagonal. Since
the neutrinos are massless in the Standard Model, it is possible to make a unitary
transformation to a basis where charged leptons are diagonal without affecting the
charged current interactions. However, the case of the quark sector is nontrivial and
will be discussed below.

In the weak basis the quark masses can be written in the matrix form as
— Ly = UM, Ugr + D, MyDg, (1.23)

where Upry and Dy gy are the matrices corresponding to u;z(r) and d;z(r); and the

mass matrix M, q) has the elements Mo(d) - The mass matrices M, 4 are not diagonal
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in the weak basis, in which the charged current interaction can be written as

Loc = %(UkLV"dkLW; + " ur W, ). (1.24)

Now one can diagonalize the mass matrices M, 4 to obtain the physical or mass eigen-
states Uy, ) and D7 . Noting that M, and M, are in general not Hermitian, a biuni-

tary transformation is required to diagonalize them
Ul Mlur = M, Upp Milar = Ma, (1.25)

where Mu(d) are diagonal matrices; U, r(r) and U,y (g) are unitary matrices. The mass

eigenstates are related to weak eigenstates by the relations
Ury = Uuw)Urr), Dy = UarmyDr(w)- (1.26)
In the mass basis the quark masses can be written as
Ly = U, MUy, + D, MDY (1.27)

In a weak interaction the particles are created in weak basis, but their time evolution
occurs as physical or mass eigenstates. In other words, a down type quark produced
in a weak interaction, can propagate as an admixture of down and strange quarks, and
can become a strange quark at a certain time when detected in the weak basis. The
charged current interaction can be written in the mass basis as

Loo = %@;ﬂ“%dﬂwj + dy V5w W), (1.28)

where the unitary matrix

Vij = [Unr)in UL 151, (1.29)

is called the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix [9, 10]. The neutral
current interaction is diagonal in both bases; and so is the neutral Higgs couplings. The

current values of the CKM elements can be found in Ref. [11].

1.1.3 Limitations of the Standard Model

Although the Standard Model (SM) is highly successful in explaining the low energy

phenomenology of fundamental particles, it suffers from a number of shortcomings,
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which strongly suggests that the SM is only an effective limit of a more fundamental
theory of interactions. In what follows we will try to highlight some of the shortcom-
ings of the SM.

Neutrinos are massless in the SM. Due to the absence of right handed neutrinos one
cannot write a Dirac mass term, and a Majorana mass term of the form %Dch,,yL is
also not allowed by the SU(2),, x U(1)y gauge invariance. However, the discovery of
neutrino oscillations have established that neutrinos have nonzero masses. This implies
that the SM is incomplete. Consequently, the evidence of neutrino masses coming from
neutrino oscillation experiments provides a strong evidence of physics beyond the SM.

In addition to the fact that gravity is completely left out in the SM, the strong in-
teraction is not unified with weak and electromagnetic interactions. In fact, even in the
electroweak “unification” one still has two coupling constants, g and ¢’ correspond-
ing to SU(2),, and U(1)y. Thus, one is tempted to seek for a more complete theory
where the couplings ¢, ¢, and ¢’ unify at some higher energy scale giving a unified
description of the fundamental interactions.

Given that the ratio mp;/my is so large, where mp, = 1.2 x 10" GeV is the
Planck scale, another major issue in the SM is the infamous “hierarchy problem”. The
discovery of the Higgs boson with a mass around 125 GeV has the consequence that, if
one assumes the Standard Model as an effective theory, then in Eq. (1.9) A ~ O(0.1)
and p* ~ (O(100) GeV)? (including the effects of 2-loop corrections). The problem
is that every particle that couples, directly or indirectly, to the Higgs field yields a
correction to y? resulting in an enormous quantum correction. For instance, let us
consider a one-loop correction to 41* coming from a loop containing a Dirac fermion f,

as shown in Fig. 1.1, with mass my. If f couples to the Higgs boson via the coupling

Figure 1.1: one-loop correction to the Higgs squared mass parameter due to a Dirac

fermion f.
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term (—As¢ ff), then the correction coming from the one-loop diagram is given by

/\2
2 _ f a2

where Ayvy is the ultraviolet momentum cutoff and the ellipses are the terms propor-
tional to mfc, growing at most logarithmically with Ayy. Each of the quarks and lep-
tons in the SM plays the role of f, and if Ayy is of the order of mp, then the quantum
correction to i is about 30 orders of magnitude larger than the required value of
p? = 92.9 GeV?. Since all the SM quarks, leptons, and gauge bosons obtain masses
from (¢), the entire mass spectrum of the Standard Model is sensitive to Ayy. Thus
one expects some new physics between myy, and mp; addressing this problem.

There are also other questions such as why the fermion families have three genera-
tions; is there any higher symmetry that dictates different fermion masses even within
each generation; in the CKM matrix the weak mixing angles and the CP violating
phase are inputs of the theory, instead of being predicted by the SM.

Finally, in the cosmic arena, the observed baryon asymmetry of the universe cannot
be explained within the SM. Also there are no suitable candidates for dark matter and
dark energy in the SM. These also points towards the existence of physics beyond the
SM.

1.2 Physics beyond the Standard Model

1.2.1 Neutrino masses

The atmospheric, solar and reactor neutrino experiments have established that the
neutrinos have small nonzero masses which are predicted to be orders of magnitude
smaller than the charged lepton masses from cosmology and nuclear 3 decay exper-
iments. However, in the SM the left handed neutrinos v;;, © = e, u, 7, transform as
(1,2, —1) under the gauge group SU(3). x SU(2);, x U(1)y. Consequently, one can-
not write a gauge singlet Majorana mass term for the neutrinos. On the other hand,
there are no right handed neutrinos in the SM which would allow a Dirac mass term.
The simplest way around this problem is to add singlet right handed neutrinos v,z with

the transformation (1,1,0) under the SM gauge group. Then one can straightaway
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write the Yukawa couplings giving Dirac mass to the neutrinos
1 -
- 'Cmass - EhijwiLVquba (131)

such that once ¢ acquires a VEV, the neutrinos get Dirac mass mp;; = h;;v. However,
to explain the lightness of the neutrinos one needs to assume a very small Yukawa
coupling for neutrinos in comparison to charged leptons and quarks, which is rather
ad-hoc and unnatural. One way out is to consider the dimension-5 effective lepton

number violating operator [12—15] of the form

(vg” — ed™)?

N : (1.32)

Edim—S =

where A is the scale corresponding to some new extension of the SM violating lepton
number. This dimension-5 term can induce small Majorana masses to the neutrinos

after the eletroweak symmetry breaking
— Lonass = myv;,C g, (1.33)

with m, = v*/A. Here, C is the charge conjugation matrix. Consequently, lepton
number violating new physics at a high scale A would naturally explain the smallness
of neutrino masses. In what follows, we discuss some of the popular mechanisms of

realizing the same.

Seesaw mechanism: type-I

The type-I seesaw mechanism? [16-22] is the simplest mechanism of obtaining tiny
neutrino masses. In this mechanism, three singlet right handed neutrinos N,y are added
to the SM; and one can write a Yukawa term similar to Eq. (1.31) and a Majorana mass
term for the right handed neutrinos since they are singlets under the SM gauge group.

The relevant Lagrangian is given by

)

_ 1
— Liypet = NiaNirdlar ¢ + 51\427-]\].32.30*1 ‘. +he . (1.34)

Note that, the Majorana mass term breaks the lepton number explicitly and since the

right handed neutrinos are SM gauge singlets, there is no symmetry protecting M;;

2The seesaw mechanisms generically require a new heavy scale (as compared to the electroweak
scale) in the theory, inducing a small neutrino mass (millions of times smaller than the charged lepton

masses). Hence the name “seesaw”.
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and it can be very large. Now after the symmetry breaking, combining the Dirac and

Majorana mass matrices we can write

- 2£Inas.s = mDang:LC_lNiCL + MiNiCLTC_lNJ»CL + h.c.

T 1 0 Mpai Vq
(va ) C the . (1395
L mLTDai M; Ny

where mp.; = hpa;v. Now assuming that the eigenvalues of mp are much less than
those of M one can block diagonalize the mass matrix to obtain the light Majorana
neutrinos with masses m,,;; = —m Dm-Mi_lmlT)m- and heavy neutrinos with mass my =
M;. Note that if any of the right handed neutrino mass eigenvalues (}/;) vanish then
some of the left handed neutrinos will combine with the right handed neutrinos to form
Dirac neutrinos. For n generations, if the rank of M is r, then there will be 2r Majorana
neutrinos and n — r Dirac neutrinos. The type-I seesaw mechanism not only generates
tiny neutrino masses, but also provides the necessary ingredients for explaining the
baryon asymmetry of the universe via leptogenesis, which we will discuss in length in

the next section.

Seesaw mechanism: type-II

In type-II seesaw mechanism [23-26], the effective operator given in Eq. (1.32) is
realized by extending the SM to include an SU (2), triplet Higgs scalar £ which trans-
forms under the SM gauge group SU(3).x SU(2), xU(1)y as (1, 3, 1). For simplicity
we assume that there are no right handed neutrinos in this model and only one triplet
scalar is present. The Yukawa couplings of the triplet Higgs scalar with the left handed

lepton doublet (v, [;) are given by
— Loypet = fij |00 + EX (il + vils) V2 + f++lilj] : (1.36)

Now a nonzero VEV acquired by £ ((¢°) = u) gives Majorana masses to the neutrinos.
Note that u has to be less than a few GeV to not affect the electroweak p-parameter.

The most general Higgs potential with a doublet and a triplet Higgs has the form

V = m3go 4 miEE+ I (016) + (€10 + M@ O)(EE) + AoTE g, (137)
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We assume A4 # 0, which manifests explicit lepton number violation and the mass of
the triplet Higgs scalar My ~ A4 > v. The mass matrix of the scalars V2 Im¢° and
V2 Tmé? is given by
M = —4 u 2040 | (138)
200 —M0? u
which tells us that one combination of these fields remains massless, which becomes
the longitudinal mode of the Z boson; while the other combination becomes massive

with a mass of the order of triplet Higgs scalar and hence the danger of Z decaying

into Majorons * is absent in this model. The minimization of the scalar potential yields

)\41)2
U=——>, (1.39)
ME
giving a seesaw mass to the left handed neutrinos
)\4"02
Myi; = fiju = —fij— (1.40)
MS

Note that in the left-right symmetric extension of the SM , which we will discuss in the
next subsection, both type-I and type-II seesaw mechanisms are present together. The
type-II seesaw mechanism can also provide a very attractive solution to leptogenesis,

which we will discuss in the next section.

Seesaw mechanism: type-I1I

In type-III seesaw mechanism [27, 28] the SM is extended to include SU(2), triplet
fermions to realize the effective operator given in Eq. (1.32) . The Yukawa interac-
tions in Eq. (1.34) are generalized straightforwardly to SU (2), triplet fermions ¥ with

hypercharge Y = 0. The corresponding interaction Lagrangian is given by

S -\ 7 ]' _’CT —1%3¢
— Liypen = hzia Vi (Za - r) ¢+ §Mmza C'3G+ he (1.41)

where a = 1,2,3. In exactly similar manner as in the case of type-I seesaw, one

obtains for My > v, the left handed neutrino mass

Myi; = =0 hsia Mg o hts. (1.42)

3Majorons correspond to Goldstone bosons associated with the spontaneous breaking of a global

lepton number symmetry.
“Ref. [28] established the nomenclature Types L, I, III, for the three and only three tree-level seesaw

mechanisms.
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Radiative models of neutrino mass

Small neutrino masses can also be induced via radiative corrections. The advantage of
these models is that without introducing a very large scale into the theory the smallness
of the neutrino masses can be addressed. In fact, several of these models can explain
naturally the smallness of the neutrino masses with only TeV scale new particles. Thus
new physics scale in these models can be as low as TeV, which can be probed in current

and next generation colliders.

1
'O -
1 .- 1 ~o
. 1 ~
__J--. ,¢ . \\
U R noo e " s
. . . ++ .
’ . . 1 ¢ .
’ . . 1 .
' ) ’ 1 \
1 ] 1 \
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Figure 1.2: (left) one-loop diagram diagram generating neutrino mass in Zee model.

(right) Two loop diagram generating neutrino mass in Zee-Babu model.

One realization of this idea is the so-called Zee model [29, 30], where one extends
the SM to have two (or more) Higgs doublets ¢; and ¢,, and a scalar n* which trans-
forms under the SM gauge group SU(3). x SU(2), x U(1)y as (1,1,1). The lepton

number violating Yukawa couplings are given by

Lree = [ii 0O ™ + peadadsn™ + hoc. (1.43)

where f;; is antisymmetric in the family indices 7, j and €, is the totally antisymmetric
tensor. Now, the VEV of the SM Higgs doublet allows mixing between the singlet
charged scalar and the charged component of the second Higgs doublet, resulting in a
neutrino mass induced through the one-loop diagram showed in Fig. 1.2 (left). The
antisymmetric couplings of 7 with the leptons make the diagonal terms of the mass

matrix vanish, with the non-diagonal entries given by
mi;(i # j) = Afij(mi —m3) | (1.44)

where i,j = e, u, 7 and A is a numerical constant. In the Zee model, if the second

Higgs doublet is replaced by a doubly charged singlet scalar (™", then one gets what
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is called Zee-Babu Model [31,32]. In this model a Majorana neutrino mass can be ob-
tained through a two loop diagram shown in Fig. 1.2 (right). In fact, there are several
other radiative models of Majorana neutrino mass such as the Ma model [33] con-
necting the Majorana neutrino mass to dark matter at one-loop; Krauss-Nasri-Trodden
model [34] and Aoki-Kanemura-Sato model [35] giving neutrino mass at the three
loop level with a dark matter candidate in the loop; Gustafsson-No-Rivera model [36]
involving a three loop diagram with a dark matter candidate and the 1/ boson; and
Kanemura-Sugiyama model [37] utilizing an extension of the Higgs triplet model.
There are also models for radiative Dirac neutrino masses such as the Nasri-Moussa
model [38] utilizing a softly broken symmetry; Gu-Sarkar model [39] with dark matter
candidates in the loop; Kanemura-Matsui-Sugiyama model [40] utilizing an extension

of the two Higgs doublet model, etc.

1.2.2 Left-Right Symmetric Models

The SM gauge group Gsy = SU(3). x SU(2), x U(1)y explains the (V — A) structure
of the weak interaction and parity violation, which is reflected by the trivial transforma-
tion of all right handed fields under SU (2). However, the origin of parity violation is
not explained within the SM, and it is natural to seek an explanation for parity violation
starting from a parity conserved theory at some higher energy scale. This motivated
a left-right symmetric extension of the SM gauge theory, called the Left-Right Sym-
metric Model (LRSM) [41-46], in which the Standard Model gauge group is extended

to

Grr=SU(3). x SU(2), x SU2)r x U(1)p_1

where B— L is the difference between baryon (B) and lepton (L) numbers. In LRSM all
left handed fermions transform trivially under SU (2) g, while all right handed fermions

transform trivially under SU(2),. The quarks and the leptons transform under the
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gauge group SU(3). x SU(2), x SU(2)g x U(1)p_1, as

U 1 U 1
QL = : (3727 17 _)7 QR = : (37 1727 _)
d 3 d 3
L R
v N
I, = L (1,2,1,-1), I = (1,1,2,-1).  (1.45)
¢ L ¢ R

The electric charge () and the SM electroweak quantum numbers 757, and Y are related
to the quantum numbers corresponding to SU(2)g and U(1)p_ through the charge
equation

B
Q:TgL—i-Y:TgL—i—TgR—I—T. (1.46)

Note that B — L is a local gauge symmetry in LRSM, and any B — L violating process
such as generation of Majorana neutrino mass or neutron-antineutron oscillation can
occur only after the U (1) 5_;, symmetry is broken spontaneously.

In LRSM, the invariance of the Lagrangian under parity ensures that the gauge
coupling constants g,y corresponding to SU(2)(r) are the same before the SU(2) r
is broken at a scale Mp; and after the left-right symmetry breaking the two gauge
coupling constants canbe different. In some variants of LRSM the parity symmetry is
broken spontaneously along with SU(2) g or before SU(2)g breaking; while in some
other variants parity is broken explicitly: for example in some superstring inspired
models it is also possible that parity breaks down during the compactification.

The most popular choice of the Higgs sector for the LRSM consists of one bi-

doublet ¢ and two triplet Ay, r complex scalar fields with the transformations

o (e e}
= :(1,2,2,0),
0, Dy
AL AF
Ar= | V2] ras),
Ay AL
v2/ ¢
AR Ab+
Ap = \/05 A :(1,1,3,2). (1.47)
AR I —

V2/ g

The left-right symmetry is spontaneously broken to reproduce the Standard Model,
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where the symmetry breaking pattern follows the scheme

SU(3). x SU(2)p x SUQ2)r x U(l)p-1 = Grr
B0 SU3). x SUR)L x Ul)y = Gsu

O SUB) e x U)o = Grur (1.48)

In the first stage of symmetry breaking the right handed triplet A g acquires a Vacuum
Expectation Value (VEV) (Agr) = vg ~ Mpg which breaks the SU(2)r symmetry
and gives masses to the Wj%t, Zr bosons. The electroweak symmetry is broken by the
VEVs of the bidoublet Higgs ®, which gives masses to the charged fermions and the
gauge bosons VVLi and Z;. For simplicity we assume a hierarchy between the VEV's
of the two neutral components of ®, v > ¢, so that we can neglect v'. The A gets
an induced tiny seesaw VEV (A[) = v, < my, which is constrained to be less than
a few eV by the electroweak precision measurements. To see this explicitly, we write

down the scalar potential with the fields replaced by their VEVs

V(vp,vg,v) = —p*v® — AA(vF +vR) + M (vl + vR) + Avivg + Agv?

+M0% (V2 + vR) + APopug, (1.49)
which can be minimized with respect to v, and vy to obtain
(v} — vR) [(4M — 2X2)vLvg — AP =0, (1.50)

which has two solutions. The parity conserving solution v;, = vg is inconsistent with

low-energy parity violation; and the other solution gives the induced seesaw VEV

A2

=T (1.51)

Vv =

The Lagrangian corresponding to Yukawa couplings can be split into Dirac and

Majorana parts

- EDir == hia@LiQRaq) + fial_LilRa(I)u
~Lria; = friglt,C M AL + frapli,C s AR, (1.52)

where i, j(«, 5) = 1,2,3 are left (right) handed generation indices. After the elec-

troweak symmetry is broken by the VEVs of the bidoublet Higgs ® the quarks and
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charged leptons get masses. The neutrinos also get a Dirac mass of the same order
of magnitude as the charged leptons mp ~ f;,v. The neutrinos also get Majorana
masses once Ap acquires a Vacuum Expectation Value (VEV) (Ag) = vg, also induc-
ing (A1) = vy, as given by Eq. (1.52). The neutrino mass matrix including both Dirac
and Majorana contributions can be written in the basis (v, Ng) as

fLijUL fiav

M, = ) (1.53)
fjc%v fR,BaUL

Now for a nonvanishing fr.s, we have three heavy Majorana neutrinos with masses
~ O(vg) and three light neutrinos with masses

B AfrLij 2
v —f fl T TR0 ) 1.54
mLz] ( flO&fRﬁa j5+4)\1_2)\2) UR? ( 5 )

where the first term corresponds to type-I seesaw and the second term corresponds to
type-1I seesaw.
In another variant of the LRSM, one considers doublet Higgs scalars instead of

triplet Higgs scalars [47-51]. Here the Higgs sector consists of doublet scalars
d:(1,2,2,0), H,:(1,2,1,1), Hg:(1,1,2,1), (1.55)

and there is one additional singlet fermion field S (1,1,1,0) in addition to the fermions
mentioned in Eq. (1.45). The doublet Higgs scalar Hg acquires a VEV (Hg) = ug
to break SU(2)r x U(1)p_;, symmetry and Hj, acquires a small VEV (H) = uy.
The bidoublet scalar breaks the electroweak symmetry and generates charged fermion
masses like before. The relevant Lagrangian corresponding to the Yukawa interactions

of the neutrinos and S is given by
Ls = fialrilga® + fLiltiSHL + fralpa SHRr + MgSS. (1.56)

After the Higgs scalars acquire VEVs, the neutrino mass matrix can be written in the

basis (v, Ng, S) as

0 fia¥  friup
M, = fhv 0  fraugr | - (1.57)

fljjjuL fgauR MS
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The right handed neutrinos get an effective Majorana mass
Ng . v’ T .
Mgy ~ EfRBfRaa (1.58)

while the left handed neutrinos acquire a light mass

Mqv?
+ ik R h 52 (1.59)
R

i = —fiaffa Il
where the second term is the so-called double seesaw contribution [27,52-56]. Note
that, although we have considered only one singlet fermion for simplicity, in a general
case three singlets S,, p = 1,2, 3, are required to have a rank-3 light neutrino mass
matrix. In this model, parity can be broken spontaneously by an additional singlet
Higgs scalar. Alternatively, parity can be broken explicitly by giving different masses
to H; and Hg. A natural hierarchy between VEVs of the Higgs scalars is v, S v <
vgr. Depending on the hierarchy between Mg and vi one can have pseudo-Dirac or
Majorana heavy neutrinos.

One of the key features of LRSM is the prediction of two charged right handed
gauge bosons (WRi) with mass My, ~ vgr and one combination of neutral gauge
bosons, Zp, corresponding to SU(2)x and U(1)p_,, with mass M, ~ vg. Although
low energy phenomenology gives a lower bound on My of only about a TeV a left-right
symmetry breaking scale Mp at around 10? GeV or higher is required to explain neu-
trino masses in the conventional models and to have high scale leptogenesis. However,
using the resonant scheme the lower bound on My from leptogenesis can be reduced
quite significantly. The seesaw texture can also be engineered to have correct neutrino
masses for relatively low Mp. There has been some keen interest in TeV scale left-
right symmetry breaking in recent times due to the potential hint of Wy detection at
the Large Hadron Collider (LHC) reported by the CMS collaboration. However, the
detection of a TeV scale IW; can have very severe implications for leptogenesis, which

we will discuss at length in the next chapter.

1.2.3 Grand unified theory

The essential idea behind grand unified theories is to embed the SM gauge group

Gsm = SU(3).xSU(2), xU(1)y into one bigger gauge group with only one coupling
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constant. At some higher energy, called the unification scale My, the unified group Gy
breaks down to the SM gauge group followed by different evolution of the different
couplings g, g, and ¢’ leading to their SM values at the electroweak symmetry break-
ing scale. Note that it is possible to have several intermediate scales between My and
myy corresponding to multi-stage breaking of Gy to Ggyr. The first attempt to find a
symmetry that unifies all the SM symmetries was made by Pati and Salam [41,42], who
proposed a partially unified SU(4). x SU(2); x SU(2)g gauge theory with leptons
as a fourth color. This model unified the quarks and leptons in the same representation
treating them in the same footing at higher energies and explained the quantization of
the electric charge. In fact, the number of coupling constants in the original Pati-Salam
gauge group can be reduced from three to two by making the theory left right symmet-
ric so that the two SU(2) couplings become equal [44,45]. Following this Georgi and
Glashow [57] pointed out that the SM can be embedded into the rank-4 simple Lie
group SU(5) leading to a unification of all coupling constants. In what follows, we
will discuss the SU(5) unification briefly and then make some general remarks about

the SO(10) unification.

SU(5) grand unification

In the SM the first generation contains 15 fermions: the left handed up and down type
quarks ulL’2’3 and dlL’2’3, the right handed up and down type quarks u}f’g and d}ff’, the
left handed and right handed electrons ey, e, and the left handed neutrinos v.;. In
grand unified theories, often it is convenient to include the left handed particles (/)
and the CP conjugates of the right handed particles (¢“;) in a particular representa-
tion. The right handed particles and the CP conjugates of the left handed particles are

assumed to be in a different representation of the group. Following this convention we

have the SM fermions

Q. = "] =23,21/6): ws=(31,-2/3): dn=(31,1/3):
d L
1%

I, = =(1,2,-1/2); e =(1,1,1); (1.60)
-
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which we want to assign to SU(5) representations. Before we do that, we note that
the simple group SU(5) contains SU(3) x SU(2) x U(1) as a subgroup. We write
down the decompositions of a few SU (5) representations under its subgroup SU(3) x

SU(2) x U(1):

5 = (3,1,1/3)+(1,2,—-1/2),
10 = (3,2,1/6) + (3,1,—2/3) + (1,1, 1),
24 = (8,1,0)+(1,3,0)+ (1,1,0) + (3,2, —5/6) + (3,3,5/6).  (1.61)

Looking at the above decompositions readily suggests that all the fermions given in Eq.

(1.60) can be accommodated in the anomaly free combination of 5+ 10 representations

of SU(5):

d§ 0 us  —Uug —u' —d
ds —u; 0 u$  —u? —d?
Ysp=|d5| » Ywr=| u5 —uf 0 —u —d| ; (1.62)
Ve oW dd 0 —e
e/, ' A e 0 ;

while the right handed fermions will belong to the 5 and 10 representations.

The SU(5) group has 24 generators which can be associated with 24 gauge bosons
coupled to 24 different currents, out of which 12 currents associated with 12 gauge
bosons are identified with the SM currents and gauge bosons associated with SU(3).. x
SU(2) x U(1)y, while the rest of the gauge bosons are expected to be very massive

making the interactions mediated by them very weak. The 24 gauge bosons of the

SU(5) can be put in a matrix form A7 withm =1,2,--- 24 as
NN I G
G2 GP 6P XS Y
G oGP GY X5 Yy (1.63)
X, X, X3 GP owt
Yi Y, Y3 WGP
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with the diagonal elements given by

GP = %Gg—l—%Gg—\/%B
GP = —%G3+2\1/§G8—\/11_5B
1 1
Gy = I%G ~ B
GY = 5V —%B
GY = Ly k (1.64)

- ——B,
2 215

where the four independent diagonal generators of SU(5): G5, Gs, W3, and B corre-
spond to the two diagonal generators of SU (3)., and one diagonal generator of SU(2)

and U(1)y respectively. The gauge bosons

3 X oH
xbh=| ", x% = * (1.65)
yH yer

where v = 1,2,3 and ¢ = 1, 2 are the SU(3). and SU(2), indices respectively, corre-
spond to the raising and lowering operators connecting quarks with the antiquarks or
the leptons with the antiquarks (the antileptons with the quarks).

The phenomenology of the SU (5) grand unified theory is determined by the choice
of Higgs scalars and the consequent symmetry breaking scheme. A conventional

choice for the SU(5) symmetry breaking pattern is given by

SU(5) 2% SU(3). x SU(2), x U(1)y 2% SU(3). x U(1)g. (1.66)
The first stage is achieved by giving a VEV to a SM singlet component of a Higgs

scalar in the adjoint representation {24}
(3) =V Diag|1,1,1,-3/2, —3/2]. (1.67)

Since this VEV commutes with the generators of the SM gauge group, the gauge
bosons corresponding to the SM remain massless after this stage of symmetry break-
ing, however, the remaining gauge bosons become superheavy with mass Mx ~ M.

The second stage of symmetry breaking is realized by giving VEV to a Higgs scalar
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belonging to a 5-plet of SU(5), H{5}

(1.68)

= o O O O

giving masses to the SM fermions and gauge bosons in a similar fashion as the Higgs
doublet in the SM. The Yukawa couplings of the left handed fermions with the Higgs

scalars are given by
Ly = by, O hro, H + h2yplo, C "o H. (1.69)

The Hermitian conjugate of the above Lagrangian will contain the right handed parti-
cles. After H acquires a VEV, the first term gives masses to the down type quarks and

the charged leptons; while the second term gives masses to the up type quarks
My = hy(H), M.=hlL(H), M,=h2(H), (1.70)

which are then evolved down to the electroweak symmetry breaking scale My using
the renormalization group equations (RGE). The neutrinos remain massless in this
minimal scheme. To explain the neutrino masses one can introduce an SU(5) singlet

fermion S with the interactions
Ls = hspSH + MgSS +h.c. (1.71)

which can give a tiny seesaw mass to the neutrinos hfb2<H )2/Ms, after H acquires
a VEV. Alternatively, one can introduce a Higgs scalar £ belonging to the 15-plet of

SU(5) with the Yukawa interactions
Le = [l C Wspit + hee. (1.72)

and a term p£H H in the scalar potential. After the scalar £ acquires a tiny VEV

(&) = u(H)? /mg, where 1 and myg are of the order of My, the neutrinos get masses

Fo(6)-
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Gauge coupling unification

In a grand unified theory the coupling constants g3, go and g; corresponding to the
groups SU(3)., SU(2)., and U(1)y should get unified at the unification scale, so for

the SU(5) unification we should have

g3(My) = g2(My) = g1(My) = gs(My). (1.73)

The evolution for running coupling constants with energy at one-loop level is governed

by the RGEs

891’ bi 3
o Bilg:) = 1629 (1.74)
which can also be written in the form
1 1 b;
- _ 2 (@) , (1.75)
;i(pi2) ai(p) 2w M1

where a; = g7 /4w and the one-loop beta-coefficients b; are given by
11
b= ——5C(G) ZT Rp) []di(Ry) + ZT ) [ d(R.)(1.76)
J# J#i
Here, C5(@) is the quadratic Casimir invariant corresponding to the adjoint represen-

tations,
N if SU(N),
Co(G) = (1.77)
0 ifU(1).
T(Ry) and T'(R;) are the Dynkin indices of the irreducible representation R s for a

given fermion and scalar, respectively,

1/2 if Ry is fundamental,
T(Rss) =14 N if Ry, is adjoint, (1.78)
0 if Ry, is singlet.
and d(Ry ) is the dimension of a given representation Ry ; under all the gauge groups
except the i-th gauge group under consideration. An additional factor of 1/2 is multi-
plied in the case of a real Higgs representation.
By fixing the normalization of 5 one can fix the U(1)y normalization, Yy = /3/5,
taking the normalization condition for the fundamental representation of any SU(N)
group as

TY[T;T;] = %5@-. (1.79)
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The precision measurements of the Z mass and Z width at LEP and also the jet cross
sections and energy-energy correlations give values of sin?#,, and o, at the elec-
troweak scale. Using the fine structure constant at the electroweak scale e, (My ) =
1/127.9, sin® 6,,(My) = 0.2334, and a,(My,) = 0.118 one can obtain the values of
the three coupling constants at the electroweak scale given by
o~ (M) = %ae_nll(MW) cos? 0, (Myy) = 58.83
ay (M) = ot (My) sin? 0, (My,) = 29.85

az ' (My) = o (My) = 8.47. (1.80)

Using these as the boundary conditions we can evolve the three gauge couplings using

RGE:s to check whether they meet at a point giving the unified gauge coupling constant.

70
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Figure 1.3: The one-loop evolution of the gauge coupling constants in the minimal SU (5)

grand unified theory.

The evolution of the three gauge couplings a; !, a; ! and a3 ! with energy in SU(5)
unification is shown in Fig. 1.3. Clearly, they do not meet at a point and this result
remains valid even when the two loop corrections and errors in the measurement of
the coupling constants are included. This rules out the minimal SU(5) grand unified
theory. However, by introducing some intermediate symmetry breaking scale or new
particles with masses above the electroweak scale it is possible to make the gauge

coupling constants meet at a point.
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Proton decay

In SU(5) grand unified theory the gauge bosons X, and X, . can mediate proton decay

and baryon number violation. The relevant interactions are given by
L = gsdi vulin X% 4 955 7uQain X + 95U 11, QpinXbieasy + huc. . (1.81)

where g5 is the SU(5) gauge coupling constant, £, is a totally antisymmetric SU(3).
tensor with €153 = 1. Fig. 1.4 shows a typical diagram for the gauge bosons mediating
proton decay p — e 7”. The amplitude corresponding to this process is given by
Alp — et7%) ~ as/M%, where Mx ~ M. The proton lifetime is then given
by 7, = My/ agmg. For the minimal SU(5) theory one obtains [58] 10** years <
7, < 10°! years, which is ruled out by the present experimental limit 7, > 1 x
103*years [11]. Note that some extensions such as inclusion of gravity effects or the
supersymmetric version may provide a way around this problem. The simplest form of
the baryon number violating effective operators is given by QQQ L or QQ() L°, where
(@ corresponds to a quark and L represents a lepton. Note that these operators conserve
B — L. An example of a B — L violating as well as baryon number violating operator is
QQQL¢, where ¢ is the usual SM Higgs doulet. In a grand unified theory with larger

gauge group such as SO(10) it is possible to have B — L violating neutron-antineutron

oscillations [46] or three lepton decay mode of a proton [59].

Figure 1.4: An example of gauge boson mediated proton decay p — e 7.
Some Remarks on SO(10) and E Grand Unified Theories

The SO(10) grand unified theory has many advantages over the SU(5) grand unified

theory. Being a rank-5 group, SO(10) has one extra diagonal generator, which can
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be identified with B — L. In fact, one of the most interesting symmetries as one of
the intermediate symmetries can be the left-right symmetric group. The spontaneous
breaking of B — L gauge symmetry can have very interesting consequences, for ex-
ample, new B — L violating processes inducing, e.g., neutron-antineutron oscillations,
B — L violating proton decay modes, or neutrinoless double beta decay. Only one
16-plet spinor representation of SO(10) can accommodate all fermions that belong to
5 + 10 of SU(5) and the CP conjugate of the right handed neutrino and the gauge
interactions of SO(10) also make parity part of a continuous symmetry. For an intro-
ductory level discussion on SO(10), see for example Refs. [60,61] and the references
therein.

Another group that we would like to mention before closing this subsection is
the exceptional group Fj, which has received considerable attention in the literature
thanks to its superstring motivation and a very rich phenomenology. FEg group is a
rank-6 group with 78 generators and is the only exceptional group which can real-
ize a flavor-chiral theory. Moreover it contains SO(10) as one of its subgroups. The
only maximal subgroup of Fj that can contain the SU(3). as an explicit factor is
SU(3). x SU(3) x SU(3), under which the 27-dimensional fundamental representa-
tion of Ef has the decomposition 27 = (3%,3,1) + (3%,1,3) + (1%,3,3). There are
several other possibilities of breaking E to the SM gauge group, involving other max-
imal subgroups of Ejs such as SO(10) x U(1) or SU(2) x SU(6). For a detailed

discussion regarding the Fs group, see for example Ref. [62].

1.2.4 Supersymmetry

Supersymmetry is a symmetry that interrelates fermions and bosons, so that an irre-
ducible representation of the supersymmetry algebra called a supermultiplet must con-
tain an equal number of fermionic and bosonic degrees of freedom. Thus a fermion
will have a scalar superpartner and a scalar or vector will have a fermionic superpartner.
Since the generators of gauge symmetry commute with supersymmetry generators, the
superpartners must also have the same quantum numbers e.g., electric charge, isospin,

color etc.

Supersymmetry is considered to be one of the most attractive extensions of the SM
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because of its many virtues. It can naturally address the hierarchy problem discussed
in section 1.1.3. To see how this works, consider the one-loop diagram shown in Fig.
1.5. Here, s is a superpartner of any of the SM fermions. The one-loop correction is
given by

A

A,u2 = _8_7:2 [A%v - 2m§ In(Ayy/msg) + - - } ) (1.82)

where my is the mass of the scalar particle. We note that quadratic and logarithmic
divergences have appeared again in Eq. (1.82), however, this time with an opposite
sign with respect to Eq. (1.30). Thus if A, = |Af |2, then indeed the divergences cancel
neatly. More restrictions on the theory are required to ensure that this cancellation per-
sists to higher orders. Turning to the other motivations, supersymmetry with a discrete
symmetry called R-parity can give a natural dark matter candidate in the form of the
lightest supersymmetric particle (LSP), usually the lightest neutralino, which is a mass
eigenstate formed by a linear combination of the superpartners of the neutral gauge
and Higgs fields. In various supersymmetry breaking scenarios soft masses are gen-
erated by breaking supersymmetry at some higher energy scale above the electroweak
symmetry breaking scale which gives various soft parameters at that scale. Then it
is possible to use the RGEs to evolve these parameters to explain the shape of the
Higgs potential required for electroweak symmetry breaking in the SM. A supersym-
metric version of grand unified theories can often help in unifying the gauge coupling
constants at a single point, while naturally solving the gauge hierarchy problem in
grand unified theories, protecting the Higgs scalar against the quadratic divergences
by cancelling the divergent diagrams with equivalent diagrams with supersymmetric
partners. Supersymmetric models can also provide additional sources of C' P-violation
compared to the SM which may assist in electroweak baryogenesis or alternatively
new matter fields in supersymmetry with B — L violating interactions can lead to new

leptogenesis mechanisms.

Supersymmetric Lagrangian and superpotential

A free chiral supersymmetric Lagrangian can be written as

Liree = —0"¢*0,; + b6 000 + F*'Fy, (1.83)
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Figure 1.5: One-loop correction to the Higgs squared mass parameter due to a scalar s.

where ¢; is a complex scalar field and v); is a left handed two component Weyl fermion.
F; is anonpropagating auxiliary field (it does not have a kinetic term), which allows the
supersymmetry algebra to close off-shell > and has equations of motion (F; = F = 0).
In this subsection we closely follow the notations and conventions of Ref. [63]. This

Lagrangian is invariant under the infinitesimal supersymmetry transformations

6¢l - 61/)1'7 5¢*Z - eTwTia
0(i)a = —i(0"€")a0uti + €aFsy (15 = i(€0™)40putui + €L F™, (1.84)
6F; = —ie'a"0,1;, SF* = i0, Gt e

where €” is an infinitesimal anticommuting two component Weyl fermion, parametriz-
ing the supersymmetry transformation.

Now, the most general set of renormalizable interactions involving the chiral su-
permultiplets must be invariant under the supersymmetry transformations. Wess and
Zumino [64] first constructed the interacting supersymmetry preserving Lagrangian
given by

Lz = —0"¢*0,¢; + ip1ia" 0,0, — WW;F — %(W%iwj + Wiinihy;),  (1.85)

J

with
ow O*wW
Wi=——, Wij=7—F—, (1.86)
dP; 0000,
where
W =L'¢; + §M”¢z¢j + gywkﬁbiﬁﬁj%, (1.87)

5A Weyl spinor has two complex components and so total four degrees of freedom when it is off-
shell. However, when it is On-shell the equation of motion imposes two constraints, reducing the number
of degrees of freedom to two. On the other hand, a complex scalar field has two degrees of freedom.
So on-shell, the number of bosonic and fermionic degrees of freedom match. However, off-shell, the

number of bosonic and fermionic degrees of freedom do not match.
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is a holomorphic function of the scalar fields ¢; treated as complex variables, called the
superpotential. L’ are parameters with dimension [mass]?, M" is a symmetric matrix
with dimension of [mass] and y“* is a Yukawa coupling matrix, totally symmetric
under interchange of 4, j, k. The term L’¢; is often dropped because it is only allowed
when ¢; is a gauge singlet. Note that the auxiliary fields are eliminated using their

equations of motion in the presence of interactions
Fy=-Wr, F'=-W" (1.88)

The Lagrangian corresponding to gauge supermultiplets can be written as

1 y a— a 1 a a
Loauge = —ZF;VF“”G +iAeG DA 4 5D D", (1.89)
where
o = 0,AL — 0,A% 4+ gf* A A (1.90)
DA = G\ 4 gf AN (1.91)

A, are the massless gauge fields and the two component Weyl fermions \* are their
superpartners, called gauginos. £ are totally antisymmetric structure constants cor-
responding to the relevant gauge groups. D® are auxiliary fields required to match the
bosonic and fermionic degrees of freedom off-shell, similar to the F" fields in the Wess-
Zumino Lagrangian. They can be removed on-shell using their equations of motion.
The infinitesimal supersymmetry transformations under which the gauge Lagrangian

is invariant are given by

1
SAY = E(J@Auw@e),
i 1
0Ne = ——=(0%6"€)aFl, + —=€a D",
e 2\/5(0 7"€)a k), \/56
§D° = %(e*&“DHA“—DHAT“&“e). (1.92)

To construct a general supersymmetric Lagrangian with both chiral and gauge su-
permultiplets, one must take into account the transformation of chiral supermultiplets
and auxiliary fields under the gauge groups, and include any other interactions allowed
by gauge invariance or interactions involving gauginos and D fields such that super-

symmetry is preserved. The full Lagrangian containing interacting chiral and gauge
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supermultiplets is given by

L = —DA6" Dy + it'o Dy — S (M + Mg
1 .. oL 1
—5(9”%1'%% + y%k¢*Z¢TJ¢Tk> - ZFﬁyF“V“ +iAfg D, A
—V2g(¢" T )A" — V29N (W1 T0) — V(. ¢") (1.93)
where
) 1 )
V(6.6") = F'Fi + 5 Z DD = W W' + Z 929" T¢)? (1.94)

is the complete scalar potential after eliminating the auxiliary fields using their equa-
tions of motion. The two types of terms in the scalar potential are referred to as ['-terms
and D-terms, respectively.

From the above discussion, it is clear that in a renormalizable supersymmetric the-
ory once the gauge group, field content, and their transformations are defined, they
together with the superpotential readily determine all the interactions. Supersymme-
try can be given an elegant geometric interpretation using what is called superspace, a
manifold, which in addition to the usual bosonic spacetime coordinates ¢, x, vy, z in-
cludes four fermionic coordinates. In this approach, the Lagrangian is defined in
terms of integrals over the superspace with fermionic and ordinary bosonic coordi-
nates, which makes the invariance under supersymmetry transformations manifest.
However, here we will not develop the superspace formalism, which is a very inter-
esting topic by itself. An interested reader may refer to Refs. [63,65] for details of this
formalism. The following working knowledge will suffice to understand most parts of

this thesis. Usually, the superpotential is written in terms of superfields as
A 1. ..~ A 1 ...~ ~ &
W=1L¢ + §M”¢i¢j + gy”kd)id)jd)k, (1.95)

where qu is a superfield which contains the scalar field ¢;, fermionic field ; and the

auxiliary field F;.

Breaking supersymmetry softly

Since the supersymmetric partners of the SM fields have not been observed at LEP,
Tevatron or LHC, in a realistic phenomenological model supersymmetry must be bro-

ken at some higher scale. In order to naturally maintain the hierarchy between the
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electroweak and the Planck scale by maintaining the cancellations of the quadratic di-
vergences, one must ensure that dimensionless supersymmetry breaking couplings are
absent. In practice, one can introduce extra terms to the Lagrangian, which break su-
persymmetry softly such that the theory remains free of quadratic divergences in scalar

masses [60]
L _ 1M A2 )\® 1 ijk 161] tz 2\1 ;%] 1.96
soft — — 5 a + éa ¢Z¢J¢k + 5 ¢z¢] + sz +C.C.—(II1 )Jﬁb ¢i- ( . )

The terms (from left to right) corresponds to a gaugino mass term, a massive trilinear
scalar coupling term, a massive bilinear scalar coupling term, a tadpole coupling term,
and a scalar squared mass term. In particular, the tadpole term requires ¢; to be a gauge
singlet.

In phenomenology, it is often convenient to consider a particular soft supersym-
metry breaking mechanism motivated by a model so that the corresponding param-
eter space can be constrained. For example, in a spontaneous breaking, one can
assume the vacuum to be not invariant under the action of the supersymmetry gen-
erators (Q|0) # 0. This can be realized when a VEV is acquired by either a D-
term, called Fayet-Iliopoulos supersymmetry breaking [67, 68] or a F'-term, called
O’Raifeartaigh supersymmetry breaking [69]. In typical phenomenological models
such as the Minimal Supersymmetric Standard Model (MSSM), the Next-to-Minimal
Supersymmetric Standard Model (NMSSM), the Exceptional Supersymmetric Stan-
dard Model (£SSM) one does not readily have the right ingredients for implementing
a viable supersymmetry breaking and some new scheme needs to be included. An
example of such a scheme is hidden sector supersymmetry breaking, where a hidden
sector is postulated to have a very small coupling with the visible sector. The typ-
ical models of such types include gravity mediation, gauge mediation, and anomaly

mediation.

R-parity

In the superpotential it is often possible to write terms that are gauge invariant and holo-
morphic in chiral superfields, but they violate either baryon number or lepton number.
This is rather disturbing, because no such baryon or lepton number violating processes

have been observed experimentally. The non-observation of proton decay puts one of
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the most stringent constraints. While it is possible to impose baryon or lepton number
conservation to avoid this, that will kill all possibilities of non-perturbative baryon and
lepton number violating processes at high energies, which may be rather important in
the early universe, for example, in high scale baryogenesis or Majorana mass gener-
ation. Thus, one adds a new symmetry, which eliminates the possibility of B and L
violating terms in the renormalizable superpotential. This new symmetry is referred to
as R-parity or equivalently the matter parity, with a multiplicatively conserved quan-

tum number defined as
Pr = (—1)*B-DH2 apnd Py = (—1)3ED (1.97)

where s is the spin of the particle. All the SM particles and the Higgs bosons have
Pr = +1, while their supersymmetric partners (squarks, sleptons, gauginos and hig-
gsinos) have P = —1. In the case of matter parity: all the quark and lepton supermul-
tiplets have P); = —1, and the Higgs supermultiplets, the gauge bosons and gauginos
have Py; = +1. Since the product of (—1)** for fields involved in any interaction
vertex conserving angular momentum is always (+41), the matter parity conservation
and R-parity conservation are exactly equivalent. R-parity has some important conse-
quences. The lightest sparticle with P, = —1, often called the lightest supersymmetric
particle (LSP), is absolutely stable because its decay into lighter particles will violate
R-parity conservation. If it is electrically neutral then it can only have weak inter-
actions and consequently can be an excellent candidate for dark matter. At colliders
the sparticles can only be produced in pairs (or in even numbers), which can have im-
portant implications for sparticles searches. Current search limits for supersymmetric

particles can be found in Ref. [11].

1.3 Cosmological implications of physics beyond the Stan-

dard Model

The cosmic frontier of particle physics is driven by the interplay between particle
physics and cosmology. In the standard model of cosmology, the universe started

from a big-bang and then it continued to expand and cool down to the universe that we
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observe today. To understand the evolution of the universe at an earlier epoch when
the universe was very dense and the average energy per particle was much higher com-
pared to today, an understanding of the particle interactions at that energy scale is
required. Extrapolating this logic backwards, the present day astrophysical (cosmo-
logical) observations can provide an imprint of information about particle interactions
when the universe was much denser and the average energy of the particles were much
higher compared to the energy scale reachable at present time colliders such as LHC.
Thus the astrophysical observations can provide a unique window to the fundamental
interactions of particle physics, far beyond the reach of colliders. One would expect
that if the SM is not a complete theory then such observations must have some hints
about the physics beyond the SM. In this section we will discuss a few of these issues in
cosmology such as the baryon asymmetry of the universe, dark matter and dark energy

which points to the existence of new physics beyond the SM of particle physics.

1.3.1 Baryon Asymmetry of the universe and baryogenesis

Cosmological observations (studies of the cosmic microwave background radiation,
large scale structure data, the primordial abundances of light elements) indicate that
our visible universe is dominated by matter and there is very little antimatter. The
baryon asymmetry normalized to number density of photons (n.,) can be extracted out
of these observations, which gives

n(t = present) = N5 — 1B 1910, (1.98)

Ny

The astrophysical observations suggest that at an early epoch before the big-bang nu-
cleosynthesis this asymmetry was generated. Thus it is natural to seek an explanation
for this asymmetry from the fundamental particle interactions within or beyond the SM
of particle physics. There are three conditions, often called Sakharov’s conditions [70],

that must be met in order to generate a baryon asymmetry dynamically:
1. baryon number violation,
2. C'and CP violation, and

3. departure from thermal equilibrium.
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In principle, the SM has all the ingredients to satisfy all three conditions.

1. In the SM baryon number B and lepton number L are violated due to the tri-
angle anomaly, leading to 12-fermion processes (discussed later)involving nine
left handed quarks (three of each generation) and three left handed leptons (one
from each generation) obeying the selection rule A(B — L) = 0. These pro-
cesses have a highly suppressed amplitude proportional to e~2™/ (where o is
the fine structure constant) at zero temperature. However, at high temperature

this suppression is lifted and these processes can be very fast.

2. The weak interactions in the SM violate C'in a maximal way. C'P is also violated

via the CKM phase dc gy

3. The electroweak phase transition can result in the departure from thermal equi-

librium if it is sufficiently strongly first order.

However, in practice it turns out that only the first Sakharov condition is fulfilled in a
satisfactory manner in the SM. The C'P violation coming from the CKM phase is sup-
pressed by a factor Ty, in the denominator, where Tiw ~ 100 GeV is the temperature
during the electroweak phase transition. Consequently, the C'P violation in the SM
is too small to explain the observed baryon asymmetry of the universe. Furthermore,
the electroweak phase transition is not sufficiently strongly first order for a Higgs mass
mg ~ 125 GeV.

Thus, to explain the baryon asymmetry of the universe one must go beyond the
SM, either by introducing new sources of C'P violation and a new kind of out-of-
equilibrium situations (such as the out-of-equilibrium decay of some new heavy parti-
cles) or modifying the electroweak phase transition itself. Some possible alternatives
are GUT baryogenesis, electroweak baryogenesis, Affleck-Dine mechanism, and lep-

togenesis.

GUT baryogenesis

In the grand unified theories, a natural realization of baryogenesis becomes possible
through the out-of-equilibrium decay of the heavy gauge and Higgs bosons [71-78].

As discussed in the section 1.2.3, the heavy bosons in grand unified theories can have
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baryon number violating decays. Since fermions belong to the chiral representations,
C' is violated maximally and a C'P asymmetry can be generated through complex cou-
plings in the Lagrangian. However, in the simplest GUT models such as SU(5) and
SO(10), B and L are violated but B — L is conserved. Consequently, the B — L
conserving and B + L violating sphaleron processes, which are in equilibrium untill
a temperature 7' < 10'? GeV will washout any B + L asymmetry created above this
scale. Furthermore, the non-observation of proton decay gives stringent limits on the
reheat temperature after inflation, which is quite high for the simple inflation models

to work.

Electroweak baryogenesis

As the name suggests, in this class of models the departure from thermal equilibrium is
provided by the electroweak phase transition [79-85]. If the electroweak phase transi-
tion is first order then once the temperature reaches the critical point, the free energies
corresponding to true vacuum and false vacuum becomes equal. Both vacua coexist
as the bubbles start forming, where inside the bubbles the electroweak symmetry is
broken and B + L violating processes, sphaleron transitions are not allowed °. Con-
sequently, any baryon number violation along the bubble wall can generate a B + L
asymmetry inside the bubbles, which remain unaffected by the sphaleron transitions.
Thus, the out-of-equilibrium condition is satisfied. However, as we discussed above
the C'P violation coming from the CKM phase is too small and the electroweak phase
transition is not sufficiently strongly first order for a Higgs scalar with a mass ~ 125
GeV. In fact, in viable models of electroweak baryogenesis the scalar potential is mod-
ified such that the nature of electroweak phase transition can be made more strongly

first order compared to the SM, and one includes new sources of C'P violation.

%In Ref. [86] it was pointed out that in the thermal bath of the expanding Universe one can make
transitions between the gauge vacua through thermal fluctuations over the barrier (not by tunneling).
In fact, At temperatures larger than the height of the barrier, the exponential suppression in the rate
provided by the Boltzmann factor disappears. Consequently, (B + L) violating processes can occur at
a significant rate and can be in equilibrium in the expanding Universe. The finite temperature transition
rate in the electroweak theory is determined by the so called sphaleron configuration [87], which is a

saddle point of the field energy of the gauge-Higgs system.
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The Affleck-Dine mechanism

In this mechanism the baryon asymmetry is generated via the cosmological evolu-
tion of scalar fields carrying baryonic charge [88, 89]. This scenario can be naturally
realized in the context of supersymmetric models utilizing supersymmetric flat direc-
tions, along which the scalar potential vanishes. The scalar field can be some linear
combination of squarks, sleptons and Higgs scalars. Supersymmetry breaking and
non-renormalizable operators lift the flat direction, setting the scale for the potential.
During inflation, the scalar field gets displaced to a large expectation value, setting
the initial conditions for subsequent evolution. After inflation, when the Hubble rate
becomes of the order of the curvature of the potential, the field starts oscillating and
the non-renormalizable B violating terms in the potential impart baryon number to the
scalar field, which subsequently gets transferred to the fermions via decay of the scalar

field.

Leptogenesis

Leptogenesis is a mechanism where a lepton asymmetry is generated before the elec-
troweak phase transition, which then gets converted to baryon asymmetry of the uni-
verse in the presence of sphaleron induced anomalous B + L violating processes,
which converts any primordial L asymmetry, and hence B — L asymmetry, into a
baryon asymmetry. A realization of leptogenesis via the decay of out-of-equilibrium
heavy neutrinos transforming as singlets under the SM gauge group was proposed in
Ref. [90]. The Yukawa couplings provide the C'P through interference between tree
level and one-loop decay diagrams. The departure from thermal equilibrium occurs

when the Yukawa interactions are sufficiently slow ’. The lepton number violation in

"The out of equilibrium condition can be understood as follows. In thermal equilibrium the expecta-
tion value of the baryon number can be written as (B) = Tr[Be 1] /Tr[e™#H], where 3 is the inverse
temperature. Since particles and anti particles have opposite baryon number, B is odd under C' oper-
ation, while it is even under P and 7" operations. Thus C'PT" conservation implies a vanishing total
baryon number since B is odd and H is even under C'PT’, unless there is a nonvanishing chemical po-
tential. Assuming a nonvanishing chemical potential implies that the above equation for the expectation
value of the baryon number is no longer valid and the baryon number density departs from the equilib-

rium distribution. This is achieved when the interaction rate is very slow compared to the expansion rate
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this scenario comes from the Majorana masses of the heavy neutrinos. The generated
lepton asymmetry then gets partially converted to baryon asymmetry in the presence
of sphaleron induced anomalous B + L violating interactions before the electroweak
phase transition. In what follows, we will discuss the sphaleron processes and few of

the most popular scenarios of leptogenesis in some detail.

Anomalous B+ L violating processes and relating baryon and lepton asymmetries

In the SM both B and L are accidental symmetries and at the tree level these sym-
metries are not violated. However, the chiral nature of weak interactions gives rise to
equal global anomalies for B and L, giving a vanishing B — L anomaly, but a non-
vanishing axial current corresponding to B + L, given by [91,92]

. 2N a Ty7apv DuY
Oullsrny) = =2 (axW, W — a1 B, B (1.99)

where W, and B, are the SU(2),, and U(1)y field strength tensors and Ny is the
number of fermion generations. The corresponding B + L violation can obtained by
integrating the divergence of the B + L current, which is related to the change in the

topological charges of the gauge field
AB+L) = / d'z"j P = 2N AN, (1.100)

where N, = +1,+£2,--- corresponds to the topological charge of gauge fields, called
the Chern-Simons number. Physically speaking, the Chern-Simons number corre-
sponds to infinitely many degenerate ground states separated by potential barrier in
the space of the gauge and Higgs field configurations. The probability of tunneling be-
tween different neighboring vacua is determined by the instanton configurations. In the
SM there are three generations of fermions (N; = 3), leading to AB = AL = 3N,
thus the vacuum to vacuum transition changes B and L by multiples of 3 units. At the
lowest order, one has the B + L violating effective operator

OB+ L) = H (qriqriqrilLi), (1.101)

=123

which gives rise to 12-fermion sphaleron induced transitions, such as

|vac) — [upurdre; + crepsppy + trtrbrmr . (1.102)

of the universe.
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Interactions 4 relations eliminated p
D*¢'D,¢ fw = p— + o i
RmiAlds My, = fluy + Pw My,

Lyl W i, = fu,y, + pw L,

qrupd’ Mg = o + fuy [T

qrLdr9 Hdp = —Ho + [, d

liLeir®d Mir = —Ho + L iR

Table 1.2: Relations among chemical potential arising from interactions in chemical equi-

librium.

At zero temperature the transition rate is suppressed by e ~*™/* = ©O(1071%%) [91,92].
However, when the temperature is larger than the barrier height, this Boltzmann sup-
pression disappears and B + L violating transitions can occur at a significant rate [86].
In the symmetric phase, when the temperature is grater than the electroweak phase

transition temperature, T > Tgw, the transition rate per unit volume is [93-96]

I
Bl L oPlna T, (1.103)

where « is the fine-structure constant.

Now to see how the B — L symmetry gets converted to a baryon asymmetry let us
follow an analysis of the chemical potential [61,97,98]. In the ultrarelativistic limit, the
difference between the number of particles () and antiparticles (n_) can be written

in terms of the chemical potential () as

T3
ny —n_ = nd%% (1.104)

where n,; = 2 for bosons and n; = 1 for fermions. In Table. 1.2 we summarize the
relations among the chemical potential using the relevant interactions of the SM fields.
ft¢ corresponds to the chemical potential of the SM fermion f, py corresponds to the
chemical potential of the gauge boson W and (u_, y9) corresponds to the chemical
potential of the Higgs doublet. The chemical potential of neutrinos always appear as

a sum and will be denoted as p, = Z w;1,- From Table. 1.2 we note that all chemi-

(2
cal potentials can be expressed as a linear combination of four independent chemical
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potentials p, fiw, fty, = Mur, and p,,. The baryon number, lepton number, the electric

charge and hypercharge can be written in terms of these four chemical potential as

= 124, + 6pw,
= 3+ 2pw — po,

241, + (12 4 2m) g — (4 + 2m) pw,

<~ O =~ W
I

= —(10 + m)uw, (1.105)

where m is the number of Higgs doublets. Out of the four chemical potentials, one
can further be eliminated using the relation given by the sphaleron processes, 3¢, +
2uw + 1 = 0. At a temperature above the electroweak phase transition, 7' > Tgw,
both (@) and (Y) should vanish; while for 7" < Tgw, (@) should vanish, but (Y') need
not vanish and yip = 0. These conditions together with the relations discussed above

allows us to write down the baryon asymmetry in terms of the B — L number density

as
24 + 4m
B(T > T T B-1L
( Ew) 66+13m( )
32 4 dm
B(T < T 22T (B 1. 1.106
( Ew) 98+13m( ) ( )

Thus, the primordial B — L asymmetry gets partially converted into a baron asymmetry

of the universe after the electroweak phase transition.

Leptogenesis with right handed neutrinos

In section 1.2.1, we have discussed how adding singlet right handed neutrinos Ng;
to the SM can generate tiny seesaw masses [16—22] for light neutrinos. Beyond the

generation of light neutrino masses, the interaction terms
Lint = hailLa®Ngi + M;(Ngi)*Npi, (1.107)

can also provide all the ingredients necessary for realizing leptogenesis. We will
work on a basis where the right handed neutrino mass matrix is real and diagonal.
Furthermore we assume a hierarchical mass spectrum for the right handed neutrinos

Ms > M, > M;. The Majorana mass term gives rise to lepton number violating
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Figure 1.6: Tree level and one-loop vertex diagrams contributing to the vertex type C'P

violation in models with right handed neutrinos.

decays of the right handed neutrinos

Npi — Lp+ o,
I (1.108)

which can generate a lepton asymmetry if there is C'P violation and the decay is out
of equilibrium [90]. This lepton asymmetry (equivalently B — L asymmetry) then gets
converted to baryon asymmetry in presence of anomalous B + L violating processes
before the electroweak phase transition.

In the original proposal [90] and few subsequent works [99—103], only the C'P
violation coming from interference of tree level and one-loop vertex diagrams, shown
in Fig. 1.6. was considered. This is somewhat analogous to the C'P violation in
K -physics coming from the penguin diagram. The C'P asymmetry parameter corre-

sponding to the vertex type C'P violation is given by

DWW I6) ST 19) 1 g [Za(hgahai)Ss (R ha)] (Mf)

UETIN SO LN = 56) 8 SAIME M2
(1.109)

i=2,3

where the loop function f,, is defined by

fv(w)zx/i{l—(Hx)ln(Hx)]. (1.110)

T

In the limit M, < M,, M3 the asymmetry simplifies to

3 My I [Sa (b ha) S ()]
1671', 23 Mz Ea’ha1|2 .

1=4,

€y — (1.111)

It was later pointed out in Refs. [104, 105] and confirmed rigorously in Refs.

[106—111], that there is another source of C'P violation coming from interference of
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Figure 1.7: Tree level and one-loop self-energy diagrams contributing to the C'P violation

in models with right handed neutrinos.

tree level diagram with one-loop self-energy diagram shown in Fig. 1.7. This CP
violation is similar to the C'P violation due to the box diagram, entering the mass ma-
trix in K — K mixing in K-physics. If the heavy neutrinos decay in equilibrium, the
CP asymmetry coming from the self-energy diagram due to one of the heavy neu-
trinos may cancel with the asymmetry from the decay of another heavy neutrino to
preserve unitarity. However, in out-of-equilibrium decay of heavy neutrinos the num-
ber densities of the two heavy neutrinos differ during their decay and consequently,
this cancellation is no longer present. This can be understood as the right handed neu-
trinos oscillating into antineutrinos of different generations, which under the condition
[[particle — antiparticle] # I'[antiparticle — particle], can create an asymmetry
in right handed neutrinos before they decay. An elementary discussion regarding how
the C' P violation enters in Majorana mass matrix, which then generates a lepton asym-
metry can be found in Ref. [61, 112]. The basic idea is to treat the particles and the
antiparticles independently. The C'P eigenstates |N;) and |N{) are no longer physical
eigenstates, which evolves with time. Consequently, the physical states, which are ad-
mixtures of |V;) and |N), can decay into both leptons and antileptons, giving rise to
a C'P violation. The C'P asymmetry parameter coming from the interference of tree
level and one-loop self-energy diagram is given by

CT(N= 1t =N =) 1 5 m (S0, (h%hai)Zs(hg hai)] (ME>

TN St + N = 5g) 8 Salla1? M¢
(1.112)

i=2,3

where the loop function f is defined by

fs(x) = : (1.113)
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When the mass difference between the right handed neutrinos is very large compared
to the width, M; — My, > %F N1.» the C'P asymmetries coming from vertex and
self-energy diagrams are comparable. However, when two right handed neutrinos are
nearly degenerate, such that their mass difference is comparable to their width, then
C'P violation contribution coming from the self-energy diagram becomes very large
(orders of magnitude larger than the C'P asymmetry generated by the vertex type dia-
gram). This is often referred to as the resonance effect.

To ensure that the lightest right handed neutrino decays out-of-equilibrium so that

an asymmetry is generated, the out-of-equilibrium condition given by

Rat T2
—M; < 1.66,/g,— at T'= M;. (1.114)
167 mp

must be satisfied, where g, correspond to the effective number of relativistic degrees
of freedom. This gives a lower bound my, > 10% GeV [113]. Though this gives us
a rough estimate, in an actual calculation of the asymmetry one solves the Boltzmann
equation, which takes into account both lepton number violating as well as lepton
number conserving processes mediated by heavy neutrinos.The Boltzmann equation
governing lepton number asymmetry n; = n; — nye, is given by

d
% +3Hny, = (2 + £0)Ty, (ng, — n) — Z_jnf;lr% —2n,n(ofv]), (1.115)

where I, is the decay rate of the physical state |¢/1), nffl is the equilibrium number
density of v); given by

sg*_1 T > my,

not = 3/2
P S My, My
() e () T

where s is the entropy density. The first term on the right hand side of Eq. (1.115)

(1.116)

corresponds to the C'P violating contribution to the asymmetry and is the only term
that generates asymmetry when v); decays out-of-equilibrium, while the second term
corresponds to inverse decay of v;, and the last term corresponds to 2 <> 2 lepton
number violating scattering process such as [ +¢' <+ I°+ ¢, with (o|v|) being the ther-
mally averaged cross section. The number density of v, is governed by the Boltzmann
equation

dn"/’l
dt

+ 3Hn¢1 = —le(n% — nffl) (1117)
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One often defines a parameter K = I'y, (7' = my, )/H(T = my, ), where the Hubble
rate H = 1.66¢,"/?(T?/Mp,), which gives a measure of the deviation from thermal
equilibrium. For KX < 1 one can find an approximate solution for Eq. (1.115) given

by

np = (e, + 2,). (1.118)

*

The Yukawa couplings are constrained by the required amount of primordial lepton
asymmetry required to generate the correct baryon asymmetry of the universe, while
the lightest right handed neutrino mass is constrained from the out-of-equilibrium con-
dition. In the resonant leptogenesis scenario, the C'P violation is largely enhanced,
making the constrains on Yukawa couplings relaxed. Consequently the scale of lepto-
genesis can be considerably lower, making it possible to realize a TeV scale leptogen-

esis, which can be put to test at the LHC.

Leptogenesis with triplet Higgs

In section 1.2.1, we have discussed how small neutrino masses can be generated by
adding triplet Higgs scalars &, to the SM [23-26]. The interactions of these triplet

Higgs scalar that are relevant for leptogenesis are given by

Lin = fiy€0ri = [5E 1l + natloo. (1.119)
From these interactions we have the decay modes of the triplet Higgs
+7+
Il
¢roT

The C' P violation is obtained through the interference between the tree level and one-

& o (1.120)

loop self-energy diagrams shown in Fig. 1.8. There are no one-loop vertex diagrams in
this case. One needs at least two £’s. To see how this works, we will follow the mass-
matrix formalism [23], in which the diagonal tree-level mass matrix of £, is modified

in the presence of interactions to

1 1. .
56 (M2),, 6+ 5 (€)' (M2),, 6. (1.121)
where
M? — il M, —iT%,
M = : (1.122)

—iTH5 My MZ — Ty M,
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Figure 1.8: Tree level and one-loop self-energy diagrams contributing to the C' P violation

in a model with triplet Higgs.

with T'f, = 'y and T',, = I';,. From the absorptive part of the one-loop diagram for

&, — &, we obtain

1 * a *
Loy My = — (uaub + MMy Y fy f};l> . (1.123)

8T
k,l
Assuming I', = T',, < M,, the eigenvalues of M? are given by
1
Ao = §(M12+M22i\/§), (1.124)

where S = (M7 — M3)? — 4|T'15Ms|* and M; > M,. The physical states, which

evolves with time, can be written as linear combinations of the C' P eigenstates as

iy = afobi F 0056, Uiy = asél F 018 (1.125)
where af = by = 1/4/1+|CE12, b = CF/A/1+|CE2, af = CF/\/1+ |CF|?
with

Cr— _o - 200 Me
M} — M3 ++/S
—2iT 1o M.
Cr=-Cf = et S (1.126)
M2 — M2 ++/S

The physical states wfo evolve with time and decay into lepton and antilepton pairs.
Assuming (M7 — M3)? > 4|T'15Ms|?, the C' P asymmetry is given by [23]

1 x pl p2* Ml
= 8m2(M2 — M2)? ;Im (M1M2szfkl ) (F_z) : (1.127)

€;

For M, > M,, when the temperature drops below M, ¢, decays away to create a
lepton asymmetry. However, this asymmetry is washed out by lepton number violating

interactions of 1)5; and the subsequent decay of 1), at a temperature below ), sustains.
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The generated lepton asymmetry then gets converted to the baryon asymmetry in the
presence of the sphaleron induced anomalous B + L violating processes before the

electroweak phase transition. The approximate final baryon asymmetry is given by

npg E9
—_—~ 1.128
s 3g.K(In K)0-6’ ( )

where K = I'y)(T = M,)/H(T = M) is the parameter measuring the deviation
from thermal equilibrium when, H = 1.66¢,"/ *(T?/Mp,) is the Hubble rate, and g*
corresponds to the number of relativistic degrees of freedom.

In a more rigorous estimation of the baryon asymmetry, in addition to the decays
and the inverse decays of triplet scalars, one needs to incorporate the gauge scatterings
) < FF,¢p, GG (F corresponds to SM fermions and G corresponds to gauge
bosons) and AL = 2 scattering processes [l «+ ¢*¢* and l$ < [¢* into the Boltzmann
equation analysis of the asymmetry. Including these washout processes, one finds a
lower limit on M, M¢ 2 10" GeV [114]. For a quasi-degenerate spectrum of scalar
triplets the resonance effect can enhance the C'P asymmetry by a large amount and
a successful leptogenesis scenario can be attained for a much smaller value of triplet
scalar mass. In Refs. [115, 116], an absolute bound of M, 2 1.6 TeV is obtained for a

successful resonant leptogenesis scenario with triplet Higgs.

1.3.2 Dark matter and dark energy

Out of the total mass-energy budget of the universe, the ordinary baryonic matter ac-
counts for only about 4.6% while the rest is accounted for by 24% dark matter and
71.4% dark energy. However, we have yet to find a satisfactory solution about their
nature and interactions. Thus, several models beyond the SM of particle physics try to
address the issues of dark matter and dark energy.

Evidences from the observations of the Cosmic Microwave Background Radiation
(CMBR), the large scale structures and the abundance of light elements during pri-
mordial nucleosynthesis suggests that dark matter is primarily non-baryonic, possibly
in the form of particles, which can naturally be attributed to models beyond the SM.
One of the most popular candidates for dark matter is the weakly interacting massive

particles (WIMPs). They can have a mass in the range ~ 100 -1000 GeV and interact
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weakly. The thermal freeze out of WIMPs in the early universe gives a value of their
mass density today, consistent with the observed dark matter relic density. This is often
referred to as the WIMP miracle. A popular realization of WIMP comes from super-
symmetric models with conserved R-parity in the form of the lightest supersymmetric
particle (LSP) [117-122], usually the lightest neutralino, which is a mass eigenstate
formed by a linear combination of the superpartners of the neutral gauge and Higgs
fields. Axions, heavy sterile neutrinos and “hidden sector” dark matter are among the
other popular dark matter candidates. There have also been some interest in the recent
literature about some radiative models of neutrino masses, involving Higgs scalars
that do not acquire any VEV and can be potential dark matter candidates [33, 123].
Detection and identification of dark matter candidates in direct and indirect detection
experiments, and at collider searches will definitely provide a key direction in the study
of physics beyond the SM.

One of the interesting approaches, called co-genesis, tries to correlate two of the
most important puzzles in cosmology and particle physics: the matter-antimatter asym-
metry of the universe and the nature of non-baryonic dark matter. Observations of the
cosmic microwave background (CMB) by WMAP [124] and PLANCK [125] suggest

comparable values of the baryonic and cold dark matter densities
Oph% ~0.022, Qpah® ~0.12. (1.129)

This is often referred to as the cosmic coincidence problem. Though, the standard
paradigm, in general, adopts unrelated mechanisms to explain the observed baryon
asymmetry of the universe and the dark matter relic abundance, several co-genesis
mechanisms involving asymmetric dark matter have been proposed in the literature
addressing the cosmic coincidence problem [126—141]. In generic co-genesis mech-
anisms, a matter-antimatter asymmetry in the dark sector determines the dark matter
relic abundance and generates the correct baryon asymmetry in the visible sector.
Dark energy is attributed to the accelerated expansion of the universe and remains
a challenge to explain. The observed value of the cosmological constant ® corresponds

to a very small mass scale, about 13 orders of magnitude smaller than the electroweak

8The cosmological constant is a constant term (remains constant over the entire evolution of the

universe) in the Einstein equation.
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symmetry breaking scale
’ A‘ 1/4

)

Consequently, the cosmological constant induced by the electroweak phase transition

~ 1071, (1.130)

is 52 orders of magnitude larger than the observations. In fact, there is also a contri-
bution from the zero-point vacuum fluctuations, which gives a contribution 120 orders
of magnitude larger than the observations, if the cutoff is chosen as the reduced Planck
scale mp; ~ 10*® GeV. This is often called the cosmological constant problem.

Several models have been considered to solve this problem, which differ by their
predictions for the equation of state of the dark energy, w = p/p, where p and p are the
pressure and the density of dark energy, respectively. A good fit to the observation is
obtained for a w very close to -1, which can be either of dark energy or a cosmological
constant.

While the existence of a scalar field called quintessence provides an explanation
for the dark energy, a striking proximity of the effective scales of neutrino masses and
the dark energy points to a connection between them. This apparent connection is
realized in the neutrino dark energy (vDE) models. To this end, several approaches
have been proposed in the literature. In some of the scenarios, a direct connection
through the formation of neutrino condensate at a late epoch of the early universe
using the effective self-interaction has been studied [142—148], while another class
of models utilizes the variation of neutrino masses to dynamically obtain the dark

energy [149-165].

1.4 Potential hints of new physics from the LHC and
flavor physics

The second run of the LHC is already in effect and some preliminary but interesting
potential hints of new physics have been reported by the CMS and ATLAS Collabo-
rations at the LHC, as this section is being written. Several potential signals reported
at the end of first run are yet to be confirmed or ruled out. On the other hand, sev-
eral anomalies in the flavor sector, particularly the ones associated with B-decays are

growing strong with new measurements at the B-factories. Since one of the key goals
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of this thesis is to explore physics beyond the SM at a phenomenological level and to
study the associated implications, these signals often play a guiding role which moti-
vated several of the studies in this thesis. Thus, without an account of these signals, the
introduction of this thesis will remain incomplete. In what follows, we compile a sum-
mary of the signals relevant to the studies done in this thesis. An account of the same
will be repeated as necessary in the following chapters for an easy and independent

reference.

1.4.1 Potential signals of new physics at the LHC

In 2014 the CMS Collaboration at the LHC at CERN announced their results for the
right handed gauge boson W search at a center of mass energy of /s = 8 TeV
and 19.7 fb™! of integrated luminosity [166]. They have used the final state eejj
to probe pp — Wxr — eNr — eejj, with the cuts pr > 60GeV,|n| < 2.5
(pr > 40 GeV, |n| < 2.5) for leading (subleading) electron. The invariant mass m..;;
is calculated for all events satisfying m.. > 200 GeV. In the bin 1.8 TeV < m.j; <
2.2'TeV roughly 14 events have been observed with 4 expected background events,
amounting to a 2.80 local excess, which, however, cannot be explained by Wr decay
in Left-Right Symmetric Models (LRSM) with strict left-right symmetry (gauge cou-
plings g;, = ggr) [166]. The CMS search for di-leptoquark production, at a center of
mass energy of v/s = 8 TeV and 19.6 fb™' of integrated luminosity has reported a
2.40 and a 2.60 local excess in eejj and ep,.jj channels ? respectively, and has ex-
cluded the first generation scalar leptoquarks with masses less than 1005 (845) GeV
for § = 1(0.5), where 3 is the branching fraction of a leptoquark to a charged lepton
and a quark [167]. In the eejj channel for a 650 GeV leptoquark signal using the op-
timization cuts S > 850 GeV,m,. > 155 GeV and m?}i“ > 270 GeV (where St is
the scalar sum of the py of two leptons and two jets), 36 events have been observed
compared with 20.49 £ 2.4 £ 2.45 (syst.) expected events from the Standard Model
(SM) backgrounds implying a 2.40 local excess. While in the ep_jj channel using
the optimization cuts S > 1040 GeV, mp,_ > 145 GeV,m.; > 555 GeV and MTep

"The ep.jJj channel is often referred to as erjj channel in the literature. Also note that the “ee” in

eejj refers to two first generation charged leptons, not necessarily of the same sign.
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(where Sy is now the scalar sum of the missing energy £, and pr of the electron
and two jets), 18 events have been observed compared with 7.54 4+ 1.20 4= 1.07(syst.)

expected background events amounting for a 2.60 local excess.

Using the run one data, the ATLAS and CMS collaborations have also reported
a number of diboson and dijet excesses over the SM expectations near the invariant
mass region 1.8 —2.0TeV. The search for diboson production has been reported by the
ATLAS collaboration to show a 3.40 excess at ~ 2 TeV in boosted jets of W Z channel
amounting to a global 2.50 excess over the SM expectation [168]. The method of jet
substructure has been used to discriminate the hadronic decays of W and Z bosons
from QCD dijets and due to overlaps in the jet masses of the gauge bosons many events
can also be interpreted as ZZ or WW resonances, yielding 2.90 and 2.60 excesses in
two channels respectively. On the other hand, the CMS has reported a 1.40 excess at
~ 1.9 TeV in their search for diboson production without discriminating between the
W-and Z-tagged jets [169] and a 1.50 excess at ~ 1.8 TeV in the search for diboson
production with a leptonically tagged Z [170]. In the search for dijet resonances the
ATLAS and CMS have reported excesses at 1.8 TeV with 2.20 and 1o significance
levels respectively [171, 172]. The CMS has also reported a 2.10 excess in the energy
bin 1.8 to 1.9 TeV in the resonant H W production channel [173].

Very recently, the CMS and ATLAS collaborations have reported a roughly 3o
excess in the diphoton channel at an invariant mass of about 750 GeV in the first
3 fb! of collected data from Run 2 of the LHC at 13 TeV [174, 175]. The Landau-
Yang theorem forbids the possibility of a massive spin one resonance decaying to y-y.
The leading interpretations of the excess within the context of new physics scenarios
therefore consist of postulating a fundamental spin zero or spin two particle with mass
of about 750 GeV. However no enhancements have been seen in the dijet, ¢£, diboson or
dilepton channels posing a clear challenge to the possible interpretations of this excess.
The absence of a peaked v angular distribution in the observed events towards the
beam direction disfavours [176] the spin two hypothesis and the spin zero resonance

interpretation seems more favourable from a theoretical point of view.
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1.4.2 Flavor anomalies pointing to new physics beyond the SM

Precision measurements associated with rare decays provide powerful probes for new
physics (NP) beyond the Standard Model (SM) in the intensity frontier of modern par-
ticle physics. To this end, the study of rare B decays induced by flavor changing neutral
current (FCNC) have shown some interesting anomalies hinting towards lepton non-
universal NP. In 2012 the BaBar collaboration reported [177, 178] the measurements
of the ratio of branching fractions

Br(B — DWr7p)
Br(B — D®Ip)’

Ry = (1.131)

R — (0.44040.058 40.042 and R22P%" = (0.3324:0.024+0.018 showing 2.00 and
2.70 enhancements over the SM predictions R = 0.30040.010 and R?Y = 0.2524+
0.005 respectively. Partially corroborating this result in 2015 the Belle collaboration
reported REM™ = 0.375 4 0.064 + 0.026 and R = 0.293 + 0.038 £ 0.015 [179].
Very recently, the LHCb and Belle collaborations have reported R2°" = 0.336 +
0.027 (stat.) = 0.030 (syst.) and RB"®® = 0.302 & 0.030 (stat.) & 0.011 (syst.)
amounting to ~ 2.1¢ and ~ 1.60 enhancements, respectively, over the SM predictions
[180, 181]. These results are consistent with each other and when combined together
show significant enhancements over the SM expectations, hinting towards a large new
physics contribution. Interestingly, the LHCb collaboration [182, 183] has recently
reported another striking deviation from the SM prediction of the ratio of branching

fractions of charged B — K1l decays

Br(B — Kutp™)
Ry = _ — . 1.132
K Br(B — Kete) ( )

The measured value of RiF“" = 0.745 43999 40.036, in the dilepton invariant mass
squared bin 1 GeV? < ¢* < 6GeV? corresponds to a 2.60 deviation from the SM
prediction R3™ = 1.0003 4 0.0001 [184].

On the other hand, currently the most precise measurement of the anomalous muon
magnetic moment by E821 experiment at BNL has been reported to show a significant
deviation from the SM prediction Aa,, = a;” — aiM = (2.84£0.9) x 10~ amounting

to a ~ 3o level deviation [185, 186]. This discrepancy also points to the possible

existence of NP beyond the SM.
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1.5 Objectives and overview of the chapters

In the next chapter, Chapter 2, we discuss the implications of a right handed charged
gauge boson W;f with mass of around a few TeV on leptogenesis. We point out how the
discovery of a TeV scale Wg will rule out all possibilities of leptogenesis in all classes
of the left-right symmetric extensions of the Standard Model due to the unavoidable
fast gauge mediated B — L violating interactions. An excess signal of two leptons
and two jets that has been reported by CMS in the context of Wy search or a signal
of a resonance decaying into a pair of standard model (SM) gauge bosons reported by

ATLAS search, if confirmed, can point to such implications.

In chapter 3, we study the framework of left-right symmetric models with addi-
tional scalar singlets and vector-like fermions. In this framework, the recent diphoton
excess signal at an invariant mass of 750 GeV can be interpreted as due to decay of a
singlet scalar. Extending the LRSM framework to include these new vector-like fields,
on the other hand, results in interesting phenomenological implications for the LRSM
fermion masses and mixing. We also discuss how the introduction of a real bi-triplet
scalar, which contains a potential DM candidate, can also allow gauge coupling uni-
fication. Furthermore, existence of new vector-like fermions can also have interesting

implications for baryogenesis and the dark matter sector.

In chapter 4, we study three effective low energy left-right symmetric subgroups of
the superstring inspired Fs model having a number of additional exotic fields which
provides a rich phenomenology. We discuss how these models can explain both the
recently detected excess eejj and ep,.jj signals at CMS, and also accommodate an
attractive mechanism of high scale leptogenesis. Working in a R-parity conserving
supersymmetric variants, we show that the excess CMS events can be produced via the
decay of exotic sleptons in Alternative Left-Right Symmetric Model of Ejg, which can

also allow leptogenesis at a high scale.

We also discuss a possible explanation of the recent diphoton excess reported by
ATLAS and CMS collaborations, at around 750 GeV diphoton invariant mass, within
the framework of Alternative Left-Right Symmetric Model. We discuss how gluon-

gluon fusion can give the observed production rate of the 750 GeV resonance, through
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a loop of scalar leptoquarks with masses below a few TeV range. The subsequent
decay of this resonance via a loop of scalar leptoquarks and sleptons can give rise to a

diphoton final state with the observed cross section of the diphoton signal

In chapter 5, we study low-energy subgroups of Ej in the context of recent experi-
mental results from the LHCb, BaBar and Belle collaborations on the decays of the B
meson: B — D7 and B — KlI, showing significant deviations from the Standard
Model (SM), which hint towards a new physics scenario beyond the SM. First, we
discuss how these enhanced decay rates can be explained within the framework of Fjg
motivated Alternative Left-Right Symmetric Model, which has been successful in ex-
plaining the recent excesses at LHC and has the feature of accommodating high scale
leptogenesis. We also study the leptonic decays D} — 770, BT — 770, DT — 710
and D°-D° mixing to constrain the couplings involved in explaining the enhanced B
decay rates and we find that ALRSM can explain the current experimental data on

R(D™) quite well while satisfying these constraints.

Next, we discuss a unified explanation for the B-decay anomalies in R and Ry
together with the anomalous muon magnetic moment within the framework of a Left-
Right Symmetric Model, which corresponds to one of the low-energy subgroups of Eg
and can naturally accommodate leptoquarks. This explanation is consistent with the
constraints from the current measurements of the leptonic decay rates and D° — D°,
B? — B? mixings.

In chapter 6, we study the Eg motivated U(1)y extension of the supersymmetric
standard model in the context of the recent excess events at CMS and the baryon asym-
metry of the universe. In light of the hint, from short-baseline neutrino experiments of
the existence of one or more light sterile neutrinos, we also study the neutrino mass
matrices, which are dictated by the field quantum number assignments and the dis-
crete symmetries in the variants of this model. We discuss how all the variants can
explain the excess events at CMS via the exotic slepton decay. For a standard choice
of the discrete symmetry four of the variants have the feature of allowing high scale
baryogenesis (leptogenesis), while for one other variant the three body decay induced
soft baryogenesis mechanism can be realized, which in turn can induce baryon number

violating neutron-antineutron oscillations. Finally, we discuss how the neutrino mass



1.5. Objectives and overview of the chapters 71

matrix of the U(1)y model variants can naturally accommodate three active and two
sterile neutrinos, giving rise to interesting textures for neutrino masses.

In chapter 7, we study a cogenesis mechanism in which the observed baryon asym-
metry of the universe and the dark matter abundance can be produced simultaneously
at a low reheating temperature without violating baryon number in the fundamental
interactions. In particular, we consider a model where the matter superfields include
additional pairs of color triplet and singlet superfields in addition to the Minimal Su-
persymmetric Standard Model superfields. The modulus dominantly decays into the
additional color triplet superfields, which subsequently decay into the fermionic com-
ponent of a singlet superfield and quarks without violating baryon number. We discuss
how the decay of the lightest eigenstate of the scalar component of a color triplet super-
field can generate the observed baryon asymmetry in the visible sector and an asym-
metric dark matter component with the right abundance, naturally solving the cosmic
coincidence problem.

In chapter 8, we present a realization of mass varying neutrino dark energy in
two simple extensions of the SM with a dynamical neutrino mass related to a scalar
field called the acceleron (which drives the universe to a late time accelerating phase),
while satisfying naturalness. In the first scenario the SM is extended to include a TeV
scale scalar Higgs triplet and a TeV scale second Higgs doublet, while in the second
scenario an extension of the SM with fermion triplet is considered. We also discuss the
possible leptogenesis mechanisms for simultaneously generating the observed baryon
asymmetry of the universe in both the scenarios and the collider signatures for the TeV
scale new fields which make these models testable in the current and next generation
of colliders.

Finally, in chapter 9 we present an outlook for future studies.
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Probing Left-Right Symmetric Models

at the LHC and implications for

leptogenesis

The Left-Right Symmetric Model (LRSM) [19,21,41-46] is one of the most popular
candidates for extensions of the Standard Model (SM) of particle physics. In LRSM

the Standard Model gauge group is extended at higher energies to
QLR = SU(3)C X SU(2)L X SU(?)R X U(l)B_L

where B — L is the difference between baryon (B) and lepton (L) numbers. Left-right
symmetry breaking predicts the existence of a massive right-handed charged gauge
boson (W}%) In this chapter, we argue that if VVRjE has a mass of a few TeV and can
be detected at the LHC, it will have profound consequences for our understanding of
the baryon asymmetry of the Universe. This is a unique situation where by observ-
ing Wg at the LHC, we can make a very strong statement about our origin, that is
regarding the baryon asymmetry of the Universe. As discussed earlier, one of the most
attractive mechanisms to generate the baryon asymmetry is leptogenesis, in which a
lepton asymmetry is created before the electroweak phase transition, which then gets
converted to the baryon asymmetry in the presence of (B + L) violating anomalous
processes [90]. Detection of a TeV scale Wj%t at the LHC would imply violation of
(B — L) at a lower energy, which will rule out all scenarios of leptogenesis. In this

context we must mention that an excess of 2.8 ¢ level was observed in the energy bin

73
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1.8 TeV < My;; < 2.1TeV in the two leptons two jets channel at the LHC by the CMS
experiment [166], which can be interpreted as due to W5 decay by embedding the con-
ventional LRSM with g7, # gg in SO(10) [187, 188] and with g; = g by taking into
account the CP phases and nondegenerate masses of heavy neutrinos [189]. The AT-
LAS search has also reported a resonance that decays to a pair of SM gauge bosons
to show a local excess of 3.40 (2.50 global) in the I/ Z final state at approximately
2 TeV [168], which can naturally be explained by a W in the LRSM framework with
a coupling gr ~ 0.4 [190].

In the LRSM the fermion sector transforms under the gauge group G as:

I (1,2,1,-1), lz:(1,1,2,—1),
1

1
L: (372a17§)7 QR: (3a1727§) (21)
In a popular version of the LRSM, the Higgs sector consists of one bidoublet ® and

two triplet A, p complex scalar fields with the transformations
d:(1,2,2,0), Ap:(1,3,1,2), Ar:(1,1,3,2) (2.2)

The left-right symmetry is spontaneously broken to reproduce the Standard Model and
the smallness of the neutrino masses can be taken care of by the seesaw mechanism

[16-22]. The symmetry breaking pattern follows the scheme

Grrn 27 SU(3)e x SUQ2)L x U(l)y = Gsn
By SUB)e x U(1)gar = Gin 2.3)

In the first stage of symmetry breaking the right-handed triplet Az acquires a Vacuum
Expectation Value (VEV) (Ag) = %UR which breaks the SU(2)r symmetry and
gives masses to the W, Zp bosons. The electroweak symmetry is broken by the
Higgs bidoublet ¢, which gives masses to the charged fermions and the gauge bosons
WLi and Z;. Ay gets an induced seesaw VEV which is tiny and can give a Majorana
mass to the left-handed neutrinos. The generators of the broken gauge groups are
then related to the electric charge by the modified Gell-Mann-Nishijima formula ) =
—L

Tsr, +Tsr + 5
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In a variant of the LRSM one considers only doublet Higgs scalars to break all the
symmetries. This scenario is more popular than the LRSM scenario with triplet Higgs
scalars in all superstring inspired models. Here the Higgs sector consists of doublet

scalars

$:(1,2,2,0), Hy:(1,2,1,1), Hg:(1,1,2,1), (2.4)

and there is one additional singlet fermion field S (1,1,1,0) in addition to the fermions
mentioned in Eq. (2.1). The Higgs doublet [y acquires a VEV and breaks the left-
right symmetry and results in mixing of S with right-handed neutrinos, giving rise to
one light Majorana neutrino, and one heavy pseudo-Dirac neutrino or two Majorana
neutrinos.

In the conventional LRSM, the left-right symmetry is broken at a fairly high scale,
Mp > 10'° GeV. First, the gauge coupling unification requires this scale to be high,
and second, thermal leptogenesis in this scenario gives a comparable bound. One
often introduces a parity odd scalar and gives a large VEV to this field. This is called
D-parity breaking, which may then allow g; # gr even before the left-right symmetry
breaking, and hence, this allows gauge coupling unification with TeV scale Mp. This is
true for both triplet and doublet models of LRSM. Embedding the LRSM in an SO(10)
GUT framework, the violation of D-parity [191] at a high scale can explain the CMS
TeV scale W, signal for g ~ 0.6g7, [187, 188].

2.1 Falsifying leptogenesis with a TeV-scale W]leE at the
LHC

For a TeV scale Wg, all leptogenesis models may be classified into two groups:

* A lepton asymmetry is generated at a very high scale either in the context of
D-parity breaking LRSM or through some other interactions, both thermal and

nonthermal.

* A lepton asymmetry is generated at the TeV scale with resonant enhancement,

when the left-right symmetry breaking phase transition is taking place.
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These discussions are valid for the LRSM with both triplet as well as doublet Higgs
scalars. We use the reference of the two variants of the LRSM mentioned above to
study the lepton number violating washout processes and demonstrate that all these
possible scenarios of leptogenesis are falsifiable for a TeV scale IW. In models with
high-scale leptogenesis with T' > 10° GeV, the low energy B — L breaking is associated
with giving mass to the W, which allows gauge interactions that wash out all the
baryon asymmetry before the electroweak phase transition is over. On the other hand,
the same lepton number violating gauge interactions will slow down the generation of
the lepton asymmetry for resonant leptogenesis at the TeV scale, so that generation of
the required baryon asymmetry of the universe is not possible for TeV scale W5

The most stringent constraints on the W}% mass for successful high-scale leptoge-
nesis for a hierarchical neutrino mass spectrum (My,,, > My,, > My,, = mnyy)
come from the SU (2)p interactions [192]. To have successful leptogenesis in the case
My, > My, the out-of-equilibrium condition for the scattering process e + W —
Np — e + Wy gives

My

. 2 1019 GeV (2.5)
with my,, /mny,, 2 0.1. Now for the case My, > My, leptogenesis can happen either
at " ~ My, or at " > My, but at less than the B — L breaking scale. Considering
the out-of equilibrium condition for the scattering process eﬁeﬁ — VVRjE Wﬁf through

Np exchange one obtains the constraint

My, = 3 x 10°GeV(My,, /10% GeV)?/3, (2.6)

~J

Thus observing a Wy signal with a mass in the TeV range for hierarchical neutrino
masses rules out the high-scale leptogenesis scenario. In Refs. [193, 194], the con-
straints obtained from the observation of lepton number violating processes and neutri-
noless double beta decay were studied to rule out typical scenarios of high-scale ther-
mal leptogenesis, particularly leptogenesis models with right-handed neutrinos with
mass greater than the mass scale observed at the LHC by the CMS experiment. The
possibility of generating the required lepton asymmetry with a considerably low value
of the W mass has been discussed in the context of the resonant leptogenesis sce-
nario [104—111]. In the LRSM, it has been pointed out that successful low-scale lep-

togenesis with a quasidegenerate right-handed neutrino mass spectrum, requires an
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absolute lower bound of 18 TeV on the Wi mass [195]. Recently, it was reported that
just the right amount of lepton asymmetry can be produced even for a substantially
lower value of the Wy mass (My,, > 3TeV) [196] by considering relatively large
Yukawa couplings, which has been updated to 13.1 TeV after a more careful analysis
in Ref. [197]. In Refs. [195, 196], the lepton number violating gauge scattering pro-
cesses such as Ngep — Updpr, Nptup — erdr, Nrdr — egpup and NpNp — epér
have been analyzed in detail. However, lepton number violating scattering processes
with external W have been ignored on the account of the fact that for a heavy Wp,
there will be a relative suppression of e~™Wr/™Nr in comparison to the processes with
no external Wg. Now if the Wx mass is a few TeV’s as suggested by the excess signal
at the LHC reported by the CMS experiment then one has to take the latter processes

seriously.

In Ref. [198], we pointed out that the lepton number violating washout processes
(eher — WiWi and es W5 — eFWi) can be mediated by doubly charged Higgs
scalars in the conventional LRSM. Following that, in Ref. [197] only this channel
was considered, and for a parity-asymmetric type-I seesaw model with relatively small
My, it was found to have a small contribution, as expected for a large My, /My,
However the other gauge scattering processes in that scenario are strong enough to
give a lower bound of 13.1TeV on the Wi mass. In this chapter, we discuss the
above lepton number violating scattering processes mediated by both AL* and Ny in
a much more general context, where we have also taken into account the interference
of these channels [199]. The former channel has one gauge vertex and one Yukawa
vertex, while for the latter channel both the vertices are gauge vertices, thus are highly
unsuppressed compared to the processes involving Yukawa vertices. We find that the
lepton number violating scattering process ezW7 — ex Wi mediated via both Ng
and A}" can stay in equilibrium till the electroweak phase transition for a TeV scale
Wx and wash out the lepton asymmetry '. Thus if one incorporates the above washout
process in the Boltzmann equation for lepton number asymmetry, the mentioned lower

limit on My, for successful TeV-scale resonant leptogenesis will further go up. In

! Note that the other scattering process is doubly phase space suppressed at a temperature below the

W g mass and hence we will not consider it for leptogenesis at 7' < My ..
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the latter variant of LRSM mentioned above the doubly charged Higgs is not there,
however, the lepton number violating scattering processes mediated via Ny are still
present and will wash out the lepton asymmetry.

In the LRSM, the charged current interaction involving the right-handed neutrino

and the right-handed gauge boson is given by

L JrR Wi+ h.c. 2.7
N=3 \/—QR ruWhg (2.7)
where Jg, = €rv, (1 + 75) Ng. The Lagrangian for the right-handed Higgs triplet is
given by
— T —
La, D (DR#AR> (D;AR) , 2.8)
where Ap = (ALT, A%, AY) in the spherical basis and the covariant derivative is

defined as Dg, = 0, — igr (TJQA{%M) —ig'B,. The Agm and B, are gauge fields
associated with SU(2)r and U(1)p_r, groups with the gauge couplings given by gr
and ¢, respectively. After spontaneous breaking of the left-right symmetry by giving

V2
doubly charged Higgs and the gauge boson Wy will be given by [200]

VEV to the neutral Higgs field A% ie. (A%) = vR, the interaction between the

VR _ _
La, D (_E> GEW W' ART + hec. (2.9)

The Yukawa interaction between the lepton doublet ¢,z = (Ng,ez)" and the Higgs

triplet Ag will be given by

= h(ter) (z'm”-&z) ber + hoc., (2.10)

where 7’s are the Pauli matrices. By giving a VEV to the neutral Higgs triplet field, the

My
—= where My, corresponds to mass of

Yukawa coupling can be expressed as b =
UR

the Majorana neutrino (Ng).

The Feynman diagrams of the lepton number violating scattering processes induced
by the above interactions are shown in Fig. 2.1. Utilizing the interactions in Egs. (2.7)-
(2.10), the differential scattering cross section for the ef(p) W (k) — ef(p)WE (k)

process is given by [200]

erW
dogiwg _ ! AR (s ¢ ) 2.11)
dt 384n M (s — M2, )’
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Wk (k)

Figure 2.1: Feynman diagrams for eEW}J{ — eEW}g scattering mediated by Ny and
AE“L fields. The Feynman diagrams for e,e, — W, W are the same as above with appro-

priate change in direction of the external lines.

where

erW erW erW
A (st u) = Awh(s,tu)| 4 AGwi(s tu) |y (2.12)

and

en W s u
Aegwg(s,t,u)’NR:gé{—t‘MNR <s— + )

—4Mg, (su— My, ) (s — u)?

2

Mg
(s = ME,)

—4 My, t ' , (2.13)

2 4

erW _ 4 (8+u) +8MW
Aeﬁwﬁ(s,tU) AR T 4gr(—t) { (t — Mi )2 =
R

N (54 u) \MNRF( s L )

t—MiR S—M]%,R u—M]%,R

AM}, ) 1 1

— W M 2.14
+t—MgR‘ N <S—M]2\,R+U—M]2VR>}’ @19

where we have neglected any mixing between W and 5. Note that on the right-

‘MNR|2

hand side of Eq. (2.14) the first term represents the Higgs scalar exchange itself while
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the last two terms correspond to the interference between the Higgs scalar exchange
and the Np exchange mechanisms. The relation between Mandelstam variables s =

(p+ k)2, t=(p—p) andu = (p— k')* and scattering angle 0 is given by

t

4
su— My,

The differential scattering cross section for the % (p)ex(p') — Wi (k)Wx (K)

process is given by [200]

W L yewen (o 4 2.16
gt Bizmaqh, s Walve(sf): (210
R
where
Al (s tou) = G (st )]+ AR (s, 0 g (2.17)

The expressions of Ayf“f, (s,t,u) in this case are obtained by interchanging s <>
t in Aig%ﬁ(s, t,u): Ajor, (t s, u)= —Azgwg(s, t,u). In this case, the Mandelstem

variables ¢ = (p — k)* and u = (p — k')? are related to s = (p + p')” and scattering

t 2 M2 2 M2 2
_ 3 (1_ WR) 1:F\/1_(—W32 ) cos
u 2 S s — 2MWR

angle 6 by

(2.18)

2.1.1 Wash out of lepton asymmetry for 7' > My,

During the period vg > T > My, both the lepton number violating processes are
very fast without any suppression. To get an idea of the effectiveness of these scattering

processes in wiping out the lepton asymmetry, we estimate the parameter

(2.19)

for both the processes during v > 1" > Myy,, where n is the number density of

3C(3
i( 2) T3, H is the Hubble rate given by
v

H ~ 1.7g/*T?/Mp,, where g, ~ 100 corresponds to the number of relativistic degrees

relativistic species and is given by n = 2 X

of freedom, and (o|v|) is the thermally averaged cross section. In order to obtain a
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rough estimate of vp, let us draw an analogy with the Standard Model, where we have

(p) = % where v, = 246 GeV, and My, ~ 80GeV. Now in the LRSM scenario,

where we have (A}) = % breaking the left-right symmetry and My, = grvg. Then
. () _ (AR)

tak ~ gr, we have —— = —— ~ 3.

aking gr ~ g1, we have My, ~ My,

Using the differential cross-section given in Eqgs. (2.11) and (2.16), we plot the

behavior of K as a function of temperature in the range 3My,, > T > My, for

Myy,, = 2.1TeV (in the mass range of CMS excess) in Fig. 2.2. The high value of K

—

1x10M +
5x10%0 -
N4
1x10%0 -
5x10°F
L L L L
3 4 5 6
T (Tev)

Figure 2.2: Plot showing K as a function of temperature (7") with My, = 2.1 TeV for
the scattering processes eﬁWf{ — eEWE and eﬁeﬁ — W]}th (including both A}'f and

Npg mediated diagrams) for vg > T > Myy,,.

in Fig. 2.2 for both the processes implies that these scattering processes are very fast
in washing out lepton asymmetry for 7' X, Myy,,. In the variant of LRSM with doublet
Higgs scalars the scattering processes cannot be mediated via a doubly charged Higgs
scalar. However, these lepton number violating scattering processes can still be medi-

ated via heavy neutrinos, which washes out the lepton asymmetry in this scenario for

T 2 My,,.

2.1.2 Wash out of asymmetry for 1" < My,

For T' < My, the process eﬁW;f — eEWj{t is more important. Below we will
estimate a lower bound on 7" until which the latter process stays in equilibrium below

T = Myy,. The cross section of this process as a function of temperature 7' can
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be obtained from Eq. (2.11). The scattering rate is given by > I' = fi{ov.q). At

27 T
accounts for the Boltzmann suppression of the scattering rate. The condition for the

T My, \** M
a temperature 7' < My, the number density n = g < WR) exp (— WR)

scattering process to be in thermal equilibrium is I' > H. Using My, < Mw,, and

vyl = 1 we plot the temperature until which the scattering process es W7 — e Wi

06F
05F

04F

T (TeV)

03}

00k . . . R L ‘
0 5 10 15
My, (TeV)

Figure 2.3: Plots showing the out-of-equilibrium temperature (1) of the scattering process
eﬁWg — eEWfs (mediated via AE+ and N, fields) as a function of Myy, for three different

values of M, and My, ~ Myy,.

stays in equilibrium as a function of the My, in Fig. 2.3 for three different values
of Ma,. We have chosen the lowest value of Mx, to be 500 GeV in accordance
with the recent search limits on the doubly charged Higgs boson mass [11]. The plot
clearly shows that unless My, is significantly larger than the TeV scale, the scattering
process eﬁWﬁ — eﬁWﬁ will stay in equilibrium until a temperature close to the
electroweak phase transition and will continue to wash out the lepton asymmetry until
that temperature. In the LRSM scenario with doublet Higgs scalars, the lepton number
violating scattering processes mediated only via heavy neutrinos will continue to wash
out the asymmetry till the electroweak phase transition, pushing up the lower limit on
the W§x mass for a successful leptogenesis scenario far beyond the Wy signal range
reported by the CMS experiment, ruling out the possibility of generating the observed

baryon asymmetry from TeV scale resonant leptogenesis as well.

>We have ignored any finite temperature effects to simplify the analysis.
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2.2 Summary of the chapter

To summarize, for the high-scale leptogenesis scenario (1" 2 Myy,,), in both the vari-
ants of the LRSM the lepton number violating scattering processes (eﬁeﬁ — W}% VV}:%t
and eﬁWg — eEW}}t) are very efficient in wiping out the lepton asymmetry, while
for a TeV scale resonant leptogenesis scenario the latter process will stay in equi-
librium until the electroweak phase transition, washing out the lepton asymmetry for
T < Myy,. Hence we rule out the possibility of successful leptogenesis for Wlf with

mass in the TeV range

* in all possible high-scale leptogenesis scenarios for the LRSM variants with (i)

triplet Higgs and (ii) doublet Higgs, and

* in TeV scale resonant leptogenesis scenarios for LRSM variants with (1) triplet

Higgs and (i1) doublet Higgs.

Complementing the above results, we have also explored the low-energy subgroups of
the superstring motivated £ model. In one of the supersymmetric low-energy sub-
groups of Fjg (known as the Alternative Left-Right Symmetric Model) one can allow
for high-scale leptogenesis, and explain the excess signal at the LHC reported by the
CMS experiment from resonant slepton decay. However, the excess signal cannot be
explained by right-handed gauge boson decay while allowing leptogenesis, in both su-
persymmetric and non-supersymmetric low-energy subgroups of the superstring mo-
tivated g model [201]. Thus, if the two leptons and two jets excess at the LHC
reported by the CMS experiment is indeed due to W]éf decay, then one needs to resort
to a post-electroweak phase transition mechanism to explain the baryon asymmetry of
the Universe. In this context, the experiments to observe the neutron-antineutron os-
cillation [202,203] or (B — L) violating proton decay [59] will play a crucial role in

confirming such possibilities.
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Left-Right Symmetric Model in light of
the diphoton excess, unification and

baryogenesis

The CMS and ATLAS collaborations had recently reported a roughly 30 excess in the
diphoton channel at an invariant mass of about 750 GeV in the first 3 fb™" of collected
data from Run 2 of the LHC at 13 TeV [174,175]. The Landau-Yang theorem forbids
the possibility of a massive spin one resonance decaying to 7. The leading interpre-
tations of the excess within the context of new physics scenarios therefore consist of
postulating a fundamental spin zero or spin two particle with mass of about 750 GeV.
However no enhancements have been seen in the dijet, ¢¢, diboson or dilepton channels
posing a clear challenge to the possible interpretations of this excess. The absence of a
peaked vy angular distribution in the observed events towards the beam direction dis-
favors [176] the spin two hypothesis and the spin zero resonance interpretation seems
more favorable from a theoretical point of view.

A large number of interpretations of the diphoton signal in terms of physics beyond
the Standard Model have been proposed in the literature. For a partial list see Ref. [204]
and the references therein. One of the possibilities that has been largely explored in the
literature is a scalar or pseudo-scalar resonance produced through gluon-gluon fusion
and decaying to vy via loop diagrams with circulating fermions or bosons. A new
resonance coupling with the Standard Model (SM) ¢ quark or W= can give rise to such

loop diagrams, however, they will be highly suppressed at the large -y invariant masses

85
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and the dominant decay channel would have to be t£ or W 1W ~. Hence the observation
of the vy~ resonance at 750 GeV (much greater than the electroweak symmetry breaking
scale) can potentially hint towards the existence of vector-like fermions around that
mass scale. Given that both the ATLAS and CMS collaborations have suggested signal
events consistent with each other at a tempting 3o statistical significance level, hinting
towards a new physics scenario, it is important to explore possible model frameworks

that can naturally accommodate such vector-like fermions.

From a theoretical standpoint, a framework that can explain the diphoton excess
while being consistent with other searches for new physics is particularly intriguing.
To this end, one must mention the results reported by the CMS Collaboration in the
first run of LHC for the right-handed gauge boson Wy search at /s = 8 TeV and
19.7fb~" of integrated luminosity [166]. As discussed earlier, a 2.8¢ local excess was
reported in the eejj channel in the energy range 1.8 TeV < m;; < 2.2 TeV, hinting
at a right handed gauge counterpart of the SM SU (2),, broken around the TeV scale.
The Left-Right Symmetric Model (LRSM) framework with gr # g1, can explain such
signal with the possibility of being embedded into a ultraviolet complete higher gauge
group [187, 188,205, 206]. It is thus an interesting exercise to explore the possibility

of naturally accommodating the v~ excess also in such a framework.

In this chapter, we discuss the possibility of extending the standard LRSM frame-
work with vector-like fermions and singlet scalars which can explain the diphoton
signal [207]. Adding such new vector-like fermionic fields, on the other hand, re-
sults in interesting phenomenological implications for the LRSM fermion masses and
mixing. Moreover, existence of such vector-like fermions can have interesting impli-
cations for baryogenesis and the potential dark matter sector. In gauged flavor groups
with left-right symmetry [208] or quark-lepton symmetric models [209], vector-like
fermions are naturally accommodated while LRSMs originating from D-brane or het-
erotic string compactifications also often include vector-like fermions [210,211]. We
first discuss a minimal LRSM that hosts such vector-like fermions and which can ex-
plain the diphoton signal. Then we also discuss the possible fermion masses and mix-
ing phenomenology and the implications of these vector-like particles in baryogenesis

and the dark matter sector.
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3.1 Left-Right Symmetric Model framework with vector-
like fermions
The left-right symmetric extension of the SM has the basic gauge group given by
Grr=SU@B)e xSU12), x SU22)g x U(1)p-1, (3.1)

where B — L is the difference between baryon and lepton number. The electric charge
is related to the third component of isospin in the SU(2). r gauge groups and the

B — L charge as
Q=T +T3r+1/2(B—L). (3.2)

The quarks and leptons transform under the LRSM gauge group as

ur, 1 UR 1

qr = 5[2,1,3,3], qr = 5[1,2,5,3],
dL dR
v 1%

EL: L = [271,—1,1],£R: f 5[1727_171]7
€r, €R

where the gauge group representations are written in the form [SU(2)., SU(2)g, B —
L,SU(3)c].

Originally the left-right symmetric extension of the SM [19, 21, 41-46] was in-
troduced to give a natural explanation for parity violation seen in radioactive beta
decay and to consistently address the light neutrino masses via the seesaw mecha-
nism [16-22]. The right handed neutrinos form doublets with the right handed charged
fermions under the SU(2) gauge group. If SU(2)g breaks at around the TeV scale,
LRSMs offer a rich interplay between high energy collider signals and low energy pro-
cesses such as neutrinoless double beta decay and lepton flavor violation [212]. The
principal prediction of this scenario is a TeV scale right-handed gauge boson Wg. The
CMS and ATLAS collaborations had reported several excesses around 2 TeV in Run
1 of the LHC, pointing towards such a possibility. From the first results of Run 2, no
dijet and diboson excesses have been reported (more data is required to exclude the

diboson excesses reported in Run 1), the eejj channel signal hinting at a 2 TeV Wy
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is still not excluded. Thus, in light of the diphoton excess it is important to revisit the
LRSM framework to explore the possibility of accommodating such a signal and the

possible implications.

As will be discussed in section 3.2, the 750 GeV diphoton excess can be explained
through the resonant production and decay of a scalar or pseudoscalar particle. To this
end, we discuss a simple left-right symmetric model with a scalar singlet .S and vector-

like fermions added to the minimal particle content of left-right symmetric models '.

We extend the standard LRSM framework to include isosinglet vector-like copies
of LRSM fermions. This kind of a vector-like fermion spectrum is very naturally
embedded in gauged flavour groups with left-right symmetry [208] or quark-lepton
symmetric models [209]. The field content of this model and the relevant transforma-
tions under the LRSM gauge group are shown in Tab. 3.1. The fields U, D, E and N

correspond to the vector-like fermions.

Field | SU(2), | SU2)g || B—L | SU3)¢
qr 2 1 1/3 3
qr 1 2 1/3 3
lr 2 1 -1 1
g 1 2 -1 1

ULr 1 1 4/3 3

Dy r 1 1 -2/3 3

Epr 1 1 -2 1

Nr.r 1 1 0 1
Hy, 2 1 1 1
Hp 1 2 1 1
S 1 1 0 1

Table 3.1: LRSM representations of extended field content.

'We assume the resonance to be a new singlet scalar and it can easily be generalized to the pseu-

doscalar case.
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The relevant Yukawa part of the Lagrangian is given by

L== (AsxxSXX + MxXX)— (A\;Hg,Ur + M HrgpUs
X

+ MNsH G D+ MNEHRGRDy + MNeHl Eg + \EHRlRE]

+ MCH 0 Ng + \RHRIRN,, +h.c.), (3.3)

where the summation is over X = U, D, E/, N and we suppress flavour and colour
indices on the fields and couplings. H 1.r denotes 7o z r» Where 75 is the usual second
Pauli matrix.

The vacuum expectation values (VEVs) of the Higgs doublets Hr(1,2,—1) and
Hp(2,1,—1) break the LRSM gauge group to the SM gauge group and the SM gauge
group to U(1)gym respectively, with an ambiguity regarding parity breaking, which can
either be broken at the TeV scale or at a much higher scale Mp. In the latter case, the
Yukawa couplings can be different for right-type and left-type Yukawa terms because
of the renormalization group running below Mp, A% # \%. Hence, we distinguish
the left and right handed couplings explicitly with the subscripts L and k. We use
the VEV normalizations (H;) = (0,v;)” and (Hg) = (0,vg)" with vy = 175 GeV
and vy constrained by searches for the heavy right-handed 1z boson at colliders and
at low energies, vg = 1 — 3 TeV (depending on the right-handed gauge coupling).
Due to the absence of a bidoublet Higgs scalar, normal Dirac mass terms for the SM
fermions are absent and the charged fermion mass matrices assume a seesaw structure.
However, if one does not want to depend on a “universal” seesaw structure, a Higgs
bidoublet ® can be introduced along with Hy, p.

After symmetry breaking, the mass matrices for the fermions are given by

0 Moo 0 Ao
MuU = vt ’ MdD = prE ’
)\51)}{ MU )\gUR MD
0 Moo 0 Aew
Mg = ) My = A (3.4)
)\%UR ME )\]]?[UR MN

The mass eigenstates can be found by rotating the mass matrices via left and right
orthogonal transformations O™ (we assume all parameters to be real). For example,

the up quark diagonalization yields O[L]T - My - O[I}2 = diag(m,, MU) Up to leading
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order in /\51} L, the resulting up-quark masses are

~ )\L )\R
My ~ \/Mg + (Mfog)?, 1, ~ (U”L]Lw (3.5)
U

and the mixing angles 65’R parametrizing O%,

2()\5UL)MU
Mg + (Afvr)?

-~ Q(AgUR)MU

tan(205) ~ ~ .
an( U) M%—(Ang)Q

tan(20%) (3.6)

The other fermion masses and mixings are given analogously. For an order of mag-
nitude estimate one may approximate the phenomenologically interesting regime with
the limit A\flvg — My in which case the mixing angles approach 65 — 1,/ My and
95 — m/4. This means that 0{} is negligible for all fermions but for the top quark and
its vector partner [213]. We have neglected the flavor structure of the Yukawa cou-
plings )\%R and A\gxx which will determine the observed quark and leptonic mixing.
The hierarchy of SM fermion masses can be generated by either a hierarchy in the
Yukawa couplings or in the masses of the of the vector like fermions.

As described above, the light neutrino masses are of Dirac-type as well, analo-

gously given by
)\% /\ﬁv LUR
n, = N 3.7
iy = S5 (3.7)
It is natural to assume that My > vpg, as the vector like /V is a singlet under the model

gauge group. In this case, the scenario predicts naturally light Dirac neutrinos [208].

3.2 Diphoton signal from a scalar resonance

One may attempt to interpret the diphoton excess as the resonant production of the
singlet scalar S with mass Mg = 750 GeV. Considering the possible production mech-
anisms for the resonance at 750 GeV it is interesting to note that the CMS and ATLAS
did not report a signal in the ~ 20fb~' data at 8 TeV in Run 1. One possible interpre-
tation of this can be that the resonance at 750 GeV is produced through a mechanism
with a steeper energy dependence. Excluding the possibility of an associated produc-
tion of this resonance, the most favourable mechanism is gluon-gluon fusion which we

will consider as the dominant production mechanism. Subsequently, the scalar with
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mass 750 GeV decays to two photons via a loop [207] 2. The cross section can be

expressed as

C
olpp — vy) = M—’iFggBrw, (3.8)

with the proton centre of mass energy +/s and the parton distribution integral Cy, =
174 at /s = 8 TeV and C,, = 2137 at /s = 13 TeV [216]. One can obtain a best
fit guess of the cross section by reconstructing the likelihood, assumed to be Gaussian,
from the 95% C.L. expected and observed limits in an experimental search. For the
diphoton excess, we use a best fit cross section value of 7 fb found by combining the
95% CL ranges from ATLAS and CMS at 13 TeV and 8 TeV for a resonance mass of
750 GeV [216].

Apart from the necessary decay modes of the scalar S'i.e, S — gg and S — v, S
may also decay to other particles; due to the necessary SM invariance and the fact that
Mg > my, S — 7y necessitates the decays S — vZ and ZZ which are suppressed
by 2tan? fy =~ 0.6 and tan* 6y ~ 0.1 relative to I'(S — ~v) [216]. Furthermore, S
in this model may also decay to SM fermions due to mixing with the heavy vector-like
fermions. As described above, the mixing is only sizable for the top and its vector

partner. The total width is thereby given by I'g =~ I'g; + 1.7 x I', + I'yz.

Production of a scalar resonance in gluon fusion via a loop of vector-like quarks and
subsequent decay of scalar resonance to vy via a loop of vector-like quarks and leptons.
There are contributions to ['(S — v7) from quark-like vector fermion )¢ = U, D and
lepton-like vector fermion ¢;, = E propagating inside the loop. Apart from quark-
like vector fermion contributing to the production of scalar through gluon fusion, there

could be another top-quark mediated diagram via mixing with SM Higgs boson.

In the LRSM framework discussed in section 3.1, the vector-like degrees of free-

dom contribute to the loop leading to S — gg and S — ~~y. The partial decay widths

2One can find similar interpretations of the diphoton excess in [213—215] in models with a singlet

scalar accompanied by vector-like fermions.
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are given by [217]

2
X X X
0‘2Mg < Noxx m?s* i
r,,=K-=-_2 3.9
9 12873 g My A<4M§(> (39)

Here, the sums in I', and I'y, are over all and coloured fermion species and flavours,
respectively. N is the number of color degrees of freedom of a species, i.e 1 for
leptonic vector-like fermions and 3 for quark-like fermions. Similarly, ()x is the
electric charge of the species. The effective coupling of S to a fermion species is
Noxx = Asxx (08)1x(0%)1x, i.e. the coupling \sx x dressed with the corresponding
left and right mixing matrix element. We take the value of the parameters o ~ 1/127,
as ~ 0.1 and K ~ 1.7 [217]. A(x) is a loop function defined by

Ax) = %[m + (z —1)f(x)], (3.10)

with

arcsin’® \/z r<1
flx) =9 1 L(Leviza) 2 1 (3.11)
—— |:Il <ﬁ) — Z7T:| T > 1.

4
In addition, the decay of S to a pair of fermions (here only relevant for the top) is

given by

(3.12)

NENZ ;M aMEN P
Dpp= 12002 (1 .

16m M?

In order to arrive at an estimate for the diphoton production cross section, we as-
sume that the vector fermion masses and couplings to S are degenerate (Mx, Asxx),
except for the the top partner (Mp, Agpr). In the limit of large vector fermion masses

Mx Z Mg /2, we arrive at the approximation for the partial widths,

Fgg 4 >\SXX - TeV 2
— =~ 1.3 x 10 —_—
M 8 ( ’

s My
F’Y’Y _7 )\SXXTGV
— =~ 34 x 10
Ms 8 ( Mx ’

T, ArxxTeV 2
1 13% 1078 (M) . (3.13)
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As discussed in [216] in a model-independent fashion, the diphoton excess can be
explained for 107 < T,/Mgs < 2 x 1072 (the upper limit is due to the limit from
dijet searches) and I, /Mg ~ 1079, as long as gg and v are the only decay modes
of S. In order to achieve this, the top partner 7" needs to have a significantly weaker
coupling or heavier mass than the rest of the vector fermions. Assuming the decay
width to ¢ contributes negligibly to the total width, the diphoton cross section is given

by

- TeV\”
m—e) 7 (3.14)

o(pp = vy) = 1L.71b- ( Vs
The experimentally suggested cross section o(pp — 7) ~ 7 fb can be achieved with
Mx/Asxx ~ 0.5 TeV (and I'yy /Mg ~ 5 x 107* satisfying the dijet limit). In such a
scenario, the total width of S is of the order I'g ~ 0.5 GeV, i.e. much smaller than the
45 GeV suggested by ATLAS if interpreted as a single particle resonance. I'.., /Ty, can
also be independently boosted by introducing a hierarchy with leptonic partners lighter
than the quark partners. While certainly marginal and requiring a specific structure

among the vector fermions, this demonstrates that the diphoton excess, apart from the

broad width seen by ATLLAS, can be accommodated in this model.

3.3 Gauge coupling unification

In the previous section, we have discussed how the inclusion of new vector-like fermions
in LRSM can aptly explain the diphoton excess traced around 750 GeV at the LHC. In-
terestingly this framework can also be embedded in a non-SUSY grand unified theory
like SO(10) having left-right symmetry as its only intermediate symmetry breaking

step with the breaking chain given as follows
by H H
S0O(10) 2, Ga213p Ul Go13 i G13. (3.15)

The SO(10) group breaks down to left-right symmetric group Gooizp = SU(2) X
SU(2)r x U(1)p_1, x SU(3). x P via a non-zero VEV of ¥ C 210y. Here, P is
defined as the discrete left-right symmetry, a generalized parity symmetry or charge-
conjugation symmetry. The vital step is to break the left-right gauge symmetry and this

is attained with the help of the right-handed Higgs doublet H . Finally, the SM gauge
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group is spontaneously broken by its left-handed counterpart /1. As described above
we add another scalar singlet S in order to explain the diphoton signal though it is not
contributing to the renormalization group (RG) evolution of the gauge couplings.

In addition to the particle content described in Tab. 3.1, we include a bi-triplet
n = (3,3,0,1) under Ga913p to achieve successful gauge unification. This can be

confirmed by using the relevant RG equation for the gauge couplings g;,

agi bz 3
= ; 3.16
where the one-loop beta-coefficients b; are given by
11 2
b= —5Co(G)+ = S TR [T ds(y)
Ry J#i
1
+3 ZT(RS)de(RS). (3.17)
Rs JFi
Here, C,(G) is the quadratic Casimir operator for gauge bosons in their adjoint repre-
sentation,
N if SU(N),
C(G) = (3.18)
0 ifU(1).

T(Ry) and T(R;) are the traces of the irreducible representation Ry, for a given

fermion and scalar, respectively,

(

1/2 if Ry, is fundamental,
T(Rss) =N if Ry, is adjoint, (3.19)

0 if Ry, is singlet.

and d(Ry) is the dimension of a given representation Ry, under all SU(N) gauge
groups except the i-th gauge group under consideration. An additional factor of 1/2
should be multiplied in the case of a real Higgs representation. Using the above particle
content, the beta-coefficients at one loop are found to be by, = —19/6, by = 41/10,
bsc = —7 from the SM to the LR breaking scale and by, = bogp = —13/6, b, = 59/6,
bsc = —17/3 from the LR breaking scale to the GUT scale. The two loop contributions
give a very marginal deviation from one loop contributions. The resulting running of

the gauge couplings at one loop and two loop orders are shown in Fig. 3.1 with the
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Figure 3.1: Gauge coupling running in the considered model accommodating the diphoton
excess, demonstrating successful gauge unification at the scale Mgyt = 10177 GeV with
an intermediate left-right symmetry breaking scale at 10 TeV. The dashed lines correspond to

one loop RGE of gauge couplings while the two loop effects are displayed in solid lines.

breaking scales

Mgur = 1017 GeV, Mg = 10 TeV. (3.20)

3.4 Implications for baryogenesis and dark matter

The vector-like fermions added to the spectrum of the LRSM framework can have
very profound implications for a baryogenesis mechanism such as leptogenesis, and
the dark matter sector. While the proposal of high scale leptogenesis via singlet heavy
Majorana neutrinos (or a heavy Higgs triplet) decay added to the SM is beyond the
reach of the present and near future collider experiments, the LRSM scenario provides
a window of opportunity for low TeV scale leptogenesis testable at the LHC. However,
the observation of a 2 TeV Wg boson at the LHC, through confirmation of the 2.8¢0
signal of two leptons and two jets reported by the CMS collaboration, would rule
out the possibility of high scale as well as TeV scale resonant leptogenesis with the
standard LRSM fields due to the unavoidable fast gauge mediated B — L violating

interactions [192-199].
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On the other hand, the new vector-like fermions added to the LRSM to accommo-
date the diphoton excess can open up a whole new world of possibilities. A particularly
interesting possibility is the realization of baryogenesis and dark matter annihilation
through a vector-like portal first explored in [139]. As an example, let us consider the

following additional terms in the Lagrangian,

LD~ (AxuXUrUp +he.) —mi XTX — Ax(XTX)?

—AuxH HX'X, (3.21)

where X is an inert doublet (a singlet complex) dark matter scalar field in the LR(SM)
case. X is charged under some exotic global U(1), symmetry, under which only the
vector-like quarks and dark matter fields transform non-trivially. Thus, the introduction
of vector-like quarks can connect the dark matter to the usual LR(SM) quarks, which
can be readily used to make a connection between the baryon asymmetry and dark
matter, as pointed out in [139]. In the rest of this section, we will sketch the simpler
case of the extended SM which can be expanded to the LRSM case by replacing the
singlets with appropriate doublet representations. However, in the case of the LRSM
some subtleties are present and we will comment on them towards the end of this
section. On the other hand, this idea can easily be generalized to accommodate a down-
type quark portal or charged lepton portal (corresponding to a leptogenesis scenario of
baryogenesis).

The basic idea behind the vector-like portal is to generate an asymmetry in the
vector-like sector through baryogenesis, which then subsequently gets transferred to
the SM baryons and the dark matter sector through the renormalizable couplings in
Eq. (3.21). In addition to the scalar field X one can introduce a scalar field Y with the

couplings
LD~ (A\yYvrrg +he) —m2YTY — )\ (YTY)?
— Ay XTXYTY, (3.22)
which allows the annihilation of a pair of X into Y fields. The latter can subsequently
decay into two singlet right handed neutrinos ensuring the asymmetric nature of the

dark matter X relic density for a large enough annihilation cross section. Now turning

to the question of how to generate the primordial asymmetry in the vector-like sector
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which defines the final dark matter asymmetry and baryon asymmetry, let us further

add two types of heavy diquarks with the couplings

LD )\AULA’U,ULUL + )\AURA’U,URUR + MgAgdrdr
+ )\XAuAdAdX + h.c., (3.23)

where A, : (6,1, —4/3), Ay : (6,1,2/3) and the field x breaks the local U(1), sym-
metry under which X and U have non-trivial charges denoted by ¢, (U) and ¢, (X). For
the SM fields this charge is simply B — L, which right away gives ¢, (A;) = —2/3.

The rest of the charges are determined in terms of the free charge ¢, (U),

qX(Au) = _2QX(U)> CIX(X) = QCIX(U) +4/3,
(X)) =1/3 — ¢, (U). (3.24)

In order to forbid the dangerous proton decay induced by the operators O = X? 5%,

X252 X% S%[218], one needs to satisfy the condition
0, (0) # n(2¢,(U) +4/3), wheren = 0,+1,+2,--- . (3.25)

From Eq. (3.23) it follows that after x acquires a VEV to break the U(1), symmetry,

A, has the decay modes
A, — AZAY A, — UU, (3.26)

and a C'P asymmetry (between the above modes and their conjugate modes) can be
obtained by interference of the tree level diagrams with one loop self energy diagrams
with two generations of A,,. Finally, the asymmetry generated in the vector-like quarks
gets transferred to the dark matter asymmetry and baryon asymmetry via the Ay term
in Eq. (3.21). This mechanism gives a ratio between the dark matter relic density and

the baryon asymmetry given by

Qpu/mx 79
Qp/M, 28’

in this model for dark matter mass my ~ 2 GeV (where X is a gauge singlet complex

(3.27)

dark matter scalar field) *. A typical prediction of this model is neutron-antineutron

3The relation between the dark matter relic density and the baryon asymmetry follows from the
baryon asymmetry given by Eq. (1.106) and the dark matter asymmetry Anyxy = Awn. This gives
Qpum 79
Qou/mx = — |Ax/A(B — L)|. Now from Eq. (3.26) we note that Ay/A(B — L) = —1. This
Qp/M, 28
leads to the relation given in Eq. (3.27).
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oscillations induced by the up-type and two down-type diquarks through the mixing of
vector-like up-type quarks with the usual up quarks. However, such oscillations will

be suppressed by the mixing.

One can similarly construct a leptogenesis model involving vector-like charged
leptons. In case of the LRSM a generalization of the above scheme is straightfor-
ward; however, the lepton number violating gauge scattering processes involving a
low scale Wy can rapidly wash out any primordial asymmetry generated above the
mass scale of Wg. In fact, some of these gauge processes can continue to significantly
reduce the rate of generation of lepton asymmetry below the mass scale of Wy, thus
the vector-like quark portals seem to be more promising option for leptogenesis. Other
alternatives include mechanisms like neutron-antineutron oscillation or some alterna-
tive LRSM scheme such as the Alternative Left-Right Symmetric Model [219] where
the dangerous gauge scatterings can be avoided by means of special gauge quantum
number assignments of a heavy neutrino [201]. Also note that, in general, one can
utilize the singlet neutral vector-like lepton as a dark matter candidate by ensuring the
stability against decay into usual LRSM fermions. Finally, the real bi-triplet scalar
field n introduced to achieve successful gauge unification can also be a potential dark

matter candidate.

Attempts have been made in the literature to address the broadness of the resonance
using an invisible component of the scalar width. This in turn gives a large monojet
signal which have been constrained from Run-1 monojet searches at ATLAS [220] and
CMS [221], see for example Ref. [222]. However, the monojet search data seems to
disfavor the required rates to explain the broadness of the resonance. In our model, S
can couple to X X' and YYT etc. leading to decay of S into them, which produces
missing energy final state. This mode can be constrained from monojet searches as
long as Mxy < Mg/2. Even without the scalar S being directly coupled to X,
its decay can produce a pair of jets and X’s via the \xy coupling term, which can
again be constrained using dijet searches at ATLAS and CMS. In the discussion above
we assume that these constrains are respected if My y < Mg/2. While for the case
My y > Mg/2, the monojet and the dijet constraints are no longer applicable since in

this case S will decay via a loop of X (Y')’s.
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3.5 Summary of the chapter

We have discussed a unified framework to explain the recent diphoton excess re-
ported by ATLAS and CMS around 750 GeV. The addition of vector-like fermions
and a singlet scalar S to LRSM but without a scalar bidoublet explains the fermion
masses and mixing via a universal seesaw mechanism. The diphoton signal with
olpp = S — vv) =~ 4 — 12 fb can be explained in this model with TeV scale
vector fermions. The broad width suggested by the ATLAS excess cannot be under-
stood, though. We have discussed how this model can be embedded within an SO(10)
GUT framework by introducing a real bi-triplet scalar. This additional scalar, which
contains a potential DM candidate, allows the gauge couplings to unify at the scale
10'"" GeV. We have also discussed further possibilities in this class of LRSM models

with vector-like fermions for mechanisms of baryogenesis and DM.
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baryogenesis

As discussed earlier the CMS Collaboration at the LHC at CERN announced their
results for the right-handed gauge boson Wy search at a center of mass energy of
Vs = 8TeV and 19.7fb™" of integrated luminosity [166]. They have used the final
state eejj to probe pp — Wr — eNr — eejj, with the cuts pr > 60GeV, |n| <
2.5 (pr > 40GeV,|n| < 2.5) for leading (subleading) electron. The invariant mass
Meej; 1s calculated for all events satisfying m.. > 200 GeV. In the bin 1.8TeV <
Meej; < 2.2'TeV roughly 14 events have been observed with 4 expected background
events, amounting to a 2.8¢ local excess, which, however, can not be explained by Wx
decay in Left-Right Symmetric Models (LRSM) with strict left-right symmetry (gauge
couplings g;, = gr) [166]. The CMS search for di-leptoquark production, at a center
of mass energy of /s = 8TeV and 19.6fb™' of integrated luminosity has reported
a 2.40 and a 2.60 local excess in eejj and ep,.jj channels [167] ! respectively, and
has excluded the first generation scalar leptoquarks with masses less than 1005 (845)
GeV for 8 = 1(0.5), where § is the branching fraction of a leptoquark to a charged
lepton and a quark . In the eejj channel for a 650 GeV leptoquark signal using the
optimization cuts Sp > 850 GeV, m.. > 155 GeV and mfj}i“ > 270 GeV (where St

"The ep.jJj channel is often referred to as evjj channel in the literature. Also note that the “ee” in

eejj refers to two first generation charged leptons, not necessarily of the same sign.
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is the scalar sum of the pr of two leptons and two jets), 36 events have been observed
compared with 20.49 £ 2.4 4 2.45(syst.) expected events from the SM backgrounds
implying a 2.40 local excess. While in the ep_jj channel using the optimization cuts
St > 1040 GeV,mp, > 145 GeV,me; > 555 GeV and mr.ep, (Where St is now the
scalar sum of the missing energy J and pr of the electron and two jets), 18 events
have been observed compared with 7.54 4+ 1.20 4 1.07(syst.) expected background

events amounting for a 2.60 local excess [167].

Attempts have been made to explain the above CMS excesses in the context of
different models. The excesses have been explained in the context of Wy decay by
embedding the conventional LRSM (g, # gg) in the SO(10) gauge group in Refs.
[187,188,223]. The eejj excess has been discussed in the context of Wr and Z’ gauge
boson production and decay in Ref. [224]. The excesses have also been interpreted as
due to pair production of vector-like leptons in Refs. [225]. In Refs. [226-228], the
excess of eejj events has been shown to occur in R-parity violating processes via the
resonant production of a slepton. In Refs. [229,230], a different scenario is proposed
by connecting leptoquarks to dark matter which fits the data for the recent excess seen
by CMS. The feasibility of probing lepton number violation through the production of

same sign leptons pairs in a dilepton +2 jets channel was first explored in Ref. [231].

The conventional LRSM (even embedded in higher gauge groups) are inconsistent
with the canonical mechanism of leptogenesis in the predicted range of the mass of
Wgr (~ 2TeV) at CMS [192]. In these models, leptogenesis can generate the lepton
asymmetry in two possible ways: (i) decay of right-handed Majorana neutrinos which
do not conserve lepton number [90] and (ii) decay of very heavy Higgs triplet scalars
with couplings that break lepton number [23]. Since the right-handed neutrinos inter-
act with the SU (2) g gauge bosons, the W5, interactions with the right-handed neutrino
N can wash out any existing primordial B — L asymmetry, and hence also baryon
and lepton asymmetry in the presence of anomalous (B + L) violating interactions
before the electroweak phase transition. Successful primordial leptogenesis involving
N decay for myy,, > my then requires myy,, > 2 x 10° GeV (my/10% GeV)*/* if lep-

togenesis occurs at T = my and myy, > 3 x 10° GeV(my/10? GeV)?/? if it occurs

Y

at 7" > myy,. Note that the my > myy,, option is excluded in supersymmetric theories
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with gravitinos [192]. Thus, the observed 1.8 TeV < my, < 2.2TeV range at CMS
implies that the decay of right-handed neutrinos cannot generate the required amount
of lepton and baryon asymmetry of the universe in the conventional LRSM. Such mod-
els would then require some other mechanism to generate the baryon asymmetry of the
universe. With regards to the interpretation of the excess events as due to leptoquarks,
it is difficult to accommodate any scenario that allows a light leptoquark in any simple

extension of the standard model.

In this chapter, we discuss some simple left-right symmetric extensions of the SM,
which can explain the excess CMS events and simultaneously explain the baryon asym-
metry of the universe via leptogenesis [198,201]. To this end we explore whether mod-
els based on heterotic superstring theory have all the necessary ingredients embedded
in their effective low-energy theories. The heterotic superstring theory with Fg x Fjg
gauge group after compactification on a Calabi-Yau manifold leads to the breaking of
Es — SU(3) x Eg [232,233]. The flux breaking of Fj results in different effective sub-
groups of rank-5 and rank-6 at low-energy, some of which include new right-handed
gauge bosons in their spectrum. In addition to this, these low-energy subgroups pro-
vide the existence of new exotic (s)particles. We will systematically study the possible
decay modes of right-handed gauge bosons in the three effective low-energy subgroups
of the superstring inspired Es model, to see that it is not possible to explain the excess
of both eejj and ep,.jj events from the the right-handed gauge boson decay and ac-
commodate leptogenesis simultaneously in any of the effective low-energy subgroups
of Es. We then discuss a different scenario in which both the excess signals can be
produced from the decay of an exotic slepton in two of the effective low-energy sub-
groups of the superstring inspired Fs model. The added advantage of this scenario
is that unlike R-parity violating slepton decay in Refs. [226-228], the production as
well as decay of the exotic slepton in this scenario involves only R-parity conserving
interactions. Interestingly, one of the two effective low-energy subgroups (generally
known as the Alternative Left-right Symmetric Model (ALRSM)) also explains high-
scale leptogenesis. Therefore, we argue that the ALRSM is the most suitable choice
for explaining both the excess of events at CMS and the generation of the baryon

asymmetry via leptogenesis [201].
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4.1 Left-right symmetric low-energy subgroups of Fj

Within the context of heterotic superstring theory in ten dimensions, it was shown in
Ref. [234-236] that there is gauge and gravitational anomaly cancellation if the under-
lying gauge group is Fg x E, or SO(32). The Eg x E} leads to chiral fermions, whereas
S0O(32) does not lead to the same. Therefore, Fg x Ej is considered to be more attrac-
tive from the phenomenological point of view. By integrating out the massive modes,
the low-energy limit of the superstring theory (massless modes of the string) leads to
ten-dimensional supergravity with an Eg X Eg gauge sector. To make connection with
the four-dimensional world, the extra six dimensions must be compactified on a par-
ticular kind of manifold. Though there exists several compactification scenarios, the
compactification on a Calabi-Yau manifold (with SU(3) holonomy) [233] results in the
breaking of Ey — SU(3) X g and also produces N' = 1 supersymmetry [232]. The re-
maining E couples to the usual matter representations of the Eg only by gravitational

interactions and provides the role of the hidden sector needed to break supersymmetry.

One of the maximal subgroups of Fjg is given by SU(3)c x SU(3), x SU(3)k.

The fundamental 27 representation of Ej under this subgroup decomposes as
27=(3,3,1) + (3*,1,3") + (1,3%,3) 4.1)

where (u,d,h) : (3,3,1), (A d%u) : (3%,1,3%) and the leptons are assigned to
(1,3%,3). Here h denotes an exotic —% charge quark. Other than h and its charge con-
jugate, a right-handed neutrino N¢ and two lepton isodoublets (vg, E) and (E¢, Nj)
are among the new particles. Although these exotic particles have not been observed so
far, they promise rich phenomenology and their detection may also become an indirect

indication for the superstring inspired models.

The particles of the first family are assigned as

U E° v vg
a|+(uw @ w)r|Ng e B 4.2)
h e N°¢ n
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where SU(3);, operates vertically and SU(3)r) operates horizontally >. When the
SU(3)(1,r) further breaks to SU(2),r) % U(1),g), there are three choices corre-
sponding to 7', U,V isospins of SU(3), which corresponds to the three different em-
bedding of the residual SU(2) on SU(3) and the different isospins 7", U, V' would be
the generators of SU(2). These three choices give three kinds of heavy W5’s (com-
pared to their left-handed counterparts) and the exotic fermions belong to the different

SU (2) representations.

4.1.1 Conventional Left-Right Symmetric Model like case

We first consider the usual left-right symmetric extension of the standard model and
include the exotic particles. In that case, for the standard model particles the sum of
the generators Y7, and Y5 can be identified with the generator (B — L), where B is the
baryon number and L is the lepton number. We shall extend this identification to the
exotic particles as well, because that will help us understand the B and L violation in

this scenario.

The right-handed up and down quarks, or their CP conjugate states (d°, u°), belong
to the SU(2) i doublet as in the LRSM. The charge equation

1 1
Q = Ts.+ §YL + T3p + §YR
(B—L)

= T3 +1T3r+ 5

4.3)

holds for all the SM particles and we want the new fermions that belong to the funda-
mental representation of Fy to have a gauge invariant Yukawa interactions with the SM
particles. Thus this relation may be extended as a definition to make all Yukawa and

gauge interactions conserve B — L. So under the subgroup G = SU(3). x SU(2), x

U
2For example | 4 | is a SU(3) triplet, whereas (uc d° hc> isa SU(3) (g triplet.
h
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SU(2)r x U(1)p_y, the fields transform as

1
(u,d) (3,2,1,6)
— 1
(dc,uC)L : (3,1,2,—6)
1
(Veae)L : (17271a_§)
1
(e, N9 (1,1,2,5)
1
hr (3,1,1,—5)
B (31,10
L . » 73
vp FE€
P (1,2,2,0)
E N
ny - (1,1,1,0). 4.4)

The presence of SU(2)g tells us that the right-handed charged currents must be in-
corporated in weak decays. If the Dirac neutrino is formed by combining v, and N,
then the mass of the ng is constrained from polarized p* decay [237]. Furthermore
there is a charged current mixing matrix for the known quarks in the right-handed sec-
tor. Assuming this to be similar to Kobayashi- Maskawa matrix one can constraint
the W;f mass from the K; — Kg mass difference [238—240]. In Ref. [241] it was
shown that the mixing matrix for the right-handed quark sector is calculable and that
the difference between left and right mixing angles turns out to be very small. Also the
rare decays and neutron electric dipole moment can give further constraints on the Wx
mass [240,242].

This case can produce the eejj signal in the decays of Wpg, and can explain the
observed events for g, # gr [187]. However, this scenario is not very interesting for

us as it cannot explain the canonical mechanism of leptogensis.

4.1.2 Alternative Left-Right Symmetric Model

Another choice for the SU(2) g doublet is (h¢, u) [219] with the charge equation Q) =
1 1

Tsr, + §YL + Thp + §Y1§, where

1 3 1 1
Tip = 5 1sr + YR, Yy, = §T3R - §YR7 4.5)
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and we have Ty, + Yy, = T3z + Yg. Thus it follows that for interactions involving only
the standard model particles and left-handed gauge bosons, one cannot distinguish
this model from the case discussed in previous subsection. In this scenario, the fields

transform under the subgroup G = SU(3). x SU(2)r x SU(2)r x U(1)y~ as

1
(u,d)L : (3,2,1,6)
_ 1
(heu®)p (3,1,2,—6)
1
(VEaE)L : (172717_5)
1
(e“n)p (1,1,2,5)
1
hr (3,1,1,—5)
& (3,0
L - ) 73
v, E°
(1,2,2,0)
e Ng ;
N;i : (1,1,1,0), (4.6)

where Y’ = Y, + Y},. This model is often referred to as the Alternative Left-Right
Symmetric Model (ALRSM) in the literature [219]. Note that, in this case N has a
trivial transformation under G and thus can allow high-scale leptogenesis. However,
the assignment of quantum numbers for N¢ is not unique and that can result in some
interesting consequences.

With the above assignments, the superpotential governing interactions of Standard

Model and exotic particles is given as

W = X\ (wu’Ng — du®E° — uhe + dhv,) + Ao (ud°E — dd°vg)
+ A3 (hu®e® — hhn) + Ahd°Nj| + X5 (ee“vg + EE°n — Ee‘v, — vpNin)

+ X (VeN[ N — eE°NY). 4.7)

The superpotential given in Eq. (4.7) leads to the following assignments of R, B and

L for the exotic fermions which also guarantees proton stability. For leptoquark h we

1
have R = —1,B = §’L = l;vg,Eandncarry R = —1,B = L = 0. There are

two possible assignments for N determining whether a massive v, is possible or not.

For the assignment R = —1 and B = L = 0 for N° (which demands \y, = A\ = 0
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in Eq. (4.7) for a R-parity conserving scenario), one has an exactly massless v,, but
from the perspective of leptogenesis the more interesting choice is the case where N
is assigned R = +1, B = 0, L = —1, so that it gives a tiny mass to 1, via the seesaw
mechanism. Thus we consider the latter scenario in the following discussions.

In this case, the right-handed charged current couples e to n, but with n being
presumably heavier (m,, > O(TeV)), there is no constraint on the mass of W3, from
polarized ;1 decay in contrast to the conventional LRSM like case. Also since ng
does not couple to d and s quarks there is no constraint on the mass of Wfé from the
K| — Kg mass difference either. Thus this model allows a much lighter ng than the
conventional LRSM like case. However this model can give rise to D° — D° mixing
through the Wgs coupling of the ¢ and u quarks to i [243]. The relevant diagrams are

shown in Fig. 4.1. This mixing can constrain the SU (2) g breaking scale in this model.

It is interesting to note that in contrast to the conventional LRSM like case, where all

h; WR’
c u c AVAVAVAVAV c i
Wge Wge h; h i
U — c (T AVAVAVAVAY c
hj Wge

(a) (b)

Figure 4.1: Box diagrams in the ALRSM contributing to D" — D’ mixing.

the gauge bosons have B = 0 and L = 0, in this case W, has leptonic charge L = 1.

The coupling of the Wx/ to the fermions is given by

1 - _ _
L= —=gpWg(hyui + Evvr + eyung + Ngyer) + hee. (4.8)

V2
So W is coupled to the leptoquark £ and the n field, compared to the coupling with
the d7 and N° in the conventional LRSM.
Let us discuss the possible production channels of W 5. The quantum numbers of
W r imply that the production of W from the usual ud scattering in hadronic colliders
cannot take place. The process that can yield a large cross section for W/ production is

the associated production of Wy and leptoquark via the process g+u — h-+W3, [244],
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g Wr g h
u
h
U h U Wgr

(a)

Figure 4.2: s- and ¢t-channel Feynman diagrams for the process: g +u — h + Wgr.

which proceeds through the diagrams shown in Fig. 4.2. The differential cross section
of this process is given by
do 1 -
’2

w 4.
dt 167r§2|MR ’ 4.9)

with the spin and color averaged partonic amplitude given by [245]

_ ArG ]\42 t/ A M2 M2
Mpl? = — W S+ ) (24 | -2
3v2 t/ Mz, Mz,
M} 1 1 2
2(2MmE, —MEP— —h )=+ =
+ ( Wr h M@VR,> (3 + t’> i

Ml? 2272 4 M2 2 2 Mé
X <_M2 + SMhMWR/ - QMWR/ + 2 t/2 QMWR/ - Mh - —M2 9
Wg W

(4.10)

where 3, t are the Mandelstam variables, t' =t — M 2, and M), (M) is the mass of
h (Wgs). The partonic cross section of the process can be obtained by integrating the

differential cross section over ¢’ between the limits

1 1 1/2
ta=—3 <S+Mh M2, >;|:§{(3—Mh M2, ) —4M,3MI%,R,} . (411

The total hadronic cross section is obtained by convoluting the partonic cross section

with the parton distribution functions

1
o~ / dxidxs[uP (z1)gP(22) + ¢F (x1)uP (22)]6 (21225), (4.12)
0

where s is the squared hadronic center of mass energy, § = xxs, and u”, g are the
parton distribution functions relative to the proton. A quantitative benchmark for the

same is given in Refs. [244] and [245]. To give a quantitative estimate, for M}, ~ 1 TeV
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and My, ~ 2.1TeV the cross section at the LHC for the process pp — W;{,h is
about o ~ 0.2 pb at /s = 14 TeV and is about o ~ 0.02 pb at /s = 8 TeV, where
we have used the parton distribution functions given in Ref. [246] for the numerical
estimations. Note however that the production cross section of o (W h) is always
substantially larger compared to (W, h)(~ 1072 pb at /s = 14 TeV and ~ 5 x 10~*
pb at Vs = 8TeV, for M}, ~ 1TeV and W ~ 2.1TeV). This is due to the fact that
u distribution function in a proton beam is larger than the « distribution function.

The two-body decay modes of the W/ can be obtained from Eq. (4.8). An inspec-
tion of all the further decays of the exotic particles coming from Wy decay imply that
the Wrs decay can not give rise to the ee + 27 signal even in the presence of super-
symmetry. However, there is a possibility to produce the ep,.jj signal from the decay
modes of Wg if n is considered as the Lightest Supersymmetric Particle (LSP). The

relevant decay modes of W' producing ep,,jj are given as:

. ¢ N*_ T — ¢
(1) Wgr — hu® — h nu® —
— & uu’ — | eyuut

— Wruu® — | e‘nuu®

(iv) Wr — Nie — vgine — . (4.13)

Thus, in this scenario, which has an attractive feature of allowing high-scale leptoge-
nesis, a signal like two electrons and two jets can not correspond to the decay of Wg
whereas there are many channels which can produce a signal like an electron, missing
energy and two jets via the decay of W as given above. In the next section we will see
that both eejj and ep,.jj signals can be explained in this case by considering [2-parity

conserving resonant production and decay of an exotic slepton.

4.1.3 Neutral Left-Right Symmetric Model

A third way of choosing the SU(2) g doublet is (h°, d°) [247] and the charge equation

is given by

1 1
Q:T3L+§YL+§YN7
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where the SU(2) corresponding to the mentioned doublet does not contribute to the
electric charge equation and we will denote it as SU(2)y. For this reason we will
often call this model as the “Neutral” Left-Right Symmetric Model (NLRSM) in later
chapters. When this SU(2) v is broken, the gauge bosons Wﬁ and Zy acquire masses.
Note that the £ in the superscript of Wy refers to the SU(2)xy charge. Under the
subgroup G = SU(3). x SU(2), x SU(2)ny x U(1)y the fields transform as

1
(u>d)L : (3’271’6)
_ 1
(he,d%) (3,1,2,5)
1
(E°,Ng)L - (1,2,1,5)
(N°n)p : (1,1,2,0)
1
hL : (371,1,—5)
— 2
¢ (3,11, —=
uL (7 () 3)
Ve V 1
"l 12,2,-0)
e F 2
L
e (1,1,1,1). 4.14)

The superpotential governing interactions of SM and exotic particles is given as:

W =X\ (VeN;Ng + eE°N} +vgNgn + EEn) +
Ao (d°Nph + hhn) + Ague’h + Ay (uu’Np + u°dE°) +

A5 (Ve€’E + eevi) + X (ud°E + dd°vi + uh®e + dhv,) (4.15)

Note that in this case as well, the superpotential ensures that A is a leptoquark (B =
3 L = 1) while vg, E and n carry B = L = 0 as in Case 2. N° has the assignment
B =0, L = —1. Wy has negative R-parity, nonzero leptonic charge . = —1 and zero
baryonic charge.

Wy and Zy can induce K° — K° mixing. Consider a scenario where there is

mixing between the six quarks (three generations) forming SU(2)y doublets
(4.16)

Then the tree level Flavor Changing Neutral Current (FCNC) processes as shown in
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Figure 4.3: Tree level flavor changing neutral-current processes due to mixing of the six

quarks, d, s, b and exotic quarks: h; (1 = 1,2, 3).

hz' WN
d 8 d — NN\ s
WN WN h1 h’?
3 - d 5§ — h A\ NAN—
h; WN

(a) ()

Figure 4.4: Box diagrams leading to ds — 5d mixing if only exotic h;(i = 1,2, 3) mix.

Fig. 4.3 will be present and one can get a bound for the W from the K; — K¢ mass
difference [247]. Even if d and 5 do not mix with the exotic h;, there may still be a
tree level contribution to the kaon mixing. If we assign opposite T3y to d; and 57,
and if they mix then the diagrams shown in Fig. 4.3 are still possible [247]. On the
other hand if only the exotic h; mix and the d; and 5, are assigned the same 75y, then
one gets the box diagrams shown in Fig. 4.4 [247]. Similarly, considering SU(2)x

doublets in the leptonic sector,

E M T
, (4.17)

e W T

even in the absence of mixing between the ordinary and exotic fermions the process
i — ey can take place if the exotic fermions mix among themselves [247] as shown

in Fig. 4.5. The coupling of the Wy to the fermions is given by

1 - _
L =—grWk(hvdr + ey, Er + 07,(ve)r + Ny,n) + h.c. (4.18)

V2

On similar grounds, as in the ALRSM case, the W cannot be produced via the usual
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(a) (b)

Figure 4.6: s- and t-channel Feynman diagrams for the process: g + d — h + Wi

Drell-Yan mechanism or via the decay of the heavy Zy. The process that can yield a
large cross section for Wy production [248] is g + d — h 4+ W) which consists of the
diagrams shown in Fig. 4.6.

The invariant amplitude squared averaged over partonic spin and color is given

by [245,248]

_ ArGp M2 ' M? M?
|MN|2 — Masl_(__’_f)(Q_i_ h)_2 h

3v2 st Mg, Mg,
M? 1 1
2 2 h
N
2 MP
+ o (— M%;L + 3MP My, — QMIﬁ,N) ] : (4.19)
N

wheret' =t — M ,f ,and My, (Myy,,) is the mass of h (Wy). The partonic cross section

of the process can be obtained by integrating over ¢’ between the limits

1, 1r1,. 2 1/2
fo= 35 (5 ME = M) &5 [(5— M= M§, ) - aMEME, | 420)

A comparison of Eq. (4.19) with Eq. (4.10) reveals that the production cross sections
for Wy and Wpg are similar, particularly if M, ~ My. A detailed account of the

above Wy production cross section is given in Refs. [245, 248], both of which find
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the cross section to be substantially large. To give a quantitative order of magnitude
estimate, for M;, = 1TeV and My, ~ 2.1TeV the cross section at the LHC for the
process pp — Wirh is about o ~ 0.05 pb at /s = 14TeV and o ~ 0.005 pb at
v/s = 8 TeV. In this case also the production cross sections o(Wy) > o(Wy,), due to
the fact that d-quark distribution function in a proton beam is larger than the d-quark

distribution function.

Pair production of Wy can take place via the process ete™ — W;\; Wy [248]. The
relevant diagrams are shown in Fig. 4.7. This process is particularly sensitive to the un-
derlying gauge structure and cancellations between the given amplitudes. Thus it can
serve as a probe for the non-abelian SU(2)y gauge theory. Under the approximation

that Mz, ~ My, , the differential cross section for this process is given by [248]

do  G%LM;; 1 s 1 s(s — M%)
o= WNB P+ o F 2 \2 s — 513 2 \2 ZNz 2 )

(4.21)

where 8 = (1 — 4Mj,, /s)"/? and the F}’s are given by

Fo= PRy 50 - A8/ +

Fy = f16y + (1 - 2%)(y" — 4y +12)],

By = r{16(1+ X 4yl 4 o521 )6 - 2y~ dyfa)l, @422)
with

t
t— M2

y=s/My , x=t/M; , r (4.23)

1
and t = M, — 53(1 — Bz). In Ref. [248] the total cross section for the process

ete” — WHWy is estimated as a function of My, and Mg for /s = 1TeV. To
have a quantitative order of magnitude estimate, for /s = 1 TeV, My ~ 1.0 TeV and
My, ~ 350 GeV the total cross section for the process e"e™ — W Wy is about 1

pb. For My, < 270 GeV, the production cross section increases substantially with

~Y

increasing Mg, while for My, 2 370 GeV the production cross section decreases
with increasing Mg. An inspection of all the further decays of the exotic particles
coming from the two-body decay modes of Iy listed above tells us that a ee+27 signal

cannot be obtained from the decay of Wy even in the presence of supersymmetry.
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Figure 4.7: s- and t-channel Feynman diagrams for the process: eTe™ — WR; Wy
However, there is a possibility to produce the ep,_jj signal from the decay modes of

W if n is considered as Lightest Supersymmetric Particle (LSP). The relevant decay

modes of Wy producing ep,.j; are given as

(i) Wy — h°d® — h'ad® —

— &*ud® — |eyud®

(i) Wy — eEy — eEn — (4.24)

Thus, similar to the ALRSM case, a signal like two electrons and two jets can not
correspond to the decay of W whereas there are some channels which can produce
a signal like an electron, missing energy and two jets via the decay of Wy as given
above. However, in this case also both eejj and ep,jj signals can be interpreted in
this case also by considering R-parity conserving resonant production and decay of an

exotic slepton.

4.2 Exotic sparticle(s) production leading to an ee; j (e;pT 77)
signal

In this Section we show that two of the effective low-energy subgroups (discussed in
sections 4.1.2 and 4.1.3) of the Eg group can produce both eejj and ep,.jj signals
from the decay of scalar superpartner(s) of the exotic particle(s). Both events can
be produced naturally in the above schemes by considering (i) resonant production

of the exotic slepton E (i) pair production of scalar leptoquarks h. Interestingly, as
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Figure 4.8: R-parity conserving Feynman diagrams for a single exotic particle E produc-

tion leading to both eejj and ep,.jj signals.

compared to the resonant production of sleptons as discussed in Ref. [228], the exotic
slepton £ can be resonantly produced in pp collisions without violating R-parity. The
exotic slepton then subsequently decays to a charged lepton and neutrino, followed by
R-parity conserving interactions of the neutrino producing an excess of events in both
eejj and ep_jj channels. The R-parity conserving processes leading to both eejj and
ep..jj signals are given in Fig. 4.8(a) and the one giving only eejj signal is given in
Fig. 4.8(b). The cross section of the eejj process as given in Fig. 4.8(a) and Fig.

4.8(b) can be expressed as:
o (pp — eejj) = o(pp — EL) x BR(EL, — eejj) (4.25)

whereas the cross section of the ep_.jj processes as given in Fig. 4.8(b) can be ex-

pressed as

o <pp — eijj> =o(pp — E’L) X BR(EL — eijj).
(4.26)

In Case 2, the resonant production of the slepton as well as decay modes of the same

are given by the following terms in the superpotential

Wy = =1 (uhe — dhv,) + Aud’E — s Ee‘v,, 4.27)



4.3. Explaining the diphoton excess in Alternative Left-Right Symmetric Model 117

while in Case 3, the relevant interaction terms are given by
W3 = A\ (Vee°FE + ee‘vi) + N (ud°E + uhe + dhv,) .

The parton cross section of a single slepton production in Case 2 is given by [249]

Dof28(1 — E) (4.28)

where 5 is the partonic centre of mass energy, and my is the mass of the resonant
slepton. Including effects from parton distribution functions, the total cross section to

a good approximation is given by [249]

e
o (pp — eejj) | 23| X [ (4.29)
Mg
and )
. A
o (pp — epT]j) x | 23| X o (4.30)
Mg

where [3; is the branching fraction for the decay of the exotic slepton to eejj and [

is the branching fraction to ep,.jj. Similarly, in Case 3, the cross sections in the eejj
2 2

sl | Asl

i W

1.2 as well as couplings \a()g) as free parameters, the cross section can be calculated

and ep,jj channels depend on x (1 and x [y respectively. By choosing

as a function of the exotic slepton mass. Stringent bounds can also be obtained on the
value of the mass of the exotic slepton by comparing the theoretically calculated cross
section with the data collected by CMS at a centre of mass energy /s = 8 TeV. Thus,

we propose that the alternative schemes of E¢ might explain the excess eejj and ep,.jj

signals at CMS naturally via resonant exotic slepton decay.

4.3 Explaining the diphoton excess in Alternative Left-
Right Symmetric Model

The CMS and ATLAS collaborations have recently announced the search results based
on the first 3 fb~! of collected data from Run 2 of the LHC at Vs = 13 TeV [174,
175]. The ATLAS collaboration has reported a 3.9 o local (2.3 o global) excess in
the diphoton channel at the diphoton invariant mass of around 750 GeV with 3.2fb™*

integrated luminosity. This excess corresponds to about 14 events appearing in at least
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two energy bins, suggesting a large width ~ 45 GeV [175]. The CMS collaboration
has partially endorsed this result with an integrated luminosity of 2.6fb~*. They have
reported about 10 excess events in the 7~ channel peaked at 760 GeV amounting to a

2.60 local (< 1.20 global) excess [174].

A new resonance coupling with the Standard Model (SM) ¢ quark or W= can give
rise to loop diagrams with ~~ final state. However, such diagrams are highly sup-
pressed at the large v invariant masses and the dominant decay channels are ¢t or
W*W ™. Thus, the observation of the 7 resonance at 750 GeV (much larger than the
electroweak symmetry breaking scale) presumably hints towards new physics around
that mass scale. Several new physics interpretations of the diphoton signal have been

proposed in the literature explaining the excess events.

In light of the fact that the two collaborations have suggested signal events consis-
tent with each other at a 3o statistical significance level, hinting towards a new physics
scenario, it is important to explore the possible model framework that can naturally
accommodate the diphoton signal. In this section, we argue that the g motivated Al-
ternative Left-Right Symmetric Model (ALRSM) provides a very attractive framework

to address the diphoton excess [250].

Interestingly, the gluon-gluon fusion can give the observed production rate of the
750 GeV resonance, n in our model, through a loop of scalar leptoquarks (). Sub-
sequently, n decays into gg and 7y final states via loops of 1 and E©). Note that,
considering only scalar leptoquarks in the decay loop of 7 yields a diphoton branching
ratio suppressed by a factor of 10™® — 10™*, and it is the contribution from E© loop
which enhances the diphoton branching ratio significantly to give the observed cross
section of the diphoton signal. The fermionic components of h, h° and E, E° can also
enter the loops and contribute to the production cross section and v branching frac-
tion. This will improve the parameter space freedom of the trilinear scalar couplings
and scalar component masses, however, a significant contribution from the fermionic
states require quite large Yukawa couplings inconsistent with perturbativity (for exam-
ple see Ref. [251]). In the present case, we assume the Yukawa couplings to be small
such that the o(pp — =) contribution coming from the fermionic component is small

compared to the contribution coming from the scalar components running in the loop.
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This helps us evade the dangerous perturbativity constraints on Yukawa couplings and
reduces the effective number of free parameters, giving us a better handle on the scalar
parameter space. The relavant terms in the superpotential are given by

|/

14

12
2

10}

o(pp->n)[fb]

1500 2000 2500 3000 3500 4000 4500 5000
M;,[GeV]

Figure 4.9: pp — 7 production cross section in gluon fusion at /s = 13 TeV as function
of scalar leptoquark mass and )\QL. The numbers in the boxes are the production cross sections

corresponding to the contours.

Wi = =Ashh‘n + \s EE“n, (4.31)

where we have dropped the generation indices for simplicity. The production cross
section can be conveniently parametrized in terms of the corresponding production
cross section of the SM Higgs H with its mass replaced by the 1 mass My = M;

[252]. This eliminates the factors due to higher order QCD corrections to give

2

, (4.32)

. 2
o(pp —n) [ A§"cos by sin b0 ‘ Ao(z3)
U(pp — H) 8MiL Al/g(ﬂft)

where the dimensionful coupling corresponding to the A3 trilinear scalar term in Eq.

(4.31) is parametrized as \; = Af;fﬁMﬁ, 6 is the left-right mixing angle of the scalar
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leptoquark sector corresponding to h — h°, v is the vacuum expectation value (H) = v,

xj, = mj/AM: and x, = m2 /4M} where M, is the top mass. The loop functions are

given by
Ao(ZL’) _ 3(f('i)2_ l’)7
Ap(e) = soplet (o= Df@), 433)
with f(x) given by
arcsin®(v/7) r<l1
flx)=19 1 1levizz\  1? (4.34)

o(pp — H) at /s = 13TeV can be obtained by boosting the /s = 8 TeV cross
section 0 = 0.157pb (for My = 750 GeV) by a factor 4.7 corresponding to increased
gluon luminosity [253]. The pp — n production cross section in gluon fusion as
function of scalar leptoquark mass and /\g = )\gﬁ (M;/M;) is shown in Fig. 4.9.
Note that, we take the maximum value of )\é as 14 corresponding to the rough upper
limit from perturbativity [254,255] and 6; = 7/4 corresponding to maximal mixing
between left and right handed scalar leptoquarks. Now, for 2/ B > M, n can not
decay to two on shell }NZ(E) giving appreciable branching ratios for vy and gg final

states. The partial widths for the ~+y final state are given by

. 2
. a2 M3 )\;(” cos Oy sin Ox M

s = o

25673 My

[Ao(zx) |, (4.35)

where X (y) can be h(3) and E(5), Ay corresponds to the loop function defined in Eq.
(4.33) and 2x = m2/4M3. The corresponding decay width for the gg final state can
be obtained by

: 2
W 2K g0

Foo =501
h

(4.36)

where K, ~ 2 arises from higher order QCD corrections, a(M;) ~ 0.092, Q; =
—1/3. Considering h as the only field running in the decay loop yields a branching
fraction ~ 1073 — 10~ for the ~~ final state. Thus, the contribution coming from
E running in the final decay loop plays an essential role in controlling the branch-

ing ratio to the v~ final state. The branching fraction as a function of slepton mass
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Figure 4.10: The branching fraction as a function of slepton mass M and scalar lepto-
quark mass Mj with )\é‘ = AP = 14. The numbers in the boxes are the branching fractions

corresponding to the contours.

M, and scalar leptoquark mass Mj, is shown in Fig. 4.10. In Fig. 4.11, the produc-
tion cross section times branching ratio o(pp — n) x BR(2i — ~7) is presented for
)\g = )\f = 14 corresponding to the rough upper limits allowed by perturbativity for
the lowest masses of scalar leptoquark (h) and slepton (E) respectively (M ;lmin ~ 2M;
and MEmin ~ M;/2)° [254,255], 0; = 0; = m/4 corresponding to maximal mixing
between the left and right handed scalar leptoquarks and sleptons. The pink band cor-
responds to o(pp — 1) x BR(i — ) = 2 — 8 fb, corresponding to 95% CL upper
limit on the allowed cross section at 13 TeV, consistent with cross section exclusion
at 95% CL by the absence of a signal in the CMS run 1 data [216]. We find that
the slepton mass M < 400 GeV is favored by the fit, while scalar leptoquark mass
M; < 2500 GeV is preferred by the diphoton excess. Note that for different genera-
tions of 7 with a mass difference O(10) GeV one can address the wider peak hinted

by ATLAS, given that the present statistics can not resolve these different masses.

3Note that, here we have used the parametrizations A} = A7 (M;/M;) and AE = \B™ (MG /M ).
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Figure 4.11: The production cross section times branching ratio o(pp — n) x BR(n —
77) as a function of scalar leptoquark mass Mj (for three different values of slepton mass
M) with )\g = >\3E = 14, 0; = 0 = /4. The pink band corresponds to the observed value
of o(pp — n) x BR(i — 7y) = 2 — 8 fb, corresponding to 95% CL upper limit on the

allowed cross section at 13 TeV.

4.4 Leptogenesis in supersymmetric low energy Fj-
subgroups

In the conventional LRSM scenario for successful high-scale leptogenesis, constraints
on the Wz mass mentioned in the introduction follow from the out-of-equilibrium
condition of the scattering processes involving the SU(2)x gauge interactions [192].

In the case My > My, the condition that the process
ep+ Wi = Np—ef+ Wy (4.37)

goes out of equilibrium gives

My 2 10 GeV (4.38)

with my,/my 2 0.1. For the case My, > My leptogenesis can occur either at

T ~ My orat T > My, below the B — L breaking scale. For 1" ~ My, the out-

of-equilibrium condition of the scattering processes which maintain the equilibrium
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number density for Ny leads to
My, =2 x 10° GeV(My /10> GeV)*/4. (4.39)
For leptogenesis at 1" > Mjyy,, the condition that the scattering process
Wi+ Wz —ep+ex (4.40)
through Ny exchange goes out of equilibrium gives
My, = 3 x 10°GeV(My /10> GeV)*/3. (4.41)

Consequently, observing a W, signal in the range 1.8 TeV < My, < 2.2 TeV implies
that it is not possible to generate the required baryon asymmetry of the universe from
high-scale leptogenesis for a hierarchical neutrino mass spectrum (My,,, > My, , >
Mpy,, = my) in the usual LRSM scenario (even if it is embedded in a higher gauge
group).

The Ejg group allows the possibility of explaining leptogenesis in two of its effec-
tive low-energy subgroups [256]. One of them is G; = SU(3)¢ x SU(2), x U(1)y X
U(1)n [257], which we will discuss in detail in the next chapter, and the other is
Gy = SU3)c x SU(2)L x SU(2)r x U(1)yr, which is the case discussed in sec-
tion 4.1.2. With the assignment given in Egs. (4.4), (4.6) and (4.14), amongst the five
neutral fermions, only v, and N¢ carry nonzero B — L in all subgroups. Therefore,
leptogenesis can be addressed via the decay of the Majorana neutrino N° in all three
cases. Now to generate the B — L asymmetry from the heavy neutrinos, one needs to
satisfy the conditions: (i) violation of B — L from the Majorana mass of NV (i1) CP vio-
lation from complex couplings and (iii) the out-of-equilibrium condition for the decay
of the physical heavy Majorana neutrino /N given by

4m3g, T?
45 Mp;’

I'y < HT =my) = (4.42)

where I'y is the decay width, H(T") is the Hubble expansion rate, g, is the number
of relativistic degrees of freedom at temperature 7" and M p; is the Planck mass. This
translates into the condition that the mass of N must be many orders of magnitude
greater than the TeV scale and consequently N¢ cannot transform nontrivially un-

der the low-energy subgroup G. From the assignments of Eq. (4.4) and Eq. (4.14),
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it follows that N transforms as a doublet under both SU(2)r and SU(2)y. This
implies that if SU(2)g gets broken at the TeV scale, a successful leptogenesis sce-
nario can not be obtained in Case 1 (similar to the conventional left-right model) and
Case 3. In Case 2, since N° transforms trivially under the low-energy subgroup G,
the out-of-equilibrium decay of heavy neutrinos can give rise to high-scale leptoge-
nesis *. In this case, the Majorana neutrino Nf decays to B — L = —1 final states
Ve, N CEj, Ve, N]‘;j, eif?;, €i, EJC and diﬁj, Jciﬁj and to their conjugate states, via the inter-
action terms involving A4 and )Ag in Eq. (4.7). One-loop diagrams, such as the two

shown in Fig. 4.12 for a given final state, can interfere with the tree level Ny, decays to

provide the required CP violation for particular values of couplings )\ff " and )\éj ¥ An

- c C 7
NE& Vi Enﬂdn D 7

Figure 4.12: Loop diagrams for N decay.

order of magnitude estimate of the upper bound on the couplings )\Zj " and /\éj ¥ can be
obtained from the out-of-equilibrium condition given by Eq. (4.42). Considering the
total decay width of Vy, given by
1 ijk ijk
O, = 32 SO + 2 (443)

and taking g, ~ 100 at 7" ~ my, , the condition given by Eq. (4.42) gives

S AP+ 20 ) £2 x 10717 GeV 'y, (4.44)

1]
So for my, ~ 10% GeV, A7* A\7* < 107, In fact )\Zlg ~ 107 can give the observed

baryon-to-entropy ratio nz/s ~ 107'° for maximal CP violation [256]. Therefore,

*Note that Ref. [114] considers a scenario in which the lepton asymmetry is generated via Higgs
triplet decays while the wash out processes involving gauge interactions are in effect. In this scheme,
the leptogenesis can work in the strong wash out regime. However in our case where lepton asymmetry
gets generated at a high scale, the wash out processes involving gauge interactions (effective at a lower

energy scale) must go out of equilibrium so that the lepton asymmetry does not get wiped out.
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the ALRSM case has the attractive feature that it can explain both the excess eej; and

ep..jJ signals, and also high-scale leptogenesis.

4.5 Summary of the chapter

We have discussed the effective low-energy theories of the superstring inspired Fg
group that is broken to its maximal subgroup by flux breaking at a very high scale. Our
aim was to look for extensions of the standard model that can explain the excess eejj
and ep_jj events that have been observed by CMS at the LHC at the center of mass
energy v/s = 8 TeV, and simultaneously explain the baryon asymmetry of the universe

via leptogenesis.

The decay of the right-handed gauge boson is able to produce eejj events in one
of the effective low-energy subgroups given by G = SU(3). x SU(2), x SU(2)g %
U(1)p_r. The right-handed gauge boson decay in the other two effective low-energy
subgroups of Eg: G = SU(3). x SU(2)p x SU(2)g x U(1)y: (the case discussed
in section 4.1.2) and G = SU(3). x SU(2), x SU(2)nx x U(1)y (the case discussed
in section 4.1.3), can produce the ep,_jj signal if the exotic particle n is considered to
be the LSP. However, neither of these subgroups is able to produce both excess signals
simultaneously from the decay of right-handed gauge bosons. On the other hand, both
signals can be produced simultaneously in these two effective low-energy subgroups
of Ejg via the R-parity conserving resonant production of an exotic slepton, followed

by its decay via R-parity conserving interactions.

We have also discussed the possibility of explaining the diphoton signal in ALRSM.
We found that gluon-gluon fusion can give the observed production rate of the 750 GeV
resonance, 7, through a loop of scalar leptoquarks (h'®)) with a mass below a few TeV
range. n can subsequently decay into gg and 7 final states via loops of h and
E©, Considering only scalar leptoquarks in the decay loop of 7 yields a suppressed
diphoton branching ratio; however, the contribution from the £ loop can enhance
the diphoton branching ratio significantly to explain the observed cross section of the

diphoton signal.

Since the effective low-energy subgroup of Fjs discussed in section 4.1.1 allows
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breaking of U(1)p_, at a scale lower than the SU(2)y breaking scale, it is not con-
sistent with leptogenesis at a high scale. The other two subgroups allow breaking
of SU(2)g at a low scale which is independent of the B — L breaking scale. How-
ever, since in the subgroup discussed in 4.1.3, the right-handed neutrino transforms
nontrivially under the low energy group, it can not give rise to high scale leptoge-
nesis. In ALRSM, the the right-handed neutrino transforms trivially under the low
energy group, allowing leptogenesis at a high scale. Therefore, we conclude that the
G =5SU(3).xSU(2)p x SU(2)g x U(1)y subgroup, also referred to as the Alterna-
tive Left-Right Symmetric Model, can explain both the excess eejj and ep,_.jj signals

and also satisfy the constraints for successful leptogenesis.
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Explaining the B-decay anomalies in
the left-right symmetric low energy

subgroups of Ejg

In the intensity frontier of modern particle physics, precision measurements associated
with rare decays can provide powerful probes for new physics (NP) beyond the SM.
To this end, one must mention the recent measurements of rare B decays induced by
flavor changing neutral current (FCNC), which have shown some interesting anomalies
hinting towards lepton non-universal NP as well as deviations in the charged current
induced processes. In 2012 the BaBar collaboration reported [177] the measurements
of the ratio of branching fractions

Br(B — D¥710)
Br(B — D®Iy)’

Rpe = S.D

where | = e, 1, RE** = 0.440 4 0.058 + 0.042 and R}P2%* = 0.33240.024 £ 0.018
showing 2.00 and 2.7 enhancements over the SM predictions R = 0.300 & 0.010
and R = 0.2524-0.005 respectively. Corroborating this result, in 2015, the Belle col-
laboration reported RE'® = 0.375+0.064+£0.026 and REI® = 0.29340.038 +0.015
[179]. More recently, the LHCb and Belle collaborations have reported R%I;IC'D =
0.33640.027(stat.) +0.030(syst.) and RE:'*'® = 0.302+0.030(stat.) =0.011(syst.)
amounting to ~ 2.10 and ~ 1.60, respectively, enhancements over the SM predic-
tions [180, 181]. These results, when combined together, show significant enhance-

ments over the SM predictions, hinting towards an NP contribution. Interestingly, the
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LHCD collaboration [182] has also reported another tantalizing deviation from the SM

expectation of the ratio of branching fractions of charged B — K[ decays

Br(B — Kutp™)
Ry = _ _ ) 5.2
K Br(B — Kete) (52)

The measured value, REP = 0.745 £3:99% 40.036, in the dilepton invariant mass
squared bin 1 GeV? < ¢* < 6 GeV?, amounts to a 2.6¢ deviation from the SM predic-
tion R3M = 1.0003 4 0.0001 [184].

The measurement of the anomalous muon magnetic moment also points to the
possible existence of NP beyond the SM. The current measurement of the anomalous
muon magnetic moment by the E821 experiment at BNL has been reported to show a

P M = (2.840.9) x 107°

significant deviation from the SM prediction Aa,, = a;,; M

corresponding to a 3o level deviation [185].

5.1 Explaining B — D)7 excesses in Alternative Left-

Right Symmetric Model

A number of NP scenarios explaining the semileptonic b — c transition have been pro-
posed in the literature to explain these excesses [258—283]. NP scenarios explaining
the b — ¢ decay together with other direct or indirect collider searches for NP are par-
ticularly intriguing. To this end, we once again recall the results for the right-handed
gauge boson Wy search and the di-leptoquark production search by the CMS Collabo-
ration at the LHC. Interestingly, in some of these NP scenarios attempts were made to
explain the discrepancies in the decays of B meson in an unified framework [228] or
separately [277]. In chapter 4, we have already discussed how the excess signals at the
LHC can be explained in the E motivated Alternative Left-Right Symmetric Model
(ALRSM) [198, 199,219], which can also accommodate high scale leptogenesis.

In this section we study the flavor structure of ALRSM in detail to explore if this
framework can explain the discrepancy of the R, data with the SM expectations
[284]. To this end, a careful analysis of the constraints coming from the rare decays and
the mixing of mesons can play a crucial role in determining the viability of ALRSM as

a NP scenario. Therefore, we also discuss the leptonic decays D — 770, Bt — 777,
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D' — 775 and D°— D° mixing, which can constrain the semileptonic b — ¢ transition

in ALRSM.

5.1.1 The effective Hamiltonian for B — D)7 decay

In presence of NP contributions, the SM effective Hamiltonian for the quark level
transition b — ¢l can be augmented with a general set of effective operators in the
form [266]

4Gp
V2

where G corresponds to the Fermi constant, V,; corresponds to the relevant CKM

Her = Vi Y [(14+C3, )0y, +Cy, O, +C5, 05, +C5, 05, +C, OF, ], (5.3)

l=e,p,7

matrix element and Cf (with i = Vi, Sp g, T1) corresponds to the Wilson coeffi-
cients associated with the effective vector, scalar and tensor NP interaction operators
respectively. These new effective operators, generated by NP contributions at some

energy scale higher than the electroweak scale, are defined as

@) (I yurin),
(€ry"0r) (L1 vmL),
Os, = (erbr)(lrmip),
(€Lbr)(Iruir),
(€ro™br)(IroywtiL), (5.4)

where 0" = (i/2)[v*,~"]. The SM effective Hamiltonian can be recovered by setting
C! = 0. Note that we treat the neutrinos to be strictly left-handed and therefore, we
neglect the tiny contributions coming from the right-handed neutrinos in H.g-.

The numerical analysis of the transition B — D™7u, depends on the hadronic
form factors which parametrize the vector, scalar and tensor current matrix elements.
The B — D™ 7v matrix elements corresponding to the effective operators depend on
the momentum transfer between B and D™ (¢* = p/; — k") and a relevant parametriza-
tion can be found in Refs. [266,285]. However, we follow the parametrization of the
form factors given in Refs. [261,271,286], which are more suitable for including the
results of the heavy quark effective theory (HQET). For a more detailed account of the

details of the form factors we refer the reader to the original work [284].



Chapter 5. Explaining the B-decay anomalies in the left-right symmetric low
130 energy subgroups of Eg

5.1.2 Analysis of the operators mediating B — D77 in ALRSM

In chapter 4, we have already discussed ALRSM in detail. Here we repeat the super-

potential governing the interactions of the superfields in ALRSM for easy reference:

W = A (wufNG — duE° — uhfe + dhtv,) + As (ud®E — ddCvi)
+ A3 (hu®e® — hh®n) + A\hd° Ny + X5 (eevgp + EE°n — Ee‘v, — vg Ngn)

+ Ao (L NENE — e E°NE) . (5.5)

We recall the following assignments of R-parity, baryon number (5) and lepton num-
ber (L) for the exotic fermions ensuring proton stability. The leptoquark h has the
assignments R = —1, B = 3 L = 1. The leptons vg, I/, and n have the assignments
R = —1,B = L = 0. For N° we have two possible assignments. If N¢ is assigned
R = —1and B = L = 0 (demanding Ay = A\¢ = 0 in Eq. (5.5)), then v, is exactly
massless. Alternatively, if N is assigned R = +1, B = 0, L. = —1, then v, can
acquire a tiny mass via the seesaw mechanism.

In ALRSM there are two possible diagrams shown in Fig. 5.1, which can induce
new operators contributing to the decay B — D) 7. The effective Lagrangian corre-

sponding to these diagrams can be written as

NN PRe M M
Legg = — Z Vag, ng *erbr Trvr + —5—>(T°)r (7°)RbL| , (5.6)
k=1 Bi hi*

where the superscripts correspond to the superpotential indices and the subscripts cor-
respond to the generation indices. The mass of slepton E7 (scalar leptoquark h*) is
denoted by m z(m;) and V;; is the ij-th element of the CKM matrix. The second term

in the right hand side of Eq. (5.6) can be Fiertz transformed to obtain
e e 1_ -
cr(t9)r (P°)RbL = §chy“bL TLYuVL - 5.7

The Wilson coefficients, defined in Eq. (5.4), are given by

1 & N33 A3k
Cs, — 2%k 5 >
3 1 1%
1 AL ALY
cy, = > Vo e, (5.8)
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where we assume that the neutrinos of tau flavor give the dominant contribution.

In what follows, we further assume that, in addition to the SM contribution only
one of the NP operators in Eq. (5.4) contributes dominantly. This simplifies the deter-
mination of the limits on the dominant Wilson coefficient from the experimental data

on RD(*) .

Figure 5.1: Feynman diagrams for the decays B — D™ 75 induced by the exchange of

scalar leptoquark (h*) and slepton (E).

First, let us consider the case where CEL gives the dominant contribution. This case
is similar to 2HDM of type-II or type-III with minimal flavor violation, and can not
explain both R and Rp- data simultaneously [267,276]. This can be seen from Fig.
5.2. However, when C"T/L gives the dominant contribution, we find an allowed region
which can explain both Rp and Rp- data as can be seen from Fig. 5.3, which shows
that ‘C‘T/L} > (.08 can explain the current experimental data. Note that the Wilson
coefficients are computed at the electroweak scale by matching the NP theory with the
effective theory, followed by the running of the Wilson coefficients down to the scale
O(my), governed by the RGEs. The Wilson coefficient C', has a non-trivial running,
while CYy, does not run under the RGEs. Since we are interested in the case where
C"T/L contribution is dominant, RG running can be neglected. Furthermore, since the
theoretical uncertainties are sufficiently small compared to the experimental accuracy,

we will only consider the central values of the theoretical predictions in our analysis.

5.1.3 Constraints from B, D decays and D° — D’ oscillations

Constraints from B — v

The decay B* — 77 v can occur in the SM via s-channel annihilation to a 7% boson. In

ALRSM, the exchange of the scalar leptoquark h’* can induce the additional diagrams
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Figure 5.2: A plot showing the dependence of the observables Rpx) on Cg, : red (blue)
curve corresponds to Rp (Rp+) corresponding to C’gL, and the horizontal red (blue) band

corresponds to the experimentally allowed 1o range. No common region exists for Cg which

can simultaneously explain both Rp and Rp+ data.

shown in Fig. 5.4. When the scalar leptoquark mass is much heavier compared to
the mass scale of the B meson, we can integrate out the heavy leptoquark degrees of
freedom to generate the effective four-fermion interaction ~ qp(7)g (7°)rbr. The

relevant effective Hamiltonian is given by

4G
HA (bG — T0) = —=Vy Cxq/i(CYL’Y“bL)(fL’YuVL% (5.9)

V2

where V, is the relevant CKM matrix element. The Wilson coefficient C can be

expressed in terms of the couplings \'s as

cw = ; 25: VMM (5.10)

For simplicity, we will neglect the subleading O()\) terms and retain only the leading
CKM element V75 in further analysis. The decay B — 7v is the only experimentally
measured purely leptonic mode of charged B* and the current experimental value for
the branching ratio of B — 7v is (1.14 £ 0.27) x 10~* [11]. The SM decay rate is

modified in presence of NP effects as
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Figure 5.3: A plot showing the dependence of the observables Rp(.) on Cy, : red (blue)
curve corresponds to Rp (Rp+) corresponding to C‘T/L, and the horizontal red (blue) band

corresponds to the experimentally allowed 1o range. Cy, can simultaneously explain both
Rp and Rp~ data.

(s
S

Figure 5.4: Feynman diagram for the decay B — 7v induced by the exchange of the
scalar leptoquark h'*.

dr G2 |V |2 m2\?
d_q2(3_>w): %meémzx (1—m;> I1+CP2 (5.11)
B

where m is the mass of B*. The decay constant fz parametrizes the matrix element

of the corresponding current as

(01b7*qr| By(pB)) = P[5, (5.12)
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where pp is the four-momentum of the B meson.

For the CKM matrix elements, the lifetimes, particle masses and decay constants
fBs fp., fp+ we use the current PDG values [11]. For simplicity, we assume the
couplings to be real in the rest of this chapter. The relevant constraints on the product

of the couplings As3;A31; can be numerically expressed as

My j« 2
Asjday < 0.04 (m) . (5.13)

Constraints from D/ — v and D" — v

The measured branching ratios of the purely leptonic decays D} — 7vand D™ — v
can give constraints on the couplings (A32;)? and Asaj 315, respectively, in ALRSM.
The Feynman diagrams inducing the decays DY — 7v and D™ — 7v in ALRSM
are shown in Fig. 5.5. Integrating out the heavy degrees of freedom we obtain the

following non-standard effective Hamiltonian
4G R
V2

where ¢ = s, d for D and D™, respectively. The Wilson coefficient C‘C/(i parameteriz-

HY (cq — D) = Veq OV (qey"en)(Pryute) (5.14)

ing the NP effects in ALRSM is given by

1 : 32 A3k
Ct = ——— SR 5.15
Vi 2\/§GF ‘/cq ];1 ke 2 m%j* ( )

We keep only the leading term V., for D} decay and V4 for D" decay, respectively

Wl
¥

Figure 5.5: Feynman diagram for the decay DI — 7v induced by scalar leptoquarks.

The diagram for the decay D' — 7v can be obtained by replacing the s quark by a d quark.

and neglect the next leading order Cabibbo suppressed O()\) terms. In ALRSM the



5.1. Explaining B — D™77 excesses in Alternative Left-Right Symmetric Modell35

scalar leptoquark induced contribution modifies the SM decay rate as [287,288]

2
m? )
mef%qmz X (1 - — > 1+ G2, (5.16)

Dy

dr G|V, |?
— (Dt — ZFleal
dq2( y — TV) S

where mp, is the mass of charm mesons D: and D" for ¢ = s, d, respectively; Veq 18
the corresponding CKM element; and fp, is the decay constant.

Now, assuming that only one combination of the product of scalar leptoquark cou-
plings is nonzero at a time, we obtain upper bounds on (A3,;)* and A3,; A3}, given
by

22, < 0.85 (L>2
i = 1000 GeV /)

ms. 2
AawiAars < 3.12 (*) . 5.17
327315 < 3 1000 GeV (5-17)

Constraints from D° — D° mixing

The D° — D° mixing is described by a AC = 2 effective Hamiltonian which in-
duces off-diagonal terms in the mass matrix for neutral D meson pair and is often

parametrized in terms of the experimental observables

AMD AFD
= d = —. 5.18
tp =~ and yp = 5r- (5.18)

Here AMp and AT'p corresponds to the mass and width splittings between the mass
eigenstates of the D — D systems respectively and I'j, is the average width. The

observables xp and yp can be expressed in terms of the mixing matrix as

Tp = L Re {2<D°|HAC'2|D°>+<D°|Z' / d'z T{HZ= (@) HZ=H(0)} D) |
2Mplp

yp = ! Im(D°|i / die T{HAC= () HIAC=10)} DY), (5.19)
2MpTp

where T denotes the time ordered product and !>/~ (z) is the Hamiltonian describ-
ing the |AC| = 1 transitions. The current measured values of z and yp reported by

the HFAG Collaboration are [289]

zp = 049701 x 1077,

yp = (0.61£0.08) x 1072, (5.20)

For a review of D — D mixing in the context of several NP models see, for example,
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Figure 5.6: Feynman diagrams inducing D° — D° mixing in ALRSM.

Ref. [290]. The Feynman diagrams contributing to D° — D° mixing in the ALRSM are
shown in Fig. 5.6. The constraints obtained from D°— D" mixing are tighter than those
obtained from the measured branching ratio (BR) of the decay process DT — Tv.
These diagrams are quite similar to the diagrams in the case of R-parity violating

SUSY models [290,291]. The effective Hamiltonian is given by

1 1 1
Het = W(Asm/\suy (W + mT) (@ ur)(erypuc). (521
T hJ*

Taking mj,;. ~ m;, we obtain the constraints on the couplings, given by [290,291]

ex MM
)\32]')\31]' < 0.17 .TDpt (m) . (522)

5.1.4  As3j-A32; parameter space explaining both Rp- and Rp data

In Fig. 5.7, we plot the parameter space of the couplings Az3; and Aszg; (for myj,;, =
1000 GeV) that can explain both Rp and Rp- data. We use the decay D} — 777,
to constrain the upper limit of the coupling Ass;, the D° — D° mixing to constrain
the upper limit of the product of couplings Az2;A31;, and the decay BY — 770 to
constrain the upper limit of A33;A31;. Note that, the latter two constraints have A3y
as a common free parameter. The blue shaded rectangles in Fig. 5.7 correspond to
the allowed regions of the A33;-A3p; parameter space from the above constraints for
different values of \3;; marked on top of the corresponding allowed upper boundary
shown in dashed lines. The deep blue band corresponds to the allowed parameter space
of A33;-A32; explaining the R(D) data and the orange band corresponds to the allowed

parameter space of A33;-A32; explaining both Rp and Rp- data simultaneously.
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A3z

Figure 5.7: The parameter space of A33;-A32; explaining the experimental data on
R(D(*)) for mj;, = 1000 GeV. The deep blue band corresponds to the allowed parameter
space from Rp data, and the orange band shows the allowed parameter space explaining both
Rp« and Rp data simultaneously. The light blue shaded rectangles correspond to A33;-A32;
parameter space for different values of A3q; (marked on top of the allowed upper boundary
shown in dashed lines) allowed by the current measurement of the decay rates of B — 7v,

Dy — v, DT — 7v,and D — D mixing.

Note that the list of constraints used in this parameter space analysis is far from
exhaustive and many other leptonic and semileptonic decay modes can also give inde-
pendent constrains. For example, the decay process 77 — 77 v can give a constraint
on A3, which we find to be consistent with the values used for the parameter space
analysis here. Another example would be the semileptonic decay ¢ — brv, which can
give a constraint on A33; which is again consistent with the values used in the above
parameter space analysis. Interestingly, the effective NP operators in ALRSM, which
explain the Rp- and Rp data, can also induce processes like b — sy [292,293],

which can be probed at future experiments.

5.2 Explaining R ., Rx and (g — 2),, anomalies in the

Neutral Left-Right Symmetric Model

In this section, we discuss possible explanation of R ), Rx and (¢ — 2),, anomalies

within the framework of one of the low energy subgroups of Fg discussed in section
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4.1.3 [294]. In this subgroup the residual SU(2)r does not contribute to the elec-
tric charge [247] and hence we will call this model the “Neutral” Left-Right Sym-
metric Model (NLRSM). In NLRSM it is possible to enhance both B — D77 and
B — DYri via the exchange of scalar leptoquarks in a similar manner as ALRSM.
The Ry anomaly can also be explained in NLRSM through one loop diagrams in-
duced by scalar leptoquarks. Furthermore, NLRSM has the feature of explaining the
anomalous muon magnetic moment without utilizing a nonzero right handed coupling

of leptoquarks.

We have already discussed NLRSM in detail in section 4.1.3. Here we rewrite the

superpotential for easy reference '

W = M (W.NiNg + eE°NS +vpNgn + EEn)
+ A (d°Nih + hhn) + Nueh + A (uuNg + u°dE°)

+ N (Vee°E + ecvi) + A\° (ud°E + ddvg + uh®e + dh‘v,) . (5.23)

We recall that the leptoquark £ has the baryon and lepton number assignments B = 1/3
and L = 1, while the exotic fields vz, F/ and n have the baryon and lepton number
assignments B = L = 0 and N° has B = 0,L = —1. We also recall that the
gauge couplings of Wy and Zy to the fermions can also induce FCNC processes like
B — B°, K° — K mixings and lepton flavor violating (LFV) decays such as h — 7,
i — e7v. In what follows we assume that the dominant FCNC and LFV contributions
come from scalar leptoquark induced processes. Note that, the Alternative Left-Right
Symmetric Model [219] and variants of U (1) model [257] have leptoquark couplings
somewhat similar to this model, and the following analysis can be adopted for those

cases in a straightforward manner.

5.2.1 Explaining R, anomalies in NLRSM

Similar to the ALRSM case, in NLRSM also the scalar leptoquark (h*) and slepton

(E) can mediate the semileptonic decays B — D™ 7 at the tree level. The effective

"Note that we have made the superpotential coupling indices as superscripts for convenience.
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Lagrangian in NLRSM is given by

0% A6, \6x
Leg = Z Vai ME[)R TRVL +M7L(TC)R (7°)rbL | , (5.24)

Zk 1 Ek mhk*

where the generation indices are explicitly written as subscripts. Here m; and m are
the masses of scalar leptoquark h* and slepton E*, respectively, and Vi; 1s the ij-th

element of the CKM matrix. The Wilson coefficients are given by

3

" 2V2GpVy, et my,
1 Ao N
C{CL _ Z Ve 33k7\i3k (5.25)

25 o
2\/—GF‘/CI) k 1 2 m}%k*

Closely following the ALRSM case discussed in the previous section, the leptonic
decay modes B — 7v, D} — v, DT — 7v and D — D" mixing can be used to
derive constraints on the couplings. Assuming the couplings to be real, we can use the
decay process B — 7 to obtain constraint on the product of couplings A3, A%,

m~k* m"k* 2
—0.04 (—L= ) < A6, \S S u— 2
0.0 (1000 GeV) 3k Aar < 003 (1000 GeV> (5.26)

From the decay D — 7v we obtain the constraint

~ 2
A6 )2 < 1.9 (ke )T 27
(Agg)” < 9(1000 Gev> (5.27)

The D° — D° mixing gives the constraint on the product of couplings A5, A%,

My ke«

Soora (e
00 1000 GeV

<M.\ < 1Q(M>. 508
) 23k Mk < 0-0 1000 GeV (5.28)

Fig. 5.8 shows the parameter space of the couplings A5, and AS,, (for Mik, =
750 GeV) compatible with both R and Rp- data. The shaded (light gray) rectangles
with dashed boundaries correspond to the allowed S, -\S,, parameter space from the
decays B — Tv, DY — 7v and D° — D° mixing for different values of \%,,. The
(deep) blue bands shows the (10)20 allowed band compatible with the R data and
the (deep) pink bands shows the allowed band compatible with both R and Rp- data

simultaneously.
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Figure 5.8: \5;, — \S;,. parameter space compatible with R ., data and constraints from

B — v, Dy — tvand D° — D mixing.

5.2.2 Explaining Rx anomaly and constraints from BS—FS mixing

The lepton non-universality in the ratio Ry has been discussed in Refs. [295, 296]
in a model independent way. A good fit to the experimental data is obtained when

[295,296]

—19<Ct, —ChL <0 (5.29)

In Ref. [297] it was first pointed out that one-loop box diagrams, induced by scalar
leptoquarks can explain the Ry data. In NLRSM, the transition b — s¢¢ can occur at
the one-loop level via the exchange of scalar and fermionic leptoquarks * as shown in

Fig. 5.9. The - and Z-penguin diagrams give a vanishing contribution.

In the limit m% > m%w, the contribution to C*'; from box diagrams induced by

2 Note that the charginos and neutralinos can also induce new contributions. However, they give a

subdominant contribution compared to the leptoquarks.
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Figure 5.9: Representative diagrams for b — s/ transition.

the scalar and fermionic leptoquark is given by

2
ol )‘g%)‘g;k my /\gjk)‘g;l/\?%)‘?;l
LL i - X 2
8ma, my, 322 Gr V}thsﬂ'ozemE
/\gjk)‘gjl)‘?%)‘?;l p m%i 1 mgj (5.30)
32V2Gp VipViimaem? "\ mi, " mi ) '

where the loop function g(z,y, 2) is defined as

2?2 log
z—1)(z—y)(z—=2)

We note that C?'; depends on the product of couplings A3, A5, and A% A%, The

9(z,y,2) = ( + (cycl. perm.).

latter can be constrained from the measurement of the decay rate for Z — pji. For a
TeV scale leptoquark, the couplings can be as large as ~ O(1) [297]. The product of
couplings )\gjk)\g;k also appears in B, — B, mixing amplitude. Thus the experimen-
tal measurement of B, — B, mixing amplitude can be used to obtain constraints on
)\gjk)\g;k. The constraints on /\gjk)\g;k from B, — B, mixing (using the latest UT fit
Collaboration values) in NLRSM turns out to be consistent with the value required to
explain the Ry data [294]. In NLRSM, the leptoquark induced new contribution to

(7, also turns out to be too small to have any interesting effects.

5.2.3 Explaining anomalous muon magnetic moment

In the SM the muon anomalous magnetic moment suffers from a chiral suppression
due to a small muon mass, a, ~ mi / ma, In NLRSM, leptoquark can induce a
new contribution to the anomalous magnetic moment of the muon. However, such a
contribution is not sufficient to explain the experimental deviation. A nonzero right
handed coupling of the leptoquark can be utilized to enhance the leptoquark contribu-

tion significantly [297]. In NLRSM, one can explain the experimental data through a
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dominant contribution from A\® terms in Eq. (5.23), without invoking a nonzero right

handed coupling of the leptoquark. The new contribution to the muon anomalous mag-

5

netic moment coming from the A}, terms in Eq. (5.23) is given by

2

m
da, () = 167!:2 [ Xio|*F (ex, ) — [ Mook | F (éx, vEi)

+Xij2|*F (&5, i) — [Nijol *F (€5, Vi)

+’)\ij2|2F(Eja Vei) — P\ijQ’QF(Ej; Vei)] ; (5.3

where F'(a, b) is given by

I2—ZE3

m2z? 4 (m2 —m2)x +my(l —z)’

1
F(a,b):/ dx (5.32)
0

The current experimental data can be explained with less than order unity values of the
couplings for a hierarchy between charged and neutral sleptons, for example taking

mg ; ~ 700 GeV and m;,, 5, ~ 250 GeV.

5.3 Summary of the chapter

In conclusion, we have discussed the low energy subgroups of Ejg in the context of
current flavor anomalies. The current experimental data for both Rp and Rp- can
be simultaneously explained in ALRSM and NLRSM, while satisfying the constraints
from the leptonic decays D} — 7*o, Bt — 7o, D* — 775 and D' — D° mixing.
We have also discussed how the B-decay anomalies in R and Rx data can be

addressed together with the anomalous muon magnetic moment in NLRSM.
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Addressing the LHC excesses,
baryogenesis and neutrino masses in

FEg motivated U (1) model

One of the simplest and well motivated extensions of the Standard Model (SM) gauge
group SU(3), x SU(2) x U(1)y is the U(1)y extension of the supersymmetric SM
motivated by the superstring theory inspired Fg model. This model, realizing the im-
plementation of supersymmetry and the extension of the SM gauge group to a larger
symmetry group, offers an attractive possibility of TeV-scale physics beyond the SM,
testable at the LHC. On the other hand, small neutrino masses explaining the solar and
atmospheric neutrino oscillations data and a mechanism for generating the observed
baryon asymmetry of the universe can be naturally accommodated in this model.

The presence of new exotic fields in addition to the SM fields and new interactions
involving the new gauge boson Z' provides a framework to explore the associated
rich phenomenology which can be tested at the LHC. To this end, we must mention
the CMS excesses in the searches for the right-handed gauge boson Wg at a center
of mass energy of v/s = 8 TeV and 19.7fb™" of integrated luminosity [166] and di-
leptoquark production at a center of mass energy of /s = 8TeV and 19.6fb~" of
integrated luminosity [167].

In this chapter, we discuss the Fjs motivated U(1)y extension of the supersym-
metric SM gauge group to explain the excess CMS events, neutrino masses, and the

baryon asymmetry of the universe via baryogenesis (leptogenesis) [257]. To this end,
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we impose discrete symmetries to the above gauge group which ensures proton stabil-
ity, forbids the tree level flavor changing neutral current (FCNC) processes and dictates
the form of the neutrino mass matrix in the variants of the U(1)y model. We find that
all the variants can explain the excess CMS events via the exotic slepton decay, while
for a standard choice of the discrete symmetry some of them have the feature of al-
lowing high scale baryogenesis (via leptogenesis) via the decay of a heavy Majorana
baryon (lepton) and some are not consistent with such mechanisms. We have pointed
out the possibility of the three body decay induced soft baryogenesis mechanism which
can induce baryon number violating neutron-antineutron (n — n) oscillations [46] in
one such variant. On the other hand, we have also explored a new discrete symmetry
for these variants which has the feature of ensuring proton stability and forbidding tree
level FCNC processes while allowing for the possibilities of high scale leptogenesis
through the decay of a heavy Majorana lepton. We also comment on the more recent
ATLAS and CMS diboson and dijet excesses in the context of U (1) 5y model and other
alternatives that can address these excesses. In light of the hints from short-baseline
neutrino experiments [298-306] for the existence of one or more light sterile neutri-
nos which can interact only via mixing with the active neutrinos, we have explored
the neutrino mass matrix of the U(1)y model variants which naturally contain three
active and two sterile neutrinos [307,308]. These neutrinos acquire masses through
their mixing with extra neutral fermions giving rise to interesting textures for neutrino

masses governed by the field assignments and the imposed discrete symmetries.

6.1 U(1)y extension of supersymmetric Standard Model

In the heterotic superstring theory with Fg x Eg gauge group the compactification on
a Calabi-Yau manifold leads to the breaking of Eg to SU(3) x FEg [232,233]. The
flux breaking of Ejg can result in different low-energy effective subgroups of rank-5
and rank-6. One such possibility is realized in the U(1)y model. The rank-6 group
Eg can be broken down to low-energy gauge groups of rank-5 or rank-6 with one or
two additional U (1) in addition to the SM gauge group. For example Eg contains the
subgroup SO(10) x U(1), while SO(10) contains the subgroup SU(5) x U(1),. In
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fact some mechanisms can break the Fg group directly into the rank-6 gauge scheme
Es — SUB)e x SU2), x U(1)y x U(1)y x U(1)y. (6.1)

These rank - 6 schemes can further be reduced to rank - 5 gauge group with only one

additional U (1) which is a linear combination of U(1),, and U(1),,

Qo = Qpcosa+ Q,sina, (6.2)
where
3 1
Qy = §(YL —Yr), Qy= \/;0(5T3R —=3Y). (6.3)

For a particular choice of tana = \/?% the right-handed counterpart of the neutrino
superfield (N°) can transform trivially under the gauge group and the corresponding
U (1) gauge extension to the SM is denoted as U (1) y. The trivial transformation of N°
can allow a large Majorana mass of N in the U (1) y model thus providing an attractive
possibility of baryogenesis (via leptogenesis).

Let us consider one of the maximal subgroups of Ej given by SU(3)¢c x SU(3) 1, X

SU(3)g. The fundamental 27 representation of Eg under this subgroup is given by
27=(3,3,1) + (3,1,3") 4+ (1,3%,3) (6.4)

The matter superfields of the first family are assigned as:

U E° v vg
a|+(uw @ w)+|Ng e B (6.5)
h e N° n

where SU (3) 1, operates vertically and SU (3) i operates horizontally. Now if the SU (3)
gets broken to SU(2), x U(1)y, and the SU(3)g gets broken to U(1)r,,, X U(1)y, via

the flux mechanism then the resulting gauge symmetry is given by SU(3)c x SU(2), X

U(1l)y x U(1)y, where the U(1) y charge assignment is given by

1
QN — E<6YL + TSR - 9YR)7 (66)

and the electric charge is given by

Q=T3.+Y, Y=Y, +Tszr+ Yxg. (6.7)
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SUB)., SUQ2). Y, Tsg Yz U(l)y Uy

T T |

3 2 -~ 0 0 - —

c 3* 1 0o —-—- —-=- = —
" 2 6 3 Va0
‘3 | o L _1 1 2
2 6 3 /40

I | , Loy 112
6 3 2 /40

1 1 1 1

c 1 1 - -z 1 —
‘ 3 2 6 /A0
1 1 2
h 3 1 -~ 0 0 -
3 3 /40

1 1 3
0% 3* 1 o o0 = - ——
3 3 /40
b% | , 1 1.1 1 3
6 2 6 2 /40
e o] , 1 1 1 2
6 2 6 2 V40

1 1 5

n 1 1 e | I —— 0 —
3 3 V40

1 1 1
N¢ 1 1 - =z 0 0
3 6

Table 6.1: Transformations of the various superfields of the 27 representation under

SU(3)C X SU(Z)L X U(l)y X U(l)N.

The transformations of the various superfields of the fundamental 27 representation of
Egunder SU(3)c x SU(2) x U(1)y x U(1)y and the corresponding assignments of
Y., Tsi and Yjy are listed in Table 6.1, where Q = (u,d), L = (ve,€), X = (vg, F)
and X = (E°, Np).

6.2 Discrete symmetries and variants of U(1)y model

The presence of the extra particles in this model can have interesting phenomenologi-
cal consequences. However, they can also cause serious problems regarding fast proton
decay, tree level flavor changing neutral current (FCNC) and neutrino masses. Consid-

ering the decomposition of 27 x 27 x 27 there are eleven possible superpotential terms.
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The most general superpotential can be written as

W = Wo+ Wy + W,
Wo = MQueX®+ \Qd°X + A\sLetX +
ASRA® + \sSX X¢ + A\LN°X® + \yd°N°h,
Wi = AsQQh + Aqucdehe,
Wo = MoQLh® + A\yu‘ech. (6.8)

The first five terms of W, give masses to the usual SM particles and the new heavy
particles h, h°, X and X°. The last term of Wy i.e. LN°X® can generate a non zero
Dirac neutrino mass and in some scenarios it is desirable to have the coupling \g very
small or vanishing, so that the three neutrinos pick up small masses. Now the remain-
ing five terms corresponding to 11} and W, cannot all be there together as that would
induce rapid proton decay. Imposition of a discrete symmetry can forbid such terms
and give a sufficiently long lived proton [309]. We will impose a Z2 x ZI' discrete
symmetry, where the first Z2 = (—1)*” prevents rapid proton decay and the second
discrete symmetry Z distinguishes between the Higgs and matter supermultiplets and
suppress the tree level FCNC processes.

Under ZP = (—1)37 we have
Q,u¢,d° - —1. L, X, XS : +1, (6.9)

now depending on the assignments of i, h“ and N one can have different variants of
the model. Such different possibilities are listed in Table 6.2.

In the models where h, h¢ are even under Z2 the superfields h(B = —2/3) and
h¢(B = 2/3) are diquarks while for the rest h(B = 1/3,L = 1) and h%(B =
—1/3,L = —1) are leptoquarks. N° with the assignment ZZ = —1 are baryons
and the assignment Z2 = +1 are leptons. In addition to the trilinear terms listed in
Table 6.2 there can be bilinear terms such as LX“ and N°/N°. The former can give rise
to nonzero neutrino mass and the latter can give heavy Majorana baryon (lepton) N°
mass. Model 1 is similar to model 5 of Ref. [310] and model A of Ref. [311]. Model
2 is same as model B of Ref. [311]. Model 8 is quite different from the ones that have

been discussed in connection with leptogenesis in the literature (e.g. [256]). Here the
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Model h, h¢ N°¢ Allowed trilinear terms
1 +1 -1 Wo (A6 = 0), W
2 +1 -1 for Ny,, +1 for Ny Wy (A¢ = 0 for Ny,, Az = 0 for N3), W
3 -1 +1 Wo, Wo
4 -1 +1 for Ny,, -1 for Ng Wy (A6 = A7 = 0 for N3), Wy
5 +1  +1for Ni,, -1 for Ny Wy (A¢ = 0 for N3, A7 = 0 for Ny ,), Wy
6 +1 +1 Wo (A7 = 0), Wy
7 -1 -1 Wo (A¢ = Ay = 0), Wy
8 -1 -1 for Ny,, +1 for Ny Wo (Ag = A7 = 0 for Nf72), Ws

Table 6.2: Possible transformations of i, h° and N under ZQB and the allowed superpo-

tential terms.

matter superfields X, X carry non zero B — L quantum numbers and the tree level

FCNC processes are forbidden.

6.2.1 Model 1

In this model we take the second discrete symmetry Z3' to be Z5 = (—1)* following

Ref. [311] and it is imposed as follows

C C .
Lyef, X192, X79,512 + —1

Q,uf,d°, N, h, he, S5, X3, XS+ +1. (6.10)



6.2. Discrete symmetries and variants of U(1)y model 149

The neutral Higgs superfields Ss, X5 and X5 have zero lepton numbers and can pick
up vacuum expectation values (VEVs) while the presence of the bilinear terms L X7,
imply that X7, have L = —1 and X » have L = 1. In this model N* is a baryon with
B =1 and it acquires a Majorana mass from the bilinear term m/N°N°. The complete

superpotential of model 1 is given by

w

NP QuusXS + N Qyds Xy + N3 Ljes Xs + N Szhih
X3S Xo Xy + MNP S, X3 Xy 4 A" 8. Xy X

A3 G5 X5 XS + NI deh; N + oL X¢

+ o+ o+

mENENS + Wy, (6.11)

where i, j, k are flavor indices which run over all 3 flavors and a,b = 1,2 '. The
form of the superpotential clearly shows that the up-type quarks couple to X5 only
while the down-type quarks and the charged leptons couple to X3 only, resulting in the

suppression of the FCNC processes at the tree level.

6.2.2 Model 2

Here the second discrete symmetry ZZ is imposed as follows

L7 687X1,27X10727SL27N30 : _1
Qu,d°, N¢ o b b, S5, X, X5+ +1. (6.12)

In this model Ny, are baryons with B = 1 but N5 is a lepton and can give mass to one
of the neutrinos via the term LN X5. The complete superpotential of model 2 is given

by

W = A QuuiXS+ N QX5 + \aLjef Xy + \{ Syh;he
+ ARG X, Xy + MY S X Xy + M5, X, X
+ APBS5 X XS + NLiNSX§ + A" dShy NS + p L X

+ mPNENE +m3 NSNS + W (6.13)

'We will use this notation hereafter in this chapter. The indices ¢, j, k run over 1,2,3, while the

indices a, b run over 1,2.
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6.2.3 Model 3

The second discrete symmetry Z2' = Z& = (—1)" is imposed as follows

L7607X1,27X1672751,27Nc7 h? hC : —1

Q,uc,d, S5, X35, X5+ +1. (6.14)

In this model all the N°s are leptons. The complete superpotential of model 4 is given

by

W= AN QuiXS+ N Qids X5 + N\sLjef X + Nf Sshih
+ NI G X, XE A+ APPS, X Xf 4 NS, X XS
+ AP X XS+ NP LiINSXS + NS, NE

+ pOLXE + mENENS + W, (6.15)

6.2.4 Model 4

Here the second discrete symmetry Z2' is again chosen to be (—1)" and it is imposed

as follows

c c c c .
L,B 7X1,27X172781,27N1727h7h . -1

Q,u’,d°, NS, S5, X3, X5+ +1. (6.16)

N7 , are leptons while Ny is a baryon. The complete superpotential of model 2 is given

by

W = MNQuiXs + A Q;di X + A L;e5 Xy + N{ Sshihs
+ ASPS X X+ NS, X X+ M S, X, XS
+ ABG X XS + NP LiNSXS + M dShy N

+ O LXE+ mPNENE + mBENSNE + Wy, (6.17)
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6.2.5 Model 5 and 6

In model 5 if we choose the second discrete symmetry Z2 to be Z& = (—1)* and it is

imposed as follows

C C C .
L,G,X1727X1,2,51,2,N1,2 -1

Q,u",d° N5, h,ht Ss, X3, X5 +1, (6.18)

which forbids the terms A¢ L; N, Xy (A7 is already vanishing for N7, from the impo-
sition of the first discrete symmetry Z2’) and thus the possibility of high scale baryo-
genesis (via leptogenesis) through the decay of Majorana N° gets ruled out. However
there can be soft baryogenesis through three body decays which can induce n — n
oscillations. We will elaborate on this in Section 6.5. With the above choice of the
second discrete symmetry given in Eq. (6.18) the complete superpotential for model 5

is given by
W = MNQuiX§+ N Qidi X5 + A Ljef X5 + N Ssh;hS

MG X X7 4 NS, Xa X7 4+ N3 S, X, X §

AS33Gs X3 X§ + NOLNEXS + A2 deh; NE + p** L X¢

+ o+ o+

MY NENE +myB NSNS + W, (6.19)

We find that in this model it is possible to allow high scale leptogenesis through
the decay of Majorana N° by a clever choice of the second discrete symmetry such
that it can distinguish between the matter and Higgs superfields and also suppress the
unwanted FCNC processes at the tree level. One such choice can be ZZ which is
associated with most of the exotic states. We define the transformation properties of

the various superfields under Z¥ = ZZ as follows

X1,27X1072781,27NC : -1

L,e,Q,u,d h,h", S5, X5, X5 + +1, (6.20)

Thus for this choice also X3, X5 and S3 are the Higgs superfields that acquire VEVs.
Since up-type quarks couple to X5 only and down-type quarks and charged SM leptons

couple to only X3 the FCNC processes at the tree level are suppressed. The complete
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superpotential of model 5 with the assignments in Eq. (6.20) reduces to

w’ AP QuEXS 4+ N QdS X5 + A3 Ljef Xz + A Szhih
XSy Xo Xy + NP S, X3 Xy + A" S, X, X5

NS5 X X5 + N LiN; X

+ o+ o+

mSYNENE + myB NSNS + Wi, (6.21)

In model 6 also, the similar assignments for the superfields as given in Eq. (6.20)
holds good and the complete superpotential is similar to Eq. (6.21) except the \s term

which now reads A7 L; N X

6.2.6 Model 7 and 8

Taking the second discrete symmetry to be Zi' = (—1)" the superfields have the

assigments

LJ 667X1,27X1672751,27h7 hC : _1

Q,uc,dc,Nc,Sg,Xg,Xg : +1 (622)

In this model all the N°¢s are baryons. The complete superpotential of model 7 is given

by

W = MNQuiXs + A Q;di X + A L;es Xy + N{ Ssh;hS
+ APS X X+ NS, Xa X+ MBS, X, XS

+ APPG XX + pLiXg + myNENS + W, 6.23)

Note that the \¢ and \; terms which are essential for baryogenesis through N decay
(as discussed in Section 6.5) are forbidden by the Z2 symmetry irrespective of what
Z1 one chooses. For model 8 also one can write down the superfield transformations
and the superpotential. In this case the mass term for N° is given by mS N°N; +
m3 NSNS and the terms A2 L; NS XS, AP d¢h; N§ are present in addition to the terms

given in Eq. (6.23).
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6.3 Explaining the CMS cejj (and ep_.jj) excess(es)

An inspection of Table 6.2 and the corresponding allowed superpotential terms reveals
that all the models listed there contain the terms )\QQid;?X 3 and )\3Li€§X3 in the su-
perpotential (N¢ and 75 acquires VEVs and SU(2) x U(1)y gets broken to U(1)g)
and can give rise to an eejj signal from the exotic slepton E decay. E can be reso-
nantly produced in pp collisions, and then subsequently it decays to a charged lepton
and neutrino, followed by interactions of the neutrino producing an eej;j signal. The

process leading to eejj signal is given in Fig. 6.1.

dC

Figure 6.1: Feynman diagram for a single exotic particle £ production leading to eejj

signal.

The models where i and h* are leptoquarks (Models 3, 4, 7 and 8 in Table 6.2) can
produce both eejj and ep,jj signals from the decay of scalar superpartner(s) of the
exotic particle(s). Both events can be produced in the above scenarios via (1) resonant
production of the exotic slepton E (ii) and pair production of scalar leptoquarks h. The
processes involving exotic slepton decay leading to both eejj and ep,jj signals are
given in Fig. 6.2. The superpotential terms involved in these processes are A;o()Lh°

and \j;ueh in addition the two terms responsible for the first signal. The partonic

2 e°

Figure 6.2: Feynman diagram for exotic slepton E production leading to both eejj and

ep..jj signal
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cross section of slepton production is given by [249]

2
T mg
TR Maof*5(1 — ), (6.24)

o=

where § is the partonic center of mass energy, and mj is the mass of the resonant

slepton. The total cross section is approximated to be [249]

o)
o (pp — eeif) o« 22 g, (6.25)
Mg
and
el
o{pp = epjj) X —5 X Pa, (6.26)
Mg

where 3, is the branching fraction for the decay of E to eejj and (s is the branching
fraction for the decay to ep,_.jj. Choosing 12 and the coupling A, the cross section
for the processes can be calculated as a function of the exotic slepton mass. Bounds
for the value of the mass of the exotic slepton can be obtained by matching the theoret-
ically calculated excess events with the ones observed at the LHC at a center of mass
energy /s = 8 TeV. Thus, the U (1) y models can explain the excess eejj (and ep..JJ)

signal(s) at the LHC via resonant exotic slepton decay.

6.4 ATLAS and CMS diboson and dijet excesses

More recently, the ATLAS and CMS collaborations have also reported a number of
diboson and dijet excesses over the SM expectations near the invariant mass region
1.8—2.0TeV. The search for diboson production has been reported by the ATLAS col-
laboration to show a 3.40 excess at ~ 2 TeV in boosted jets of W Z channel amounting
to a global 2.50 excess over the SM expectation [168]. The method of jet substructure
has been used to discriminate the hadronic decays of W and Z bosons from QCD dijets
and due to overlaps in the jet masses of the gauge bosons many events can also be in-
terpreted as ZZ or WV resonances, yielding 2.90 and 2.60 excesses in two channels
respectively. On the other hand, the CMS collaboration has reported a 1.40 excess at
~ 1.9TeV in their search for diboson production without discriminating between the
W-and Z-tagged jets [169] and a 1.50 excess at ~ 1.8 TeV in the search for diboson

production with a leptonically tagged Z [170]. In the search for dijet resonances the
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ATLAS and CMS collaborations have reported excesses at 1.8 TeV with 2.20 and 1o
significance levels respectively [171,172]. The CMS has also reported a 2.10 excess
in the energy bin 1.8 to 1.9 TeV in the resonant W production channel [173].
Several phenomenological explanations have been proposed addressing these ex-
cesses [190,312-333]. In the framework of simple extensions of the SM, a heavy W’
with mass ~ 2TeV produced via ¢¢ annihilation can explain the excess in the W 27
channel via its mixing with the SM W for a mixing angle greater than 1072, A heavy
7' can mix with the SM Z and then decay into W1/~ to explain the excess in the
W*W ™ channel. Assuming that the SM Z; boson mixes with Z, via a mixing angle

¢ to give the mass eigenstates 2 and Z’

A _ [ cos ¢, —sing, Z 7 627)
Zs sing, coso, 7
the relevant vertex for the Z’ can be written as
Voww :  gcos By, sin ¢, [(pzf — pw+ )P gt
+(pw+ — pw-)"g*" + (pw- — PZ')QQM]
xe,(pzr)eapw+)es(pw-), (6.28)

where cos ¢, ~ 1 is assumed. The partial decay width of Z’ into W W™ is given

by [313]

2 2 5 2\ 3/2
_ g~ cos” 0, M2, My,
F / - = 2 5 e 1 _
ZWEw sin” ¢ < 1927 M;lv) ( M2,
M2 M4
14+20—22 4 12- %), 6.29
( BT M) (29

For 7', the 7 - 8 events around the 2 TeV peak give the benchmark o(Z') x B(Z" —
W*W~) ~ 5 — 6 fb. However, the semileptonic channel of the W1~ decay puts
an upper limit on o(Z') x B(Z' — W1W ™) ~ 3 fb at 95% confidence level [170].
Ignoring this slight inconsistency one can obtain a range of values for ¢’ and sin ¢,
which can explain the excess. It turns out that to explain the excess one must have
sin ¢, > 107 [313]. However from electroweak precision data sin ¢, corresponding

to Zy in our model is constrained as sin¢, < 7 X 10* [334]. Thus, all the excess

events cannot be addressed via the Zy decay. For a leptophobic Z’ the mixing angle
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can be relaxed to 8 x 10™2, which is close to the required value to explain the diboson
anomaly [313].

It is also interesting to note that the ATLAS diboson excess can also be explained
with a 2 TeV sgoldstino scalar assuming that the SUSY breaking scale is in the few
TeV range as pointed out in Ref. [333]. Our model being a supersymmetric one can
also entertain such a possibility. Lastly, since the U(1)y model is a low energy sub-
group of the superstring motivated Eg group, it is also possible to rely on additional
anomalous U (1) fields coming from a stringy construct. For example in the context of
D-brane compactifications it was shown in Ref. [332] that under the assumption of a
low string scale, the dibosn and dijet excesses can be addressed by an anomalous U (1)

field with very small couplings to the leptons.

6.5 Baryogenesis (via leptogenesis) in U(1), models

Some of the variants of low-energy U(1) 5 subgroup of Eg model allow for the possi-
bility of explaining baryogenesis (via leptogenesis) from the decay of the heavy Majo-
rana particle N°. In order to generate the baryon asymmetry of the universe from N°
decay the conditions that must be satisfied are (i) violation of B — L from Majorana
mass of N, (ii) complex couplings must give rise to sufficient C'P violation and (iii)
the out-of-equilibrium condition given by

4m3g, T?
45 Mp;’

Ty < H(T = my) = (6.30)

must be satisfied, where I'y is the decay width of Majorana N¢, H(T') is the Hubble
rate, g, is the effective number of relativistic degrees of freedom at temperature 7" and
Mp; is the Planck mass. This implies that N cannot transform nontrivially under the
low-energy subgroup G = SU(3)¢ x SU(2);, x U(1)y x U(1)n, which is readily
satisfied in some variants of U(1)x model (see Table 6.1). Thus the out-of-equilibrium
decay of heavy N can give rise to high-scale baryogenesis (leptogenesis).

Models 1 and 2 have distinctive features of allowing direct baryogenesis via decay
of heavy Majorana baryon N° [311]. In both schemes, Ny, decays to B — L =
B = —1 final states dSh;, d°;h; and to their conjugate states with B — L = B = 1,

via the interaction term )\?k ()\?' “Yin Eq. (6.11 (6.13)). In both cases, C'P violation
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comes from the complex Yukawa coupling /\éj b (/\éj “) given in egs. (6.11) and (6.13).
The asymmetry is generated from interference between tree level decays and one-loop
vertex and self-energy diagrams. The one-loop vertex and self-energy diagrams are

shown in Fig. 6.3.

Figure 6.3: One-loop diagrams for /V;, decay which interferes with the tree level decay to

provide C'P violation.

The asymmetry is given by

ijk yinlx yMmJlx y mnk
. 1 Zi,j,l,m,nlm [)‘7 AN ]
€ =

2 >, AT
M5, MR,
X fv( ’)—1—3]-"5( l)}, (6.31)
{ MR, MR,
where
2 1
Fv = \/g_jl,fS:\/Eln (1+—) . (6.32)
T — T

Fy corresponds to the one-loop function for the vertex diagram and Fg corresponds
to the one-loop function for the self-energy diagram. The baryon to entropy ratio
generated by decays of N}, is given by ng/s ~ e n,/s ~ (¢/g.)(45/7"), where n,,
is number density of photons per comoving volume and g, corresponds to the number
of relativistic degrees of freedom. By considering )\ij ~ 107? in model 1, one can
generate np/s ~ 107'° for maximal CP violation. Similarly, one needs )\?a ~ 107
to satisfy required bound on np /s in model 2.

In models 3 and 4, N7 , (N°) are Majorana leptons and hence a B — L asymmetry is
created via the decay of heavy N which then gets converted to the baryon asymmetry
of the Universe in the presence of the B + L violating anomalous processes before
the electroweak phase transition. In these two cases, Ny, decays to the final states
dSh;,d;h; with B — L = —1 and to their conjugate states with B — L = 1, via

the interaction term )\?a ()\;j b ) in Eq. (6.17 (6.15)). The one-loop diagrams that can
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interfere with the tree level N,(Vy) decays to provide the required C'P violation are
again the diagrams given in Fig. 6.3. However in these scenarios a B — L asymmetry
is created from the decay of Majorana N°¢ in contrast to the B asymmetry created
in models 1 and 2. Again utilizing the general expression for calculating asymmetry
parameter as given in (6.31), one needs A7*(A\7%) ~ 107 in order to satisfy ng/s ~

107'° bound in both models 3 and 4.

For models 5 and 6, we have discussed two possible choices for the second discrete
symmetries in section 6.2. In model 5, Ny, are leptons and Ny is a baryon while in
model 6 all the N“’s are leptons. For the first choice of second discrete symmetry
73 = 7 the form of the superpotential (Eq. 6.19 for model 5) clearly shows that one
cannot generate the baryon asymmetry of the Universe from high scale leptogenesis
via the decay of heavy Majorana N° in these models. However, the term \7*dSh; N§
can give rise to baryogenesis at TeV scale or below if one consider soft supersymmetry
(SUSY) breaking terms in model 5. The relevant soft SUSY terms in the Lagrangian

is given by

£ ~m? hih + mél@; Q+ A"™hQQp + .. (6.33)

where 4 corresponds to the different generations of leptoquarks and Q;m) = (u;, d),
[,m = 1,2, 3, corresponds to three generations of superpartners of the Standard Model
quarks. The Feynman diagrams for the tree level process and the one-loop process

interfering with it to provide the C'P violation are shown in Fig. 6.4. The asymmetry

N
f d

&/ S i /b .
> < - —|/ \I—.f
N3 b N3y Ry
d

Figure 6.4: The tree level and one-loop diagrams for N3 decay giving rise to baryogenesis

in model 5.
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parameter in this case is given by [335]

ms m2

c — A Z Tim [\i93% \ik3 4i33% k33 |>‘]é11|2 . |)\I§H|2
= N3 m[ 7 N7 } 2 2

igk h; hi,
‘ 2
153% \ 1 j * "’4]33|2 Ak33
+ Im [A7P AN AR ( — - | — |
h1 h
' _ 2932 k3|2
+ Im |:A]33Ak‘33*>\é11>\18§11*] ‘ 72| o ’ 72 ‘ (634)
ms; ms
h; hi

1 1 1 7 Mg,
[y, (27)3 12 472 m%m%k
by considering the soft SUSY breaking terms (given in Eq. (6.33)) of TeV scale, one

where Ay, = and I'y, is the total decay width of V3. Thus,

can generate required amount of baryon asymmetry for particular values of Yukawa
couplings.

This can also induce neutron-antinutron (n-n) oscillation violating baryon number
by two units (AB = 2) [46]. The effective six-quark interaction inducing n-n oscilla-

tion is shown in Fig. 6.5. In fact, models 1 and 2 can also induce n-n oscillation in a

U d
——T

Figure 6.5: n-n oscillation induced by effective six-quark interaction.

similar fashion. However in model 6 all the /Ns are leptons and hence in this model a
scheme for baryogenesis similar to above is not possible.

Now if we choose the second discrete symmetry to be Z2 = ZF in models 5
and 6 (see Eq. (6.20)) then it is possible to allow high scale leptogenesis via the

decay of heavy Majorana N°. In these two models N¢

a(j) decays to the final states
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Ve, N;b, Ve, Ng,, e;E,, & E¢ with B—L = —1 and to their conjugate states with B—L =
1, via the interaction term X% (\%" ) in Eq. (6.21). Here we take advantage of the fact
that ZZ symmetry forbids bilinear term like LX® and consequently X need not to
carry any lepton number, it can simply have the assignment B = L = (. The one-loop
diagrams for N, (/V;) decays that can interfere with the tree level decay diagrams to

provide the required C'P violation are given in Fig. 6.6.

- - Ne _ P
NEd Vei Ed Vei 7
= «
7Y ,
Noo N, «_/N.
i ™ W Ng

Figure 6.6: One-loop diagrams for IV, decay which interferes with the tree level decay to

provide C'P violation.

For models 7 and 8 the imposition of the Z2B symmetry implies vanishing \g and
A7 for two or more generations of N°. Thus in these models, no matter what kind
of ZI we choose, sufficient C'P violation cannot be produced and consequently the
possibility of baryogenesis (leptogenesis) from the decay of heavy Majorana N° is
ruled out. Thus one needs to resort to some other mechanism to generate the baryon

asymmetry of the universe.

6.6 Neutrino masses

In all the variants of U(1)y model that we have considered in Section 6.2, the scalar
component of S5 acquires a VEV to break the U(1) 5. The fermionic component of S5
pairs up with the gauge fermion to form a massive Dirac particle. However the fields
Si, still remains massless and can give rise to an interesting neutrino mass matrix
structure.

In model 1, the field Ny, 5 are baryons and hence they do not entertain the possi-
bility of canonical seesaw mechanism of generating mass for neutrinos. However, the
bilinear terms £'* L; X¢ can give rise to four nonzero masses for v, ,, , and S » as noted

in Ref. [311]. The 9 x 9 mass matrix for the neutral fermionic fields of this model
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e ..
Ve s S1,2,VEy , and N , is given by

0 0 0 e
0 0 )\abSU )\aBbU

M= b 5o s (6.35)
0 A%y, 0 M

(IuT)ai )\?)3(1@1 Ma(;ab 0

where v; and vy are the VEVs acquired by vg, and N;;S respectively, and M; 5 cor-
responds to the mass eigenvalues of the neutral fields X5 and X7,. We will further
assume that the field vg, , pairs up with the charge conjugate states to obtain a heavy
Dirac mass. Thus in Eq. 6.35, four of the nine fields are very heavy with masses
My, M, M, and M, to a good approximation. This becomes apparent once we diago-

nalize M in M, by a rotation about the 3-4 axis to get M given by

0 0 ,uia/\/§ Mia/\/ﬁ

0 0 (A2 4+ AZP01) V2 (= A8y 4+ AZP0y) / V2
(W) /V2 (A B0s 4+ A01) V2 Madap 0
(") /V2 (=MP0p + AP 01) V2 0 —Mabap
(6.36)
Then we readily obtain the 5 x 5 reduced mass matrix for the three neutrinos and 5 »
given by
M} = ! A v MY . (63

/\gCS,LLCjUQ Mc—l ()\gd&)\g{’;b 4 )\gSC)\gb3)U1U2 Mc—l

where the repeated dummy indices are summed over. Note that one neutrino re-
mains massless in this model, two of the active neutrinos acquire small masses and
the remaining eigenvalues correspond to sterile neutrino states. From Eq. 6.37 it
follows that the bilinear terms pL X, and the sterile neutrinos are essential for the
nonzero active neutrino masses in this model. The fields N7, 3, which are responsi-
ble for creating the baryon asymmetry of the Universe do not enter the neutrino mass
matrix anywhere and hence the neutrino masses in this model do not have any di-
rect connection with the baryon asymmetry. To have the active neutrino masses of
the order 10™* eV one can choose the sterile neutrino mass of the order 1eV and

the off-diagonal entries in Eq. (6.37) to be of the order 107%¢V. In this model
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the oscillations between the three active neutrinos and two sterile neutrinos is natu-
ral, and this allows the possibility of accommodating the LSND results [298]. The
mixing between S » and the heavy neutral leptons vz, N can give rise to the de-
cays Eyo — W™ S1,, B, — W*Si, vg,, = ZS» and NY, — ZS15; which
will compete with the decays arising from the Yukawa couplings E; o, — H™ S,

ty = H Sis, vp,, — H°S, 5 and Nf, — H"S, 5, where H*(H") are physical
admixture of Es(g,) and ES( ~gg).

In model 2, N is a lepton and hence the term A5 L; NSX in the superpotential
given in Eq. (6.13) can give rise to a seesaw mass for one active neutrino, while the
other two active neutrinos can acquire masses from Eq. (6.37) as before. Thus in this
model all three neutrinos can be massive instead of two in model 1. Note that this
model can allow the neutrino mass texture where one of the active neutrinos can have
mass much larger compared to the other two, which can naturally give atmospheric
neutrino oscillations with a Am? orders of magnitude higher than Am? for solar neu-
trino oscillations.

In the case of model 3 all three N° fields are leptons and the 12 x 12 mass matrix

for the neutral fermions spanning v, , ;, 51,2, vazjg, VE, , and Nﬁ;w is given by

0 0 MNP 0 '
0 0 0 A3y, 2By

M= | NBy, 0 Mydy; 0 0o |- (6.38)
0 Ay, 0 0 My

(ph) AP, 0 Mus O
This gives the reduced 5 x 5 matrix for three active and two sterile neutrinos as follows

k3 ki3, 27 r—1 jc \ cb3 -1
M3 _ /\% >\6 UQMNk MZC)\g UQMC (6 39)
v )\acS cj M—l /\a03>\03b )\a30/\cb3 M—l ' ’
5 HTU2M (ASZAS™ + A5 AT Jvrva M,
This clearly shows that in this model active neutrinos can acquire seesaw masses even
in the absence of the bilinear term 1 L.X° and the sterile neutrinos. As we have dis-
cussed in section 6.5, the out-of-equilibrium decay of N¢ creates the lepton asymmetry
in this model, thus, M can be constrained from the requirement of successful leptoge-

nesis. However one still has some room left to play with A5, v and M,, which can give

rise to interesting neutrino mass textures. In model 4, the fields Ny, are leptons while
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Ny is a baryon and hence the 11 x 11 mass matrix spanning v, , -, 51,2, Nf’Q, VE, , and
N, , will reduce to a 5 x 5 matrix similar to Eq. (6.39), except the (1,1) entry which
is now given by N*AG v3My". Thus it follows that two of the active neutrinos can
acquire masses even without the bilinear term 4 L.X “ and the sterile neutrinos.

For models 5 and 6 we have discussed two possible choices for the second discrete
symmetry Z4' in section 6.2. In the former model N7 , are leptons and Ny is a baryon
while in the latter model all Ny, 5 are leptons. In model 5, for the first choice i.e.
ZP = ZI the 11 x 11 mass matrix for the neutral fermions spanning Veyurs 91,25 VY 95

VE, , 18 given by

0 0 )\édgvg 0 i
0 0 0 A3y, Ay,

M= | AByy, 0 My,syy O 0o |, (6.40)
0 A%y 0 0 Myba

(uh) /\23“111 0 Myda 0
which can be reduced to 5 x 5 matrix for 3 active and 2 sterile neutrinos

/\iCS)\Cj3,U2M71 iC)\Cb3,U Mfl
Mi: 6 6 '2 N A5 U2V, 7 (6.41)
/\gc3(,uT>0] UQMC_I (/\(5103 )\g3b 4 )\(5130/\?3)7}1”2 Mc_l
which is similar to the form in model 4 and hence similar conclusions follow. Model 6
gives a reduced mass matrix similar to model 3 given in Eq. (6.39).

For the second choice in model 5, i.e. Z = Z the 11 x 11 mass matrix for the

neutral fermions is given by

0 0 0 0 0
0 0 0 A3y, Ay,

MP=10 0 Mydy O 0o | (6.42)
0 A%y 0 0 Myduw

0 M, 0 Myw O
which clearly shows that the active neutrinos are massless in this case while the sterile
neutrinos acquire masses (A2 4+ AZ3\D3) 0, ML, The masslessness of the ac-
tive neutrinos is a consequence of the exotic discrete Z2 symmetry which forbids the
mixing among the exotic and nonexotic neutral fermion fields defined in Eq. (6.20).

The situation is similar for Z” = ZZ in model 6 also.
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The analysis of mass matrix for models 7 and 8 are exactly similar to that for model

1 and 2 respectively with similar conclusions.

6.7 Summary of the chapter

We have discussed the variants of effective low-energy U (1) model motivated by the
superstring inspired Ejg group in the presence of discrete symmetries ensuring proton
stability and forbidding tree level flavor changing neutral current processes. Our aim
was to explore the eight possible variants to explain the excess eejj and ep,.jj events
that have been observed by CMS at the LHC and to simultaneously explain the baryon
asymmetry of the universe via baryogenesis (leptogenesis). We have also studied the
neutrino mass matrices governed by the field assignments and the discrete symmetries

in these variants.

To summarize the results, all the variants can produce an eejj excess signal via
exotic slepton decay, while, the models where i and h® are leptoquarks (models 3,
4, 7 and 8) both eejj and ep_jj signals can be produced simultaneously, while the
constraints coming from the electroweak precision data on the mixing angle between
Zn and the SM Z makes it difficult to address the recent diboson and dijet excesses
reported by ATLAS and CMS in the framework of U (1) y model. For the choice Z2' =
7% = (—1)* as a second discrete symmetry, two of the variants (model 1 and 2) offers
the possibility of direct baryogenesis at high scale via the decay of heavy Majorana
baryon, while two other (models 3 and 4) can accommodate high-scale leptogenesis
via the heavy neutrino decay. For the above choice of the second discrete symmetry
none of the other variants are consistent with high-scale baryogenesis (leptogenesis),
however, model 5 allows for the possibility of baryogenesis at the TeV scale or below
by considering soft supersymmetry breaking terms and this mechanism can induce
baryon number violating n—n oscillations. On the other hand we have also pointed out
anew choice for the second discrete symmetry which has the feature of ensuring proton
stability and forbidding tree level FCNC processes, while allowing for the possibility
of high scale leptogenesis for models 5 and 6. Studying the neutrino mass matrices

for the U (1) v model variants we also found that these variants can naturally give three
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active and two sterile neutrinos and accommodate the LSND results. These neutrinos
acquire masses through their mixing with extra neutral fermions and can give rise
to interesting neutrino mass textures where the results for the atmospheric and solar

neutrino oscillations can be naturally explained.
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Correlating the baryon asymmetry of
the universe with the dark matter

abundance

In cosmology some of the important puzzles are related to the origin of baryon asym-
metry of the universe and the nature of dark matter. The comparable values of dark
matter density and baryon density [125] Qpyhe ~ 5 Qph?, points to the possibil-
ity that they might have a common origin. However, the standard paradigm adopts
completely different mechanisms to explain observable baryon asymmetry of the uni-
verse and dark matter abundance. The baryon asymmetry is generated from an initially
baryon-antibaryon symmetric universe by considering baryon number (B), C and CP
violating processes that went out of equilibrium in the early universe, while the dark
matter density is often produced by considering weakly interacting massive particles
(WIMPs) (with mass around O(100) GeV) with the relic density being determined by
the freeze out condition. The fact that they have a comparable abundance is often
referred to as the “cosmic coincidence” puzzle. Recently, the CDMS collaboration
has reported an excess in the dark matter events [336] which sets an upper limit of
O(10~*") cm? on the value of spin-independent (SI) dark matter-nucleon cross section
for dark matter mass around 10 GeV at 3.10 significance level. The excess reported by
the CoGeNT collaboration [337] also hints at a light dark matter mass, almost in the
same region of parameter space. The data taken by the XENON100 experiment [338]

also gives a very stringent constraint on SI dark matter-nucleon cross section which

167
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points towards a dark matter mass around O( GeV). The light dark matter is often
also motivated due to the possibility of explaining 3.5 KeV X-ray line by radiative
decay of O( GeV) neutral dark matter particle [339]. However, for an O( GeV) mass
the thermal WIMPs give an over-abundance of dark matter particles for an annihi-
lation cross-section less than 1072 ¢cm?, and thus the alternative schemes where an
O( GeV) mass dark matter can be accommodated have gained significant attention. To
this end, the cogenesis scenarios are particularly interesting because they have an at-
tractive feature of explaining the observed baryon asymmetry of the universe together
with an asymmetric dark matter component which can naturally satisfy the criterion
for O( GeV) mass dark matter. Furthermore, the apparent coincidence of the baryon
and dark matter densities can also be addressed in such a framework using the un-
derlying connection between the baryogenesis scenarios and dark matter production.
There exist several different mechanisms in the literature [126—141], which address
simultaneous generation of baryon (or lepton) asymmetry and the asymmetric dark
matter abundance. The cogenesis of both without violating B or B — L is discussed in

Refs. [126,131, 137,140, 141].

7.1 Cogenesis of baryon asymmetry and dark matter

from moduli decay

In the A/ = 1 supergravity limit of string theory, the moduli appear while compacti-
fication of the extra dimensions takes place [233]. Let us consider a scenario where
the moduli come to dominate the energy density of the universe and then they decay
into radiation reheating the universe at a late time. Their decay can have significant
implications for the cosmological history of the universe [340]. The entropy released
due to the late decay of the lightest modulus dilutes the existing baryon asymmetry
of the universe as well as the relic dark matter abundance produced at high scale.
However, the correct amount of dark matter can be produced non-thermally from the
decay of the modulus into the lightest supersymmetric particle. Non-thermal realiza-
tions of dark matter is discussed in Refs. [341-344] in the context of the Minimal

Supersymmetric Standard Model (MSSM) and string-motivated models. Given that
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the decay of the heavy modulus leads to a very low reheating temperature, it renders
electroweak baryogenesis and leptogenesis ineffective. However, it is possible to ac-
commodate direct baryogenesis and the correct dark matter abundance by considering
late-decaying moduli in the presence of additional color triplet superfields along with
the MSSM superfields [345-347], or by means of some other mechanism [348, 349].
The coincidence problem has also been addressed by considering Affleck-Dine (AD)
baryogenesis in the presence of the moduli in Refs. [350,351].

The presence of the gravitationally coupled moduli fields can have significant im-
pact on the standard cosmology. During inflation i.e. when the Hubble expansion rate
Hiyy > mg, the modulus (®) gets significantly displaced from the minimum of its
potential [89]. Thus, if one takes into consideration the presence of modulus and high
scale inflation, it is a rather generic consequence to expect the modulus to be displaced
from the low-energy minimum by an amount [A®| = (@), . — (P),| ~ Mp. Since
the energy density of these oscillations dilutes in the same way as non-relativistic mat-
ter, they will come to dominate the expansion of the universe. This will continue until
the modulus decays at a time ¢ ~ I';', transferring the remaining oscillation energy
into radiation, hence reheating the universe at a late time. The reheating temperature

after the modulus decay is given by [340],

1
Tr = m\/ﬁpMp, (7.1)

where g, is the total number of relativistic degrees of freedom and I'q ~ m3 /M5 is
the decay width of the modulus. The number density of any particle X produced from
the decay of the modulus is given by

3T
AMy

YX = Y@BI"X = BI"X (72)

It has been a challenging task to obtain a realistic low energy spectrum in the
string compactifications. The foremost step while constructing a realistic model in
the string compactifications is the issue of moduli stabilization. A realistic model
should be able to realize the de-Sitter minima and also avoid the Cosmological Mod-
uli Problem (CMP) [352]. The Large Volume Scenario (LVS) has been considered

as an ideal framework to build a consistent MSSM-(like) chiral model in which the
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soft terms are calculated explicitly. In such a scenario the soft supersymmetry break-
ing scale mg.p, ~ O(TeV) constrains the value of the Calabi-Yau manifold volume
V ~ O(1) x 10" in string length units. The choice of VV ~ 107 also provides 60 e-folds
of inflation, generating the right amount of density perturbations in this model [353].
For the lightest modulus mass m ~ Mp/V3/? ~ O(1) x 10" GeV and taking V ~ 107
and g. ~ O(100), the reheating temperature is T ~ 10 GeV.

In this section, we discuss a model for moduli induced cogenesis which simultane-
ously generates the baryon asymmetry of the universe and an asymmetric dark matter
(ADM) component with a dark matter mass around 5 GeV [141]. In this model, the
particle content includes two additional iso-singlet color triplet superfields x and Y
with hypercharges —4/3 and 4/3 respectively and two singlet superfields A and A/
in addition to the Minimal Supersymmetric Standard Model (MSSM) superfields'. In
this model, the mass of color triplet superfields being larger than the mass of singlet
superfields, the modulus decays dominantly into a pair of color triplet superfields (x
and Y). The terms analogous to the Giudice-Masiero term [354] in the K#hler poten-
tial dictate the decay width of the modulus into the colored and singlet superfields. In
N = 1 supergravity, the effective supersymmetric mass terms as well as the soft SUSY
breaking terms depend on the coupling strength of the hidden sector field (modulus) to
the visible sector fields [355]. Interestingly, the effective masses of the additional col-
ored (singlet) superfields are also governed by the same Giudice-Masiero like term(s)
considered in the Kéhler potential. Therefore, the coefficient of the interaction term re-
sponsible for the decay of the modulus into a pair of colored(singlet) superfields i.e. the
coefficient of the new Giudice-Masiero like term(s) (z, () can be constrained based
on the given masses of the superfields. For a Calabi-Yau manifold volume V ~ 107,
to obtain M, ~ O(TeV) and My ~ O(TeV) one needs z, ~ 1 and zy ~ 0.005,

_ 2
Toonvnw _ 2

respectively. Thus one obtains ~ 1075, which ensures that the modu-

Dd—xx Z>2<
lus will dominantly decay into a pair of color triplet superfield (, Y) as compared to
a pair of singlet superfields (N, A') [141]. Now the scalar component of color triplet

superfields further decay into quarks and additional singlet fermions (A" and N) and

'Though the particle content is quite similar to the model considered in Ref. [347], the cogenesis
mechanism producing the observed baryon asymmetry and the dark matter abundance discussed in this

work is completely different.
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the baryon number of the color triplet superfield (+2/3) gets distributed between a
quark and an additional singlet fermion. By imposing a discrete Z, symmetry, under
which the colored field x and singlet fermion N are kept odd, while all SM and MSSM
fields are even, we ensure that the singlet fermion will not further decay into the Stan-
dard Model (SM) particles and therefore can be considered as a dark matter candidate
2. The decay process ¥ — A@ is baryon number conserving at tree level as well as
at one-loop level, however, it is CP asymmetric at one-loop level due to the presence
of soft SUSY breaking terms. Consequently, an asymmetry is generated in both the
visible and the dark matter sector. The symmetric component of dark matter gets anni-
hilated for a dark matter mass O( GeV), and the required order of baryon asymmetry
and dark matter relic abundance can be successfully generated in this mechanism for
certain values of Yukawa couplings.

The details of the phenomenological model based on Large Volume Scenario (LVS)
dictating the modulus decay is beyond the scope of this thesis and we refer the readers
to the original work [141] for an account of the same. Here we will only give the
superpotential for an easy reference. Including the additional color triplet superfields

(x, X) and singlet superfields (A, \V), the matter superpotential is given by ’
1 o
Woaster = ji(®) H, Ha + £ Yoy (9) C'CYC*

+ M, (D)X + My (P)NN + ki (PINYu§ + -+ . (7.3)

where C’, i = 1,2, 3 correspond to the three generations of MSSM superfields. In

what follows, we will focus on the cogenesis mechanism itself.

7.1.1 Cogenesis mechanism

In this section, we discuss the cogenesis mechanism in which both the baryon asym-

metry as well as the dark matter abundance are produced via the baryon number con-

?Note that the scalar and fermionic components of the superfield A" (and similarly for \') have R-
parity assignments —1 and 1, respectively. This means that the fermionic components of A and N are
not protected by R-parity alone (for example it can decay into quarks through a coupling like xd;d;).
Consequently, to make the fermionic components stable dark matter candidates we had to invoke an

additional Z, symmetry on A as well as the colored field .
3 Note that the couplings like xd;d; in the superpotential are forbidden due to the Z; symmetry.
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serving decay of a color triplet superfield xy. We consider the mass of the scalar and
fermionic component of (A, N) to be of the order of GeV, while the masses of the
scalar and fermionic components of (x, x) to be of the order of TeV. It follows from
the results for the decay of the modulus into different species (discussed in [141]) that
the modulus can dominantly decay into pairs of Higgses, axions associated with the
imaginary part of the volume modulus, or color triplets. We are interested in a scenario
where the baryon asymmetry can be produced at a low temperature through the decay
of x and in the process, one ends up with an asymmetric component of dark matter

with a mass O( GeV) giving the correct relic density *.

Baryon asymmetry and asymmetric dark matter

In this subsection, we describe a mechanism of baryogenesis where the fundamen-
tal interactions conserve baryon number, and baryogenesis happens by generating a
certain amount of asymmetry in both the visible and the dark sector. We show that
the decay products of the lightest eigenstate of the color triplet ¥_(Y_) can simulta-
neously explain the observed baryon asymmetry and give rise to an asymmetric dark
matter component, if A is light (mass O( GeV)). The ratio of the asymmetric dark

matter to the baryon density fractions is given by

Qapm  Vapm Mapum

7.4
Qg Vg mp 74

where Yapy and Vg are the asymmetric dark matter and the baryon abundances, re-
spectively. The cosmic coincidence Qapy /2 ~ 5 is satisfied if Yapy ~ Vg ~ 10710
for a dark matter mass My around 5 GeV. We have already mentioned that the modu-
lus decays dominantly into pair of x and Y superfields. A cartoon showing the decay of
the modulus into color triplet superfields which further decay into a singlet and a quark
is given in Figure 7.1. Using the interaction term given in equation (7.3), it follows that
the lightest mass eigenstate of y () decays into quarks and fermionic component of the
singlet superfield A'(NV). The x and ¥ have baryon number assignments B = +2/3
and B = —2/3 respectively, while A" and A have baryon numbers B = +1 and

*Though the Higgs can further decay into the SM particles, it is not very relevant for explaining
baryogenesis and the dark matter abundance in our scenario. Similar conclusions follow for closed

(open) string axions.
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i)

Figure 7.1: A cartoon showing decay of the modulus into color triplet and singlet super-

fields.

B = —1 respectively. Therefore, the interaction of x with A/ and u conserves baryon
number. The scalar and fermionic components of x and Y have R-parity assignments
+1 and -1 respectively, while the scalar and fermionic components of A and A/ have
R-parity assignments -1 and +1 respectively. It follows that the decay process also con-
serves [R-parity. Further, we impose a discrete Z, symmetry under which additional
color and singlet fields are kept odd, while all SM and MSSM fields are even. The
symmetry ensures that the fermionic component of N'(N') will further not decay into
the SM particles. Consequently, the fermionic component of A superfield produced
during the decay of y_ can be considered as a stable asymmetric dark matter parti-
cle. Thus, it follows that the decay of a scalar component of y generates an equal and

opposite amount of baryon asymmetry in the visible sector and the dark sector i.e.

Ye+YVYpu=0= Vpu =—-V5. (7.5)
N ; N
X+
@ N &

Figure 7.2: Feynman diagrams contributing to the baryon asymmetry and the dark matter

asymmetry via a baryon number conserved interaction vertex.

Let us first calculate the baryon asymmetry generated in the visible sector. We
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begin by considering a single generation of singlet superfield A/. The CP violation
arises due to the soft SUSY breaking terms. The degeneracy between the two states
belonging to the supermultiplet of the same generation can be removed by including the
SUSY breaking effects and the CP violation occurs due to the interference between the
two states of a single generation [356,357], as compared to conventional baryogenesis
mechanism where at least two generations are required for CP violation. The SUSY

breaking Lagrangian involving y and Y superfields is given by

Loty = m?jiiT)zj + m?ji;{ij + BxijMxijf(iij

+ AgjpkirXiNGig + hc. (7.6)

where indices i, j, k correspond to the different generations of the particles. The evo-

lution of the system governing x — y' mixing is given by [356,357]
i~ 7
(XIHIX) = Myaz) = 5Ta2)- 1.7)
This induces a mass difference Amy and a decay width difference AI', between two

mass states given by
X2) =plX) £alX"), R =la/pl. (7.8)

The tree level and the one-loop diagrams responsible for generating CP violation are
shown in Figure 7.2. The interaction Lagrangian in the mass basis (Y, X_) is given

by

%;@/\/a + %;z_/\fa +he. . (7.9)

After the modulus decay produces an equal densities of ¥ and %' (say at t = 0), the

_Eint =

time evolution of the states are given by

X0 = FH R0+ [-(OF )

K0 =21 (OX(0) + (X 0), (7.10)
where

fo(t) = e7mxte 5 2c0s( Amgt /2),

fo(t) = em ™Mt T 25in(Amgt/2). (7.11)
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Here, I'; corresponds to total decay width of y. The excess of A/, @ over the CP

conjugate states N, u° is given by

_Jy dt(A-DB)
€& = fooodt(A—i—B)’ (7.12)
where
A=T(x(t) = Na)+T(x(t) = Na),
B =T (X(t) = Na°) + T(x(t)! — Nae). (7.13)
The decay width for the decay modes of X (¢) and Y(t)' is given by’
P(X(t) = Na) = D) = Nug) = Xi | Moy £ (t),
L) = Na) = X[ M PR f- (1),
T(x(t) = NT) = X1 | M |>RT2f_(t), (7.14)

where X is the normalization factor and M, is the amplitude of the decay mode
considered. Incorporating these expressions into equation (7.12), the asymmetry pa-

rameter is given by [356,357]

1 2 2 Oodt _2
=3 (1 - ) =t .15)
2 \|p ql ) JoZdt (| f<1 +1f-I)
with ) )
r T, TmA
'2 ] om0 I ma (7.16)
p p My 2) B\ M,
and )
Jydt 1| = (AM,)” (7.17)

[at (1f P +17-17) 202+ (AM)?)

t
The decay width for x_ decaying into N'@ is given by I, = ZLM - The asymmetry
m

is given by

~I'y ByImA
I3+ By 2M,

Now, BXMX = MX ~ O(TeV), and x < 1, implying I', < B,. In the small « limit,

(7.18)

€B

the above equation reduces to

oy — FmA M, , (7.19)
8 BxMx

SSince we are working with a single generation, the direct CP violation [358] can be neglected.

Therefore, the amplitude of the decay process (x(t) — N u°) and its CP conjugate state are the same.
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where A = k A. The baryon asymmetry generated from the modulus decay is given
by
Y= 2B _ Y (7.20)

Ny
Since the Yukawa couplings do not depend on the compactification volume in this
model, we choose x ~ 1072 For A ~ O(TeV), we geteg = 1073,
The value of Y} is given by

Yx = Y@BYX = WBI'X, (721)
$

where T}, is the reheating temperature after the modulus decay and Mg is the mass of
the modulus field ®. For Br, = 1, Tz ~ 10 GeV and Mg ~ 5 x 10" GeV, we get Y; ~
107" Finally, from equation (7.20) the baryon asymmetry is given by Vg ~ 107377 =
107!, which is the observed baryon asymmetry of the universe. From equation (7.5),

the asymmetry in the dark matter sector is given by Ypu = Yy ~ 107,

7.1.2 Annihilation of the symmetric dark matter component

In additional to an asymmetric DM component, a symmetric non-zero DM density can
also be produced either directly via the modulus decay (with a very small branching
ratio) or via x decay. The fractional asymmetry [359,360] in case of asymmetric DM

is defined by

p=— (7.22)

where 7 = 0 and » = 1 correspond to complete asymmetric and symmetric DM abun-
dance respectively. In order to ensure that the symmetric component is not out-of-
equilibrium initially and starts to get depleted, the annihilation cross section of the
symmetric component should be higher than the freeze out cross section correspond-
ing to the number density of DM produced after modulus decay. On the other hand,
the asymmetry generation mechanism presented in the previous section dynamically
produces an asymmetry between particles and antiparticles in both visible and the dark
sectors during decay of x. In order to ensure make overall dark matter abundance
asymmetric, one also needs to ensure that the symmetric component of dark matter

produced during decay of x gets depleted efficiently. Solving the Boltzmann equation
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yields the late time dark matter asymmetry [359,360] given by

1- 00
Too = €XP {—2( o0 ) ( ! )] — exp {—2 o0 ] (7.23)
OWIMP 1+7% OWIMP
where oy corresponding to DM annihilation is related to thermally-averaged cross-
section by
(o0v) ry (7.24)
og) =0p | —— .
0 0 Mj\/’ )

with n = 0 and 1 for s-wave and p-wave annihilation respectively. Thus, Eq. (7.23)
right away tells that r,, depends exponentially on the annihilation cross section and
complete annihilation of the symmetric part of DM in ADM models requires an anni-
hilation cross-section

o9 = few x OWIMP - (725)

In our model, the annihilation of A/ and N can be mediated through the elec-
troweak neutral Z boson. The thermally averaged annihilation cross section for NA¢ —
Z — ff is given by

1 g/292 M/%/_
<O' ‘U|>annihﬂation =00~ T4 (726)
4 M}

where ¢’ corresponds to the gauge coupling of neutral Z boson to the pair of singlet su-
perfields (N, ), g corresponds to the gauge coupling of Z boson to a pair of fermions,
M is the mass of Z boson and the annihilation is presumed to be s-wave.
Now, the freeze-out cross-section can be roughly estimated by the rule of thumb
given by
I'=n(o|v]) = H, (7.27)

similar to the case of WIMP dark matter. However, in this case the reference tempera-

ture is the reheating temperature after the decay of the modulus. The Hubble expansion
2

T
rate is given by H = 1.67 Q*MR. The density of the symmetric component of A is
P

2

3T 2
given by n = Bry, % % s, where s is the entropy density. Using s = il
dme 45

freeze-out cross-section is given by

g.T% , the

50 me

reeze out — . 7.28
1 3

Using Ty = g-"/4\/ToMp, To ~ E%’ me = O(1) x 107 GeV and Bry ~ 1072,
P

we get

(0|0} freeze out ~ 1072 GeV ™2 ~ 10" em?®s ™, (7.29)
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On the other hand, the thermally averaged cross-section for thermal WIMP with
mass < few GeV is (o [v|)wmp ~ (4.5 —5) x 10" *cm®s™!. In Eq. (7.26), taking
g~ 0.74,¢ ~ 0.8 and My = 5GeV, we find

(0 |V]) anninilation = 0o ~ {(ogv) ~ 1072 GeV ™2 ~ 10~ *cm3s ™. (7.30)

Thus it follows that (o |v])anninilation > 0 |V])freeze—ous and consequently the symmetric
component of the abundance of singlet fermion N is not out-of-equilibrium and starts
to get depleted. On the other hand, (oqv) > (o |v|)wiup ensures that the symmet-
ric component of the initial dark matter abundance, produced during modulus decay
and asymmetry generation from decay of , gets annihilated rapidly and does not con-
tribute to final the dark matter relic abundance in our scenario. Thus, we conclude that
all the symmetric DM density gets annihilated away and the required DM abundance

is produced due to an overall asymmetric DM density only.

7.2 Summary of the chapter

We have discussed a cogenesis mechanism unifying the generation of both baryon
asymmetry of the universe and dark matter abundance in a model, where both baryon
asymmetry and non-thermal dark matter abundance can be generated simultaneously
from the decay of a pair of color triplets produced after reheating. We discussed a
case where the modulus dominantly decays into a pair of color triplets, and the lightest
eigenstate of the scalar component of the color triplet further decays into a singlet
fermion and an up type quark. Imposition of a discrete Z, symmetry ensures that the
singlet fermion does not further decay into the SM particles and therefore it can be
considered as a stable dark matter candidate. The CP asymmetry is generated via the
interference of tree level and one loop diagrams for the decay of the color triplets in
the presence of soft SUSY breaking terms. We have also discussed the possibility of
obtaining the observed baryon asymmetry of the universe and the asymmetric dark
matter abundance by considering dark matter mass around 5 GeV, and the cosmic

coincidence is natural in this scenario.
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Neutrino dark energy and

leptogenesis with TeV scale triplets

Evidence from the astrophysical observations suggests that out of the total mass-energy
budget of the universe, the baryonic and dark matter together account for only about
30% while the remaining 70%, referred to as dark energy, is attributable to the entity
that causes the accelerated expansion of the universe which remains a challenge to
explain. While the existence of a scalar field provides an explanation, the striking
proximity of the effective scales of neutrino masses and the dark energy points to a
connection between them, realized in the neutrino dark energy (vDE) models. To this
end, several approaches have been proposed in the literature [142—165]. In some of the
scenarios, a direct connection through the formation of a neutrino condensate at a late
epoch of the early universe using the effective self-interaction has been studied [142—
148]. Another class of models utilizes the variation of neutrino masses to dynamically
obtain the dark energy [149—-165]. In this section, we will focus on this latter approach
[165].

The atmospheric, solar, and reactor neutrino oscillation experiments have con-
firmed the existence of nonzero masses of neutrinos. An attractive explanation of
neutrino masses employs the seesaw mechanism [16-22], giving rise to naturally small
masses for neutrinos. In addition, the baryon asymmetry of the universe can be gener-
ated through leptogenesis [90] in the framework of the seesaw scenario. In the original
vDE models, the Standard Model (SM) is extended to accommodate singlet right-

handed neutrinos (V;, 7 = 1,2, 3) giving Majorana masses to light neutrinos. The Ma-
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jorana mass of the right-handed neutrinos are made to vary with a scalar field, called
the acceleron (which drives the universe to a late time accelerating phase), connecting
the light neutrino masses with the scale of dark energy [150]. However, for a suffi-
ciently flat potential one requires the Majorana masses of the right-handed neutrinos
to be in the eV range, in contradiction to the expected scenario of a very heavy My,
triggering the canonical seesaw mechanism. One requires a flat potential for the ac-
celeron to have w ~ —1 in the equation of state p(t) = wp(t), where p and p are the
pressure and energy density, respectively. As discussed later the acceleron field can be
associated with a varying light neutrino mass and hereafter we will describe the scalar
potential in terms of the varying light neutrino mass rather than the acceleron. From the
cutoff insensitive correction to the scalar potential 5V ~ m*log(m/u)/32w%, where
1 1s the renormalization scale, we note that ;o needs to be of the order of m today
for a small correction. Using this, one can get a rough estimation for the mass of the
variable mass particle. If we want a variable mass particle to give dark energy with an
equation of state parameter w ~ —1 then we require [150] [0V (m)m/V| < 1, which
gives m* < (1072 eV)*. Here we use V ~ ppg ~ 0.7p. ~ 107! eV*, where p, is
the critical density. Note that a value of the neutrino mass can also be obtained by
equating the acceleron potential energy density today, which depends on the neutrino
mass, to the dark energy density. However, given the mild dependence of the potential
on the neutrino mass, we prefer the above estimation to that. Now for a particle with
a variable mass m, at the one-loop level the quadratically divergent contribution to
the potential is given by 6V ~ m?*A?/167%, where A is the cutoff scale of the theory,
which can be identified with the heavy neutrino mass scale in type-I seesaw. One might
assume that this short distance physics is such that this contribution is small, however,
this is conventionally thought to be unnatural. Now to obtain a bound on A we use the
condition 6V ~ m*A%/167* < V, which requires a sub-eV A for m ~ 1072 eV. Note
that we have done a very rough estimation above and typically this bound is relaxed
to A ~ eV [150] and this is naturally realized in the models that we discuss later. In
Ref. [158], it was pointed out that the above problem can be avoided if the SM is ex-
tended to include triplet Higgs scalars. However, in such a scheme the coefficient of

the trilinear scalar coupling with mass dimension varies with the acceleron field and



8.1. Neutrino masses and the dark energy connection 181

this predicts the mass scale of the triplet Higgs scalars to be close to the electroweak
symmetry breaking scale (of order 100 GeV), which has not been observed at the LHC
so far.

In this chapter, we discuss two ways to get around the above constraint, while
simultaneously explaining the observed baryon asymmetry of the universe. One way
is to add some additional scalar field to push the additional scalar field masses to TeV
scale, readily testable at the current run of LHC. Another way is to add fermion triplets
instead of scalar triplets and utilize the type III seesaw scheme.

First we discuss a realization of mass varying neutrinos in an extension of the usual
triplet Higgs model which includes a second Higgs doublet (1) in addition to the SM
Higgs doublet (P) and Higgs triplet (&), but no right-handed neutrinos [23,361]. In
this scenario both additional Higgs fields are of the TeV scale and the smallness of
neutrino mass comes from the lepton number breaking scalar sector. This model has
highly predictive collider signatures and thus it can be right away put to test in the
current run of LHC. Next we discuss a model of vDE utilizing an extension of the SM
with fermion triplet (X7, X%, ¥7) z, where the neutrino mass is dynamical and related
to the acceleron field. This model can naturally give the correct energy scale associ-
ated with the neutrino mass and it provides a rich TeV scale phenomenology, testable
at the LHC. We also point out possible leptogenesis mechanisms for simultaneously

generating the observed baryon asymmetry of the universe in both models.

8.1 Neutrino masses and the dark energy connection

By extending the SM to include a heavy Higgs triplet (¢7F, ¢T, £%) with trilinear
couplings to both the lepton doublet L; = (v;,1;) and the Higgs doublet ® = (¢, ¢°),
one can realize the unique dimension-five effective operator [12]

fu

»Ceff: A

L;L;9P, (8.1)

obtained by integrating out the heavy degrees of freedom (with mass much larger than
the ordinary SM particles) associated to a characteristic heavy mass scale A. Thus the

neutrinos, massless in the minimal SM, acquire small Majorana masses. The relevant
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interaction terms are given by
1
‘Cint = f” I/Z'I/jgo + —<I/le + ljyj)€+ + lilj€++ + h.c. s (82)
V2
and the general Higgs potential is given by

Vo= m2otd + M2Te + %Al(@T@)Q + %M(é*&f + A3(27D)(£7¢)

+ u(€¢%" + V26 9T + € ¢ o") + he. (8.3)
The above interaction terms give [23]
_ 2fz‘j,u<</50>2
(M) === (8.4)

Thus it follows that if 1 is a function of the acceleron field A i.e. i = u(.A), then the
mass varying neutrinos can be realized for m, of the order of the electroweak scale.
However, if the vDE is indeed realized through the Higgs triplet, then at least £
should have been observable at the LHC. Thus it is worth exploring if such a Higgs

triplet can be schemed to have a mass of TeV scale in light of the current run of LHC.

8.1.1 Model A

In the presence of the additional Higgs doublet 7 in the above scheme, the neutrino
masses come from the Higgs triplet £ (with lepton number assignment L. = —2) and
its interaction with 7 (carrying lepton number L = —1) [361]. The most general lepton

number conserving scalar potential is given by

Vo= mi®'® +min'n + miTr[ATA]

SRR D Aan/n)? + s (THATA))?

+

SM(THATAN(THA + s(#0) (')
Ao(B10) (THATAY) + g 1) (THAT A
As(@T0) (T ®) + g (DTATAD) + \io(nT ATAR)

+ o+ o+ o+

pw(n'AR) +h.e. (8.5)

where
+ ++
A= ¢ /\/5 ¢ , (8.6)
¢ —gV2
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7 = (7°, —n ) and u has the dimension of mass. The lepton number is softly broken

by the terms
Viore = 150117 + 1z (BTA7) + ptg (@1AD) + . 8.7)

where ® = (¢°, —¢~). Next we define vacuum expectation values (VEVs) of the
scalar fields to be (¢") = vy, (n°) = v, and (¢°) = v3. Now minimization of the
potential with respect to the various Higgs fields give the consistency conditions and
the relations between the different VEV's, which can be solved assuming m% < 0, but

m3 > 0 and m3 > 0 to obtain
v~ —mi/A,
vy ~ —pdvy/[ma 4 (A5 + Ae)v?],
vy o~ — (/wg + pgvv9 + /Lgvf) /(m3 + Xevi). (8.8)
Thus taking ms, ms and p to be M ~ TeV we have
vy ~ piuy /M?, v~ v3 /M. (8.9)
Consequently, © < vy < v and
v3 ~ pivd/MP. (8.10)

For v; ~ 10?> GeV and 11 ~ 1GeV we have vy ~ 0.1 MeV and vz ~ 1072 eV, which
gives the correct order of magnitude for neutrino mass (m,);; = 2f;;vs. Thus we have
a natural realization of the required small neutrino masses with TeV scale additional
Higgs fields, which does not need any large extra space dimensions constraining 7
below the cutoff energy scale. Moreover, this model is much more flexible compared
to the scenario with only Higgs triplet in the sense that there is no strict constraint on
me to be of the order of electroweak scale. Now the realization of ¥DE model through
mass varying neutrinos is straightforward. The idea is to make p; a function of the
acceleron field A, i.e. u; = p1(A). We will come back to the realization of ¥DE once

we give the account of the other model below.

8.1.2 Model B

The extension of the fermion (lepton) sector of the SM can be realized in two ways.

The basic idea is that the new lepton multiplet gains a large mass and then it mixes
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with the ordinary lepton doublet triggering the seesaw mechanism. The new lepton
multiplet can only be a singlet or a triplet of SU(2),. The idea of the triplet lepton
representation to utilize the seesaw structure in neutrino mass matrix was first proposed
in Ref. [27], referred to as type I1I seesaw, which have been generalized in the context
of unified theories in Ref. [52]. The simplest way to utilize type III seesaw is to add
the SU(2), triplet with zero hypercharge,

Y= EO/\@ o , (8.11)

IS Y AZ)

to the SM, with the interaction terms

1 _ _ L
L= — Tr[EMsY°+EMEY] — GEvV2YsL

— LV2Y{xe. (8.12)

The terms related to the neutrino mass matrix can be identified readily to obtain the

mass matrix as

0 Yev/2v2 v
'Cy,mass = (V 20> : / . (813)
Yiv/2v2  Mg/2 >0

This gives the non-zero neutrino masses

U2

M,
2

Yo Mg 'Ys. (8.14)

Now the neutrino masses can be connected to the dark energy by simply taking My, =
My (A); however, such a scenario is constrained from the flatness of the potential as
discussed earlier. This scheme can be generalized right away by accommodating the
right-handed neutrinos N;,7 = 1, 2, 3 in the scenario. The most general neutrino mass

matrix in such a scenario can be written as

0 My Flu v
Ey,mass:<y N°¢ ZO> MJE 0 FQQ N, (815)
Flu FJQ My ) \2°

where the off-diagonal terms in the third column and row correspond to the mass terms
F1;v;5% and Fy;; NX°Q with u and 2 being the VEVs of the corresponding Higgs

fields. The realization of the nonrenormalizable term, giving rise to type III seesaw,
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Figure 8.1: Diagram realizing the effective nonrenormalizable operator generating right

handed neutrino mass Mp = (F2Q) My ' (F] Q).

by integrating out heavy fields, is shown in Fig. 8.1. The neutrino mass in the above

scenario has two kinds of contributions, given by

M, = —My(FQMG ' Fy Q)" MY — (My + M3,) (8.16)

u
Q’
where the first term corresponds to a “‘double seesaw” contribution and the second term
corresponds to the type III seesaw contribution. The relative contributions of the two
kinds of terms to M, is model dependent. We will consider the case My ~ 1eV. Now
taking u ~ v ~ 102GeV, Q ~ 10* GeV and considering the phenomenologically
interesting case My, ~ 10° GeV with verifiable implications at the current run of LHC,
it follows that for %, > 10~° the dominant contribution to M,, in Eq. (8.16) comes from
the second term associated with the type III seesaw contribution and for the above set
of values we obtain M, ~ 1072eV as desired. The mass varying neutrinos can be

realized by taking My = My (A).

8.1.3 Realization of neutrino dark energy

Having given the details of the two models realizing mass varying neutrinos with de-
sired small masses, we are now ready to discuss the realization of vDE where the neu-
trino mass (assumed to be a function of the canonically normalized acceleron field .A)
M, (A) is a dynamical quantity and OM, /0.A # 0 [150]. We will describe the scalar
potential associated with the acceleron in terms of the varying neutrino mass. In the
nonrelativistic limit, the energy density consists of the thermal neutrino (and antineu-
trino) background (M, n,) and the scalar potential V;(M,,). The effective potential can
be written as

V(M,,) = M,n, + ‘/O(Mu> (8.17)
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The neutrino background (driving M, to small values) gets diluted as the universe ex-
pands and the source term decreases as a result, while we assume that 1/}, is minimized
for a large M,,. Thus the two terms act in the opposite directions with a minimum at
some intermediate M, with a non-zero Vj. The minimum of the effective potential is
given by

V'(M,) =n, + Vy(M,) = 0. (8.18)

We consider a scenario where the field sits at the minimum of the potential and it varies
with time as n,, gets diluted. Now at any instant of time assuming the simple equation

of state
p(t) = wp(t), (8.19)

and taking p(t) ~ V/(t), we use the equation

p+3H(14+w)p=0, (8.20)
to obtain
dlogV a on oM, oM,
1~ — =—— ,— y——— 4+ VI (M, -
w 30loga 3V( da o da V(M) da )
- Munu o Ql/
VT O+ Oy
M,V (M,

- —#, (8.21)

where we have used Eq. (8.18) and €2, = M,n,/p. is the neutrino energy density
and Q4 = pa/p. corresponds to the contribution of V;(M,) to the energy density,
with p. is the critical density and a is the cosmic scale factor. Since the observed
value of w ~ —1, Eqn. (8.21) implies that the energy density in the thermal neutrino
background must be much less compared to the total dark energy density. This in
turn suggests that the potential V;()M, ) should be a flat potential. For the case where

dw/dn,, is small, the relation

M, xn; (8.22)

holds. The above considerations are independent from any specific model of neutrino
mass [150] and we will use them to draw out the phenomenological consequences

specific to the two models of interest.
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As we have discussed above in model A, j; = 11 (A) makes the effective mass of
the neutrinos to vary. While in model B, My = My(.A) does the same. Now for the
self interactions of the acceleron field A we take as an example flat effective potential

of the form

Vo = Alog(1 + [M/M(A))), (8.23)

where M is a constant. In model A, M(A) = p;(A) and in model B, M(A) =
My (A). Hence Eqn. (8.17) takes the form

V(z) = a1x + azlog (1 + %) , (8.24)

where x = M, < |u(.A)| and a4, as, ag, and z are all positive. Now assuming a3 /x >
1 it follows that i, < az/a; implying

M, xn;! (8.25)

v

which gives the desired w >~ —1. Thus, the two models under consideration can
naturally explain the vDE for TeV scale £, 7 masses in model A and TeV scale mass
of the new fermion triplet > in model B. The TeV scale mass of these particles makes
these models particularly interesting in the context of collider phenomenology at the
LHC. We will come back to the implications and signatures of these two models for
colliders such as the LHC, once we address the issue of leptogenesis in these two

models.

8.2 Leptogenesis

In model A, the SM is extended to include scalar triplets and an additional Higgs
doublet ), providing an attractive possibility of realizing a successful leptogenesis sce-
nario. We start with the conventional formalism of scalar triplet leptogenesis in a
hierarchical case. SU(2); x U(1)y is the valid gauge group at an energy scale far
above the electroweak symmetry breaking. Thus it follows that if we analyze one of

the three components of the triplet scalar field then the results will hold for the other
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two. From Egs. (8.2), (8.5) and (8.7) we can read off the decay modes of {7 as

L (L=-2),
= ottt (L=-2), , (8.26)
nnt (L=-0).

where a = 1,2, 3 is the generation index. The coexistence of the above decay modes
implies nonconservation of lepton number, however, the lepton asymmetry generated
by £ gets compensated by the decays of £~ —, unless C'P is also violated and the
decays take place out-of-equilibrium. We follow the mass matrix formalism [23, 104],
where the tree level mass matrix for the triplets are assumed to be real and diagonal.
Hence C'P is conserved at tree level; however, C'P conservation occurs at one-loop
level due to interference between the tree and one-loop diagrams shown in Fig. 8.2.

Note that at least two s are required for C'P nonconservation to occur. Following the

+ ot
I+ oTyn I+
/ - h \
P N et
1 1 2
I+ > - It
¢t mt

Figure 8.2: The tree level (left) and one-loop (right) decay diagrams for £+ — [TIT. A
lepton asymmetry is generated by the C'P violation occurring due to the interference between

them.

mass-matrix formalism of Ref. [104], the diagonal tree-level mass matrix of &, in Eq.

(8.5) is modified in the presence of interactions to

1 1, .
6 (M2),, 6 + 5 (€)' (M2),, &, (8.27)
where
M7 — il M, —iTE,
M = : (8.28)

—iTE M, M2 — Ty M,
with T'f, = T'yy and ', = I'},. From the absorptive part of the one-loop diagram for

&, — & we have

1 " %
LMy, = 3 <Mauz + psa sy + My M,y Z fak;szkl> . (8.29)
k.l
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Now forI', =I',, < M,, the eigenvalues of Mi are given by
1
Az = §(M12 + M2 +V/S), (8.30)

where S = (M} — M3)? — 4|l 12 Ms|* and M, > M. The physical states are given by

Uy = afl F 006, Uiy = a6+ buEs (8.31)
where ai” = by = 1/3/1+|C12, b = CF/\[1+|CFI2 a5 = G5 /y/1+|C]?
with

Cr— —Cr - — 2T, M, |
M? — M} + /S
— 9T, M.
Cr=-Cf = Sl (8.32)
M2 — M2 ++/S

The states wfz evolve with time and decay into a lepton pair and antilepton pair '.
Assuming (M7 — M3)? > 4|T'13Ms|?, the lepton asymmetries generated are given

by [23]

1
5= SR = D) ; {Im {143 frie f301]
M;
(), () | | (533

For the case M; > Ms,, when the temperature of the universe cools down below M,
1 decays away to create a lepton asymmetry. However, this asymmetry is washed
out by lepton number nonconserving interactions of 1), and the subsequent decay of
1y at a temperature below M, sustains. The lepton asymmetry then gets converted to
baryon asymmetry in the presence of the anomalous B + L violating processes before
the electroweak phase transition. The approximate final baryon asymmetry generated

is given by
np €2

s 3¢g*K(InK)06’
where K = ['y(My/T = 1)/H(Ms/T = 1) is a parameter measuring the devia-

(8.34)

tion from thermal equilibrium at 7' = M5, with the Hubble rate defined by H =
1.66g,%(T? /Mp), where g, corresponds to the number of relativistic degrees of free-

dom.

"Note that &, and & are C'P conjugate states, while w;t are not.
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Other than the decays and the inverse decays of triplet scalars, one needs to in-
corporate the gauge scatterings Y1) <+ FF, ¢p, GG (F corresponds to SM fermions
and G corresponds to gauge bosons) and AL = 2 scattering processes Il <> ¢*x¢* and
l¢ < 1¢* into the Boltzmann equation analysis of the asymmetry. Including the above
washout processes, it turns out that M 2> 10" GeV is required in order to generate the
correct asymmetry [114]. However, for a quasi-degenerate spectrum of scalar triplets
the resonance effect can enhance the CP-asymmetry by a large amount and a successful
leptogenesis scenario can be attained for a much smaller value of triplet scalar mass.
A detailed analysis of the resonant leptogenesis is beyond the scope of this work and
an account of the same can be found in Refs. [115, 116], where an absolute bound of
M, 2 1.6 TeV is obtained for a successful leptogenesis scenario.

In model B, the type III seesaw scheme is realized and the right-handed neutrinos
enter together with the neutral component of the heavy fermion triplet in the neutrino
mass matrix. As a consequence, the light neutrino masses, mixing and leptogenesis
are not that tightly coupled as in the case of type I seesaw, where the constraints on the
right-handed neutrino mass My can clash with the constraints coming from the tex-
tures of light neutrino masses and mixings. In the type III seesaw mechanism given in
Eq. (8.15), we have six heavy Majorana neutrinos instead of the three heavy Majorana
neutrinos in type I seesaw. This can give rise to three pseudo-Dirac pairs of neutri-
nos with one or more pairs having degenerate masses. The six heavy two component

neutrinos have the form of the mass matrix given by [53]

0 Mgdy\ NS

) B} (8.35)
My Msy; ) \ %

(7 %)

Now the degenerate lightest pair of pseudo-Dirac neutrinos or equivalently, two Majo-
. . 1 -
rana neutrinos Ny ~ (N¢ + %9)/v/2 with masses My ~ +M; + §M211 can decay
into light neutrino and Higgs doublet via the Yukawa term Y4 (N.v;)®, where
ffil + (FQ)ﬂ) - Mn (f/zl + (F2)11)
V2 AMy V2o

The asymmetry generated by the decays of V. is given by

v, ot (8.36)

2

1 Im [Z](Yﬂyﬁ)]
T in I(M2 /M), 8.37
€1 47T2j (Y2 + 1Y) (MZ/ +) ( )
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where I(M? /M?) comes from the absorptive part of the decay amplitude, with I (x) =
V[l = (1 + 2)In(1 + (1/2)) + 1/(1 — x)]. Using the new basis parametrization
Nf = U;;N§ and Eo; = V;; 5, with the matrix (£}),; diagonal, where

u1r Auip  Augg
U= [Aug  uzp  ug |, (8.38)
Augi  usz  Us3
with u;; ~ 1 and

Nfu Afiz A
Fou=| Ma  fo  fo |t (8.39)
Afst fs2 o fss

the asymmetry can be put in the form [53]

A2 (lugi|* = [ fon|*) Tm(ugy fo1)

€1 = (8.40)
A JusP [+ | f 2
The lepton asymmetry of the universe is computed using
d
y, = & o2 (8.41)

s 3g*K (In K)0-6’
where d is the washout parameter. In this case, for a hierarchical mass spectrum of
triplets the lower bound on triplet mass for a successful leptogenesis scenario is given
by My, > 3 x 10'° [362,363] and to have TeV scale leptogenesis one must assume
a quasi-degenerate spectrum of fermion triplets giving resonant enhancement as in the

case of scalar triplets, giving TeV scale bound on My, [115,364].

8.3 Collider signatures

The triplet fields £ and X can be produced at the LHC if their masses are of the order of
TeV. Therefore LHC gives a unique opportunity to verify the mechanism of neutrino
mass generation if any of these heavy states or their signatures are observed. To this
end, we give a very brief summery of the production and observability of the triplet
fields in the two models discussed above. A quantitative exploration of the discovery
potential of these new fields is beyond the scope of this work and here we mainly

concentrate on a qualitative account of the likely scenarios.
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The members of the scalar triplet field can be produced at the LHC via the channels

q — Z'/yv =TT,
G — W —ter,
qq — ZF/y"— ¢, (8.42)
In the above three channels the interactions are fixed by the triplet gauge couplings
and hence the production cross sections only depend on the scalar masses. In addition

to the above three channels, there are additional channels where the scalar triplet field

can be produced in association with W= or quarks,

0@ — W = TW,

G — WW g — & g,

G — 22w — g,

G = VG0 = £ 0. (8.43)

The associated production with TW* and single production via W*W¥ fusion involve
the EFEWEIW ™ vertex, which is suppressed by a factor of vs/v;. The vy and ZZ fu-
sion processes are also very suppressed compared to the pair production cross section.

The possible £** decay modes are

SR o

fii N Wﬁ: Wi,

gj:ﬂ: N fi Wi,

& o R (8.44)

where [; = e, u, 7 for © = 1,2,3. The decay mode into a pair of leptons has been
extensively discussed in the literature because it provides clear multi-lepton final state
signatures for the pair production of doubly charged Higgs field with a very small SM

background [365]. The possible two body decay modes of £+ are
Si — l,?:l/j,
& - WEZ,

& = widy, uydy, (8.45)
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with the last two decay modes again suppressed by a factor v3 /v;. Thus the production
of scalar triplet fields can give rise to several possible final states. The final states
can be classified according to the number of charged leptons as (a) [TITI71" X, (b)
FEFEITX, (o) 1T X, (d) IT175.X, (e) lijTjTjTX, where [ corresponds to electrons
or muons (not necessarily all of the same flavor), j, corresponds to a tau jet and X
represents additional jets [365]. The unique signature of model A is the decay mode
&Y — nptyT, if kinematically allowed.

Similarly, in model B the dominant partonic production channels of the charged

and neutral components of the fermion triplet are given by

qq — ZF)y—=XTE,

GG — W - 3Es0 (8.46)

The decay modes of ¥*, %20 are

vt - FZ,

Yt o Fo,

>E S oW W,

0 - FEwWT,

¥ - vz

Y0 5 . (8.47)

Here the final states with different number of leptons can be classified as (a) six lep-
tons, (b) five leptons, (c) IZIFIEITX, (d) ITITI717 X, (e) IFIEIEX, (f) FIEITX, (g)
IM17X, (h) 17175577 X and (i) 177X [365,366]. The unique signatures of the type
IIT seesaw mechanism such as six lepton and five lepton final states can be used to

distinguish it from the type II seesaw scheme at the LHC.

8.4 Summary of the chapter

We have discussed the realization of mass varying neutrinos in an extension of the
usual triplet Higgs model by including an extra Higgs doublet (1) and an extension of

the SM with fermion triplets (Xz). We found that both scenarios can accommodate
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neutrino dark energy with a dynamical neutrino mass related to the acceleron field, in
the former scenario with TeV scale triplet Higgs fields (¢) and an additional doublet
Higgs field (1) and in the latter scenario with TeV scale fermion triplets 3. We have
also discussed the possible leptogenesis mechanisms for simultaneously generating
the observed baryon asymmetry of the universe in both scenarios. Finally, the TeV
scale new fields in both models give unique and highly predictive collider signatures,

testable in the current run of LHC.
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Scope for future studies

In this thesis we have studied several models beyond the SM in the contexts of LHC
phenomenology, neutrino masses, flavor anomalies associated with B-decays and gauge
coupling unification. We have also studied the possibility of explaining the matter-
antimatter asymmetry via baryogenesis (leptogenesis) mechanisms in many models
beyond the SM. We also explored the possibility of explaining the abundance of dark
matter together with the matter-antimatter asymmetry of the universe via a cogenesis
mechanism and the realization of neutrino dark energy in a few models beyond the
standard model.

Two of the chapters of this thesis are devoted to the study of the Left-Right Sym-
metric Model (LRSM), which is one of the most popular candidates for extensions of
the SM. We have discussed how the observation of a TeV scale Wy will rule out all
conventional high scale or resonant possibilities of leptogenesis. Thus, if indeed LHC
observes a TeV scale W, then it will be very interesting to find some post-electroweak
phase transition mechanism to explain the baryon asymmetry of the Universe. In this
context, the experiments to observe the neutron-antineutron oscillations [202,203] or
the (B — L) violating proton decay [59] will play a crucial role in confirming such
possibilities. Consequently, a detailed and critical study of these mechanisms essential
in understanding the matter-antimatter asymmetry of the universe.

The LRSM framework with vector-like fermions is a very interesting idea to ex-
plore in more detail. Irrespective of the diphoton signal, it can provide a very rich
phenomenology corresponding to the fermion masses and mixing, particularly for the

neutrinos and can have interesting implications for baryogenesis and the potential dark
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matter sector. Another interesting aspect is the details of the flavor sector of such
models which is very interesting in the presence of vector-like new fields.

On the other hand, the low energy subgroups of Ejg are also very interesting can-
didates for physics beyond the SM. These models predict a number of new exotic
particles and gauge bosons, giving rise to a very rich LHC and neutrino physics phe-
nomenology. The particle content of these models includes leptoquarks, which can
naturally address a number of flavor anomalies including the ones associated with B-
decays. Thus if the B-decay anomalies are confirmed in future B-physics experiments
then it will be interesting to study the flavor structure of these models in detail. From
the point of view of leptogenesis the Alternative Left-Right Symmetric Model provides
a unique opportunity to implement high scale leptogenesis in contrast to the conven-
tional LRSMs, which suffer from strong gauge washout processes for a TeV scale
Whk.

Finally, the cogenesis mechanisms provide a unique way to correlate two of the
most puzzling topics in cosmology and particle physics: the matter-antimatter asym-
metry of the universe and the dark matter abundance. Thus, it will be interesting to
seek new frameworks beyond the SM which can allow a natural realization of the co-
genesis mechanism and to test these ideas at the colliders and dark matter detection
experiments. The idea of neutrino dark energy is very interesting because it relates the
neutrino mass scale to the existence of the dark energy. Thus, it will be interesting
to explore different mechanisms of neutrino masses in this context and to explore the

associated collider phenomenology.



%W 2
Epilogue

In this thesis we have studied several interesting extensions of the SM in light of differ-
ent LHC signals and flavor anomalies exploring neutrino masses, associated rare de-
cays, gauge coupling unification and the possibility of explaining the matter-antimatter
asymmetry via baryogenesis (leptogenesis) mechanisms. As this epilogue is being
written, several potential signals reported at the end of first run have either disappeared
or weakened, whereas some of the signals remain tantalizing hints of new physics. In
this chapter we synthesize the current status of several different signals discussed in
this thesis and various features of the various proposed extensions that are still valid.

After collecting more data both ATLAS and CMS collaborations have confirmed
that the 750 GeV diphoton excess appears to have been a statistical fluctuation [367,
368]. The signals corresponding to searches for the diboson and dijet resonances have
also weakened severely [369-375]. On the other hand the anomalies discussed in the
flavor sector, particularly the ones associated with B-decays are persistent with new
measurements at the B-factories and remain tantalizing hints of new physics. The
LHC signals often played a guiding role which motivated several of the studies in this
thesis. However, even if the signals have disappeared or weakened, the models stud-
ied remain very interesting due to the associated phenomenological and cosmological
implications. Moreover, the LHC signal studies in the context of these extensions be-
yond the SM remain efficient landmark for future new physics searches, which can be
readily adopted for any similar kind of future excess signals at LHC or next generation
colliders.

Few of the chapters of this thesis are devoted to the study of the Left-Right Sym-
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metric Model (LRSM), which is one of the most popular candidates for extensions of
the SM. We have discussed how the observation of a TeV scale WWx will rule out all
conventional high scale or resonant possibilities of leptogenesis. Thus, if indeed LHC
observes a few TeV scale W, in future then it will be very interesting to go back to this
analysis to verify the falsifiability of leptogenesis mechanism. Similarly, irrespective
of the diphoton signal, the discussed LRSM framework with vector-like fermions can
provide a very rich phenomenology corresponding to the fermion masses and mixing,
particularly for the neutrinos and can have interesting implications for baryogenesis
and the potential dark matter sector. On the other hand, the low energy subgroups of
Ejg are also very interesting candidates for physics beyond the SM. Irrespective of the
eejj, diphoton, diboson signals, these models predict a number of new exotic particles
and gauge bosons, giving rise to a very rich LHC and neutrino physics phenomenology.
For example following Ref. [250] and several other s motivated studies related to the
diphoton excess, in Ref. [376] the phenomenology of extra Z-bosons, new vector-like
fermions, sterile neutrinos, and neutral scalars in addition to the SM Higgs boson have
been updated and extended. Also the relevance of such models to the present searches
at LHC has been discussed and the diagnostics for heavy Z boson have been discussed
in detail. The particle content of these models includes leptoquarks, which we have
shown that can naturally address a number of flavor anomalies including the ones as-
sociated with B-decays. Thus if the persistent B-decay anomalies are confirmed in
future B-physics experiments then these will be very interesting options for physics
beyond the SM. From the point of view of leptogenesis the Alternative Left-Right
Symmetric Model provides a unique opportunity to implement high scale leptogene-
sis in contrast to the conventional LRSMs, which suffer from strong gauge washout

processes for a TeV scale Wk.
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We point out that the discovery of a right-handed charged gauge boson W3 with mass of around a few
TeV, for example through a signal of two leptons and two jets that has been reported by CMS to have a 2.8¢
local excess or through a signal of a resonance decaying into a pair of standard model (SM) gauge bosons
showing a local excess of 3.40 (2.50 global) reported by ATLAS search, will rule out all possibilities of
leptogenesis in all classes of the left-right symmetric extensions of the Standard Model (LRSM) with both
triplet and doublet Higgs scalars due to the unavoidable fast gauge mediated B — L violating interactions
exWE — ef WE. Our conclusions are very general in the sense that they do not necessarily demand for a

lepton number violating detection signal of Wi.
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The Left-Right Symmetric Model (LRSM) [1] is one of
the most popular candidates for extensions of the Standard
Model (SM) of particle physics. In LRSM the Standard
Model gauge group is extended at higher energies to

Grr =SU(3), x SU(2), x SUR2)g x U(1)p_,

where B — L is the difference between baryon (B) and lepton
(L) numbers. Left-right symmetry breaking predicts the
existence of a massive right-handed charged gauge boson
(W%). In this paper, we point out that if W has a mass of a
few TeV and can be detected at the LHC, it will have
profound consequences for our understanding of the baryon
asymmetry of the Universe. This is a unique situation where
by observing W at the LHC, we can make a very strong
statement about our origin, that is regarding the baryon
asymmetry of the Universe. One of the most attractive
mechanisms to generate the baryon asymmetry is lepto-
genesis, in which a lepton asymmetry is created before the
electroweak phase transition, which then gets converted to
the baryon asymmetry in the presence of (B + L) violating
anomalous processes [2]. Detection of a TeV scale W at the
LHC would imply violation of (B — L) at a lower energy,
which will rule out all scenarios of leptogenesis. In this
context we must mention that an excess of 2.8¢ level was
observed in the energy bin 1.8 TeV < My;;; < 2.1 TeV in
the two leptons two jets channel at the LHC by the CMS
experiment [3], which can be interpreted as due to W5 decay
by embedding the conventional LRSM with g; # gz in
SO(10) [4] and with g; = g by taking into account the CP
phases and nondegenerate masses of heavy neutrinos [5].
More recently, the ATLAS search has also reported a
resonance that decays to a pair of SM gauge bosons to
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show a local excess of 3.4¢ (2.5¢ global) in the WZ final
state at approximately 2 TeV [6], which can naturally be
explained by a Wy in the LRSM framework with a coupling
gr ~ 0.4 [7].

In the LRSM the fermion sector transforms under the
gauge group G; p as:

L (1L2.1,-1), g (1,1,2,-1),

1 1
(3.2.1,2 s (31,22 ). 1
o (21)). o (s12))

In a popular version of the LRSM, the Higgs sector consists
of one bidoublet ® and two triplet A; x complex scalar
fields with the transformations

d: (1,2,2,0),

Ap: (1,3,1,2),  Ag: (1.1,3.2).

(2)

The left-right symmetry is spontaneously broken to repro-
duce the Standard Model and the smallness of the neutrino
masses can be taken care of by the seesaw mechanism [8].
The symmetry breaking pattern follows the scheme

gLR<£I;>SU(3)C x SU(2), x U(1)y = Gsm

LSUG)e x Uy = Gew (3)

In the first stage of symmetry breaking the right-handed
triplet A, acquires a Vacuum Expectation Value (VEV)

(Ag) :\/%UR which breaks the SU(2), symmetry and

gives masses to the W,%, Zr bosons. The electroweak
symmetry is broken by the bidoublet Higgs ®, which gives
masses to the charged fermions and the gauge bosons W
and Z;. The A; gets an induced seesaw tiny VEV, which
can give a Majorana mass to the left-handed neutrinos. The
generators of the broken gauge groups are then related to
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the electric charge by the modified Gell-Mann-Nishijima
formula Q = T3L + T3R + %

In a variant of the LRSM with triplet Higgs scalars, one
considers only doublet Higgs scalars to break all the
symmetries. This scenario is more popular in all superstring
inspired models. Here the Higgs sector consists of doublet
scalars
d: (1,2,2,0),

Hp: (1,2,1,1), Hg: (1,1,2,1),

(4)

and there is one additional singlet fermion field S (1,1,1,0)
in addition to the fermions mentioned in Eq. (1). The
doublet Higgs scalar Hp acquires a VEV to break the
left-right symmetry and results in mixing of S with right-
handed neutrinos, giving rise to one light Majorana
neutrino, and one heavy pseudo-Dirac neutrino or two
Majorana neutrinos.

In the conventional LRSM, the left-right symmetry is
broken at a fairly high scale, Mz > 10'" GeV. First, the
gauge coupling unification requires this scale to be high,
and second, thermal leptogenesis in this scenario gives a
comparable bound. One often introduces a parity odd scalar
and gives a large VEV to this field. This is called D-parity
breaking, which may then allow g; # gr even before the
left-right symmetry breaking, and hence, this allows gauge
coupling unification with TeV scale M. This is true for
both triplet and doublet models of LRSM. Embedding
the LRSM in an SO(10) GUT framework, the violation of
D-parity at a high scale can explain the CMS TeV scale W
signal for g = 0.6g; [4].

For a TeV scale W5, all leptogenesis models may be
classified into two groups:

(i) Alepton asymmetry is generated at a very high scale
either in the context of D-parity breaking LRSM or
through some other interactions, both thermal and
nonthermal.

(i) A lepton asymmetry is generated at the TeV scale
with resonant enhancement, when the left-right
symmetry breaking phase transition is taking place.

These discussions are valid for the LRSM with both triplet
as well as doublet Higgs scalars. We use the reference of the
two variants of the LRSM mentioned above to study the
lepton number violating washout processes and demon-
strate that all these possible scenarios of leptogenesis are
falsifiable for a TeV scale Wj. In models with high-scale
leptogenesis with 7 > 10° GeV, the low energy B — L
breaking is associated with giving mass to the W3, which
allows gauge interactions that wash out all the baryon
asymmetry before the electroweak phase transition is over.
On the other hand, the same lepton number violating gauge
interactions will slow down the generation of the lepton
asymmetry for resonant leptogenesis at the TeV scale, so
that generation of the required baryon asymmetry of the
universe is not possible for TeV scale Wx.
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The most stringent constraints on the W3 mass for
successful high-scale leptogenesis for a hierarchical neu-
trino mass spectrum (My,, > My, > My = my,)come
from the SU(2), interactions [9]. To have successful
leptogenesis in the case My, > My, the out-of-equilibrium
condition for the scattering process e + Wi — Np —
ey + Wy gives

My, 2 10'° GeV (5)

with my,, /my, 2 0.1. Now for the case My, > My, lepto-
genesis can happen eitherat 7= My, oratT > My, butat
less than the B — L breaking scale. Considering the out-of
equilibrium condition for the scattering process exex —

WEW3 through Ny exchange one obtains the constraint
My, 23 x 10° GeV(My, /10* GeV)?/3. (6)

Thus observing a Wy signal with a mass in the TeV range for
hierarchical neutrino masses rules out the high-scale lepto-
genesis scenario. In Refs. [10], the constraints obtained from
the observation of lepton number violating processes and
neutrinoless double beta decay were studied to rule out
typical scenarios of high-scale thermal leptogenesis, par-
ticularly leptogenesis models with right-handed neutrinos
with mass greater than the mass scale observed at the LHC
by the CMS experiment. The possibility of generating the
required lepton asymmetry with a considerably low value of
the Wy mass has been discussed in the context of the
resonant leptogenesis scenario [11]. In the LRSM, it has
been pointed out that successful low-scale leptogenesis with
a quasidegenerate right-handed neutrinos mass spectrum,
requires an absolute lower bound of 18 TeV on the W mass
[12]. Recently, it was reported that just the right amount
of lepton asymmetry can be produced even for a substan-
tially lower value of the Wy mass (My, > 3 TeV) [13]
by considering relatively large Yukawa couplings, which
has been updated to 13.1 TeV after a more careful analysis
in Ref. [14]. In Refs. [12,13], the lepton number violat-
ing gauge scattering processes such as Nger — ipdp,
Nyritg — erdp, Npdp — epup and NrNp — epér have
been analyzed in detail. However, lepton number violating
scattering processes with external Wi have been ignored on
the account of the fact that for a heavy Wy, there will be a
relative suppression of e™”"#/"¥z in comparison to the
processes with no external Wk. Now if the Wy mass is a few
TeV’s as suggested by the excess signal at the LHC reported
by the CMS experiment then one has to take the latter
processes seriously.

In Ref. [15], we had first pointed out that the lepton
number violating washout processes (exex — WxWx and
ex Wi — efWx) can be mediated by doubly charged
Higgs scalars in the conventional LRSM. Following that,
in Ref. [14] only this channel was considered, and for a
particular class of type-I seesaw model with relatively small
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My, it was found to have a small contribution, as expected
for a large My, /My, . However the other gauge scattering
processes in that scenario are strong enough to give a lower
bound of 13.1 TeV on the Wy mass. In this paper, we
explore the above lepton number violating scattering
processes mediated by both A" and Ny in a much more
general context, where we have also taken into account the
interference of these channels. The former channel has one
gauge vertex and one Yukawa vertex, while for the latter
channel both the vertices are gauge vertices, thus are highly
unsuppressed compared to the processes involving Yukawa
vertices. We find that the lepton number violating scattering
process exWE — ef Wi mediated via both Ni and A"
can stay in equilibrium till the electroweak phase transition
for a TeV scale W and wash out the lepton asymmetry.'
Thus if one incorporates the above washout process in the
Boltzmann equation for lepton number asymmetry, the
mentioned lower limit on My, for successful TeV-scale
resonant leptogenesis will further go up. In the later variant
of LRSM mentioned above the doubly charged Higgs is not
there, however, the lepton number violating scattering
processes mediated via Ny are still present and will wash
out the lepton asymmetry.

In the LRSM, the charged current interaction involving
the right-handed neutrino and the right-handed gauge
boson is given by

1
Ly=——
N 2\/§

where Jg, = égy,(1 +ys)Ng. The Lagrangian for the
right-handed Higgs triplet is given by

gR‘IR,uWE” + H.C. (7)

Ly, D (DRuAR)T(D};?AR)’ (8)

where Ap = (AT, A}, AY) in the spherical basis and
the covariant derivative is defined as Dg, = 0,—
igR(T',’,'eA{e”) —igB,. The A{eﬂ and B, are gauge fields
associated with SU(2), and U(1)z_, groups with the
gauge couplings given by gp and ¢, respectively. After
spontaneous breaking of the left-right symmetry by giving
VEV to the neutral Higgs field A} ie. (A%) = \/%vR, the
interaction between the doubly charged Higgs triplet and
the gauge boson W, will be given by [16]

VR _ —
‘CAR D) <— \/—§> g%VVﬂRVVR#A}rJr + H.c. (9)
The Yukawa interaction between the lepton doublet v, =
(Ng. eg)" and the Higgs triplet A; will be given by

'Note that the other scattering process is doubly phase space
suppressed at a temperature below the Wy mass and hence we
will not consider it for leptogenesis at T < My, .
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'CY = hge(l//eR)c(iTZ%-AR)l//eR +Hec, (10)

where 7’s are the Pauli matrices. By giving a VEV to the
neutral Higgs triplet field, the Yukawa coupling can be
M
Y
the Majorana neutrino (Ng).

The Feynman diagrams of the lepton number violat-
ing scattering process induced by the above interac-
tions are shown in Fig. 1. Utilizing the interactions in
Egs. (7)—(10), the differential scattering cross section for

the e} (p)Wx (k) — ex(p')WE (K') process is given by [16]

R __
expressed as h,, = where My, corresponds to mass of

dosls | .
e _ AW (s, t,u), (11
di ~ 3Ranhd, (s — a2 e (s ) (1)

where

ARYR (5,1, 1) = Aigwﬁ(s t,u)l

w
erWr Ng + Aiiwi (S’ £, u)|A++

R

(12)

(s = MR, ) (u— M)

2 M 2
—4M‘¢th< N —r >} (13)
(S_MNR) (”_MNR)
Wi (k) Wg(K) W (k) Wi (k)
Ngn
IVH
er(p) R ) r(p) <r(P)
(@ (b)
Wi (k) Wi (k)
o
ep(p) er ()
(©)
FIG. 1. Feynman diagrams for exW3 — ef W scattering

process (a,b) mediated by right handed neutrino N, and (c)
mediated by doubly charged Higgs scalar A;*. The Feynman
diagrams for ezep — WiyW5 are the same as above with
appropriate change in direction of the external lines.
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(s +u)? + 8M3,
ARVE(s tu)| o = 4gh(—1) ———TE My |?
eRWR(S u)|ARJr gR( ){ (t_MZAR)Z | NR|
(s +u) ) s u
+—7= My, | +
t=M3, R \s=My,  u-M;j,
4M3, 1 1
2 My |? + , 14
t—M§R| Vil (s—M]ZVR u—Mng)} (14)

where we have neglected any mixing between W; and Wp.
Note that on the right-hand side of Eq. (14) the first term
represents the Higgs scalar exchange itself while the last
two terms correspond to the interference between the
Higgs scalar exchange and the N exchange mechanisms.
The relation between Mandelstem variables s = (p + k)2,
t=(p—p')? and u = (p — K')? and scattering angle 0 is
given by

st 1
(su—MﬁV)Z_E(S_M%VRVUZFCOSG)' (15)

The differential scattering cross section for the
ex(p)ex(p') » Wx(k)W% (k') process is given by [16]

doy 3y 1 exe
ar 5122M%, 52 Ml (s o) (16)

where

AW (s tuw) = Ay (s, 6 )y + Ay, (5.0, u))

Ng At

(17)

The expressions of A%, (s, 7, u) in this case are obtained
RYWR
. . . erW, ege.
by interchanging s<>¢ in Ae’;w’;(s, t,u): AV(}RﬁvR(t,s, u) =
—AZ:%:(s,t, u). In this case, the Mandelstem variables
t=(p—k? and u=(p-k)* are related to s=
(p + p')? and scattering angle 6 by

()= (-2 b= (5 oo}
(18)

During the period vg > T > My,, both the lepton
number violating processes are very fast without any
suppression. To get an idea of the effectiveness of these
scattering processes in wiping out the lepton asymmetry,
we estimate the parameter

K=

(19)

for both the processes, where n is the number density of

relativistic species and is given by n = 2 x 345—@ T3, H is the
-TT

Hubble rate given by H = 1.79}/ 272 /Mp;, where g, ~ 100
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£WF _ oF Wi

o ek Wr = ¢ Wy
1x10" | 4
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FIG. 2 (color online). Plot showing K as a function of temper-
ature (T) with My, = 2.1 TeV for the scattering processes
Wi — ef W and eper — WxWyg (including both Aj+
and Ny mediated diagrams) for vg > T > My,.

corresponds to the number of relativistic degrees of free-
dom, and (o|v|) is the thermally averaged cross section.
In order to obtain a rough estimate of vg, let us draw an
analogy with the Standard Model, where we have (¢) = \%

where v;, = 246 GeV, and My, ~80 GeV. Now in the
LRSM scenario, where we have (A%) = % breaking the
left-right symmetry and My, = ggvg. Then taking
) _ ) 3,

M_WL M Wr

Using the differential cross-section given in Egs. (11)
and (16), we plot the behavior of K as a function of
temperature in the range 3My, > T > My, for My, =
2.1 TeV (in the mass range of CMS excess) in Fig. 2. The
high value of K in Fig. 2 for both the processes implies that
these scattering processes are very fast in washing out
lepton asymmetry for T2 My,. In the variant of LRSM
with doublet Higgs scalars the scattering processes cannot
be mediated via a doubly charged Higgs scalar. However,
these lepton number violating scattering processes can still
be mediated via heavy neutrinos, which washes out the
lepton asymmetry in this scenario for T2 Myy,.

For T < My, the process exWji — ef W5 is more
important 1 Below we will estimate a lower bound on T
until which the latter process stays in equilibrium below
T = My,. The cross section of this process as a function
of temperature 7 can be obtained from Eq. (11). The
scattering rate is given by’ I = 7i(6v,q). At a temperature
T < My, the number density 77 = g(”;%)y : exp (— M—;VR)
accounts for the Boltzmann suppression of the scattering
rate. The condition for the scattering process to be in
thermal equilibrium is I' > H. Using My, < My, and
V1 = 1 we plot the temperature until which the scattering

gr ~ g1, We have

*We have ignored any finite temperature effects to simplify the
analysis. These effects are small and do not change our
conclusions.

031701-4



FALSIFYING LEPTOGENESIS FOR A TEV SCALE ...

[T T T T T T T T T T

0.sF

04F

T (TeV)

03F

0.1F

0.0 R
0 5 10 15
MWR (TeV)

FIG. 3 (color online). Plots showing the out-of-equilibrium
temperature (7) of the scattering process exW}i — ef Wx
(mediated via Aj" and Ny fields) as a function of My, for
three different values of M, and My, ~ My,.

process ex W — ef W stays in equilibrium as a function
of the My, in Fig. 3 for three different values of M, . We
have chosen the lowest value of M,, to be 500 GeV in
accordance with the recent search limits on the doubly
charged Higgs boson mass [17]. The plot clearly shows that
unless My, is significantly larger than the TeV scale, the
scattering process ex Wi — e Wx will stay in equilibrium
till a temperature close to the electroweak phase transition
and will continue to wash out the lepton asymmetry until
that temperature. In the LRSM scenario with doublet Higgs
scalars, the lepton number violating scattering processes
mediated only via heavy neutrinos will continue to wash
out the asymmetry until the electroweak phase transition,
pushing up the lower limit on the W mass for a successful
leptogenesis scenario far beyond the Wp signal range
reported by the CMS experiment, ruling out the possibility
of generating the observed baryon asymmetry from TeV
scale resonant leptogenesis as well.
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To conclude, for the high-scale leptogenesis scenario
(T 2 My,), in both the variants of the LRSM the lepton
number violating scattering processes (eper — WiWy
and ez W — efW%) are very efficient in wiping out
the lepton asymmetry, while for a TeV scale resonant
leptogenesis scenario the latter process will stay in equi-
librium until the electroweak phase transition, washing out
the lepton asymmetry for T < M w,- Hence we rule out the
possibility of successful leptogenesis for Wz with mass in
the TeV range

(1) in all possible high-scale leptogenesis scenarios for

the LRSM variants with (i) triplet Higgs and
(i1) doublet Higgs, and
(i) in TeV scale resonant leptogenesis scenarios for
LRSM variants with (i) triplet Higgs and (ii) dou-
blet Higgs.
Complementing the above results, we have also explored
the low-energy subgroups of superstring motivated Eq
model in recent works. In one of the supersymmetric low-
energy subgroups of the E4 (known as the Alternative
Left-Right Symmetric Model) one can allow for high-
scale leptogenesis, and explain the excess signal at the
LHC reported by the CMS experiment from resonant
slepton decay. However, the excess signal cannot be
explained by right-handed gauge boson decay while
allowing leptogenesis, in both supersymmetric and non-
supersymmetric low-energy subgroups of superstring
motivated Eq model [18]. Thus, in light of the above,
if the two leptons and two jets excess at the LHC reported
by the CMS experiment is indeed due to W5 decay, then
one needs to resort to a post-electroweak phase transition
mechanism to explain the baryon asymmetry of the
Universe and in this context, the experiments to observe
the neutron-antineutron oscillation [19] or (B — L) violat-
ing proton decay [20] will play a crucial role in confirm-
ing such possibilities.
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We study the superstring inspired Eq model motivated U(1), extension of the supersymmetric standard
model to explore the possibility of explaining the recent excess CMS events and the baryon asymmetry of
the Universe in eight possible variants of the model. In light of the hints from short-baseline neutrino
experiments at the existence of one or more light sterile neutrinos, we also study the neutrino mass matrices
dictated by the field assignments and the discrete symmetries in these variants. We find that all the variants
can explain the excess CMS events via the exotic slepton decay, while for a standard choice of the discrete
symmetry four of the variants have the feature of allowing high scale baryogenesis (leptogenesis). For one
other variant three body decay induced soft baryogenesis mechanism is possible which can induce baryon
number violating neutron-antineutron oscillation. We also point out a new discrete symmetry which has the
feature of ensuring proton stability and forbidding tree level flavor changing neutral current processes while
allowing for the possibility of high scale leptogenesis for two of the variants. On the other hand, neutrino
mass matrix of the U(1), model variants naturally accommodates three active and two sterile neutrinos
which acquire masses through their mixing with extra neutral fermions giving rise to interesting textures

for neutrino masses.

DOI: 10.1103/PhysRevD.93.015001

I. INTRODUCTION

One of the simplest and well motivated extensions of the
Standard Model (SM) gauge group SU(3). x SU(2), %
U(1)y is the U(1),y extension of the supersymmetric SM
motivated by the superstring theory inspired E4 model.
This model, realizing the implementation of supersym-
metry and the extension of the SM gauge group to a larger
symmetry group, offers an attractive possibility of TeV-
scale physics beyond the SM, testable at the LHC. On the
other hand, small neutrino masses explaining the solar and
atmospheric neutrino oscillations data and a mechanism for
generating the observed baryon asymmetry of the Universe
can be naturally accommodated in this model.

The presence of new exotic fields in addition to the
SM fields and new interactions involving the new gauge
boson Z’ provides a framework to explore the associated
rich phenomenology which can be tested at the LHC.
To this end, we must mention that recently the CMS
Collaboration at the LHC have reported excesses in the
searches for the right-handed gauge boson W at a center of
mass energy of /s =8 TeV and 19.7 fb~! of integrated
luminosity [1] and dileptoquark production at a center of
mass energy of /s = 8 TeV and 19.6 fb~! of integrated
luminosity [2]. In the former the final state eejj was used
to probe pp - Wxr — eNr — eejj and in the energy bin
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1.8 TeV < myj; < 2.2 TeV a 2.80 local excess have been
reported accounting for 14 observed events with 4 expected
background events from the SM. In the search for dilepto-
quark production, 2.4¢ and 2.6¢ local excesses in eejj and
eprjj channels respectively have been reported corre-
sponding to 36 observed events with 20.49 4+2.4 4+ 2.45
(systematic errors) expected SM background events and 18
observed events with 7.54 +1.204+ 1.07 (systematic
errors) expected SM background events respectively [2].

Attempts have been made to explain the above CMS
excesses in the context of left-right symmetric model
(LRSM). The eejj excess have been explained from Wy
decay for LRSM with g; = gz by taking into account the
CP phases and nondegenerate masses of heavy neutrinos in
Ref. [3], and also by embedding the conventional LRSM
with g; # gg in the SO(10) gauge group in Refs. [4]. In
these models, the lepton asymmetry can get generated
either through the lepton number violating decay of right-
handed Majorana neutrinos [5] or heavy Higgs triplet
scalars [6]. However, the conventional LRSM models
(even after embedding it in higher gauge groups) are not
consistent with the canonical mechanism of leptogenesis in
the range of the mass of Wy (~2 TeV) corresponding to the
eejj excess at the LHC reported by the CMS [7-9].

The eejj excess has also been discussed in the context of
Wy and Z’ production and decay in Ref. [10] and in the
context of pair production of vectorlike leptons in
Refs. [11]. In Ref. [12], a scenario connecting leptoquarks
to dark matter was proposed accounting for the recent

© 2016 American Physical Society
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excess seen by CMS. In Refs. [13,14], the excess events
have been shown to occur in R-parity violating processes
via the resonant production of a slepton. In Ref. [15], the
three effective low-energy subgroups of the superstring
inspired Es model with a low energy SU(2) g, were studied
and a R-parity conserving scenario was proposed in which
both the eejj and epyjj signals can be produced from the
decay of an exotic slepton in two of the effective low-
energy subgroups of the superstring inspired E¢ model, out
of which one subgroup (known as the alternative left-right
symmetric model [16]) allows for the possibility of having
successful high-scale leptogenesis.

In this Letter, we systematically study the Eq motivated
U(1)y extension of the supersymmetric SM gauge group to
explain the excess CMS events and simultaneously explain
the baryon asymmetry of the Universe via baryogenesis
(Ieptogenesis). To this end, we impose discrete symmetries
to the above gauge group which ensures proton stability,
forbids the tree level flavor changing neutral current
(FCNC) processes and dictates the form of the neutrino
mass matrix in the variants of the U(1), model. We find
that all the variants can explain the excess CMS events via
the exotic slepton decay, while for a standard choice of the
discrete symmetry some of them have the feature of
allowing high scale baryogenesis (leptogenesis) via the
decay of a heavy Majorana baryon (lepton) and some are
not consistent with such mechanisms. We have pointed out
the possibility of the three body decay induced soft
baryogenesis mechanism which can induce baryon number
violating neutron-antineutron (n — 1) oscillation [17] in
one such variant, on the other hand, we have also explored a
new discrete symmetry for these variants which has the
feature of ensuring proton stability and forbidding tree level
FCNC processes while allowing for the possibilities of high
scale leptogenesis through the decay of a heavy Majorana
lepton. We also comment on the more recent ATLAS and
CMS diboson and dijet excesses in the context of U(1)y
model and other alternatives that can address these
excesses. In light of the hints from short-baseline neutrino
experiments [ 18] at the existence of one or more light sterile
neutrinos which can interact only via mixing with the active
neutrinos, we have explored the neutrino mass matrix of the
U(1)y model variants which naturally contains three active
and two sterile neutrinos [19]. These neutrinos acquire
masses through their mixing with extra neutral fermions
giving rise to interesting textures for neutrino masses
governed by the field assignments and the imposed discrete
symmetries.

The outline of the article is as follows. In Sec. II, we
review the Eg model motivated U(1), extension of super-
symmetric standard model and the transformations of the
various superfields under the gauge group. In Sec. III,
we discuss the imposition of discrete symmetries and give
the variants of the U(1), model and the corresponding
superpotentials. In Sec. IV we discuss the possibility of
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producing eejj and eprjj events from the decay of an
exotic slepton. In Sec. V, we comment on the possibility of
explaining the recent diboson and dijet excesses reported
by the ATLAS and CMS Collaborations in the context of
U(1)y model and in general. In Sec. VI, we explore the
possible mechanisms of baryogenesis (leptogenesis) for
the different variants of the U(1), model. In Sec. VII, we
study the neutral fermionic mass matrices and the resultant
structure of the neutrino mass matrices. In Sec. VIII we
conclude with our results.

II. U(1)y EXTENSION OF SUPERSYMMETRIC
STANDARD MODEL

In the heterotic superstring theory with Eg x E} gauge
group the compactification on a Calabi-Yau manifold leads
to the breaking of Eg to SU(3) x Eg [20,21]. The flux
breaking of Eg4 can result in different low-energy effective
subgroups of rank-5 and rank-6. One such possibility is
realized in the U(1), model. The rank-6 group Eg can be
broken down to low-energy gauge groups of rank-5 or
rank-6 with one or two additional U(1) in addition to the
SM gauge group. For example Eg contains the subgroup
SO(10) x U(1),, while SO(10) contains the subgroup
SU(5) x U(1),. In fact some mechanisms can break the
E¢ group directly into the rank-6 gauge scheme

Eq— SU(3)c x SU(2), x U(1)y x U(1),, x U(1),. (1)

These rank-6 schemes can further be reduced to rank-5
gauge group with only one additional U(1) which is a
linear combination of U(1),, and U(1),

Q,= Q,cosa+ Q,sina, (2)

3 1
Q(// = _(YL - YR)’ Q;( = E

5 (5Tsx —3Y). (3)

For a particular choice of tana = \/115 the right-handed

counter part of neutrino superfield (N¢) can transform
trivially under the gauge group and the corresponding U(1)
gauge extension to the SM is denoted as U(1) . The trivial
transformation of N¢ can allow a large Majorana mass of
N°¢ in the U(1), model thus providing attractive possibility
of baryogenesis (leptogenesis).

Let us consider one of the maximal subgroups of Eg
given by SU(3)- x SU(3); x SU(3)g. The fundamental
27 representation of E4 under this subgroup is given by

27 = (3,3,1) + (3%, 1,3") + (1,3*,3). (4)

The matter superfields of the first family are assigned as:
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TABLE I. Transformations of the various superfields of the 27
representation under SU(3). x SU(2), x U(1)y x U(1).
SU(3). SU(2), Y, Tz Ygp U(l)y Uy
I I |
0 3 2 3 0 0 3 v
c * 1 1 2 1
u 3 1 0 -5 —% -3 T
* 1 1 1 2
d¢ 3 1 0 3 —¢ 3 T
1 1 1 2
L 1 2 -5 0 -3 -3 T
c 1 1 1 1
e 1 1 §] 3 5 11 ‘/T(z’
h 3 1 -4 0 0 -1 v/
c * 1 1 3
h 3 1 0 0 3 3 —
1 1 1 1 3
X 1 2 -5 ~2 % 3 TU®
O S L T R &
1 1 5
n 1 1 3 0 -3 0 75
¢ 1 1 1
N 1 1 I -3 i 0 0
u E° v ug
d]+(u d° h)+ | N; e E |, (5
h e N°¢ n

where SU(3), operates vertically and SU(3), operates
horizontally. Now if the SU(3), gets broken to SU(2); x
U(1)y, and the SU(3)g gets broken to U(1)z,, x U(1)y,
via the flux mechanism then the resulting gauge symmetry
is given by SU(3), x SU(2), x U(1)y x U(1)y, where
the U(1), charge assignment is given by

1
Oy = E(6YL + T3 — 9Yg), (6)

and the electric charge is given by

Q=T +7, Y=Y, + T3+ Yg. (7)
The transformations of the various superfields of the
fundamental 27 representation of Eg under SU(3). x
SU(2);, xU(1)y x U(1)y and the corresponding assign-
ments of Y;, T3p and Yy are listed in Table I, where
0= (ud),L=(v,e),X=(vgE)and X = (E°,N%).

I1II. DISCRETE SYMMETRIES AND VARIANTS OF
U(1)y MODEL

The presence of the extra particles in this model can have
interesting phenomenological consequences; however, they
can also cause serious problems regarding fast proton
decay, tree level flavor changing neutral current (FCNC)
and neutrino masses. Considering the decomposition of
27 x 27 x 27 there are 11 possible superpotential terms.
The most general superpotential can be written as

PHYSICAL REVIEW D 93, 015001 (2016)
W=W,+W, +W,,
Wo = 2, QuX + 1 Qd°X + AsLe X
- A4SHRE + 2sSXXC + AgLNXC + J7d°N°h,
W, = 2500h + Agucdhe,
Wy = 410QLA° + Ay ueCh. (8)

The first five terms of W, give masses to the usual SM
particles and the new heavy particles 4, h°, X and X¢. The
last term of W, i.e. LN°X® can generate a nonzero Dirac
neutrino mass and in some scenarios it is desirable to have
the coupling A very small or vanishing, so that the three
neutrinos pick up small masses. Now the rest five terms
corresponding to W and W, cannot all be there together as
it would induce rapid proton decay. Imposition of a discrete
symmetry can forbid such terms and give a sufficiently
long-lived proton [22]. We will impose a Z% x Z% discrete
symmetry, where the first Z% = (—1)38 prevents rapid
proton decay and the second discrete symmetry Z dis-
tinguishes between the Higgs and matter supermultiplets
and suppress the tree level FCNC processes.
Under Z% = (—1)38 we have

Q.ut.d: —1
L. X, X8 +1, (9)

now depending on the assignments of A, h° and N¢ one
can have different variants of the model. Such different
possibilities are listed in Table II.

In the models where h, h¢ are even under Z% the
superfields #(B = —2/3) and h°(B =2/3) are diquarks
while for the rest (B =1/3,L =1) and h°(B = —1/3,
L = —1) are leptoquarks. N¢ with the assignment Z§ = —1
are baryons and the assignment Z% = +1 are leptons. In
addition to the trilinear terms listed in Table II there can be
bilinear terms such as LX¢ and N°N¢. The former can give
rise to nonzero neutrino mass and the latter can give heavy
Majorana baryon (lepton) N¢ mass. Model 1 is similar to
model 5 of Ref. [23] and model A of Ref. [24]. Model 2 is
same as model B of Ref. [24]. Model 8 is quite different
from the ones that have been discussed in connection with
leptogenesis in the literature (e.g. [25]). Here the matter
superfields X, X¢ carry nonzero B — L quantum numbers
and the tree level FCNC processes are forbidden.

A. Model 1
In this model we take the second discrete symmetry Z%
to be Z5 = (—1)* following Ref. [24], and it is imposed as
follows
L, e", X1,27 XT.Z’ S1,2: —1
Q. u¢,d°,N°, h,h¢,S;, X3, X§: + 1. (10)
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TABLE II.  Possible transformations of &, 1 and N¢ under Z% and the allowed superpotential terms.

Model h, h¢ N¢ Allowed trilinear terms

1 +1 -1 Wy (A = 0), W,

2 +1 —1 for N{,, +1 for N§ Wy (46 = 0 for N{,, 2; = 0 for N%),W,
3 -1 +1 Wo, W,

4 —1 +1 for Nf,, —1 for N§ Wy (¢ = A7 = 0 for NS), W,

5 +1 +1 for Nf,, —1 for N§ Wy (4 = 0 for N5, 4; = 0 for N7,), W,
6 +1 +1 Wy (4, =0), W,

7 -1 -1 Wy (A = 17 =0), W,

8 -1 =1 for N,, +1 for N§ Wo (4 = 47 = 0 for N{,), W,

The neutral Higgs superfields S;, X5 and X§ have zero
lepton numbers and can pick up vacuum expectation values
(VEVs) while the presence of the bilinear terms LX7,
imply that X{, have L = —1 and X, have L = 1. In this
model N¢ is a baryon with B =1 and it acquires a
Majorana mass from the bilinear term mN°N¢. The
complete superpotential of model 1 is given by

W =2 QuiX§ + 25 Q;ds X5 + ML jei X5 + A Syhihé
+ 3PS X X5, + MBS XXy + 4738, X, X
+ 3PS5 X3 X5 + 274 dE N + L X
+ myNENS + W, (11)

where i, j, k are flavor indices which run over all 3 flavors
and a, b =1, 2.'The form of the superpotential clearly
shows that the up-type quarks couple to X§ only while the
down-type quarks and the charged leptons couple to X;
only, resulting in the suppression of the FCNC processes at
the tree level.

B. Model 2

Here the second discrete symmetry Z% is imposed as
follows

L,e X5, X{5, 812, N5 —1
Q,u,d°N{,, h,h¢, 83, X3, X5 + 1. (12)

In this model N{, are baryons with B =1 but N5 is a
lepton and can give mass to one of the neutrinos via the
term LN5XS. The complete superpotential of model 2 is
given by
W =27 QuiX§ + 2§ Q;ds X5 + ML jei X5 + A Syhihé

+ 23783 X , X§ + 280 S, X3 X5 + 143 S, X ), X

+ 3883 X5 XS + AL LiNSXS + 25 dSh NG + pi L X,

+ m& NSNS + m? NSNS + W (13)

'We will use this notation hereafter in this article. The indices
i, j, k run over 1,2,3, while the indices a, b run over 1,2.

C. Model 3

Under the second discrete symmetry ZY = ZL = (—1)f
the superfields transform as follows

L, e, X2, X5, 810, N hes — 1
Q.uc,d. S5, X5, X5: + 1. (14)

In this model all the N¢s are leptons. The complete
superpotential of model 4 is given by

W = 4{ QuiX§ + 45 Q,ds X5 + JsLje§ X5 + 2] S3hyhS
+ 23983 X X5 + 280 S, X3 X5 + 24738, X ), X
+ AP X3 XS + AP LiNSXS + 27 ds hN
+ PL XS + mENSNG + W, (15)

D. Model 4

Here the second discrete symmetry Z% is again chosen to
be (—1)F giving the transformations of the superfields as
follows

L, e, X5, X5 5,812, NS5 b he: — 1
Q. u¢, d°, NS, S3. X5, X5: + 1. (16)

N{, are leptons while N is a baryon. The complete
superpotential of model 2 is given by

W = 2/ Qus XS + 25 Qds X5 + AL €S X5 + A Syhihe
+ A3 S X X6 + A23P S X5 XG + A4S X, X
+ 23D 85 X5 XS + O LINGXS + A d NG
+ P XS+ mPNGNG + myNSNS + W (17)

E. Models 5 and 6

In model 5 if we choose the second discrete symmetry
Z8 10 be Z5 = (—1)" then the superfields transform as
follows
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L, ec, Xl,Z» X?,Z’ Sl,Z» N?,Z .= 1
Q.u.d°, NS, b, he, S5, X5, X5: + 1, (18)

which forbids the terms A L;N;X§ (47 is already vanishing
for N{, from the imposition of the first discrete symmetry
Z8) and thus the possibility of high scale baryogenesis (via
leptogenesis) through the decay of Majorana N¢ gets ruled
out. However there can be soft baryogenesis through three
body decays which can induce n — 71 oscillation. We will
elaborate on this in Sec. VI. With the above choice of
second discrete symmetry given in Eq. (18) the complete
superpotential for model 5 is given by

W = A7 QueX§ + 25 Q,dS X5 + I LjeS X5 + A S3hihs
+ 39S, X , X§ + 280 S X3 X6 + 42038, X, XS
+ AP X5 XS + A LNGXS + 247 dS NS + pe XS,
+ m&NENG + m3 NSNS + W (19)

We find that in this model it is possible to allow high
scale leptogenesis through the decay of Majorana N¢ by a
clever choice of the second discrete symmetry such that it
can distinguish between the matter and Higgs superfields
and also suppress the unwanted FCNC processes at the tree
level. One such choice can be Z which is associated with
most of the exotic states. We define the transformation
properties of the various superfields under Z¥ = Z£ as
follows

Xi2, X7 812, N =1
L,e,Q.u,d h,h¢, S5, X5, X5§: +1, (20)
Thus for this choice also X3, X§ and S5 are the Higgs
superfields that acquire VEVs. Since up-type quarks couple
to X§ only and down-type quarks and charged SM leptons
couple to only X5 the FCNC processes at the tree level are
suppressed. The complete superpotential of model 5 with
the assignments in Eq. (20) reduces to
W' =27 QusX§ + 25 Q;dS X5 + I LjeS X5 + A S3hihs
+ 2390 83X , XG + 2830 S, X3 X5 + 24938, X, X
+ 3B383X3XS + AP LNGXS,
+ m{NGNG + myp NSNS + W (21)
In model 6 also, the similar assignments for the super-

fields as given in Eq. (20) holds good and the complete
superpotential is similar to Eq. (21) except the A¢ term

which now reads A’ L;N¢X¢.

F. Models 7 and 8

Taking second discrete symmetry to be Z = (—1)* the
superfields transform as follows
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L, eC,Xl’z, Xiz, S1,2» h, hC: — 1
Q.. d°, N, S5, X5, X5: + 1. (22)

In this model all the N¢s are baryons. The complete
superpotential of model 7 is given by

W =2 QuiX§ + 45 Q,ds X5 + IsLje§ X5 + A S3hhS
+ 23083 X, X5 + A8 S X3 XG 4 29038, X ), X5
+ 3PS X5 XS + piL XS + mINSNS + W, (23)

Note that the A and A; terms which are essential for
baryogenesis through N¢ decay (as discussed in Sec. VI)
are forbidden by the Z% symmetry irrespective of what Z%
one chooses. For model 8 also one can write down the
superfield transformations and the superpotential. In this
case the mass term for N¢ is given by m${’NSN§ +
m3; N5N§ and the terms 227 L;N$X$, 277 d¢ h ;N are present
in addition to the terms given in Eq. (23).

IV. EXPLAINING THE CMS eejj (AND @)
EXCESS(ES)

An inspection of Table II and the corresponding allowed
superpotential terms reveals that all the models listed there
contain the terms 4,0Q;djX; and A;L;eX3 in the super-
potential (N§ and 7 acquires VEVs and SU(2) x U(1),
gets broken to U(1)gy) and can give rise to eejj signal
from the exotic slepton E decay. E can be resonantly
produced in pp collisions, which then subsequently decays
to a charged lepton and neutrino, followed by interactions
of the neutrino producing an eejj signal. The process
leading to eejj signal is given in Fig. 1.

The models where & and A€ are leptoquarks (Models 3, 4,
7 and 8 in Table II) can produce both eejj and eprjj
signals from the decay of scalar superpartner(s) of the
exotic particle(s). Both events can be produced in the above
scenarios via (i) resonant production of the exotic slepton E

(i) and pair production of scalar leptoquarks h. The
processes involving exotic slepton decay leading to both
eejj and eprjj signals are given in Fig. 2. The super-
potential terms involved in these processes are A,qQLh¢
and A, u“eh in addition the two terms responsible for the
first signal. The partonic cross section of slepton produc-
tion is given by [26]

u e€
Ej
--- e u
. Ve ) +E~§ + o

FIG. 1. Feynman diagram for a single exotic particle E
production leading to eej;j signal.
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FIG. 2. Feynman diagram for exotic slepton E production
leading to both eejj and ep7jj signal.

T m2

6= L2l 1—=£), 24
slaara(1-"E) 24)
where § is the partonic center of mass energy, and mj; is the
mass of the resonant slepton. The total cross section is
approximated to be [26]

o ?

o(pp — eejj) x —5-x f (25)
Mg
and
Rl
o(pp — eprjj) x —5 X, (26)
Mg

where f3; is the branching fraction for the decay of Etoee jj
and f3, is the branching fraction for the decay to eprjj. £,
and the coupling 1, are the free parameters. The cross
section for the processes can be calculated as a function
of the exotic slepton mass and bounds for the value of
the mass of the exotic slepton can be obtained by matching
the theoretically calculated excess events with the ones
observed at the LHC at a center of mass energy
\/s = 8 TeV. Thus, the U(1), models can explain the
excess eejj (and eprjj) signal(s) at the LHC via resonant
exotic slepton decay.

V. MORE RECENT ATLAS AND CMS DIBOSON
AND DIJET EXCESSES

Very recently, the ATLAS and CMS collaborations
have reported a number of diboson and dijet excesses over
the SM expectations near the invariant mass region
1.8-2.0 TeV. The search for diboson production has been
reported by the ATLAS Collaboration to show a 3.4c
excess at ~2 TeV in boosted jets of WZ channel amounting
to a global 2.5¢ excess over the SM expectation [27]. The
method of jet substructure has been used to discriminate the
hadronic decays of W and Z bosons from QCD dijets and
due to overlaps in the jet masses of the gauge bosons many
events can also be interpreted as ZZ or WW resonances,
yielding 2.9¢ and 2.66 excesses in two channels respec-
tively. On the other hand, the CMS has reported a 1.4¢
excess at ~1.9 TeV in their search for diboson production
without discriminating between the W- and Z-tagged jets
[28] and a 1.5¢ excess at ~1.8 TeV in the search for
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diboson production with a leptonically tagged Z [29].
In the search for dijet resonances the ATLAS and CMS
Collaborations have reported excesses at 1.8 TeV with 2.2¢
and lo significance levels respectively [30,31]. The CMS
has also reported a 2.16 excess in the energy bin 1.8 to
1.9 TeV in the resonant HW production channel [32].
Several phenomenological explanations have been pro-
posed addressing these excesses [33—55]. In the framework
of simple extensions of the SM, a heavy W’ with mass
~2 TeV produced via ¢g annihilation can explain the
excess in WZ channel via its mixing with the SM W for
a mixing angle grater than 10~2. While a heavy Z’ can mix
with the SM Z and then decay into WHW~ to explain the
excess in the WT W~ channel. Assuming that the SM Z,
boson mixes with Z; via a mixing angle ¢, to give the mass

eigenstates Z and Z'
Z cos —sing, Z
()= Cogr o Mz) @
Z, singg, cos¢h, 7'
the relevant vertex for the Z’' can be written as
Vzww: gcosb,,sing.[(pzy — pw+ Vg
+(pw+ — Pw ' g + (pw- — p2)"g")
x &,(pz)ea(pw+)es(Pw-), (28)

where cos¢, =1 is assumed. The partial decay width
of Z/ into WHW~ is given by

2 o2 5 2\ 3/2
. g~ cos” 0, M, My,
N AT
A\ 1927 M3, M2,
M3 M3
x (1420 W+12W>. (29)
( M, M,

For Z', the seven—eight events around the 2 TeV peak
gives the benchmark ¢(Z') x B(Z' -» WTW~) = 5-6 fb.
However, the semileptonic channel of the WtW~ decay
puts an upper limit on 6(Z') x B(Z - WtW~) =3 fb at
95% confidence level [29]. Ignoring this slight inconsis-
tency one can obtain a range of values for ¢’ and sin ¢,
which can explain the excess. It turns out that to explain the
excess one must have sin¢, > 1073 [35]. However from
electroweak precision data sin ¢, corresponding to Zy in
our model is constrained sin ¢, <7 x 107 [56]. Thus, all
the excess events cannot be addressed via the Zy decay.
For a leptophobic Z’ the mixing angle can be relaxed to
8 x 1073, which is close to the required value to explain
the diboson anomaly [35].

It is also interesting to note that the ATLAS diboson
excess can also be explained with a 2 TeV sgoldstino scalar
assuming that the SUSY breaking scale is in the few TeV
range as pointed out in Ref. [55]. Our model being a
supersymmetric one can also entertain such a possibility.
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Lastly, since the U(1), model is a low energy subgroup of
the superstring motivated Eq group, it is also possible to
rely on additional anomalous U(1) fields coming from
stringy construct, for example the D-brane compactifica-
tions it was shown in Ref. [54] that under the assumption
of a low string scale, the dibosn and dijet excesses can be
addressed by an anomalous U(1) field with very small
couplings to the leptons.

VI. BARYOGENESIS (LEPTOGENESIS)
IN U(1)y MODELS

Some of the variants of low-energy U(1), subgroup
of Eg4 model allows for the possibility of explaining
baryogenesis (leptogenesis) from the decay of heavy
Majorana particle N¢. In order to generate the baryon
asymmetry of the Universe from N¢ decay the conditions
that must be satisfied are (i) violation of B — L from
Majorana mass of N¢, (ii) complex couplings must give rise
to sufficient CP violation and (iii) the out-of-equilibrium
condition given by

47139* T?
45 My’

Ty < H(T = my) = (30)

must be satisfied, where I'y is the decay width of Majorana
N¢, H(T) is the Hubble rate, g, is the effective number
of relativistic degrees of freedom at temperature 7 and
My, is the Planck mass. This implies that N¢ cannot
transform nontrivially under the low-energy subgroup
G=SU(3)xSU2), xU(1)yxU(1)y, which is readily
satisfied in some variants of U(1), model (see Table I).
Thus the out-of-equilibrium decay of heavy N¢ can give
rise to high-scale baryogenesis (leptogenesis).

Models 1 and 2 have distinctive features of allowing
direct baryogenesis via decay of heavy Majorana baryon
N€ [24]. In both schemes, N/i(a) decaystoB—L =B = —1

final states dfh s d” h; and to their conjugate states with

B—L=B=1, via the interaction term 27" (A5“) in
Egs. (11) and (13). In both cases, the CP violation comes
from the complex Yukawa coupling 27° (27) given in
Egs. (11) and (13). The asymmetry is generated from
interference between tree level decays and one-loop vertex
and self-energy diagrams. The one-loop vertex and self-
energy diagrams are shown in Fig. 3.

FIG. 3. One-loop diagrams for N, decay which interferes with
the tree level decay to provide CP violation.
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The asymmetry is given by

€k 1 Zz]lm n
1]k* ijk
24 DA A

G enG@)l o

2%

x—1’

[ llklml*ﬂmﬂ*lmnk]

where

Fy= Fg=+/xIn <1+%>. (32)
Fy corresponds to a one-loop function for a vertex diagram
and F g corresponds to a one-loop function for a self-energy
diagram. The baryon to entropy ratio generated by decays
of Ny is given by ng/s ~en,/s ~ (¢/g,)(45/n*), where n,
is number density of photons per comoving volume
and g, corresponds to the number of relativistic degrees
of freedom. By considering A’ k™ 1073 in model 1,

one can generate ng/s ~ 1071° for maximal CP violation.

Similarly, one needs 47“ ~ 102 to satisfy required bound
on ng/s in model 2.

In models 3 and 4, N{, (N¢) are Majorana leptons and
hence a B — L asymmetry is created via the decay of heavy
N¢ which then gets converted to the baryon asymmetry
of the Universe in the presence of the B + L violating
anomalous processes before the electroweak phase tran-
sition. In these two cases, NC decays to the final states

d,‘h s d° ihj with B—L = —1 and to their conjugate states

with B—L =1, via the interaction term A7 (/%) in
Egs. (17) and (15). The one-loop diagrams that can
interfere with the tree level N,(N;) decays to provide
the required CP violation are again the diagrams given in
Fig. 3. However in these scenarios a B — L asymmetry is
created from the decay of Majorana N¢ in contrast to the B
asymmetry created in models 1 and 2. Again utilizing the
general expression for calculating asymmetry parameter as
given in Eq. (31), one needs 27*(27%) ~ 1073 in order to
satisfy ng/s ~ 1071% bound in both models 3 and 4.

For models 5 and 6, we have discussed two possible
choices for the second discrete symmetries in Sec. III. In
model 5, N{ , are leptons and N{ is a baryon while in model
6 all the N¢’s are leptons. For the first choice of second
discrete symmetry Z = Z% the form of the superpotential
[Eq. (19) for model 5] clearly shows that one cannot
generate the baryon asymmetry of the Universe from high
scale leptogenesis via the decay of heavy Majorana N¢ in
these models. However, the term 25 d$h ;N can give rise to
baryogenesis at TeV scale or below if one consider soft
supersymmetry (SUSY) breaking terms in model 5. The
relevant soft SUSY terms in the Lagrangian is given by

L~ m,%lil;ilz + mzéléj Q1+ A"h;010, + -+, (33)
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&/ S 'y :
- - |

N3 Ny hj sy
d t d

FIG. 4. The tree level and one-loop diagrams for N3 decay
giving rise to baryogenesis in model 5.

where i corresponds to the different generations of lep-
toquarks and Q) = (u;, d;), I, m = 1, 2, 3, corresponds
to three generations of superpartners of the Standard Model
quarks. The Feynman diagrams for the tree level process
and the one-loop process interfering with it to provide the
CP violation are shown in Fig. 4. The asymmetry param-
eter in this case is given by [57]

e ) |/11'”|2 |/1k11|2
6:ANSZ|:Im[/117J‘*/117k3A]33*Ak33]< 82 o 82 >

ik i, m.
o A2 | 4k33)2
+ Im[2 28 g <—| — ST 3 |
i I

. i A3 k32
+Im[AJ33Ak33*’1{3”’1]8<“*]<,;gl _ |n7,lg| )]’ (34)
h; hy

5

M3
1 1 1 N3 :
where Ay, = P, G 1232 w2 and T'y, is the total decay
, A

width of N5. Thus, by considering the soft SUSY breaking
terms [given in Eq. (33)] of TeV scale, one can generate
required amount of baryon asymmetry for particular values
of Yukawa couplings.

This can also induce neutron-antinutron (n — 72) oscil-
lation violating baryon number by two units (AB = 2) [17].

ut 1d
I
th

dC 'NC

FIG. 5. n—n oscillation induced by effective six-quark
interaction.
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=

Vei

FIG. 6. One-loop diagrams for N, decay which interferes with
the tree level decay to provide CP violation.

The effective six-quark interaction inducing n — i oscil-
lation is shown in Fig. 5. In fact, models 1 and 2 can also
induce n — 7 oscillation in a similar fashion. However in
model 6 all the N€s are leptons and hence in this model a
scheme for baryogenesis similar to above is not possible.

Now if we choose the second discrete symmetry to be
Z8 = 7% in models 5 and 6 [see Eq. (20)] then it is possible
to allow high scale leptogenesis via the decay of heavy
Majorana N°¢. In these two models N Z(/’) decays to the final
states ueﬂgb, Ve Ng, . eES, e;Ef, with B— L = —1 and to
their conjugate states with B — L = 1, via the interaction
term A0 (A7 by in Eq. (21). Here we take advantage of the
fact that Z£ symmetry forbids bilinear term like LX¢,
and consequently X¢ need not to carry any lepton number,
it can simply have the assignment B = L = 0. The one-
loop diagrams for N,(N;) decays that can interfere with
the tree level decay diagrams to provide the required CP
violation are given in Fig. 6.

For models 7 and 8 the imposition of the Z%
symmetry implies vanishing A, and 1, for two or more
generations of N°. Thus in these models no matter
what kind of ZY we choose sufficient CP violation
cannot be produced and consequently the possibility of
baryogenesis (leptogenesis) from the decay of heavy
Majorana N¢ is ruled out. Thus one needs to resort to
some other mechanism to generate the baryon asym-
metry of the Universe.

VII. NEUTRINO MASSES

In all the variants of U(1)y, model that we have
considered in Sec. III, the scalar component of S; acquires
a VEV to break the U(1),. The fermionic component of S3
pairs up with the gauge fermion to form a massive Dirac
particle. However the fields S;, still remains massless
and can give rise to an interesting neutrino mass matrix
structure.

In model 1, the field N , 5 are baryons and hence they do
not entertain the possibility of canonical seesaw mechanism
of generating mass for neutrinos. However, the bilinear
terms p'“L; X, can give rise to four nonzero masses for Veyr
and S , as noted in Ref. [24]. The 9 x 9 mass matrix for the
neutral fermionic fields of this model v, ;, S, vg,, and
N, , is given by
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0 0 0 Pz
0 0 lg}ﬁ Uy )«1513])111
M= . 35)
5 U2 0 M 04
(”T)ai AQSHUI Maéab 0

where v; and v, are the VEVs acquired by 7, and N%;
respectively, and M, , corresponds to the mass eigenvalues
|

0 0

0 0
WYV (Ao, 4 20) [V
WYV (20, 4 20,) [V

M/l —

Then we readily obtain the 5 x 5 reduced mass matrix
for the three neutrinos and S, , given by
M] _ 0 //ticﬂgb?’ UZMC_I
v /1?63//!6'/ UZMZI (/1203/1;317 + /1(5130/1§m>v1 szgl
(37)

where the repeated dummy indices are summed over.
Note that one neutrino remains massless in this model,
two of the active neutrinos acquire small masses and the
remaining eigenvalues correspond to sterile neutrino states.
From Eq. (37) it follows that the bilinear terms uLX,
and the sterile neutrinos are essential for the nonzero active
neutrino masses in this model. The fields N{, 5, which are
responsible for creating the baryon asymmetry of the
Universe do not enter the neutrino mass matrix anywhere
and hence the neutrino masses in this model do not
have any direct connection with the baryon asymmetry.
To have the active neutrino masses of the order 107* eV
one can choose the sterile neutrino mass of the order 1 eV
and the off diagonal entries in Eq. (37) to be of the
order 1072 eV. In this model the oscillations between the
three active neutrinos and two sterile neutrinos is natural,
and this allows the possibility of accommodating the LSND
results [18]. The mixing between S , and the heavy neutral
leptons v, N§ can give rise to the decays E;, — W™S| ,,
E{, = W*S,, vg, > ZS;, and N{, — ZS,,, which
will compete with the decays arising from the Yukawa
couplings Ej, = H™ S5, E{, = H"S\ 5, v, = H’S,
and N{, - H"S ,, where H*(H") are physical admixture
of E3(’7E3) and E%(N%}).

In model 2, N§ is a lepton and hence the term 423 L; N§X§
in the superpotential given in Eq. (13) can give rise to a
seesaw mass for one active neutrino, while the other two
active neutrinos can acquire masses from Eq. (37) as

PHYSICAL REVIEW D 93, 015001 (2016)

of the neutral fields X, , and X{,. We will further assume
that the field v, , pairs up with the charge conjugate states
to obtain heavy Dirac mass. Thus in Eq. (35) four of the
nine fields are very heavy with masses M, M, M, and M,
to a good approximation. This becomes apparent once we
diagonalize M! in M, by a rotation about the 3-4 axis

to get
ﬂia/\/i ﬂia/\/i
(48930, +28300,) /V2 (=280, + 2800)) /V2 (36)
Maéab 0
0 _Maﬁab

|
before. Thus in this model all three neutrinos can be
massive instead of two in model 1. Note that this model
can allow the neutrino mass texture where one of the active
neutrinos can have mass much larger compared to the other
two, which can naturally give atmospheric neutrino oscil-
lations with a Am? orders of magnitude higher than Am?
for solar neutrino oscillations.

In the case of model 3 all three N¢ fields are leptons and
the 12 x 12 mass matrix for the neutral fermions spanning
Veurs S12o Nio3, Vg, and N | is given by

0 0 AP, 0 ui
0 0 0 2¢Bv, 180y,

M= 2Pv, 0 Mys; O 0
0 %, 0 0 My,

(") 28, 0 My O

(38)

This gives the reduced 5 x 5 matrix for three active and two
sterile neutrinos as follows

ik33kj3, 2871
3 <’16 Ao v3My,

Micigw DZMZI
v AucS cj M71 ’
5 M Uy M ¢

(/1;103/1%3b + /1§’36/1§b3)1)1 szgl
(39)

This clearly shows that in this model active neutrinos can
acquire seesaw masses even in the absence of the bilinear
term uL X and the sterile neutrinos. As we have discussed
in Sec. VI, the out-of-equilibrium decay of N¢ creates the
lepton asymmetry in this model; thus, My can be con-
strained from the requirement of successful leptogenesis.
However one still has some room left to play with A5, p
and M, which can give rise to interesting neutrino mass
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textures. In model 4, the fields N , are leptons while N¥ is
a baryon and hence the 11 x 11 mass matrix spanning
Vepurs S12, N5, Vg, , and Ng,, will reduce to a 5 x 5 matrix
similar to Eq. (39), except the (1,1) entry which is now
given by A3 v3My!. Thus it follows that two of the
active neutrinos can acquire masses even without the
bilinear term p#LX¢ and the sterile neutrinos.

For models 5 and 6 we have discussed two possible
choices for the second discrete symmetry Z4 in Sec. III. In
the former model N{ , are leptons and N{ is a baryon while
in the latter model all N{, 5 are leptons. In model 5, for the
first choice i.e. Z5 = Z% the 11 x 11 mass matrix for the
neutral fermions spanning v, , ., Sy 2, N 5, Vg, , 1s given by

0 0 23y, 0 uie

0 0 0 283, A83by,
M3 = | 2By, 0 My, O 0 .

0 /12“302 0 0 Maéab

(#T)ai /123(17}1 0 Ma‘sab 0

(40)

which can be reduced to 5 x 5 matrix for three active and
two sterile neutrinos

M3_< HOIP M) A oM ! )
I )T MY (A5G 4205 vy 0 M
(41)

which is similar to the form in model 4 and hence similar
conclusions follow. Model 6 gives a reduced mass matrix
similar to model 3 given in Eq. (39).

For the second choice in model 5, ie. Z8 = ZE the
11 x 11 mass matrix for the neutral fermions is given by

0 0 0 0 0

0 0 0 2803y, A8y,
M5=10 0 My 64, 0 0 . (42)

0 1243y, 0 0 M5,

0 Abay, 0 M5, 0

which clearly shows that the active neutrinos are massless
in this case while the sterile neutrinos acquire masses
(4963830 4 28303 ) v v,M ! The masslessness of the
active neutrinos is a consequence of the exotic discrete
ZE symmetry which forbids the mixing among the exotic
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and nonexotic neutral fermion fields defined in Eq. (20).
The situation is similar for Z& = Z% in model 6 also.

The analysis of mass matrix for models 7 and § are
exactly similar to model 1 and 2 respectively with similar
conclusions.

VIII. CONCLUSIONS

We have studied the variants of effective low-energy
U(1), model motivated by the superstring inspired Eg
group in presence of discrete symmetries ensuring proton
stability and forbidding tree level flavor changing neutral
current processes. Our aim was to explore the eight possible
variants to explain the excess eejj and eprjj events that
have been observed by CMS at the LHC and to simulta-
neously explain the baryon asymmetry of the Universe via
baryogenesis (leptogenesis). We have also studied the
neutrino mass matrices governed by the field assignments
and the discrete symmetries in these variants.

We find that all the variants can produce an eejj excess
signal via exotic slepton decay, while, the models where A
and h¢ are leptoquarks (models 3, 4, 7 and 8) both eejj and
eprjj signals can be produced simultaneously. While the
constraints coming from the electroweak precision data on
the mixing angle between Zy and the SM Z makes it
difficult to address the recent diboson and dijet excesses
reported by ATLAS and CMS Collaborations in the
framework of U(1)y model. For the choice Z¥ = Z% =
(—1)F as the second discrete symmetry, two of the variants
(models 1 and 2) offers the possibility of direct baryo-
genesis at high scale via decay of heavy Majorana baryon,
while two other (models 3 and 4) can accommodate high-
scale leptogenesis. For the above choice of the second
discrete symmetry none of the other variants are consistent
with high-scale baryogenesis (leptogenesis), however,
model 5 allows for the possibility of baryogenesis at
TeV scale or below by considering soft supersymmetry
breaking terms and this mechanism can induce baryon
number violating n — 7 oscillation. On the other hand we
have also pointed out a new choice for the second discrete
symmetry which has the feature of ensuring proton stability
and forbidding tree level FCNC processes, while allowing
for the possibility of high scale leptogenesis for models 5
and 6. Studying the neutrino mass matrices for the U(1),
model variants we find that these variants can naturally give
three active and two sterile neutrinos and accommodate the
LSND results. These neutrinos acquire masses through
their mixing with extra neutral fermions and can give rise to
interesting neutrino mass textures where the results for the
atmospheric and solar neutrino oscillations can be naturally
explained.
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contains a potential DM candidate will allow the gauge couplings to unify at ~ 1077 GeV.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The CMS and ATLAS Collaborations have recently reported a
roughly 30 excess in the diphoton channel at an invariant mass
of about 750 GeV in the first 3 fb~! of collected data from Run 2
of the LHC at 13 TeV [1,2]. The Landau-Yang theorem forbids the
possibility of a massive spin one resonance decaying to yy. The
leading interpretations of the excess within the context of new
physics scenarios therefore consist of postulating a fundamental
spin zero or spin two particle with mass of about 750 GeV. How-
ever no enhancements have been seen in the dijet, tt, diboson or
dilepton channels posing a clear challenge to the possible inter-
pretations of this excess. The absence of a peaked yy angular
distribution in the observed events towards the beam direction
disfavours [3] the spin two hypothesis and the spin zero resonance
interpretation seems more favourable from a theoretical point of
view.

A large number of interpretations of the diphoton signal in
terms of physics beyond the Standard Model have been proposed
in the literature [4-136]. One of the possibilities that has been
largely explored in the literature is a scalar or pseudo-scalar res-
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E-mail addresses: f.deppisch@ucl.ac.uk (EF. Deppisch), chandan@prl.res.in
(C. Hati), sudha.astro@gmail.com (S. Patra), pratibha.pritimita@gmail.com
(P. Pritimita), utpal@prl.res.in (U. Sarkar).
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onance produced through gluon-gluon fusion and decaying to yy
via loop diagrams with circulating fermions or bosons. A new res-
onance coupling with the Standard Model (SM) t quark or W*
can give rise to such loop diagrams, however, they will be highly
suppressed at the large yy invariant masses and the dominant
decay channel would have to be tf or W W ~. Hence the obser-
vation of the yy resonance at 750 GeV (much greater than the
electroweak symmetry breaking scale) hints towards the existence
of vector-like fermions around that mass scale. Given that both the
ATLAS and CMS Collaborations have suggested signal events con-
sistent with each other at a tempting 30 statistical significance
level, hinting towards a new physics scenario, it is important to
explore the possible model framework that can naturally accom-
modate such vector-like fermions.

From a theoretical stand point, a framework that can explain
the diphoton excess while being consistent with other searches for
new physics is particularly intriguing. To this end, one must men-
tion the results reported by the CMS Collaboration in the first run
of LHC for the right-handed gauge boson Wy search at /s = 8 TeV
and 19.7 fb~! of integrated luminosity [137]. A 2.80 local excess
was reported in the eejj channel in the energy range 1.8 TeV <
Meejj < 2.2 TeV, hinting at a right handed gauge counterpart of the
SM SU(2); broken around the TeV scale. The Left-Right Symmet-
ric Model (LRSM) framework with gg # g; can explain such signal
with the possibility of being embedded into a ultraviolet complete
higher gauge group [138-141]. It is thus an interesting exercise to

0370-2693/© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by
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explore the possibility of naturally accommodating the yy excess
also in such a framework.

In this paper, we explore the possibility of extending the stan-
dard LRSM framework with vector-like fermions and singlet scalars
which can explain the diphoton signal. Adding such new vector-
like fermionic fields, on the other hand, results in interesting phe-
nomenological implications for the LRSM fermion masses and mix-
ing. Moreover, existence of such vector-like fermions can have in-
teresting implications for baryogenesis and the potential dark mat-
ter sector. In gauged flavour groups with left-right symmetry [142]
or quark-lepton symmetric models [143], vector-like fermions are
naturally accommodated while in LRSMs originating from D-brane
or heterotic string compactifications also often include vector-like
fermions [144,145]. We propose a minimal LRSM that hosts such
vector-like fermions and which can explain the diphoton signal.
We also explore the possible fermion masses and mixing phe-
nomenology and the implications of these vector-like particles in
baryogenesis and the dark matter sector.

The plan of rest of this paper is as follows. In section 2, we
discuss the LRSM accommodating new vector-like fermions and
the implications on masses and mixing of the fermions. In sec-
tion 3, we discuss the general aspects of the diphoton signal in the
context of a scalar resonance decaying to Yy through circulating
vector-like fermions in the loop. In section 4, we explore the pos-
sibility of obtaining a gauge coupling unification including the new
vector like fields. In section 5, we discuss the implications of the
vector-like fermions for baryogenesis and the dark matter sector.
In section 6, we summarize and make concluding remarks.

2. Left-right symmetric model framework

The left-right symmetric extension of the SM has the basic
gauge group given by

GLr=SUB)c x SUR)L x SUR)g x U(1)p—, (1)

where B — L is the difference between baryon and lepton number.
The electric charge is related to the third component of isospin in
the SU(2).,r gauge groups and the B — L charge as

Q =Tz +T3r+1/2(B—1). (2)

The quarks and leptons transform under the LRSM gauge group as

ug 1 Uug 1
= EZ,],—,B, = = 1,27_935
qL (dL> [ 3 1, ar (dR> [ 3 ]

b= (VL> —[2,1,-1,1], tr= (“") =[1.2,-1.1],

er €Rr

where the gauge group representations are written in the form
[SU®2)L,SUR2)r, B—L,SUB3)c].

Originally the left-right symmetric extension of the SM
[146-151], was introduced to give a natural explanation for parity
violation seen in radioactive beta decay and to consistently ad-
dress the light neutrino masses via seesaw mechanism [152-156].
The latter form doublets with the right handed charged fermions
under the SU(2)g gauge group. If SU(2)g breaks at around the TeV
scale, LRSMs offer a rich interplay between high energy collider
signals and low energy processes such as neutrinoless double beta
decay and lepton flavour violation [157]. The principal prediction
of this scenario is a TeV scale right-handed gauge boson Wg. The
CMS and ATLAS Collaborations had reported several excesses at
around 2 TeV in Run 1 of the LHC, pointing towards such a possi-
bility. From the first results of Run 2, no dijet and diboson excesses
have been reported (more data is required to exclude the diboson
excesses reported in run 1), the relatively “cleaner” eejj channel

Table 1

LRSM representations of extended field content.
Field SUQ2). SUQR)r B—L SUQB)c
qr 2 1 1/3 3
qr 1 2 1/3 3
17 2 1 -1 1
143 1 2 -1 1
ULr 1 1 4/3 3
Dir 1 1 -2/3 3
ELr 1 1 -2 1
Npr o 1 1 0 1
Hi 2 1 1 1
Hpg 1 2 1 1
S 1 1 0 1

signal is still present hinting at a 2 TeV Wg. In light of the dipho-
ton excess it is important to revisit the LRSM framework to explore
the possibility of accommodating such signal and the possible im-
plications.

As already mentioned in the introduction and discussed in sec-
tion 3, the 750 GeV diphoton excess can be explained through the
resonant production and decay of a scalar or pseudoscalar particle.
To this end, we propose a simple left-right symmetric model with
a scalar singlet S and vector-like fermions added to the minimal
particle content of left-right symmetric models.'

We extend the standard LRSM framework to include isosin-
glet vector-like copies of LRSM fermions. This kind of a vector-like
fermion spectrum is very naturally embedded in gauged flavour
groups with left-right symmetry [142] or quark-lepton symmet-
ric models [143]. The field content of this model and the relevant
transformations under the LRSM gauge group are shown in Table 1.

The relevant Yukawa part of the Lagrangian is given by

L=— Z(ASXXS)_(X + MxXX)
X

— (A\GHLGLUR + A8 Hr@rU,

+AbHG D + A HrGr DY

+ALH 1 Eg + AR HRERE]

+ Ak HLE Ng + AR HRERN + h.c.), (3)

where the summation is over X = U,D,E,N and we suppress
flavour and colour indices on the fields and couplings. I:IL,R de-
notes rzHi‘, r» Where 72 is the usual second Pauli matrix.

The vacuum expectation values (VEVs) of the Higgs doublets
Hr(1,2,—1) and H; (2,1, —1) break the LRSM gauge group to the
SM gauge group and the SM gauge group to U(1)gy respectively,
with an ambiguity of parity breaking, which can either be bro-
ken at the TeV scale or at a much higher scale Mp. In the latter
case, the Yukawa couplings can be different for right-type and
left-type Yukawa terms because of the renormalization group run-
ning below Mp, A% 2% . Hence, we distinguish the left and right
handed couplings explicitly with the subscripts L and R. We use
the VEV normalizations (H;) = (0, v;)T and (Hg) = (0, vg)T with
vy =175 GeV and vy constrained by searches for the heavy right-
handed Wy boson at colliders and at low energies, vg 2 1—3 TeV
(depending on the right-handed gauge coupling). Due to the ab-
sence of a bidoublet Higgs scalar, normal Dirac mass terms for the
SM fermions are absent and the charged fermion mass matrices
assume a seesaw structure. However, if one does not want to de-

1 We assume the resonance to be a new singlet scalar and it can easily be gener-
alized to a pseudoscalar case.
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pend on a “universal” seesaw structure, a Higgs bidoublet ® can
be introduced along with Hj g.

After symmetry breaking, the mass matrices for the fermions
are given by

0 AL Vi 0 AL VL
MUU:(AR u )a MdD:( R D s
UVR My )LDVR Mp

0 kévL 0 )‘%\JV’-
MeE_()\EVR Mg )7 MVN_<)»§,VR Mpy > (4)
The mass eigenstates can be found by rotating the mass matrices
via left and right orthogonal transformations OL-R (we assume all
parameters to be real). For example, the up quark diagonalization
yields O - My - OF = diag(y, My). Up to leading order in Al vy,
the resulting up-quark masses are

. / . OEvp (R ve)
My ~ M%]-F(}»SVR)Z, mu%%’ (5)
U

and the mixing angles OLL]"R parametrizing Ob’R ,

20.5v)My
M{ + (fve)?

20 vp)My

tan(20}) ~ —.
@) M2 — (08 vg)?

tan(26f) ~
The other fermion masses and mixings are given analogously. For
an order of magnitude estimate one may approximate the phe-
nomenologically interesting regime with the limit kﬁvR — My in
which case the mixing angles approach 65 — i, /My and 65 —
7 /4. This means that 96 is negligible for all fermions but the top
quark and its vector partner [90].

We here neglect the flavour structure of the Yukawa couplings
)&’R and Asxx which will determine the observed quark and lep-
tonic mixing. The hierarchy of SM fermion masses can be gen-
erated by either a hierarchy in the Yukawa couplings or in the
masses of the vector like fermions.

As described above, the light neutrino masses are of Dirac-type
as well, analogously given by

LR
rhv=)»N)\NVLVR' 7)
My
It is natural to assume that My > vy, as the vector like N is a
singlet under the model gauge group. In this case, the scenario
predicts naturally light Dirac neutrinos [142].

3. Diphoton signal from a scalar resonance

One may attempt to interpret the diphoton excess at as the res-
onant production of the singlet scalar S with mass Ms = 750 GeV.
Considering the possible production mechanisms for the resonance
at 750 GeV it is interesting to note that the CMS and ATLAS did not
report a signal in the ~ 20 fb~! data at 8 TeV in Run 1. One pos-
sible interpretation of this can be that the resonance at 750 GeV
is produced through a mechanism with a steeper energy depen-
dence. Excluding the possibility of an associated production of this
resonance, the most favourable mechanism is gluon-gluon fusion
which we here also consider as the dominant production mecha-
nism. Subsequently, the scalar with mass 750 GeV decays to two
photons via a loop as well. The cross section can be expressed as

C
o(pp—>yYy)= M—ggrgg Bryy. (8)
sS

with the proton centre of mass energy /s and the parton dis-
tribution integral Cge = 174 at /s =8 TeV and Cgq = 2137 at
A/s =13 TeV [14]. One can obtain a best fit guess of the cross
section by reconstructing the likelihood, assumed to be Gaussian,

from the 95% C.L. expected and observed limits in an experimen-
tal search. For the diphoton excess, we use a best fit cross sec-
tion value of 7 fb found by combining the 95% C.L. ranges from
ATLAS and CMS at 13 TeV and 8 TeV for a resonance mass of
750 GeV [14].

Apart from the necessary decay modes of the scalar S i.e,
S — ggand S — yy, S may also decay to other particles; due to
the necessary SM invariance and the fact that Ms > mz, S — yy
necessitates the decays S — yZ and ZZ which are suppressed by
2tan? @y ~ 0.6 and tan? Ay, ~ 0.1 relative to I'(S — yy) [14]. Fur-
thermore, S in our model may also decay to SM fermions due to
mixing with the heavy vector-like fermions. As described above,
the mixing is only sizeable for the top and its vector partner. The
total width is thereby given by I's ~ T'gg + 1.7 x ')y, + I';.

We would like to stress that while the diphoton resonance un-
doubtedly is the motivation behind this work, the purpose of this
paper is to construct a consistent LRSM framework that can natu-
rally accommodate vector-like fermions taking the diphoton signal
as a hint and explore the consequent phenomenology. One can find
similar interpretations of the diphoton excess in [90,118,119] in
models with a singlet scalar accompanied by vector-like fermions.

Production of a scalar resonance in gluon fusion via a loop of
vector-like quarks and subsequent decay of scalar resonance to yy
via a loop of vector-like quarks and leptons. There are contribu-
tions to I'(S — yy) from quark-like vector fermion ¢ = U, D
and lepton-like vector fermion y; = E propagating inside the loop.
Apart from quark-like vector fermion contributing to the produc-
tion of scalar through gluon fusion, there could be another top-
quark mediated diagram via mixing with SM Higgs boson.

In the LRSM framework discussed in section 2, the vector-like
degrees of freedom contribute to the loop leading to S — gg and
S — yy. The partial decay widths are given by [17]

3 Cp2 2
A a? M3 3 NxkaéxxA m
"V 256m3 |44 My 4M2

2

2

)

C 2
Z Moxx A( ms )
2
~ Mx 4My
Here, the sums in I'y), and I'gg are over all and coloured fermion
species and flavours, respectively. N§< is the number of colour
degrees of freedom of a species, i.e. 1 for leptonic vector-like
fermions and 3 for quark-like fermions. Similarly, Q x is the elec-
tric charge of the species. The effective coupling of S to a fermion
species is Ay = Asxx (0%)1x(0%)1x, ie. the coupling Asxx dressed
with the corresponding left and right mixing matrix element. The

value of the parameters « ~ 1/127, as ~ 0.1 and K ~ 1.7 [17] in
which A(x) is a loop function defined by

aZM?
[gg=K-——>-3
12873

(9)

2
A(X):;[x—f—(x—l)f(x)], (10)
with
arcsin? /x x<1
= 11
(R Y Y EEie B ) .

In addition, the decay of S to a pair of fermions (here only
relevant for the top) is given by

Cq72 2\ 2/3
r,, = MM (1 _ 4Mf) . (12)
167 M2

In order to arrive at an estimate for the diphoton production
cross section, we assume that the vector fermion masses and cou-
plings to S are degenerate (My, Asxx), except for the top partner
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(Mr, Asr). In the limit of large vector fermion masses Mx 2 Ms/2,
we arrive at the approximation for the partial widths,

r Asxx - TeV'\ 2
#w1.3x10*4<9"‘4> ,

s Mx

r AsxxTeV ') 2

Y ~34x%x10"7 (L) i
s Mx

T ArxxTeV ) 2

13 %1073 (XY (13)
s Mt

As discussed in [14] in a model-independent fashion, the diphoton
excess can be explained for 1076 < ge/Ms <2 x 1073 (the upper
limit is due to the limit from dijet searches) and I'y}, /Ms ~ 1076,
as long as gg and yy are the only decay modes of S. In order to
achieve this, the top partner T needs to have a significantly weaker
coupling or heavier mass than the rest of the vector fermions. As-
suming the decay width to tt contributes negligibly to the total
width, the diphoton cross section, Eq. (8) is
Asxx - TeV 2

7> . (14)

~17fb-
o(pp—>yY) ( My

The experimentally suggested cross section o(pp — yy) ~ 7 fb
can be achieved with My /Asxx = 0.5 TeV (and ['gg/Ms ~ 5 x 1074
satisfying the dijet limit). In such a scenario, the total width of S
is of the order I's ~ 0.5 GeV, i.e. much smaller than the 45 GeV
suggested by ATLAS if interpreted as a single particle resonance.
I'yy /Tgg can also be independently boosted by introducing a hier-
archy with leptonic partners lighter than the quark partners. While
certainly marginal and requiring a specific structure among the
vector fermions, this demonstrates that the diphoton excess, apart
from the broad width seen by ATLAS, can be accommodated in our
model.

4. Gauge coupling unification

In the previous section, we have discussed how the inclusion of
new vector-like fermions in LRSM can aptly explain the diphoton
excess traced around 750 GeV at the LHC. Interestingly this frame-
work can also be embedded in a non-SUSY grand unified theory
like SO(10) having left-right symmetry as its only intermediate
symmetry breaking step with the breaking chain given as follows

x H H
50(10) <25 Gozi3p T8 Gy1s P G, (15)

The SO(10) group breaks down to left-right symmetric group
Goo13p =SUR)L x SUR)gr x U(1)p_ x SU3) x P via a non-zero
VEV of ¥ C 210y. Here, P is defined as the discrete left-right
symmetry, a generalized parity symmetry or charge-conjugation
symmetry. The vital step is to break the left-right gauge symmetry
and this is attained with the help of the right-handed Higgs dou-
blet Hg. Finally, the SM gauge group is spontaneously broken by
its left-handed counterpart H;. As described above we add another
scalar singlet S in order to explain the diphoton signal though it
is not contributing to the renormalization group (RG) evolution of
the gauge couplings.

In addition to the particle content described in Table 1, we in-
clude a bi-triplet n = (3, 3,0, 1) under Gz313p to achieve successful
gauge unification. This can be confirmed by using the relevant RG
equation for the gauge couplings g;,

p 28 b
o 16mw2°’

(16)

07¢]
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-sU(2)r
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10 12 14 16 1819
Log,,[1/GeV]

Fig. 1. Gauge coupling running in the considered model accommodating the
diphoton excess, demonstrating successful gauge unification at the scale Mgyt =
101775 GeV with an intermediate left-right symmetry breaking scale at 10 TeV. The
dashed lines correspond to one loop RGE of gauge couplings while the two loop ef-
fects are displayed in solid lines.

where the one-loop beta-coefficients b; are given by

11 2
bi=—-5C2G) +3 D TR [djRp)
R¢ J#i
1
+ §ZT(R5)1_[dj(Rs)~ (17)
Rs J#

Here, C;(G) is the quadratic Casimir operator for gauge bosons in
their adjoint representation,

N if SU(N),
G(6) = ) (18)
0 ifuQ).
T(Rf) and T(R;s) are the traces of the irreducible representation
Ry s for a given fermion and scalar, respectively,

1/2 if Ry ¢ is fundamental,
T(Rfs)=4 N if Ry 5 is adjoint, (19)
0 ifU(1),

and d(Ry s) is the dimension of a given representation Ry s under
all SU(N) gauge groups except the i-th gauge group under con-
sideration. An additional factor of 1/2 should be multiplied in the
case of a real Higgs representation. Using the above particle con-
tent, the beta-coefficients at one loop are found to be by; = —19/6,
by =41/10, b3c = —7 from the SM to the LR breaking scale and
byy = bogr = —13/6, bg, = 59/6, bsc = —17/3 from the LR break-
ing scale to the GUT scale. We have also evaluated the two loop
contributions which give a very marginal deviation over one loop
contributions. The resulting running of the gauge couplings at one
loop and two loop orders are shown in Fig. 1 with the breaking
scales

5. Implications for baryogenesis and dark matter

The vector-like fermions added to the spectrum of the LRSM
framework can have very profound implications for a baryogenesis
mechanism such as leptogenesis and the dark matter sector. While
the proposal of high scale leptogenesis via singlet heavy Majorana
neutrinos (or a heavy Higgs triplet) decay added to the SM is be-
yond the reach of the present and near future collider experiments,
the LRSM scenario provides a window of opportunity for low TeV
scale leptogenesis testable at the LHC. However, the observation of
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a 2 TeV Wy boson at the LHC, through confirmation of the 2.80
signal of two leptons and two jets reported by the CMS Collabo-
ration, would rule out the possibility of high scale as well as TeV
scale resonant leptogenesis with the standard LRSM fields due to
the unavoidable fast gauge mediated B — L violating interactions
[158-165].

On the other hand, the new vector-like fermions added to the
LRSM to accommodate the diphoton excess can open a whole new
world of possibilities. A particularly interesting possibility is the
realization of baryogenesis and dark matter annihilation through a
vector-like portal first explored in [166]. As an example, consider
the following additional terms in the Lagrangian,

LD —(uxuXigUL +hc) —miXTX — iy (XTX)?
— axHTHXTX, (21)

where X is an inert doublet (a singlet complex) dark matter scalar
field in the LR(SM) case. X is charged under some exotic global
U(1), symmetry, under which only the vector-like quarks and
dark matter fields transform non-trivially. Thus, the introduction
of a vector-like quarks can connect the dark matter to the usual
LR(SM) quarks, which can be readily used to make a connection
between the baryon asymmetry and dark matter, as pointed out
in [166]. In rest of this section we focus on sketching the sim-
pler case of the extended SM which can be expanded to the LRSM
case by replacing the singlets with appropriate doublet representa-
tions. However, in the case of the LRSM some subtleties are present
and we comment on them towards the end of this section. On the
other hand, this idea can easily be generalized to accommodate a
down-type quark portal or charged lepton portal (corresponding to
a leptogenesis scenario of baryogenesis).

The basic idea behind the vector-like portal is to generate an
asymmetry in the vector-like sector through baryogenesis, which
then subsequently gets transferred to the SM baryons and the dark
matter sector through the renormalizable couplings in Eq. (21). In
addition one can introduce a scalar field Y with the couplings

LD — (byyYvRvg +hc) —m2YTY — 1y (YTY)?
— ay XTxYTy, (22)

which allows the annihilation of a pair of X into Y fields. The lat-
ter can subsequently decay into two singlet right handed neutrinos
ensuring the asymmetric nature of the dark matter X relic den-
sity for a large enough annihilation cross section. Now turning to
the question of how to generate the primordial asymmetry in the
vector-like sector which defines the final dark matter asymmetry
and baryon asymmetry, let us further add two types of heavy di-
quarks with the couplings

LD Iau, AuULUL +2aug AuURUR + AagAgdrdr
+ oy AyAgAgx +he., (23)

where Ay : (6,1,—4/3), Aq:(6,1,2/3) and the field x breaks
the local U(1), symmetry under which X and U have non-trivial
charges denoted by q, (U) and q, (X). For the SM fields this charge
is simply B — L, which right away gives qy(A4) = —2/3. The rest
of the charges are determined in terms of the free charge gy (U),

Ay (Ay) = —2q5(U), qx(X) =2qxU)+4/3,
0y (X) =1/3 — gy (U). (24)

In order to forbid the dangerous proton decay induced by the op-
erators O = X2, 5%, X252, X*, S* [167], one needs to satisfy the
condition

qx (O) #n(2qy (U) +-4/3),

From Eq. (23) it follows that after x acquires a VEV to break the
U(1), symmetry, A, has the decay modes

wheren =0, +1,+2,---. (25)

Ay — NSNS, Ay — UU, (26)

and a CP asymmetry (between the above modes and their con-
jugate modes) can be obtained by interference of the tree level
diagrams with one loop self-energy diagrams with two generations
of Ay. Finally, the asymmetry generated in the vector-like quarks
gets transferred to the dark matter asymmetry and baryon asym-
metry via the Axy term in Eq. (21). This mechanism gives a ratio
between the dark matter relic density and the baryon asymmetry
given by

QDM/mX _ 79

— =, (27)
Qp/M, 28

and in this model a dark matter mass myx ~ 2 GeV. A typical pre-
diction of this model is neutron-antineutron oscillations induced
by the up-type and two down-type diquarks through the mixing
of vector-like up-type quarks with the usual up quarks. However,
such oscillations will be suppressed by the mixing.

One can similarly construct a leptogenesis model involving
vector-like charged leptons. In case of the LRSM a generalization
of the above scheme is straightforward; however, the lepton num-
ber violating gauge scattering processes involving a low scale Wg
can rapidly wash out any primordial asymmetry generated above
the mass scale of Wg. In fact, some of these gauge processes can
continue to significantly reduce the generation of lepton asym-
metry below the mass scale of Wg, thus the vector-like quark
portals seem to be more promising in this case. Other alterna-
tives include mechanisms like neutron-antineutron oscillation or
some alternative LRSM scheme such as the Alternative Left-Right
Symmetric Model [168] where the dangerous gauge scatterings can
be avoided by means of special gauge quantum number assign-
ments of a heavy neutrino [169]. Also note that, in general, one
can utilize the singlet neutral vector-like lepton as a dark matter
candidate by ensuring the stability against decay into usual LRSM
fermions. Finally, the real bi-triplet scalar field n introduced to
achieve successful gauge unification can also be a potential dark
matter candidate.

In passing, we would like to mention that attempts have been
made in the literature to address the broadness of the resonance
using an invisible component of the scalar width. This in turn gives
a large monojet signal which has been constrained from run-1
monojet searches at ATLAS [170] and CMS [171], see for exam-
ple Ref. [39]. However, the monojet search data seems to disfavour
the required rates to explain the broadness of the resonance. In
our model, S can couple to XX and YY' etc. leading to de-
cay of S into them, which produces missing energy final state.
This mode can be constrained from monojet searches as long as
Mx y < Ms/2. Even without the scalar S being directly coupled
to X's, its decay can produce a pair jets and X's via the Axy cou-
pling term in Eqn. (21), which can again be constrained using dijet
searches at ATLAS and CMS. In the discussion above we assume
that these constrains are respected if Mx y < Ms/2. While for the
case Mxy > Ms/2, the monojet and the dijet constraints are no
longer applicable since in this case S will decay via a loop of
X(Y)’s.

6. Conclusions
We have considered a unified framework to explain the recent

diphoton excess reported by ATLAS and CMS around 750 GeV. The
addition of vector-like fermions and a singlet scalar S to LRSM but
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without a scalar bidoublet explains the fermion masses and mix-
ing via a universal seesaw mechanism. The diphoton signal with
o(pp — S — yy)~4—12 fb can be explained in this model with
TeV scale vector fermions. The broad width suggested by the ATLAS
excess cannot be understood, though.

We successfully embed this model within an SO(10) GUT
framework by introducing a real bi-triplet scalar. This additional
scalar, which contains a potential DM candidate, allows the gauge
couplings to unify at the scale 10'7-7 GeV. We also discuss further
possibilities in this class of LRSM models with vector-like fermions
for mechanisms of baryogenesis and DM.
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