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The Standard Model (SM) of particle physics, in spite of being spectacularly
successful in describing the low-energy physics, cannot be a complete theory of
Nature. There are a number of experimental as well as theoretical reasons to believe
that there must be some new physics not far above the electroweak scale. This TeV-
scale new physics beyond the SM is of enormous current interest as the Large Hadron
Collider (LHC) presents an unprecedented opportunity to explore this energy range
and shed light on some of the unresolved puzzles of fundamental physics. Although
it is not yet clear which new physics scenario is preferred by Nature, supersymmetry
is certainly believed to be one of the strongest candidates.

In this work, we propose a Left-Right extension of the Minimal Supersym-
metric Standard Model (MSSM) to explain the observed non-zero neutrino masses
by the inverse seesaw mechanism. We show that apart from preserving the nice

features of MSSM (e.g. gauge coupling unification, radiative electroweak symmetry



breaking, dark matter), this framework provides a natural realization of the res-
onant leptogenesis mechanism to explain the matter-antimatter asymmetry in the
universe, and also provides a natural inelastic dark matter candidate, all linked to
the small Majorana mass of the neutrinos. We further show that the collider tests
of the inverse seesaw mechanism and the related phenomenology are much more
feasible compared to the canonical seesaw, thus extending the scope of the LHC
physics search to the neutrino sector as well as to cosmology. We also prove that
this TeV-scale scenario can be successfully embedded into a Supersymmetric Grand

Unified Theory framework consistent with the proton decay constraints.
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Chapter 1

Introduction

All the macroscopic forms of matter in our Universe can be traced back to a
few basic building blocks of Nature interacting by four fundamental forces: strong
(or nuclear), electromagnetic, weak and gravitational '. A mathematical frame-
work [1] that describes all the interactions between these fundamental constituents
of Nature at the quantum level, except gravity (which is yet to be properly formu-
lated as a quantum phenomenon), is known as the Standard Model (SM) of particle
physics [2, 3]. Since the SM explains most of the experimentally observed phenom-
ena with rather high accuracy, it now serves as the starting point in the study of
elementary particle physics. Except for one (the Higgs mass), all the parameters of
the SM have been determined experimentally to an extremely high degree of accu-
racy over the last three decades or so, in the precision measurements at the Large
Electron-Positron (LEP) collider [4], the proton-antiproton collider (Tevatron) [5],
and even substantially improved measurements, along with a conclusive proof of
the Higgs, are expected from the ongoing experiments at the Large Hadron Collider
(LHC) [6]. However, there are strong conceptual as well as experimental indications
for the existence of new physics beyond the SM, and much of the current research

in elementary particle physics is devoted to exploring this new territory.

LGravity is by far the weakest force and is important for macroscopic objects but negligible for

nuclear and sub-nuclear particles unless the distance scale is very small (~ 10733 cm).



In this chapter, we will start with a brief description of the main features of
the SM, and discuss the main reasons for going beyond this minimal framework.
This will also be the starting point for us in building an extension to the minimal

framework in order to address some of the issues raised here.

1.1 The Standard Model

The SM is a non-Abelian Yang-Mills gauge theory [7] based on the gauge group
SU(3). x SU(2) x U(1)y, with the electroweak sector, SU(2);, x U(1)y, sponta-
neously broken to U(1)em [8] by a complex scalar field, while the color sector, SU(3).,

remains unbroken and is described by Quantum Chromodynamics (QCD) [9, 10].

1.1.1 Particle Content

The fundamental gauge interactions in the SM are mediated by gauge fields
corresponding to spin-one bosons. In the electroweak sector, we have the field B,
corresponding to the hypercharge generator Y of the Abelian group U(1)y and the
three fields IV which correspond to the generators ¢* (with a = 1,2, 3) of the non-
Abelian group SU(2);, satisfying the commutation relation [t%, "] = ie®t¢ where
€% is the anti-symmetric Levi-Civita tensor; these generators are in fact equivalent
to the three 2 x 2 Pauli matrices: t* = % In the strong interaction sector, there
is an octet of gauge boson fields, Gﬁy (with A = 1,...,8), called gluons, which

correspond to the eight generators of the SU(3). group, satisfying the commutation

relations (T4, T?] = i f**T¢ with tr(T4T7) = 3647 and f4P¢ being the structure



constants of the SU(3). group [11]; these generators are equivalent to the eight 3 x 3
Gell-Mann matrices: T4 = % Note that because of the non-Abelian nature of
the SU(2) and SU(3) groups, there are self-interactions between their gauge fields
W, and G, respectively, leading to triple and quartic gauge boson couplings. The
precision measurement [4, 5] of these couplings provides a strong evidence for the
underlying gauge structure of the SM (for recent results, see e.g. Ref. [12]).

The elementary building blocks of matter are spin-half particles (fermions),
called quarks and leptons, which come in three generations in the SM. In order to
have the experimentally determined chiral structure for the weak interactions [13],
the left- and right-handed components of quark and lepton fields are assigned to dif-
ferent representations of the electroweak gauge group: the left-handed (LH) fermions
fr are in weak iso-doublets, while the right-handed (RH) fermions fg are in weak

I?L’?)R = +1,0 respectively for frr = 5 (1F7°) f,

iso-singlets, with weak iso-spin
where ~° is the product of all the Dirac ~-matrices. The electric charge of the
fermion in units of the proton charge +e is given by Qem = I3F + %, where Y is the
U(1)y hypercharge.

The gauge quantum numbers of the SM fields are summarized in Table 1.1.
It can be seen that for these quantum number assignments of fermions, 3 QL =
> Yy = 0 which ensures the cancellation of chiral anomalies [14] within each gener-

ation, and thus, preserving [15] the renormalizability of the electroweak theory [16].

The basic SM Lagrangian, invariant under the local SU(3). x SU(2), x U(1)y



Field Content SU@3). SU12), U(l)y
Ga 8 1 0
Gauge W, 1 3 0
B 1 1 0
vy,
Lepton | L; = 1 2 -1
€r, ‘
ER, 1 1 —2
Uur,
Quark | Q; = 3 2 %
dr |
UR, 3 1 5
dp, 3 1 —2
ot
Scalar | & = 1 2 1
¢0

Table 1.1: The field content (gauge, fermion and and scalar fields) of the SM along
with the gauge quantum numbers. Here ¢ = 1,2, 3 denotes the generation index; in
other words, e; = e, u, 7; u; = u,c,t and d; = d, s,b respectively. A =1,---,8 for
the 8 gluons fields and a = 1,2, 3 for the weak gauge bosons. Each of the particles

has an associated anti-particle, with the same mass and spin, but opposite charge.

gauge transformation, involving the gauge bosons and matter fermions is given by

1 A ny 1 a iz 1
GGl = W W =

Egauge + 'Cmatter - 4

B,,B"



+1 [Zi DL; +iég, Der, + Q: PQ; + ug, Pug, + dg, fpdm} ; (1.1)

where J) = D, 4" (v* are the Dirac y-matrices) and D, is the covariant derivative
through which the matter fields f minimally couple to the gauge fields G, W,,, B,.:

D) C Taia .Y
D,.f= <8H — 2937AG;‘ — 1925W# - 1912Bu> I/ (1.2)

where g3, g2 and g, are the coupling constants of SU(3)., SU(2). and U(1)y respec-
tively. The field strengths in Eq. (1.1) are given by

Gh, = 0.G) —0,G + gsfapcGLGY.

We, = 0We—=0,Wi+ gocarcWIWE,

B, = 8,B,—0,B, (1.3)

1.1.2 Higgs Mechanism and Particle Masses

In Eq. (1.1), all the fermion and gauge fields are massless. The simplest way to
generate the gauge boson and the fermion masses without violating the local gauge
invariance is by the Higgs mechanism of spontaneous symmetry breaking [17]. In this
mechanism, a complex SU(2) doublet scalar field ® is introduced (see Table 1.1)

and the following invariant terms are added to the SM Lagrangian given by Eq. (1.1):
Litiggs = (D"®)1(D,®) — 3 ®'® — M\ (dTd)2, (1.4)

For p% < 0, the neutral component of the doublet field ® acquires a non-zero vacuum

expectation value (vev),

(D) = — with v = /—£2 (1.5)



thus spontaneously breaking the electroweak symmetry SU(2)r, x U(1)y to U(1)em-
In this process, three of the four degrees of freedom of the doublet scalar field are
absorbed by three linear combination of the electroweak gauge fields to form their
longitudinal polarization and to acquire masses, whereas the fourth field, corre-
sponding to the unbroken U(1) symmetry still remains massless. We identify this
massless mode as the photon (A) which is the mediator of the long-range electro-
magnetic interaction, whereas the three massive modes are the W= and Z vector

bosons which mediate the short-range weak interaction. In terms of the original

fields Wi, B,:

1 W3 —g.B W3+ g.B
WE= (W gin?), z,=2n 00 NTp TR ()
V2 V93 + gt V95 + gt
and the corresponding masses are
1 1
mwy = 5092, mz = 57) 9 +9t, ma=0 (1.7)

Now the fermion masses can also be generated using the same scalar field ®
with hypercharge Y = 1, and its iso-doublet, ® = irp®* with Y = —1, by introducing

the following Yukawa interaction Lagrangian:
LYukawa = _yei]-f/iq)eRj - ydijQiq)de - yuijQici)uRj + h-C'7 (18)

and after ® gets the vev, the corresponding fermion mass matrices are given by

VYy

M, = 2%
V2

(1.9)

Note that since the neutrinos do not have a right-handed counterpart, M, = 0 in

the SM.



After three of the four degrees of freedom of the scalar field ® are absorbed
by the gauge fields, the remaining one is called the Higgs boson (k). In the unitary

gauge, the neutral component of the field ® is given by

NETHLE (1.10)

v+ h(x)

and from the Lagrangian given by Eq. (1.4), we obtain

1
Ly = 5(8’%)(8“}0 — XoV?h? — Novh?® — )fh4, (1.11)
from which we can read off the Higgs mass:
mi = 2002 = /=243 (1.12)

1.1.3 Electroweak Interactions

It is more convenient to express the interactions in terms of the physical eigen-
states. Eqs. (1.6) for the field rotation which lead to the physical gauge bosons define

the electroweak mixing angle (Weinberg angle):

Z, cos Oy —sin Oy wh
= , (1.13)
A, sinfy  cos by B,
with sin Oy = ﬁ and my = my cos fy. The covariant derivative, Eq. (1.2), in
terms of the physical fields is given by
_ . >\A A . 92 +,+ .,
D,U»f = a'u — 2937Gu — /LE (W# t ‘I— W'u t )
_ Cog';w Z, (£ = sin? 60, Q) — ileA#> f (1.14)



where t* = t' 4 it? and the electric charge e = gysinfy = ¢y cos Oy so that the

matching condition for couplings is satisfied at the electroweak breaking scale:

L1_1 (1.15)
9% gi € '

Using the fermionic part of the Lagrangian in Eq. (1.1), now written in terms
of the physical fields, Eq. (1.14), we can write the neutral- and charged-current

interactions as

*Cneutral = —€ Z fo’yquu

cos 9 2

Zf 775) —QfsiHQQW] fZ,
) (1 - '75) T
Echarged - Z fu VCKMde + fy’Y ngW“ + h.c. ].].6)

where fua), fue) are the up (down) -type fermions of weak isospin I = +(—)3.
Note that we have introduced a unitary matrix Veky in the charged-current inter-
action for quarks; this is because for more than one generation case, the current
eigenstates for quarks are not identical to the mass eigenstates®. If we start with
the u-type quarks in their mass eigenstates, the down-type quark mass eigenstates

d are connected to their flavor eigenstates d’ by the unitary transformation

d’ d Via Vus Vb d
s | =Vorm | s | = | Vg Ve Vi s (1.17)
b b Vie Vis Vu b

where Vexy is a 3 X 3 unitary matrix, known as the Cabibbo-Kobayashi-Maskawa,

(CKM) matrix [18]. It can be parameterized by three mixing angles and one CP-

2There is no analogous mixing matrix for the lepton sector since in the SM, the neutrinos are

assumed to be massless.



violating phase [19], or by four real parameters [20]:

1—4)2 A AN (p —in)
Vexu = - 1-1x Ax +0O(\Y) (1.18)
AN —p—in) —AN 1

Defining p = p (1 — %)\2 + - ) and similarly for 7, we note that

ViaViay
VeaVi,

p+in=— (1.19)
which is phase-convention independent, and ensures that the CKM matrix given
by Eq. (1.18) is unitary to all orders in A. The unitarity of Voky ensures that the
neutral currents are diagonal in both mass and flavor bases; this is necessary for
explaining the natural absence of flavor changing neutral currents (FCNC) at the

tree-level in the SM, also known as the Glashow-Illiopoulos-Maiani (GIM) suppres-

sion mechanism [21].

1.1.4 Parameters of the SM

The SM has 18 parameters®: masses of the six quarks and three charged
leptons, three quark mixing angles and one phase, three gauge coupling constants,
Higgs quadratic coupling and self-coupling strengths None of these parameter values
are predicted by the model, and they must be determined from experiments. The
current experimental values of these parameters are summarized in Table 1.2 [22].

In the scalar sector, there are two parameters in the SM, namely ue and Ag

in Eq. (1.4), or equivalently, the Higgs vev v in Eq. (1.5) and the Higgs mass in

3Sometimes, the phase fgcp in the C P-violating term added to the QCD Lagrangian is con-

sidered to be an additional parameter which is assumed to be zero in the SM.



Parameter Experimental value Comment

Me 0.510998910 (13) MeV Scheme-independent
my, 105.6583668 (38) MeV 7
m, 1.77682 (16) GeV ”
my, 2,490 MeV MS scheme at Q = 2 GeV
my 5.05107% MeV ”

m, 101137 MeV ”

m 1.271057 GeV MS scheme at Q = m,
my 4.197008 GeV MS scheme at Q = my
my 173.2+ 0.9 GeV Latest Tevatron result [23]
A 0.2253 £ 0.0007 CKMfitter result [24]

A 0.80810932 ”

p 0.132%5574 "

7 0.341 4 0.013 ”

Qs 0.1184 + 0.0007 at Q? = m?%

a 003349370 000038 ”

ay 0.016829(17) 7

Gr 1.16637(1) x 107> GeV 2 from Ref. [25]

mp, unknown see Ref. [26] for exclusion limits

Table 1.2: Parameters of the SM and their current experimental values [22].
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Eq. (1.12). However, the value of the vev can be obtained from the Fermi coupling
constant Gy which is determined experimentally [25] from muon decay mediated in
the SM by W-boson exchange:

/2
GF g% 1 1

_— ~ 24 s/ 1.2
V2 o 8mi, on v V2G 6 Ge (1.20)

This leaves the Higgs mass as the only parameter in the SM whose value is not

yet known experimentally [27]. The direct searches at LEP have excluded the SM
Higgs mass below 114.4 GeV [4], whereas the most recent combined results from
CDF and DO experiments at Tevatron exclude the mass range of 147 - 179 GeV at
95% C.L. [28]. On the other hand, the combined results from ATLAS and CMS

experiments at the LHC have excluded 127 - 600 GeV with 5 fb~! data [26].

1.2 Why beyond the SM?

Even though the SM is remarkably consistent with all the precision measure-
ments so far [29], just finding the Higgs boson will not make it a complete theory
of Nature. There are strong experimental as well as conceptual indications that the
SM is just a low-energy effective field theory and there must exist some new physics
beyond the SM, not far above the electroweak scale.

The major experimental indications for beyond SM physics are the following:

1. Neutrino Masses and Mixing: The experiments with solar, atmospheric, reac-
tor and accelerator neutrinos have provided solid evidences for neutrino flavor
oscillations [30, 31] which imply nonzero neutrino masses and mixing. All
existing neutrino oscillation data can be described in a minimal three-flavor
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basis which is consistent with the LEP result for the number of light neutrino
species, N, = 2.9840 + 0.0082 [4]. In this basis, assuming that the charged
leptons are in their mass eigenstates, the leptonic part of the charged current

weak interaction in Eq. (1.16) can be written similar to the quark part:

1 — 5
chipen = —3% 2 ””“WEWJ the
l=e,pu,T
Z Z VaUea’V( )EWJerhC (1.21)
=€e,u, T = 1,2,3

where U is now a 3 X 3 unitary neutrino mixing matrix, analogous to the
CKM mixing matrix in the quark sector, and is known as the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix [32]. This can also be parameterized
by three Euler angles and a phase, as in the CKM, but there are two additional
phases if the neutrinos are Majorana particles [33]:

—id

C12C13 512€13 513€
Upyng = _3 . i6 . 6
12C€23 — C12523513€ C12C23 — 512523513€ 523C13
ié i6
512823 — C12C23513€ —C12523 — S12€23513€ C23C13
x diag (1,em21/2,em31/2), (1.22)

where s;; = sin6,;, ¢;; = cos 0,5, ¢ is the Dirac CP-violating phase, and gy, a3y
are the Majorana CP- violating phases. Thus, we have 7 (9 for Majorana)
additional parameters, namely the three neutrino masses, three mixing angles,
and one (three) CP-violating phases, in addition to those in the SM given by
Table 1.2. The existing neutrino oscillation data allow us to determine some of
these parameters, namely the two mass-squared differences, Am3, and |Am3,|,
the solar and atmospheric mixing angles ¢, and 53, and the reactor mixing

12



angle 0;3. The best fit as well as 30 values are shown in Table 1.3 [34]. Note
that the global analysis provides > 30 evidence for non-zero ;3 which was
recently confirmed by the Daya Bay [35] and RENO [36] reactor neutrino
experiments at 5.20 and 6.30 C.L., respectively. A natural explanation of
the remarkable smallness but non-vanishing nature of neutrino mass and large

neutrino mixing requires some new physics beyond the SM [37].

Parameter Best Fit 30 range

Am2, | 7.58 x 107° eV? | (6.99 — 8.18) x 107° eV?

|[Am2,| | 2.35 x 1073 eV? | (2.06 — 2.67) x 1073 eV?

sin? 05 0.312 0.265 — 0.364
sin? Oos 0.42 0.34 — 0.64
sin? 0,3 0.025 0.005 — 0.050

Table 1.3: The neutrino oscillation parameters values obtained from the global 3v
oscillation analysis [34]. It includes all the existing neutrino data, except the most

recent Daya Bay [35] and RENO [36] results.

2. Baryon Asymmetry: Our Universe appears to be populated exclusively with
matter rather than antimatter. The asymmetry between matter and anti-
matter is usually characterized in terms of the baryon-to-photon ratio ng =
(np—ng)/n, where np g is the number density of baryons (anti-baryons) and
n, is the number density of photons in the Universe. Historically, this ratio
was determined using the abundance of light elements in Big Bang Nucleosyn-
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thesis (BBN) [38]. However, in the last few years, the Wilkinson Microwave
Anisotropy Probe (WMAP) data has provided a more accurate measurement

of ng [39]:

np = (6.19 £0.15) x 107" (68% C.L. value) (1.23)

The mechanism by which this non-zero baryon asymmetry could be produced
dynamically, starting from a baryon-symmetric universe, is known as “baryoge-
nesis” [40], and it requires to satisfy the three Sakharov conditions [41]: baryon
number (B) violating interactions, C' and CP violation, and a departure from
thermal equilibrium. In principle, all these conditions could be satisfied within
the SM: baryon number is violated by sphalerons through non-perturbative ef-
fects [42]; parity is maximally violated in weak interactions, and CP violation
exists in the CKM matrix; the out of equilibrium condition could be satisfied
during electroweak phase transition. However, a more quantitative analysis
shows that it is not possible to have the observed baryon asymmetry in the
SM because the CKM CP violation is much too small ~ 1072° [43] and the
electroweak phase transition is not sufficiently strong first order unless the SM
Higgs mass, my, < 80 GeV [44] which is already excluded by LEP [4]. Thus
we must have additional sources of CP violation beyond the SM in order to

explain the observed baryon asymmetry in the universe [40].

. Dark Matter and Dark Energy: There is overwhelming astrophysical and cos-
mological evidence [45] that most of the matter in our universe does not absorb
or emit electromagnetic radiation (hence the name “dark”) and most of this
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dark matter (DM) is not composed of baryons or any of the known particles.
The measurements of the Cosmic Microwave Anisotropy (CMB) anisotropy

and of spatial distribution of galaxies yield the DM density [39]

Qpuh? = 0.110 £ 0.006, (1.24)

where h is the Hubble constant in units of 100 km.s~*.Mpc~!. Candidates
for non-baryonic DM must satisfy several conditions: they must be stable
over cosmological time scales (X 10 sec), they must be electrically neutral
and interact only weakly (and gravitationally) with ordinary matter, and they
must have the right relic density given by Eq. (1.24). Moreover, analyses
of structure formation in the universe indicate that most of the DM should
be non-relativistic (or “cold”) [46]. All these arguments rule out the only
SM candidate for DM (neutral and stable), i.e. neutrinos, which are highly
relativistic and have relic density €,h? < 0.0067 at 95% CL [39]. Thus we

must consider beyond SM scenarios for viable DM candidates.

The discovery of accelerated expansion of the universe [47] suggests that the
bulk of the energy density of the universe is in the form of “dark energy”
with exotic physical properties which cannot be accounted for in the SM. The

7-year WMAP data yields the Dark Energy density of the universe to be [39]

Qp = 0.725 £ 0.016. (1.25)

A compelling theoretical explanation for the Dark Energy must come from

some beyond SM physics involving gravity [48].
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4. Anomalies: In addition to these major experimental evidences for physics
beyond SM, there are always some experimental “anomalies” that do not agree
with the SM predictions. At present, the most persistent ones are: (i) the
muon anomalous magnetic moment which disagrees with the SM prediction
at 3.40 level [49], and (ii) top quark forward-backward asymmetry which shows
deviations of more than 3¢ from the SM expectations in the region of large tt

invariant mass [50].

Apart from the major experimental evidences listed above, there are also con-
ceptual reasons [51] that suggest the incompleteness of the SM as a fundamental

theory of Nature. Some of them are listed below:

1. The Naturalness Problem: The structure of the SM does not naturally ex-
plain the relative smallness of the electroweak symmetry breaking scale v ~
1/v/Gp ~ 100 GeV compared to the natural scale in the theory, i.e. the
Planck scale Mp; = \/WTN ~ 10" GeV. This “hierarchy problem” [52] be-
comes worse for the Higgs mass in the SM due to quantum corrections which

are quadratically divergent with respect to the cut-off scale A:

A

1672

m; (physical) = m2 (tree) + Am}, where Am; ~ A% (1.26)

Thus, if we assume that the SM is valid all the way up to the Planck scale,
then in order to prevent the physical Higgs mass given by Eq. (1.26) from
being pulled up to A = Mpy, the tree-level mass parameter m? (tree) given by
Eq. (1.12) has to be fine-tuned to 1 part in 10?® to cancel the large radiative
correction Am? and to yield a physical Higgs mass at the weak scale. While
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this is not strictly impossible, it is technically unnatural and is known as the
“naturalness problem” in the SM [52, 53]. This problem could be eliminated by
making the cut-off scale slightly above the electroweak scale, i.e. A ~ O (TeV)
which implies there must be new degrees of freedom that manifest themselves

at this scale [54].

. Electroweak Symmetry Breaking: The SM does not provide any insight into
the mechanism of electroweak symmetry breaking (EWSB). Although we can
achieve EWSB spontaneously by introducing a complex scalar field, this is
done in the SM by an arbitrary scalar potential. There is no dynamical un-
derstanding of why the mass-squared parameter for the Higgs field becomes
negative in Eq. (1.4). A precise understanding of the EWSB is one of the

major goals of beyond SM physics [55].

. Grand Unification Problem: This is the problem of trying to understand the
strong and electroweak interactions in the SM as different manifestations of a
single underlying force, thus unifying the three coupling strengths at a higher
energy scale known as the Grand Unified Theory (GUT) scale. The SM field
content does not lead to the unification of the three gauge couplings at high

energy (see Section 2.3).

. The Flavor Puzzle: The SM does not explain the masses and mixing pattern
in the fermion sector. There appears to be a hierarchy between the fermion
mass scales, ranging from 0.5 MeV to about 200 GeV (see Table 1.2), and it
gets worse if we include the neutrino masses (< eV). Note however that this
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hierarchy between fermion masses and weak scale is not as serious problem
as the hierarchy between the Planck scale and weak scale for the Higgs mass

because the fermion masses are protected by chiral symmetry.

Although the experimental and theoretical arguments given above all imply the
existence of new physics beyond the SM, most likely at the TeV scale, they do not
by themselves provide any hints for the exact nature of the new physics. There
exist a number of possible extensions of the SM some of which are mentioned in the

following Section.

1.3 New Physics at TeV Scale

In order to solve the hierarchy problem, we must introduce new degrees of
freedom near the electroweak scale. The main ideas for new physics scenarios can

be divided into two broad classes of models:

1. There are no elementary scalar fields in Nature (and hence no associated fine-
tuning problem), and the Higgs boson is a composite of fermions. It duplicates
the QCD picture (at weak scale) that the low energy degrees of freedom are
baryons and mesons while at high energy these are quarks and gluons. This

idea is the basis of all technicolor, top-color and offspring models [56].

It was also realized that this strong dynamics at the weak scale is dual to the
warped extra dimensional models [57] via the AdS/CFT correspondence [58],

thus providing a natural solution of the gauge hierarchy problem.

2. Unlike the above idea which invokes new strong interactions at the TeV scale,
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one could keep the elementary scalars and maintain perturbativity up to much
higher energies if the quantum corrections are canceled to all orders in per-
turbation theory, due to some deeper symmetry. This is known as “super-
symmetry (SUSY)” [59, 60] which relates the bosonic and fermionic degrees
of freedom, and ensures the desired cancellation to all orders in perturbation

theory by exploiting the sign difference between bosonic and fermionic loops.

From experimental point of view, none of these ideas are completely disfavored,
and with more data from the ongoing LHC, we might be able to decide very soon the
exact nature of new physics chosen by Nature. At present, however, we find SUSY
as one of the leading candidates, due to several theoretical as well as experimental
arguments in its favor (see Section 2.1).

The plan of this thesis is as follows: In Chapter 2, we start with a brief review
of the Minimal Supersymmetric extension of the SM (MSSM), gauge coupling unifi-
cation in this model and its extension for neutrino masses by seesaw mechanism. In
Chapter 3, after a review of the seesaw scale, we discuss a different realization of the
seesaw mechanism, namely the inverse seesaw, and its general phenomenological as-
pects. Then we introduce a realistic inverse seesaw model based on Supersymmetric
Left-Right (SUSYLR) gauge group and show that it can be realized as a TeV-scale
effective theory of an SO(10) SUSY-GUT. In Chapter 4, we discuss the generation
of baryon asymmetry in the universe from lepton asymmetry (“leptogenesis”) in
general, and also in the case of Left-Right (LR) models with inverse seesaw, and

show that leptogenesis is consistent with TeV-scale LR symmetry. In Chapter 5,
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after an overview of the Weakly Interacting Massive Particles (WIMPs) as a viable
DM candidate and a discussion of the WIMP candidate in MSSM, namely the neu-
tralino, we show that in SUSYLR models, there exists a new scalar DM candidate
which is naturally inelastic due to the small Majorana mass in inverse seesaw and it
is allowed to be very light, unlike the neutralino in MSSM. In Chapter 6, we discuss
the collider and other low-energy tests of the inverse seesaw models. In Chapter
7, we discuss various proton decay operators in SUSY models and then present a
calculation for the decay rates in the SUSYLR models discussed earlier. Finally,
a summary is given in Chapter 8. Appendix A explicitly gives the masses of the
SO(10) Higgs multiplets for the GUT embedding of SUSYLR with inverse seesaw.
In Appendix B, we present all the Renormalization Group Equations (RGEs) for
fermion masses and mixing in SUSYLR, and in Appendix C, the RGEs for soft-
SUSY breaking sector of SUSYLR. Appendix D shows an analytic derivation of the
CP-asymmetry for inverse seesaw for specific forms of the Majorana singlet mass

matrix. Appendix E gives the analytic formulas for sfermion spectrum in SUSYLR.
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Chapter 2
Low-Scale Supersymmetry: the Minimal Model and Beyond

2.1 Why SUSY?

Supersymmetry [59, 60] predicts the existence of a new spin-1/2 particle for
every known spin-0 and spin-1 particles of the SM, and similarly, a new spin-0
particle for every SM fermion, with degenerate masses. These supersymmetric par-
ticles serve as the new perturbatively coupled degrees of the freedom that cancel the
quadratic divergences in the SM [61]. However, since we have not yet observed any
of these superpartners, SUSY must be a broken symmetry at low-energy. It turns
out that if broken appropriately (or “softly”) [62], this does not reintroduce the
quadratic divergences. These softly-broken SUSY theories have a number of the-
oretical virtues as well as phenomenological arguments which make them a strong

candidate for new physics at TeV-scale:

1. The supersymmetric transformations linking bosons and fermions, together
with translations, rotations and boosts, form the super-Poincaré group, whose
direct product with the internal symmetry group generate the most general

symmetries of the S-matrix allowed in a Quantum Field Theory [63].

2. The scalar potential in SUSY models is stable under radiative corrections,

provided the SUSY scale is around 47my; ~ TeV. Thus, TeV-scale SUSY
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models solve the naturalness problem with only O(1) tuning between the bare
scalar mass and multiplicatively renormalized quantum corrections. Moreover,
the weak scale SUSY theories do not reintroduce the hierarchy problem since
they are technically natural and the dynamical SUSY breaking can be realized

due to non-perturbative effects [64].

. Gravity can be incorporated into SUSY theories if supersymmetric transfor-
mations are made local. This results in a gauge theory of gravity, known as
the “supergravity” [59, 60, 65], which could be elevated to superstring theo-
ries [66], so far the only viable candidates for a consistent quantum theory of

gravity.

. If we assume SUSY in the range of 100 GeV-10 TeV, the three SM gauge
couplings unify remarkably well at the scale Mg ~ 2 x 1016 GeV, thus strongly

suggesting a SUSY-GUT at that scale [67, 68].

. Soft SUSY-breaking offers a somewhat natural understanding of the elec-
troweak symmetry breaking (EWSB) by the mechanism of radiative EWSB [69]
in which the renormalization effects drive one of the Higgs squared mass pa-
rameters to negative values while keeping all other SUSY mass squared pa-
rameters positive. This mechanism occurs naturally if the top mass is close to

the electroweak scale, m; ~ 100 — 200 GeV which is indeed the case [23].

. In order to enforce lepton and baryon number conservation in a simple way,

the minimal SUSY models are usually required to have a discrete symmetry,
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called R-parity [70]. A major consequence is that the lightest supersymmetric
particle is absolutely stable. A stable LSP is usually required to be electrically
and color neutral in order to be consistent with cosmological constraints [71],

thus making it a promising candidate for cold dark matter [72].

2.2 The Minimal Supersymmetric Standard Model

The most economical version of a low-energy SUSY theory is known as the
Minimal Supersymmetric Standard Model (MSSM) [59, 60] which is based on the
SM gauge group SU(3).x SU(2)r, x U(1)y and contains the smallest number of new
particles and new interactions consistent with SM phenomenology.

Each of the SM gauge boson (spin-1) requires a real Majorana fermion (spin-
1/2) with the same quantum numbers as its superpartner (gaugino) to form a vector
supermultiplet, and each SM fermion requires a complex scalar boson (sfermion)
with the same quantum numbers to form a chiral superfield [73]. Finally, the Higgs
doublet requires the presence of its fermion superpartner, the Higgsino, to form two
chiral superfields with hypercharges +1; note that two Higgs doublets with opposite
hypercharge are required to cancel the triangle anomalies [14] and also to give masses
to the isospin +1/2 and —1/2 fermions in a SUSY invariant way [74]. Note that
the introduction of an additional Higgs doublet leads to five Higgs particles after
EWSB: two CP-even (h, H), a CP-odd (A) and two charged (H*) Higgs bosons [75].
Their fermionic superpartners (higgsinos) will mix with the partners of SU(2), and

U(1)y gauge bosons (winos and bino) to give the mass eigenstates: 2 charginos (y*)
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and 4 neutralinos (x{,5,). The field content of the MSSM is given in Table 2.1.

Superfield Boson field | Fermion field | SU(3). SU(2), U(1l)y
Ga GH G 8 1 0
Gauge W, W W, 1 3 0
B B B 1 1 0
. L,
Lepton | L; = (17L, éz), (VL,€Z)' 1 2 -1
€L
E¢ Ers €r; 1 1 —2
. U, -
Quark | Q; = (Ur,dr); (ur,dr); 3 2 3
d,
Uic ﬁRi URi 3 1 %
D¢ U dr;i 3 1 -2
70
A~ d ~ ~
Higgs | Hy = (hY, hy) (h9, hy) 1 2 -1
hy
h o
70
Table 2.1: The field content of the MSSM and the corresponding gauge quantum
numbers. Here ¢ = 1,2,3 for 3 generations of SM fermions, a = 1,2,3 for the 3
W-bosons and A = 1,---,8 for the 8 gluons. For each supermultiplet, there is a

corresponding anti-particle multiplet of charge-conjugated SM particles and their

superpartners.
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The most general MSSM superpotential, compatible with gauge invariance,
renormalizability and R-parity is given by [59, 60]
A A 3 A A A A A A A A A
W - ,U/EabHuaHdb —+ Z €ab [_yuijQiaHuijc + ydijQiaHdbD]C' + yeijLiaHdbE]c} ) (21)
ij=1
where a,b = 1,2 are the SU(2),, indices, and y, 4. are the 3 x 3 Yukawa coupling

matrices, similar to those given in Eq. (1.8). The particle masses are generated after

the EWSB by the vevs of neutral components of the Higgs doublets:

<Hu>:ﬁ ) ><Hd>:ﬁ ;

1 0 1 Vd w
<With Z— = tan B) (2.2)
d

The soft SUSY-breaking terms are given by

~Looty = miyy, HiH, +m} HiHy + Bu(e®H,, Hy, + h.c.)
: 2 At 2 ~f 2 gt g 2 FIT 2 ~t
+ Z [injQi Qj + mUijﬁRiaRj + mDideide + mLijLiLj + mEingigRj
ij=1

+€ab (Au” yuij @iaHub/a;%j + Adijydi]’ @iaHdbd\Ej + Aeij yeij -ZiaHdbg—g%j + hC>:|

1 = = 3. —a= 8 A=
+3 lMlBBJrMQZW Wo+ M) G GA+h.c.]

a=1 A=1
) = = 3. ~a _ = 8 —a =
—l—% [M{BVE’B + MY W AW, + MY G A°Ga+ h.c.] (2.3)
a=1 A=1

These soft SUSY-breaking terms introduce 105 unknown parameters, in addition to
the 19 SM parameters, and makes any meaningful phenomenological analysis very
difficult [76]. However, many of these parameters lead to severe phenomenological
problems [77], e.g. unacceptably large FCNCs, CP violation, lepton flavor violation
(LFV) etc. which results in a more restricted parameter space for the MSSM.
One version in the bottom-up approach is known as the phenomenological MSSM
(pMSSM) [78], based on Minimal Flavor violation (MFV) [79], which has only 22
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parameters and has much more predictability [80]. A more restrictive scenario in
the top-down approach is known as the constrained MSSM (cMSSM) [78], or more
commonly known as minimal supergravity (mSUGRA) [81, 82] inspired by local
SUSY-GUT, and has only 5 parameters. For simplicity, we will mostly limit our
discussions to mSUGRA-based models in this work, but the results can be easily

extended to a more generalized parameter space.

2.3 Gauge Coupling Unification

In a renormalizable quantum field theory, the coupling constants and mass pa-
rameters of the theory are replaced by their running values depending on the energy
scale. The scale dependence of the parameters is specified by the renormalization
group (RG) equations [1]. In particular, the RG evolution of a coupling constant ¢

with renormalization scale @) is governed by the Callan-Symanzik S-function [83]

_ 199

Blg) = 90

(2.4)

The one-loop [-function for a general non-supersymmetric gauge theory is given
by [84]

3
_ g [ 1 2 1
= 162 3 C(G) + 3nFS(RF) + 3nHS(RH) , (2.5)

B(g)

where C(G) is the quadratic Casimir for the adjoint representation of the associ-
ated Lie algebra [11], S(Rp(m)) is the Dynkin index for representation Rp () of the
fermion (scalar) fields, and np(g) is the number of fermion (complex scalar) fields.
For an SU(N) gauge theory, S(R) = 1/2 for both fermions and scalars in the fun-
damental N-dimensional representation, whereas C(G) = N. For U(1)y, S(R) =1
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and C(G) = 0. For small values of ng, the S-function is negative which leads to the
asymptotic freedom of non-Abelian gauge theories [10].
For the SM particle content (see Table 1.1), the coefficients b; given by the

square bracket term in Eq. (2.5) are

41 19
(b, bosbs) = (50— 6 7) (2.6)
for U(1)y, SU(2), and SU(3). respectively, and we have used the “GUT normaliza-
tion“! for U(1)y coupling g; = \/5/739’ [68]. The running behavior of the SM gauge
couplings with respect to the energy scale t = log () is shown in Figure 2.1 (thin
lines), where we have used the experimental values at Q = my (see Table 1.2) as
inputs. It is clear that from Figure 2.1 that the three couplings in the SM fail to
unify.

In the MSSM, the [-function given by Eq. (2.5) will get modified by the
additional degrees of freedom, namely gauginos, higgsinos and sfermions. Using

S(R) = N for the adjoint representation in SU(N), the one-loop [-function in a

SUSY theory can be written as [85]

3

Blg) = 14— [-3C(G) + S(R)] (2.7)

where the Dynkin index S(R) is now summed over all the matter and Higgs fields,
and their superpartners. For the MSSM particle content (see Table 2.1), the coeffi-

cients of the g-function in Eq. (2.7) are given by

(b, by, by) = <3§’ 1,—3) (2.8)

'We must use this normalization if each chiral family is to be embedded in a representation of

the unified group.
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The corresponding RG evolution is shown in Figure 2.1 (thick lines) from which
it is clear that the three gauge couplings do unify with satisfactory precision at a
point ag ~ 0.04, thus defining a SUSY-GUT scale Mgyt ~ 2 x 10'% GeV, as well

as confirming the validity of perturbativity of the theory.

60 7 T T T T T T T
50

40

20

10

2 4 6 8 10 12 14 16. 18
t[log;o(GeV)]

Figure 2.1: The RG evolution of the gauge coupling strengths a; ' = (g2 /4m)~! for

the SM gauge group U(1l)y x SU(2), x SU(3).. With only the SM valid up to the

Planck scale, they (thin lines) fail to unify, whereas introducing MSSM at TeV-scale

leads to their unification (thick lines) at GUT-scale, Mgyt ~ 2 x 10'6 GeV.

To summarize, the MSSM solves some of the major inadequecies of the SM
listed in Section 1.2, namely, the gauge hierarchy problem, grand unification prob-
lem and dark matter problem. Also, it is possible to have successful electroweak
baryogenesis in MSSM [40]. However, just like in the minimal SM, neutrinos are
massless in MSSM. Given the solid evidence for neutrino masses and mixing [31], we
must extend the MSSM sector to incorporate neutrino masses, while preserving its
other nice features. One such viable mechanism is discussed in the following section.
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2.4 Neutrino Mass

In the SM, the LH neutrinos are massless due to the absence of their RH
counterparts (hence no Dirac mass) as well as the conservation of a global (B — L)
symmetry (hence no Majorana mass). Therefore, in order to generate non-zero
neutrino masses, one must extend the SM sector by either adding three RH neutrinos
(one per family) or by introducing (B — L)-breaking fields or both [30]. If we just
add RH neutrinos (N) while keeping the (B — L) symmetry unbroken, then the
observed smallness of LH-neutrino masses requires that the new Yukawa couplings
(y,) must be extremely small, i.e. 3, < 107!2 for sub-eV LH neutrino mass. In
the absence of any obvious compelling arguments for such a tiny Yukawa coupling,
the alternative path of generating non-zero neutrino masses by breaking (B — L)

symmetry seems more natural.

2.4.1 Seesaw Mechanism

The simplest way to parameterize the (B — L) breaking effects in SM extensions
is through Weinberg’s dimension-5 operator [86]

L;L;®P

'Ceff = )\ij M

(1,5 = e, 1,7) (2.9)

added to the SM Lagrangian, where M is the scale of new physics. After EWSB,
due to the Higgs vev given by Eq. (1.5), this operator leads to a non-zero neutrino
mass of the form m, = \v?/M.

There are both tree- and loop-level realizations of the dimension-5 operator
given by Eq. (2.9) to generate non-zero neutrino masses [87]. The tree-level realiza-
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tion is the so-called seesaw mechanism [37] in which the heavy particles associated
with the new physics, after being integrated out, lead to the effective operator in
Eq. (2.9). The simplest such model is the type I seesaw [88] in which the heavy
particles are SM singlet Majorana fermions, usually known as the RH neutrinos

(N), which couple to LH-doublets through Dirac Yukawa:

3 3
L, = Z [yyijEiCDNj + h.c.} + ;Z My, N; N, (2.10)
i,7=1

i=1
and M is the Majorana mass of N which we have chosen to be diagonal, without

loss of generality. After EWSB, this leads to the neutrino mass matrix of the form

0 Mp
M, = , (2.11)
ML My

where Mp = vy,. The light mass eigenvalues are given by
m, = —v?y, My'yl. (2.12)

Note that a second way to write the Weinberg operator in Eq. (2.9) is (LT7L)-
(H'7H)/M where 7"’s are the usual Pauli matrices. This can be implemented by
adding an SU(2), bosonic triplet A= (AT, AT A®) coupled to SM leptons through
Majorana type couplings. This is known as the type II seesaw mechanism [89]. Yet
another way to write the effective Weinberg operator in Eq. (2.9) is (L*7H)?*/M
which can be implemented by adding an SU(2),, fermionic triplet (%) coupled to
leptons through Dirac Yukawas, just like the singlet ones in type I. This is known
as the type III seesaw [90]. However, we do not discuss these variations further in

this work.

30



2.4.2 Supersymmetric Seesaw

In the supersymmetric extension of the SM, the seesaw mechanism can be
incorporated [91] by introducing three gauge singlet RH neutrino superfields? in
N¢ (1 = 1,2, 3) which couple to the other MSSM superfields given by Table 2.1 via
the superpotential

3 o 1.3 o
W = WMSSM jzﬂ Yoy € LiaHuy N + 3 ; My, NENE, (2.13)
where WMSSM g given by Eq. (2.1). The light neutrino masses are given by the
type-1 seesaw formula, Eq. (2.12).
The soft SUSY-breaking terms in Eq. (2.3) must also be augmented by adding
the following terms:
3 ~ 1
L = 3 [, Phing + (A, s + 5B P+ e ) (214
ij=
These new neutrino-sector superpotential and soft SUSY-breaking parameters in
general lead to enhancement in LFV decay rates through slepton and sneutrino
loops [93], and hence, are strongly constrained by experiments.

The massive neutrinos can also be incorporated in supersymmetric models
with the minimal particle content given in Table 2.1, but by giving up R-parity
conservation [94]. In R-parity violating (RPV) models with L violation, both AL =
1 and AL = 2 phenomena are allowed, leading to neutrino masses and mixing [95]

and various other L-violating phenomena [96]. However, we will not discuss RPV

models in this work.

2For SUSY models of neutrino mass without the seesaw mechanism, see e.g. Ref. [92].
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Chapter 3
Inverse Seesaw

3.1 Scale of Seesaw Physics

As discussed in Section 2.4.1, a simple paradigm for understanding the small-
ness of neutrino masses is the seesaw mechanism [88] where one introduces three
SU(2) x U(1)y singlet RH neutrinos with Majorana masses My, usually assumed
to be much larger than the weak scale, thereby providing a natural way to under-
stand the tiny LH neutrino masses (hence the name “seesaw”). A great deal of
attention has been devoted to testing this idea the prospects of which depend on
the seesaw scale as well as any associated physics that comes with it at that scale. A
key question of interest is whether there are any theoretical guidelines for the seesaw
scale. This is certainly not possible within the SM gauge group under which the RH
neutrino fields are neutral. Therefore, it is natural to look for extended gauge groups
containing the RH neutrinos whose masses could be generated via Higgs mechanism
by spontaneous symmetry breaking of this extended gauge group and be protected
by the extended gauge symmetry. Also note that in the seesaw-extended SM, lep-
ton number is broken due to the AL = 2 Majorana mass term in the Lagrangian,
Eq. (2.10). Consequently, the seesaw-extended MSSM superpotential in Eq. (2.13)
conserves R-parity. It is therefore desirable to seek supersymmetric theories where,

just like in the SM, baryon and lepton number conservation (or R-parity) is guar-
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anteed by the field content and gauge symmetry.

The simplest extension is the supersymmetric version [97] of the Left-Right
(LR) model based on the gauge group SU(2); x SU(2)r x U(1)p_r, that provides
a natural explanation of the seesaw scale as connected to the SU(2)gr x U(1)p_L-
breaking scale [98], apart from restoring the parity symmetry at high energy. Also,
the smallness of the neutrino mass is connected to the extent to which the RH-
current is suppressed at low energy. Thus, the LR-symmetry provides a well-defined
theory of neutrino masses [30] and can be used as a guide to study seesaw physics
at colliders provided the LR symmetry breaking scale is O(TeV) [99]. Moreover,
it provides a very attractive low-energy realization of SO(10) [100, 68|, which is
arguably the simplest GUT scenario for seesaw mechanism [37] as it automatically
predicts the existence of RH neutrinos (along with the SM fermions) in a single
multiplet.

An advantage of GUT embedding of the seesaw mechanism is that the con-
straints of GUT symmetry tend to relate the Dirac neutrino mass Mp in Eq. (2.11)
to the charged fermion masses thereby making a prediction for the seesaw scale My
from low-energy experiments. For type I seesaw GUT embedding, typical values for
the My are very large, usually in the range of 10'° - 104 GeV, which are far beyond
the reach of colliders. Note that the key feature that leads to such restrictions in
type I seesaw case is the close link between the large (B — L)-breaking RH neutrino
Majorana mass and the smallness of the LH neutrino masses. So the question is to
know if there exists a seesaw mechanism whose GUT embedding is consistent with

TeV scale RH neutrinos. This is the main theme of this chapter.
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3.2 Inverse Seesaw Mechanism

A completely different realization [101] of the seesaw mechanism is character-
ized by a small effective lepton number violating Majorana mass jg which is directly
proportional to the small LH neutrino mass. This is known as the “inverse seesaw”
mechanism. The original motivation behind this formulation was to understand
small neutrino mass in SUSY-GUT models where no Higgs representation is avail-
able to generate the RH neutrino mass, e.g. in supersymmetric Fg models inspired
by superstring theory [102]. The original implementation of this mechanism required
two sets of SM singlet neutrino superfields Nf, S; (i = 1,2, 3 for three generations)®,
added to the MSSM field content (see Table 2.1). The resulting superpotential is

given by [101]

3
A A A A 1 A A
W= MSSM L 5o [eabyyingHijjc + My, N{S; + i,usijSiSj , (3.1)

ij=1
where WMSSM jg the MSSM superpotential given by Eq. (2.1). In a non-supersymmetric

version of the model, the corresponding Lagrangian is given by?

E . . 1
L, = L£5M + Z |:<y1/ULz(I)NJ -+ MNijNiSj -+ hC) + QIUSZ]SlSJ:| (32)

i.j=1

1Tt was shown in Ref. [103] that in a minimal supersymmetric inverse seesaw model, only one
pair of singlets is sufficient to satisfy the neutrino oscillation data. However, we consider three sets

of singlets as required by SO(10) symmetry [100].
2A similar construction with SU(2);, x SU(2)g x U(1)p_1. gauge group was done in Ref. [104].
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3.2.1 Light Neutrino Mass

After electroweak symmetry breaking, we obtain the following 9 x 9 neutrino

mass matrix in the basis {v, N¢, S}:

0 ML 0
My=1| Mp 0 ML | (3.3)
0 My ps/2

where we have suppressed the family index for brevity. Here Mp = v,y, and My
are arbitrary 3 x 3 complex matrices in flavor space, whereas g is a 3 X 3 complex
symmetric matrix that breaks the lepton number. The 9x 9 mass matrix in Eq. (3.3)

can be diagonalized by a unitary mixing matrix V:
VIM,Y = diag (my,,my,,my; ), (1,5, k =1,2,3) (3.4)

thus yielding nine mass eigenstates, three of which correspond to the observed light
neutrinos with masses m,,, and three pairs of two-component leptons (NN, N ]’) com-
bining to form three heavy quasi-Dirac neutrinos with masses My,. The mixing
between the light and heavy states is roughly 6,5 ~ MpMy' for Mp < My,
similar to the type I case.

In the limit p < Mp < My, the diagonalization of Eq. (3.3) results in the

following effective Majorana mass matrix for light neutrinos:
T
my ~ (MpMy") ns (MpMy') ", (3.5)

where ug breaks the lepton number. Because of the presence of this new mass scale
(s in this theory, the seesaw scale My can be as low as O(TeV) even for “large”
Dirac masses, unlike in the type I case [Eq. (2.12)].
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3.2.2  Smallness of ug

In the limit pug — 0, there are exactly conserved lepton numbers (1,—1,1) for
(v, N¢, S) respectively. Then the three light neutrinos are massless Weyl fermions
as in the SM and the six heavy neutrinos combine exactly into three Dirac fermions.
Thus, the smallness of ug is technically natural (in the 't Hooft sense) [105], since
s — 0 restores a larger symmetry (a global U(1) in this case).

The typical size of g can be estimated from Eq. (3.5) (for one generation):

(1) = G ter) (159) (o) 39
0.1eV/) \100 GeV 1 keV/ \ 10 TeV '

Thus for M ~ a few TeV and large Dirac mass Mp ~ 100 GeV, the observed light

neutrino masses are obtained with pg in the keV range. In models where lepton
number is spontaneously broken by a vev (o) [106], us = vy, (o) [107]. For typical
Yukawas 1y, ~ 107! — 1073, g = 1 keV corresponds to the lepton number violation
scale of (o) ~ 10 keV — 1 MeV. However, such a low scale may not be protected by
SUSY from radiative corrections, though gauge loops may not destabilize it since it is
a gauge singlet and interacts with gauge bosons only through its mixing. However,
the smallness of pug can be explained by some other mechanism, e.g. radiative

corrections [108], or extra dimensions [109)].

3.2.3 Phenomenology

The inverse seesaw mechanism leads to a rich phenomenology which can be
used to test it in energy, intensity and cosmic frontiers. Here we present a brief
summary of various signatures of this mechanism in a model-independent manner,
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and in subsequent chapters, we elaborate on these topics.

1. Direct Collider Signatures: In the inverse seesaw mechanism, since the (B—L)-
breaking RH neutrino mass is decoupled from the smallness of the neutrino
mass by the new small Majorana mass scale pg, the RH neutrino mass could
be easily allowed to be in the TeV-range, which should be kinematically ac-
cessible at the LHC to be produced on-shell by gauge boson exchange. In
particular, if the Dirac Yukawa is large, it allows for a large mixing effect
0,52 ~ (M pM &1)2 between the light and heavy neutrinos, thus making the
collider test of this mechanism much more feasible (see Section 6.1 for a more
detailed discussion). This is in contrast with the type I case where the mix-
ing effects are usually of order ~ m, My"' and hence suppressed by the small
neutrino mass unless there are cancellations to get small neutrino masses from

large Dirac masses using some symmetries (see e.g. Ref. [110, 111]).

Once produced, these heavy neutrinos will decay to multi-lepton final states
as their striking collider signatures [112]. Due to their pseudo-Dirac nature in
inverse seesaw, the “smoking gun” signal for type I seesaw, namely the lepton
number violating same-sign dilepton signal [112, 113, 114, 111], is absent.
Instead, the lepton-flavor violating trilepton signal [112, 115, 116, 117] can be
used to test the inverse seesaw models at the LHC. We showed in Ref. [116]
that this could be used to distinguish type I from inverse seesaw at the LHC,

and also the heavy gauge boson Wx could be discovered in this process.

2. Non-unitarity Effects: Apart from directly producing the RH neutrinos at col-
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liders, a different way to test the seesaw mechanism at the intensity frontier
follows from the observation that the mixing of the LH neutrinos with the
RH ones in general leads to violation of unitarity of the PMNS mixing ma-
trix [118] that describes only the mixing of the three light neutrinos. Due to
large mixing being allowed in inverse seesaw models, the non-unitarity effects
could be sizable [119, 120] and could be searched for in neutrino oscillation ex-
periments [118, 121] and weak decays [118]. Note that these effects are usually

suppressed by the light neutrino masses in canonical type I seesaw [122].

One may recall here that for the analogous mixing matrix in the quark sector,
namely the CKM matrix, deviations from unitarity are considered a good win-
dow for physics beyond the SM and the unitarity triangle has been extensively
studied in that case [123]. The need for similar studies in the leptonic sector

should also be emphasized [124].

. CP Violation: The large mixing and non-unitarity effects could give rise to
leptonic CP violation [125] (for a review, see e.g. Ref. [126]). Note that the
CP violation in inverse seesaw models [119, 120] can occur even when the light
neutrinos are strictly massless [127], and could be large provided sin®#;3 and
the Dirac CP phase are non-zero. As sin? 6,3 is indeed found to be large [35, 36],

the possibility of large leptonic CP violation becomes stronger now.

. LFV Signatures: The large mixing between the light and heavy neutrinos in
the charged current sector leads to enhanced rates for the LE'V processes ¢, —

{5 4+, p — eee and p — e conversion in nuclei and 7 — eee, epp [128, 129,
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130]. Note that these LF'V processes can occur in inverse seesaw irrespective of
the light neutrino mass and the SUSY spectrum [128]. This is in contrast with
the canonical type I seesaw where the LF'V decay rates are usually suppressed
by the light neutrino mass [131] and are enhanced only by SUSY effects [93,

132].

Note that due to the small lepton number breaking in inverse seesaw, the
important lepton number violating signal for Majorana neutrinos, i.e. neutri-

noless double beta decay (0v23) cannot be used to test the inverse seesaw [133].

. Dark Matter: In SUSY seesaw models, the scalar superpartner of the RH neu-
trino, with a small admixture of the LH counterpart, could be a possible DM
candidate, apart from the usual MSSM candidate, viz. the neutralino. More-
over, if the DM turns out to be very light (< 20 GeV or so), as suggested by
some recent experiments and observations (for a recent review, see Ref. [134]),
the mixed sneutrino DM could be a preferred candidate than the neutralino
(see Chapter 5 for more details). Various models of such sneutrino DM have
been constructed for extensions of MSSM with type I [135] as well as inverse
seesaw [136, 137, 138, 139, 140]. We showed in Ref. [140] that the small Ma-
jorana mass term in inverse seesaw leads to a keV-scale mass splitting of the
lightest complex scalar sneutrino, thus providing a natural framework for “in-
elastic” DM [141]. This could be used to test the inverse seesaw mechanism

in DM direct detection experiments, when combined with the results from

collider searches for a sneutrino DM [103, 117, 142].
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6. Leptogenesis: One of the attractive features of the seesaw mechanism is that it
provides a way to understand the origin of matter in the Universe via leptoge-
nesis [143] (for recent reviews, see Ref. [144]). In the canonical type I seesaw
models with extended gauge groups (required to explain the RH neutrino
mass scale), low-scale leptogenesis is found to be in conflict with the observed
baryon asymmetry unless the extra gauge boson (W’ and/or Z’) masses are
above several TeVs [145, 146]. On the other hand, for inverse seesaw, we find
these constraints to be rather weak [147] due to large Dirac Yukawa couplings
and very small lepton number breaking (see Chapter 4 for details), which allow
the masses of heavy gauge bosons to be in the “LHC-friendly” energy range.
Hence, the discovery of heavy gauge bosons at the LHC will be considered as
a strong indication for inverse seesaw if leptogenesis is indeed the mechanism

for origin of matter.

These are some generic, model independent qualitative features of the inverse
seesaw phenomenology. However, for making more precise and quantitative predic-
tions, we need to be somewhat model-dependent. As we discussed earlier, in order
to have a complete model of BSM physics, the seesaw mechanism must be embed-
ded into either the SM or an extended gauge group. In the bottom-up approach,
we would like to examine whether a TeV-scale inverse seesaw model is compatible
with any other existing new physics scenarios. In particular, we are interested in

TeV-scale supersymmetric inverse seesaw models.
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3.2.4 Model Building

Current literature on the SUSY inverse seesaw discusses a few classes of such
models: (i) Originally, the minimal inverse seesaw structure given by Eq. (3.3) was
considered within the framework of MSSM [101] and some of its phenomenology was
explored in details later [103, 129, 136, 148]. However, in these models, since both N
and S are singlet fields, the MSSM gauge symmetry does not forbid terms like LH,S
and NN in the superpotential given by Eq. (3.2), and these extra terms have to be
omitted “by hand” in order to obtain the minimal structure given by Eq. (3.3). (ii)
The second class of inverse seesaw models extend the gauge symmetry of the model
to SU(2), x U(1)y x U(1)p—_r [149] so that the seesaw mass matrix arises from a
(B—L) gauge symmetry and given rise to some interesting phenomenology [137, 150].
However, the (B — L) gauge symmetry discussed in Ref. [149] does not arise from
a GUT, and thus, the nice features of SUSY-GUT might be lost in this framework.
(iii) Yet another class of models uses global (B — L) symmetry to restrict the inverse
seesaw matrix to the desired form [139].

We proposed an alternative realization of TeV scale supersymmetric inverse
seesaw [120, 151] by extending the MSSM gauge group to the supersymmetric Left-
Right (SUSYLR) gauge group SU(2); x SU(2)gr x U(1)p—r. Apart from rendering
the inverse seesaw matrix in Eq. (3.3) naturally protected by gauge symmetry, this
scenario has many interesting features such as (i) a full set of heavy gauge bosons
(Wi, Z') for the SU(2)g sector, thus restoring parity symmetry at TeV scale, while

being consistent with low-scale leptogenesis [147] (see Chapter 4), (ii) inelastic sneu-
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trino dark matter [140] which is allowed to be very light (5 — 20 GeV range, as
suggested by some direct detection experiments) satisfying cosmological and col-
lider constraints (see Chapter 5), (iii) enhanced tri-lepton signal at the LHC [116]
due to on-shell production of a heavy RH neutrino via Wx exchange (see Chap-
ter 6), (iv) gauge coupling unification and a successful embedding into an SO(10)
GUT [120] (see section 3.3) while being consistent with the current proton decay
constraints [151] (see Chapter 7). The GUT-embedding allows us to fully determine
the Yukawa couplings and the Dirac neutrino mass matrix from SO(10) relations
between quark and lepton mass matrices, which makes the model very predictive

for the non-unitarity and LF'V effects in inverse seesaw [120] (see section 6.2).

3.3 A Realistic Model based on SUSYLR

The Left-Right symmetry [98], based on the gauge group SU(2), x SU(2)g X
U(1)p_r, has the appealing feature of restoring parity symmetry in weak interac-
tions asymptotically, apart from explaining the neutrino mass naturally via seesaw
mechanism [88]. A key question is whether this extended symmetry could co-exist
with SUSY close to the weak scale, and if so, whether a TeV-scale SU(2)pxU(1)p-L
breaking (and hence the seesaw scale) is consistent with coupling unification. As a
generic possibility, the SUSYLR is quite consistent with current low energy observa-
tions [152]. Whether a TeV Scale SU(2)r symmetry is compatible with supersym-
metric coupling unification has been extensively investigated in literature [153, 154].

While it is possible with a judicious choice of Higgs multiplets [153], it is very hard
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to reconcile with TeV scale type I seesaw and related phenomenology [154]. On the
other hand, as we showed in Ref. [120], it is possible to achieve gauge coupling unifi-
cation with TeV scale inverse seesaw, which gives rise to interesting phenomenology.
Moreover, our SUSYLR model could be easily embedded into an SO(10) GUT and
fermion masses and mixing arise in a simple manner?, unlike in Ref. [153] which

does not give rise to a realistic fermion mass spectrum.

3.3.1 Particle Content of the SUSYLR Model

Here we consider only the doublet implementation of the SUSYLR model, i.e.
we use only SU(2) doublet Higgs fields (from the 165 @ 165 multiplet of SO(10))
to break the (B — L) symmetry. In order to keep the model general, we allow for an
arbitrary number of these doublet fields, to be denoted by n; and ng respectively
for SU(2)r, and SU(2)g doublets. Likewise we have n;y Higgs bi-doublets (from 10y
multiplet) which, on acquiring vevs, give masses to the fermions through Yukawa
couplings. We also allow for an arbitrary number ng of singlet fields S¢, as required
by inverse seesaw. These are the essential multiplets in a generic SUSYLR model
with inverse seesaw.

However, it turns out that with this minimal set of particles, it is not possible
to obtain the gauge coupling unification at a scale higher than ~ 10 GeV as
required from current bounds on proton decay lifetime, 7, & 103 years [156]. As

we have shown below, unification is possible after adding the contribution from the

3An SO(10) embedding for inverse seesaw along somewhat similar lines to ours was also con-

sidered in Ref. [155].
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color triplets [(3, 1, %) + c.c.} (which come from the 455 multiplet). The lightness
of these Higgs multiplets, while consistently keeping all other multiplets heavy, is
justified in Appendix A.

The most general field content in our SUSYLR model is given in Table 3.1.

The electric charges of the fields must obey the relation Qem = I3 + 3% 4 B2L,

3.3.2 Gauge Coupling Unification

The running of the gauge couplings is given by Eq. (2.4) and the one-loop
[-function in a supersymmetric theory is given by Eq. (2.7). With C(G) = N for a
fundamental representation of SU(N), we can write the coefficients of 3; in Eq. (2.7)

as [157]
bYSY = 2n, — 3N + Ty (Sy) (3.7)

for n, generations of fermions, and the complex Higgs representation parametrized
by Ty(Sy). For U(1) gauge group, N = 0 in Eq. (3.7) and the (B — L) gauge
coupling is GUT-normalized as g, = \/%gB, L [68].

For the particle content given by Table 3.1, the Higgs contributions to Eq. (3.7)

are explicitly given by
3
Tor, =nig+np, Tor =nig+ng, T35, =1, and Tg_ =4+ 5 (nL + nR) (38)

Hence for three fermion generations, the coefficients of the (-functions in our SU-

SYLR model are

3 3
biSUSYLR — (10 + inL + inR’ Nig + N, N +NRr, — 2> s (39)

44



Superfield SUB3)e SU@Q)L SUQ)r Ul)p_p

GA 8 1 1 0

Gauge Wg 1 3 1 0
Wg 1 1 3 0

B 1 1 1 0

Quark QAZ =

ol

Wl

Singlet 5’;"

Higgs u =

)
)
)
)

R @y P
o, = 1 2 2 0
¢z @Y,
4
6 3 1 1 S
< Q 4
o¢ 3 1 1 -3

Table 3.1: The superfield content of our SUSYLR model and their 3,27,2z1p5_ 1 quantum
numbers. Here ¢ = 1,2,3 is the generation index, a = 1,2,3 and A = 1,---,8 are the 2

and 3 gauge indices, r =1,...,n10, p=1,...,n, ¢=1,...ngand a =1, ...,ng.
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where ¢ stands for 15_;, 27, 2 and 3. respectively.

For illustrative purposes, we assume the SUSY scale Mgsysy = 300 GeV and
the SU(2)g x U(1)p_p-breaking scale Mr = 1 TeV. Also we take the number of
Higgs bi-doublets, ni1g = 2 which is the minimum number required to get a realistic
fermion mass and mixing pattern for an SO(10)-GUT [68]. However, the number of
Higgs doublets can be arbitrary and we choose the minimum number of them which
gives successful unification. We start with the weak scale experimental values of the
couplings for 1y, 2, and 3. given in Table 1.2 and run them up to the SUSY scale
Mgusy using the SM S-functions given by Eq. (2.5) with the coefficients given by
Eq. (2.6). Similarly, the running between the SUSY scale and the SU(2)g-breaking
scale is determined by the MSSM [-functions given by Eq. (2.7) with the coefficients
given by Eq. (2.8). And finally, the running between the SU(2) g-breaking scale and
the GUT-scale is determined by the SUSY p-functions given by Eq. (2.7) with
the coefficients obtained in Eq. (3.9). Also we use the matching condition [68] at
Q) = Mg where the U(1)y-gauge coupling gets merged into SU(2)g x U(1)p_r:

_ 3 _ 2 _
aiH(Mr) = Zazh(Mr) + gl (Mr) (310)

As shown in Figure 3.1, the gauge coupling unification is obtained for n; = 0 and

ngr = 2, with the unification scale parameters
Mg ~ 4 x 10" GeV, and apy(Mg) ~ 0.05 (3.11)

As the running behavior is mostly controlled by the SUSYLR sector, the scales
Msusy and Mg can be relaxed a little bit, still preserving unification, as long as
Megysy is not too far from the weak scale (for reasons already discussed in Chapter
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Figure 3.1: Gauge coupling unification in the SUSYLR model. We have used njy =

2, ny = 0, nrg = 2, MSUSY = 300 GeV and MR =1 TeV.

2). Note that the unification scale obtained here is slightly higher than the usual
SUSY-GUT scale. Moreover, unification occurs irrespective of the value of the inter-
mediate scale Mg, and when the unified coupling is extrapolated back to the weak
scale, the Weinberg angle sin® Oy (m ) and the strong coupling constant az(my) are
independent of Mpg. This is an important feature of SO(10) GUT [158].

It should be emphasized here that the choice of two Higgs bi-doublets is the
minimum possible choice since one bi-doublet does not give a realistic fermion mass
spectrum in SO(10). Also, the choice of the number of Higgs doublets is unique
for the field content given by Table 3.1, since changing any of them will spoil the
unification. However, as we realized later (see Appendix A in Ref. [147]), there is an
alternative and somewhat better choice of Higgs fields which also leads to coupling
unification with TeV-scale W and Z’. We found that if we add one set of SU(2)g

triplets A(1,1,3,0) (coming from the 455 field) to the field content in Table 3.1,
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then we can achieve unification with only one SU(2)g doublet, instead of two as
shown in Figure 3.1. This model has two nice features over the one presented here:
(i) all the Higgs fields required for unification are connected to breaking of separate
gauge symmetries and there is no arbitrariness in the number of fields, and (ii) the
presence of the SU(2)g triplet enables us to decouple the mass scales My, and My
which are otherwise related in usual Left-Right models with M, > Myy,,. However,
the other low-energy effects to be discussed in subsequent chapters are more or less
independent of this choice of one or two RH-doublets.

We should also comment on the asymmetry between n; and ngz. As shown
in Appendix A, since the vev of the 455 Higgs breaks D-parity and decouples it
from the SU(2)g breaking scale [159], it is possible to have only the right-handed
doublets and no left-handed ones below the GUT scale. This leads to the asymmetry

between as;, and aspr, with % ~ 1.3 at TeV-scale in our case (see Figure 3.1).

3.3.3 Fermion masses and mixing

The RG evolution of the fermion masses and mixing have been extensively
studied for both the SM and the MSSM cases [84, 85, 160], but not for the SUSYLR
model, even though the analytical expressions for the Yukawa couplings had already
been derived in Ref. [161]. In this section, we present a detailed RG analysis of our
SUSYLR model and numerically solve them to obtain the quark and lepton masses
and the CKM matrix elements at the unification scale M.

The general R-parity conserving superpotential in the SUSYLR model is given

48



by

JWSUSYLR - iyaQTCfDaQC + iy;f}TrchDach + z'yg?‘pgaLTqubp + ZySqSO‘LC éff
~ ~ ~ ~ A~ T ~
e ST (DT dyms) + 5?5 (60) b + iy 5® (62) Tads
. o\ T z e c
+iAapg (gbﬁ) TP, (gbuq) + Z)\apq (gbd) 7‘2 a dq

+l () it (67) b+ T (¥ i)

1 wsrnng 1 o
+§ugﬁs"<sﬁ + 6Yg“ﬂks*f’as*ﬂs7 (3.12)

where we have suppressed the generational and SU(2) indices. Also we have ig-
nored all non-renormalizable terms in the superpotential as their contributions to
the RGEs are suppressed by Mg/Mg. We note that the superpotential given by
Eq. (3.12) has two additional terms of the form SL¢, and SL¢¢ (as required by
the inverse seesaw model) as compared to that given in Ref. [161]. Also note that
since the 9, ¢ fields in Table 3.1 do not couple to any of the matter fields, they
do not enter the superpotential and do not affect the RG running of fermion mass
parameters (they only affect the color gauge coupling evolution).

We have seen from the previous section that the gauge coupling unification
requires that we should not have any SU(2),, doublet of Higgs fields in the low-energy
spectrum. Hence, we can drop the ¢, 4 terms altogether from the superpotential of

Eq. (3.12) to get the following working superpotential for our model:
W= iyaQ" ®uQ" + iy, L a0 L + iy3 S L 1o + y5™ S°Tr (D1 mady7)
Tcd . ACP T Acq a
+zy¢?q50‘ (gbc ) Togy + ipge (qﬁu ) 7908 + pdTr (@ngfbm)
1
aﬁsasﬂ 63/()‘%*@5557 (3.13)
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where a = 1,2, p,qg = 1,2 and a = 1, 2,3 corresponding to the two bi-doublets,
RH-doublets and three fermion singlets, respectively, and we have suppressed other

SU(2) indices for brevity.

The RGEs for the Yukawa couplings y, and ¥/, in Eq. (3.13) are given by

dyq 16 1
16772@ = Ya {Z?JZyb - 393 - 39§L - 393}2 - égéfL
t
i | T (3030 + ' 0) + 2000 + 4 (1 12), | (3.14)

dy, 3
16#@ =y, {2?;{,*% — 305, — 305 — 59?3_L

| Tr (3uda + ' v,) + 205 vh +4 (2 1), + 48 Y360 (3.15)

b
where the repeated indices are summed over. Note that we have an additional
contribution to the RGE of the lepton Yukawa coupling ¥/, as compared to those
given in Ref. [161] which comes from the S¢¢L¢ term in the superpotential. Note
also the presence of the ¥, terms in the second line in both the Yukawa RGEs even
for a # b, which are characteristics of left-right models, arising from the Higgs
self-energy effects, and are absent in case of MSSM [157].

The fermion masses arise through the Yukawa couplings y, and y., in the
superpotential given by Eq. (3.13) when the two Higgs bi-doublets ®; 5 acquire vevs.
In general, a linear combination of y; and y, will give masses to the up-type quarks,
and similarly different linear combinations for the other masses. The dynamics of
the superpotential can be chosen in such a way that the bi-doublets acquire vevs in

the following simple manner:

1 [ va O 1 [oo0

<q)1>:ﬁ - ) <q)2>:ﬁ 0

(3.16)
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and we identify the ratio v, /vs = tan § as in Eq. (2.2). To obtain the RGEs for the
mass matrices, we choose the renormalization method where the Yukawa couplings
and the Higgs vevs run separately [160]. The RGEs for the Higgs vevs are obtained

from the gauge and scalar self-energy contributions:

dv,, 3 3 t

16wt = v, [QgSL + 595n — Tr (3udy2 + uius) — 4 (s ui’)m} (3.17)
dvg 3, 3 T

16720 = v [293L +595m = Tr 3yl +yilr) — 4 (s ui’)n} (3.18)

Using Egs. (3.14, 3.15) for g,, ¢, and Eqgs. (3.17, 3.18) for 9, 74, we have explicitly
derived the RGEs for the physical fermion masses and the quark mixing in our
SUSYLR model in Appendix B. Using the initial values for the mass and mixing
parameters at weak scale from Table 1.2 and the SM and MSSM Yukawa RGEs [160]
for mz to Msusy and Msysy to Mg respectively, we numerically solve the SUSYLR
RGEs given in Appendix B to obtain the running quark and lepton masses and the

CKM matrix elements at the unification scale Mg:

my(Mg) = 0.0017 GeV, m.(Mg) = 0.1910 GeV, my(Mg) = 77.8035 GeV;
ma(Mg) = 0.0013 GeV, my(Mg) = 0.0263 GeV, my(Mg) = 1.7092 GeV;

me(Mg) = 0.0004 GeV, m,(Mg) = 0.0911 GeV, m.(Mg) = 1.7096 GeV:

0.9793 0.2023 + 0.0018:  0.0005 — 0.0057%
Vekm(Me) = | —0.2023 + 0.0016i 0.9791 0.0240
0.0044 — 0.0056¢  —0.0236 — 0.0013: 0.9997
tan G(Mg) = 7.0 (3.19)
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Figure 3.2: Running of fermion masses in our SUSYLR model for Msygy = 300 GeV
and Mr = 1 TeV. Note the b — 7 unification which is a generic feature of SO(10)

GUT.
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Figure 3.3: Running of the CKM mixing elements involving third generation in our
SUSYLR model for Msysy = 300 GeV and Mr = 1 TeV. The running of other

CKM elements, being small, is not shown here.
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Figure 3.2 shows the running of the quark and charged lepton masses up to the

unification scale Mg. Note that we are able to generate the fermion mass spectrum

at the GUT scale with

myp m Me 1
— o~ 1, M ~3, =
m, My myg 3

(3.20)

which are characteristics of SO(10)-GUT spectrum [100], thus validating our RG
analysis presented here. Figure 3.3 shows the running of the CKM elements involving
only the third generation. Note that in addition to the significant running for the
third generation CKM elements Vi, o, 14, ts, We have a relatively milder running for
the other elements as well [cf. Eq. (3.19)], even in the third-generation dominance
approximation. This is a characteristic of the Left-Right model, in contrast with the
MSSM case where in the third generation dominance, the first and second generation

elements do not run at the one-loop level [160].

3.3.4 Symmetry breaking by radiative corrections

In this section, we propose a way to break both the SU(2)gxU(1)p_1 as well as
the SM symmetry via radiative corrections from renormalization group extrapolation
of the scalar Higgs masses from the GUT to TeV scale [151]. As is well known,
the large top quark coupling enables one to achieve a similar goal in the case of
MSSM [69]. However, the simple generalization of that procedure cannot work in
our model since the bidoublet Higgs of LR models contains both the H, 4 components
of MSSM, and as a result, large top quark coupling will necessarily turn both their

masses negative and this will not to give a stable vacuum.
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Our proposal [151] is that we use a domain of parameter space for the soft
SUSY-breaking mass squares for the RH Higgs doublets ¢, ; where the mass square
of one of them turns negative, by RG running to the TeV scale due to the L°¢3S
Yukawa coupling being large. This leads to a breaking of the SU(2)g and (B — L)
symmetry. The mass square of the ¢! remains positive throughout but it acquires
an induced vev. The differences in their vevs, via the D-term [162], can make the
mass square of the H, field negative while keeping the mass square of Hy positive
as in the case of MSSM, thereby also giving rise to the EWSB. The main point is
that both symmetry breakings owe their origin to one radiative correction.

In order to show that it is indeed possible to achieve negative mass square for
one of the RH Higgs doublets while keeping all other soft mass squares positive, we
need to examine the RG running of all the soft mass parameters from the GUT to
TeV scale. In this regime, the model is SUSYLR for which the soft SUSY-breaking

Lagrangian is given by [161]
Lun = — (MGG + MogWuWy + Mog Wl + MiBB + hic.)
- [iA% QT 73®,Q° + 1A, L' 15 @0 L + 1A S“Guc" Tatpue + 1455 L 1o,
+é AGNS 8087+ Ay SOTr (] ma®ya) + h.c}
— {¢B¢c¢ff¢2¢; + BaTr (@1 @7y ) + ;Bgﬁsasﬂ
— [m3Q1Q +m2Q Q° + mELIL + m? L L + m2, o5 6%, + m2. 05 o5
+my,, Tr (@f®,) +mj S5 (3.21)
where we have suppressed the generational and SU(2) indices, and a,b = 1,2 (for

two bidoublets), and a, 3,7 = 1,2,3 (for three gauge singlets). Note that we do
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not have any ¢, 4-term in these expressions as there is no SU(2); Higgs doublet
in our model. Also we have an additional term in the superpotential (the SL°¢S
term) and a corresponding trilinear term in the soft breaking Lagrangian (the S chbi
term) as compared to the expressions given in Ref. [161]; this additional term in the
superpotential is required for the inverse seesaw mechanism to work. Moreover, if
we assume R-parity conservation, then the S¢¢¢g and S®P terms are not allowed
in the superpotential and also in the soft-breaking Lagrangian, i.e. the couplings
fee and pg as well as Yo, in Eq. (3.12) and the corresponding terms in Eq. (3.21)
are set to zero and yge is the only non-zero coupling in Eq. (3.12) which can be fixed
by requiring b — 7 unification at the GUT-scale. In this section, we work with this
assumption.

Now we analyze the RG evolution of the gaugino and soft mass parameters
from GUT to TeV scale. It is well known that in minimal SUSY GUTs, the (-
function for the gaugino mass is proportional to the g-function for the corresponding
gauge coupling [157]. Explicitly, the RGEs for the gaugino mass parameters are

given by

dM; b;
L= M, q?
dt 872 Ji

(3.22)
where the -function coefficients in our SUSYLR model are given by Eq. (3.9). This
implies that the three gaugino masses, like the three gauge couplings, must unify at

Q) = Mg. In order to solve Eq. (3.22), we adopt the universality hypothesis at the

GUT scale (as in typical mSUGRA type models) [82]

M1 = M2L = M2R = M3 = may/2, (323)
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together with the initial condition

91 = G, = Gor = 93 = dmay, (3.24)

where oy is given by Eq. (3.11). Using these initial conditions, we can obtain the
running masses for the gauginos at TeV scale, starting with a given value m/, at
the GUT scale, as shown in Fig. 3.4 for an illustrative value of m;,, = 200 GeV. The
value of Mj increases, since it has a negative g-function, while the other gaugino
masses decrease as we go down the energy scale. Thus the gluino is much heavier

than the other gauginos at the weak scale.

400 | | I I I I I
T M3 _
- _

250

200

Mass [GeV]

150

100

50 |

0 1 1 1 1 1 1 1

t [log,o(GeV)]

Figure 3.4: RG evolution of gaugino masses from GUT to TeV scale for m, /o = 200

GeV.

The one-loop RGEs for the soft SUSY-breaking mass parameters are given in
Appendix C. As initial conditions, we assume universality and reality of the soft

fermion and Higgs masses at the GUT-scale, i.e.

(mé)” - (m2QC>z’j - (m%)w - (mic)ij = mgéija
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2 2 2 2 _ 2
Mpe = Mpe = Mgy, (mq>)ab = Mg, 0ab,

(m%)aﬂ = Mm% dap (3.25)

Note that in principle, we can choose a different mass scale for the Higgs bidoublets
and even different generations of fermions as well. The only constraint due to the
SO(10) symmetry requires us to have the same mass for each generation of fermions.
Also note that all the off-diagonal soft SUSY breaking scalar masses have been set
to zero. The inter-generation mixing at the low energy scale then occurs only via
the superpotential Yukawa couplings. With these initial conditions, we solve the
coupled RGEs for the soft masses given in Appendix C, along with the Yukawa
RGEs given by Egs. (3.14) and (3.15) to get the running soft masses at the low
scale.

Fig. 3.5 illustrates such a scenario for the choice my /5 = 200 GeV, mg = mg, =
mg, = 1.2 TeV and mg, = 1.27 TeV. We have chosen the SL¢¢ coupling yg = 0.7
to achieve a realistic fermion mass spectrum, and in particular, the b — 7 unification
at the GUT scale. Note that the RH slepton masses evolve much more rapidly than
their LH counterparts due to this large coupling ys. The value of mg, is chosen
such that all the other eigenvalues (especially m%g and m?%) remain positive at the
TeV scale. Note that the low energy values of mig and m% are of order (10 GeV)2.
However the physical masses of these particles also receive a contribution from the
(¢5) which pushes the masses upto a TeV scale. As far as the squark masses are
concerned, they evolve more than the slepton masses due to the strong interaction

loop contributions to their RGEs. The small intra-generational mass splitting is
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Figure 3.5: Evolution of the scalar mass parameters for m/, = 200 GeV, my =

Mg, = M, = 1.20 TeV, mg, = 1.27 TeV and yg = 0.7. For the scalar masses, we

actually plot sign(m?) - ,/|m2|, so that the negative values on the curves correspond

to negative values of m?2.

due to the differences in their electroweak interaction. We can see clearly that at
the weak scale, the values of mig and mg, are negative, thus triggering the SU(2)r
and electroweak symmetry breaking respectively. Note that we need not have both
the bidoublet mass squares to be negative, as one negative value will induce the
symmetry breaking via the cross terms of the type ®;®, in the Lagrangian.

We also verify that the low-energy values of the sfermion mass square matrices
satisfy all the FCNC constraints [77], due to the smallness of the off-diagonal entries.

As an example, we give the values here for the parameter values shown in Figure 3.5:

1.63 x 108 —1.45 x 10' +8.64 x 10'4 —4.79 x 102 + 3.57 x 10%;
m?g = —1.45 x 101 — 8.64 x 10'4¢ 1.63 x 106 —2.31 x 10* + 1.68: GeV?,
—4.79 x 102 — 3.57 x 103% —2.31 x 10* — 1.68: 6.51 x 105
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1.58 x 106 —1.45 x 101 +8.64 x 1015 —4.79 x 102 + 3.57 x 1034

mye = —1.45 x 10" — 8.64 x 104 1.58 x 106 —2.31 x 10* + 1.68: GeV?,
—4.79 x 102 — 3.57 x 1034 —2.31 x 10* — 1.68¢ 5.99 x 10°
1.39 x 106 —7.28 +8.39 x 10%4 —2.59 x 102 4 3.45 x 1033
mi = —7.28 —8.39 x 10%; 1.39 x 108 —1.25 x 104 +7.45 x 10~ 14 GeV?,
—2.59 x 102 — 3.45 x 103 —1.25 x 104 — 7.45 x 10~ 14 8.66 x 10°
3.81 x 10° —7.18 4+ 8.24 x 10% —2.57 x 102 4 3.41 x 103§
mi. = 718 — 8.24 x 1014 3.81 x 105 124 x 104 +7.75 x 10-1; | GeVZ.
—2.57 x 102 —3.42 x 103 —1.24 x 10* —7.75 x 10~ 14 5.00 x 103

3.4 Embedding into SO(10) GUT

In order to embed the inverse seesaw mechanism into a supersymmetric SO(10)
theory, we have to break the (B — L) symmetry by using a 16 @ 16 pair rather than
a 126 @ 126 pair of Higgs representation. In this context, there are two symmetry

breaking chains that are particularly interesting:

1. S0(10) ¢ 3,2, 25151 25 3,2, 1, (MSSM)

Msusy 3.2, 14 (SM) 2% 3.1, [153)]

2. 50(10) 2% 32,2515 % 3,2,1,, 15 ~2 3,2,1y (MSSM)

Msusy 3. 2,14 (SM) 2% 3.1, [163)]

In this paper, we consider only the former (and simpler) case of SO(10) breaking
chain. We also need at least two 10y and a 455 to have a realistic fermion mass
spectrum. With this minimum set of Higgs multiplets {10y, 16y, 164, 454},

several SO(10) models have been constructed [164]. All these models require various
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dimension-5 operators to get right fermion masses: in principle, they are also present
in our model. However, most of them e.g. %162-163- 16516y, are suppressed by the
factor Jj\\/l/[Ti ~ 10715 as the 16y Higgs acquires only TeV-scale vev. The only other
dimension-5 operator that can make significant contribution to fermion masses is

n,
M

16,16;105455; we assume its effects to be small in our model and keep the
dimension six operator

{2216i16j10H45H45H (3.26)

This operator is suppressed only by (%)2 ~ 107* as the 45 acquires a vev at the
scale Mg and plays an important role in the fermion mass fitting given below.

The fermion mass splitting is obtained by the completely antisymmetric com-
bination of the operator given by the expression (3.26), i.e. in the notation of
Ref. [165]

(1| BIL Tl ] Ay A @ |14 (3.27)

with B = ][] T, and [...] denoting the completely antisymmetric combination.
pn=odd
Here @ and A denote the 10y and 45y fields respectively. When the following vevs

are Non-zero:
(@g,10) #0, (A123456) # 0, (3.28)

this antisymmetric combination acts as an effective 126 operator which gives the
mass relation m, = —3m, and m, = —3m,, due to the vevs (4;;), while m, and
mg are split in the usual manner by the two 10y vevs, (¢g10). To obtain a realistic
fermion mass spectrum, we construct the following model using the Higgs multiplets

{10y, 45y, 545}. The SO(10) symmetry breaking to 3.2,2r15_y is obtained by
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a combination of the 455 and 54y, with the following vevs in an SU(5) basis:

(45) « diag(a,a,a,0,0),

(54) o diag(2a,2a,2a,2a,2a,2a, —3a, —3a, —3a, —3a) (3.29)
In this model, the fermion mass matrices at the GUT-scale have the following form:
M,=h,+f, My=hg+f, M,=hg—3f, Mp=hy,—3f (3.30)

where the h,, 4 matrices come from the usual Yukawa terms h;;16,16,104(10%;) and
the f matrix comes from the 455 contribution given by the expression (3.26), where
we have assumed the same coupling for both the 10y fields. The tilde denotes the
normalized couplings with mass dimensions where the vevs have been absorbed.
We know the nine eigenvalues of the quark and charged lepton mass matrices at the
scale M from our RG analysis in the previous section [cf. Egs. (3.19)]; however, we
have 18 unknowns (for 3 hermitian matrices) to fit into Eq. (3.30). Hence a unique
fit is not possible; we just give here one sample fit that is consistent with all the
masses and mixing at the GUT scale obtained from the RGEs.

We work in a basis in which the charged lepton mass matrix is diagonal, i.e.

me(Me) 0 0 0.0004 0 0
M. = 0 m,(Mg) 0 = 0 00911 0 GeV
0 0 m,(Mg) 0 0  1.7096

This immediately implies from Eq. (3.30) that
has = 3fy. (i #)) (3.31)
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For simplicity, let us choose the f-matrix to be diagonal. Then Eq. (3.31) implies

that hg is also a diagonal matrix. We also have the following relations:
iLd,aa + faa = Mgy, Bd,ﬂﬂ - S.fﬁﬁ = Mg (332)

where m, = (mgq, ms, my) are the eigenvalues of M, and mg = (m., m,, m,)

the eigenvalues of M,. These six equations (3.32) now fix the hy and f matrices

completely:
 (mg —me) 0 0
[ o= 0 (ms —my) 0
0 0 7 (my —ms)
225x 1074 0 0
= 0 —0.0162 0 GeV,
0 0 —0.0001
1 (3ma + me) 0 0
ha = 0 L (3m, +my,) 0
0 0 T (8my +m,)
0.0011 0 0
= 0 00425 0 GeV (3.33)
0 0  1.7093

The h, matrix can now be determined by fitting to M,, which, in this basis, is given

by

M, = VCKMMSiagVéKM
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0.0120 0.0384 — 0.0103i  0.038 — 0.4433i
= | 0.0384 4 0.0103i 0.2280 1.8623 + 0.0002i | GeM3.34)

0.038 4-0.4433: 1.8623 — 0.0002: 77.7569

Then from Eq. (3.30) the h, matrix is given by

0.0118 0.0384 — 0.0103i  0.038 — 0.4433i
ha = | 0.0384 + 0.0103i 0.2442 1.8623 + 0.0002i | GeV  (3.35)
0.038 + 0.4433i  1.8623 — 0.0002; 77.757

Hence the Dirac neutrino mass matrix is given by
0.0111 0.0384 — 0.0103z 0.038 — 0.4433:
Mp = | 0.0384 4 0.0103i 0.2928 1.8623 + 0.0002; | GeV  (3.36)

0.038 + 0.44337 1.8623 — 0.0002: T77.7573

It may be noted here that even though the specific form of the Dirac neutrino
mass matrix may depend on the choice of the particular basis we have chosen, the
individual values of the matrix elements are more or less fixed by the up-type quark
mass values, due to the mass relation (3.30), and hence, do not depend on the basis
so much. Therefore, all the predictions of the model that follow from the form of
Mp given by Eq. (3.36) will be independent of the initial choice of our basis, upto
a few %. We will use this Dirac mass matrix in phenomenological studies as a
representative value for our model.

With this Dirac neutrino mass, we can easily fit the observed neutrino oscil-
lation data in Table 1.3 by fixing the singlet mass matrix ug in Eq. (3.5). As an
example, for a normal hierarchy of neutrino masses, and assuming a diagonal de-
generate structure for the RH neutrino mass matrix My with eigenvalue 1 TeV, we
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can fit the observed neutrino oscillation data in Table 1.3 for the following choice of
Hs:

—1.5934 4+ 0.02831  0.2244 — 0.00631  —0.0044 + 0.0092i

ps = 0.2244 — 0.0063i —0.0322 +0.0012i  0.0006 — 0.0013i | GeV (3.37)
—0.0044 + 0.0092i  0.0006 — 0.0013i (4.0 + 5.1i) x 107>

Note that this can be regarded as one drawback of the inverse seesaw mecha-

nism as pg is an arbitrary mass matrix, and hence, we lose the predictability in the

neutrino sector, unlike other seesaw schemes embedded in SO(10) GUT. However,

recently there has been some progress in ameliorating this situation in inverse see-

saw by using some discrete symmetries [166] though its validity in SO(10) GUT is

yet to be tested.

64



Chapter 4
Low-Scale Leptogenesis

4.1 The General Framework of Leptogenesis

Leptogenesis [143] is an elegant framework to understand the origin of matter-
antimatter asymmetry of the Universe [39]. Another attractive feature of this mech-
anism is that this is the cosmological consequence of the seesaw mechanism [88] and
is intimately related to the Majorana nature of the neutrino masses. In particu-
lar, successful leptogenesis yields an upper bound on all light neutrino masses of
0.1eV [167] which could be tested by future laboratory experiments and also by
cosmology.

In the standard paradigm of leptogenesis (for reviews, see e.g. Ref. [144]), the
three Sakharov conditions [41] for dynamically generating the baryon asymmetry

(see Section 1.2) are satisfied as follows:

1. The heavy RH neutrinos (required by seesaw mechanism) decay into lepton
and Higgs doublets to produce lepton number violation, which is transferred to
baryon number violation through (B L)-violating sphaleron interactions [168,

143].

2. CP violation also occurs in the decays of the heavy neutrinos through their
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Yukawa couplings. The CP asymmetry parameter is defined as

 TaT(N; = £,91) = 3 T(N; — 16 ®) (4.1)
T SLT(N: = (@) + 2, T(N; — (@) '

where oo = e, u, 7 is the flavor index. This parameter can be computed from
the interference between the tree-level diagram and the two one-loop diagrams,
namely the vertex correction and self-energy diagrams, as shown in Figure 4.1,

which yields [169]

1 2ypIm [(yTy)?j] <M12Vj>7 (4.2)

R S SN E M2,

where f(z) = /x {1 — (1+x)log (HTI)} is the Fukugita-Yanagida loop func-

tion [143].

Figure 4.1: The Feynman diagrams for the L-violating decays of the heavy RH neu-

trino. Note that we need at least two of them to produce a non-zero CP asymmetry.

3. The out-of-equilibrium condition is provided by the expansion of the universe
when the L-violating interaction rates become slower than the Hubble expan-

sion rate. Thus a naive out-of-equilibrium condition is

FDJ‘ < H(T = MNi), (43)
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where I'p ; is the total decay rate of the heavy neutrino N;,

N ! v zzM i
Ppi= Y T(Ni = la®) + DTN — o) = WS)WN (4.4)

and H is the usual Hubble expansion rate of the universe,

2

T
H(T) = 1.66932]\7Pl (4.5)

where g, is the number of relativistic degrees of freedom in the thermal bath [170].
A more sophisticated way to parameterize the out-of-equilibrium condition is

through the decay parameter K; [171]

I'p
H(T = My,)

K; (4.6)

The parameter range for which K < 1 is known as the “weak washout” regime
and K = 3 is known as “strong washout” [171]. Eq. (4.6) can be conveniently

expressed in terms of two mass parameters [172]:

U 8mv? (yTy)u»vQ

m; = —5Ip;=——,
M3 My,
8 2

m. = —_H(T = My,) ~1.08 x 1073 eV (4.7)
M3,

Both these masses are of the order of the light neutrino masses. m, is known
as the “equilibrium neutrino mass” and m; is known as the “effective neutrino

mass” which should be larger than the lightest neutrino mass [173].

4.1.1 The Boltzmann Equations

The theory of leptogenesis is very similar to classical GUT baryogenesis [170],
where the departure from thermal equilibrium is provided by some heavy particle
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decay resulting in the deviation of its distribution function from the equilibrium
value. This non-equilibrium deviation is usually computed by solving the classical
Boltzmann equations [174]. Here we only discuss the “vanilla leptogenesis” scenario
in which the baryon asymmetry is thermally produced by the decay of heavy singlet
neutrinos.

The various relevant processes' for the out-of-equilibrium distribution are [176,

177):
1. Decays and inverse decays: N; < ¢®' and the conjugate process N; < (.

2. AL = 2 scattering processes (® « {'®! (s-channel) and ¢/ < ®'®" (u- and

t-channel) mediated by N;.

3. AL = 1 scattering processes mediated by Higgs (e.g. (N; < Qst) and gauge

bosons (e.g. {N; < ®TV).

The decay process was shown in Figure 4.1, and the other processes, collectively
known as the “washout processes” are shown in Figure 4.2. Neglecting the thermal

corrections [176], the Boltzmann equations can be written as [169, 177]

Ny,
ddzf“ = —(D; + S;)(Ny, — N3, (4.8)
Np—

d de L= N e(Di+8)(Ny, — N3y — Np_ W, (4.9)

2
where z = My, /T, N; being the lightest heavy neutrino. Ny, and Np_; are the
number densities (abundance per RH neutrino) in a comoving volume containing one

photon at temperature 1" > M, so that the relativistic equilibrium number density

'We have neglected the spectator processes [175] for simplicity.
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Figure 4.2: The Feynman diagrams for the washout processes: inverse decays, AL =
2 and AL = 1 scatterings. There are also t-channel contributions to the last diagram,

as well as those involving gauge bosons.

is given by Ny!(z < 1) = 3/4 [170]. The decay term D; = T'p;/(Hz) accounts for
both decays and inverse decay, whereas S; represents the AL = 1 scattering. The
decays also yield the 1st term in Eq. (4.9) which is the source term for generating the
B — L asymmetry. All the other processes, namely the inverse decay and AL = 1,2

scatterings contribute to the total washout, denoted by W.

4.1.2 Baryon Asymmetry

The final B — L asymmetry can be obtained by solving the Boltzmann equa-

tions, Eqgs. (4.8) and (4.9) [170]:

NL . (2) = NL_,exp <— Z/: dg’m(z/)> + iZemf(z), (4.10)

where NL,_; denotes any possible pre-existing asymmetry at the onset of leptogenesis
at z = z;. In the strong washout regime, such initial asymmetry is completely erased
before the lightest heavy neutrino decay [167], and hence, the final asymmetry is
independent of the initial conditions. On the other hand, in the weak washout
regime, the final asymmetry does depend on the initial conditions; however, in the
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standard “thermal leptogenesis” scenario, it is usually assumed that N, = 0 [171].

The B — L production from the decay of NN; is expressed by the final efficiency

factor k! = k;(2z — o0) [178] in Eq. (4.10) which is given by

4 oo D'(Z/) dNN ?
() = 4 A foxp [ — 42" W (2" 411
" =35 L ¥ b 8.0 do eXp( X[ awiE) @

Eq. (4.11) is normalized such that x! — 1 in the limit of thermal initial abundance
of the heavy neutrinos, Ny, = Ny' and no washout (W; = 0); in general, for
Ny, < Ny, kb < 1.

The final baryon asymmetry, which is to be compared with the measured value

at recombination, Eq. (1.23), is given by [171]

_§asph
nB = 1/

NL_, (4.12)

where ag,, = Np/Np_r, accounts for the fraction of B— L asymmetry converted into
baryon asymmetry by sphaleron processes, and its value is 28/79 if the electroweak
sphalerons go out of equilibrium before electroweak phase transition [179]2. f =
NI*¢/N} = 2387/86 [170] is the dilution factor for the photon number density from
the onset of leptogenesis till recombination. Using these values for as,, and f in
Eq. (4.12), and ignoring the N5 ; term in Eq. (4.10), the final baryon asymmetry

is given by

np ~0.96 x 10723 ¢! (4.13)

2If the sphalerons remain in equilibrium until slightly after the electroweak phase transition,
asph = 12/37 [180]. Both the values are of order 1/3 and, for definiteness, we use the previous

value.
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4.1.3 Lower Bounds on RH Neutrino Mass and T}cheat

Comparing the theoretical prediction for the baryon asymmetry, Eq. (4.13),
with the measured value, Eq. (1.23), we obtain the required CP-asymmetry (assum-

ing that only the lightest heavy neutrino N; decay contributes significantly):
-1
EVMAP ~ (6.4 x 107) (K1) (4.14)

The maximal CP-asymmetry [181] in general depends on the mass of the heavy
neutrino My, , the effective neutrino mass m; [cf. Eq. (4.7)] and the light neutrino
mass spectrum. For a normal hierarchy of neutrino mass with m; = 0, the maximal

CP-asymmetry is only a function of My, and is given by [182]

3 My, \/AmZ,, M \VAM2,
e (Mp,) = o LN 10_7< Al ) ( - (4.15)

167 V2 109 GeV 0.05 eV

Comparing Eqs. (4.14) and (4.15), and using the atmospheric neutrino oscillation
mass parameter from Table 1.3, we obtain an absolute lower bound on the heavy
neutrino mass for successful vanilla leptogenesis, known as the Davidson-Ibarra

bound [182]:

My, > Mp™ ~ 4 x 10° GeV (4.16)
This translates into a lower bound on the initial temperature of leptogenesis,

T > T2 ~ 1.5 x 107 GeV (4.17)

The main point is that for hierarchical heavy RH neutrinos, leptogenesis makes
it impossible for them to be observed at colliders. Moreover, assuming a period of
inflation [183] at early states of the expansion, the minimum initial temperature 7"

71



that allows for successful leptogenesis can be identified with the minimal reheating
temperature T, after inflation [170]. This leads to the “gravitino problem” [184]
in local supersymmetric theories, as the abundant production of gravitinos during
the reheating phase may overclose the universe. If the gravitino is the stable LSP, as
in most supergravity models, in order for it not to exceed the DM relic abundance,
the reheat temperature should be below 107 —10° GeV [185]; on the other hand, if the
gravitinos are unstable, their decay during or after BBN may lead to a large entropy

production which puts stronger bounds on the reheating temperature, Trepear < 10°

GeV [186].

4.2 Resonant Leptogenesis

As we discussed in the previous section, the vanilla leptogenesis scenario is
not compatible with supergravity. On the other hand, from the point of view of
the seesaw mechanism itself, one can envisage the new physics scale to be anywhere
between TeV to 10* GeV. Hence, it is interesting to explore the possibilities of a
“low-scale leptogenesis” which could be tested at the LHC. Several ways to relax
the constraints of leptogenesis and to overcome the gravitino problem have been
proposed in the literature [144]. Here we focus on one such possibility, namely
the enhancement of the CP asymmetry by allowing the RH neutrinos to be quasi-
degenerate; this mechanism is known as the “resonant leptogenesis” [187].

The idea of resonant leptogenesis came from the observation that self-energies

dominate the lepton asymmetry provided |My, — My,| < My, , [188]. It leads to
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important qualitative as well as quantitative differences from the vanilla leptoge-
nesis scenario discussed earlier. For example, flavor effects [189] due to neutrino
Yukawa couplings play an important role here. Also, we have to include the heavy
neutrino width effects in order to obtain a well-behaved analytic expression for the
CP asymmetry. The CP asymmetry generated during the decay N; — £,®' (and

its conjugate process N; — £,®) is now given by [190]

1 [y (Ssuts)] , Im [0y (Sevisuis)]
e 8 J#i { >y [y ? 0t 2 lyinl? K 19

where fV is the L-violating self-energy and vertex loop factor and f¢ is the L-
conserving self-energy loop factor. In the quasi-degenerate limit of the (4, 7) pair,

namely My, ~ My, only the self-energy correction is relevant and
Fi9 o i f - = £ (1.19)

with [191]

self (M]2V] _ M]2\/'1)2 + (MNij _ MNL-Fi)27 .

where I'; ~ I'; is the width of the quasi-degenerate pair.
Similarly, the efficiency factors receive separate contributions for each degen-

erate N;, and the final efficiency is given by

J

ki (2 — 00) ~ K (Z Kja) : (4.21)

where the function x(K;) is defined as [171]

w(K) = Klzj(Kl) 11— (—;KlzB(Kl)ﬂ , (4.22)
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where zp is the central value around which the effective B — L asymmetry is gener-

ated (for zp —2 < z < zp +2) [192]:

2.5
zp(K1) ~ 2 + 4K Bexp (—K1> . (4.23)

and the decay parameter K; is defined in Eq. (4.6).

The final B — L asymmetry is then given by

Np_p = Za: [(Z 62’0{) K (zjj Kja)] (4.24)

Note that the sums ¢ and j run over all degenerate heavy neutrinos NV, ;, i.e. if all 3
of them are degenerate, then i, j = 1, 2, 3, whereas if only N; and N, are degenerate,

then i, =1, 2.

4.3 Low-scale Leptogenesis with LR Symmetry

Theoretically, it will be nice to have an understanding of the quasi-degeneracy
of the RH neutrinos in resonant leptogenesis. In seesaw models for RH neutrinos, a
higher gauge symmetry, e.g. B— L, is usually called for to make the model “natural”.
An attractive gauge symmetry that embeds the B — L symmetry and also provides
a way to understand the origin of parity violation in low-energy weak interactions
is the Left-Right (LR) gauge group SU(2), x SU(2)r x U(1)p_r, [98]. As discussed
in previous chapter, in addition to providing a compelling reason for the inclusion
of the RH neutrinos to guarantee anomaly cancellation, in the type I case, it can
also be used to understand why the seesaw scale is so much lower than the GUT

scale, whereas, in the inverse seesaw case, it stabilizes the zeros in the (v, N¢,J5)
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mass matrix that leads to the doubly-suppressed seesaw formula. An important
question that arises in these models is: What is the scale of parity invariance? In
particular, if it is in the TeV range and if at the same time leptogenesis generates
the desired matter-anti-matter asymmetry, then the LHC could be probing neutrino
mass physics as well as shed light on one of the deepest mysteries of cosmology.
Since Sakharov’s out-of-equilibrium condition [41] must be satisfied in order
to generate a baryon asymmetry, the existence of new interactions inherent to the
LR models make it a nontrivial task to check whether a TeV-scale Wx, Z’ is indeed
compatible with leptogenesis as an explanation of the origin of matter. Specifically,
the efficiency of leptogenesis crucially depends on the number of RH neutrinos that
decay out of equilibrium to produce a leptonic asymmetry. As discussed earlier in
this chapter, this number is set by two things: First, it depends on the relative
magnitudes of the decay rate and the (CP-conserving) gauge scattering rates of
the RH neutrino, since this can lead to a dilution of the number of “useful” RH
neutrinos. Second, the washout processes, primarily inverse decays, should drop out
of equilibrium early enough, otherwise the number of RH neutrinos gets suppressed

at an exponential rate.

4.3.1 With Type I Seesaw

The above issues have been analyzed for the type-I case within LR symmetric
models [145] as well as only (B — L) models [146]. It was found that for the full LR

models with TeV-scale parity restoration and RH neutrino masses, gauge scattering
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rates induced by Wg exchange largely dominate the decay and inverse decay rates
because the Yukawa couplings are small for the standard type-I seesaw at the TeV
scale. These facts lead to a huge dilution of the number of RH neutrinos which decay
out of equilibrium and in a CP asymmetric manner. Moreover, the gauge scattering
interactions also wash out lepton number at a very large rate, much larger than
the inverse decays. Altogether, these two effects lead to a very stringent constraint
on the mass scale of Wy for successful leptogenesis, My, > 18 TeV [145], which
would imply that the discovery of a Wx at the LHC is incompatible with thermal
leptogenesis as the origin of matter. On the other hand, in the case of a simple
(B — L) theory, successful leptogenesis only implies that Mz > 2.5 TeV in the
“collider-friendly” region of parameter space where the RH neutrino mass is less
than half the Z’ mass [146]. We note that there exist bounds on the Wx mass from

low energy observations [194] and they allow Wg mass to be as low as 2.5 TeV.

4.3.2 With Inverse Seesaw

In this section we summarize the main features of leptogenesis within the class
of LR inverse seesaw models discussed in Chapter 3 [147]*. We want to make it
clear that while we have used the SO(10) framework to make the results definite
and somewhat more predictive, our discussion is very general and applies also to the

case of TeV-scale Left-Right symmetry without grand unification and even without

3For a discussion of low scale leptogenesis in an SO(10) model where only the doubly charged

Higgs boson is in the TeV range, see Ref. [193].

4For other low-scale leptogenesis scenarios in inverse-seesaw-related frameworks, see Ref. [195].
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SUSY.

Two features distinguish the inverse seesaw mechanism from the type-I seesaw:
(i) the Dirac Yukawa couplings of the RH neutrino N can be much larger (~ 107! —
1072) than for the type-I case (where they are typically of order ~ 107 for TeV-scale
RH neutrino masses) and (ii) the lepton-number-violating parameter (the Majorana
mass f1g of the left-right singlet lepton .S, which measures the “pseudo-Diracness” of
N) is much smaller than the Dirac mass of N. As a result, first, the decay rate of N
can be much larger than the W5 exchange scattering rate at the baryogenesis epoch,
and second, the wash-out processes are suppressed by the small Majorana mass pg.
Consequently, we find that both the Wg and Z’ can be in the TeV range and hence
accessible at the LHC [147]. This result should make the case for searching the Wx
and Z" at LHC stronger [116, 196, 197, 198].

Note that in inverse seesaw models, the quasi-degeneracy of the RH neutrinos
are natural since they are related to the smallness of the Majorana neutrino mass and
they become exactly degenerate in the limit of massless neutrinos. We expect that
the lepton-number-violating washout will also go to zero in the limit of vanishing
is. As a matter of fact, as explicitly shown in Ref. [199], the all-important AL = 2

washout process (@ — (®' vanishes as 02, with

_ M= My

5’i )
I; I;

(4.25)

where T'; is the total decay rate of N; into lepton and Higgs (and antiparticles), and

M, ; are the masses of the quasi-Dirac RH neutrino pair N; ; (with I'; ~ I';). Note

that we denote by M; (i = 1,...,6) the heavy neutrino mass eigenvalues. As shown
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in the Appendix D, the leading order contribution to the mass splitting for each
quasi-Dirac pair comes from the diagonal elements of the pug matrix. Therefore, as
expected, the washout tends to zero in the limit of vanishing pg. The suppression
of the washout can be shown to occur through the destructive interference of one
member of a quasi-Dirac pair with the other [199]. It is instructive to show numeri-
cally how the washout is kept under control in this family of models with more than
one pair of RH neutrinos. Plugging in numbers, we find that with Yukawa couplings
of order 107! and a RH neutrino mass of order 1 TeV, the decay parameter K in
Eq. (4.6) is of order 10'2, which would naively imply strong washout! However, the
suppression of the washout is also very large, being proportional to §% with § < 1
due to the smallness of g, as required to get the right scale for the light neutrinos.
Specifically, for the example of Eq. (3.37), we find that § ~ 107° and therefore the
effective decay parameter K ~ §2K ~ 100, which is reasonably small.

In the LR model we are considering, there are other processes contributing to
the washout of lepton number, for instance, Nregr < urdr. More precisely, this
process destroys RH lepton number, but in the temperature range of interest to
us (TeV scale) every individual RH lepton flavor equilibrates with the LH lepton
flavor one, thanks to the Yukawa interactions. Does this process also turn off in
the limit of lepton number conservation? It can be easily shown that, including
the production of the RH neutrino by an inverse decay, followed by the scattering
process mentioned above, there is also a destructive interference within the quasi-
Dirac pair which leads exactly to the same kind of §%-suppression as for the process
(D — (DT
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Another feature of inverse seesaw models is that they typically lead to lepton
flavor equilibration [200] because of the large Yukawa couplings. More precisely, it
can be shown that the process ¢, ® < (3P, which does not change lepton number,
but changes lepton flavor, is deep in thermal equilibrium for the TeV temperatures
(see, for instance, Ref. [192]). Consequently, the Boltzmann equations for leptogen-
esis can be written as only one equation for the sum of the lepton flavors [200]. In
other words, flavor effects [189] are not important in our framework.

The CP asymmetry is given by Eq. (4.18). Note that this was derived as-
suming heavy neutrino mass eigenstates. Therefore, it is necessary to make a basis

transformation from the “favor” basis where

0 My
Mgy = , (4.26)
M ps/2
to the diagonal mass basis with real and positive eigenvalues M; (i = 1,2,...,6),

grouped into three quasi-degenerate pairs with mass splittings in each pair of order
trre (K =1,2,3). Analytically, the exact diagonalization of the full 6 x 6 mass matrix
Mgy to get a closed form expression for the Yukawa couplings, 4;., in terms of the
known parameters, namely Mp, My and pg, is extremely involved. In Appendix
D, we show the analytical expressions up to first order in ug for some simpler cases
with only two quasi-Dirac pairs and show explicitly that the CP-asymmetry indeed
vanishes in the L-conserving limit pug — 0, as expected. For the general case with
three quasi-Dirac pairs, we numerically evaluate the CP-asymmetry in the next
section. We note that the three-pair case reduces to the two-pair case discussed
in Appendix D if one of the masses is much heavier than the other two and hence
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decouples from the rest.

For numerical results, the Yukawa couplings are fixed by the SO(10) symmetry.
The pg matrix can be deduced from the knowledge of the light neutrino masses and
mixing angles as a function of the RH neutrino mass matrix My, which can be
taken to be diagonal without loss of generality. Varying the RH neutrino mass
eigenvalues input then leads to different pg matrices, keeping the light neutrino
mass matrix such that its mass eigenvalues and mixing angles satisfy the neutrino
oscillation data within 30. Once we know the explicit form of the RH neutrino mass
matrix given by Eq. (4.26), we can define the quasi-Dirac pairs by transforming to
a basis in which this mass matrix is diagonal with real and positive eigenvalues.
We then calculate the CP-asymmetry and efficiency factors for the decay of the
lightest RH neutrino pair and scan the parameter space to match the calculated
baryon asymmetry (Eq. (4.13)) with the measured value (Eq. (1.23). Note that we
only consider the asymmetry generated by decay of the lightest RH neutrino pair
as the asymmetry generated by the heavy pairs is washed out very rapidly (due to
large exponential suppression), and for these washouts not to affect the asymmetry
generated by the lightest pair, we require the lightest pair to be at least 3 times
smaller than the next heavy pair [201].

To calculate the efficiency factor given by Eq. (4.11), we first write down
the thermally averaged rates for N — (® decay and the corresponding inverse

decay [171]:

D(K;,2) = 28}(,2
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1
WID(KZ‘,Z) = ZKZ,Cl(Z)ZS (427)

with I, a = 1,2 denoting the modified Bessel function of the ¢th type. The
thermally averaged rate Dy, for the Wx-mediated N-decay, N — lqrQpy, is given

by
Dy, (2) = X (4.28)

where njy is the RH neutrino equilibrium number density, nyl(z) = 3n,(z) Ny (2)

with n, = 23(23) T3, and ~yy is the reaction density:

(Wr) eq lCl(Z> F(WR) 2
et 2 9 4. 9
N nN( )ICQ( ) N ( )

where FE\EVR) is the total three body decay width of N, given by [145]

Ve

39% /Mz%f p ((M?, — 3M3Z s +2s%) (4.30)
0

~ M (s — M3, )2+ M2, T3,
with the W total decay width I'y, = %MWR'

The various scattering rates Sy, z appearing in Eq. (4.11) are also defined as
in Eq. (4.28) where the corresponding scattering reaction density is related to the

reduced cross section as follows (see, for instance, Ref. [176]):

My
6474z

(ab < ed) = / °° /76 (2)C1 (24/7) (4.31)

with = s/M3 and the threshold value g, = crrmax[(mg + mp)?, (me + mq)?.
N

The reduced cross sections for various Wx exchange diagrams were computed in

Ref. [145]:
R 995 (1 — 3% + 22%)
—U 3 4 2
Onen-antal?) = ggr Mg \* Mgy )
(o) + =

81



. 99% [° (x4 u)(x+u—1)
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Here we have ignored the t-channel process NN — ¢¢ as the rate for this process
falls off very rapidly for the region of interest, viz. z > 1 [145].

The reduced cross section for the Z’ exchange diagram is given by [169]

) 13g%_ x(r —4)°
O-NNHEZ,qq('r) = 673; L M2 2 M2 (435)
)R
with the total Z’ decay width
2 2\ 3/2
9B-L AMy
[y = My |1 1- : 4.
z oy 7 3+3< M2,> ] (4.36)

Before calculating the efficiency factor, it is instructive to compare all the re-
action rates appearing in Eq. (4.11) to get a clear idea of various contributions. As
an illustration, we consider the case with the RH Majorana neutrino mass eigen-
values (3.5,3,1) TeV (as in Eq. (3.37)). The flavor-summed washout parameter for
the decay of the lightest quasi-Dirac pair in this case is given by K3 ~ 4 x 10!
whereas the effective washout parameter is given by KT ~ §2K3 ~ 168 which is
reasonable. For comparison, the corresponding values for the two heavy pairs are
KT ~ K$® = 8 x 107 which, when exponentiated in the washout term in Eq. (4.11),
leads to a huge suppression, thus making the efficiency in those channels practically
negligible. Hence, from now on, we will consider the decay of only the lightest pair.

In Fig. 4.3, we show the various thermally averaged decay and scattering rates
as a function of z = My, /T, for the above choice of the RH neutrino masses and for
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Figure 4.3: Various N decay and scattering rates (thermally averaged) as a function
of z = My, /T for a particular choice of RH neutrino masses, (My,, Mn,, My,) =
(3.5,3,1) TeV and My, = Mz = 2 TeV. The yellow shaded region is where the

asymmetry is generated.

My, = Mz = 2 TeV. The yellow shaded region shows the asymmetry production
time, approximately when zp — 2 < 2 < 2z + 2 with zp given by Eq. (4.23) °. We
note that in this range, the N — /¢® decay rate, Dyp, dominates over the three-
body decay rate as well as all the scattering rates by several orders of magnitude.
Hence in the efficiency factor, Eq. (4.11), the dilution term D/(D + S) is very close
to unity and is essentially independent of My, and Mz . The enhanced N — (®
decay rate is due to the large Yukawa couplings in the inverse seesaw scenario. We

also note that as the Wgr-mediated three-body N decay rate is much smaller than

5Here we have assumed that the production of asymmetry stops immediately after the tem-
perature drops below the sphaleron freeze-out temperature, Ty, o~ 130 GeV for a Higgs mass

mpy = 120 GeV [202].
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the N — (® decay rate, the washout term Wy, in Eq. (4.11) arising due to the
process /& — N — (q¢ which is proportional to the branching ratio of N — fq@
will be suppressed compared to the inverse decay term Wip. Thus we find that
the efficiency factor is also essentially independent of both Wx and Z’ masses for
a wide range of parameter space. Of course, the Wy and Z’ scattering terms will
start to dominate for very low values of their masses; however, we estimated this
lower bound to be well below the current collider bounds on My, and Mz which

are roughly a TeV or so [203].
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Figure 4.4: Correlation between the baryon asymmetry and the lightest RH neutrino
mass for various heavy mass pairs (Mn,, My,) in TeV. The yellow shaded region is

the observed value of ng within 20 C.L..

Fig. 4.4 shows the baryon asymmetry np as a function of the lightest RH
neutrino mass My, for different choices of the heavy RH neutrino masses (My,, Mn,)
from 1.5 — 3 TeV. The calculated value of np is to be compared with the observed

68% C.L. value, ng = (6.2 4 0.15) x 1071% [39]. Tt is clear from the figure that for a
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Figure 4.5: Correlation between the efficiency factor and the flavor-summed CP-
asymmetry for the lightest pair for various values of the heavy mass pair (My,, My,)

in TeV. The yellow shaded region corresponds to the observed value of ng within

20 C.L..

given heavy mass pair, there is a narrow range of values allowed for My, satisfying
the observed baryon asymmetry (the yellow shaded region). We note that for fixed
My, , the allowed range of My, decreases with increasing My, while for fixed My,
the allowed range of My, increases with increasing My,. Also note that when the
heavy pairs have degenerate mass, the baryon asymmetry gets suppressed (e.g. the
lower two lines in Fig. 4.4) due to the suppression in the CP-asymmetry. Finally,
we note that for a given set of heavy mass pairs, ng oc M ]\75’.

Fig. 4.5 shows the correlation between the efficiency factor and the flavor-
summed CP asymmetry for various channels. The different lines correspond to
different values of the heavy mass pair, (My,, My,) in TeV, starting from (3,1.5)

TeV at the top to (3,3) TeV at bottom. We note that for fixed My, the lines move
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down as we increase My, while for fixed My,, they move up with increasing My, .
The yellow shaded region shows the observed value of ng which is essentially the
product of £ and €, summed over all pairs. As we have pointed out earlier, only the
lightest pair contribution is significant, while the efficiency is too small for the other
two pairs.

In summary, we have shown that a TeV-scale Left-Right symmetry can be
compatible with the understanding of the origin of matter via leptogenesis provided

small neutrino masses are understood using the inverse seesaw mechanism.
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Chapter 5

Dark Matter

The existence of Dark Matter in our universe is by now well-established [45]
from various astrophysical and cosmological observations, e.g. galactic rotation
curves, spatial distribution of galaxies, gravitational lensing and CMB anisotropy.
The current relic abundance of the DM is measured by the fraction of its density

Qpm = ppom/pe where p, is the critical closure density,

3H3
pe= g = 188X 10702 gem™, (5:1)

where h is a dimensionless scaling constant used to parameterize the Hubble param-
eter today, Hy = 100hkm.s~*.Mpc™!, and its measured value is h = 0.72+0.03 [204].
The current most accurate determination of {2py; comes from global fits of cosmo-
logical parameters [204] to a number of observations (e.g., CMB, Baryonic Acoustic
Oscillations, Type Ia Supernovae) and yields Eq. (1.24): Qpyh? = 0.11040.006 [39)].

This actually refers to the relic density of “cold, non-baryonic” DM [204]:
Qeom = o — U — Q, = 0.110(6)h 2 = 0.21 £ 0.02, (5.2)

which is deduced from the total matter density Q, = 0.26(2), total “baryonic”
matter density €, = 0.044(4), and the light neutrino density €2, < 0.013.

Another important parameter in Dark Matter physics is the “local DM halo
density”, i.e. the DM density in the neighborhood of our solar system; the estimates
based on the “Standard Halo Model” give pioca = 0.3 GeV.cm™ [205].
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5.1 WIMPs

A number of possible DM candidates exist in literature [206], with masses
ranging from 107° eV to 10% GeV. However, as the observational data indicate [cf.
Eq. (5.2)], most of the DM in our universe must be “cold” (non-relativistic) and
non-baryonic. Hence, we will not further discuss about the baryonic DM candidates
(e.g. MACHOs and molecular gas clouds) and “hot” (relativistic) DM candidates
(e.g. light neutrinos). The leading “cold” DM candidates are axions [207] and
WIMPs (Weakly Interacting Massive Particles) [208]. WIMP candidates are theo-
retically motivated by the so-called “WIMP Miracle” (discussed below); also from
experimental point of view, the nature and properties of a WIMP can be directly
probed via its scattering against different target nuclei [209] as well as from indirect

signals through its annihilation in space [210].

5.1.1 Relic Density

The thermal relic density of WIMPs (henceforth denoted by x) can be calcu-
lated reliably within the standard Friedmann-Robertson-Walker (FRW) cosmology
by assuming that they were in thermal and chemical equilibrium with other elemen-
tary particles in the early universe when the temperature of the universe was larger
than the WIMP mass (m,). As the universe expands and cools to a temperature
T < m,, the equilibrium abundance becomes exponentially (Boltzmann) suppressed

—my /T

~ e until its interaction rates fall below the Hubble expansion rate, at which

point it drops out of equilibrium (“freeze out”). After freeze out, the comoving
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WIMP density remains essentially constant and can be determined by solving the

Boltzmann equation in an expanding universe [170]:

dn o)\ 2
d—tx +3Hn, = —(040a) [ni - (an> } , (5.3)

where n, is the number density of WIMPs, H = é% is the Hubble expansion rate,

a is the scale factor of the universe, and (o4v.) is the thermally averaged total

annihilation cross section times the relative velocity. n{l = (2fr)3 [d*pf(p) is the
equilibrium number density, where ¢ is the number of relativistic degrees of freedom
and f(p) is the statistical distribution function. The second term on left in Eq. (5.3)
represents a diminution of number density as the universe expands, while the first
term on right accounts for depletion due to annihilation, and the second term due
to creation of WIMPs from inverse reactions.

In the absence of number-changing interactions, the right side of Eq. (5.3) is
zero, and the solution is n, o< a™? as for a matter-dominated universe. In presence
of the right side term, there is no closed-form analytic solution; however, we can
obtain an analytic approximation to within 10% accuracy by assuming that the
annihilation cross section is energy independent. Using the freeze-out condition
that the annihilation rate I' = n, (0401 is equal to the Hubble expansion rate H =
1.66gi/ K /Mp; (which occurs at temperature Tt ~ m, /20 almost independently of

the WIMP properties), and the fact that the comoving number density n, /s remains

constant after freeze out, where s ~ 0.4¢, 7 is the entropy density, we obtain [170]

2

(3= (3 "
S / today S/ frecze—out MPlgi/zmx<0AUr61>
1 1 —27 3.1
105 ( GeV) ( 072" cm?s ) (5.4)

12

my <UAUrel>
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Using the current entropy density sy ~ 4000 cm™—3, and the critical density from

Eq. (5.1), we obtain [170]

O 2 M 3% 107%" cm®s™t 0.1 pb

X Pc <O-Avrel> <O-Avrel>

(5.5)

Thus, the relic density of the WIMP is independent of its mass (except for logarith-
mic corrections) and is inversely proportional to its annihilation cross section which
happens to be the typical size of weak interaction cross sections O(1 pb) in order
to reproduce the measured relic density, Eq. (5.2). This is known as the “WIMP
miracle”.

As noted above, the typical freeze out temperature Tt ~ m, /20 which means
the WIMPs are already non-relativistic at freeze out. Hence, the total annihilation

cross section can be written in powers of their velocities (v < 1):

(0 AVel) = a + bv* + O(v?), (5.6)

where the first term comes from s-wave annihilation and the second term from
both s- and p-wave annihilation. Hence, the simplest (energy independent) case
considered above is true only if the s-wave annihilation is unsuppressed. For s-wave
suppression case, we need to consider the velocity-dependent term in Eq. (5.6) and
the final relic density given by Eq. (5.5) has to be modified accordingly to take
this effect into account [170], which can be done with high accuracy by numerically

solving the Boltzmann equation, Eq. (5.3).
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5.1.2 LSP as WIMP

As discussed in Chapter 2, in R-parity conserving SUSY models, the LSP is
absolutely stable. If it is a color and electrically neutral massive particle, it can
serve as a WIMP candidate. The lightest neutralino is the most popular WIMP
candidate in SUSY models [72]. In fact, in MSSM, this is the only possible DM
candidate, as the other natural candidate, namely the scalar superpartner of the LH
neutrino, is completely ruled out by relic density, direct detection and invisible Z-
decay width constraints [211]. More precisely, the LH sneutrinos are weakly charged
and typically annihilate too rapidly via Z-mediated s-channel diagrams. This results
in a too small relic density [cf. Eq. (5.5)] compared to the observed value, Eq. (5.2).
In order to suppress the annihilation rate, the sneutrinos must be either very light of
order GeV [212] or very heavy of order TeV [213]. A very light sneutrino is excluded
by the measurement of the Z-invisible decay width at LEP [4] whereas a very heavy
sneutrino is excluded from constraints on the direct detection cross section (for the
latest exclusion limits, see e.g. Ref. [214]).

In the constrained MSSM, the lightest neutralino has the desired relic den-
sity given by Eq. (5.2) in a few narrow regions (for a recent updated analysis, see

Ref. [215)).

1. The bulk annihilation region which occurs at low (mg, m4 /2) where neutralino
annihilation mainly occurs via xx{ — ¢/ via t-channel slepton exchange. As
my increases, the slepton masses also increase, thus suppressing the annihila-

tion cross section and increasing the relic density beyond the observed value.
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2. The co-annihilation region where the lighter stau and other sleptons bring the
relic density into measured range . At large tan (3, this region extends into a
funnel region when 2m,, is close to the mass of the CP-odd Higgs boson so that
direct-channel Higgs resonances are dominant. There is also a narrow strip
at low my/, where the annihilation via light Higgs resonance occurs; however,

this region is already ruled out by the LHC SUSY searches [216].

3. The focus point region at large mg where the neutralino is mostly Higgsino like

(since || is small) and annihilates dominantly into WW, ZZ and Zh states.

The neutralino relic density allowed regions in (mg, m1/2) plane are narrow strips for
fixed values of Ay and tan (3 [217, 215] from which we conclude that the parameter
space for neutralino DM is highly constrained in the cMSSM.

Also, the relic density puts strong constraints on the MSSM neutralino LSP
mass. If we assume gaugino mass unification, the absolute lower limit on the neu-
tralino mass from LEP searches is 47 GeV [219]. Even if we do not assume gaugino
or scalar mass unification, the WMAP constraints, together with the LEP bounds
on chargino mass, require that m,o > 18 GeV [218]. Thus, if the WIMP DM turns
out to be as light as 5 — 15 GeV, as suggested by some recent experiments [220],
we need to go beyond the universal MSSM scenario. Since MSSM is anyway not a
complete theory and needs to be extended to accommodate observed small neutrino
masses, it would be interesting to see if these extensions can also provide viable light

dark matter candidate while satisfying both collider and relic density constraints. In

LAt large Ao, the stop co-annihilation is also important.
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this chapter, we examine [140] these issues in the inverse seesaw extension discussed

before.

5.2  Sneutrino DM in Inverse Seesaw

In this section, we focus on the supersymmetric inverse seesaw models [101]
discussed before where one adds two SM singlet fermions N and S per family to
generate small neutrino masses while still keeping the S and N masses in the TeV
range. These models give three lepton number carrying electrically neutral fermions
per family, namely (v, N, S). If a linear combination of the super-partners of these
fields turns out to be the LSP, then it could be a candidate for dark matter [136,
137, 138, 139, 140]. As discussed earlier, we consider the SUSYLR gauge group
to stabilize the zeros of the inverse seesaw mass matrix. The presence of left-right
gauge symmetry endows special dynamical properties to the dark matter particle
than other inverse seesaw sneutrino models. We showed in Ref. [140] that this
can lead to a light inelastic dark matter particle in the 5-20 GeV mass range with
the correct relic abundance and also satisfying the current XENON100 bounds for
spin-independent scattering cross section.

Working within this LR class of models, we find the following results [140]:
(i) The LSP dark matter, a linear combination of the superpartners of the new
SM singlet fermions, can have mass from a few GeV up to about 100 GeV without
running into conflict with known low energy observations. (ii) The S-fermion, which

is given a small lepton number violating mass to understand small neutrino masses,
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leads to a splitting of the above complex scalar LSP into two closely-spaced real
scalar fields?, the lighter of which (we’ll denote it by x1) is the true dark matter field
and is accompanied by its slightly heavier partner field (y2) with a mass difference
of order keV. A consequence of this is that the direct detection process involves a
dominantly inelastic scattering mode with the nucleus (N) where x; + N(A4, Z) —
X2 + N (A, Z) [141], and can therefore be tested in direct dark matter detection
experiments [222]. The inelastic property arises naturally since the gauge Noether
current coupling to the Z (and Z’ in models with extended gauge symmetries)
necessarily connects x; to xo; also, any possible elastic contribution (mostly through
the Higgs mediation) is highly suppressed due to small Yukawa couplings to light
quarks. We believe that this important point was emphasized for the first time
in Ref. [140]. (iii) The new TeV scale gauge dynamics in these models leads to
new annihilation diagrams for dark matter in the early Universe responsible for its
current relic density. (iv) Finally, we also note a collider signature which is specific
to sneutrino combination rather than the neutralino being the dark matter.

In the SUSYLR model, the sneutrino mass matrix in the basis of {7, 7°f, S }is

given by
2 2 2
m=i~ Miiser Mg
M = M=~ ' m2 ~ m2 ~ (5.7)
vivet vepet ves

T T
2 2 2
(m2s)  (mis) mig
where the various entries are described in Appendix E. The lightest sneutrino mass

eigenstate, which will be the dark matter candidate, turns out to be mostly S and

2For a similar idea connecting inelastic splitting to neutrino masse, see Ref. [221]
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with little admixtures of 7 and 7 in this model. Note that the ¥ component is
anyway required to be very small for a light DM as it is severely constrained by the
invisible Z-decay width. The 7, 7° components are crucial for the direct detection
of the DM because these are the only parts interacting with the observable sector via
gauge bosons and gauginos. However, the relic density will be mostly determined

by the S component of the DM as explained in Section 5.2.3.

5.2.1 Constraints in the v Sector

Most of the collider and flavor constraints are only on the left-sneutrino compo-
nent, vy, due to its interaction with the SM-sector. However, if we assume sfermion
mass universality at the GUT scale, some indirect bounds on the other components
of sneutrino could be derived. Assuming that only one 7 state can be lighter than

half Z mass, the Z decay width to two s is given by

. T, oM\ 2%
mz
where (Y is the fraction of LH component and I', = —Cmz__ — 167 MeV is the

247 sin? 20y

partial decay width of Z into one invisible v mode in the SM. The current bound on
the width of any additional invisible decay is 2.3 MeV (experimental uncertainty [4]).
This constrains the LH component ¢y as shown in Figure 5.1. We note here that
for a purely LH-sneutrino, the invisible Z-decay width puts a lower bound on the
sneutrino mass around 44 GeV [22]. Roughly speaking, for light mass dark matter
that contains the left sneutrino (M, < 44 GeV), the D-fraction must be less than

40%
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Figure 5.1: LH sneutrino component constrained by the invisible Z-decay width as

a function of the DM mass. Red region is the allowed domain.

5.2.2 Sneutrino as Inelastic Dark Matter

Neglecting the keV scale lepton number violation effect, the sneutrino mass
eigenstates are complex scalars in the basis of (7, N f, g), and the lightest sneutrino

eigenstate can be written as
3 — ~
Xl = Z(UT)lwﬂi + (UT)lNiNiT + (UT)lgiSi (59)

i=1

where U is a 9 x 9 unitary matrix that diagonalizes the full neutrino mass matrix

given by Eq. (3.3). When the lepton number violation is invoked, the splitting terms

9

mn=1 AmnXmXn are generated in the sneutrino sector, through the F-term [223]

potential

2

‘GW

- |2
2% = ‘NSS + YsURaV (5.10)

=5

The interference term, ysungdg I+ h.c., generates the mass splitting between the
imaginary and real part of the mass eigenstates ;.
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Up to leading order in the lepton number violating mass term pg, the mass

splitting of the lightest mass eigenstate can be written as

41A
M, = |Mll|,

X

(5.11)

where generically Ay ~ pgMgusy. If M, is also of order of the SUSY breaking scale
(assumed to be around TeV), the splitting is of order pg, and if M, is much lower
than Msysy as in some region of parameter space in SUSYLR, the splitting can be
enhanced.

A consequence of this mass splitting is that in the direct detection process, the
scattering of the DM particle off nuclei mediated by gauge bosons will be an inelastic
scattering mode. The inelastic property arises naturally since the gauge Noether
current coupling to the Z (and Z’ in this model) necessarily connects x; to xa.
Moreover, any possible elastic contribution (mostly through the Higgs mediation)
is highly suppressed due to small Yukawa couplings to light quarks, as discussed in
Section 5. Hence, a sneutrino LSP in supersymmetric inverse seesaw naturally leads

to an inelastic DM, as we pointed out in Ref. [140].

5.2.3 Relic Abundance

From Eq. (5.9), we see that the sneutrino DM is a linear combination of the
(7, Nt. S ) fields. Therefore, as shown in Fig. 5.2, its annihilation channels involve
three major contributions, one from each component. Note that the second and third

channels are the new contribution in SUSYLR. To leading order, the expressions for
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the annihilation cross sections in the s- and ¢-channel are respectively given by

o~ géL/ich S 242 <92R>4 cos'2 Oy
* T 96mcost Oy (s — M2)2+ M2TZ |0 P \gar cos? 20y
_ M2 2 M2F2 2 80
((8 2 A MG ) L e (921%) cos” O

(s — M2,)%+ M2I%, gor,) cos 20y

% (S—M%)(S—M%/)—FMZMZ/FZPZ/
(8 - M%/)Z + M2/F2Z/
yéc% SU
967 2 2 2
<M<5R MX)

Ot

(5.12)

where kf = (I35 — Qfsin®Ow)? + (Qsin? Oy )2, N. = 3(1) for quarks (leptons), v =
\/m is the speed of the DM particle in the center-of-mass frame, and ¢ 12) =
3 Uw,N,$)u 2. We note that both s- and ¢-channel annihilations in our case are p-wave
scattering, as expected from symmetry arguments. For low-mass DM (M, < 20 GeV),
and assuming ys ~ O(1) and M 3n < 500 GeV, the t-channel involving only leptonic final
states turns out to be the dominant contribution in our case (Fig. 5.3). For this reason,

we do not show the interference term between s- and t-channels for leptonic final states

in Eq. (5.12).

Figure 5.2: The dominant annihilation channels of the sneutrino DM in SUSYLR

model.

The annihilation cross section for the Z’ channel is suppressed compared to the Z-
channel by a factor (c1/co)?(Myz/Mz)*. Also, we find that the correct DM relic density
is obtained only for ¢y < 0.16, as shown in the left-panel of Fig. 5.4. This also agrees

with the invisible Z-decay width constraint (as shown by the vertical line in Fig. 5.4).
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Figure 5.3: The dominant annihilation cross sections in our SUSYLR model. We

have chosen M(;R =500 GeV and Mz =1 TeV. Also ¢y = 0.16 and ¢; = 0.5.

2
Qcomh

Figure 5.4: In the left-panel, the purple (black) points correspond to the allowed

values in the co(py-relic density plane, for the mixed sneutrino DM in our model;
the vertical line shows the upper limit for ¢y from invisible Z-width constraint. The
right-panel shows the scatter plot of relic density prediction for light LSP mass. The

horizontal shaded region is the 2¢ limit obtained from 7-year WMAP data.
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The right panel of Fig.5.4 shows the the scatter plot of the predictions for the LSP relic
density, calculated numerically using MicroMEGAS [224] taking into account all relevant
annihilation channels; we find enough parameter range where the correct relic density is

reproduced for a light DM.

5.2.4 Direct Detection

As the sneutrino dark matter (x1) in inverse seesaw is a real scalar field accompanied
by its slightly heavier partner field, it has both elastic and inelastic interaction with nuclei
in direct detection experiments.

The direct detection channel mediated by the SM-like Higgs boson is due to the
interaction term Ahoﬂ X1, where A is mainly the D-term [162] contribution which can be
simplified to (g7 + g3)vwkco/4 for MSSM and (g3, co + g3zc1)vwk/4 for SUSYLR assuming
the coupling limit of the MSSM Higgs mixing angles, i.e. large tan § and a ~ f—m/2 [225].
After invoking the lepton number violation effect, a mass splitting is generated between
x1 and X2, and the interaction term can be rewritten as %ho (x? + x3) which is clearly an
elastic interaction.

The direct detection channel contributed by gauge boson exchanges can be written

as

29
(COQQLZ“ + ClcosngRZ/“> (5.13)

2 cos Oy cos 20y

where Oy is the Weinberg angle, and in the MSSM version, only the first term exists (i.e.
¢1 = 0). After invoking lepton number violation effect, the interaction term is of the form
iZ*(x10uXx2 — X20ux1). Therefore, the collisions between x; and nucleus conducted by

gauge bosons is inelastic.
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The differential scattering rate of dark matter particle on target nucleus in direct

detection experiment can be written as

dR _ py, Py AN
dE, My JV|>vmm 20NV

F*(la))f(v) , (5.14)
where FE,. is the nuclear recoil energy, p,, is the local mass density of DM, M, is the
mass of the DM particle, o is the DM-nucleon cross section, and p,n is the reduced
mass of DM and the target nucleus. ¢ and A.g are defined as ¢ = (o, + 0,,)/2 and
Act = Yicisotopes 2rilZ cosOn + (A; — Z)sinfy]?, where r; are relative abundances of
isotopes, and tanfy = M,/ M,, M, , being the DM scattering amplitudes off neutron
and proton respectively [226]. F'(|q|) is the nuclear form factor and f(v) is the velocity

distribution of the local galaxy. v,y is the minimal velocity needed to generate the nuclear

recoil energy E,., which can be written as [141]

1 MyE,
in = 0 5.15
Umin N, < e + ) ( )

where ¢ is the mass gap, and § = 0 corresponds to the case of elastic scattering.
In the case of elastic scattering contributed by the Higgs boson exchange, oy in

Eq. (5.14) is the total scattering cross section which can be written as

N dmv2, MiH(My + My)? '

whereas in the case of inelastic scattering, o can be written as

4 4 12
M 0
&+ (ng> ( Z) S8 W (5.07)
92L Mz ) cos? 20y

4 2 272
gn 92Lkpn Myn M,
pn 4 cos* Oy M3 (M, + My p)?

where the first term in the bracket is induced by Z boson whereas the second term is due
2 2
to the Z’ boson exchange in SUSYLR. The factors k), = (% — sin® 0W> and Kk, = (%)

are due to the different coupling of the vector bosons to proton and neutron respectively.
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Figure 5.5: The model prediction for the inelastic scattering cross section of the
sneutrino dark matter off a nucleon as a function of its mass, for various choices of
the left and right sneutrino components. Also shown are the XENON100 constraints
for mass gap 6 = (0, 30, 60, 90, 120) keV which were obtained by Feldman-Cousins

method [227] using the 100 days of live data [228].

It is important to note here that for large fractions of the left sneutrino component
(co 2 1073), the scattering is mostly dominated by the Z-exchange, and is hence inelastic.
The Z’ contribution to the inelastic channel is always suppressed by its mass, and similarly,
the elastic cross section is 4-5 orders of magnitude smaller than the Z-dominated inelastic
contribution because the coupling of the Higgs to nucleon is suppressed by light quark
masses. However, for ¢y < 107* and large ¢y, the inelastic contribution, suppressed by the
Z'-mass, becomes either smaller than or comparable to the elastic counterpart. This is
shown in Fig. 5.5, where we have plotted the cross section as a function of the DM mass
for various values of ¢y and ¢;. One can see that for small ¢y and large ¢; values (blue

and orange horizontal curves), the cross section is dominated by the elastic channel for
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low mass DM and by inelastic channel (mediated by Z’) for M, 2 10 GeV, whereas for
small or zero ¢; component (pink and green curves), the scattering is always dominated
by the inelastic channel (mediated by Z). It is interesting to note here that the current
XENON data constrains most of the parameter space of the model and for large cg, puts
an upper bound on the DM mass. This can be seen clearly from Fig. 5.5 where we have
shown the XENON100 limits on scattering cross section for various values of the mass
gap, starting from zero on the left (red solid curve, corresponding to the elastic case) to
6 = 30, 60, 90 and 120 keV cases. We note that for small mass gaps of order a few keV
(as expected in this model), the XENON100 constraints leave only the low mass iDM
(below 20 GeV) open in this model. Similar constraints on the iDM mass can be obtained
using the existing data from other direct detection experiments [229], but the XENON100
constraints are found to be the most stringent.

The nuclear recoil energy in both elastic and inelastic scattering has a maximum
determined by the escape velocity of DM in the local galaxy, and a minimum determined
by the mass gap for inelastic case. Therefore, the topology of the differential scattering
rate for inelastic scattering is very different from the elastic scattering, which can be used
to determine whether the DM is inelastic or not. Furthermore, for inelastic scattering, if
the mass gap is comparable to the kinetic energy of DM, for certain nuclear recoil energy,
due to Eq. (5.15), the required velocity is pushed to the tail end of the velocity distribution
where the motion of the earth has a larger effect and therefore the DM annual modulation
signal gets enhanced.

The predicted normalized differential scattering rate and annual modulation for
Germanium- and Xenon-based detectors are shown in Fig. 5.6 with different choices for

parameters of the SUSYLR model. The mass of Z’ is taken to be 1 TeV in both cases. The
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red and blue curves are for (cg,c1) = (0.001,0.1) and (co,c1) = (0.1,0.001), corresponding
to the Z’ and Z dominance, respectively, in the inelastic scattering between DM and target
nucleus. The latter case is similar to the MSSM version of inverse seesaw. To translate the
differential rates to experimental quantities, namely the electron equivalent recoil energies
in germanium detector and the S; signal in xenon detector, we have used the quenching
factor and scintillation efficiencies from CoGeNT [230] and XENON100 [228] experiments
respectively. Omne can see from the first two plots in Fig. 5.6 that a peak shows up if
the scattering is dominated by inelastic interactions. Furthermore, one can see from the
third and fourth plots that for inelastic case, the annual modulation can be larger than
100% in some energy region. Also from the solid blue curves in the first and third plots,
one can see that the energy regions for large recoil energy and large modulation can be
separated from each other, which provides a chance to fit the anomaly observed by the
CoGeNT experiment. In these plots, Ag and Ay are the zeroth and first Fourier modes of

the differential scattering rate; for a detailed definition, see Ref. [231].

5.2.5  Comments on Indirect Detection

As noted earlier, there exists a domain in the parameter space for which the dom-
inant annihilation channel of the DM is to lepton-anti-lepton final states. The relative
branching fractions depend on the masses of the RH neutrinos and are somewhat model-
dependent. If we take the model in Ref. [120] as a guide, we expect them to be of similar
order. These dominantly-leptonic annihilation modes can, in principle, be important in un-
derstanding signals from the galactic center, radio filaments as well as WMAP haze [232].
Also the iDM capture in Sun could lead to significant flux of high energy neutrinos and/or

electron/muons [233]. However, we expect these effects to be suppressed in our model due
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Figure 5.6: The model prediction for differential scattering rates and annual modula-
tions for germanium and xenon detectors. The upper two plots show the differential
scattering rate for germanium (left) and xenon (right) detectors. The lower two
plots show the annual modulation in the same detectors. Red and blue curves are
for (co,c1) = (0.001,0.1) and (cg, ¢1) = (0.1,0.001), respectively, while the solid and

dashed curves are for (M,,d) = (10GeV, 20keV) and (50GeV, 60keV), respectively.

to the p-wave nature of the dominant DM annihilation channels. Thus the exclusion range
of 4-90 GeV for sneutrino mass from Kamiokande Collaboration [234] does not apply in

this case.
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5.2.6 Collider Signatures

There exist upper limits on the direct DM detection cross section from monojet plus
missing energy searches in colliders [235]. However, for light spin zero dark matter only
weakly interacting with the nucleons, the collider limits on the spin-independent cross
sections are weaker than the direct search bounds and our model predictions are within
these bounds.

Depending on the sparticle spectrum prediction of the model, the sneutrino LSP
can have distinctive collider signatures. This could be used to distinguish a sneutrino
LSP from a neutralino LSP in SUSY, for instance. In particular, as has been noted
in Ref. [142], sneutrino DM models in general have a characteristic LHC signal of type
PP — qq — W+ W+ dijet — charged dilepton + dijet + MET, or pp — gg — ¢q + dijet —
WW + four jets — charged dilepton + four jets + MET, which can be useful in testing the
model. In SUSY inverse seesaw models, the mass of the lightest sneutrino relates directly
to the sneutrino soft masses if all the sfermion soft masses and the chargino masses share

common origins like in most of the SUSY breaking scenarios.

5.2.7 Sneutrino LSP Parameter Space

From the form of the mass matrices as given in Appendix E, it can be seen that
for a universal gaugino mass and TeV scale vg, the sneutrino DM must be light (below
100 GeV or so), otherwise the lightest neutralino or chargino becomes the LSP. Fig. 5.7
shows the allowed mo—m /; plane for sneutrino and neutralino LSP, shaded red and green
respectively.

Requiring the lightest sneutrino to be the LSP induces a constraint that, in a large

part of the parameter space, the mass of gluino is larger than the mass of lightest squark,
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Figure 5.7: Allowed mg — my/, plane for sneutrino (red) and neutralino (green)
LSP in our SUSYLR model. Here we have assumed a mSUGRA-type scenario with

Ag =0, > 0. Also we have chosen tan = 35,tanf = 10 and vg = 1 TeV.

as shown in Fig. 5.8. In these regions, the signal from LHC is dominated by pp —
same sign charged dilepton + dijet + MET [142], as discussed in the previous section.
Furthermore, in most of the SUSY models, stop is the lightest squark, so one can also do
b-tagging for these events.

To summarize, we have shown that the supersymmetric inverse seesaw model for
neutrinos naturally leads to an inelastic scalar dark matter. Allowing for some fine tuning
of the SUSY parameters, the dark matter can be light with mass easily in the 5-20 GeV
range. A novel feature of the model is that the splitting between the LSP and NLSP
states is directly related to the lepton number violating singlet fermion mass parameter
responsible for small neutrino masses and is naturally of order of a few tens of KeVs due
to inverse seesaw constraint. In the presence of right handed gauge symmetry, the relic

density calculation is dominated by the right handed Higgsino exchange in the t-channel.
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Figure 5.8: Squark-gluino spectrum for sneutrino LSP in SUSYLR.

For reasonable values of the parameters, this leads to the desired relic DM density. The
direct detection cross section is dominated by the inelastic channel due to Z exchange.The
differential scattering rate and annual modulation for direct detection predicted in these
models might be tested in future direct detection experiments. The dark matter particle
mass is found to be strongly constrained by the current XENON bounds, and for keV scale
mass splitting for the real scalar LSP states (as required by neutrino mass constraints),
we find an upper limit of around 20 GeV on the dark matter mass. This is consistent with
the model prediction for the sneutrino LSP mass which is required to be below ~ 100 GeV
from universality arguments.

Therefore, we might be able to identify SUSY inverse seesaw if from the collider
search, we can confirm that the sneutrino is a long lived particle, and then from direct
detection experiments, we observe an inelastic WIMP from the differential scattering rate

and the annual modulation.
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Chapter 6

Signatures of Inverse Seesaw
In this chapter, we discuss various experimental signatures to identify inverse seesaw.

These include collider as well as other low-energy experiments.

6.1 Collider Signals

The heavy RH neutrinos, being SM singlets, can be produced at colliders only via
v — N mixing after virtual W (Z)’s produced in parton collision decay to ¢(7) + v. Once
produced, the N’s decay to multi-lepton final states which could be used as a distinct
signal for seesaw [112, 236]. In type I seesaw, N, being a Majorana particle, decays equally
likely to both charged leptons and anti-leptons, thus giving the distinct collider signature
of like-sign di-lepton final states!. However, the mixing in type-I seesaw is typically given
by O,n ~ \/ml,MK,l < 107 (barring cancellations [110]), and hence, the production of
the N’s is highly suppressed. A detailed collider simulation shows that the minimal type
I seesaw can be tested at colliders only if 6, is large (X 1072) or My is small (up to a
few hundred GeV) [114].

In case of inverse seesaw, because of the presence of new lepton number breaking
mass scale in the theory which is directly proportional to the light neutrino mass, the
seesaw scale My can be naturally very low (within the range of colliders) even for “large”

Dirac Yukawa couplings. This also allows for a large mixing 0,y ~ vyih, M ]T,l, and makes

!This is a collider analogue of neutrinoless double beta decay to probe the lepton number

violation.

109



the collider tests of this possibility much more feasible. However, due to the pseudo-
Dirac nature of the RH neutrinos, the “smoking gun” signal for type I seesaw, namely the
lepton number violating same-sign di-lepton signal [114] is absent in this case. Instead, the
lepton flavor violating tri-lepton signal [112, 115, 116] can be used to test these models.
In this section, we will mainly focus on these SM singlet RH neutrinos and present a
detailed collider study of the multi-lepton final states in order to distinguish the heavy
Dirac neutrinos from their Majorana counterparts at the LHC [116]. For reasons already
discussed earlier, we will mostly work within a LR-symmetric framework at TeV-scale.
Before discussing the collider studies, we present a brief overview of the mixing

between light and heavy states in LR inverse seesaw.

6.1.1 Mixing in the LR Gauge Sector and Neutrino Sector

The charged gauge bosons lef p in the weak eigenstate mix in the mass eigenstates

W, W' [30]:

W = cos(w Wiy + sin (i Wh,

W' = —sinCwWr + cos Gy Whk, (6.1)

where tan2(w = 2kk’/(v} — v3). The current bound on the mixing angle is as low as
Cw < 0.013 [237, 238]; hence for our purposes, we can safely assume the mass eigenstates as
the weak eigenstates, and recognize W7y, as the pure SM W-boson. The lower bound on the
W' mass comes from a variety of low-energy constraints, e.g. K — Kg mass difference,
By — Bd,s mixing, weak CP violation etc (For a recent update on the old results, see

Ref. [194, 198]). The most stringent limit on Wg mass in LR models is for the case of

same CKM mixing angles in the left and right sectors: My, > 2.5 TeV [194]; however, this
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limit can be significantly lowered if there is no correlation between the mixing angles in
the two sectors [237, 239]. The current collider bound on W’ mass is around 1 TeV [203].
The neutral gauge bosons in LR model are mixtures of Wg r and B and the mixing

between the weak eigenstates of these massive neutral bosons is parameterized as

Z = cos(zZ1 +sin(z 2,

Z' = —sin(zZy + cos(zZy (6.2)

where Z, 7' are the mass eigenstates, and in the limit v;, < k, k' < vg, the mixing angle
is given by tan2(z ~ 2v/cos 20y (Mz/Mz)?. Current experimental data constrain the
mixing parameter to < O(10~%) and the Z’ mass to values > O(TeV) [238, 240]. The
current collider limit on the LR Z’ mass is > 998 GeV [203].

In the neutrino sector of LR models, due to the presence of the RH neutrinos, the
neutrino mass eigenstates (14, IV;) are mixtures of the flavor eigenstates (vq, N,) where
i =1,2,3 and a = e, u, 7 for three generations. For type I seesaw with only one additional

set of SM singlets, this mixing can be parameterized as
=V (6.3)

where V; is a 6 X 6 unitary matrix diagonalizing the full neutrino mass matrix in Eq. (2.11).
Similarly, for inverse seesaw case in which we have two sets of SM singlet heavy neutrinos,

the mixing is given by

Vo Vi
Ng | = Viny N; (6.4)
S Ny,

where Vi, is a 9 x 9 unitary matrix given by Eq. (3.4) diagonalizing the neutrino mass

matrix in Eq. (3.3). Thus the weak interaction currents of light and heavy neutrinos are
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modified as follows:

Loc = - [WEay"Prue + Wiisy" PrN3] + hec.

V2
= g [WﬁZQV”PL(VaiVi -+ Vaij) + WgZﬁ’y”PR(Vgiw + V@ij) + h.C.] ,(6.5)

V2
9
2 cos Oy

g \ _ L
= m [ZM {Vail VaiQVilfy“PLVi2 —+ (VaivajVi’Y'uPLNj 4 h.C.)

12

Lxe [ZHDQWPLVQ + /cos 29WZ,;N5WPRN4

+Vc*uj1 Vanle’y”PLNjQ} + \/(MZL {VEJE Vﬂj2ﬁj1’y#PRNj2

+(V;Z~V5]’I77L’YMPRNJ' + h.C.) + Véhvﬁﬁ 171'1’}/’uPRI/Z'2 }} (6.6)

where we have dropped the subscript for ¥V which now generically represents both V; and
Vinv in Egs. (6.3) and (6.4) respectively. Thus, in general, V is a (3 +n) X (3 + n) unitary
matrix, where n stands for the number of SM singlets (3 for type-I and 6 for inverse

seesaw). This can be decomposed into the following blocks:

Usxs  Vaxn
V= (6.7)
Xn><3 Ynxn
where U is the usual PMNS mixing matrix for the light neutrinos. The unitarity of V

implies that

Ut + vVt = Ut + XTX = I3y,

XXT+yvy =vVIV4+YTY = I, (6.8)

with UUT,YTY ~ O(1) and VVT, XTX ~ O(M2/M%). Thus in Egs. (6.5) and (6.6), the
mixing between the light states, V,; = Uy, and between the heavy states, Vg; = Yj3; both
are of order O(1), whereas the mixing between the light and heavy states, Vo = Vo, Vi =
Xpi ~ O(M DM]T,I) for both type I and inverse seesaw cases, which, in principle, could

be large for TeV mass RH neutrinos and large Dirac Yukawa case. Henceforth, we will
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generically denote this mixing between light and heavy neutrinos by V;y, and assume the
other mixing elements in Eqgs. (6.5) and (6.6) to be O(1).
The electroweak precision data constrain the mixing Vyn involving a single charged

lepton [241] and the current 90% C.L. limits are summarized below:

3 3 3
S Ven, [P <3.0x107°%, Y |[Vun, [P <32 x107°%, Y [Ven,[2<62x107°  (6.9)
=1 =1 =1

These limits are crucial for our analysis since they determine the decay rate of the heavy
neutrinos to multi-lepton final states, as discussed in next section. One can also get
constraints on the mixing involving two charged leptons from lepton-flavor violating (LFV)

processes [242] 2:

3
> Vun, Vi, £ 1.0x 1072

i=1

< 1.0 x 1074, < 1.0 x 1072,

3 3
* *
Z VeNi uN; Z VENiVTNi
i=1 =1

For the heavy neutrino mass below 100 GeV, the updated limits are summarized in
Ref. [243].

Another constraint for the manifest LR model comes from neutrino-less double beta
decay as there is a new contribution involving the heavy gauge boson Wgr and RH Ma-
jorana neutrino [244, 133]. For a TeV mass RH neutrino, this puts a lower bound on
My, > 1.1 TeV which increases as M K,l/ * for smaller RH neutrino mass. In this paper,

we therefore mainly focus on a TeV mass RH neutrino.

2However, these constraints can be easily evaded if, for example, each heavy neutrino mixes

with a different charged lepton.
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6.1.2 Production and Decay of Heavy Neutrinos

At a proton-proton collider, a single heavy neutrino can be produced at the parton-

level, if kinematically allowed, in
q@¢ — W} /Wg — (T N({™N), (6.10)

which has lepton-number conserving (LNC) or violating (LNV) decay modes depending on
whether N is Dirac or Majorana®. Since 7-lepton identification may be rather complicated
in hadron colliders [245], we restrict our analysis to only the light charged-leptons (¢ =
e, it). The parton-level production cross sections, generated using CalcHEP [246] and with
the CTEQ6L parton distribution function [247], are shown in Fig. 6.1 as a function of the
mass of N for 1.5, 2 and 2.5 TeV Wy mass (solid lines) at /s = 14 TeV LHC. We also
show the normalized production cross section o¢/|Vyn|? (normalized to |Vyn|? = 1) for
SM Wp-boson mediation (dashed line), which is generated only through the mixing Vyn
between the LH and RH neutrinos. We can clearly see that the Wp-mediated production
is highly suppressed by the mixing; even for large mixing, the cross section for a heavy
RH neutrino with My, > My > My, is mostly dominated by the Wg-channel because
Wgr can always decay on-shell whereas the W has to be highly off-shell to produce N.
The heavy RH neutrino decays to SM leptons plus a gauge or Higgs boson through
its mixing with the left sector: N — ¢W,vZ vH. So all these decay rates are suppressed
by the mixing parameter |Vyy|?. In LR models, N can also have a three-body decay mode:
N — (W}, — £jj (and similarly for Z’) which is not suppressed by mixing, but by mass
of Wg. Note that the decay mode N — (W — {fv will be suppressed by mixing as

well as Wg-mass and hence the di-jet mode is always the dominant final state for the

3In Eq. (6.10) and following, N should be replaced by N for a Majorana RH neutrino.
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Figure 6.1: The cross section for ¢¢ — W,/Wr — N ¢* for various values of W
mass (solid lines). Also shown is the normalized cross section o/|V,y|? for Wp-

mediated s-channel (dashed line).

three-body decay of N. The various partial decay widths of N are shown in Fig. 6.2 for a
mixing parameter |Vy|? = 0.001 and Higgs mass of 125 GeV. It is clear that for mixing
larger than O(10™*), N mainly decays into the SM gauge or Higgs boson which could

subsequently lead to multi-lepton final states.

T(GeV)

Figure 6.2: The partial decay widths of the RH neutrino into {W,vZ,vH (dashed
lines) as a function of its mass for a mixing parameter |V,x|?> = 0.001. Also shown
are the three-body decay widths for N — (Wgr — (5 (solid lines) for My, =1.5,

2.0 and 2.5 TeV.
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It should be emphasized here that the LR symmetry provides a unique channel
for the production of RH neutrino through the Wpg gauge boson, without any mixing
suppression, and multi-lepton final states through the decay of N to SM gauge bosons,
which even though suppressed by the mixing, still offer a promising channel to study
the Dirac or Majorana nature of N. Without the LR symmetry (and hence Wg), the
production of N (through SM W/Z) will also be suppressed by mixing, which limits its
observability to only a few hundred GeV masses, mainly due to the large SM background
[114]. On the other hand, LR-symmetric models provide much higher mass reach at the
LHC in the multi-lepton channel, as we discuss in the next section.

We further note that a single N can also be produced in ¢q¢ — Z/Z" — 0N but the
resulting final state has either one charged lepton or opposite-sign di-leptons, and is buried
under the huge LHC background %. One could also produce the RH neutrinos in pairs
through a Z’-exchange: q@ — Z' — NN, if kinematically allowed; however, the decay of

two N’s will be suppressed by |Vynv|*, and hence, negligible.

(a) Majorana N (b) Dirac N

Figure 6.3: The golden channels for heavy Majorana and Dirac neutrino signals at

the LHC.

Thus we conclude from this study that for a hadron collider analysis, the most

4This could, however, be important in cleaner environments, e.g. eTe™ [248] and ey [249]

colliders.
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suitable production channel for a Dirac RH neutrino in LR models is through Wg-exchange
and the N decay mode through SM W. We note that this particular channel was not
considered in the previous studies of RH neutrino signals in LR models [198, 197], because
they only considered a heavy Majorana neutrino (in type I seesaw) for which the golden
channel is the same-sign di-lepton mode in Fig. 6.3(a): ¢7 — Wﬁ — NOF — Wit —
§jF0F [196]. In this case, the 3-body decay mode of N — (W3 — (jj is dominant over
the 2-body decay N — ¢W because the latter is suppressed by mixing which is usually
very small in type I seesaw. However, for a heavy Dirac neutrino, this same-sign di-lepton
mode is absent and the corresponding opposite-sign di-lepton mode qq’ — Wg — N+ —
Wﬁﬁﬂi — jj0T¢* has large SM background. So the golden channel for a heavy Dirac
neutrino is the tri-lepton mode in Fig. 6.3(b) where the W/W}; decays to leptonic final
states: pp — Wf%E — NOE — W/WHFE — vH0F0F [112, 115]. As discussed earlier in
this section, the IV decay to SM W is dominant over the 3-body decay through Wg for
mixing |Vyn| < 1074, which is easily satisfied in inverse seesaw models, for instance. This
is also true for type I seesaw with large mixing [110, 111], in which case the 2-body decay
of N to SM gauge bosons (W, Z, H) will be dominant over the three-body decay through

a virtual Wg.

6.1.3 Multi-Lepton Signals and SM Background

We perform a full LHC analysis of the multi-lepton final states given in Fig.3 and
the SM background associated with it. The signal and background events are calculated
at parton-level using CalcHEP [246] which are then fed into PYTHIA [250] to add initial and
final state radiation and pile up, and perform hadronization of each event. Finally, a fast

detector simulation is performed using PGS [251] to simulate a generic LHC detector. We
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use the more stringent L2 trigger [252] in order to reduce the SM background. We note
that the signal strength remains the same, if we use the low threshold L1 trigger, which is
very close to the actual values used by the CMS detector. The L2 trigger has high enough
thresholds to reduce all the SM background below the signal and therefore we do not need
to impose any additional cuts on the events.

The major SM background for the di-lepton signal comes from the semi-leptonic

decay of a tt pair,
44,99 — tt — WHTbW b — jjbl™ vb, (6.11)

and the b-quark giving the second lepton: b — cfv. Similarly, tri-lepton background is pro-
duced in the fully leptonic decay of tt and the third lepton coming from b-quark. Though
the charged leptons from b-quark decay typically have small transverse momentum, the
large t¢ production cross section (compared to the production of N) is responsible for
the dominant background, and must be taken into account in the detector simulation.
The other dominant SM backgrounds for multi-lepton channels at the LHC arise from
the production of WZ, WW, ZZ, WWW, Wtt, Zbb, Wbb etc.. A detailed discussion of the
background analysis for multi-lepton final states can be found in Ref. [112, 253]. We
find that by implementing the L2 trigger, most of this SM background can be eliminated,
and the remaining background is dominantly due to tt, WW, WZ and ZZ (which we
collectively denote as ‘SM background’ in the following).

The invariant mass of the final state particles is used to reconstruct the mass of
Wg. The selected events for the tri-lepton (¢£¢T¢*)+ Fr final state is shown in Fig. 6.4
(thick lines) as a function of the invariant mass (100 GeV bins) for /s = 14 TeV LHC
and integrated luminosity, £ = 8 fb~!. The expected SM background events (tf + VV)

are also shown (thin lines). Here we have chosen My, = 2 TeV and My = 1 TeV.
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We have also taken the mixing parameter V;y just below the experimental upper bound:
|Ven |2 = 0.0025 (For a lower value of mixing, the cross section and hence the total number
of events, will decrease as [Vyx|?). We find that the invariant mass of Wp is reconstructed
nicely and the tri-lepton channel is virtually background free above 1 TeV or so. We also
plot the invariant mass of (¢*¢¥¢*) in Fig. 6.5 which has the sharp end point at Wx mass.
We note here that the tri-lepton final states with two positively charged (anti)leptons has
more likelihood to be produced than those with one positively charged, which is naively

expected for a proton-proton collision.

‘ Signal 1(I*Ij*) —
Signal 2(I'T°T7) =xeeeeee

A |

SMbkg 2 --------

100

10

Number of Events

0.1

! bt H ! ! !
0 500 1000 1500 2000 2500 3000

M1y Missing £ (G€V)

Figure 6.4: Selected events for the tri-lepton final state as a function of the invariant
mass of (E(T¢* + Fr (100 GeV bins) for /s = 14 TeV and £ = 8 fb~'. We have
chosen My, =2, My =1 TeV and |V,n|? = 0.0025 for this plot. The dominant SM

background (tt + WW + W Z + ZZ) is also shown here (thin lines).

For comparison, we have also performed similar analysis for a heavy Majorana
neutrino, similar to those in Ref. [198, 197], but with a large mixing |Vyn|? = 0.0025.
Hence, as we discussed in Sec. III, N mostly decays to SM gauge bosons and charged
leptons, and not through the 3-body decay involving Wgr. The resulting events are shown

in Figs. 6.6 and 6.7 for the invariant mass of ££¢*jj and ¢*¢* respectively. The parameters
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Figure 6.5: Selected events for tri-lepton final state as a function of the invariant

mass of (£(T(* for the same parameters as in the Fig. 6.4 caption.

chosen are the same as for Figs. 6.4 and 6.5. We note that the number of same-sign di-
lepton events passing the L2 trigger are roughly one order of magnitude larger than the
tri-lepton events. This is because of the overall enhancement of the cross section for the
di-lepton final state because the branching fraction for hadronic decay modes of W — jj

is roughly thrice that of the light leptonic decay modes W — fv.

1000
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Figure 6.6: Selected events for the same-sign di-lepton final state as a function of

the invariant mass of ££¢*;j; for the same parameters as in the Fig. 6.4 caption.

To conclude this section, we have discussed the collider signatures of a heavy SM
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Figure 6.7: Selected events for same-sign di-lepton final state as a function of the

invariant mass of ¢*¢* for the same parameters as in the Fig. 6.4 caption.

singlet neutrino in a minimal LR framework, which can be of either Majorana or Dirac
nature depending on the mechanism for neutrino mass generation. In particular, we
have analyzed the multi-lepton signals to distinguish a TeV scale Dirac neutrino from a
Majorana one at the LHC. We perform a detailed collider simulation to show that, in LR
models, a TeV-scale heavy neutrino can be produced at the LHC dominantly through a
Wr exchange, which subsequently decays dominantly via SM gauge boson exchange. The
invariant mass of the final state particles can be used to nicely reconstruct the mass of Wp
in multi-lepton channels which are virtually background free above a TeV. We observe that
if the heavy neutrino is of Majorana-type, there will be distinct lepton-number violating
signals, including the same-sign di-lepton signal discussed here. However, in the absence
of the same-sign di-lepton signal, the tri-lepton signal can be used to establish the Dirac
nature of the heavy neutrino. This provides a direct way of probing the seesaw mechanism
and the associated new physics at TeV-scale, and can be used to distinguish type-I seesaw
(with purely Majorana heavy neutrinos) from inverse seesaw (with pseudo-Dirac ones) at

the LHC.
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6.2 Non-unitarity effects in the lepton mixing matrix

The 3 x 3 light neutrino mass matrix in flavor basis can be diagonalized by a unitary

transformation:
UPJ;MNSmVUPMNS = diag(ml, ma, m3) = My (6.12)

where Uppng is the standard PMNS mixing matrix given by Eq. (1.22). In the inverse
seesaw formula [cf. Eq. (3.5], however, since the above diagonalization of m, does not
diagonalize the matrices My and p, there will be off-diagonal mixing between the differ-
ent light neutrinos even after diagonalization of m, due to their mixing with the heavy
neutrinos. In other words, in the basis where the charged-lepton mass matrix is diagonal,
U is only a part of the full mixing matrix responsible for neutrino oscillations. We have
to examine the full 9 x 9 unitary matrix V in Eq. (3.4) which diagonalizes the full neu-
trino mass matrix M, given by Eq. (3.3). If we block-decompose V as in Eq. (6.7), the
upper-left sub-block Usxs will represent the full (non-unitary) PMNS mixing matrix. For
<< Mp < My, it is sufficient to consider only up to the leading order in M DMK,1 =F
in Eq. (3.4). Then using Eq. (3.5), we can write new PMNS matrix up to second order if

F [254]:
1
Usy = (1 . 2FFT> Upnins = N (6.13)

In the commonly used parametrization [125], N' = (1 — n)Upmns, and hence, all the

non-unitarity effects are determined by the Hermitian matrix

n= %FFT = (MDM]?) (M,:ﬂw];l)T (6.14)

1
2
which depends only on the mass ratio MpM K,l and not on the parameterization of the
PMNS matrix.
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The LH neutrinos entering the charged-current interactions of the SM now become
superpositions of the nine mass eigenstates (2;, Nj, N}) and at the leading order in F', the

light neutrino entering the SM weak interaction Lagrangian becomes
v~ Nv+KP (6.15)

where K = V36 =~ (0,F)Vsxe and P = (N, No, N3, N7, N5, N3). Then the charged-

current Lagrangian in the mass basis, Eq. (1.21), is given by

Loo = —\%ZLW“VWM_ +h.c ~ —%ZL'W(N& +KP)W, +he. (6.16)

This mixing between the doublet and singlet components in the charged-current sector has
several important phenomenological consequences for LF'V processes, as discussed later in

this section.

6.2.1 Bounds on |7|

The non-unitarity parameter n was defined in Eq. (6.14). Choosing a basis in which
My is diagonal, and motivated by resonant leptogenesis (See Chapter 4), assuming de-

generate eigenvalues for My equal to my, we have

1
~MpM}, (6.17)

n:2mN

With a typical form of Mp fixed by SO(10) symmetry, Eq. (3.36),and extrapolated to the

weak scale by neutrino RGEs [255]°, we can readily calculate the elements of n:

0.1 0.0412 — 0.4144i  1.5134 — 17.247i
1 GeV?
U~ 0.0412 + 0.4144i 1.78 72.6794 — 0.0005 (6.18)
N
1.5134 + 17.247i  72.6794 + 0.0005i 3024.93

5The running effects are estimated to be small (within a few percent) for normal hierarchy of

neutrino masses.
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This is to be compared with the present bounds on |n;;| (at the 90% C.L.) [256]:

20x1073 35x107° 8.0x 1073
<] 35%x107° 80x10~% 5.1 x 1073 (6.19)
80x1073 51x1073 2.7x 1073

This gives a lower bound on the mass of the RH neutrino:
my =2 1.06 TeV, (6.20)

which is still kinematically accessible at the LHC to be produced on-shell and it decay to
trilepton final states can be used to identify its pseudo-Dirac nature and test the inverse
seesaew model [116].

With this lower bound on my, we get the following improved bounds on |1,z [120]:

Mee| < 8.9 x 1078, |neu| < 3.7x1077, |nes| < 1.5 x 1077,

Muul < 1.6 x 1078, |n,-| < 6.5 x 1077 (6.21)

At least one of these bounds, namely |n.,/|, is reachable at future neutrino factories from
the improved branching ratio of © — ey down to 107!6, reachable in the proposed
PRISM/PRIME project [257]. We note that relaxing the condition of degenerate RH
neutrinos but fitting the neutrino masses affects the values of 7,3; we present these results
in Table-2. It appears that |n,| values are all accessible to the future y — ey searches;
The largest value of |7,.| in this table may also be accessible to neutrino oscillation ex-

periments, preferably with short baseline (L < 100 km) [121].
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My, MmN, My, |Teps] e | |y |

1100 1100 1100 | 3.7 x 1077 1.5x107° 6.5 x 10°°
100 100 1100 | 79x 1077 1.6x 107> 89 x 10°°
50 50 1200 | 2.5x107% 22x%x10° 1.6 x 1074

30 30 2100 | 6.7 x 1075 4.4 x10™° 3.2x10™*

Table 6.1: Predictions for the non-unitarity parameter |1,| for various RH neutrino

masses (given in GeVs).
6.2.2 CP-violation effects

The C P-violation effects in the leptonic sector will be governed by the full PMNS

matrix A instead of Upyns through the Jarlskog invariant [43]
Ty = Tm (NaiNgi NN ) (6.22)

where the indices « # 3 run over e, u and 7, while i # j can be 1, 2 and 3. In the standard
PMNS parametrization of U by the three mixing angles ¢;; and the Dirac C'P-phase ¢,
one can expand Eq. (6.22) up to second order in 7,3 and si13 = sin 63 (assuming those to

be small) to obtain

T o J + AJZ,, (6.23)

[0}

where the first term governs the C' P-violating effects in the unitary limit and the second

term gives the contribution coming from the non-unitarity effect:

2 .
J = 61201362381281382381115, (6.24)

Ay =~ — Z Im(na’YU’}’iU/@jU;jUEi"’nﬁ’aniU'YjU;jUgi

’Y:e7u77—
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1 UaiUi Us3 U + 03, UaiUs Uz U ) (6.25)

Note that the unitary term J vanishes if either s13 — 0 or § — 0. However, AJgﬁ depends
on the off-diagonal elements of 7 (generally complex) and does not necessarily vanish even
if both s13 and ¢ are zero; in fact, it might even dominate the C' P-violating effects in the
leptonic sector.

Note that Agﬁ is non-zero in our case as 7 is a complex matrix (the phases arising
from the Dirac neutrino sector). Using the values of 6;; from neutrino oscillation data
given in Table 1.3 and the structure of 7 determined in Eq. (6.18) with my = 1.1 TeV,

we obtain the following values for AJ(%:

AJLZ ~ —24x107°,
AJZ ~ —27x107°,
AJE ~ 27x107°,
AJSL ~ 27x107°,

AJ2 ~ 71x107 (6.26)

and AJgB = AJS& = —AJ&? = AJZ = AJ3L. Note that these values are just one order of
magnitude smaller than the quark sector value, Joxm = (2.91f8&?) x 107° [123], and can
be the dominant source of C'P-violation in the leptonic sector, even for vanishing Dirac CP
phase, thus leading to distinctive C'P-violating effects in neutrino oscillations [125]. For
instance, the transition probability for the “golden channel” v, — v, with non-unitarity

effects is given by [125]

. Am2, L . [ AmE L
Py~ 4\7]/”\2 + 4533033 sin® ( 42,1 ) — 4|17 | sin 6 .- s23¢23 sin ( 2211 > (6.27)

where the last term is C'P-odd due to the phase d,, of the element 7, which, in our model,
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is ~ 7 x 107° [c¢f. Eq. (6.18)]. Hence, the CP-violating effects should be pronounced for

long-baseline neutrino factories.

6.3 LFV decay rates

Lepton flavor violating decays such as y — ey, 7 — ey and 7 — p7y could be a
signature of seesaw models for neutrino masses. The LFV decays mediated by the heavy

RH neutrinos have branching ratios [131]

2

3 <2 5 6 2
Qw Sy, * My,
i=1

where IC is defined below Eq. (6.15), I'y is the total decay width of [, and the function
I(x) is defined by

223 + 5x? — x 3x3Inx

I(z) = 6.29
(z) A1—23 21 —a)t (6:29)
For degenerate RH neutrino masses, Eq. (6.28) becomes
oy iy, : m% \ [
BR(! lgy) ~ ———F= ||KK Il —5- 6.30
( a ﬁ’Y) 2567T2M‘4/1[/Fa ( )aﬂ (M[%V> ) ( )

Note that the amplitude is proportional to (ICICT)QB ~ (F F T)@ﬁ, and hence, for sizeable
F and TeV-scale RH sector in inverse seesaw, one could expect appreciable rates in the
LFV channels [128, 129, 130]. On the other hand, in the conventional type I seesaw
model, one has approximately KKT = O (m,,M R 1), and therefore, the branching ratio,
BR(lo — lgY) ox O (m2) is strongly suppressed [131].

In our model [120], knowing all the three 3 x 3 mass matrices entering the inverse
seesaw formula given by Eq. (3.3), we can easily determine the structure of the full unitary
matrix V by diagonalizing the 9 x 9 neutrino mass matrix M,, and hence, obtain K to

estimate the branching ratios given by Eq. (6.30).
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The total decay width 'y, entering Eq. (6.30) is given by h/7, where the mean life

for p and 7 are, respectively [22]

7, = (2.197019 £ 0.000021) x 107° sec.,

7, = (290.6 £1.0) x 107" sec. (6.31)
Using these values, we obtain the following branching ratios for the rare LEV decays [120]

BR(u — ey) ~ 3.5x 107,
BR(T —ey) ~ 1.1x1071,

BR(T — py) ~ 2.0x 10712 (6.32)

We have also estimated the contribution to y — ey branching ratio from the off diagonal
Dirac Yukawa coupling contribution to slepton masses and find that for universal scalar
mass of 500 GeV and tan § ~ 5, it is comparable to this value or less [258]. Such values
for u — ey branching ratio are accessible to future experiments such as PRISM/PRIME,
capable of reaching sensitivities down to 10716 [257]. They can be used to test the model.

In our model we assume that squark and slepton masses are above a TeV so that
their contribution to the FCNC effects are negligible. The predictions for y — 3e and
i — e conversion [132] for a TeV-scale slepton mass, as in our model, are much smaller

than what can be probed in planned experiments.
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Chapter 7

Proton Decay

Proton decay is the smoking gun signature of baryon number violation and hence
grand unification [259]. Although there is no evidence for proton decay till now, current
experimental lower bounds on the partial lifetimes of various proton decay modes tend
to put severe constraints on the GUT models and suggest possible modifications of such
models [260]. They also constrain the choices of Higgs multiplets that can be used for
model building with SO(10) group [261]. In the SO(10) models we are interested in [120,
151], due to the fact that all the Yukawa couplings responsible for proton decay are
constrained by the fermion mass fits, it is possible to estimate the partial life times for
the various modes as functions of the squark and gaugino masses.

In non-SUSY GUTS, proton decay occurs via dimension-6 operators involving the
superheavy X and Y gauge bosons, and are suppressed by (1 /M)Z(Y) where My y are of
the order of the GUT-scale. The proton decay lifetime in a non-SUSY SU(5) GUT, for

instance, is given by [68]

M,

— 7.1
onGmg (7.1)

Tpf-tj

The dominant decay mode is p — eTn%. The present experimental lower bound on this
mode, T(,_e+r0) > 8.2 X 1033 years [156], has already ruled out such non-SUSY GUTs,
which predict a unification scale of ~ 10'% GeV. In SUSY-GUTSs, the GUT scale is signif-
icantly higher ~ 2 x 106 GeV (see Chapter 2), and hence the dimension-6 proton decay

operators are significantly suppressed in SUSY-GUTSs with 7, ~ 1034738 years [262].
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However, in SUSY-GUTs, we could also have dimension-4 and -5 contributions to
baryon-number violation [263]. The d = 4 operators are very dangerous for SUSY-GUTs
as they make the proton extremely unstable. However, they could be eliminated by
imposing R-parity [70]; in other words, R-parity must be a symmetry in any effective
low-energy theory of SUSY-GUT. The d = 5 operators are generated by color triplet
Higgsino exchange. Since the higgsino-mediated decay rate depends on Yukawa couplings,
in SUSY GUTs, the proton preferentially decays to kaon (p — KT7) rather than to pion
as in non-SUSY GUTs. The exact decay rate for this operator is model dependent, as it
depends on the whole SUSY spectrum and on the structure of the Higgs sector. However,
the current experimental lower bound, 7, .+ > 1.6 x 10% years [156] is sufficiently
strong to rule out the minimal SUSY SU(5) [264], though non-minimal Higgs sectors in
SUSY SU(5) (see e.g. Ref. [265, 260]) and SO(10) (see e.g. Ref. [266]) still survive the
Super-K bounds.

In the following, we first discuss the various proton decay operators in a generic
SUSY-GUT, and then we estimate the proton decay rates induced by d = 5 operators in

our SO(10) model [120, 151].

7.1 Proton decay operators

As mentioned above, in generic SUSY-GUTs with R-parity, there exist two main

sources for proton decay:

e D-type (dimension-6) operators that may arise from exchange of gauge boson ex-
change:

1 _
— [ d%0 d*0 PP 2
iz , (7.2)
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where ® denotes a chiral superfield. For a unification scale 2 10'® GeV, these
contributions to proton decay are sufficiently small and well beyond the range of

current experiments. Hence, we will not discuss them further.

e F-type (dimension-5) operators that may arise from the exchange of color triplet

Higgsino fields in 10-Higgs fields as shown in Fig. 7.1(a):
! / d*0 PP (7.3)
Mg ’

In the component language, they give rise to dimension-5 operators of the form
(QQ)(@E) and (QL)(@@) As these operators involve squark and slepton fields,
they cannot induce proton decay in the lowest-order. Proton decay occurs by con-
verting the squark and slepton legs into quarks and leptons by exchanging a gaugino,

as shown in the box diagram of Fig. 7.1(b).

Q: Q Qx
,,,,,,,,,, R
D
i % G, W, B
D
] D
Qj L Ll

Figure 7.1: (a) Supergraph giving rise to effective dimension-5 proton decay opera-
tors, and (b) Box diagram involving gaugino exchange that converts the dimension-5
operator of Fig. 3(a) into an effective four- Fermi operator that induces proton de-

cay.

There are two types of effective dimension-5 operators given by Eq. (7.3): LLLL type

that involve only left-handed quark and lepton fields and a corresponding RRRR type,
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both invariant under MSSM [263]. In super-space notation, these are explicitly given by

0, = /d20 e Qi Qb Qer Lar (7.4)

On = [ d0 € Q)00 Q)5 (@), (2, (75)

where a, 3,7 = 1,2,3 are SU(3). color indices; a, b, c,d = 1,2 are SU(2)y, isospin indices;
and 4,4, k,l = 1,2,3 are generation indices. It is clear from the form of these operators
that they break baryon number by one unit, but preserve the B — L symmetry, leading
to the proton decay to a pseudoscalar and an anti-lepton. As argued in Ref. [267] for
kinematical reasons and explicitly shown in Ref. [268] for small to moderate tan 3 region
of the SUSY parameter space, the RRRR contributions are at least an order of magnitude
smaller than the LLLL contributions. We also verify this in our model, as shown later;
for the time being therefore, we concentrate only on the LLLL operator.

In component form, the effective superpotential due to the LLLL operator is ex-

plicitly given by [269]

1
Wap=1 = meam [(Cijrt — Crjir) uaidgjuyrer — (Cijri — Cikjt) vaidgjdwry]  (7.6)

where My is the effective mass of the color triplet Higgs field belonging to the 10y
representation, and in our model, is of the order of the unification scale Mg (see Appendix
A). The coefficients Cjji; associated with the superpotential given by Eq. (7.6) can be
expressed in terms of the products of the GUT-scale Yukawa couplings (see Section 7.3).
This superpotential leads to the effective dimension-5 operators involving two fermions
and two sfermions as shown in Fig. 7.1(b), which lead to proton decay by four-Fermi
interactions when “dressed” via the exchange of gauginos, namely gluinos, binos and
winos. A typical diagram for the effective four-Fermi interaction induced by this dressing

is shown in Fig. 7.2.
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Figure 7.2: The effective four-Fermi interaction diagram induced by the gaugino

dressing of the effective dimension-5 operator given by Fig. 7.1(b).

It can be shown that [270] in the limit of all squark masses being degenerate as in
typical mSUGRA type models, the gluino and bino contributions to the dressing of the
dimension-5 operators vanish. This basically follows from the use of Fierz identity for the
chiral two component spinors representing quarks and leptons. In realistic models, the
FCNC constraints allow only very small deviations from universality of squark masses.
Hence, these gluino and bino contributions are expected to be small compared to the wino
contributions, and can be ignored altogether. The charged wino dressing diagrams have
been evaluated earlier [271], and in the limit of degenerate squark masses, this leads to

the effective Lagrangian [269]
Lap=1 = 21" (Cyji — Ciju)[uly,Cdg;d2,Cvy + uly;Cdyul,Cey), (7.7)

where C' denotes the charge-conjugation matrix and [ is given by

_ My

- Em, (7'8)
f

my;, being the wino mass and M 7 the sfermion mass. Using this expression and adding a
similar contribution from the neutral wino exchange diagram, we can write down the total

contribution to various proton decay channels. This is summarized in Table 7.1. We note

that the proton decay operators with s-quark lead to K-meson final states whereas the
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ones without s lead to 7 final states. As shown in Table 7.1, the amplitude for non-strange
quark final states will be Cabibbo-suppressed compared to the strange quark final states.
It is also important to mention here that the total amplitude for final states involving
neutrinos is the incoherent sum of the rates for all three neutrino states. This leads to
large decay rates for p — K7 and p — 777 channels compared to the other decay

channels due to the large Yukawa couplings of the third generation.

Decay channel C-coefficient
p— K'7y (Crize — Chan)
p— K" (Criz1 — Cian)
p— Kou* (Cri22 — Cion2)
p— Ty sin 0 (Cary — Criar)
p— mlet sin 0¢(Cainn — Chiar)
p— ot sin 0¢(Car12 — Clioz)

Table 7.1: The coefficients for various AB = 1 dimension-5 operators obtained
from the effective Lagrangian to leading order. Here ¢ is the Cabibbo angle (with
sin ¢ ~ 0.22) and the Cjjp’s are products of the Yukawa couplings, as defined in

Egs. (7.17) and (7.18).

7.2 Yukawa Couplings

Model (A): The model discussed in Chapter 3 is defined by the vev pattern of

the bi-doublets ®; 2 given by Eq. (3.16), leading to the fermion mass matrices given by
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Eq. (3.30). Note that the contribution from the effective 126 operator is assumed to be
the same for both up and down sectors, i.e. f = Kufu = kqfq; as a result, we have the
relation f; = f, tan 3. Using the RG analysis for the fermion masses and mixing in the
SUSYLR model (see Appendix B), we obtain the GUT-scale fermion masses starting from
the experimentally known values at the weak scale (see Egs. (3.19)). Using these mass
values, we obtain a fit for the coupling matrices at the GUT scale defined in Eq. (3.30).
Here we give the results in a down quark mass diagonal basis for two values of tan 3:

(a) tan B(Mgusy) = 10: In this case, the GUT-scale values of the charged fermion masses
are given by Eq. (3.19). With these mass eigenvalues, we find a fit for the GUT-scale

couplings of the form [151]

fo = diag (1.26 x 1075, -0.0001, —9.48 x 10—6) . fi= futanp,

hg = diag (4.86 x 107°,0.0019, 0.0752) : (7.9)
7.46 x 1075 0.0002 — 6.51 x 1075  0.0002 — 0.0028i
hu =] 0.0002+6.51 x 1075 0.0015 0.0118 + 1.26 x 1075
0.0002 4+ 0.0028;  0.0118 — 1.26 x 105 0.4908

Note that for simplicity we have chosen the f-couplings to be diagonal. Our fit does not
allow the off-diagonal components to be too different from zero.
(b) tan B(Msusy) = 30: In this case, the GUT-scale values of the charged fermion masses

are found to be

my = 0.0121 GeV, m. = 0.3269 GeV, m; = 120.53 GeV,
mg = 0.0014 GeV, m,; = 0.0277 GeV, my = 2.7958 GeV,

me = 0.0006 GeV, m, = 0.1266 GeV, m, = 2.7737 GeV (7.10)

135



and tan 3(Mg) = 20. With these mass eigenvalues, we obtain a fit for the couplings of

the following form [151]:

f, = diag (1.5 x 1076, -0.0002,4.2 x 10*5) . fa= futanBeuT,

hg = diag (0.0002,0.0078,0.4163),

0.0002 0.0003 — 0.0001i —0.0008 — 0.0081i
hy = 0.0002 + 0.00014 0.0029 0.0144 + 0.0002i (7.11)
—0.0008 & 0.00817 0.0144 — 0.0002i 0.9145

We note that in this model, larger values of tan /5 (> 30) are not allowed. This can be
seen analytically from the RGEs given in Appendix B; it can be seen from the form of the
RGEs that the up-quark sector masses will increase rapidly at high energies for large tan 8
and the same effect is induced in the down-quark sector which makes the Yukawa terms
dominant over the gauge terms. This makes all the quark masses to run up to unacceptably
large values at the GUT-scale. We believe this is a general feature of low-scale SUSYLR
models, in contrast to MSSM case [272].

Model (B): In this section, we consider an alternative mass fit within the SO(10)
models with low scale B — L [151]. It follows from the ansatz in Ref. [273] that in generic
SO(10) models which do not use type I seesaw to fit neutrino masses, an alternative fit
to fermion masses is possible with a rank one 10-Higgs Yukawa coupling matrix which
dominates the fermion masses while other couplings introduce small corrections; the third
generation masses arise from the dominant rank one coupling matrix with smaller 126
and second 10 couplings generating the CKM mixing as well as the second and the first
generation fermion masses. This idea can be applied to our case since, the neutrino mass
is given by the inverse seesaw formula which involves an additional matrix g. The main

difference of model (B) as compared to model (A) resides in the vev pattern of the two
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Higgs bidoublets i.e. in model (B), we have

KRd 0 Iiii 0
(@) = , (P2) = (7.12)

0 Ky 0 &,

with v /V2 = \/R% + k2 + K2 + k2. Also we must have e % in order to get right
fermion mixing pattern. In the limit s, > k], the RG analysis of model (A) can be
applied to this case to generate fermion masses at the GUT scale as well as the symmetry
breaking pattern via radiative corrections.

The resulting fermion mass formulas in terms of the appropriately redefined Yukawa

couplings are given as follows [274]:
M, = R + Tgf—i- 7’3f~l/,
My = ri(h+f+h),
M, = ri(h—3f+ch),

M,, = h—3f+cH (7.13)

where

/ /
i g Hu”d ’V/ K/u’{d 12
h:Huh7 f: f? h_iha
Rd Rd
/
Kq Rqk
rE=-—, Tog=7r3=—"V. (7.14)
Ry Rukg

As in the case of model (A), the f coupling above represents the effective 126 coupling
arising from the 1) A1 As Hy term in the superpotential and A’ arises from a coupling of
the form Y He X (with a nonzero vev for the additional singlet field X). Note that if
there is an additional Zs symmetry under which Hs, A2, X are odd and all other fields
are even, one can have a superpotential with only the h, f,h’ type contributions as given

above, to the fermion mass formulas. In our case with two Higgs bi-doublets, ¢, = 1 and
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¢y = r3. With the GUT-scale mass eigenvalues obtained earlier, we obtain a fit for these

couplings as follows:

(a) tan Byssm = 10:

ku = 173.2 GeV, 71 =0.0218, 75 = 0.14, h = diag (0,0, 0.45), (7.15)
0 —0.0006 0.0019 0 —0.0022 0.0005
f=1 —0.0006 00115 00101 [+ 2"=17| 0.0022 0 0.0181
0.0019  0.0101  0.0001 —0.0005 —0.0181 0

(b) tan Suvssm = 30:

Ky = 172.4 GeV, 71 = 0.0231, ry = 0.21, h = diag (0,0,0.70), (7.16)
0 —0.0016  0.0062 0 —0.0022 0.0005
/=1 —0.0016 00140 o0.0111 [+ X' =17 0.0022 0  0.0181
0.0062  0.0111  0.0019 —0.0005 —0.0181 0

It may be noted here that in both the cases, all the fermion mass values predicted using
the couplings above agree with those obtained from the RGEs within the experimental
uncertainty, the only exception being the up-quark mass in case (a), where the our pre-
dicted value is about 4 times larger. Note however that in our discussion, we have not
included contributions from threshold corrections or higher dimensional operators. Those
contributions can generally be of order MeVs when their couplings are chosen appropri-
ately, in which case, they will not affect the second and third generation masses but could
easily bring the up quark mass into agreement with RGE predictions.

With the Yukawa couplings given by Egs. (7.15) and (7.16), we can calculate the

C-coefficients introduced in Eq. (7.6). For model (A), this is given by
1
Cijkl = huij hukl + ‘rlhdij hdkl + x2huijhdkl + x3hdijhukl + 5 [huijfukl + fuij hukl
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+x1 (hdijfdkl + fdijhdkl> + x2 (fuijhdkl + huijfdkl) +x3 <hdij fukl + fdijhukl>:|

1
+Z (fUijkal + xlfdijfdkl + $2fuijfdkz + $3fdij fukz) (717)
while for model (B) this becomes

Cijt = hijhi + xﬂl%h%l + xghijh;d + JUSh;jhkl

1 1
+5 [931 (h;jfk:l + fijh;cl> + z2hij fr + $3fijhkz} + Zl‘lfijfkl (7.18)

where x;’s are the ratios of the 10z color triplet Higgs masses and mixing and the factor %
is the Clebsch-Gordan coefficient for the 10 - 10 - 126 coupling. Note that there are only
three mixing parameters as there are only four color triplet Higgses in the MSSM gauge
group, corresponding to the two 10 fields in our model. As we are interested only in the
upper bound for the partial lifetimes of various proton decay channels, we do not need to
know the detailed form for the x; parameters in terms of these masses and mixing. We
just vary these parameters numerically to get the maximum value for the partial lifetimes.

Before proceeding to calculate the rate of proton decay induced by the LLLL type
operators discussed in Section 7.1, let us estimate the contribution from the RRRR type
operators in our model. The gluino dressing graphs do not contribute in the limit of uni-
versal sfermion masses by the same Fierz arguments as for the LLLL case. Moreover, since
all superfields in the RRRR operator are SU(2), singlets, there is no wino contribution
to the leading order. Also the bino dressing generates an effective four-Fermi operator
of the type €87 eklug Cdfykug;(}’elc which, in flavor basis, is antisymmetric in the flavor
indices ¢ and 7, and hence in the mass basis, must involve a charm quark. Thus to leading
order, the bino contribution also vanishes due to phase space constraints. Thus the only

dominant contribution comes from the Higgsino exchange and the largest amplitude in

this case, which comes from stop intermediate states, is estimated to be [269] (using the
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Cijr values given above)

mamr Vi
2 .
1672v;, sin 3 cos

C1323 ~4.0 x 10710 (7.19)

for tan 8 = 30, as compared to the LLLL contribution which is typically of order
« _
Cnggﬁ ~ 4.5 x 10 9 (7.20)

As the RRRR contribution is proportional to 1/(sin 3 cos ) which is ~ tan (§ for large 3,
for smaller tan 3, this contribution is further suppressed. This justifies why we can ignore

the RRRR contributions in the following calculation of proton decay rate.

7.3 Extrapolation Factors for d = 5 Operators

In order to calculate the proton decay rate, we must extrapolate these dimension-5
operators defined at the GUT scale to the mass scale of proton, i.e. m, ~ 1 GeV. In
our model, we can divide this whole energy range into three parts, following the breaking
chain given in Section 3.4:

(a) from the GUT scale Mg to the B — L breaking scale Mpr (SUSYLR),

(b) from Mp to the SUSY-breaking scale Mg (MSSM), and

(c) from Mg to 1 GeV (SM).

The values of these extrapolation factors for SM and MSSM are given in the literature [267,
275, 276, 277], but not for the SUSYLR model. In this section, we derive these factors
using the anomalous dimensions for the dimension-5 operators in our model [151]. We
noted some discrepancies in the values of the anomalous dimensions quoted in different
papers, but found that our results for the SM and MSSM cases agree with those given in

Refs. [275, 267] and quoted in Appendix E of Ref. [259].
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First, we have the SM sector from 1 GeV to the SUSY-breaking scale Mg in which

we have the usual non-SUSY enhancement factor [275] for the LLLL operator:

ANS _ [ag(l GeV)r/(Hg"f) (7.21)

Ozg(Ms)

where ny is the number of quark flavors below the energy scale of interest. Here we have
neglected the effects of SU(2)r, and U(1)y couplings as they are much smaller compared
to that of SU(3). (see Table 1.2). Assuming Mg > m;, the enhancement factor explicitly

becomes

o - [es] el e sl

=1.49 (7.22)
using the values of a3(Q) at @ = 1 GeV, m, and m; obtained by interpolating the
renormalization group equation for the effective QCD coupling [278] and at @ = m; by
the SM running from @ = my.

Now above Mg, we have the usual MSSM till the B — L breaking scale My and then

the SUSYLR model till the GUT scale M. The extrapolation factor in this case is given

by

A§ _ Al;/ISSMASUSYLR7 with

3 L 4 =
AMSSM T {Oéi(Ms)] " and ASUSYLR _ TT [%’(MR)] i (7.23)

i=1 ai(MR) j=1 aj(MG)

Here b; = (%, ,—3) for i = 1y, 2y, 3. are the well known MSSM [-function coefficients
[cf. Eq. (2.8)], b; = (13,2,4,-2) for j = 1p_r,2r, 2R, 3. are the S-function coefficients
[cf. Eq. (3.9)] for the SUSYLR model, and ~;’s are the anomalous dimensions for the
LLLL operator, calculated below.

The derivation of the anomalous dimensions of the dimension-5 operators of the

LLLL type given by Eq. (7.4) is straightforward in a supersymmetric gauge due to the
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fact that the operator Op is purely chiral (it is an F-term [223]), and hence, it follows
from non-renormalization theorems [279] that in a supersymmetric gauge, it will only have
wave function renormalization. Then it is easy to show that the anomalous dimensions of

any purely chiral operator are given by

o =Y Car) (7.24)

where Cs(r) is the eigenvalue of the quadratic Casimir operator in the representation r,
and the sum runs over all the chiral superfields occurring in the chiral coupling. As the

gauge bosons belong to the adjoint representation, we have

N2-—1
for SU(N)
Oy =4 N (7.25)

1X? for U(l)x

Thus we have for SU(3).,

N, =3 x - =4 (7.26)

as there are three SU(3). fields in the LLLL operator [e.g. (qq)(ql)]. Similarly, we have

3
Yo, p = 4x 1 3, (7.27)
1 1\2 3 1
Ty 1 [3 (3) + F =5 (7.28)
1 1\2 3 1
Mg . 1 lB <3) + 5= o (7.29)

where the factors 2 and 3 are the GUT normalization factors for U(1)y and U(1)p_y, re-
spectively. Note that the same results would have been obtained in a non-supersymmetric
gauge, though the calculation is much more involved. For instance, the calculation for the
MSSM case in a Wess-Zumino gauge was done in Ref. [267].

Using these anomalous dimensions, we obtain from Eq. (7.23)

AVSSM {%(Ms) —0.91 (7.30)

—4/3 |:a2L (MS)
Olg(MR)

o, () 3 {alst)]l/%

aty (Mg)
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using the MSSM running of the gauge couplings, and similarly,

ASUSYLR  _ [QS(MR)

- {azL(MR)
Ozg(M(;)

3/2 |:a2R (MR)
az, (Mg)

s, (Mg)

Loy )]
Qlp_p, (MG') .

(7.31)

using the SUSYLR running of the gauge couplings (see Figure 3.1). Combining the results
from Eqgs. (7.22), (7.30) and (7.31), we get the overall extrapolation factor in bringing the

d = 5 operators from the GUT scale down to 1 GeV:

A, = ANSAMSSM SSUSYLR _ (5 11 (7.32)

7.4 QCD Effects

We also need to include the QCD effects in going from a partonic calculation involv-
ing three quarks to a hadronic bound state, i.e. the proton. As the low-energy hadrons
are involved in the decay, this is a highly non- perturbative process, and it is difficult to
calculate the exact form of the hadronic mixing matrix element for the process. Even
though various QCD models have been constructed for the purpose, the estimates vary
by a factor of O(10) between the smallest and the largest [280]. As the partial width
of the decay is proportional to the matrix element squared, the variation in the esti-
mate of proton lifetime in different models will be O(100). A different approach using
lattice QCD techniques gives more consistent results [281]. We use these lattice results
to estimate the chiral symmetry breaking effects which can be parameterized by two
hadronic parameters D and F'. Then the hadronic mixing matrix for the proton decay
can be written as f%f(F, D) where fr = (130.4 £ 0.04 £ 0.2) MeV [22] is the pion de-
cay constant and |3| = 0.0120(26) GeV? [281] is a low-energy parameter of the SU(3);

baryon chiral Lagrangian with the baryon number violating interaction. The hadronic
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matrix elements f(F, D) can be obtained for different decay channels in the approxima-
tion my, ¢ < mg < my as well as - < mf, where ¢, is the momentum transfer (the
momentum of the anti-lepton for physical decays), and summarized in Table 7.2. Here

we have chosen the low-energy parameters D and F' to be the same as the analogous

(np)

parameters in weak semileptonic decays [13]. Then D + F = g, = 1.27 is the nucleon
axial charge, while D — F = ¢ ™ = 0.33 — 0.34 [22]. This gives D = 0.8 and F = 0.47
which are used in Table 7.2.

Decay mode f(F,D) |f(F,D)|?

p—7lt | LA+D+F) 2.58
p— Y, 1+D+ F 5.15

p— Kt | 1—-28(D—F) 0.53

p— K*7, my 2D 0.19

Table 7.2: The hadronic factors f(F, D) for different proton decay modes. Here we
have used my = 0.94 GeV for the mass of nucleon and mpg = 1.15 GeV for the

average baryon mass (mp ~ mys >~ my).

7.5 Proton Decay Rates

Finally, combining all the factors discussed above, the proton decay rate for a given

decay mode p — M1 (M denotes the meson and [ the lepton) is given by [269]

2
ran = e (%)z(mw> 4eP14. Pl (P D)

32w M3 f2 \4mw M}%
2% 101 GevV\>/ ms \2/[1Tev\)"
~ (1.6 x107% W )
( 6> 10 GeV)( My ) (200 GeV Mz
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x [CI*|Ac|*| f(F, D) (7.33)

where the coefficients C are given in Table 7.1, the hadronic factors f(F,D) are listed
in Table 7.2, and the extrapolation factor A, is given by Eq. (7.32). Using the triplet
Higgsino mass, My ~ Mg ~ 4 x 10'® GeV in our model [cf. Eq. (3.11)], we obtain the

partial lifetimes of different decay modes:

4.42 x 1033 10-14) (2 2 Mz \*
( x 1079 years) ( 0 ) ( 00 GeV) ( 7 > (7:34)

h
L, [f(F,D)P c? mg 1 TeV

Tp(MI) =

The wino mass, my, has been constrained at LEP to be larger than ~ 100 GeV [219],
essentially independent of any specific model. As a typical value, we choose the universal
gaugino mass, my /o = 200 GeV, which when extrapolated to the weak scale gives my, ~
134 GeV for the wino mass.

With the Yukawa couplings completely fixed in our model, we can analyze the
predictions for the proton decay rate which is discussed below for both models (A) and
(B), proposed earlier in this Chapter.

Model (A): As we are interested in obtaining an upper bound on the partial
lifetimes of various proton decay modes, we adopt the strategy of varying the mixing
parameters z;’s defined by Eq. (7.17) to maximize the expression (7.34) and simultaneously
satisfying the present experimental lower bounds [156]. As expected for a SUSY-GUT,
we find that the most stringent constraint comes from the p — K7 decay mode, and
for this decay rate to be consistent with the present experimental bound, we must have
the sfermion mass Mz>12 (2.1) TeV for the MSSM tan 3 = 10 (30). This value of My,
when extrapolated to the GUT-scale, puts a lower limit on the universal squark mass my
for a given value of my ;. The allowed region in the mgo —m; /5 plane satisfying the proton

decay constraints and also satisfying the EWSB constraints is shown in Fig. 7.3. It is clear
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that this model favors low values of tan 3. The model predictions for the upper bound

240

220

2000
E 1800
£
1600 ]
333331
1400 ]
033333338
3335
1200 $3¢ B
tanf=10
tanf=30  ~
1000 1 1 1 1 1 1 1
200 300 400 500 600 700 800 900 1000

my, [GeV]

Figure 7.3: Model (A) allowed region in the mg — m4, plane satisfying the proton

decay and EWSB constraints for tan 8 = 10 (red) and tan § = 30 (green).

Decay Experimental Predicted upper limit (x 1033 yr)
mode lower limit (x 1033 yr) | tan 3 = 10 tan 3 = 30

p— K0 2.3 2.3 2.3

p— Kou* 1.3 399.3 738.8

p — K™ 1.0 1.3 x 103 49.7

p — e+ 10.1 5.8 x 10° 230.0

p— 7t 6.6 2.4 x 104 1.3 x 10*

p— Tty 0.025 1.5 0.8

Table 7.3: Model (A) predictions for proton lifetime and present experimental limits.

on partial lifetime of various proton decay modes are given in Table 7.3. We also list the
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present experimental lower bounds for comparison. As noted above, the most stringent
constraint on the parameter space comes from the p — K77 decay mode; this is due to the
fact that the neutrino final states add incoherently for the three generations, and hence,
the decay rate for the neutrino final states will be much larger compared to the rates of
other decay modes due to the third generation Yukawa coupling dominance. This also
explains why the p — 777 decay rate is so large, even though it is Cabibbo-suppressed.
The predicted upper bounds for these neutrino final states may be testable in the future
proton decay searches, as in the next round of Super-Kamiokande [156] or megaton type
detectors such as Hyper-Kamiokande [282].

Model (B): As in the model (A), we maximize the function |C|~2 given by Eq. (7.18)
with respect to the x; parameters to find an upper bound on the proton decay lifetime.
However, due to the particular structure of the Yukawa matrices in this model, as given
by Egs. (7.16) and (7.17), the parameters x2 and z3 have no effect on the amplitude and

the only effective mixing parameter is 1. The experimental lower bounds on the lifetime

M2
!

. It turns
r1m-~
w

of various proton decay modes will then put a lower bound on the ratio

out that the most stringent bound is p — K*v (7%u™) for tan 8 = 10 (30) and we must

have

M2
I >1.44 (1.06) x 10° GeV (7.35)

mlmVT/

As an example, for m;/, = 200 GeV and x; = 0.1, it puts a lower bound on the first
and second generation squark masses to be M]f; > 1.4 (1.2) TeV for tan 5 = 10 (30). The
model predictions for z; = 0.1 for various decay modes are given in Table 7.4. We note
that the observation of one of the decay modes in the last two columns of Table 7.4 at a
given rate will fix x; and the rates for remaining modes (the ones without stars) are then

predicted and should provide a test of this model. It should also be noted here that within
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Decay Experimental Predicted upper limit (x103% yr)
mode lower limit (x10% yr) | tan 3 = 10 tan 3 = 30

p— K+ 2.3 2.3 3.5

p— K" 1.3 2.3 1.6

p— K™ 1.0 * *

p — mlet 10.1 * *

p— muT 6.6 9.8 6.6

p— wtU 0.025 1.7 2.7

Table 7.4: Model (B) predictions for proton lifetime. Note that in this case, the
model does not have any predictions for the decay modes p — K% % and p — 7™,
because the C' coefficients for both these modes involve products of (1,1) elements
of the Yukawa coupling matrices, and by construction, these elements are zero for

all the three coupling matrices; hence these modes have vanishing decay rates.

the mSUGRA framework at low tan 3, Tevatron has put a lower limit of 375 GeV for the
squark mass based on an integrated luminosity of 1 fb~!. We expect our predicted lower

bound on the squark mass which is of order 1 TeV to be testable at higher luminosities

within the reach of LHC.

7.6 Effect of R-parity breaking

Another class of dimension-5 operators arising from R-parity breaking Planck sup-

pressed operators These operators are absent in models where 126 Higgs fields break
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B — L, but are present in our model where the B — L is broken by a 16 ¢ 16 Higgs field.
In this section we discuss the implications of these operators on proton life time in our
model. This is an interesting exercise in view of the fact that in MSSM embedding into
SU(5), relaxing R-parity (or matter parity) conservation leads to new contributions to
baryon number violation with arbitrary strength, so that in principle, such models are
not viable without matter parity assumption. We would like to study in this section the
situation in the case of our SO(10) model.

The most general R-parity violating interactions upto dimension-5 operators in our

model are the following:

W’ = M(Q%M_JH + )\wad}HH +

)\a C
% batptetin + SaShSe + 1S, (7.36)
Mp,

where 1,5 . denote matter spinors and ¢y and Yy are Higgs spinor fields. Before pro-
ceeding to discuss their implications, note that M, must be of order TeV otherwise the
right handed neutrino field would decouple from the low energy sector and break the gauge
multiplet required to implement inverse seesaw. There are the following classes of R-parity
violating operators that follow from this in conjunction with the superpotential given by

Eq. (3.12) at the TeV scale:

)\abc
Mpy

W/ (TeV) = M, LS + AL®X© +

X°Q@yQe + LaQoQc + LoLyLe + -] (7.37)

Note that the terms within the square bracket, after B — L breaking, give rise to the
familiar MSSM R-parity breaking terms with however couplings determined to be of order
% which is of order 10~!°. Hence their contribution to proton decay is negligible. Note

this would not be the case with SO(10) models where B — L symmetry is broken at the

GUT scale.
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Chapter 8

Summary

As we discussed in Chapter 1, there are solid experimental as well as theoretical
reasons to believe that even though the standard model has been phenomenally successful
in describing all the electroweak precision data, the discovery of its last missing piece,
i.e. the Higgs boson would not make it a complete theory of Nature all the way up to
the Planck scale. If the SM is indeed just a low-energy effective field theory, the main
challenge for us is to understand what lies beyond the SM, and if any of this new physics
could solve all the problems posed by the SM, while being consistent with the existing
low-energy data.

We argued in Chapter 2 that low-energy SUSY is one of the strongest candidates for
the new physics and its minimal version solves some major issues unanswered in the SM
such as gauge hierarchy problem, coupling unification, electroweak symmetry breaking,
dark matter, baryogenesis etc.. However, in order to explain the observed non-zero but
small neutrino masses, the minimal supersymmetric standard model must be extended
and it is certainly desirable to to construct supersymmetric models for neutrino masses,
thus preserving all the nice features of SUSY, and, at the same time, connecting it to the
neutrino sector.

A simple paradigm to understand the small neutrino masses is by the “seesaw mech-
anism” where one adds extra SM gauge singlets which break the B — L symmetry of the
SM. The simplest version of seesaw (Type-I), where one adds only one set of heavy Majo-

rana neutrinos, usually requires very large mass ~ 103714 GeV for these heavy neutrinos
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(with O(1) Yukawa couplings) in order to account for the smallness of the left-handed
(LH) neutrinos (hence the name “seesaw”). This makes it impossible to probe this type of
seesaw physics at colliders. Lowering the seesaw scale to TeV-range requires tiny Yukawa
couplings (~ 107%), which again makes it difficult to produce these heavy neutrinos at
colliders. In Chapter 3, we discussed a different realization of the seesaw mechanism,
namely the inverse seesaw, where one adds two sets of SM singlet fermions — one Dirac
and one Majorana, in which the smallness of the LH neutrino can be directly attributed
to the smallness of the Majorana mass term. Hence, O(1) Dirac Yukawa couplings can be
obtained naturally even at TeV-scale, thus making them “collider-friendly”, and extending
the scope of the LHC physics search to the neutrino sector.

We noted [120, 151] that the inverse seesaw mechanism can be naturally realized by
extending the SM gauge group to the Left-Right symmetric gauge group which restores
the parity symmetry and has many interesting phenomenological consequences. We also
showed that a TeV-scale supersymmetric version of the LR model with inverse seesaw
for neutrino masses leads to a successful gauge coupling unification, unlike its type-I
counterpart. We propose this model as a realistic extension of MSSM for neutrino masses,
while still preserving all its nice features. We also show this model to be a low-energy
realization of an SO(10) SUSY-GUT.

In Chapter 4, we observed [147] that a low-scale LR model with inverse seesaw can
also successfully explain the observed baryon asymmetry in our universe by the mechanism
of leptogenesis. This result makes the case stronger for the heavy gauge boson searches
at the LHC. This is in contrast with the type-I LR models which require the LR scale to
be well beyond the reach of colliders for successful leptogenesis.

In Chapter 5, we showed [140] that our model provides a new Dark Matter candidate
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which is allowed to be light (a few GeV) by the experimental constraints. This might
be an important point, if the Dark Matter mass indeed turns out to be in a few GeV
range, as suggested by some recent experiments, since the only MSSM candidate, namely
the lightest neutralino, is severely constrained by relic density and collider data to be
no lighter than 20 GeV or so. Moreover, we established [140] that the light scalar DM
candidate in inverse seesaw must be inelastic in nature, with the mass splitting closely
connected to the Majorana mass of neutrinos.

We also analyzed [116, 120] the testability of the inverse seesaw mechanism at various
experiments at energy and intensity frontiers. At colliders, the striking signal for inverse
seesaw is the trilepton final state from the production and decay of the pseudo-Dirac heavy
neutrino which could provide a clean signal against a very small background at the LHC.
At the intensity frontier, inverse seesaw induces various non-unitarity and LFV effects
which might be accessible to the next generation low-energy experiments.

Finally, we discussed [151] proton decay in this class of supersymmetric SO(10)
GUTs, and found that the decay rates of the dominant channels are below the experimental
bounds for a reasonable squark mass of order TeV which is within reach of the LHC.

In conclusion, a supersymmetric inverse seesaw mechanism for neutrino masses could
be considered as an alternative extension to the minimal supersymmetric standard model

and offers a rich phenomenology for colliders as well as other low-energy experiments.
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Appendix A

Masses of the SO(10) Higgs multiplets

As discussed in Section 3.3.2, we obtain the gauge coupling unification at an ac-
ceptable scale only after including the contribution from the color triplets d, €. This pair
of Higgs fields is contained in the 45 representation of Higgs in a generic SO(10) model.
However, in principle, there could be other light gauge multiplets of 45 and/or 54 that
might contribute to the gauge coupling running as well. Here we argue that in a generic
SO(10) model with only 455 and 54y representations of Higgs (apart from the essential
10y and 16), it is possible to have only the §’s as light states (TeV scale) whereas all
the other states are very heavy at GUT scale, and hence, do not contribute to the RG
running. It turns out that we need to have at least two 455 ’s in our model in order to
have these light color triplets.

The most general Higgs superpotential with two A = 45’s and a E = 54 Higgs

fields is given by

1 1
Wy = *m1A2+*

1
5 2m’1A’2 + -moE? + M E® + MEA? + \M,EA” + \sEAA’ (A1)

2

where we have absorbed the AA’ term by a redefinition of the fields. The Higgs fields
A, A’ and E contain three directions of singlets (with A and A’ VEVs parallel) under

the SM subgroup 3,271y [283]. The corresponding VEVs are defined by
2 R 2 R
(A) =D Aidi, (A) =) AN, (E)=EE (A-2)
i=1 i=1
where in the notation of Ref. [283], the unit directions 4; and E in the Y-diagonal basis
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are given by

A = Ay = 3[78 +90] = A7y,

Ay = AL o4 as 56 = Ay,

(15,1,1) — /6
= 1,1,0 1
E = By = m(_Q x [12 4 34 + 56] + 3 x [78 + 90]) (A.3)

where the upper and lower indices denote the 3,271y and 4.272r quantum numbers

respectively. The unit directions in Eq. (A.2) satisfy the orthonormality relations

o~ o~

The superpotential of Eq. (A.1) calculated at the VEVs in Eq. (A.2) is given by

1 1 1
Wir) = 5mi(A)? + Jnh(4)? + sma(E)?

HA(E) + X (B)(A)* + Mo (E)(A)? + As(E)(A)(A))

1 1 1 A
— fml(A% + A2+ 5m’l(A’l2 + AP+ —mpE? + L F?

2 2 2v/15

+3 \ﬁ [)\2(3A2 2A2) + Ny (3AP — 2A%) + \3(34, A — 2A2A’2)] (A.5)

using the definitions in Eqgs. (A.3) and the orthonormality relations given by Eqgs. (A.4).
The VEVs are determined by the minimization of the superpotential with respect to the

fields:

{ 0 0 0 0 0

9A1" 0Ay’ 0A] DAL 6E}<WH> =0 (A-6)

This yields a set of five equations for Ay, Ay, A}, Al and E:

0 = mAi+—=MFEA; + >\3EA
f f
0 = mds — 7)\ EA —— EA
1412 \/ﬁ 2 2 — 2\/> 3
0 = mll /1 3 Ny EA, + 3 A E Ay, (A.7)

RV T S Wi
154



2 a2

0 = mid)— —N\,EA AsEAs,
B /T e EWIT M
1
0 = mE+ o [3ME? + Xp(347 — 243) + My(3A7 — 247) + As(3414] — 24245)]

As in our model, the SO(10) symmetry is broken by the 45 and 54 VEVs to 3.272r1p_1,
gauge group at the scale Mg, we are interested in the 3.2;2p1p_; symmetry solu-
tions [283] Ay = A} =0, Ay #0, A, #0, E # 0. Hence it follows from Egs. (A.7)
that

L 20E  MEA, %GB MEA
Vs VIBAY Y VI VI A

(A.8)

In order to study the mass matrices, it is convenient to decompose the Higgs repre-
sentations under the SM gauge group 3.2 1y. In Table-3 we present the explicit decom-

positions of all the Higgs representations under the chain of subgroups
4.212r D 3.212rlp_1 D 321 1y.

Using the Clebsch-Gordan coefficients given in Ref. [283], we obtain the masses of these
multiplets as follows. The basis designating the columns (c¢) of the mass matrices is given
in the same way as in Table-3 while the rows (r) are designated by the corresponding
complex conjugated 3,271y multiplets.

First, we obtain the masses of the multiplet [(3 1 4) + c.c.} in the basis

Y ’ 3
CaBLY) m6BLE) . 4(B1-3) 5B1L-3)
¢ A(15,1,31)’ A/(15,1?1)7 r A(15,1,1§ ) AI(15,1,1§
M — 2Xo F .Yy ié 1
M(3,1,§) _ L= 15 V15 _ME A (A.9)
' _ME 24 VIS 4
V15 L V15 Al

using Eq. (A.8). It is obvious that det(Ms) = 0, and hence, one of the two eigenvalues is

zero while the other eigenvalue is given by

ANE (A, A
Tr(Ms) = \/36 <Az + AZ> : (A.10)
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The zero eigenvalues (six in total) are easily identified as the longitudinal Nambu-Goldstone
modes as the SU(4). gauge group breaks to SU(3). x U(1)p—_r and they acquire mass
of order Mg by the usual Higgs mechanism once the 455 gets VEV at the GUT scale.
We keep the other six eigenvalues given by Eq. (A.10) at TeV scale by fine-tuning the
coupling A3. In what follows, we explicitly calculate the mass eigenvalues for all the other
multiplets given by Table-3 and show that it is possible to have only the above six massive
0’s at the TeV scale while all the other states of 45 and 54 are heavy at the GUT-scale.
We note that once we assume A3 to be small, the effect of the second 45y multiplet
becomes negligible and we can as well drop the primed terms in the superpotential. For
simplicity, we also assume that As = F ~ Mg. Then the VEV conditions given by

Egs. (A.7) yield

2o F E ( 3 >
~ 2027 ~— (X — 2N All
ey TRy R (A.11)

We list below the mass eigenvalues for all the multiplets given in Table-3.

e (1,1,0) : We have three such states and the mass matrix is given by

. 7(1,1,0)  4(1,1,0) 7(1,1,0) . 2(1,1,0)  4(1,1,0) 7(1,1,0)
¢ A(l,l,d)’ A(15,1,1) E(l,l,l)’ L A(1,1,3)’ A(15,1,1)’ E(l,l,l)

3\ E 324
my + \/% 0 \/%1 52 0 0
E
20 F 2204 = —
0 m-Ys TR vis| 00 2R
4 —2a oy 4 UE 0 —2X X+3\
So the mass eigenvalues are
5FE

M(17170) — )\ O’

1 7/—15 2 7&

(1,1,0) E 3 \/ 3 2
M. = — )\ + M)+ A2 + )\ +16)\ 0,

2 Wit 2+ 5 1 2+ 5 1 5| #

(1,1,0) E 3 \/ 3 2
M. = — )\ + A A2 + )\ +16)\ 0 A.12

’ 215 |\"2 " 2 1 27 1 2| 70 (A12)




e [(1,1,2) 4+ c.c.] : There is only one such multiplet and its mass is

. 7(1,1,2) ~(1,1,—2)
A(l,l,S) A(1,1,3)
3 5E
MO =y 4 2B =)\ #0

° [(3, 2, —%) + c.c.] : There are two such multiplets and the mass matrix is

62-9) pG2-D) | 2623) p(E23)
¢ A(6,2,2)3 ’ E((s,m)3 o T A(6,2,23) ) E(6,2,23)
Mo E MoAl oA 5
mitgiE b oA up| 3 o3
XA XA me + 3ME v 15 _ /5 1
2 V6 27T 915 2

with the eigenvalues

(32-3)  E)
My _2\/ﬁ[4i\/ﬂ}7éo

° [(3, 2, %) + C.C.} : There are two of them and the mass matrix is

o a023) 5623) 0 562-3) #(32-3)
¢ Az Bean i T Ay Beea)”
ME  AA A2 A 5
m1+2\2/ﬁ 25-1 \%2 :)\QE 3 —\/3
A2 A A2 A 3ME V15 5
22 1 _ 3/62 m2 _I_ 2\/1ﬁ —\/; ].
with the same eigenvalues as the previous one:
(3,2,%) Bl
My = [41\/ 1) #0
e (1,3,0) : There are also two of them and the mass matrix is
. 213,00 75(1,3,0) A £(1:3,0)
¢ A(131)’ Eigays 1 A 7 133
m1 + 3\)/\2_[C Ao Aq Ao 0
Ao A mo + %fif 0 Ao + %)\1
So the mass eigenvalues are
5E 1,3,0) E 15
MO = 22 20, MY = = (Mt M) #0
1 A2 # 2 = (M2t g #
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e [(1,3,2) 4+ c.c.] : There is only one such multiplet whose eigenvalue is given by

(1,3,3) (1,3,3)
M132) — o o \/gﬁ)\lE = \/% (AQ + 125)\1) #0 (A.17)
° [(6, 1, —%) + c.c.] : Its eigenvalue is
o B s o B
MOL=3) =y \/%ME = \/% (Az - 125>\1> £0 (A.18)
unless \g = %)\1 (which we assume not to be the case).
e (8,1,0) : There are two of them and the mass matrix is
o: iy By T Ay Bl
mi— 222\ 23,4 B0 55,
VEhds  my— UE P /B A By

with the mass eigenvalues

15 \2 15 2
</\2 _ 25)\1) + \/<>\2 - 25)\1> 90N ] £0  (A.19)

Thus we see that all the other multiplets have non-zero masses, and moreover, all these

_E
L2 7 915

masses are of order £ ~ Mg. Hence, none of these multiplets will contribute to the
running of gauge coupling up to the unification scale Mg except the color triplets since
these color triplets have masses of order of the SUSY breaking scale.

Note that the 105-Higgs field also has a color triplet pair {(3, 1, —%) + C.c.] under
the SM gauge group, apart from the TeV-scale bi-doublet fields ®1 2 used in the SUSYLR
model in Section 4 which reduce to (1,2, +1) under the SM gauge group. At the GUT-

scale, the H = 10y field interacts with the E = 54 field by the following term in the
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superpotential:
1 2 2
Wio = §m3H + A3EH (AQO)

After the 54y acquires a VEV, this gives rise to the color triplet mass

~#(31,-3) . 7(3.13)
c H( 71’1)3 S H(().’l’fi
2)3 F
MBLE) =y 2 (A.21)
V15
while the doublet mass is
. A(17271). . A(1727_1)
: H(1,2,2)7 o H(1,2,2)
121) _ 3

We see that the (1,2,+1) field can be made light by fine-tuning mg + \/%AgE ~ TeV
which still leaves the (3, 1, %) field heavy (of order M¢).

Finally, let us discuss how only the right handed doublets fields (¢S, ¢9) from 165-
Higgs fields (1p) remain massless at the GUT scale. Note that in the left-right language,
the fields in 16 are Q (3,2,1,3) ® Q% (3,1,2,—3) and ¢§ (1,2,1,—1) ® ¢%(1, 1,2, +1),

and similarly for 16y = vy field. The superpotential involving these fields is

Wie = Miguu + Moy Ay (A.23)

The second coupling has been worked out explicitly in Ref. [284]. On substituting the

VEV of the 45-Higgs field (A), we get the following masses for the Qgm (3,2,1, %) @

Q% (3,1,2,—1) and ¢§ (1,2,1,-1) @ ¢5(1,1,2,+1) fields:

Mgy, —q, = Mis+ A2 Mye ge = Mig — Ady;
M¢d*¢u - M16 - 3)\142; Md)(ci,qgi = M16 + 3)\A2 (A24)

From this we see that to get only the ¢¢ fields light, we have to fine-tune Mg + 3A\Ag ~

TeV. With this assumption, all other fields remain heavy at the GUT scale.
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SO(10) | 4c,2r,2r | 3¢,210,2R,1B-1 | 3c,2L,1y
(1,2,2) (1,2,2,0) (1,2,41)
2 2
10 (6,1,1) (3,1,1, —g) (3,1,—3)
a 2 3 2
(3,1,1,§) (3,1,3)
P 1 P 1
“2,1) (3.2.1,4) (3.2.4)
(1,2,1,-1) (1,2,-1)
3 1 3 2
16 (5,1,2, —E) (3,1, g)
a 3 4
31,2) (3.1.-%)
(1,1,2,1) (1,1,2)
(1,1,0)
(1,1,2)
(1,1,3) (1,1,3,0) (1,1,0)
(1,1,-2)
(1,3,1) (1,3,1,0) (1,3,0)
2 1
(3.2.2.-2) (3.2.4)
5
45 (6,2,2) (3_, 2, 73)
a 2 B 5
(3,2,2, 3) (3,2, g)
5 1
(3,2, —g)
(1,1,1,0) (1,1,0)
4 4
(15,1,1) (3,1,1, §) (3,1, g)
3 4 3 4
(3,1,1,73) (3,1,73)
(8,1,1,0) (8,1,0)
(11,1 (1,1,1,0) (1,1,0)
(1,3,2)
(1,3,3) (1,3,3,0) (1,3,0)
(1,3, -2)
2 1
(3,2,2, 7§) (3,2, E)
54 (6,2,2) (3, 2, —g)
_ , .
(3.2.2.2) (3.2.%)
3 1
(2-3)
4 4
(6,1,1,7§) (6,1,73)
’ a 4 a 4
(207,1,1) ((),1,1, 5) (6,1, g)
(8,1,1,0) (8,1,0)

Table A.1: Decomposition of the 10, 16, 45 and 54 Higgs representations under

the chain of SO(10) subgroups 4,22 D 3.2.2g1p_1 D 3.2.1y.
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Appendix B

RGEs for fermion masses and mixing
Given the form of the bi-doublets VEVs as in Eq. (3.16), it immediately follows
from the first two terms of the superpotential Eq. (3.13) that the fermion mass matrices

can be written as

1
M, = —vay}, and Mp = (B.1)

M, =
V2

My =

1 1 1
ﬁvuyz, Evdyla Evuylg

Henceforth, for clarity, we will denote the Yukawa couplings as
hv =y2, hp=y1, he =y, hy =y

Then using Egs. (3.14, 3.15) and (3.17, 3.18) the RGEs for the fermion mass matrices can

be written as

dM, [ ~(@) o]
167° = = M, |4hhy +2hbhp =Y C9 g2
+ M, tan 3 [Tr (3h}7hU + hTEhN) + 2kl by + C;’g} (B.2)
dM, [ ~(q) 2]
167r2Wd = Mg [4hbhp + 2kl hy — 3 C@ g2
4 Mo |Tr (3h{hp + hiyhi) + 20l hp + CF)] (B.3)
dM, .
167° = = M, [4]1}51115 +2hlhy + 00 =3 Vg
Mp i t i o
+ians Tr (3h{hp + hivhi) + 2hlhi + CF) (B.4)
dM .
16n27D = Mp [4thhN +2hlhg + 0% =3 CWg?
+M, tan 3 [ Tr (3h,hu + hishn ) + 2kl + C] (B.5)
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where C’;IZ =4 (ug/@)ab, C? = ygayga, and for ¢ = 3., 21, 2R, 1p_1,

“(a) _ 16331) i(l)_( 333) B
1 (3727276 b C/L 0727272 ('6)

Note that the second line in each of the above mass RGEs, Eqs. (B.2-B.5), is characteristic
of the left-right models, and does not appear in MSSM.

Not all the parameters of the Yukawa matrices are physical. Under an arbitrary
unitary transformation on the left(right)-handed fermion fields, Frz) — L(R);Fr(r)
(where F = U, D, E, N), the Yukawa matrices undergo a bi-unitary transformation, hy —
thfR} and the charged current becomes off-diagonal, with the CKM mixing matrix
LULTD. We will also have a leptonic counterpart of the CKM matrix that represents the
mixing between the charged lepton and Dirac neutrino sector. However, as the running of
lepton masses is very mild and we are working only to the one-loop order, we can safely
ignore this mixing in the leptonic sector. Moreover, if we assume the C'P phase in the
Higgs VEV to be zero, then the mass matrices are Hermitian and Ly = Ry (manifest
left-right). Thus we may perform scale-dependent unitary transformations L;(u) on the
fermion bases so as to diagonalize the Yukawa matrices, and hence the mass matrices, at

each scale:
hy(p) = Lp(p)hy () L (1), and My = Ly(u)My() L} (1), (B.7)

where h ¢ and M ¢ denote the diagonalized Yukawa and mass matrices, respectively.

The RGESs for the physically relevant quantities, namely the mass eigenvalues M r()
and the scale-dependent CKM matrix Voxm (@) = LU(,u)L}) (1), are both contained in the
RGEs of M3 () = Ll (1) My (1) M} (1) L (1):

1

i(ﬁz) = [iorh 2] + oy

e\

AR+ 203 - éi(q)g,?] 202

tan G HTI" (3VCKM/];»DV(-I;KM71U> + C%} (VCKMM\dVCTKM]/\Iu)

L1
1672
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+2VormMahp Vi My + h.c.}

(B.9)

4h% + 20 + R (C7) - Z o 2] 2M?2  (B.10)

L(FE) = [LoLh. 573] + o |48 + 20— 32 G0 ggl S0
1 1 Z
T 16n2 tan g
+2Md?LDVCTKM/}ZUMuVCKM + hc}
% (M62> - [LELT 1\73} 1672
i (1) = [xth 373

4h3, + 20+ R (C?) =3 C*i(”g?] 2M?% (B.11)

where L = 4L and R (C¢> denotes the real part of C?. The commutator {I'JfLT,]\/iﬂ

— dt

has vanishing diagonal elements because M\% is diagonal. Thus the RGEs for the mass

eigenvalues m? follow immediately from the diagonal entries of Eqs. (B.8-B.11). Using

dominance of Yukawa couplings of the third generation over the first two, i.e.

YPS YRS, U SRS YL, YRS UL S UL, Uk S U, S YRy

we obtain the following RGEs for the mass eigenvalues of the fermions:

o dmy,

dt

1

dm
1672 €~
T

6 Qdmt

yr 4y} + 2y; — ZC g7 | mu + tan 8 [

167 —— ~

dt tan G L

)
)

dy3 + 2% — ZC gl>md+
)

(
(
(
167227 o (4S+zyc >y
(
(
(

dt Y Ms ¥ tan ﬁ
16727 Ay? +2 Z Ci7g7 )y + ——
dt - b yt gz b /8
o dime ~(0) 2
167 i ~ 4y6 + 2yN1 +r; — Z C;7g; | me
i
2 dmy, A1) 2
167°—= ~ 4yu + 2yN2 + 1 — Z C;g; | my
i
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<4y3 + 293 — Z C'.(q)gi2> my, + tan 3 {3|th|2ybyt + rq} Z Vi |*m

j=d,s,b

4yc+2ys ZC g; mc+tan,8 3“/1517’ ybyt‘i‘Tq} Z H/CJIQm]

j=d,s,b
3|th|2 + 2) YpYt + T’q] AR
3IVisPyoye +7a| D [Vial*m;
Jj=u,c,t

3\th! ybyt+rq} > VjslPm;

j:u7c7t

(31Vinl* +2) g + 7| [Vao oy



1672 deT ~ <4y3 2R, =Y C*f”a?) msr
7
167r2% ~ <4y]2\/1 +207 =y Ci(l)g?) my,
[
L
4
16*% ~ (42112\73 +2r b= éf”a?) M (B.12)
7

where ry, = R (C%) and r; =R (C¢).

The VEV RGEs, Egs. (3.18) and (3.17), for third generation dominance become

dv 3 3

16750~ o, {QSL + 5 93r — 3Yi — Uk, — 05}5] ) (B.13)
dt p 2
dvg 3 3

16m°—% = vy [2g§L + 595k = 3Up — v7 — Cﬁ] (B.14)

The RGE for the CKM matrix Voxym = LULE is given by

d : . . :
%VCKM = LULJ,B + LULTD = LULJ(f]VCKM - VCKMLDLTD,
d B R -
or, =Vas = 3 (LULU)OW Vig— 3 Vay (LDLD)w (B.15)

y=u,ct y=d,s,b
However, the diagonal elements of L, DL& p are not determined by Eqgs. (B.8) and (B.9).
This is because Eq. (B.7) determines Ly p only up to right multiplication by a diago-
nal matrix of scale-dependent phases. These undetermined phases contribute arbitrary
imaginary functions to the diagonal elements of LU7 DLTU’ p- But the off-diagonal elements
are unambiguously determined because they receive no contribution from the phases. We
can, nevertheless, make the diagonal entries of I./U7 DLTU7 p»> wWhich are manifestly imaginary,
vanish by an appropriate choice of phases. With this choice of phases, we can then obtain

the RGEs for the CKM matrix elements using Eq. (B.15):

d

TVes = Y (LULL)MVWB— 3 Ve, (LDLE)w
y=u,c,t v=d,s,b
Qeale! v#B
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2 2
ézg - % (vazgv) ] Vs
_Fdzysb Vary [tan 5(m17 “m5) {Tr (3VEDVT7LU) + rq} (VT]\ZJV)W
V#B
2 2
+ ém (VTM\ZV)mBD (B.16)

As before, we use the third generation dominance and get the following RGEs for V,,3:

g (), Ve | (V) T

- 2
167 %Vud ~ tan (3|V}b| YpYt —l—rq) - + -

Vs (VIMLV) Vi (VIMLY)

L e [T, (),
—;% Vs (VINEZV) 4 V;b (viazv) |

16725 Vi = — tan 3 (3[Viu i + ) _<Vﬁd;i)ucvcs+<vj\7dz)ut%s
L), v (v, 1)
g [ ), Vo),
—;% [~Vaa (VIMZV)  + Vi (VIMV), |

1622V = —tan g (3P + ) (mﬁ?ucmh (md:l?utvtb
g [TV, Ve (VAERVT) vi)
o tlan 5 (31Vio Py + 1) [Vea (VIMLYV) |+ Vas (VIMLY) ]
+;§ Via (VIMZV) 4 Vi (VIMZV) ]

16525V = —tan 3 (3[Va Py + ) —<Vm$c>wv“d+ (Vﬂdrvn?ct%d
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L), s (v
Vi (VU\/I\HV) L Ve (VTJ\ZV)M
sd 4

L (3\Wb\2ybyt + Tq)

tan Mg mp
Ve (VIR Vi (VIR ]

(VJ\Z,VT) Vis (vﬂdvT) Vi

t6r v g (V) | L T
[ (VATVY), Ve (vATVY), Vi
g T, v,
—;% [~Vea (VIMZV) 4V (VIREZV) ]

1671‘2%‘/01; ~ —tan 3 (3|Vayon +74) |~ (Vﬂd:)“ Yo (Vﬁdz)d i
— [P (VATVY) a (VEERVT) i

vt (Wl 70) [Vea (V) e (V1Y)
+;§ Ve (VIMV) 4 Ve, (VIAEZV) ]

167{“%1@ ~ tijf (31Vio 2o + 7o) [(VIMVT), Via+ (VMaVT) | Ved]
+j§ [(VMZVY) Via+ (VIZVT) Ved]

1 g [T (),
—;% Vis (VIARV) + Vi (VIAZV) |
1672 5 Vie = 2 (3l + ) [(VIEVT), Vit (VELVT), Vi

+1th1 KVM\‘%VT)m Vius + <VM\§VT)tc VCS}
Vig (VTMUV)

_ ds + %b (VTM\uV)

bs

b (3|V2b|2ybyt + Tq)

tan G Mg myp
(R, i (),

U
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toxt iy = ST (Wb ) (VI Vet (V) o)
:21 (VMIVT) Vi + (VMEVT) Vi)
b tla (3|th\ YoUi + rq) [th (VU\%V)db + Vi (VWuV)slj
+:% Via (VIMEZV) 4 Vi (VIRIZV) ] (B.17)

We have presented the results for these RGEs even though they look quite messy because
we believe this is the first time such an analysis has been carried out in the SUSYLR
model, and these analytical results at the one-loop level may be useful later for future
work in this direction.

In order to solve these mass and mixing RGEs numerically, we need to know the
initial values for all the 23 variables (12 masses, 9 CKM elements and 2 VEVs). We know
the experimental values at () = my for all of them except for the Dirac neutrino masses
mpy,. We fix these values by iterations using the GUT-scale predicted values, my,(Mg),
which, in turn, are determined completely in terms of the other fermion masses at the
GUT-scale in SO(10) GUT models. Here we note that adjusting the GUT-scale values of
my, to fit the SO(10) model prediction do not change the other fermion masses at this
scale significantly even though they are all coupled equations because of the mild running
of the neutrino masses. Hence the mass and mixing values given in Egs. (3.19) can be
considered as generic and independent of the specific SO(10) model chosen.

We also have the free parameters r, and r; corresponding to the couplings p& and

ys.,. Assuming the couplings p, to be the same V oo = 1,2, 3, we have

Coy = 4(ud' ) =12(u®'p®) 12Zucaucb

C? = yi ys. =3yLys
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Further assuming ug’b =g Va, b=1,2, we have
rg = 24|pgl*, i = 3lys/?

where /14 and yg can take values between 0 and 47 (for the theory to remain perturbative).
For the running behavior shown in Figures 3.2 and 3.3, we have chosen pg = 0.01
and yg = 0.46 (requiring b — 7 unification) and the initial values of the Dirac neutrino

masses
m, (Mg) = 0.0031 GeV, my,(Mg) = 0.2825 GeV, my, = 71.86 GeV

such that the masses evaluated at the GUT-scale, my, (M), agree with those predicted
from the specific SO(10) model described in Section 6. For consistency check, we note

that the SO(10) model predicted eigenvalues of Mp given by Eq. (3.36),
mBredeted = (0.0028, 0.2538, 77.8046) GeV,
agree quite well with those obtained from the RGEs,

my (Mg) = (0.0028, 0.2538, 77.8106) GeV.
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Appendix C

RGEs for soft SUSY-breaking masses in SUSYLR model

Assuming R-parity conservation and the trilinear couplings A’s and Y’s in the su-
perpotential and soft breaking Lagrangian given by Eqs. (3.13) and (3.21) to be zero, the

soft breaking mass RGEs at one-loop level are given by [161]

d
16”2%7&2 = 2méyayl + Ya (lemQQ + 4m2Qcyl + 4m%abyg)
1 32
—3 1 M g? — 6Myp M, g3; — 3 = MsM{g3 + 9152, (C.1)
16m2 L2, = om +T(2 2o +Amby, +4 2)
dt Qc = MQcYaYa T Ya \ 2YaTMQe mQYa YpMe,
1 T 2 T2 32 to 1o
—§M1M191 — 6MarMypgoR — §M3M393 - §91527 (C.2)
d
167> Zomi = 2mi gyl + o, (2pdmd + ameyl] +amd )
3
~3MiM{gt — 6Mar M]y g5, — SoiSh, (C3)
16m2 L2, = om2ayltyl 4y (2 'm2. + dm2yl + dyym2 )
dt Le — LeYa Ya Ya YaMpe LYa Y Dy
af 2« 2 .« 16} 2
s o i ),
3
—3M Mg} — 6M2RM§RQ§R + gg%S% (C4)
d
2 2 _ + 2 2 8 2
167 $m¢§ = 2?]5’0[ |:mLcyg'{ + m¢§yg + Ys (ms)ﬁa:|
3
—3MM{gi — 6MapMj g3y — L0752, (C.5)
d 3
167r2£m§,5 = —3M Mg} — 6MarM]pg3p + gg%s% (C.6)
d af t t
167r2£ (m%) = 4y§ yg (mi(ci + m%c) + 8Tr(ug uh) (m%)pﬂ, (C.7)
d
167> Zomiy,, = mi, Tr (3uly + olu) + Tr (3udye + wilue) mi,

+Tr (6y5ysme + 6yimbyy + 2yfyim?. + 2yfmiy;)
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+ <_6M2LM2TLQ%L - 6M2RM§R9%R> Oab (C.8)
where
= Aoty k) ()] (0

We have ignored the RG running of the coupling yg as these are higher order effects.
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Appendix D

CP-Asymmetry for Leptogenesis in Inverse Seesaw

The full Majorana mass matrix in the flavor basis (N;, S;) is given by

0 My
M= (D.1)
M ps/2

where for ¢ = 1,2,3, both My and ug are 3 x 3 symmetric matrices. The Yukawa

Lagrangian in this basis is given by (with 7,5 = 1,2, 3)
_ 1
Ly = yiaN;®'lo + My, N'C'S; + 5%5? C71S; + he. (D.2)

In order to calculate the CP asymmetry in this framework, it is more convenient to
work in the basis in which the RH Majorana neutrino mass matrix is diagonal with real

and positive eigenvalues. The Lagrangian in this basis is given by (with i =1,2,---,6)
e 1 ~ ~
Ly = hiaN;®l, + 5M,-NZT C7IN; +h.c. (D.3)

Analytically, the exact diagonalization of the full 6 x 6 mass matrix M is extremely
involved and we cannot obtain a closed form expression for the CP-asymmetry in this
case. However, we can study the dependence of the small L-violating parameter ug in
some special cases, viz. when the pg-matrix is completely diagonal or completely off-
diagonal, as in these cases the Majorana mass matrix reduces to a block diagonal form. In
this section, we derive the analytical expression for the CP-asymmetry in these two limits
and for two sets of RH neutrinos, i.e. for (IV;,S;) with ¢ = 1,2. The ¢ = 3 case reduces to

this limit if one of the masses is much heavier and hence decouples from the other two.
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We consider the 4 x 4 version of the Majorana mass matrix M:

0 MN2><2
Myxy = ;

MNsz

(D.4)

H2x2

where without loss of generality we choose the mass matrix My to be diagonal with
real positive eigenvalues My, ,. However, the elements of the pg-matrix are, in general,
complex quantities. Now we consider two special cases:

Case I — ug purely diagonal: In this case, the Majorana mass matrix can be

reduced to a simple block diagonal form which decouples the (N1, .S1) and (N2, S2) sectors:

0 0 My, O 0 My, O 0
mo | 00 M e | M 00 (D.5)
]\4]\[1 0 11 0 0 0 0 MN2
0 My, O 122 0 0 My, poo
Then in the (NN;, S;) flavor basis, we have the 2 x 2 matrices
R 0 My, 0 My,
M; = = , (D.6)
My, i My, &;Mpy,e

where ¢; = p; /My, < 1. The Mi is diagonalized with real and positive eigenvalues by a

unitary transformation UiT MiUi where

—icosayel?i/2  sin qzel?i/?
isin oafie*iei/2 cos aie*iei/Q
and the mixing angles are given by
1 E; . 1 51’)
i~ — 1+ — i~ — (1 — = D.8
cos o \@( + 4), sin o ﬂ( 1) (D.8)
up to O(g;). The corresponding mass eigenvalues are given by
M; ~ My, (11‘3’) (i=1,2 j=1,2,3,4). (D.9)
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It is clear that the mass splitting within a quasi-Dirac pair is given by ;.
The Yukawa couplings in this diagonal mass basis are related to the couplings in

the flavor basis as follows:

hia =~ 162/12/2 (1 + 641) Yla,
haa =~ 6\1/0;/2 <1 - 41> Ylas
h3a =~ ie:/ie;/Q (1 + 642) Y205
hia ~ e\i;’;ﬂ <1 - % You (D.10)

Note that in the L-conserving limit ; — 0, we have h;, = ihj, within a quasi-degenerate
pair (i,7), as expected.
Now let us calculate the CP-asymmetry for the decay of one of the quasi-Dirac

particles, say i = 1. We have from Eq. (4.18),

1 . Im [(hm)fj] ., | ,
€] = — Vo~ Im 61(91—02) * . v D.11
1 ; > 5 hagl? Ji; 16755 |y15/? Za:ylaw fiz (D.11)

J

assuming f13 ~ fi4. Note that the j = 2 term vanishes as there is no imaginary part in
that case. It is clear that e; vanishes as pso — 0. Similarly, one can show that ey also
vanishes in the limit pos — 0, and €3, €4 vanish as ;7 — 0.

Case II — ug purely off-diagonal: In this case, the Majorana mass matrix in the

(N3, S;) flavor basis reduces to the following block diagonal form:

0 0 My, 0 My, 0 0 0
Mo 0 0 0 MN2 cl<—>03i2><—>?“4 Hi2 MN2 0 0 7(D.12)
My, 0 0 2 0 0 Mwo o
0 My, pm2 0 0 0 0 M,

which, however, mixes the (1,2) sectors; in the (Ni,S2) basis, we have the 2 x 2 mass
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matrix

M= , (D.13)
Hei@ MN2

with ¢ < Mpy,, My,. However, unlike in Case I, we cannot diagonalize this asymmetric
matrix by a single unitary transformation; instead, we have to apply a bi-unitary trans-

formation of the form VIMU. We find that the following forms of U and V diagonalize

M:
cos & sin « cos 3 sin 3
U= , V= , (D.14)
—sinae?  cos e —sinfe?  cos Bel?
where the mixing angles are given by
M, — M,
cosa = - 2 - L =
\/(MN2 — MR, )? + p? My,
. . /’LMNQ
sme = 2 2\2 4 2702
\/(MN2 — My,)* + u* My,
M3, — M3
cosff = - N - M =
\/(MN2 — Mg,)? + p* Mg,
sinf8 = M, . (D.15)
\/(M12\72 o ]\412\71)2 + M2M12Vl
The eigenvalues of M are given by
1/2
M= MR, + M, + 2 w003, - MR 2203, + 03], (D.16)

up to order O(pu?). Note however that in the new basis, the mass matrix is still not

0 M,
diagonal and is of the form ' with eigenvalues +M;. This can be diagonalized

M; 0

with real and positive eigenvalues |M;| by another unitary transformation:

cosT sinZ _
Uy = ! b diag (e77/21) (D.17)

3 s ™
S1n 1 COS 1

174



We note here that in this case, unlike in case I, there is no mass splitting within the pair
and the two quasi-Dirac RH neutrinos are exactly degenerate. This is a general result
that the off-diagonal elements of 1 do not contribute to the mass splitting within a pair;
they just shift the eigenvalues. Hence, the splitting can be approximated by the diagonal
elements of y, as in Eq. (4.25).

Finally, the Yukawa couplings in the mass-diagonal basis with real and positive

eigenvalues are given in terms of the couplings in the flavor basis as follows:

i0

hio = cos B Y1a + sinae™ " yoq

)

i0

( )
hoo = }(cosﬁ Yo — sinae ™ o, ),
( )
( )

sin 3 yia — cos ae 0 yoq

)

h3a == \/5

h4a - 6

Sin B Y1q + cosae™ " yoq (D.18)

Note that in the L-conserving limit y — 0, cosa,cos 3 — 1 and sin , sin § — 0; it is clear
from Eqgs. (D.18) that in this limit, we recover the relation h;, = ihj, for the (7, j) pair.
Using Egs. (D.18), it can be shown that the CP-asymmetry, Eq. (4.18), for i = 1

becomes

Im (67192 Yiyy2 )
VI IEy) 2 2 2 2\ v
€1 = sin accos 3 | cos ﬁg sin aE
! 81 7’h17\2 [ ( ~ |y1+] > [y >f12

1 . 2 2 2 2
-3 {cosasmﬁ(cos ﬁ;wh\ — sin a;lym

+cosacos 3 (cos Bsin 8 Z ly1|? — cosasina Z ]y27\2> } f{%} (D.19)
8! v

which clearly vanishes in the limit 4 — 0 (as sina, sin 5 oc ). Similarly it can be shown
for other channels.
Comparing the CP-asymmetries €; in these two cases, we find that in Case I, the

contribution within the pair vanishes and the remaining term in Eq. (D.11) which is
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proportional to f{5 is highly suppressed as M; is not quasi-degenerate with the (Ms, My)
pair. On the other hand, in case II, the dominant contribution comes from within the
(My, Ms) pair which is enhanced due to large f{,. Hence, combining these results, we
expect that in the general case with both diagonal and off-diagonal p-entries, the dominant
contribution to the CP-asymmetry ¢; should come from “within the pair” decay of N;.

We checked numerically that this is indeed the case.
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Appendix E

Sparticle Spectrum in SUSYLR

The superpotential for the SULYLR model discussed in Chapter 3 is given by
Eq. (3.12) and the relevant soft-SUSY breaking Lagrangian is given by Eq. (3.21). The
B—L symmetry is broken by the vev of the neutral RH-doublet fields: ((;5§0> = VR, <d>§0> =

vg, and we define

VR
tanf = —=, = ,/v? 2 E.1
an VR, vR YR, +de ( )

with vg ~ TeV. The electroweak symmetry is broken by the vev of the neutral bi-doublet

fields: (®9,) = vq, (®9,) and we define

v
tan 8 = v—u, Vyk = (/U2 + V7 (E.2)

d
The values of Méc and ,u?{, are determined by minimizing the Higgs potential:
Vhigegs = VF + Viort + VD, where (E.3)

Ve = pde(l903' 1 + 1001 + 05 [ + 05" )

+ug(19g]7 + 195 + @4 1 + |2 %), (E.4)
Voot = mi;(\dﬁ” 210517 + mie (1901 + et 1) + ma(|9g]? + [ 7 + [ [ + [25)
—Bye (9L 0L — 657 ¢5T + hc.) — B (990 — &, & + h.c.), (E.5)

Vb = gg% [(\@5\2 — P57 + |@g* — |95 1%) + 4(|@F [P| @07 + |@g % @4 %)

HA(DL D DYDY + DYDY DD
2
g - .
120 — [@g? — @0 + [ @51 + |67 — 05717 — 1651 + 657 )’
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+4(|2G7 |5 |2 + (@022 1 + [6F P05 [ + 0512 ¢5T 7)
+4(PY OV DT B + DY D 9P G + PGP, I pST + DY G

+(I)OCI)_*(Z)CO(Z)C+* + CI>0*<I)+¢CO¢C+* + ¢CO*¢CO*¢§ ¢ _|_ ¢c0¢ ¢c+*¢ )] (EG)

Minimizing this potential for the neutral fields yields

v%g% cos 260

2 2
2 2 2
ms. —m4. tan“ 0 2
2 (o 5 VR, 2 2
. = — A E.7
1% 20 1 L Wrt97) (E.7)

The chargino mass matrix in the basis {W;", W7, &, ¢St} is given by

Mar, 0 grvg O
0 Msr  9grVd 9RUR,
Mcharge = (E.8)
gLV  gRVw —US 0
0 JRVR, 0 — e
The neutralino mass matrix in the basis {f/lvfg L, Wi r B, <I>0 CIJ?L, g ,gZ)CO} is given by
Mar, 0 0 L@ g 0
0 Mspr 0 9%{1 _ g%u gRjgd o QR\;gu
0 0 M, 0 0 _9’% g’\v/gu
Mueutral = 2L 482 0 0 L1 0 0 (E.9)
— gLt _g\R/%u 0 . 0 0 0
U~ S 0 e
0 _ ga\;zgu g'\v/gu 0 0 [ige 0

For the sfermion sector, the masses for first generation are given by

1
gLU cos 23 — IQUR cos 260

2 —
ms~ = mQ1+m +4

ur

127
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1 1
2 2 2
my = mg, +mg— ZgLv 2 cos 23 — —2g 202, cos 26
1
m%L = m%l+m§—4gLv cos23 + g 20%, cos 26
22 bm? SR (0% cos 26 + vl cos20) + 20
Mae = MQs T My — 7 9r(v" cos UE, COS 129 202, cos
m: = ml +m2+1 % (v? cos 28 + v, cos 20) + ! 2% cos 20
P Q5 d 49R R 129 R
1 1
m%R = mif +m? + Zg%(zﬁ cos 203 + v% cos 20) — Zg'%% cos 26 (E.10)

and similarly for the other two generations. For the sneutrino sector, the mass matrix in

the basis of {7, 7¢f, S} is given by

2 2 2
anuvlr»yv TNerT»VvCT TTL;TS

M-~ = o A\f 2 2
v Tn/,ﬁ;d m;C;cT m;cg

(m2g)" (m2g)' s

where
2 2,1 1
m2~ = mj +vohlh, —|—4gLU cos2ﬁ+ g v} cos 20
1
W = b o2+ sl — (P o529 + v cos20) —
mggT§ = m% + :U%' + U%dygys
m%T;d = 2,uq>vdhi
m%ﬁ; = vuur,hlys,
mi = phev
;CS — /-L¢C RuyS
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