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ABSTRACT

This work presents a study of the effects of multi-Higgs doublets on the properties of
neutrino sector and heavy quark systems. The phenomenological implications of multi-Higgs
models, which contain multi-Higgs doublets, in the neutrino and quark sector are discussed
in this dissertation. The two-Higgs-doublet model (2HDM), in which two Higgs doublets
are introduced, is the simplest extension to the scalar sector of the standard model (SM). A
new boson state was recently seen in the CMS (Compact Muon Solenoid) and ATLAS (A
Toroidal LHC Apparatus) experiments at the LHC (Large Hadron Collider).

We investigate the multi-Higgs models contributions in understanding various phenomena
in the neutrino sector. Introducing a model to explain the neutrino oscillation phenomenon
within the framework of multi-Higgs doublets is considered. We introduce different flavor
symmetries in the lepton sector and study the phenomenological consequences in both the
scalar and lepton sectors. The leptonic mixing in the symmetric limit can be, among other
structures, the bi-maximal (BM) or the tri-bimaximal (TBM) mixing. We find that a mixing
model with 2-3 flavor symmetry can explain the nonzero 6,3 measurements. In our study,
neutrino masses were proposed where its smallness is not due to the seesaw mechanism, i.e.
not inversely proportional to some large mass scale. It comes from a one-loop mechanism
with dark matter in the loop consisting of singlet Majorana fermions within a model with

Ay flavor symmetry.

A relevant point of interest in the neutrino sector is the study of the nonstandered in-
teractions and its implications to neutrino oscillation. Here, we introduce the nonstandard
interaction effects at the detectors of neutrino oscillation experiments and the impact of
extracting the neutrino mixing angles is studied. The extractions of the atmospheric mixing
angle o3 rely on the standard model cross sections for v, + N — 7~ + X in v, appearance
experiments. Corrections to the cross sections from the charged Higgs and W’ contributions
modify the measured mixing angle. We include form factor effects in the new physics calcu-

lations and find the deviations of the mixing angle.

1



The quark sector has enriched our knowledge of particle physics. Lots of new theories
and discovering new attributes of particles have been done in the quark sector. Therefore,
we study the decay channel of the quarkonium 7, — 77~ to search for the existance of an
additional Higgs field or a new gauge boson. We estimate the standard model branching
ratio for this decay to be ~ 4 x 10~?. We show that considerably larger branching ratios, up
to the present experimental limit of ~ 8%, is possible in models with a light pseudoscalar or a
light axial vector state. Also, in this dissertation we study the forward-backward asymmetry
Apgp in the top quark pair production in the ¢t rest frame. In this work we seek for a new
gauge boson to accommodating the CDF (Collider Detector at Fermilab) measurement of the
App, which has a deviation from the next-to leading order (NLO) SM prediction. A v — ¢
transition via a flavor-changing Z’ can explain the data. We consider the most general form
of the tuZ’ interaction, which includes vector-axial vector as well as tensor type couplings,

and study how these couplings affect the top forward-backward asymmetry.
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CHAPTER 1
INTRODUCTION

The standard model (SM) of particle physics is a SU(3) x SU(2) x U(1) gauge theory
which combines the color gauge group SU(3) of the strong interaction with the Glashow-
Weinberg-Salam (GWS) model of electroweak theory (SU(2) x U(1)). The standard model
recognizes two types of elementary fermions: quarks and leptons. The model distinguishes
twelve different fermions: six quarks and six leptons, each with a corresponding anti-particle.
Each quark comes in three different color charges, while the remaining fermions (leptons)
do not carry color charge. They are arranged in a very tidy symmetrical structure. They
are arranged under SU(2) in six left-handed families: three families consist of two quarks
forming doublets, and another three consist of two leptons each. Each left-handed fermion
has a corresponding right-handed one that does not contribute in the doublets. Quarks and
leptons are the building blocks which build up matter, i.e., they are seen as the “elementary
particles”. In the standard model, gauge bosons are defined as force carriers that mediate
the strong, weak, and electromagnetic fundamental interactions. The strong interaction is
mediated by massless vector boson so-called gluon, of which there are eight. The weak inter-
action has two massive charged mediators (/W*) and one neutral (Z°). The electromagnetic
interaction couples to all charged quarks and leptons via the photon. Lastly, the Higgs bo-
son is the only scalar particle that exists in the SM. In 2012 a previously unknown boson
was discovered at the Large Hadron Collider (LHC); its properties are still being studied to

confirm whether or not it is the Higgs boson.

Quarks are peculiar as they posses electric charges which are fractions of that for the
electron. A phenomenon called color confinement results in quarks being perpetually bound
to one another, forming color-neutral composite particles called hadrons. There are two
types of hadrons, the Baryon which is a system of three quarks (e.g. the proton) or Mesons,

a two quark system containing a quark - antiquark pair (e.g. the pion or pi-meson). For



leptons, electron, muon and tau (which are referred to as different flavors of the lepton),
there is a corresponding neutrino associated with it. Leptons do not participate in the
strong interaction and are generally not seen within the nucleus. The discovery of neutrino
mass via flavor oscillations is a clear sign of physics beyond the standard model (BSM).
Originally, the evidence of this phenomenon was of astrophysical origin but now it has been

convincingly confirmed by terrestrial experiments.

Despite the spectacular achievements in the last ten years or so, a lot of open questions
are still seeking for answers to complete our understanding of the neutrino sector. In the
following, we mention some of them:

e What is the sign of the mass squared difference Am3,(= m% — m?) or the character of

the neutrino mass hierarchy?
e What is the mass scale of the neutrinos? Why are neutrino masses so small?

e Why is the pattern of the neutrino mixing so different from that of the quarks? Is

there any connection between quarks and leptons?
e Are the neutrinos Dirac or Majorana particles?

o Is sin® 26,3, where f,3 is the atmospheric mixing angle, exactly maximal (= 1)? If
sin? 20,3 # 1, what is its octant?

e How many neutrino species are there? Do sterile neutrinos exist? Are three-flavor

oscillations enough?

non-zero value for ;3 has been observed by MINOS and T2K experiments [I], 2l [3]
would increase the possibility of observing CP-violation in the lepton sector. Non-zero 6,3
also brings in the possibility of large Earth matter effects [4] for GeV energy accelerator
neutrinos travelling over long distances. Matter effect on neutrino oscillations depends on
the sgn(Ams3,).It is opposite for neutrinos and anti-neutrinos. For a given sgn(Am3,) it
enhances the oscillation probability in one of the channels and suppresses it in the other.
Thus, comparing the neutrino signal against the anti-neutrino signal in very long baseline

experiments gives a powerful tool to determine sgn(Am2,).

In this dissertation we study the effects of multi-Higgs doublets on the properties of
the neutrino sector and heavy quark systems. The dissertation is organised as follows: In
the rest of the introduction we present a general background of two-Higgs-doublet model
(2HDM), heavy quark systems, top forward-backward asymmetry, and neutrino sector. In

the following chapters we discuss the phenomenological implications of the 2HDM in neutrino



mixing models, non-standard neutrino interactions, and heavy quarkonium system, as well

as in the study of the top forward-backward asymmetry.

1.1 Higgs in the Standard Model and multi-Higgs-doublet models

The Higgs mechanism is a simple method for explaining the electroweak symmetry break-
ing and developing masses for the electroweak gauge bosons, the W+ and the Z°, as well as
all elementary fermions; leptons and quarks. It was first proposed in 1964 by Higgs, Kibble,
Guralnik, Hagen, Englert and Brout [, 6] [7]. The Higgs mechanism has become the corner
stone of the standard model for explaining the origin of the particle masses. In the SM, one

complex doublet of scalar fields with a non trivial potential is introduced as

n .
D — ¢0 _ 1+ l.¢2 (1.1)
¢ ¢3 + iy

to provide masses to both the weak force carriers and the elementary matter particles. The
Higgs doublet transforms as an SU (2), doublet, and its weak hypercharge is Y = 1. The
price of proposing the Higgs mechanism is the presence of just one new massive Higgs particle

or Higgs boson.

The Higgs Lagrangian consists of three terms: the scalar potential, the kinetic term, and

the Yukawa terms

V(OT®) = p2(dTd) + A(@TD)?,
ig _ ;
Ly = (D,®@) (D) Duzﬁu—7YW:‘—ngiWu,

_£Y = T]Z@LE)UR + ’/]Z?GL(I)DR + ’/]szL(I)ER + h.c. (12)

where ;2 and \ are free parameters of the theory. W; with ¢ = 1,2, 3 are the four-vector
fields (gauge eigenstates), associated with the three generators 7; of SU (2); symmetry.
On the other hand, Wﬁ is the four-vector field associated to the Y generator i.e. the
U (1), symmetry. g and ¢’ are the coupling strengths associated with W; and Wj , respec-
tively. @, is the left-handed quark doublet, Ug, Dy are the right-handed singlets of the up
and down sectors of quarks. ¢, is the left-handed lepton doublet, Ej is the right-handed
singlet of the down sector of leptons. The Yukawa couplings ng’D’Z define the vertices and,
consequently, the Feynman rules of the Lagrangian where ¢, j are family indices. The sponta-
neous symmetry breaking describes systems where the Lagrangian obeys certain symmetries,

but the lowest energy solutions do not exhibit that symmetry. The Higgs potential generates



the spontaneous symmetry breaking when p? < 0 . The above potential is the most general
renormalizable potential invariant under the SM symmetry group SU (2), x U (1),,. The ki-
netic term describes the interactions between scalar particles and vector bosons, and provides
the masses for the latter when the Higgs field acquires a vacuum expectation value (VEV).

The Yukawa Lagrangian describes the interaction among the Higgs bosons and fermions.

Even though the standard model offers a very successful description of strong and elec-
troweak interactions, it fails in providing an explanation for issues such as the gauge group,
the number of families, the dynamics of flavor and the mechanism of mass generation, among
others. This suggests the SM is not a fundamental theory but a part of a more complete
theory. There are many extensions of the SM have been proposed. Several such models, like
supersymmetry, contain an extended Higgs sector. The simplest extended Higgs sector is a

two Higgs doublet model (2HDM) which constitutes of two, instead of one, complex scalar

+ +

with hypercharges (Y7 = Y3 = 1). In the so-called 2HDM-II model ®; couples to the up-type

and P, to the down-type quarks respectively. Upon spontaneous symmetry breaking, the

doublets as

neutral components of ®; and ®, acquire vacuum expectation values

(®)= 5 (B2) = ﬁe’f. (1.4)

So it is more convenient to parametrize the doublets in the following way

o b5
CI>1 = ( hi14vi+ig1 3 CI>2 = ho+v2+igo (15)
V2 V2

where ¢ is a phase parameter and

g = V2Im(¢), g2 = V2Im(¢Y),
hi = V2 (Re(#)) —v1), ha= V2 (Re(¢3) —vs). (1.6)

The mass eigenstastes are obtained from the gauge eigenstates defined in (LL5]) by the

following transformations



cos  sinpf o B G*
—sinf cosf3 o3 B H* |’
cosa  sina hy _ H°
—sina cosa ho B R |’
cos3 sinf 71 B GY (L.7)
—sinf8 cos 3 g2 B A ) '

Only three of the eight original scalar degrees of freedom (corresponding to two complex dou-

blet) are reabsorbed in transforming the originally massless vector bosons into massive ones,
i.e. three Goldstone bosons (G*, G°) corresponding to W+, Z, respectively. The remaining
five degrees of freedom correspond to physical degrees of freedom in the form of: two neutral
CP-even scalars (H°, h°), one neutral pseudoscalar (CP-odd) A°, and two charged scalar

fields (H*). A key parameter of the model is the ratio of the vacuum expectation values

tan 5 = ey (1.8)
U1

The Higgs potential which spontaneously breaks SU(2), x U(1)y down to U(1)gp is [§]

Varrp (1, @3) = A (@]D) — v])? + (@)D, — 03)?
- 2
Xs (@] — 0f) + (@}, — 03)]

+

(0]@))(@Ld;) — (@]@2)(@]@))]

_|_

Al

- 2 2
As |Re(®1®s) — 305 cos S] + X6 [Im(@{q)g) — v1Ug sin S] , (1.9

+

where \; are real parameters (by hermiticity). The kinetic Lagrangian and the most general

gauge invariant Lagrangian that couples the Higgs fields to fermions read

£kin - (Duq)1)+(DMq>l) + (Duq)2)+(DM(I)2),
-0 = —0 —0 ¥ —0
—Ly = 0" QiU + 0, Qi @1 D + & °Qi ®2Usp + €7 Qi @2Dip +

-0 -0
Ug’oliLCI)1E](-)R + 55’OliL<I)2E§]R + h.c., (1.10)

where 5131,2 = 102D 9, n?j and 5% are non diagonal 3 x3 matrices and ¢, j denote family indices.
DY, refers to the three down-type weak isospin quark singlets D% = (d%, s%,5%)" , U refers

to the three up-type weak isospin quark singlets U9 = (u%,c%,¢%)" and E% to the three



charged leptons. Finally, @?L, ZSL denote the quark and lepton weak isospin left-handed

doublets respectively. The superscript “0” indicates that the fields are not mass eigenstates

yet.

The real CP-even sector contains two physical Higgs scalars (H°, h°) which mix through

the following mass-squared matrix

(1.11)

M — 41)%()\1 + )\3) + 'U%)\g, (4)\3 + )\5)'[111)2
(4)\3 + )\5)1)1’02 4’0%()\2 + >\3) + U%)\;—; '

At tree level, the masses of the scalar and pseudoscalar degrees of freedom satisfy the fol-

lowing relations:

MI2{=E = )‘4(1)% +U§)7
Mio = Xs(vf +v3),
1
M12{07h0 = 3 (Mn + Moo \/(Mn — M)? + 4M%2) ; (1.12)

and the mixing angle « is obtained as

sin2a = ,
V(M — Magg)? + 4M3,
cos2a = M — Mz . (1.13)

V(Mg — My)? +4M3,

1.2 Heavy quarkonium decay
On 4 July 2012 both of the CERN experiments CMS and ATLAS announced they had

independently made the same discovery of new boson state with mass 125.3 + 0.6 GeV in
CMS [9] and 126.5 GeV in ATLAS [10]. Using the combined analysis, both experiments
reached a local significance of 50 significance. After the discovery of the boson state, it
is widely anticipated that physics beyond the standard model or new physics (NP) will be
discovered soon at experiments such as the LHC. This NP might contain additional Higgs
bosons beyond the SM Higgs, new gauge bosons, or new quarks and leptons. It is generally
believed that these new particles will be heavy with masses from the weak scale ~ 100 GeV
to a TeV. However, light scalars and vector bosons with masses in the GeV range or even
lower are not ruled out. For instance, light scalar states coming from a primary higgs with
non SM decays can be consistent with existing experimental constraints [11]. One of the

ways to probe these light states is to look at decays of particles with masses in the 10 GeV



range such as the T. Data from the present and future B factories can be used to search for

these states and/or to put constraints on models that predict such states.

It is also possible to probe these light states via the 7, decays. The pseudoscalar bb bound
state in the 1S configuration, the 7,, was observed in BaBar by two different experiments.
First, it was seen in the decay of T(3S) — ~n, [12] with a signal significance greater than
10 standard deviations (o). The n, was observed in the photon energy spectrum using
(109 £ 1) million Y(3S5) events and the hyperfine Y(15) — 7, mass splitting was measured to
be 71.4723(stat) £ 2.7(syst) MeV from the mass m(n,) = 9388.975 1 (stat) & 2.7 (syst) MeV.
Soon after, it was also seen in Y(2S) — ~m, [I3] by another group in BaBar, and the
hyperfine mass splitting was determined to be 67.47}%(stat) 4= 2.0(syst) MeV from the mass
m(m) = 9392.971% (stat) & 1.9 (syst) MeV. In the past, since the discovery of the Y (n.S)
resonances [14] in 1977, various experimental environments [15] [16], [I7] have been used to
seek the ground state 7, but without success. Many theoretical models have attempted
to predict the mass of n,. Lattice NRQCD [I8, 19] predicts the hyperfine splitting to be
EjY, = 614 14 MeV and correspondingly the mass to be m,, = 9383(4)(2) MeV which is
in agreement with the experimental results. The calculations of perturbative QCD based
models [19, 20] predict the hyperfine splitting to be ng(’;D = 39+11(th)*2(da,) MeV which is
smaller than the measured values. Experiments at BaBar have also searched for a low-mass
Higgs boson in T(35) — yA° A° — 777~ [21] with data sample containing 122 million
T(35) events. In the same analysis, constraint on the branching ratio for 7, — 777~ was
reported as BR(n, — 7777) < 8% at 90% confidence level (C.L.).

Here we explore the decay 1, — 777~ as a probe for a light pseudoscalar or a light axial
vector state. We estimate the standard model branching ratio for this decay to be ~ 4x1077.
We show that considerably larger branching ratios, up to the present experimental limit of

~ 8%, is possible in models with a light pseudoscalar or a light axial vector state.

1.3 Forward-backward asymmetry in top physics

The top quark with its high mass may play a crucial role in electroweak symmetry
breaking. Hence the top sector may be sensitive to new physics effects that could be revealed
through careful measurements of top quark properties. The top quark pair production in
proton-antiproton collisions at the Tevatron collider with a center-of-mass (CM) energy
of /s = 1.96 TeV is dominated by the partonic process q7 — tt. Recently the CDF
experiment has reported a measurement of forward-backward asymmetry in ¢t production
which appears to deviate from the standard model predictions. The CDF collaboration

measured the forward-backward asymmetry (Arp) in top quark pair production in the t¢



rest frame to be A%, = 0.475+0.774 for My > 450 GeV [22], which is 3.4 ¢ deviations from
the next-to leading order (NLO) SM prediction A%, = 0.088 £ 0.013 [23, 24, 25| 26]. The

D@ collaboration also observed a larger than predicted asymmetry [27].

The current measurement of the top quark pair production cross section from 4.6 fb~* of
data at CDF is

o = (7.50=+0.48)pb, (1.14)

for my = 172.5 GeV [2§], in good agreement with their SM predictions by Langenfeld et
al. o = 7.4670:5 pb [29], Cacciari et al. o = 7.2670 45 pb [30], Kidonakis o7 = 7.2970%2
pb [31], and recent Ahrens et al.’s significantly low value o7 = 6.30 £ 0.19%3L. pb [32].
Hence new physics models that aim to explain the App measurement must not change the
production cross section appreciably. Many NP models that affect Appg, either via s-channel
[33] or t-channel exchange of new particles [34] have been proposed to explain the forward-
backward anomaly. Here we will study the forward-backward asymmetry measurement in
the presence of Z’ boson contribution. We consider a flavor-changing tuZ’ coupling which
can contribute to tf production in the t-channel including tensor term in the coupling, and
study the effects on the top Apg.

1.4 Neutrino oscillation

Neutrino oscillation is a quantum mechanical phenomenon of lepton flavor changing for a
neutrino with energy F travelling some distance L between the source and detector. Neutrino
oscillation has been observed in various experiments. This phenomenon is not expected in
the standard model because neutrinos are massless in this theory and it is always possible
to choose a physical basis where the leptonic Yukawa couplings are diagonal. Neutrino mass

is the most potent evidence of existing physics beyond the standard model.

1.4.1 Current experimental situation

The first experimental observation of the electron neutrino was in 1956 in the nuclear
fission products in the nuclear reactor beta decay. Neutrino was first postulated in 1930 by
Wolfgang Pauli in order to preserve the conservation of energy, conservation of momentum,
and conservation of angular momentum (spin) in S-decay n — p + e~ + .. Soon later, the
muon neutrino v, was discovered. It was assumed to be the same neutrino that was discovered
in the beta decay till Schwarz, Steinberger and Lederman performed a neutrino experiment

to prove the existence of two kinds of neutrinos through the pion decay 7= — p* 4+ v,.



parameter best fit lo range 20 range 30 range
AmZ, ---[107%eV7] 7.62 7.43-7.81 7.27-8.01 7.12-8.20
2.55 2.46 — 2.61 2.38 — 2.68 2.31 —2.74
20... —3aV\2
|Amay - - [107%eV7] 2.43 2.37 — 2.50 2.20 - 258 | 2.21—2.64
sin® 0y 0.320 0.303-0.336 0.29-0.35 0.27-0.37
ey 0.613 (0.427)? (gggg_%égé) 0.38-0.66 0.36-0.68
23 2750, B 3
0.600 0.569-0.626 0.39-0.65 0.37-0.67
0.0246 0.0218-0.0275 0.019-0.030
. 2 |
sin” O3 0.0250 0.0223-0.0276 | 0.020-0.030 | 0170033
5 _%%%7; 0— 21 0— 27 0— 21
Table 1.1. Neutrino oscillation parameters summary. For Am3;, sin? 053, sin? 613, and § the

upper (lower) row corresponds to normal (inverted) neutrino mass hierarchy. ! This is a local
minimum in the first octant of 6,3 with Ax? = 0.02 with respect to the global minimum

The conception of the standard model, established in the mid 1970s, postulated that the
fermions, consisting of the electron, muon, tau and the neutrinos, form a doublet structure
such that the electron is grouped with v., the muon is grouped with v, and the tau is grouped
with v,. The third type of neutrino, v, was observed in 2000 by the DONUT collaboration
[35]. The experiment used a neutrino beam created by Dy — 70, and the decay of 7 into

another v;.

The last decades have been extremely successful for the field of neutrino physics. It
was not until 1998 that the existence of neutrino oscillations was finally established experi-
mentally by the Super-Kamiokande experiment in Japan for atmospheric neutrinos [36]. In
2002, the SNO collaboration demonstrated that the solar neutrino problem i.e. the major
discrepancy between measurements of the numbers of neutrinos flowing through the Earth
and theoretical models of the solar interior [37] is solved by solar neutrino oscillations [38].
Throughout the last decades, measurements by Super-Kamiokande [39], by the reactor ex-
periments KamLAND [40] and CHOOZ [41] and by the accelerator experiments K2K [42]
and MINOS [43] have confirmed our picture of neutrino oscillations and have provided pre-
cise values or tight constraints for most of the oscillation parameters. The experiments have
shown that the angles of lepton mixing are relatively larger than their counterparts in the

quark sector.

Recent data from the Double Chooz [44], Daya Bay [45], RENO [46] experiments as well
as latest T2K [I] and MINOS [2] experiments have yield a nonzero values for 6;5. The best



fit values for the mixing angles are given as [47]

sin?f, = 0.320,
sin?fy; = 0.613 (0.600) (for normal (inverted) hierarchy),
sinf;3 = 0.0246 (0.0250) (for normal (inverted) hierarchy). (1.15)

The summary of neutrino oscillation results [47] can be found in table [[I] which provides
best fit points, 1o errors, and the allowed intervals at 2 and 3¢ for the three-flavor oscillation

parameters. There are several papers that have attempted to explain the recent 63 results
[48, [49].

Neutrino oscillation experiments are only sensitive to mass squared differences. Thus,
they cannot provide information on the absolute neutrino masses. However, kinematical
studies of the electron spectrum in nuclear S-decay [50] produce upper limit to the absolute
neutrino masses < 2.3 eV (95% C.L.). Also, cosmological observations constrain the absolute
masses to lie below ~ 0.2 eV [5I]. On the other hand, the neutrinoless double beta decay
experiments [52] put a bound at the level of 0.35 eV (90% C.L.) in the case of neutrinos with

Majorana mass terms.

Several experiments have searched for new effects beyond the framework of three massive
neutrinos with standard model interactions. Till now, no evidence for such effects has been
found yet. Instead, constraints have been derived on non-standard neutrino interactions
[53], neutrino decay [54], neutrino decoherence [55], oscillations into sterile neutrinos (i.e.

neutrinos not coupling to the Z boson) [56] and other exotic scenarios.

1.4.2 Mixing and oscillation parameters

There are two different bases of the neutrino field, flavor basis v,(a = e, u,7) which
associate with the charged lepton partners in the charged weak interactions and has no
definite mass as the mass matrix of neutrinos are non-diagonal, and the mass basis v;(i =
1,2,3) which have definite masses and are the eigenstates of the free Hamiltonian. The
fact of lepton mixing has been firmly established through a variety of solar, atmospheric,
and terrestrial neutrino oscillation experiments [57]. The charged current interaction can be
written in the flavor basis as

g —
_ ﬁlavu(l — 5 )W, (1.16)

If the charged lepton and neutrino Yukawa matrices are non-diagonal, using the transfor-

mation between the flavor and mass fields the charged current interaction can be written

10



as

g —
— ﬁlﬂ”(l — ’}/5)UaiViWM. (]_]_7)
If the charged lepton Yukawa matrix is diagonal, the charged current interaction can be
given as

g 7
- —la (1 — l)on'l/iLL s 1.18
\/§ 7 ( 75) K ( )

where the mixing between the two bases of the neutrino field can be described by the rela-
tionship

[va) = 3 Uailvs), (1.19)

where U is the unitary leptonic mixing matrix. The well known parametrization of the
neutrino mixing matrix is known as Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix,
Upmns [58]:

—id

C12€13 512€13 513€
_ 6 1)
Upmns = | —S12C23 — C12523513€"°  C12C23 — S12523513€" sagcig | K, (1.20)
) 1)
512523 — C12C23513€" —C12523 — S12C23513€" C23C13

where s13 = sin 0,3, ¢13 = cos #13 with 613 being the reactor angle, s19 = sin 5, ¢19 = cos 1o
with #15 being the solar angle, so3 = sinfag, o3 = cos ez with O3 being the atmospheric
angle, § is the Dirac CP violating phase, and K = diag(1, ¢!, e"?) contains additional
(Majorana) CP violating phases ¢1, ¢2, which are physically relevant if neutrinos are Ma-
jorana particles. Experiments have put no constraints on the Majorana phases, therefore,
we usually ignore them. The experiments have shown that the angles of lepton mixing are

relatively larger than their counterparts in the quark sector.

In order to calculate the probability of flavor changing we need to consider the evaluation
of the eigenstates in time [59]. Suppose a given source is producing a neutrino flux of given
flavor |v,) at zero time and zero position ¢ = 0 = x then the neutrino state at a later time ¢

will be given by
|Va(t) Z = |vi(t) Z e~ |1,(0)), (1.21)

where E; are the energy eigenvalues associated with the individual neutrino mass eigenstates

11



v;. The oscillation probability P,g for the flavor transition o — 3 is given by

Pas(t) = Kvglva(t)]?

= jéﬁéiﬁe“E—Qﬁ, (1.22)

i=1 j=1
where the Jarlskog CP-odd invariant Jijﬁ is written as

J = UsiUUsUsy. (1.23)

«,

For ultra relativistic neutrinos with small mass one can assume p; = p ~ E and we have

) 5 2 m2
E=+p+miopt gyl 1.24
or A 9
me=.
E - B =—7 1.25

where Am3; = m; —m7. Let us suppose that ¢ is the travel time of the ultra relativistic
neutrinos from the source to the detector with L is the distance traveled. In the natural
unit, ¢ = 1, we can consider that t = L, thus

Am?2L

Now, the transition probability can be written as

Py = Y UaULUsUsse™ 25
,J

= > |Uail’|Usil* + 2Re Y (UpiUzUpUsj) e 25 (1.27)

) 1>7

From the orthogonality relation (v;|v;) = J;; one can obtain the following relation

S Uil |Usi* = 0ap —2Re > (UsiUUsUss) (1.28)

(>
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then

m2,
Pas = bus— 2Re Y (UsiU2U3yUss) + 2Re S (UsiU2 Uty Ung) e 5
i>j 1>]
'Am?iL
= Jap —2Re > (UsilUs,UgUsj) (1 — e 728 ). (1.29)
1>7

Since for any complex numbers a and b, Re(ab)=Re(a)Re(b)-Im(a)Im(b), then

AmiL . AmiL
Py = 2Re§ Ui Uy U, Usj) <1 — CoS 2]% + isin 2]% )
Am?% L . AmZL
= Oap —2 Z; Re (Ug Uz U3 Uny) <1 — cos 4) +2 Z: Im (Uil U3, Usg) sin —
1>] 1>
Am?2 L Am?2 L
* * 2 * * . 7
= dop = 4D Re (UsiU3,Up;Ung) sin® — = + 23 T (UsiU3,Uf;Usg) sim —5 2.
>j 1>]
(1.30)
Similarly, for the antineutrino oscillation probability 7, — 3
Pog = 045 — 4 Z Re (Ug U, Uj,Usy) sin? —2 Z Im (Uil U Usg) sin — 2~
1> 1>]
(1.31)

For two flavor oscillation, let us assume v, and v, be the flavor eigenstates and v; and
vy be the mass eigenstates with masses m; and ms, respectively. We can parametrize the

mixing between the two bases as follows

|Ue(t =0)) = |ve) = cosBvy) + sinf|vsy),
v, (t=0)) =|v,) = —sinflvy) + cosf|rs). (1.32)

where 6 is the mixing angle. The transition probability can be written as

Plve = v,) = [vulve(t)]?
-Am2L 2
= (—sin@cos@+sin6’cos6’e" 2F )

7

. am2L
= sin*fcos? O]l —e " T2E |

= sin” 20sin? (1.27Am2%) : (1.33)
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where the units of m?, L, and E are given in terms of GeV.

1.4.3 Patterns of neutrino mixing matrix

Unlike the CKM matrix that can be thought of as a perturbation about the identity
matrix the leading term in the leptonic mixing contains large mixing angles. The distribution
of the flavors in the mass eigenstates, corresponding to the best fit values of the mixing angles,
has shown that the leading order mixing method is a successful way to describe the lepton
mixing. The most common patterns that have been discussed in the literatures to describe
the lepton mixing, which may arise from discrete symmetries, are called; democratic (DC)
[60, 61], bimaximal (BM) [62], 63], and tri-bimaximal (TBM) [64], 65, [66] mixing matrix.

However, current experiments indicate deviations from these standard zeroth order forms

2 1 1 1 1 1 0
— 1 1 1 — | -1 1 1 — 4 1L /2
R o T R O R I
r _1 1 1 1 2
i TV v 2 T2 V3 Vi Vi Vs

(1.34)

All the above patterns in Eq. [.34] suppose vanishing 6;3. This assumption contradicts the
recent observations of ;3 being significant. In Ref. [67] it has been shown that it is possible
to get appropriate neutrino mixing angles that may fit the recent data if one assumes some
general modification of the neutrino BM/TBM/DC mixing patterns. Several papers have
discussed the recent data [48], [49]. Some of those studies have considered deviations from
the charged lepton sector [48], 68].

Over the last ten years, the TBM neutrino mixing pattern has attracted copious atten-
tion with many model builders attempting to reconstruct it via symmetries and auxiliary
fields. Most remarkable examples are models with discrete (e.g. Ay, Ag7) and continuous
(e.g. SO(3),SU(3)) family symmetries. Some recent examples of models can be found in
[69]. It should be noted that many of these models are often quite complicated and require
additional constraints on the particle content or a non-trivial Higgs sector for them to be
viable. However, the tribimaximal structure presents a relatively simple manifestation of the
neutrino mixing matrix that is more or less consistent with current experimental bounds. In
the light of this, it is theoretically appealing to take Urgy (with or without the Majorana
phases) as the starting point in any model building or analyses involving the neutrino mass

matrix.
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1.5 Mechanisms of neutrino mass generation

After the experiments have emphasized the phenomenon of neutrino oscillation, we have
become confident that there is physics beyond standard model to explain the neutrino masses
and oscillation. The see-saw mechanism is the most natural way for generating neutrino
masses beyond the SM. Some other models of neutrino masses have been studied. The masses
of neutrinos are relatively unknown. Experiments which put kinematic limits on the neutrino
mass directly are difficult to conduct and put weak limits [70]. However, the abundant sources
of neutrinos, from stars and atmosphere, help in understanding the properties of neutrinos
further. In the see-saw mechanism, the small neutrino masses are generated via a large scale
of new particles masses. This scale could be in the range of the grand unification energy.
But it is also acceptable to introduce particles with masses in the TeV scale in the see-saw

mechanism, which makes the origin of neutrino mass generation testable in the LHC.

1.5.1 Scale of absolute neutrino mass

From neutrino oscillation experiments, two out of three neutrino states must be massive.
But, these experiments measure mass squared differences and do not indicate the scale of
the absolute neutrino mass. However, other ways are possible to provide us with some hints
about the neutrino mass values. Here, we discuss three of those methods; single beta decay,

neutrino-less double beta decay and cosmology experiments.

Sensitivity of the B-spectrum to m?(v,)

Since in the [-decay we observe only the kinetic energy E of the § particle we are
measuring actually a sum of 3 spectra, leading each with probability P; to a final state of
2

excitation energy V; of the daughter and with probability |U.;|* to a neutrino mass eigenstate

m(v;). The differential decay rate of the single S-decay is

ARG
dE 2m3h7 b
p(E +mec®) Y P(E,—V;— E)-

]

|U6j|2\/(EO_Vi — E)? —mj c*. (1.35)

cos?(0.)|M|*F(E,Z +1) -

Here N is the number of mother nuclei, G5 the universal Fermi coupling constant, ©. the
Cabibbo angle, M the nuclear decay matrix element, F'(E,Z + 1) the Fermi function, p the
electron momentum, m, the electron mass and E, the ) value of the tritium Ty decay minus

the recoil energy of the daughter. Ey marks the endpoint of the g spectrum in case of zero
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Figure 1.1. Tritium [ spectrum close to the endpoint Fy;. The dotted and the dashed line
correspond to m(v.) = 0, the solid one to m(v.) = 10 eV/c?. In case of the dashed and the
solid line only the decay into the electronic ground state of the daughter is considered. For
m(ve.)=10 eV /c? the missing decay rate in the last 10 eV below E, (shaded region) is a fraction
of 2.107 ! of the total decay rate, scaling as m>(v,).

neutrino mass where Ey=(18574.3£1.7) eV [71].

The last 2 terms in (38 are the total energy E, and the momentum p, of the neutrino.
They represent the neutrino phase space and give rise to the parabolic increase of the
spectrum below Ej for vanishing neutrino mass, shown in Fig. [[.T by the dotted and dashed
line. The solid line shows the effect of degenerate neutrino masses m,, = m,,= 10 eV. In
case of the dashed and the solid line only the decay into the electronic ground state of the
daughter is considered. For m, = 10 eV the missing decay rate in the last 10 eV below Ej

is a fraction of 2x1071% of the total decay rate.

We learn from these numbers that the tiny useful high energy end of the spectrum is
threatened by an enormous majority at lower energies. However, it can be rejected safely
by an electrostatic filter which can be passed only by electrons with a kinetic energy E
larger than a potential barrier qU to be climbed. Any momentum analyzing, e.g. magnetic
spectrometer cannot guarantee this strict rejection since scattering events may introduce

tails to both sides of the resolution function.

Neutrino-less double beta decay (0vS[3)

If two neutrons have decayed into two protons without producing two electron anti-
neutrinos, as in the regular beta decay, the process can be mediated by an exchange of a
light Majorana neutrino and called neutrino-less double beta decay (0v3[3), see Fig. [[.2]

(A, Z) = (A, Z+2)+e+e, (1.36)
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Figure 1.2. Neutrino-less double beta decay (0v30).

where Z is the atomic number and A is the mass number. Neutrinoless double-beta decay
would lead to violation of total lepton number conservation. However, the existence of Ov (-
decay requires Majorana neutrino mass, no matter what the actual mechanism is. The decay
rate of Ovf3[-decay has the general form (see Ref. [72])

I%(A, Z) = |mgg|’ | M (A, 2))?G" (Ey, Z), (1.37)

where M (A, Z) is the nuclear matrix element and G%(Ep, Z) is the phase-space factor (Ej is
the energy release), and mgg is the effective Majorana mass [73], which depends on neutrino

masses m; and on U,;,
3
mgg =) Ugmi . (1.38)
i=1

By analyzing the resultant electron energy spectrum, one can probe this quantity. The above
relation gives an upper limit on the absolute neutrino mass scale. Two groups, Mainz [74]
and Troitsk [75], have reported bounds of m, < 2.3 eV and m, < 2.5 eV, respectively. An
upcoming experiment, KATRIN [76], is expected to have a sensitivity down to about 0.2 eV.
There are several groups such as the Heidelberg-Moscow [77] and IGEX [7§] collaborations
who have conducted experiments with "®Ge. The more recent CUORICINO experiment [79]
use 39Te to test for this. There is no confirmed observation for the neutrinoless double /-
decay. The best upper bounds on the decay lifetimes are presently provided by CUORICINO

whose results are translated to
m, = mgp < 0.19 —0.68 eV (90% C.L.) . (1.39)

Upcoming experiments like CUORE [80], GERDA [81] and Majorana [82] are expected to

further improve these results with projected sensitivity of about 0.05 eV.
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Neutrino masses from cosmology

During the epoch of structure formation, free-streaming neutrinos with a large mass is
assumed to have significant effects on the growth of structure and, consequently, on the
eventual galaxy power spectrum. Thus, an accurate measurement of neutrinos could help
put limits on the scale of absolute neutrino mass given by the standard theory of structure
formation. Studying the data from the Wilkinson Microwave Anisotropy Probe (WMAP)
and the Sloan Digital Sky Survey (SDSS) has found that the sum of neutrino masses, as-
suming three species, is constrained by >, |m;| < 0.6 [83] and 1.6 eV [84], respectively, at
a confidence level of about 95%. Since the observed squared-mass splittings (Am?3,, Am3,)
imply that |m; —m;| < O(0.1) eV for any 7 and j, taking > . |m;| < 0.6 gives an absolute

upper bound for each individual neutrino mass of about
mi| < 0.2eV (95% C.L.) foralli. (1.40)

This estimation agrees with the least upper bound imposed by the CUORICINO experiment,

which further confirms that the absolute neutrino mass scale must be in the sub-eV range.

1.5.2 See-saw mechanism

Neutrinos are extremely light and, hence, this might suggest a unique mass generation
mechanism to explain the smallness of mass in a natural way. The first reasonable attempt,
see-saw mechanism, was between late 1970’s and early 1980’s [85]. One of the simplest
way to extend the SM to accommodate neutrino masses is to introduce right-handed (RH)
components vg for neutrinos. The Dirac mass term for neutrinos is written as %mDV_LVR—l—h.c..
This is not the only term allowed for neutrino masses. Since neutrinos are neutral particles,
the RH components are singlets under all the SM gauge symmetries. Thus, the Majorana

mass term %MR(VR)CI/R—G—}Z.C. is allowed, where the superscript ¢ denotes charge conjugation,

see appendix [§l The overall mass term for neutrinos can then be written in a matrix form

Lonass = —% ( 7L W) ( nSD Xz ) ( (';LR)C ) + h.c. (1.41)

Here, the above Lagrangian is assumed to be gauge invariant, thus, the upper left component

as

of the mass matrix is zero because it is not possible to add a Majorana mass term for left-

handed fields without breaking gauge invariance.

By assuming that the Majorana mass is much larger than the Dirac mass, i.e. Mg > mp,
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vy, o < vy,

Figure 1.3. Diagram representing the type I seesaw realisation of the small Majorana mass.

diagonalizing the mass matrix yields the following two mass eigenvalues

>~

m, = —mi Mg 'mp, M, = Mg. (1.42)
The first eigenvalue corresponds to a light neutrino mass while the second eigenvalue cor-
responds to the mass of a heavy Majorana neutrino. Roughly speaking, plugging a Dirac
mass at the electroweak scale, mp = 100 GeV, with a heavy neutrino mass close to the
unification scale, say My = 10** GeV, leads to a light neutrino mass of order m, = 0.1 eV.
This version of the see-saw mechanism with the additional RH neutrinos is referred to as
the type-1 see-saw mechanism. The Lagrangian that describes this type can be written as
follows

Liypet = TN Vri — hail LaVri® — %MMWW + h.c. | (1.43)

where a = e, i, 7, three new fields vg;, i = 1, 2, 3, a Majorana mass matrix My and a Yukawa
coupling matrix h have been introduced. The effective interaction of the above Lagrangian
can schematically be described by the diagram in Fig. [3

Instead of introducing right handed components to explain the neutrino masses, we could
extend the SM by adding a heavy Higgs triplet [86]

(a2 A
A_< K —A—/\/§> , (1.44)

with the Lagrangian

YA —
Ligpotl = TA ity Ay + pia 97 A ¢+ M3 Tr(ATA) + hec. (1.45)

This gives rise to the diagram shown in Fig. [[L4h. This generates a Majorana mass term for
the left handed neutrinos %mL(VL)CI/L + h.c. where my, = Ya(A). The corresponding mass
term has the weak isospin I = 1 and violates the lepton number by two units AL = 2. By

considering non-zero value for my in Eq. [L4]] the resultant light neutrino mass matrix can
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be written in the form
m, = myp — mgMglmD. (1.46)

The above form refers to the mixed see-saw, when the first term dominates it refers to as

the type-1I see-saw mechanism [87].

% _ ,<§< > (¢) (¢")
- - - %

—- - \
I
| AO \\ ME //
& 12 vy, ® é vy,
by Y

VL
Figure 1.4. (a) The process induced by the type II seesaw Lagrangian that will give rise to
small neutrino Majorana masses. (b) The corresponding process in the type III seesaw case
with heavy triplet fermion Y instead.

The above two versions of the see-saw mechanism are not the only types, another possi-

bility is to introduce heavy triplet fermions
¥ X0/V2
PILVAVORED Yau

and interact with the ordinary lepton doublets via Yukawa couplings [88] with hypercharge

Y = 0. The corresponding Lagrangian for this model is given by
'Ctype—IH = Yg ZL iTQ by qb + ME Tr (W 2) + h.c. y (148)

where Yy is the Yukawa coupling. This gives rise to the diagram shown in Fig. [ 4b, and
after integrating out the heavy ¥ field, one obtains the desired form for the seesaw neutrino

mass N2
m, = Yy %i Yo . (1.49)

Hence by setting Msx, > (¢°), one can explain the smallness of neutrino masses, and as a

result, this is often referred to as the type III seesaw mechanism [88].

1.5.3 Models of neutrino masses at TeV scale

Although, the see-saw mechanism successfully explains the smallness of neutrino masses,
there have been other ways to extending the standard model by the enlargement of the Higgs
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Figure 1.5. (a) One-loop correction graph of the Zee model that generates a neutrino Majorana
mass. (b) Two-loop diagram of the Babu-Zee model that contributes to the neutrino Majorana
mass term.

sector and having the newly introduced charged scalars coupling to the LH lepton doublets.

Here, we will review some of the those models.

Radiative corrections

In this mechanism, the neutrinos are massless at the tree level, but acquire a small mass
at the one-loop level because of the loop suppression. Here we discuss two models. One can
modify the scalar sector of the model by adding two (or more) SU(2) Higgs doublets, all with
the same hypercharge (Y (¢) = 1) and a charged scalar singlet A~ which has Y(h™) = —2.
Neutrino masses are now generated radiatively and thus are naturally small. This model is
called the Zee model [89]. Then, the scalar field h~ can couple to the LH lepton doublets

and, also, a cubic coupling term between h~ and other doublets can be there as follows:

L% = reyly (G)°h™ +he.
Llyie = Hav€ij Ohdyh” +he., (1.50)

where 1, j are indices in SU(2);, and €;; denotes the Levi-Civita tensor. Also, a,b=1,2,...
are labels for the different Higgs doublets. In this case, the Majorana mass term can be
induced using the tree-level interactions of and the standard Higgs Yukawa (EL Gap€R)
via the one-loop diagram shown in Fig.[I.5h. By choosing carefully certain scale of the Higgses
vacuum expectation values and assuming a small coupling for x tiny neutrino masses can be

generated.

Babu-Zee model [90] is another version of the radiative corrections method. The model

contains two charged scalar singlets; one singly charged (h~) and the other doubly charged
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(k*1)in addition to the SM Higgs doublet. The interaction Lagrangian is given by:
LY = ke Zz (6 h™ 4+ A(er)erk™ + uk* h™h™ + Y.l per +hec. , (1.51)

where x, A and Y, are dimensionless coupling constants while constant p has a dimension
of mass. These interactions give rise to Majorana neutrino masses at the two-loop level as
shown in Fig. [L3b.

Inverse seesaw mechanism

In the so-called inverse seesaw mechanism [91] one uses a similar idea to the see-saw
model by introducing a singlet scalar field S for each generation besides a RH neutrino vg.
Here, the Majorana mass term for vy is not proposed. Thus, the 9 x 9 mass matrix can be

generated, in the basis of (vp, vg, 5), as follows

0 Mp 0
M, = Mg 0 DMys |- (1.52)
0 Mys Mg
In the case of
Mg < Mp < Mysg, (1.53)

one may have a large Dirac mass, Mp, and TeV scale RH neutrino masses. The effective

light neutrino mass matrix is then given by, to the leading order,
Miefry = (MpMyg) Ms(MpMyg)". (1.54)

Thus, the smallness of the neutrino masses is due to the smallness of the lepton number
violation coupling, Mg, which is lower than the EW scale. Viable effective neutrino masses
can be obtained with Myg ~ O(1 TeV), Mp ~ O(100 GeV), and Mg ~ O(0.1 keV).

Higher dimensional operator approach

In the seesaw mechanism, the neutrino masses are generated by dimension-5 effective

operators,
HHLL

N
It is supposed that Majorana neutrino masses are generated at the cutoff scale of the new

(1.55)

physics which is commonly defined at the GUT scale in order to sufficiently suppress the

effective light neutrino masses. In the presence of some new symmetry, neutrino masses are
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generated only at high mass dimensionalities while operators with lower mass dimensional-

ities are forbidden [92]. In this case, the operators generically have the suppression factor

in terms of some power p of the ratio of VEV of the scalar field, ¢, that breaks the new
()

p
symmetry to the cutoff scale of the symmetry scale, (K) . If the dimensionality is high

enough, the cutoff scale of the new physics can be on the order of a TeV.

1.6 Neutrino symmetries of nature

Symmetry is the main ingredient in particle physics to understand several phenomena.
Abelian as well as non-Abelian discrete symmetries are used in model building in order
to control allowed couplings and to study the flavor physics beyond the standard model.
The quark and lepton masses and mixing angles have been studied in the framework of
the flavor symmetries which are presented to control the Yukawa couplings. The study of
neutrino masses and mixing [93] has stimulated interests in flavor symmetries. Non-Abelian
discrete symmetries are studied as a tool for model building to derive experimental values

of quark/lepton masses and mixing angles.

1.6.1 2-3 and Z,

The 2-3, or u—7, is a symmetry in which the matrix elements of the neutrino mass matrix
M,, is invariant under the interchange of the flavor basis vectors |e) <> |e) and |u) <> —|T).
The minus sign in this transformation is introduced to conventionally generate only positive

mixing angles. With this symmetry,

M = My,
MU = M7,
M = M (1.56)

Thus, we may parametrize M, by four parameters as in

a b —b
M,=10b f e]. (1.57)
—b e f
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The two conditions in [[56] implies s;3 = 0 and sy3 = 1/4/2, and the unitary matrix that
diagonalize the mass matrix is equal to

C12 S12 0 1 0 0 C12 512 0
U = —%812 %012 % =0 % % —S12 c12 0. (158)
1 1 1 1
B2 T 02 5 0 V2 V2 0 0 1

The neutrino mass-squared difference values (Am;s)? < (Amasz)? demonstrate that m; ~
mso then it is much more natural to have a 1-2 symmetry [94] rather than a 2-3 symmetry.
For this reason, the 2-3 symmetry in might seem to be totally unnatural. Nevertheless,
it turns out that the 2-3 symmetry on M, given by places no restriction whatsoever on
the neutrino masses m;, so this 2-3 symmetry on M, is not contradictory to a 1-2 symmetry
on the mass spectrum. Moreover, the 2-3 symmetry gives rise naturally to the right mixing

of neutrinos.

The suggested structure of the neutrino mass matrix in the 2-3 symmetric limit leads to
an additional symmetry of the mass matrix such as the Abelian discrete cyclic group Z,,. The
Z, group is defined as the group of n elements {A;, Ay, ..., A,} such that for each element
in the group A? = I where [ is the identity matrix. The Z,, group can be represented as
discrete rotations, whose generator corresponds to 27 /n rotation. For example, the group
Z consists of two elements {e,a} where a®> = e. The transformation of the element a under
the Zy group could be even or odd i.e. a — +a. The Z, group consists of four elements

4

e,a,b,c where a* = b* = ¢* = e. The transformation of the Z, symmetry in the standard

basis is given as x — £y or x — +iy for z,y = a, b, c.

1.6.2 Ay

The A4 group is the symmetry of a tetrahedron as shown in Figure and it is the
smallest non-Abelian group. All of the 12 elements of the A, are denoted as

They are classified by the conjugacy classes as

C: : {a1}, h=1,
Cs : {ag,as,a4}, h=2,
Cy i {by,by,b3,b4}, h =3,
Cy : {c1,09,¢3,¢4}, h=3,

where we denote the orders of each element in the conjugacy class by h, where a" = e.

There are four conjugacy classes and there must be four irreducible representations. Using
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1 00 1 0 0 -1 0 0
ay = 010 y Ao = 0 —1 0 , a3 = 0 1 0 y
0 01 0 0 -1 0 0 -1
-1 0 0 0 01 0 0 1
aw= 0 10|, m=(100]|, b= -1 0 0],
0 0 1 010 0 -1 0
0 0 -1 0 0 -1 010
bs=11 0 0 , by=1 -1 0 0 , =100 1],
0 -1 0 0 1 0 1 00
0 1 0 0 -1 0 0 -1 0
Co = 0 0 -1 , C3= 0 0 1 , C4 = 0 0 -1 . (1.59)
-1 0 0 -1 0 0 1 0 0
Figure 1.6. The A, symmetry of tetrahedron.
the orthogonality relation
4
Zmi =mj +m3 +mj +mj = 12, (1.60)
n=1

where m,, is the dimension of the n-irreducible representations. Solving this equation one can
obtain the solution (mq, mg, ms, my) = (1,1,1,3). That is, the A4 group has three singlets,
1, 1/, and 1”; and a single triplet 3, where the triplet corresponds to (L59).

We denote a; = e, ap = s and by =t. A, can also be defined as the group generated by

the two elements s and ¢ obeying the relations:
s =13 = (st)® =e. (1.61)

It is straightforward to write all of a;,b; and ¢; elements by s and ¢. Then, the conjugacy
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classes are rewritten as

Cl : {6}, h 1
: tst?, t2st h =2

C3 {87 St7, 178 }7 ) (162)

Cy: At ts,st,sts}, h=23,

Cy . {t? st* t?s,tst}, h=3

It immediately seen that one-dimensional unitary representations are given by:

1: s=1, t=1,
1: s=1, t=e"B=u? (1.63)

Y

17: s=1, t=e2B=w.

The characters are shown in Table [L2I Next, we consider the characters for the triplet
representation. Obviously, the matrices in Eq. (IL59) correspond to the triplet representation.
Thus, we can obtain their characters. Its result is also shown in Table [I.2

hilxi| xv | x| xs
cCy |11 1 1 3
Cs; |21 1 1 -1
C4 3 1 w w2 0
C4f 3 1 w2 w 0

Table 1.2. Characters of A, representations

On the representation 3, these generators are represented as

1 0 0 00 1
5= —1 0 |, t=[100 (1.64)
0 0 -1 010

In the above basis, s is diagonal and t is non-diagonal. Next, we consider another basis [95]
in which ¢ is diagonal while s is non-diagonal. In this basis, we denote the generators as s’

and t’' to replace s and ¢, respectively,

7=t = ()Y =ec. (1.65)
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and these generators are represented as

) -1 2 2 1 0 0
s=g| 2 -1 2 | =0 0], (1.66)
2 -1 0 0 w

for the representation 3. These bases are related by the following unitary transformation

matrix U,
] 1 1
Uy=—4| 1 w w? |. 1.67
7 2 (1.67)
1 w* w
We can write the elements s’ and ¢’ as
) -1 2 2 1 0 0
s =UlsU, = = 2 -1 2 . t=UltU,= 0 w? 0 (1.68)
2 2 -1 0 0 w

Recalling the 4 irreducible representations 1, 1, 1”7, and 3 respectively, the multiplication
rules are obtained as follows

3x3=14+1+1"+3+3
1x1=1, I'x1'=1" 1'x1"=1, 1"x1"=1 (1.69)

If 3 ~ (a1, as,as) is a triplet transforming by the matrices in eq. (L64]) we have that under
s: s(ay, az,a3)t = (a1, —as, —az)' (here the upper index t indicates transposition) and under
t: t(ay, as,a3)' = (as,as,ar)’. Then, from two such triplets 3, ~ (ay, as,as3), 3y ~ (by, by, bs)
the irreducible representations obtained from their product are:
1= albl + a2b2 + a3b3
1/ = a1b1 + w2a2bg + (A)agbg
1” = albl + wagbg + w2a363 (170)
3 ~ (agbs, azby, a1by)
3 ~ (asby, a1bs, azby)

In fact, take for example the expression for 1”7 = a;b; +washs +w?agbs. Under s it is invariant

and under ¢ it goes into asby + wasgbs + w?a1by = w?[a by + wasbs + w?azbs] which is exactly
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the transformation corresponding to 1”.

1.7 Nonstandard neutrino interactions

Neutrino oscillation results have confirmed that neutrinos are massive and lepton flavors
are mixed. This opens a window for searching new physics beyond the standard model.
Besides the standard matter effects [96, [O7], the possibility of having non-standard neutrino
interactions (NSIs) is opened up. The existence of neutrino masses and mixing requires
physics beyond the standard model (SM). Hence it is not unexpected that neutrinos could
have non-standard interactions (NSI). The effects of NSI have been widely considered in
neutrino phenomenology [98, 09, [T00, 10T, 102} (103, 104] 105, (106, 107, 108, 109, 110, 1T
112]. Based on expectation of new physics at TeV scale, such non-standard interactions with
matter possessed by neutrinos have been proposed and extensively discussed [113, [114] 115]
116l 117, 118]. The experimental constraints on NSI are summarized in [119, 120]. The
importance of NSI for neutrino oscillation physics has been pointed out in a pioneering work
by Grossman [121]. The NSI impact has been studied on solar neutrinos [122} 123| 124] 125],
atmospheric neutrinos [126], 127, 128, 129, 130, 131], conventional and upgraded neutrino
beams [132] 133, 134], 135], 136}, [103], [137], neutrino factories [133] 138 [139] 140} 141, 142,
143], [144] 145], beta beams [146], supernova neutrinos [147, [148] [149], cosmological relic
neutrinos [I50], eTe~ colliders [I51], neutrino-electron scattering [152], and neutrino-nucleus
scattering [153] [154].

At low energy, the CC and NC neutrino weak interactions can be described by effective

dimension six operators like

£ S8 g0 [P =]

NG = % (977" (1 = 7”4 [gf (fr (X =7)f) + g5 (Frp(1 + 75)f)] , (171)

where G is the Fermi constant, v, is the neutrino field of flavor «, ¢, is the corresponding
charged lepton field, and f, f’ are fermions. The effective operators of the non-standard
interactions have a structure similar to Eq. (IL7I)). If we consider only lepton number con-

serving operators, the most general NSI Lagrangian reads
Lxst = Lyvia+ Lsip + Lo, (1.72)

where the different terms are classified according to their Lorentz structure in the following
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way:

Lyia = fof ViA (1— ) } [pr(liV)f]
V29T
+ Zef’ViA a7’ (1= 7" s [ fr,(1 £4°) f] + hc.,

Loir = %Hleifﬁ” S [y (Lt )] [P £79)1]

Lr = Zeff T [Dg0P 0 ol [floprf] (1.73)

ff’

The dimensionless NSI parameters ¢’s represent the strength of the nonstandard interactions
relative to Gp. Note that we deal with the SM neutrinos which are purely left-handed
particles. This constraint on the neutrino chirality forbids vvf f terms in Lgip and Lp. If
the nonstandard interactions are supposed to be mediated by new state with a mass of order
Mnysi, the effective vertices in Eq. (73] will be suppressed by 1/MZg; in the same way as

the standard weak interactions are suppressed by 1/Mg;. Therefore we expect that

(1.74)

NSI effects enter the neutrino oscillation at production, propagation, and detection pro-
cesses. For simplicity, we are going to discuss the NSI effect by considering the following

effective weak interaction

G B _
Lasi= 7 ﬁZpeﬁiﬁ? (7o Lvg) (fruPf) (1.75)

where P = {L, R} is a projection operator. In order to introduce the effective mixing pa-
rameters in the presence of the non-standard interactions, we start from neutrino oscillations

in vacuum. The evolution in time of a neutrino mass eigenstate |v(t)) can be described by

.d
iy v(t)) = Hlv(t)) , (1.76)

where H is the Hamiltonian of the system. For neutrinos traveling in vacuum, the Hamilto-

nian in the ultra-relativistic limit £ > m; is

1
H = 5Udiag (0, Am3,, Am3,) U, (1.77)
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Thus, the neutrino oscillation probability from a neutrino flavor o to a neutrino flavor ( is
given by

Z U Uy 5

The effective Hamiltonian responsible for neutrino propagation in matter, disregarding the

Pog = [Sas(t, to)[” (1.78)

neutral current contributions, is given by
ﬁaﬁ = Haﬁ +a (5116566 + 5aﬁ) 5 (179)

where a = v/2GpN, is the matter parameter arises from coherent forward scattering, N,
denotes the electron number density along the neutrino trajectory in matter, and the NSI

parameters €, are defined as
N
2 : pLivy
EaB = Eiﬁﬁ s (180)

with Ny being the number density of a fermion of type f. The effective Hamiltonian in

matter can be written similar to the vacuum Hamiltonian in Eq. (IL77) as
. 1 - .
E[zziﬁlhﬁag(ﬁﬁ,ﬁﬁ,ﬁﬁ)lﬂ, (1.81)

where m? denote the effective mass-squared eigenvalues of neutrinos and U is the unitary
mixing matrix in matter. Assuming a constant matter density profile, which is close to reality,

one can obtain the transition probability with matter effects including the NSI contribution

2

M2 L
Z%%eﬁ

From Eqs. (L78] [.82)), the neutrino oscillation probability in vacuum and in matter have the

Pag = [Spalt, o) (1.82)

same form with replacing the vacuum parameters U and m? by the effective parameters U
and m?. Thus, the key point turns out to be the diagonalization of the effective Hamiltonian

H and figuring out the explicit relations of the effective parameters.

After discussing the NSI effects in the propagation process of neutrinos, now in order to
complete the picture we need to introduce the contributions of the NSIs at the production
and detection processes. In most of the viable models for NSIs, the source and detector

effects are simultaneously taken into account. Now, the NSI parameters at sources and
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detectors can be defined as [155] 138, [156]

ey = ey + D eglve) = (1+e)Tw), (1.83)
B=e,u,7
Wi = (vs] + Z el s (el = Wi|UT[1 + (9], (1.84)

where the superscripts ‘s’ and ‘d’ denote source and detector, respectively, and |v;) is a
neutrino mass eigenstate. Note that the states [/5) and (v§| are not orthonormal states due
to the NSIs. The matrices € and ¢ are arbitrary and non-unitary in general. They are not
necessarily the same matrix since different physical processes take place at the source and
the detector. If the production and detection processes are exactly the same process with
the same participating fermions (e.g. S-decay and inverse (-decay), then the same matrix
enters as €° = (5d)T, or on the form of matrix elements, €5, = €5 = (¢5,)" = (e%,)* [156].
For example, in the case of non-unitarity effects (which can be considered as a type of NSIs,
see e.g. Ref. [I57]) in the minimal unitarity violation model [158 159, 160, 161, 162, 163]
e’ = (5d)T. Thus, it is important to keep in mind that these matrices are model-dependent

parameters.
The transition probabilities are then modified in general asH

2

)

Pog = ‘ [(1 + ad)T St to) - (1 + 58)T} s

2
_2

ST(1+eT) (146, i

,0,8
A2 L
— Zjoiﬁ —4ZRe Tl J25) sin® (TE])
i>7
L AmZ L
2N " Im(J1,T7%) si i 1.
DY w(Tasdisin (S5 ) (1.85)
where
= ULUsi + Zam U Us; + ZawU*iUw + Y s et UnUsi . (1.86)

In fact, an important feature of Eq. (L8H) is that when « # f, the first term is generally
non-vanishing, which means that a neutrino flavor transition would already happen at the

source before the oscillation process has taken place. This is known as the zero-distance effect

2Here we have neglected the normalization factors, which are needed in order to normalize the quantum
states.
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[164]. It could be measured with a near detector close to the source. Note that Eq. (.85
is also usable to describe neutrino oscillations with a non-unitary mixing matrix, e.g. in the

minimal unitarity violation model [158].
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CHAPTER 2

PROBING LIGHT PSEUDOSCALAR,
AXIAL VECTOR STATES THROUGH
m —> T T

2.1 Introduction

In this work we will be interested in probing light scalar and spin 1 states via ), decays. As
the 7, is a pseudoscalar, a light pseudoscalar and a spin 1 state with axial vector coupling can
directly couple to 7,. We will assume the pseudoscalar to couple to the mass of the fermion
as is usually the case for Higgs coupling to fermions. Hence, the 1, which is a bb bound state
has advantages over the 7. and 1/n’ mesons which are c¢ and qg(q = u,d, s) bound states,
respectively. The 7, is expected to be a sensitive probe of a light axial vector state. This
follows from the fact that the longitudinal polarization of the axial vector, €} ~ k*, when k*
the momentum of the vector boson is much larger than its mass. Consequently, the effective
axial vector-fermion pair coupling is proportional to the fermion mass for the longitudinal

polarization.

In this work we will study the process 1, — 777~ mediated by a pseudoscalar (A°)
or an axial vector (U). In the SM this process can only go through a Z exchange at tree
level and is highly suppressed with a branching ratio ~ 4 x 107?. There is also a higher
order contribution to 7, — 777~ in the SM, via two intermediate photons. The branching
ratio for this process is also tiny ~ 107!, Hence, a measurement of BR[n, — 7777] larger
than the SM rate will be a signal of new states. One can also probe the states A°(U) in T
decays. To search for light A°(U) states in T decays one generally considers the decay chains,
T — A%U)y (A%U) — 7777) [21]. In other words, the A°(U) is assumed to be produced

on-shell. One then looks for a peak in the invariant mass of the 7 pairs. The experimental
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measurement /constraint of BR[Y — A°(U)y] x BR[A°(U) — 7777 can be converted into a
measurement /constraint on the coupling of the A°(U) to bb, and hence on model parameters,
if the BR[AY(U) — 7777 ] is used as an input [165]. Clearly as m 4oy > my, the A°(U) can
no longer be produced on-shell and the rate for T — 7777+ will fall and consequently the
constraints on the model parameters will be weaker. Note that the constraint m o < 2mp
needs to be assumed in the very particular case where the C'P-even Higgs mass m; < 114
GeV and h — 2A° dominates over h — 2my [11]. In general m4o0 > 2mp is also possible.
We will just assume the existence of light pseudoscalar and axial vector states close to the

7, mass but they can have masses that are greater than or less than 2m,.

The 7, has only been seen in the radiative decays T — ~n,. Hence, the decay n, — 777~
has only been studied via the decay Y — 7777 ~. However, the decay 7, — 777~ can be
studied independently from the process T — 77777 as the 7, can be produced from various
other processes such as two-photon collisions, vy — n, [16], and in two parton collisions
[T7, 166], in hadron colliders like the Tevatron and the LHC. The process n, — 777~ has
several advantages over T decays in probing A°(U) states specially when A°(U) is off-shell
which is always the case when m 4oy > my. First, unlike the 7, which can couple directly to
AY%(U), the T can only couple to A°(U) in conjunction with another state- usually a photon.
Hence, the T couplings are second order and therefore it can decay only to the 7777~
state with a rate much smaller than the rate for n, — 777~. However, the T states are
narrower than the 7, which may compensate partially the larger rate for n, — 777~ relative
to T — 7777~ in the branching ratio measurements. Secondly, an important distinction
between T — 7777~ and 1, — 777~ is that the former decay can also proceed as a radiative
decay in the SM while the latter decay is highly suppressed in the SM as indicated above.
Adapting the expression used to estimate the SM branching ratio for J/¢ — ete ™y [167],
with the v emitted from the final state electrons, to the decay T — 777, the rate for this
decay in the SM is,

20dEl s 1— cos®d,,
m B s (1— p?cos?0., )

drT—)T*T*'y = drT—)T*T*ﬁB deyv (21)

with

3
AUy e = ——(14+Xcos® 0 ) y_ripe

dsy.
3+ ’

e (2.2)

Here £’ represents the v energy, 0 and ¢/ (€2)) the v angles, and ¢ and ¢/ (€2) the 7 angles,

all in the 777~ c.m. frame. 4’ is the 7 velocity and 6 is the angle between the 7 and ~

directions, also in the 777~ c.m. frame while s’ is the 777~ invariant mass squared and s is
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the T invariant mass squared. The parameter \ is determined from the experimental data
to be (0.88 &+ 0.19) [167]. Using the branching ratio for T — 77~ = 2.6 x 1072 [168] we
estimate the branching ratio for Y — 7777y = 4.4 x 107% with E, > 100 MeV.

Naively, the rate for Y — 7777+ through an off-shell A%, from a 2HDM of type II,
g*tan* Bm2m?2
16@4M{}Z
the SM and the NP rates may be comparable. However given the hadronic uncertainties

in estimating the SM and the NP rates for T — 777, it will be difficult to distinguish
between the NP and the SM contributions. Hence, searching for A°(U) with m Aoy > My

relative to the SM rate for T — 7777 is ~ . Therefore, for large tan 5 ~ 28

in T — 777 will be very difficult because of the large SM background. Note that even in
ete™ machines like the B-factories where the 7, is produced through the decay T — ~n,, the
product of branching ratios BR[Y — ym] X [ — 7777] is tiny in the SM because of the
highly suppressed BR[n, — 7777| ~ 4 x 107°. Using the measured BR[Y — yn;] ~ 5x 1074
[12, 13] one obtains BR[Y — ~ymy] x [my — 7777] ~ 2 x 1072 which is very difficult to
measure. In the presence of new physics this product of branching ratios is enhanced and
can reach < 107°. Hence the observation of Y — 77~ with the 7 pairs coming from
7, at branching ratios much larger than the SM expectations will be signal for new light
states. In summary, the large SM background in T — 7777+ and a tiny SM contribution
to m, — 777~ makes the later decay potentially a better probe for A°(U) than the former if
the decays proceed through the off-shell exchange of A°(U).

There are good theoretical motivations for the existence of a light CP-odd A° Higgs boson
or an axial vector boson U with masses, m 40 and my respectively, in the GeV range or below.
There has been interest in the m 0 < 2mp region, for which a light Higgs, h, with SM-like
WW, ZZ and fermionic couplings can have mass my, ~ 100 GeV while still being consistent
with LEP data by virtue of h — A%A°. This scenario could even explain the 2.3 ¢ excess in
the ete™ — Z + 2b channel for My, ~ 100 GeV [169]. Such a light pseudoscalar Higgs can
naturally arise in extensions of MSSM with additional singlet scalars and fermions (gauge-
singlet supermultiplets) known as Next-to-Minimal Supersymmetric Model (NMSSM) [170].
Constraints on models with a light A° state have been studied recently within a 2HDM
framework with certain assumptions about the coupling and in NMSSM [165, [171], 172].

Our goal will not be to work in a specific model but we will assume the couplings of the
A® to the b quark and the 7 lepton to be the same as in the 2HDM. We will assume this
2HDM is part of some extension of the SM. Hence, we will not strictly follow the bounds
and constraints obtained in some specific extension of the SM which includes the 2HDM,
but will choose values for the parameters in our calculation which are similar to constraints

on these parameters in specific NP models. The process 7, — 777~ will proceed through
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an off-shell A” and we will consider both m 4 < m,, and m4o > m,,. In general, there will
be mixing between A° and the 7, and as the pseudoscalar state gets close to the 7, mass
the mixing between the states will become important [I73]. The calculation of this mixing
is model dependent and while there are estimates of this mixing in simple quark models
the mixing may be very different in other approaches to the bound state problem in QCD.
Hence, we will not take into account mixing in our analysis. Therefore, our results will be
reliable when the A° mass is away from the 7, mass. We will further assume that the A° is
narrow and neglect its width in our calculations. This approximation will be good as long as
m o is sufficiently away from the 7, mass. When A° is produced on-shell both mixing and

width effects will become important and our results will not be reliable.

There are also models, for example within SUSY with extra gauged U(1), which have a
light axial vector state [174]. These light states can also mediate the process n, — 7777.
Constraints on these models have been studied [175, 176, 177, 178, 179]. We will consider
m, — 777~ through the exchange of the axial vector U. To perform our calculations we
will choose the model discussed in [I76] [179] and neglect the width of the U-boson. Fi-
nally, we note that there are recent dark matter models [I80] that also contain light scalar
(pseudoscalar) and vector (axial vector) states which may be probed via n, — 7777, The
HyperCP collaboration has some events for the decay % — pu™p~ which may be interpreted
as evidence for a light pseudoscalar state [I81]. In this work we perform the calculations of
the decay 7, — 777~ in the SM and in models with a light pseudoscalar A° and a light axial
vector U state. Next, we present our conclusion after the numerical results of the branching

ratios for nm, — 7777,

2.2 m, — 7t7 in the SM and NP

In this section we will study 7, — 777~ in the SM and in models of NP. The 7, is
a pseudoscalar and cannot couple to v directly. Hence, in the SM, 7, — 777~ can only
proceed through the exchange of a Z at tree level and we will calculate the branching ratio
for this process in the SM . This decay can also proceed at higher order in the SM through

intermediate two photon states.

In the presence of NP 1, — 777~ can proceed through the exchange of a light pseu-
doscalar or a light spin 1 boson with axial vector coupling. We will consider these two NP
scenarios in this section. The various tree level contribution to the n, — 7777 in the SM
and NP are shown in Fig. 2.1l and Fig. 2.2] respectively.

We begin with 1, — 777~ in the SM. We show, in Fig. 2], the decay process n, — 777~

via the Z-boson exchange and through the two photon intermediate states. The decay rate
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Figure 2.1. Various processes contributing to 7, — 777~ in the SM.
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Figure 2.2. Various processes contributing to n, — 77~ in NP.

for the tree level Z exchange process can be obtained as,

GZMEm2f2m m2 \ 2
Py — 7577) = SE Aoy (1 ) agf, (2:3)
Z

167 cos? Oy,

2
where 0y denotes the Weinberg angle, 8, = /1 — (%) is the velocity of the 7 lepton in
b

the n, rest frame and

1
2 = . 2.4
laz| (m2, — M2)? + M2T% (2.4)

The decay constant f,, in Eq. 2.3 is defined as [182],

(06(0)7,750(0))m(a) = ify,dp (2.5)
The process 1, — 7777 can also go via two photon intermediate states as shown in

diagram Fig. 21l This diagram is dominated by the imaginary part [I83] which we can
estimate using unitarity [I84] to obtain,

I — 7777 >

o’ {mT <1+/3T>r

— In Liny — v, 2.6
2/87_ mnb (1 _ ﬁ7—> [ b ] ( )
where « is the electromagnetic fine structure constant. One can calculate I'[n, — 7] as,

2 2
Tatmy, f77b

L =l = —5 5 (2.7)
b

where we have used the heavy quark limit for the b quark. Since the 27 exchange con-

tribution is mostly imaginary relative to the Z exchange contribution therefore to a good
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approximation the total width T'y[n, — 7777 is,

Ly — 7‘+7'_] ~ Fz[nb — 7‘+7‘_] + Fzy[nb — 7'+7'_]. (2.8)

We now turn to NP models and begin with the 2HDM. The couplings of the down-type
quarks D and charged leptons ¢ with A° in the generic 2HDM model are given by [185]

'égFAO

D
L = 2 My,

(DME9~: D + EM 9 50) A°, (2.9)
where F 40 is a model-dependent parameter, Mff“g = (mgq, me, myp) and lel 9 = (me,my,, m,)
are the diagonal mass matrices of D and /, respectively. We will consider Fq0 > 1 in our
analysis. In the case of 2HDM type (IT) Fy0 = tan 8 while in 2HDM type (I) Fy0 = — cot 3.

In Fig. 22(a) we show the decay process n, — 777~ via the exchange of the C'P-odd

Higgs scalar A°. The decay rate for this process can be obtained as,

G2 m2 2 m5
wﬁ'f|a’Ao|2> (210)

FAO +, - —
(o —7777) 167

where the invariant coefficient a40 depends on the mass m 4o as,

lasp]? = (—AO (2.11)
We have assumed that the decay width I' 40 for the A° is negligible. In Eq. 210, we have
used,

7 if”bm%b

(06(0)y5b(0))m(q) = g (2.12)

where f,, has been defined in Eq.

Finally, we move to NP models that contain a light spin 1 boson with axial vector
couplings. In Fig. 22(b) we show the decay process n, — 777~ via the exchange of the
light neutral gauge boson U. We write down a model independent Lagrangian for the U-
boson but we assume the structure of the Lagrangian to be similar to the one discussed in
Ref. [176] [177, [178]. We take the U couplings to the down-type quarks and charged leptons
to be given by

Lyt = Dy D + By st)U,, (2.13)
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with the axial coupling
1
= 27iGEmy Fy, (2.14)

where my denotes the mass of U-boson and Fy; denotes a model-dependent parameter. In
the specific model [176], 177, [178], [y = cos ( tan .

Again, we will be interested in Fy; > 1. The decay rate for 1, — 777~ can be obtained

as

2,42 £2
GFmT T]bmrlb

FU - +, - —
(1 ) 167

B (mi; —my, ) Fylau |, (2.15)

where

1
jav* = 2 22 212 (2.16)
(mnb_mU) +mply

Eq. .16l can be expanded as,

M U
e Tu/mu
if v = Tm?, /) < 1.
Neglecting z, Eq. .15 reduces to
GZm2fim
V(g —7tr ) = L Mg pd (2.18)

167

Thus, Eq. 218 shows that the decay width for 7, — 777~ does not depend on my in the
approximation of neglecting the width of the U-boson. This result is easy to understand.
If one increases the mass of the U then the matrix element for 7, — 717~ is suppressed
due to propagator effects. However, the coupling, which is proportional to m, increases to
compensate for this suppression. The fact that the width for 7, — 777~ is independent of

my only holds because the 7, is a pseudoscalar.

The result of Eq. 2.18 does not make sense as my; gets sufficiently large as the couplings
in Eq. 2.14] becomes non-perturbative. Requiring the couplings to be < 1 one gets the

constraints my < 4;‘4T[V]V. Hence for Fyy ~ 50 one can get my to be in the GeV range.

It is interesting to note that in the up sector the behavior for the decay width is different.

39



The coupling of the vector boson to the up type quark, U, is given by
Ly = f{PU~A"UU,, (2.19)
with the axial coupling of the up-type quarks
UP 9 Gimy FY. (2.20)

In the model of Ref. [176] 177, [178], F}; = cos ( cot 5.

For instance, the branching ratio BR(n. — p*p~) does not depend on my or on tan 3
and is given as,
Gam? f2

.mc A
M(n. = ptp™) = T;M@COSZLC- (2:21)

_ 2
where 5, = 4/1 — (72;”—“) and f,, is the 1, decay constant. We can see from Eq. 2.2]] that

MNe

the branching ratio BR(n. — p™u~) is much smaller than BR(n, — 7777) if tan 8 > 1

because of the absence of the factor tan* 3 in the rate for n, — putpu~ .

2.3  Numerical analysis

In this section we present our numerical results. We take the average 7,(15) mass to be
my, = 9390.8 £ 3.2 MeV [13], the decay constant f,, = (705 +27) MeV [186] and the width
to be I';, ~ 10 MeV [187].

In the SM, at tree level, n, — 777~ goes through the exchange of a Z-boson and we
obtain a tiny branching ratio BR?(n, — 7t77) = 3.8 x 107, In our calculation we have
used I'y = 2.4952 £+ 0.0023 GeV [168]. For the two photon contribution to n, — 7777, we
obtain, using Eq. and Eq. 27, BR[n, — 777] > 4.6 x 107 for m, = 4.8 GeV. Using
Eq. 2.8 the total branching ratio for n, — 7777 is ~ 4.3 x 107,

In Fig. 2.3 we plot the logarithm of the branching ratio for n, — 777~ mediated by the
pseudoscalar A in a generic 2HDM model. The branching ratio, BRAO, is plotted for various
values of the A mass, which we take from 0.1 to 20 GeV, and for various values of Flyo. As
the mass of the A approaches the mass of the 1, the branching ratio increases and blows
up at mgo = m,,. This behavior clearly does not represent the physical situation because
in this region the width of the A and mixing effects of the A° with 7, become important
and regularize the A° contribution. We observe in Fig. that the branching ratio ~ '}, is

very sensitive to Fyo. The branching ratio is relatively less sensitive to the mass m?%. We see
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Figure 2.3. The logarithm of BRY (my — 7t77) as a function of m 4o for different values of F 4o
and mo € [0.1,20] GeV.

from the plots in Fig. that the branching ratio for 1, — 7777, through the A° exchange,
can be considerably larger than the SM branching ratios and can vary from ~ 10~% to the
experimental bound of 8 % for F40 = 40. Since we have neglected the width and mixing
effects our predictions are no longer reliable as the mass of the A° approaches the mass of
the 7,. The mixing effects are model dependent and as an example, for the model for mixing
employed in Ref. [I73], the effects of mixing are important in the m 40 mass range of 9.4—10.5
GeV. We see from Fig. that even outside this range the branching ratio for n, — 777~
can be significant and we expect the same to be true also in the mass range where mixing
effects are important.

_4t

Log [BRY]

_10L s s s s
0 10 20 30 40
Fu

Figure 2.4. The logarithm of BRY (1, — 7+77) as a function of Fy.

As discussed in the previous section, the branching ratio for the decay BRY (n, — 7777)
is independent of the mass of the gauge boson U in the approximation of neglecting the
width of the U-boson. We next plot in Fig. 2.4] the logarithm of the branching ratio for
m, — 777~ versus F;. Working in a specific model [176, 177, [178] Fy = cos( tan /3, we plot
the branching ratio versus the invisibility factor cos( for different values of tan g in Fig.

2.5l Again we observe that the branching ratio can vary over a wide range and can be much
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Figure 2.5. The logarithm of BRU(% — 7777) as a function of cos( for different values of tan 3
and cos¢ € [0,1].

larger than the SM prediction.

2.4  Conclusion

In this work we explored the decay n, — 777~ as a probe for a light pseudoscalar or a
light axial vector state. We estimated the SM branching ratios for n, — 777~ via the Z
exchange and the two photon intermediate state and found it to be very small at ~ 4 x 1079,
We then considered the decay process n, — 717~ mediated via the pseudoscalar Higgs
boson A in a 2HDM-type NP model. We found that the branching ratio for n, — 777~
can be substantially larger than the SM prediction and can reach the experimental bound
of 8 %. Working in a specific model containing a light axial vector state, U, a similar result
was obtained for the branching ratio of 1, — 7777. We also obtained an interesting result
that the BRY(n, — 7+77) is independent of the mass of U-boson if the width of the U is
neglected. This result followed from the fact that the axial U-boson couplings to fermions
were proportional to the mass my and the fact that 7, is a pseudoscalar. A constraint on
the U-boson mass could be obtained by requiring its coupling to fermions to be < 1. In light
of the results obtained in the work an experimental measurement of the branching ratio for

my, — 7777 is strongly desirable as this measurement might reveal the presence of light, ~
GeV, pseudoscalar or axial vector states. The experimental measurements of n, — 777~
may be feasible at planned high luminosity B factories and at hadron colliders such as the

Tevatron and the LHC, especially if the branching ratios are much larger than the SM rate.
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CHAPTER 3

THE TOP FORWARD BACKWARD
ASYMMETRY WITH GENERAL 7’
COUPLINGS

3.1 Introduction

The measurement of the top forward-backward asymmetry in ¢t production measured at
the Tevatron shows deviation from the Standard Model prediction. A u — t transition via
a flavor changing Z’ can explain the data. We consider the model with a Z’ boson with the
most general form of the tuZ’ interaction which includes vector-axial vector as well as tensor
type couplings and study how these couplings affect the top forward-backward asymmetry.
This coupling can contribute to ¢ production at the Tevatron via the t-channel exchange of
the Z’ boson (see Fig.B.Il(a)). The App measurement can be explained with a light Z’ with
a mass around 150 GeV and flavor changing tuZ’ coupling of g,z ~ O(g) where g is the

weak coupling. One can take higher Z’ masses which requires larger g,z > 1 values [18§].

Flavor changing neutral current(FCNC) effects in the SM are tiny and to date there are no
experimental evidence of FCNC effects beyond those expected from the SM. There are some
anomalies in the B system which might require new physics to resolve but the NP generated
FCNC effects that are needed in the B system are much smaller than the one needed to
resolve the top Arp [I89]. A tree level dbZ' or a sbZ’ coupling is strongly suppressed by By s
mixing. A tree level t¢’Z’ coupling, where ¢’ = u, ¢, t, will generate an effective bqZ'(q = d, s)
coupling through a vertex correction involving the W exchange [190] (see Fig. B.Il(b)). The
B, mixing constraints on these effective vertices would then lead to constraints on the tq'Z’
coupling. The vertex corrections are divergent and can be regulated by a cut-off A which

represents the scale of NP in an effective theory framework. In NP models where there are
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q(=d.s)

u

Figure 3.1. Left panel(a): Tree level tf production diagram involving the Z’ exchange. Right
panel(b): Tree level diagram with t¢’Z’ coupling (¢’ = u,c,t) which generates an effective bqZ’
( @ =d,s) coupling through a vertex correction involving the W exchange.

no bare bgZ' couplings the vertex corrections with a chosen A can be used to constrain the
tq'Z" coupling from B, mixing measurements. We will take the scale of new physics to be
~ TeV. In specific complete models A will represent the mass of some new particles. In
models of NP where there are bare bgZ’ couplings the vertex correction will renormalize the
bare bgZ' vertices to produce the renormalized vertices Ug. These renormalized vertices can
then be fitted to B, mixing data. Assuming the vertex corrections to be less than or at
most the same size of the bare couplings one we can obtain bounds on the tgZ’ couplings by
requiring the generated bgZ’ coupling to be < Uy,. It is possible to have models where large
bare bgZ’ couplings cancel with large vertex corrections to produce small renormalized bgZ’

vertices consistent with experiments. We will not consider these finely tuned model.

When the vertex corrections are computed one finds that right handed tuZ’ couplings do
not contribute to B, mixing in the limit of setting the up quark mass to zero. We note that
ttZ' couplings do not have such suppression and will contribute to B, mixing via the vertex
corrections. Even though the ¢tZ’ coupling does not contribute to the top App, in specific
models of NP this coupling may be related to the the FCNC coupling tuZ’ [191]. It turns out
the B, mixing constraints on ttZ’ are weak because of the small CKM elements V4 and
not because of right handed couplings. The tqZ’'(q¢ = u, ¢, t) couplings via box diagrams can
produce an effective d(3)biiu operator that can contribute to decays like B — K (K*)m(n,1'p)
or B — w(p)m(p) e.t.c decays. The effects of these new operators can be observed in CP
violating and/or triple product measurements [192]. However these effective operators only
modify the SM Wilson’s co-efficients in the SM effective Hamiltonian and so the CP violating
predictions and /or triple product measurements should be similar to the SM for a reasonable
choice of tqZ'(q = u, ¢, t) couplings.

We will next consider the most general tuZ’ couplings including both vector, axial vec-

tor and tensor couplings( ~ and study the effect of these couplings on the top App.
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The interesting feature about these tensor couplings are that we can avoid the B, mixing
constraints due to the suppressions of these operators at low energies [193]. The momen-
tum dependence of these operators imply that at the b quark scale these operators will be
suppressed by ~ m;/m,; and consequently the B, mixing constraints will be weak for these

operators.

In the next section we discuss the B,(¢ = d, s) constraints on the tuZ’ operators. In the
following section we introduce the general tuZ’coupling including tensor terms and study
the effects in the top App. This is followed by the section on the ¢ — uZ’ branching ratio

calculations and, finally, summarize the results of this work.

3.2 Constraints on tq'(= u,t)Z’ couplings from By, 5 mixing

In general, new physics contributions to the mass difference between neutral B, meson
mass eigenstates (AM,) can be constrained by the AM, experimental results. In the SM, Bg—
Bg mixing occurs at the one loop level by the flavor changing weak interaction box diagrams.
The mixing amplitude M, is related to the mass difference AM, via AM, = 2|M{,|. The
recent theoretical estimations for the mass differences of B-B? and BY-BY mixing [194] at

1o confidence level(CL) are
(AM)*™ = 1683 Sps™,  (AMy)*M = 0.555 010 ps . (3.1)
The latest measurements of mass difference by CDF [195] and DO [196] for By mixing are

AMp, = (17.77 £0.10(stat.) 4 0.07(syst.)) ps
AMp, = (18.53 +0.93(stat.) 4 0.30(syst.)) ps ™. (3.2)

The HFAG value for the mass difference of BJ-BY mixing is AMp, (exp) = (0.50740.004) ps~*
[197]. The experimental results for the mass differences of both B%-B? and BJ-BY mixing
are consistent with their SM expectations. Hence, the mass difference results can provide
strong constraints on NP contributions.

In this section we will consider the By ¢ mixing constraints on the t¢'(= u,t)Z’ couplings.

3.2.1 tuZ' left-handed coupling

The most general Lagrangian for flavor changing tuZ’ transition is [198]

Lz = [7“(61 +bys) + i%qy(c +dvs)|tZ,, (3.3)
t
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where ¢ = p; — p,,. In general the couplings a, b, ¢ and d are complex and can be momentum
dependent (form factors). In this work we will take the couplings to be constants with
no momentum dependence. Consider the tuZ’ vertex with a = —b = g% , and c=d=0
in Eq. (B3)). This generates effective bqZ’'(¢ = d,s) coupling at one loop level due to W

exchange. We obtain the bgZ’ coupling in the Pauli-Villars regularization as
EZ’ == Uqbqu‘u(l - 75)()2;7 (34)

where the contribution of the vertex correction in Fig. B.lis given by

d'k (=9vp + wap/*)7" (1 — ) (B + me) 7" (1 — 15) i7" (1 — 75)

STH / — ! — vp vlp

p.p) = g / (%)4“(1’) (p— k)2 — M2, +ie) (K2 — m? + ic) (K% + ic) u(p);

(3.5)
where o
1
q =gl fF Miy (Vi Vis + VieVa), (3.6)
and leads to the effective coupling
A2 A2
GF . . 1 peeloglis] — Loglip]

where A ~ TeV is a cut-off scale, and z; = m?/M3,. The function Uy includes only the
contribution from the W boson, and the contribution of the associated Goldston boson in
the SM is the order of m, /My . Note that for By mixing the coupling g% is associated with
the CKM factor V,Vi, ~ 1, and thus one can expect a strong constraint on g% from the

mass difference AM,.
A tree-level exchange of the Z’ generates the AB = 2 effective Lagrangian responsible

for the neutral B, meson mixing

U
M2

HE 2 = (@) y—a(@)v—a (3.8)

where (gb)y_a = g7"(1 — 75)b, and the QCD correction factor 1z = [as(My:)/as(my)]%/%.
The Z’ contribution to the B, mixing amplitude can be introduced in the matrix element

by using the vacuum insertion method as

2

37,1 BUl(@" (1 = 16)6)°|BY). (3.9)

My =
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where

(BI(@y" (1 =5)b)*[BY) = > (BIGy"(1 = 75)b|n) (n|gv,.(1 — v5)b| BY),

= Bp(Bylay" (1 —75)b0)(0]gv,. (1 — 75)b BY).
= BB|<0|CW”755|B¢?>|2a
8

= gBBféqm%q, (3.10)

where Bp is the bag factor and fp, is the decay constant. The mixing amplitude is given by

ra

[ML]% = S (3.11)
where 1/ 2mp, is a normalization factor. Thus
[Mq]Zl _ 4 qzb ngmg, f2 B (3.12)
= 5372 NzMmB,Jp,Bq .
12 3 M3, Ba

In the presence of new physics, the mixing amplitude M{, can be parameterized by
complex parameters A, [194]

M, = [MfﬂSM’Aq- (3.13)

In our case, A, = |A,|e®d = 1+ [M%L]Z /[ML]SM. A global analysis on the parameters |A,|
and qqu for By — By and B, — B, mixing are carried out in [194]. The best fit results for Ay
and Ag in this analysis at 1 o CL ( scenario I) are

|Ag] = 0.74710:033, o7 = —12.953%" (3.14)
and

|A,| = 08871013 42 = 516704 or  —130.0715". (3.15)

The A, constraint in Eq. (8:14)) on the coupling g% at m,(m;) = (165.017 £1.156 £0.11)
GeV [194], %M = 27.2731° [194], and My = 150 GeV is shown in Fig. B2 The numerical
values of all other theoretical inputs can be found in [I94]. They are varied within 1 o errors
in the fit. The cut-off scale A is varied between 300 GeV to 2 TeV . The green scatter points
in Fig. satisfy only |Ay| in Eq. (3I4), while blue points satisfy both |A,] and ¢35 in
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Eq. (BI4). The results indicates that By mixing can strongly constrain the tuZ’ coupling
gk even at A = 300 GeV. In particular we note that the maximum value for |g%| is around
0.2 and is associated with a large phase. In fact there are no real gZ that satisfy the By

constraint.

On the other hand, Fig. suggests that the constraints from B, mixing on the tuZz’
coupling g are weaker (~ O(1)) even at A = 2 TeV. This can be understood from the fact

that the By mixing contribution in this case is associated with the CKM factor V),

Vy and is
suppressed. The (green, blue, red) scatter points in Fig. are constrained by ( |As|, (|Ag]
and ¢2 = —51.6735%"), (|A,| and ¢2 = —130.0113") in Eq. (BI5). The large negative phase
@2 prefers large gt values.

For A4 constraint

For A4 constraint

L
19w

¥

0 i . . . . . . . ;
-80 -60 —-40 -20 0 20 40 60 80 . 500 1000 1500 2000
Arglg;] [Deg] A[Gev]

Figure 3.2. |[g% | vs Arg[gk ][Deg] (left panel) and |g%| vs A[GeV] (right panel) for B, mixing.
Green scatter points are constrained by |A,;|. Blue scatter points are constrained by |A4| and

95

For Ag constraint

For Ag constraint

0 . . _ - . b
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Figure 3.3. |gL | vs Arg[gl][Deg] (left panel) and |g%| vs A[GeV] (right panel) for B; mixing.
Green scatter points are constrained by |A;|. Blue scatter points are constrained by |A;| and
Ph = —51.6:1;17'20. Red scatter points are constrained by |A4| and ¢4 = —130.01‘%%0.

3.2.2 tuZ' right-handed coupling

We now consider the tuZ’ vertex with right handed couplings, a = b = g , and c=d=0.

The contribution of this vertex to M, is suppressed by m?2/m¥,. Hence, the right handed
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coupling gr cannot be constrained by B, mixing.

Finally as indicated in the earlier section, the left and the right handed couplings generate
via the box diagram effective gbuu( ¢ = d, s) operators. These operator can be constrained
by observables in non-leptonic B meson decays like B — nw/Km. These operators change
the Wilson’s co-efficients of the SM effective Hamiltonian with the change being ~ 1072 at
the scale u = My, for Mz = 150 GeV and gZ, g% ~ O(g). Since the generated NP physics
operator structures are similar to the SM there are no easy way to detect their presence.

L,R

A detailed fit to all the non-leptonic data may provide constraints on the couplings g, ",

which we do not perform in this work. Some analysis along this line has been done for tdWW’

coupling in [199].

3.2.3 ttZ' coupling

For completeness, next we consider B, mixing constraints on the ¢¢Z’ couplings. The

Lagrangian for the ttZ’ interaction is
Luz = Hgiy"(1=5) + g7 (1 + )]t 2, (3.16)

Again, we evaluate the one-loop diagram (see Fig.[3.I[(b)) in the Pauli-Villars regularization

and obtain the effective Lagrangian for bq(=d,s)Z’ interaction as

Ly = Uiy (1 —s)bZ, (3.17)
where
! GF 2
@ = EMWWq%bftt(A7xt>a (3.18)
with
1 ! 1~y x\? 1 a2 1 x\? 1
A = —— [ d dy |gii ( Logl—5——]+ === ) + gfiw:( s Logl—5—=—]+ —
fu(A, ) (4#2)/0 17/0 y[gtt< Og[Mgtht]+ 2Dtt) +gtt$t<2 Og[Mgtht]+ Dtt>]’

(3.19)

and Dy = x4 (1 — z)zy. The function f;; includes both the W boson and the associated

Goldston boson contributions. The ¢¢Z’ contribution to the B, mixing amplitude is

, 4[ /]2
[(M{,)7 = 3 ]\/;l; UZ'mquéqu- (3.20)
Z/
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Both By — By and B, — B, constraints in Eqs. (814) and (3.I5) can allow large ~ O(1)
values for g™

3.3 Top quark forward-backward asymmetry

In this section we calculate the top App keeping in mind the constraints derived on
the coupling from the previous section. The most general Lagrangian for a flavor changing
tuZ' interaction is given in Eq. (B:3]). This interaction can contribute to uzi — tt scattering
amplitude through the t-channel exchange of the Z’ boson (see Fig.B.I(a)). The SM and Z’
matrix elements are

2(1ay . (4a
Mo = SO Gy, () ), (00)
1
t— M2, +iMyT

[utl (ps) (vu(a + bys) + z‘%q”(e + d%)) Uy, (pl)] (=" +¢"¢" /")

My =

5, 00) (it 0) 4 12240 4 ) ) )] (3.21)

The tree-level differential cross section for qg — ¢t process in the ¢f c.m. frame including
both the SM and for Z’ contributions is
do B

— o . 22
dcosf 327T§(ASM+ASM z+Az), (3.22)

where § = (p, +pg)? is the squared c.m. energy of the tf system, ; = /1 — 4m?/3, and the
polar angle 6 is the relative angle between direction of motion of the outgoing top-quark and
the incoming g-quark. The quantities Agps, Agn—z/, and Az denote the leading order SM,
the interference between the SM and Z’, and the pure Z’ scattering amplitudes, respectively.

These amplitudes can be obtained in terms of kinematic variables 6 and s as

2 4 4 2
P ]
A -7/ — —S|: ~ 4 ] + 9
M2 9 L(F— M2)? + M2T2, (14 )
1 1
A,:—[A ] it f). 3.23
» = Aoy )BT (3:23)
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Where ¢y = f3; cos 0, and t = (p,—p;)? = —58/2(1— B, cos §) +m?2. The functions f;s (i = 1..5)
can be found in Appendix. [0 Here we assume the couplings a, b, ¢ and d to be real. Our
results for ¢t production are obtained by the convolution of the analytic differential cross
section of Eq. (B22) with the CTEQ-5L parton distribution functions [200] implemented
in Mathematica. We expect the MSTW 2008 [201] parton distributions to give compatible

results.

The forward-backward asymmetry of the top quark in the ¢f c.m. frame is defined as
202]

n O —0OR
Arp = . (3.24)
where
L' do O do
= dcost = dcosf. 2
oF /0 Toosgleost, op /_1d0089 cos (3.25)

In our analysis, we choose some representative values for the couplings a, b, ¢, and d to
generate large forward-backward asymmetry A%, for high My; (> 450 GeV) without distort-
ing the shape of the mass spectrum do;/dM;;. We fix the renormalization and factorization
scales at ug = pup = my. We evaluate At}_B which includes the NLO SM and the Z’ contri-
butions at m; = 172.5 GeV. Also, we apply a QCD K-factor K = 1.3 to the tree-level cross
section in order to match the SM prediction for o4. We consider the Z' boson with mass
My = 150 GeV and width I'z = 0 for the numerical analysis.

3.3.1 Pure vector-axial vector couplings: a = Fb, and c=d =0

This case has already been considered before [34] but only right handed couplings were
considered. Here we will consider both right and left handed couplings. We take the repre-
sentative values of the couplings a = —b = |gE | = 0.257, and ¢ = d = 0. This value for g%
satisfies the |A4| constraint but not the phase ¢35 constraints from By mixing (see Fig. B.2).
For these values A%, can be explained within one o error of its measurement for M > 450
GeV. In Fig. B4, we show the M,; distribution for the ¢ observables A%, and 0. The
differential distribution, doy;/dM;z, has been measured in eight different energy bins of Mz
for m; = 175 GeV in Ref. [203]. Our distribution of do/dM,; is consistent with the mea-
surements. Since the partonic scattering amplitudes in this case (see Appendix. @) depends
on b% and b* terms, our results hold for right handed couplings also, i.e a = b = |gZ| = 0.257,
and c=d = 0.
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Figure 3.4. Left panel: M;; distribution of AgB in the two energy ranges [350,450]GeV and
[450,900]GeV of invariant mass M;;. Green band: the SM prediction. Blue band with 1o error
bars: the unfolded CDF measurement [22]. Red line: the SM with 7’ exchange prediction
for (a = —b = 0.257,¢c = d = 0). Right panel: M,;; distribution of do,;/dM;; [in fb/GeV] for eight
different energy bins of M;;. Green line: the NLO SM prediction. Blue band with 1o error
bars: the unfolded CDF measurement [203]. Red line: the SM with Z’ exchange prediction
for above values of couplings at m; =175 GeV.

3.3.2 General case: all couplings are present

In this section we consider the most general tuZ’ couplings. We showed earlier that the
left handed coupling are strongly constrained from B, mixing and there are no real values
of gk that satisfy the By mixing constraint. We now investigate the effect of the couplings

¢ and d on the Aprp predictions.

3.3.3 Pure tensor couplings : a =0=0, c = +d

We consider the case of pure tensor couplings. In this scenario we can avoid the B, mixing
constraints as the effects of the tensor couplings are suppressed by 2—‘; at the b mass scale.
The SM and Z’ interference contribution Agy,— 7 in Eq. (3:23) vanishes in this case. The
functions f; and f5 in pure Z’ contribution Az are also zero, and f3 is order of (¢§/m;)?. The
mass spectrum for A%, is shown in Fig. B5(a) for only ¢ = +d couplings (¢ = £d = 0.5).
The results indicate that Z’ contribution cannot reproduce the App measurement within
one o for My > 450 GeV even at a low Mz = 100 GeV (yellow lines) value.

3.3.4 All the couplings are same order

Finally we consider the case where all couplings are of the same order. We choose the
representative values of the couplings a = —b = |gk | = 0.239, and ¢ = d = 0.148. Again this
value for g will satisfy the |Ay| constraint but not the phase ¢35 constraints from By mixing
(see Fig. B.2). In Fig. B:6, we show the M;; distribution for the ¢t observables A?ZB, and oy;.
We note that A%, can be explained within one o error of its measurement for M; > 450
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Figure 3.5. M, distribution of A%,. Green band: The SM prediction. Blue band with 1o
error bars : CDF measurement. Red and yellow lines: The SM with Z’ exchange prediction
at Mz =150 GeV, and Mz = 100 GeV, respectively for a =b=0 and ¢=+d=10.5

GeV. The distribution do;/dM;; is also consistent with the measurements. Similar results
are obtained with a = b = |gf| = 0.245, and ¢ = d = 0.148 as shown in Fig. Bl The
conclusion is that the inclusion of the tensor couplings do not have a significant effect on
the top Arp and they can only slightly lower the values of the couplings a and b realtive to
their values in the pure case, with no tensor couplings, discussed earlier. The presence of
the tensor couplings may have an important impact on the polarization measurement in tf
production [204].
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Figure 3.6. M,; distributions of A%, and do,;/dM,; [in fb/GeV]. Pink lines: the SM with Z’
exchange prediction for (a = —b = 0.239, ¢ = d = 0.148). The same conventions as in Fig. 3.4
used for other lines.
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Figure 3.7. M,; distributions of AgB and do;z/dMy; [in fb/GeV]. Pink lines: the SM with Z’
exchange prediction for (a = b = 0.245, and ¢ = d = 0.148). The same conventions as in Fig. 3.4
used for other lines.

3.4 t — uZ' Branching ratio

In this section we consider the decay width for ¢ — uZ’. The invariant amplitude and

decay width with the most general tuZ’ coupling are given by,

Ouw 4 *
Mt —=uZ') = tu(p) {fyu(a + bys) + Zmltpg(c + d75)} ur(p1)el” (ps),

1 m2, m?
Lt —=uZ) = T (1 - m? ) (mé — 1) [((m} +2m%,)(a® + b7)
2
—6my (ac — bd) + m%,(% +2)(* + d2)} : (3.26)
t

The branching ratio is defined as,

N
BRy,z _ 3.27
— .27
For the top width we use I'(m;) =~ I'(t — bWW) which is given by,
Gr m? m? mé
Lt — W) = VlPm} (1— 2 ) (1+ % —2—2 ). 2
o) = gt (1= ) (1 8 2 (429

In Fig. B8 we show the variation of ¢ — uZ’ branching ratio with My for different
couplings. For couplings a = £b = 0.257, and ¢ = d = 0 (red dashed line), we get BRy,z ~
6% at m; = 172.5 GeV, for a = - b = 0.239, ¢ = -d = 0.148 (blue dashed line), BRy,z
is 6.9%, and for a = b = 0.246, ¢ = d = 0.148 (pink dashed line), BRy,z is 7.2%. These
branching ratios may be observable at the LHC [18§].
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Figure 3.8. BRz vs Mz . Red dashed line is for a = +b = 0.257, and ¢ = d =0. Blue dashed
line is for a = -b = 0.239, ¢ = -d = 0.148. Pink dashed line is for a = b = 0.246, ¢c = d =
0.148.

3.5  Conclusion

A large forward backward asymmetry in ¢t production, about a 3.40 away from the SM
prediction, has been reported by the CDF collaboration. A Z’ with flavor changing tuZ’
coupling can explain this anomaly. In this work we considered By, constraints on the tq'Z’
couplings (¢" = u,t). These constraints resulted from the bounds on the effective b(s,d)Z’
vertices generated from vertex corrections involving the tuZ’ couplings. We found that the
right handed couplings were generally not tightly constrained but the left handed couplings
were tightly bound from the By, mixing data. We then considered the most general tuZ’
coupling including tensor terms and found that the tensor terms did not affect the top Arp
in a significant manner. Finally we computed the branching ratio for the ¢ — uZ’ transition

and found it to be in the percentage range.
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CHAPTER 4

THE CHARGED LEPTON MASS MATRIX
AND NON-ZERO 6,3 WITH TEV SCALE
NEW PHYSICS

4.1 Introduction

The leptonic mixing arises from the overlap of matrices that diagonalize the charged
lepton and the neutrino mass matrices. Many approaches to studying the leptonic mixing
start in the basis where the charged lepton mass is diagonal. Our approach to obtaining the
leading order leptonic mixing as well as deviations from it starts from the charged lepton
sector. A recent attempt to understand #;3 from the charged lepton sector can be found in
Ref. [48] and in the past corrections to the leptonic mixing from the charged lepton sector
were considered in Ref. [205]. An approach to suppress flavor changing neutral current effects
(FCNC) in the quark sector, based on shared flavor symmetry, was proposed in Ref. [206].
As an example of this shared symmetry the decoupled 2 — 3 symmetry was used for the
down quark sector to suppress FCNC effects and explain anomalies [207] observed in the B
meson system. In the decoupled limit the first generation is decoupled from the other two
generations. We extend this decoupled 2 — 3 symmetry to the charged lepton sector. This
is a reasonable extension given the fact that the down quark and charged leptons exhibit

similar hierarchical structure and they may be combined in representations of GUT groups.

One of the central ideas of this approach is the requirement that the mass matrices, in a
symmetric limit, be diagonalized by unitary matrices composed of pure numbers independent
of the parameters of the mass matrices. This is similar to the idea of form diagonalizable
matrices discussed in Ref. [208]. If one starts with a 2 — 3 symmetric mass matrix for the

charged lepton sector and requires it to be diagonalized by unitary matrices of pure numbers
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one recovers the decoupled 2 — 3 symmetry. In the neutrino sector we assume the third
generation to be decoupled from the first two generations. With real entries in the neutrino
mass matrix it is diagonalized by a rotation matrix and the resulting leptonic mixing has a
p—7 symmetry. Requiring the mass matrix to be diagonalized by pure numbers can lead to,
among other structures, the BM and the TBM leptonic mixing depending on the structure

of the chosen mass matrix.

In the bimaximal case, to generate the mixing matrices in the charged lepton and the
neutrino sector, we present a Lagrangian that extends the SM by three right handed neu-
trinos, an additional Higgs doublet and two singlet scalar ﬁelds. The Lagrangian uses the
same class of Zy symmetries as has been used in Ref [210]. However, the structure as well
as the phenomenology of our model is very different from the above mentioned papers. The
Lagrangian is constructed to have a 2 — 3 symmetry, Z2°, along with two additional Z,
symmetries Z5 and Z2. The neutrino masses and mixing are generated through the usual
see-saw mechanism. The presence of the Z3% x Z$ symmetries leads to the decoupled 2 — 3
symmetry in the charged lepton sector and fixes the interactions of the right handed neu-
trinos with the singlet scalar fields. The presence of the Z2 symmetry forces the neutrinos
to acquire Dirac masses by coupling to a second Higgs doublet which has a different Z2
transformation than the usual SM Higgs doublet that give masses to the charged leptons.

The full Lagrangian is symmetric under the product of the Z, symmetries, Z3* x Z5 x ZP.

In tri-bimaximal case, we introduce a Lagrangian that extends the SM particle content
by three right-handed neutrinos, three complex singlet scalar fields, and an additional Higgs
doublet. The symmetry group of the SM is extended by the product of the symmetries
ZyxU(1). The Z, symmetry serves to have a 2 —3 symmetric Yukawa matrix in the charged
lepton sector and yields the mass matrices in the charged lepton and neutrino sector to have
decoupled structures. We present a global U(1) symmetry which equates certain couplings
of the charged leptons and neutrinos as we relate the couplings to the U(1) charges. The
U(1) symmetry forbids the Majorana masses of the right-handed neutrinos. The Majorana
neutrino masses are generated via the v.e.v of the singlet scalars and the U(1) gets broken
spontaneously. Without altering the lepton mixing, an additional Majorana mass term is

introduced to protect one of the neutrino masses from blowing up.

The neutrino masses and mixing arise when the Higgs doublets and the singlet scalars
acquire v.e.v’s and break the symmetries of the Lagrangian. The leptonic mixing is predicted
to be either of bimaximal or tri-bimaximal type when the singlet scalars acquire the same

v.e.v. If the v.e.v of the second Higgs doublet is small enough ~ MeV then the see-saw scale

! Recent motivations for considering two Higgs doublet models can be found in Ref. [209].
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as well as the masses of the singlet scalars can be in the TeV range.

Symmetry breaking in both cases is introduced in the charged lepton sector by higher
dimensional operators that break the decoupled 2 —3 symmetry but generate a 2—3 symmet-
ric mass matrix except for a single breaking generated by the muon mass. In the neutrino
sector, symmetry breaking is introduced by breaking the alignment of the v.e.v’s of the sin-
glet scalars by terms in the effective potential. The corrections to leptonic mixing go as
~ 3—22 where v is the v.e.v of the SM Higgs and w the scale of the singlet scalar v.e.v’s. If
w ~ TeV then the corrections to the leptonic mixing are enough to explain the experimental
observations.

broken spontaneously. Without altering the lepton mixing, an additional Majorana mass

term is introduced to protect one of the neutrino masses from blowing up.

Here, we begin with studying the flavor symmetric limit in the lepton sector that leads
to the BM and TBM mixing. In the following two sections we present the Lagrangians that
are invariant under the underlying symmetry groups in both the BM and TBM cases, and
study the effects of symmetry breaking in the charged lepton and neutrino sector to generate
the realistic leptonic mixing matrix. Finally, we show the numerical results in each case and

summarize the results.

4.2 The leptonic mixing in the symmetric limit

We start with the charged lepton sector, and assume that the Yukawa matrix is 2 — 3

symmetric [211]. The Yukawa couplings of the charged leptons are given by

hi Lo —l
YL = Lol o3 . (4-1)

- ll2 l23 l22

The above Yukawa matrix can be diagonalized as

Uyt = vg,,
1 0 0 cosf sinf 0
U = 10 % % —sinf cosf 0], (4.2)
0 —iz % 0 0 1
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where the mixing angle 6 is determined by the positive solution to

tanf = 2v2h, (4.3)

lyo —log — b1y £/ (loa — log — 111)2 + 812,

The eigenvalues of Y are %[111 +log — o3+ \/(ln — lo + l93)% + 81%,] and gy + 3. According
to our assumption, the elements of the matrix that diagonalizes Y* must be pure numbers
in the symmetric limit. It is clear that we can achieve that by setting l15 = 0 (# = 0) in
Eq. E3l This generates the decoupled 2-3 symmetry [206], as the flavor symmetry in the
charged lepton sector in which the first generation is decoupled from the second and third

generations.

One can represent the Yukawa matrix with the decoupled 2-3 symmetry by Y as

lii 0 0
Y5 = 0 1l ibs|. (4.4)

0 il 3l

This Yukawa matrix Y is diagonalized by the unitary matrix W, given by

1 0 0
wk, = [0 -+ L 4.5
23 V2 V2 ) (4.5)
o L L
NIV

Note that this matrix differs from the one in Eq. in the limit # = 0 by an irrelevant

diagonal phase matrix. Writing the diagonalized Yukawa matrix as Y5, we have

I 0 0
Y2éd = Wz@%éwzl?, =10 %(122 - 123) 0 . (4-6)
0 0 5 (o2 + l23)
The charged lepton masses are given by
me = iﬂln,

V2
m. = 2 (122 - l23)
H \/i 9 )

:I:E (log + 523)'

N (4.7)
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Since m, << m, there has to be a fine tuned cancellation between ly; and ly3 to produce the
muon mass. Hence, it is more natural to consider the symmetry limit los = ly3 which leads
to m, = 0. The Yukawa matrix which leads to the zero muon mass within the decoupled

2-3 symmetry is

Yes = |0 Lir |- (4.8)

In the neutrino sector we assume that, in the symmetric limit, M, has the general

structure

M, =

S Qa9

[=EES sH

o o O
—~
e~
o
~—

where all the parameters are real. This can be diagonalized by the matrix

ciz2 s12 0

Wi = |si2 —ci2 0],
0 0 1
S1g2 = sinfia, c¢19 = cosbyo, (4.10)
where
2d
tan2912 = (a—b) (411)

We can then calculate Up,, g as

Ubvns = UéTUua (4.12)
with
U, = Wy, (4.13)

where W, and WY, are given in Eq. 5 and in Eq. E100
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This gives

C12 512 0
Ubnns —/z512 %012 % ; (4.14)
%512 _ﬁcm %

which is just the g — 7 symmetric leptonic mixing. If we require 015 in Eq. EI1] to be
independent of the parameters a, b and d, then, we either have a = b which leads to

012 = w/4 and generates the BM mixing

a 0
M, = |d a 0]. (4.15)
0 0 ¢
with mass eigenvalues
M = diag (a+d, a—d, c). (4.16)

or d = k(a—»b) and in particular we obtain the tri-bimaximal mixing with sin 615 = % where

3
k =+/2 and

a V2(a—b) 0
M, = |V2(a—b) b 0]. (4.17)
0 0 c

The mass eigenvalues are given by
M = diag (2a — b, 2b— a, c). (4.18)

We see that the neutrino mass matrix exhibits decoupling of the first two generations from
the third one. We will study both cases here in this work.

4.3 Bimaximal mixing

In this section, we use the bimaximal structure as the mixing matrix in the flavor sym-
metric limit. We present the Lagrangian required to generate the BM pattern. Finally, we
study the effect of breaking the flavor symmetry on both sectors and show the numerical

results.
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4.3.1 The Lagrangian in the symmetric limit

Here, we present a simple Lagrangian that generates the mixing matrices considered in
the previous section. We find that the model naturally generates the BM mixing though
the TBM mixing can also be obtained but with introducing different flavor symmetries.
Our phenomenology will be done in the scenario in which the leptonic mixing is BM in the

symmetric limit.

We will use the seesaw mechanism to obtain the neutrino masses. Our model extends
the SM by an additional Higgs doublet and two singlet scalars. The particle content of the

model is given as

o three left-handed lepton doublets D, , where o denotes e, p, and 7,
e three right-handed charged-lepton singlet oy, and

e three right-handed neutrino singlets v,g.

In the scalar sector, we employ

e two Higgs doublets ¢; with vacuum expectation values, v.e.v, <O|¢?|O> = % and

e two real singlet scalar fields €; and e, with v.e.v’s (0]€?[0) = wy.
The symmetries of the Lagrangian are introduced as

ng : Dy, < =D, ir <> —TR, Vur <+ —VrR,

D., — D.,, er = €Rr, Ver — Ver,

€1 — —€1, €2 = €3, O1 —> 1, P2 —> Pa,
Z5 : Ve, €r, D.,, €1, €2, (Change sign, and the rest of the fields remain same)
Z2D . VeR, VuR, Vrr, ¢2, (Change sign, and the rest of the fields remain same).

(4.19)

The most general Lagrangian consistent with the symmetries is

Ly = yDeerdr+y2 (Dyypr + Dryr) 1+ ys (D, Tr + Drypir) ¢1
+ [y4DeLVeR + Ys (D,uLVuR + DTLVTR)} (52 + h.C., (420)
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1
Ly = 3 [MVERC_IVER + MPVERC_IVMR + MPI/ZRC_II/TR}
b —b
(a€; + bey) (ae; 62)) Che

1
_ _yI/eTRC'_1 <VuR NG, + U R 73

5 (4.21)

Here, ¢; = 109¢; is the conjugate Higgs doublet and we have chosen to work in a basis where
the Dirac mass matrix for the neutrinos is diagonal. We can simplify the Lagrangian in
several ways. First, we can redefine ae; — €; and bes — €5. Second, to reduce the number of
parameters we can impose an approximate symmetry of the Lagrangian. A SU(3) symmetry
where the right handed singlet fields and the left handed doublet fields transform as the SU(3)
triplets leads to y4 = y5 = yp. The SU(3) symmetry is only satisfied by the Dirac mass
term for the neutrinos and is broken by the other terms in the Lagrangian. Third, we will
require the Lagrangian to be invariant under the transformation of the right-handed charged
leptons (g <> —Tr,€gr — —€g, 1 — —¢1), with all other fields remaining unchanged. This
symmetry requires y, = y3 leading to vanishing p mass. The p mass is introduced later as a
symmetry breaking term. Finally, we will set the Majorana mass terms M = Mp. We can

then rewrite the Lagrangian as

Ly = yi1Deerdr+y2 (Dyypr + Drymr) 1+ y2 (Dy, Tr + Dy pir) ¢1

+ Yp [DeLVeR —+ D“LV“R —+ DTLVTR] (52 + h.c., (422)
1
Ly = §M [V RC ™ ver + VSRC_IVHR + v RC g
1 _ (61 + 62) (61 — 62)
- §ngRC ! (VMRT + VTRT + h.c. (423)

The most general scalar potential V' that is invariant under Z3% x Z§ x ZP is given by

V = —plel — pies + A€l + Aaey + Neres
+ 01€§|¢1|2 + 02€%|¢2|2 + U3€§|¢1|2 + U4€§|¢2|2 + Vaup(o1, ¢2), (4.24)

where Vogp(¢1, ¢2) is the potential of the two Higgs doublets,

Varrp(61, ¢2) = —pd dldn — 12,0502 + X, (0161)7 + N (0502)" + Ao, (Cﬂﬁbl + ¢£¢2>2
X, (0101 = 0162) "+ s ((6100)(0h02) — (G102 0h0))
+ N (610000 + (0102)(010n) ) (4.25)
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If we impose an additional symmetry to the above potential such as €; <> €, then the

potential takes the form

2
Vo= 2 @+&)+(E+E)Y aidlei+ A (& +6)’

i=1

+ N (&= &)+ Vaun(ér, b2).
We can parametrize the v.e.v’s of the singlet scalars as follows

(0e1|0) =wcosy  and  (0|ex]0) = wsin~y.
Thus, the only term that depends on 7 is

f(7) = Nw* cos? 2v.
By minimizing f(v), one gets
cos2y = 0.

Thus

(0]e1]0) = (0es] 0) = %

(4.26)

(4.27)

(4.28)

(4.29)

(4.30)

By minimizing the above potential one can find the parameter w and the v.e.v’s of the two

Higgs doublets which are nonzero and different in the symmetric limit

aq
U1 = 2—51>

(&%)
U2 = 2—ﬁ2’
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where

a1 4)\()\%2#;1 + )‘¢2'u3>1 - ;521'u§52 - )‘¢12'u§>2 + )‘:bm ('uil + Mgg2)) - 2)‘<f’121u20-1

— 2\, ptor + 2>\;)21,u202 + 20,1200 + ,u§520'102 — ,@105 — 2>\;)12,u2(0'1 + 03),
Bi = AN, = 20, Aoy + A Agis + Agi Aga T A Agn + Ay (2N, 4 Aoy + 4y,

T X)) = Ao 01 — A0t + 2N, 0102 + 2X4,,0102 — A, 05 — Ag,05 — Ny, (01 4 02)%,
ay = ANty + Aoty = oy Hg, — Aouaht, + Ny, (15, + 15,)) — 2Xg1 10

— 2\, (P02 + 2N, P01 4 2N 1701 + i, 0201 — p, 07 — 2N 1P (02 + 01),
Bo = AN=XZ = 2N, Apis + ApuAns + Aiu Aoy + Apia Aoy + Ny, (X5, + Agy + 40y,

+ X)) = Aen0s — Ao, 05 + 2N, 0901 + 2X4,,0901 — Ag,05 — Agi,07 — Ny, (02 + 01).

(4.32)

Also, the parameter w can simply be written as follows

w? p?— (0'1|1112\)2\ + 0’2\02\2)’ (4.33)

which shows that the v.e.v of the singlet scalars is independent of (vy, v9) when o = g9 = 0.

The explicit form of the Yukawa matrix, Y5, and the Dirac neutrino mass matrix can be

written from the Lagrangian (£.20) as follows

yr 0 0
U1
YE = —<1]0 , 4.34
23 NG Y2 Yo ( )
0 v ¥
. . U2
Mp = diag(A, A, A), with A =y—. 4.35
D 8 ) V75 (4.35)
Also, the Majorana mass matrix can be obtained from Eq. (£85) as follows
M —v, O
Mp=|-v, M 0|, (4.36)
0 0 M
with v, = yw. Using the seesaw formula [212], the neutrino mass matrix is given as
M, = —MIMz'Mp. (4.37)
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Then M, has the structure

X G 0
M, = G X 01, (4.38)
0 0 Z
where
A2 M A2, A2
X —_— _m7 G —_— _m7 Z —_— _M. (4.39)

A2
= M+,
A2
M2 = M —uy,’
A2

Note that from the above equations one can estimate the scale of the v.e.v, vy, of the
second Higgs doublet ¢». As the absolute neutrino masses are in the eV scale, therefore, v,
has to be in the MeV scale if the see-saw scale (M) is in the TeV range. The mass relations

satisfy the relation

1 1 2
== (4.41)

my ma m3'

Similar relations among the masses are discussed in Ref. [213]. We can use the above sum-
2|ma|mo|

o+ oy for the normal hierarchy

rule to obtain an upper limit for the heaviest mass, |mgs| <

[ma[[ms|

or [ma| < frza; [ “fmal

for the inverted hierarchy.

4.3.2 Symmetry breaking

The breaking of the flavor symmetries in the charged lepton and the neutrino sectors will

cause deviation from the BM form, and we study these deviations in this section.

Charged Lepton Sector
In the charged lepton sector we break the decoupled 2 — 3 symmetry by adding the

following higher dimensional terms

1= CY2 uLMR¢1F7 (4-42)
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and ;

P11
A2

The operator O, breaks the decoupled 2 — 3 symmetry, Z23 x Z¢, but is still 2 — 3 symmetric.

Oy =y (De,ptr — De,7r + Dy,er — Dryper) ¢1 (4.43)

The operator O; explicitly breaks the 2 — 3 symmetry, Z23, and generates the muon mass.
To generate explicit 2 — 3 breaking we have introduced the higher dimensional operator
in the position of the muon field, 2-2 element, in the Yukawa matrix which is the most
straightforward way to generate the muon mass. Introducing this operator in the 3-3 position
generates the same numerical solutions for the correction angles. But introducing it in the
2-3 or 3-2 positions does not generate physical values for the mixing angles. Even introducing
2 — 3 symmetric terms in (2-2, 3-3) or (2-3, 3-2) generates either unphysical mixing angles

or gives very large correction mixing angles that do not lead to successful phenomenology.

In the presence of the higher dimensional terms the charged lepton Yukawa matrix has

the following form

lll ll2 _ll2
yl = Lo Lr(1+2r) S |, (4.44)
=l %ZT %ZT

with x; = cv?/2A? and 15 = y'v} /2+/2A? after the Higgs field gets it’s v.e.v. Three relations

can be obtained among the Y” matrix elements

Ylg = _Yl%n
Y2é = Yiig’
Vi o= (4 2m)VE (1.45)

We can solve for the unitary matrix, U;, that diagonalizes Y* in Eq. B44. We write,
U = W2Z3Rl23R113Rl127 (4.46)

where

cizr S121 0

Rl12 = —s11 ¢ 01,
0 0 1
iy = €08 b9 $19) = sin by, (4.47)
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C131 0 syze™
!

i
—s13€” 0 ¢y

c13y = cos b3 813 = sin Oy, (4.48)
1 0 0
Rl23 = |0 coz  S23 |,

0 —s23 Coz
Cg31 — COS 9231; So31 — sin 9231. (449)

The Yukawa matrix, Y7, can be written as

vt =uytuf, (4.50)
with
l. 0 0
Y/ = [0 1, 0 (4.51)
0 0 I

T

Applying the relations in Eq. B45] to the Y* matrix elements in Eq. 50 using Eq. 4.46,
one can solve for the corrections of the mixing angles. Two ways can be used to find the
angles, analytically or numerically. Solving for the mixing angles analytically, see details in

appendix [I0, can determine the size of the Yukawa matrix parameters in Eq. E.44]

m
z, = m—’:,
K = 2z,
[ Z
l12 ~ EM(ZG_ZAJ’
1
Ir %(L—Mﬂ—§@@ﬁ. (4.52)

with z ~ 2. It is interesting to note that

K= —=5 =22, (4.53)
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which fixes A ~ TeV. We assume that the charged lepton corrections are “CKM-like”, i.e
sin 912l ~ )\, sin 9231 ~ A)\2, sin 9131 ~ B)\g, (454)

where A, B are real and of order one, with A is the sine of the Cabibbo angle, A = sinfs ~
0.227. Numerical solution for the above relations presents some numerical results for various

z values that generate appropriate correction angles, with assuming § = ,

e For z = 2.0: s19, = £0.34, s13 =~ £0.0011, s93; = —0.059,
e For z = 2.06: s19; = £0.3, s13 = +£0.001, s93 = —0.061,

e For 2 = 2.2: 519 &~ £0.2, s131 = +0.00075, so3; = —0.065,
We expand the angles in Eq. as

r 1 1

313:%a 512:%(1"'5% 523:5(1+a), (4.55)
where the three real parameters r,s,a describe the deviations of the reactor, solar, and
atmospheric angles from their bimaximal values. We use global fits of the conventional mixing

parameters (s, a) [214] that can be translated into 30 ranges and the mixing parameter r
with 2.50 significance (90% C.L.) [1]

0.12 <r <0.39, —0.29 < s < —0.14, —0.15 < a < 0.16. (4.56)

To first order in r, s, a, the lepton mixing matrix can be written as,

(1 —9) | (1 +s) | N
Ur | —3(l+s—a+ 5% f(l-s—a—25e") S(l+a) |, (4.57)

(1 a— (
s(l+sta—25e?) —3(1-s+a+ 5e?) S5(l-a)

S

)

which is similar to the parametrization in Ref. [215] with the TBM mixing. We have assumed
that 6 = m where the present data prefers a negative value for s [215] and r is positive, in
our discussion we do not consider CP violation. Now, we can write the parameters (r, s, a)

in terms of the elements of the mixing matrix

s = —1 + \/§U127
r = \/5(14—8—@4‘2(]21),
a = —1+ \/§U23. (458)
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From the details in appendix [I0, one obtains

®
l

1
—\/—5(8121 + $131),

T = S121 — S1315
a == —S93. (459)

From the above equations one can get the deviation parameters as follows

e For 2 =2.0: s~ —0.24, r = 0.34, a =~ 0.059,
e For 2 =2.06: s =~ —0.21, r = 0.30, a = 0.061,

e For 2 =2.2: s~ —0.14, r = 0.20, a =~ 0.065.

The above results demonstrate that the contributions from the charged lepton sector can

accommodate the T2K data of #,3 as well as the other mixing angles.

Neutrino sector

In this section we consider deviations of the BM mixing from the neutrino sector. We
maintain the invariance of the Majorana Lagrangian under the symmetry group in Eq. A8T]
and generate the deviation from the BM matrix by breaking the €; <> €3 symmetry in
Eq. by introducing the most general dimension four symmetry breaking terms in the

potential
2
(E-&)S ololoi+o(e—&) (@+e) B (4.60)
=1

We require that all terms in the symmetry breaking potential are of the same size which
results in p ~ Z—iag where v is the electroweak v.e.v with v? = v} + v3 and w is the scale of

the v.e.v’s of the singlet scalars. Thus, the potential is
2
2 2
V o= P (4+6)+ (6 +6) Z oipldi + A (€ +€2)” + N (¢ — é2)
i=1

2
+ (=) Y oldldi+o(ed — &) (¢ +63) + Vaun(dn, do). (4.61)

i=1

2 The most general symmetry breaking terms can be expressed in terms of the form in Eq. B33 and
symmetry conserving terms that can be absorbed in the symmetric potential.
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Now, parameterizing the v.e.v’s as in Eq. [£.27] and minimizing the potential leads to

2 / 2 / 2
ow? + (a1 |v1]* 4 a5|va]?)
2y = —
cos 27 2\ w? ’
- 2N (12 = (o1|v1|* + o2|ve)?)) + ooy |vi]* + U§|U2|2). (4.62)
AN — o2

Keeping in mind the size of the various co-efficients in the symmetry breaking potential
discussed above, we find that cos2v = 0 up to corrections of order Z—Z We assume that w is
in the TeV scale and with v in the EW scale the symmetry breaking corrections are of the

right size to explain the experimental numbers.

We shift the v.e.v’s of the two singlet scalars (w; # ws) up to the first order of the

symmetry breaking parameter. Then, the Majorana neutrino mass matrix in Eq. [4.36 takes

the form
M —vyp —Vun
MR: —Vuwp M 0 s (463)
—Vwn 0 M
where
Vyp = %(wﬁ—wg),
Yy
Vpn = —=(w1 — wq). 4.64
\/5( 1 — wa) (4.64)

We write the v.e.v’s of the singlet scalars after symmetry breaking as

w o= Y +/
1 \/i )
wy, = 2P (4.65)

where p; and p, are small quantities and

wT

p1= —p2 = I (4.66)

Up to the first order of the symmetry breaking parameter 7,

ow? 4 (a1 |v1|* + oh|va?)
B 2\ w? ’

(4.67)
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one gets

Vwp = Vw,
T

Vuwn — TUy-
2

(4.68)

It turns out that breaking the €¢; <+ €5 symmetry to generate different v.e.v’s for the singlet

scalars is not sufficient to break the almost degeneracy of (mj, ms) to satisfy the squared

mass difference measurements. Therefore, we introduce an additional term in the Lagrangian

which is consistent with the symmetries of the Lagrangian,

M, [I/;‘fRC_ll/MR + I/;FRC'_luTR} .

Thus
M —v, —Fvy
MR == —Vw M/ 0 y
—50y 0 M’

where M’ = M + M.

The neutrino mass matrix in Eq. 4.90] changes to be

X G P
M, = |G@ Y W,
P wzZ
where
¥ _ _ 4A2 M’
AMM' — v2 (44 72)
v A2(AM M’ — v272)
M'(AMM' — 02 (44 72))’
o AR =)
M'(AMM' — v2 (4 + 72))’
o - 4A%,,
AMM' —v2(4+ 72)
P 2A%0,,T
AMM' — 02 (4 +72)’
oo 2A%02 T

M'(AMM' — v2 (4 + 72))’

72

(4.69)

(4.70)

(4.71)
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By diagonalizing Eq. 4.108] one gets the mass eigenvalues

242 ((M + M) — \/MZ = 2NN + M? + v3 (4 + 72))

= AMM' — 02 (4 + 72)

242 (M + M') + /MZ = 3MM + M7+ v3(4+77))
M= AMM =2 (4 + 72)

AQ
my = —o5.

(4.73)

Now, we can diagonalize the mass matrix in Eq. [4.108 using the unitary matrix U, =

Wi, R Ry, with,

iy S12v 0

2 = | =51 c2 0],
0 0 1
Ciay = cosbiay; 512, = sinbiy,,
1 0 0
R§3 = 0 ¢z So3 |

0 —s23, Cozw

Ca3p, = COS 9231/; S93, = sin fag,,.

The mass matrix elements in Eq. 4.109 satisfy the two relations

X/(Z, _ Y/) — Pl2 o G/2’
G/P/(Z/ o Y/) — W/(P/2 - G/2).

By applying the above relations to the matrix elements of

M, = U, MUT

v

one can obtain the mixing angles

2m1 (m2 — mg)

S23, = \/m2(m1 —mg) )

—mimse + 2m1m3 — MaoMms

S12v 2m3(m1 — mg)
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Eventually, we obtain the elements of the lepton mixing matrix Upyns = UlTU,, with
U = WLRLRLR, and U, = W RY,RY,. The deviation parameters (s, 7, a) can be
obtained from Eq. 4115l as follows

s ~ ———=(S191 + S131) + S120,

V2

r = S121 — S131 — S23v,

1
a = —S831 + —=523u- (4.78)

V2

4.3.3 Numerical results

From the neutrino mass matrix (4.15), one observes that in the degenerate case, when
m; & mg & m3, a =~ ¢, d &~ 0 which means that the neutrino mass matrix is already
diagonalized as M, = diag (a, a,a). That means the lepton mixing matrix does not include
a contribution from the neutrino sector, and the resultant leptonic mixing is inconsistent
with the experimental data. Thus, in the symmetric limit our model excludes the case of
the degenerate neutrino masses. Even, after symmetry breaking, the degenerate case in
Eq. 110! leads to vanishing the v.e.v’s of the singlet scalar fields which does not lead to

successful phenomenology.

The numerics goes as following; we choose masses (m;, ms, m3) which satisfy the experi-

mental values of the squared mass differences

Am3, = m3—m? = (7.5940.20) x 10 °eV?,
Am3, = |mj—mj| = (243£0.13) x 107%eV>. (4.79)

We substitute those mass values in (r, s,a) in Eq. @115, using (s12,, S23,) given in Eq. ETTT]
and (s127, Sozi, S13) in sec. 32l If the results satisfy the experimental constraints in
Eq. 4113 we plot the possible values of the absolute masses and the mixing angles. By
using Eq. 4110, we calculate values for the Lagrangian parameters (v, A, M, M') which
generate the values of the absolute masses obtained from the graphs. From the graphs, one
finds that (v,, M, M’) are obtained in the TeV scale and A in the MeV range.

Three mass-dependent neutrino observables are probed in different types of experiments.
The sum of absolute neutrino masses Mmeosm = 2m; is probed in cosmology, the kinetic
electron neutrino mass in beta decay (M3) is probed in direct search for neutrino masses,
and the effective mass (M,.) is probed in neutrinoless double beta decay experiments with

the decay rate for the process I' oc M2. In terms of the “bare” physical parameters m; and
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U.i, the observables are given by [213]

Em; = |ma| + [ma| + |mal,
Mee = [[mu||Ua|* + [ma||Uea e’ + |ms| |[Ues| e,
My = VI PlUA P+ [ma2[Uesl? + [mg[?[Ues|?. (4.80)

In our analysis we ignore the Majorana phases (¢, ¢2) and plot Mg versus ¥m,; and M.,

VeIsus Myight, wWhere my;gne is the lightest neutrino mass.

In Figs. (@1l £2 A3]) we assume specific values of z with the corresponding correction
mixing angles (s13;, S12, S23;) and plot the absolute masses and the mixing angles which
satisfy the neutrino mixing constraints. By choosing a value for the symmetry breaking
term 7, we plot the parameters (v,, A, M, M’) that satisfy the squared mass difference
measurements. This model supports the normal mass hierarchy as shown in the graphs with
the scale of the neutrino masses in the few meV to ~ 50 meV range. The results agree with
the recent T2K data which find a relatively large #3. The graphs show that the see-saw
scale (M, M') are in the TeV range, and the second Higgs that couples to the right-handed
neutrinos has v.e.v v,, included in A, in the MeV scale. Also, they indicate that the v.e.v
of the singlet scalar fields v,, is in the TeV scale. The graphs show that >m,; ~ 0.06 eV and
M.. < Mg and M., < 0.35 eV [216]. Various other mechanisms to generate the neutrino

masses with TeV scale new physics are mentioned in Ref. [217].

4.4 Tri-bimaximal mixing

We have seen in the previous section how this model introduced the bimaximal structure
to study the neutrino mixing. Here, in this section we present the tri-bimaximal pattern and

compare the results obtained from the two patterns.

4.4.1 The Lagrangian in the symmetric limit

The Lagrangian that describes this model will be discussed in this section. It is assumed
to be invariant under the product of the symmetries Z4 x U(1). The Yukawa Lagrangian
exhibits p — 7 symmetry, which can be represented by a Z; symmetry. We use the see-saw
mechanism to generate the neutrino masses. The particle content of the model is similar
to the BM case in the fermionic sector. In the scalar sector, we employ two Higgs doublets

¢;, like in the BM case, and three complex singlet scalar fields e; with v.e.v’s (0|en]0) =
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wg, k=1,2,3. The symmetry of the Lagrangians is assumed as

Zy DML — —DTL, URr <> —TR, VuRr <> —VrR,
Ver — WWeR, €ER — 1€R, DeL — iDeL,

€1 — —i€y, €2 — 1€, €3 — —€3, P1 — P1, P2 — Pa,

17442
U(l) : {V(e,u,T)Ru €R, (,U/aT)Rv D(e,u,‘r)Lu €(1,2,3)» ¢17¢2} = {_7_7_7_7_707_1} .

3’3333
(4.81)
The most general Lagrangian invariant under the underlined symmetry is given by
Ly = yi1D. erps+ [yz (DMLIUR + DTLTR) + Y2 (DuLTR + DTLMR)} b1

+ YD [DeLVeR + D,LLL(VMR + VTR) + DTL(V/JR + VTR)} (52

1 _ c (€1+62) c (61—62))
+ ZYver |V + v

2y R ( uR \/§ R \/i

1
+ SV Uer Veg €3+ h.c. (4.82)

Here, gz;j = i02¢); is the conjugate Higgs doublet. The Z; symmetry yields the decoupling
structure in the charged lepton and neutrino mass matrices. In our model we relate the
couplings to the U(1) charges as y = cq where y is a coupling, ¢ is a U(1) charge, and ¢
is a constant. This leads to a universal coupling to the right-handed neutrinos and to the

charged leptons.

The phenomenology of the above Lagrangian with the off-diagonal elements DML Vg +
D, v,r can be studied. But in this model we choose to work with diagonal Dirac neutrino
mass matrix Mp to make the model even simpler. For this, we impose an approximate
symmetry of the Lagrangian. A global SO(3) flavour symmetry is introduced in a way that
the transformations of the fields are given as follows:

€Rr D., Ver €1
MR | » DuL ) VuRr | > €1, ¢1> ¢2- (483)
TR DTL VrR €3

In the above Lagrangian, the SO(3) symmetry is only satisfied by the Dirac mass terms
for the neutrinos and is broken by the other terms in the way that the Yukawa Lagrangian
is invariant under the symmetry product Z; x U(1). The implications of proposing the
SO(3) flavour symmetry in the lepton sector will be discussed in a separate work. By

implementing these particle assignment we find that the off-diagonal elements D“LI/TR +
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D,,vur are forbidden leading to a diagonal Dirac mass matrix. We can then rewrite the
above Lagrangian as

Ly = yDe erds+ [yz (DMLIUR + DTLTR) + Y2 (DuLTR + DTLMR)} ¢1
YD [DeLVeR + D;LLV,uR + DTLVTR} (52

_l’_
1 _
n _yVeR( . (6 t+e) . (e1 62))

2 VMR \/5 TR \/i
1
+ Y Uer Veg €3+ h.c. (4.84)

When the singlet scalar fields acquire their v.e.v’s, the U(1) symmetry gets broken spon-
taneously and the neutrinos obtain their Majorana masses [21§]. One of the neutrino masses
blows up, therefore, we need to introduce a Majorana mass term as a U(1) symmetry break-
ing term, which is not going to change the mixing,

1
Ly = M [VerVER + VurVig + UrrVER) + hec. (4.85)

he above Majorana mass term is invariant under the SO(3) symmetry. The would-be-
Goldstone bosons could be generated due to the spontaneous symmetry breaking of the
global U(1) symmetry by the v.e.v’s of the singlet scalars. They can acquire masses through
the explicit symmetry breaking of U(1). Studying the effects of breaking the U(1) symmetry
is beyond the main goal of this work.

The most general scalar potential V' that is invariant under the above symmetry product

Zy x U(1) x SO(3) is

2
Vo= =i (lal +lel + ) + (la* + el + le?) Y oiple:
=1
A (Jer? + leol? + les])” + Vo (61, ¢2), (4.86)

where Vayp(¢1, ¢2) is the potential of the two Higgs doublets in Eq. One can easily

verify that the v.e.v’s of the Higgs doublets are different and non-zero in the symmetric limit.
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We can minimize the potential to get the v.e.v’s ({0]e|0) = wy,) as follows

oV -

v = 2wy + 2wy Y ogvlv; + 4wy (w] + wi + wj) =0,

a‘€1| min i=1

oV -

- — —2Iu2w2 + 2w Z Uﬂijﬂi + 4wy (w% + wg + wi’%) =0,

a‘€2| min i=1

oV -

- = —2M27~U3 + 2ws Z aivjvi + 4 w3 (w% + wg + w?,) =0. (4.87)
a‘€3| min

i=1

One can notice that the three equations are not independent. Thus, we have the three v.e.v’s
are the same and equal to
2 2 2

2 _ 1 — (o]un]” + oafva])
6\ ’

where wy = w for k = 1,2,3. The explicit form of the charged lepton Yukawa matrix and

the Majorana and Dirac neutrino mass matrices can be written from Lagrangian (8.61]) as

follows

w

(4.88)

v ylvg/vl O O
Vi = — | o :
23 \/5 Y2 Y2
0 Y2 Y2
M++V2v, 2v, 0
Mgrp = 20y, M 0], with v, = y%,
0 0 M
. . U2
Mp = diag(A, A A), with A=y—. 4.89
D 8( ) NG (4.89)
Using the see-saw formula 4.37, Then M, has the structure
X G 0
M, = |G Y 0], (4.90)
0 0 Z
where
v - AM v A%2(M + V2v,)
M2+ 2Mu, — 402" M2 4+ V2Mu, — 402
2A%0 A?
= v L == 4.91
M2 +\2Mv,, — 402 M (4.91)
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One can easily verifies that the relation G = v/2(X —Y) in Eq. EI7 is satisfied. The mass
eigenvalues (2X —Y,2Y — X, Z) can be written as

A2
m = —-——,
! M + 2v/2u,,
A2
my = ———,
? M — /2u,
A2
= ——. 4.92
ms i (4.92)

From the above equations one can estimate the range of the v.e.v v, where A = yvy/v/2. As
the absolute neutrino masses are in the eV scale, therefore, v, has to be in the MeV scale if
the see-saw scale (M) is in the TeV range. The mass eigenvalues satisfy the relation E.4T],

and similarly to the BM case the upper limit for the heaviest mass |mg3| < % for the

2|ma ||ms|

T3l [—m]| for the inverted hierarchy.

normal hierarchy or |ms| <

4.4.2 Symmetry Breaking

The breaking of flavor symmetries in the charged lepton and neutrino sector cause de-
viations from the TBM form. Symmetry breaking in the charged lepton sector has been
considered in section [1.3.21 We evaluated the correction angles numerically. In this section

we are going to consider deviations of the TBM structure from the neutrino sector.

We are going to break the SO(3) symmetry, which has led to equal v.e.v’s in the symmet-
ric limit, and maintain the other symmetries of the Lagrangian. We will break the symmetry
by introducing symmetry breaking terms of dimension four. We can present a large number
of symmetry breaking terms. The most straightforward way is to break the alignment of the
v.e.v's of (€1, €) which, in turn, violate the decoupling in the neutrino mass matrix. Here,

we introduce the most general form of symmetry breaking terms

2
¢ (lal = lel)” + (la]? — le2?) > pidldi+o(lal — lel!) . (4.93)

i=1

The most general symmetry breaking terms can be expressed in terms of the form in Eq. [£.93]

and symmetry conserving terms that can be absorbed in the symmetric potential. Thus, the

79



scalar potential including all the terms of the form in Eq. [4.93]is given as follows

2
Vo= =i (lal +lel +lesl”) + (la* + el + les?) Y oiglen
=1

2
+ E(lal = lel)* + (o = leP) Y pdloi + o (lal* - lef*)
=1

2
+ & (lal+lel?) + (lal +le®) Y bl + o (lal* + el
=1

+ Al +lel? + lesl?)® + Vaun (o1, ¢2). (4.94)
We can parametrize the v.e.v’s of the singlet scalars as
(0]e1]0) = Prcosy, (0] 0) = Bisiny, and (03| 0) = fa. (4.95)

We require that all terms in the symmetry breaking potential are of the same size which

results in, from Eq. 93] o ~ Z—zpi and & ~ W:i;%{pi where v? = v + v2 is the EW scale.
1 1

The only terms that depend on ~ are

2
1+ cos? 2y
f(7) = £B} cos® 2y + B3 cos 2 Z pilvi|® + 081 cos 2y + o/ B} (f) . (4.96)

i=1
After minimizing the potential, one can get the parameters of the v.e.v’s as follows

2 2 2
cos2y — 0Pt 4 (p]oa|” + pafvs )’

(26 + 0B}

g = llPlep = /(26 + &) + Joal*(op2 — pp(2 + )
1 _Q2 "‘25(25,4‘@,) + QI(Qf,‘i‘ Ql) )
2
2 _ 2
S YT ) T ) (4.97)

where

5 —12(—0® + 26028 + o) + d (28 + o))
+ |uP(o1(=0* +26(28 + o) + 0 (28 + ¢)) + 2X(0p1 — p1 (26 + )
+ |uaf(o2(—0 +26(26" + o) + 0/ (28 + &) + 2X\(0p2 — P26 + 0))).  (4.98)
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Then, we find that the following relation is satisfied
B3 + B = 3w’ (4.99)

In Eq. A97 since o ~ Z—;pi that leads to cos2y ~ 0 up to corrections of v?/3? where v is
the EW scale and we assume f; in the TeV range in order to produce a sizable symmetry
breaking parameter. However, we consider in our analysis the first order correction to cos 27y

(cos 2y ~ 7) where the symmetry breaking term is defined by

_ _Qﬁ% + (p1|v1” + palval?)
(26 + 0)57

This leads to shifting the v.e.v’s of the two singlet scalars ({0 |e;|0) # (0]e2|0)) up to the
first order of 7. Then, the Majorana neutrino mass matrix takes the form

(4.100)

M + /UﬁQ /Uﬁlp Uﬁln
Mp=| wvs, M 0|, (4.101)
,Uﬁln 0 M

where vg, = y3; and

Uiy ((O]er] 0) + (0 ]e2| 0)),

Si= Sl

Ubin ({0]ex] 0) = (0 |ea] 0))- (4.102)

We write the v.e.v’s of the singlet scalars after symmetry breaking as

olalo) = L (1+1),

V2 2
B T
0les]0) = —(1——), 4103
Olelo) = L (1-3 (4.103)
then
Usp UB1s
T
Ugn = E’Uﬁl. (4104)

Note that, from the discussion below Eq.[4.95 and using Eq. [£.100 one finds

v? 0
§~ 5P~ = (4.105)
17—

T
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which leads to £ ~ 10p for 7 = 0.1.

The results of the model have to satisfy the neutrino oscillation measurements. Although
the numerical results show that breaking the SO(3) symmetry in the scalar potential, see
Eq. £93, is not sufficient to break the slight equality of (m;, ms) to satisfy the Ami,
measurement. Therefore, we introduce additional terms to the Dirac mass term for the
neutrinos which minimally break the SO(3) symmetry,

1

3 [ MDepvip + Mo (DurVig + Urrvig)| + hec. (4.106)

By presenting the above terms we have broken the SO(3) symmetry in the whole Yukawa
Lagrangian and the scalar potential. Note that the above terms break the U(1) symmetry
too. Thus
M+ Ugy U %U&
Mg = Vg, M0 |, (4.107)
%Uﬁl 0 M "

where M’ = M + M; and M" = M + M,. Using the see-saw formula (£37), the neutrino

mass matrix is given by

X G P
M, = |a v W], (4.108)
P/ W/ Z/
where
X, B 4A2M”
© AM'M” + AM"vg, — 03 (A + 72)
v A*(AM'M" 4 4AM"vg, — v %)
- M(AM'M” + AM"vg, — 03 (4 +72))’
7 4A2(M'M" + M"vg, — v3))
T MY(AM'M" 4+ AM"vg, — v (4 +72))
G/ o 4A2U51
AM'M" + AM"vg, — v2 (4 +72)°
P 2A2v517
~ AM'M" + 4M"vg, — v} (4+72)
2A%0% T
W= o (4.109)

- M(AM'M” + AM"vg, — v} (4 +72))°
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From Eqs. (£I08| £109), one gets the mass eigenvalues

A2
- 2(M' + M"
" AMM" + 4M"vg, — 03, (4 + 72) [2(M" + M" + vg,)

=24/ M? 4+ M7 — 2M'(M" — vg,) = 2M"vg, +v3, + 03, (4 +7°)|

AZ
= - 2 M/ M//
mo AM'M" + 4M”U52 _ U%1(4—|— 7_2) [ ( + + 2}62)

24/ M2+ M — 2M/(M" = vg,) = 2M"vg, + 3, + 03, (4+77)|

A2
my = —5o (4.110)

We can diagonalize the mass matrix in Eq. using the unitary matrix U, = W{, R4, RY,
with Eq. 274l On can find relations between the mass matrix elements in Eq. given
by Eq. 78 Applying the relations to the corresponding mass matrix elements of
M, = U, MU} with U, = W}, Ry, RY, , one can get the two mixing angles

. \/3m1 (mg — mg)
S23y = )

m2(m1 - mg)

) _
S120 i £ S Gedly (4.111)
3m3(m1 — mg)
Following Ref. [215], we expand the angles in Eq. as
r 1 1
—(1—|—S), S93 = —(1+a), (4112)

8132%, 812:\/§ \/5

where the three real parameters r, s, a describe the deviations of the reactor, solar, and atmo-
spheric angles from their tri-bimaximal values. We use global fits of the mixing parameters
with 3o significance [47]

0.18 <r <0.26, —0.10 < s < 0.05, —0.15 < a < 0.17. (4.113)

To first order in r, s, a the lepton mixing matrix can be written as [215],

V21 -1s) 1(1+s) Lret
U= —F(l+s—a+re?) Z(l-gs—a- re“s) H(l+a) |- (4.114)
%(1—1—5—1—6; re) —%(1—ls+a+ ire?) (1 -a)

w

A

N

)
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We are not going to consider CP violation in this work, thus, we assume that 6 = 0. We can

write the parameters (r, s, a) in terms of the elements of the mixing matrix,

r = —1—8+&—\/6U21,
s = —1 —+ \/§U12,
a = —1+2Us;. (4.115)

Now, we can calculate the full deviation of the leptonic mixing coming from the charged

lepton and neutrino sector. We obtain the elements of the lepton mixing matrix
Upnns = UU,, (4.116)

with Uy = W RL R R, and U, = W}, Ry, RY,. Thus, up to the first order one can get

2
TR —Siy+ \/;'9231/ + S1ai,

s~ —S19 + V2519, — s131,

2
a ~ —So3 + \/;823,/. (4117)

In section £.3.2] it was found that the contribution of the charged lepton sector, with

0 =0, is give as

o For z = 1.8: 519y = £0.44, s13 = F0.0012, 595 = —0.053,

e For 2z =1.7: s19, =~ :f:048, s131 =~ F0.0013, so3; = —0.050,

where z is an arbitrary parameter with a value around 2. We can check the contributions of
the charged leptons, U, = Wl RL, R, RL,, without corrections from the neutrino sector, i.e.
U, = WY,. By substituting the above values in Eq. [A.117 up to the first order one gets

e For 2 =18 r~ 044, s = 0.44, a =~ 0.053,

e For z=1.7: r= 048, s ~ 048, a~ 0.050,

The results above do not match the experimental values where the charged lepton sector
introduces a large correction to the mixing angles #13 and #5. Thus, it becomes necessary
to combine the contributions come from the charged lepton and neutrino sector in order to

calculate the full deviation from the TBM mixing.
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4.4.3 Numerical results

In the case of degenerate neutrino masses m; ~ my =~ mgs, one can find from Eq. £.I§]
that a ~ b ~ c. This leads to a diagonalized neutrino mass matrix M, =~ diag (a, a,a). That
means the lepton mixing matrix does not include a contribution from the neutrino sector,
which is inconsistent with the experimental data. Thus, in the symmetric limit our model

excludes the case of the degenerate neutrino masses.

The numerics goes following the method used in the BM case. The results support the
normal mass hierarchy. The figures show that the scale of the neutrino masses is in the
few meV to ~ 50 meV range (meV= 10"%eV). Also, the full contribution from both the
charged lepton and neutrino sector accommodates the measurements of the mixing angles.
The graphs (44], [43]) show that the see-saw scales (M’, M") are in the TeV range, and
the extra Higgs that generates the Dirac neutrino masses has v.e.v (vy), included in A, in
the MeV scale H Also, they indicate that the v.e.v’s of the singlet scalar fields (vgy, vg2)
are in the TeV scale H We plot Mg versus Xm; and M., versus mygne, where mygn; is the
lightest neutrino mass which is m; in this model. The graphs show that >¥m,; ~ 60 meV and
M., < Mg and M., < 0.40 eV [216].

4.5 Conclusion

In this work we presented a model for leptonic mixing which accommodates the sizable
neutrino mixing angle 6,5 recently measured. We worked in a basis where the charged lepton
mass matrix is not diagonal and proposed an explicit structure for the charged lepton mass
matrix which is 2-3 symmetric except for a single breaking of this symmetry by the muon
mass. We identified a flavor symmetric limit for the mass matrices where the first generation
is decoupled from the other two in the charged lepton sector while in the neutrino sector
the third generation is decoupled from the first two generations. The leptonic mixing in the
symmetric limit was shown to have, among other structures, the bi-maximal (BM) and the

tri-bimaximal (TBM) mixing.
In the BM case, a model that extended the SM by three right handed neutrinos, an extra

Higgs doublet, and two singlet scalars was introduced to generate the leptonic mixing. In the
symmetric limit the model had two Z; symmetries in addition to the y—7 symmetry and the
BM leptonic mixing was obtained when the two singlet scalars got equal v.e.v’s. Symmetry
breaking effects were included in the charged lepton sector via higher dimensional operators

that generated a u — 7 symmetric mass matrix except for a single breaking due to the finite

3Higgs doublet with a small v.e.v has been discussed in the literatures [219].
4Several papers have introduced neutrino mixing models in the TeV scale (for review see Refs. [220]).
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muon mass. In the neutrino sector, symmetry breaking was included via slightly different
v.e.v’s for the two singlet scalars. To explain the Am? data, two different Majorana mass
terms, one for v, and one for v, and v,, was used keeping in mind that the p — 7 symmetry

fixes the Majorana mass terms for the v, and v, to be the same.

In the TBM case, we fixed the neutrino mass matrix to have a decoupling of the first
two generations from the third one, and under a certain condition we generated the lepton
mixing in the symmetric limit with the TBM structure. This model was described by the
Lagrangian that extended the SM by three right-handed neutrinos, an extra Higgs doublet,
and three complex singlet scalar fields. Also, the symmetry group of the SM was extended
by the product of the symmetries Z; x U(1). The symmetry breaking in the charged lepton
sector did not fix the data by introducing a large contribution to the mixing angles ¢35 and
012. Thereafter, by breaking the SO(3) symmetry in the effective potential and violating the
alignment of the v.e.v’s of the singlet scalars, the contribution of the neutrino sector was

introduced to accommodate the measurements.

A fit to the experimental measurements showed in both the cases that our model predicted
normal hierarchy for the neutrino masses with the masses being in the few meV to ~ 50
meV range. The Majorana mass terms as well as the v.e.v’s of the singlet scalar fields were
predicted to be in the TeV scale and consequently the v.e.v of the second Higgs doublet was
shown to be in the MeV range. We calculated predictions for the mass-dependent observables
(Xm;), (Mg) and (M,.). We found that ¥m; ~ 0.06 eV, M. < Mgz, and M, < 0.40 V.

86



9.4G, —s 52
o g0 “'!’ [
9.35¢ I P S [
- R R r
9.30¢ ..:......o:.:..::'&.' o ‘:f. ?‘:. - 51 1
SQ.05F e i *
g ' TR R X .~ " : 2
v9.20’ ;.07\.:';:?:“.:{.$.:.%‘::‘:‘°$..:::°\~ °:°.‘.’ E g S0 ]
3 .: g.c.:‘.::" 4 A ..:o‘:. . 8. ;‘.’..o i
£9.15 e A £
9.10; s B gt - 4y ]
9.05 sy % Lo S
WL L L L L L 4 487"H\"H\HH\HH\HH\HH\HH
27 28 29 30 31 32 26 27 28 29 30 31 32 33

my (MeV) 7 my (MeV)

29.5¢ 1 39_05 1
29.0 :
28.5 : ,
q R i
<28.0F - ©38.0 ]
27.5 ’
27.0
26.5 :

613 013
‘ o ‘ —s ‘
1) " D
0.12 ey’ 030 s Pl T .
%\ “::'. ° % ...: :P:!:. ......
20 11r 8% % - = 0.25¢ 0’ o° .
~ ‘0:' g 0.. ° °
< 0.10. ‘: " 7 = . : ° . (™
’ ’§' ] 020’ ° :.‘ %o ]
(] ::’ ) o0 ®

0.09» ‘ ‘ ‘ : . °

t ‘ 2] wt .*-':'- [
41.0: s 34.5 oo BRI
[ &’:’f;‘:. . "':f-.o? J.-.i... 'é;
40. 57 .',\. ;"g‘?zf;‘ .’..' ] 34.0 o, ."‘-o . j:":‘ &. A < o
S g . > BT R LR G TR
> 40.0 O e 2 B 1 335 B UM P A
[ 0.' 2% $ e e [ \ﬁu & 'F.'\ag';“ ;“ S
£ g SRRy é«"’"’" S o 23 Wy Y R (AN
«Q 39.5- ‘:" & '~§". .«.. ] o 33.0- . :’.#\. 2°. ‘o’ o i.f“lﬁ %% o° b
S 1 pdehEmeN e N O O SR Y Pt ]
39.00 | - Belrdatef ] 32.5 eyt o E e ]
LA P aSL oy ]
383 ks 13200 i ]
38.00 .. ‘ ‘ ‘ ‘ ‘ E
61.0 61.5 62.0 62.5 63.0 63.5 64.C 3.0 3.1 3.2 3.3 34
Zm; (meV) my (MeV)
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CHAPTER 5

SCOTOGENIC Ay NEUTRINO MODEL
FOR NONZERO 6,35 AND LARGE o¢p

In 2006, a one-loop mechanism was introduced [221] linking neutrino mass with dark
matter. The idea is very simple. The standard model of particle interactions is extended
to include a second scalar doublet (n*,7n~) which is odd under an exactly conserved Z,
symmetry [222], as well as three neutral fermion singlets NV; which are also odd under Zs.
This requirement immediately allows the possibility of having the real (or imaginary) part
of " as a dark-matter candidate, which was first pointed out also in Ref. [221]. As shown
in Fig. 1, this results in the radiative generation of seesaw Majorana neutrino masses from

dark matter, i.e. scotogenic from the Greek ’scotos’ meaning darkness.

(") (")

AN 7/
AN 7
X
n° s
¥ X

Figure 5.1. One-loop generation of scotogenic Majorana neutrino mass.

The non-Abelian discrete symmetry A, was introduced [223] 224, 225] to achieve the
seemingly impossible, i.e. the existence of a lepton family symmetry consistent with the
three very different charged-lepton masses m., m,, m.. It was subsequently shown [220]

to be a natural theoretical framework for neutrino tribimaximal mixing, i.e. sin®f, = 1,
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tan?6, = 0.5, and 613 = 0. This pattern was consistent with experimental data until
recently, when the Daya Bay Collaboration reported [227] the first precise measurement of
013, i.e.

sin? 2653 = 0.092 4 0.016(stat) £ 0.005(syst), (5.1)

followed shortly [228] by the RENO Collaboration, i.e.
sin? 20,5 = 0.113 = 0.013(stat) £ 0.019(syst). (5.2)

This means that tribimaximal mixing is not a good description, and more importantly,
leptonic C'P violation is now possible because 6135 # 0, just as hadronic C'P violation in the

quark sector is possible because V,; # 0.

Recently, it was shown [229] that A, is still a good symmetry for understanding this
pattern, using a new simple variation of the original idea [226]. In that proposal, neutrinos
acquire Majorana masses through their direct interactions with Higgs triplets. We study

here instead the corresponding scenario with the radiative mechanism of Fig. 1.

The symmetry A, is that of the even permutation of four objects. It has twelve elements
and is the smallest group which admits an irreducible three-dimensional representation. Its

character table is given below. The basic multiplication rule of A4 is
3x3=1+141"+3+3. (5.3)

As first shown in Ref. [223], for (v;,l;) ~ 3, If ~ 1,1',1", and ®; = (¢?,¢;) ~ 3, the

79

class | n | h|xa| x| x| X3
cy |1]1]1 1 1 3
Co |43 1| w|w|O
Cy (4131 ]w?| w|O
Cy 13121110 0 | -1

Table 5.1. Character table of A,.

charged-lepton mass matrix is given by

w0 0\ /1 1 1\ [fi 0 0
Mi=10 v 0 1 w? w 0 fo 0], (5.4)
0 0 v/ \1 w 2/ \0o 0 f
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where v; = (¢?) and w = €2™/3 = —1/2 +i/3/2. For v; = vy = v3 = v/+/3, we then obtain

1 1 1 1 m, 0 0
Mi=—11 w? w 0 m, 0], 5.5
1l w w 0 0 m,

where m, = fiv, m, = fov, m; = fsv. The original A4 symmetry is now broken to the

2 7 ~w. Thisis a

residual symmetry Z3, i.e. lepton flavor triality [230], with e ~ 1, pp ~ w
good symmetry of the Lagrangian as long as neutrino masses are zero. Exotic scalar decays
are predicted and may be observable at the Large Hadron Collider (LHC) in some regions

of parameter space [231], 232].

To obtain nonzero neutrino masses, we assign n ~ 1 and N; ~ 3 under A;. We also add
the scalar singlets o; ~ 3 with nonzero (0;). The resulting 3 x 3 Majorana mass matrix for
N, is then

A F E
My=|F A D|, (5.6)
E D A
which is the analog of
a [ e
My=1f a dJ, (5.7)
e d a

considered in Ref. [229]. (A better way to enforce Eq. (6) is to postulate gauged B — L
and assume complex neutral scalars which transform as 1, 3 under A4, in complete analogy
to the scalar triplets of Ref. [229].) Instead of enforcing £ = F = 0 which is required
for tribimaximal mixing, we assume here that ' = —F which may be maintained by an

interchange symmetry [226], 233].

Consider now the tribimaximal basis, i.e.

Ve 2/3 1//3 0 vy
v | =1 -1/vV6 1/vV3 —=1/vV2 | | e |- (5.8)
v, —1/V6 1/V/3 1/V/2 Vs

Since vy 93 are connected to Nj o3 through the identity matrix, we find

A+D 0 0
M= o 4 c |, (5.9)
0 C A-D
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where C' = (E — F)/v/2 = V2E.

The diagram of Fig. 1 is exactly calculable from the exchange of Re(n°) and Im(n°) and
is given by [221]

highji My m3 m% m? m?
Vi = ok Ty 5.10
M)y zk: 1672 |mf,— MZ M2 mi-—MZ o M? (5.10)

where Y, hir(hjx)* = |h|?dij, and mpg are the masses of v/2Re(n°) and v/2Im(n°), respec-
tively. In the limit m% — m? = 2X\50% is small compared to m3 = (m% + m?)/2, and

m3 << M}, Eq. (10) reduces to

)\5’02 hlkh ik [ M2 :|
M,)i; = 2 ln—& — 1. 5.11
M)y = iy 3 (5.11)
In the tribimaximal basis of Eq. (9), we then have
1 0 0 ez 0
hiz=h |0 cos  —sinfe 0 e?2 0 |, (5.12)
0 sinfe ™  cos@ 0 0 elos/?
with
cosf sinfe®\ [ A C cosf  —sinfe @\ ez M, 0
—sinfe” ™ cosf C A— D) \sinfe® cos 0 B 0 s My |
(5.13)

The neutrino mixing matrix U has 4 parameters: $is, a3, S13 and dcp [234]. We choose
the convention U.y,Ure,Ues,Uys — —Ur1, —Ure, =Ues, —U,3 to conform with that of the

tribimaximal mixing matrix of Eq. (8), then

e*rm) 0 0
M2 =yl U 0 e2ml, 0 | U'Urg, (5.14)
0 0 my
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where m , 5 are the physical neutrino masses, with

mhy = A/m)® + Am2,, (5.15)

my = \/m’12 + Am3, /2 + Am3, (normal hierarchy), (5.16)
my = \/m’12 + Am2,/2 — Am2, (inverted hierarchy). (5.17)
We now diagonalize M) using
eims 0 0
UME23yT = 0  e%m, 0 |, (5.18)
0 0 e%ml

from which we obtain U’ = UrgUZ. To obtain U with the usual convention, we rotate the

—iag/2 —i03/2 ig real

phases of the y and 7 rows so that Ujze is real and negative, and U e
and positive. These phases are absorbed by the p and 7 leptons and are unobservable. We
then rotate the vy 5 columns so that U/,e™%/2 = U,/ and U!,e"*3/% = Uei2/2 where
U1 and U,y are real and positive. The physical relative Majorana phases of v 5 are then

Q19 = ) 5+ af 5. The three angles and the Dirac phase are extracted according to
tan® 01, = |Uly /UL %, tan®fo3 = |U,,5/ULs|*,  sinfizeor = Ul je™i95/2, (5.19)
The effective Majorana neutrino mass in neutrinoless double beta decay is then given by

Mee = |UZ € m)y + Uke™®mly + UZymy|. (5.20)

In Eq. (9), let A be real and positive by convention, then both C' and D may be complex,
ie. C =Cgr+iCrand D = Dr +iD;. The 2 x 2 matrix of Eq. (13) can be solved exactly
to yield

CrD; — CiDpg
t = 5.21
MO = Ch@A—Dp) - CiDy 521
2[4A%C0% — AACR(CrDpg + C1Dp) + (C% + C?)(D% + D?))Y/?

tan20 = 5.22
o 9ADy, — (D% + D?) 522
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with

€2 M, = cos’ A+ 2sinf cosfe’®C + sin? #e*?(A — D), (5.23)
€My = cos’ 9(A — D) — 2sinf cos Oe " C + sin® e 29 A. (5.24)

The corresponding U’ elements are

2 cos sinf _,
0= \/; o = N Uz = _We ?, (5.25)
f sinf . cosf@ sinf
U, =87 M7 -ie = — —i¢ 5.26
n3 \/5 \/g T3 ( )

V2 V3

If we absorb the scale factor A\sh?v?/87? into the parameters A, C, D as well as myg, then

the mass eigenvalues of Eq. (11) are given by

1 M
= — |In—& —1 2
my Mk[nm% }, (5.27)

which are the ones used in Egs. (14) and (18). Since my is an unknown, having to do with
the dark-matter scalar mass, we fix it by requiring M;/mg = 10, where M; = |A+ D|. If we
input the five parameters A, Cr, Cr, Dg, D;, we will obtain m/ , 5 as well as the three mixing

angles and the three C'P phases. For our numerical analysis, we set
Am3, =759 x 107° eV?,  Amj, = 2.45 x 1073 eV?, (5.28)
and vary 63 in the range

sin® 26,3 = 0.05 to 0.15. (5.29)

Following Ref. [229], we look for solutions with sin®26,3 = 0.92 and 0.96. Whereas only
normal hierarchy is allowed in the model of Ref. [229], we find solutions for both normal and

inverted hierarchies, as well as quasi-degenerate solutions, as detailed below.

The predictions of this model regarding mixing angles are basically the same as in
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Ref. [229] for the special case of b = 0 there. Using Eqgs. (19), (25), and (26), we find

1 — 3sin?0
tan? 6, = % (5.30)

2
(1 . V/2sin 013 cos qb) + 2sin? 013 sin? ¢

1—3sin2 0 : 1-3 Sin2 913
tan® 0y = v & . (5.31)

2
1 + V/2sin 013 cos ¢ + 2sin? 013 sin? ¢
\ /1—3sin2 913 1—3sin2 913

The conventionally defined Dirac C'P phase is given by dcp = ¢ + a4/2, where of is defined

in Eq. (18) and depends on the specific values of Eq. (9). For sin ;3 = 0.16, corresponding
to sin? 26,3 = 0.1, this predicts tan? @5 = 0.46. If Im(C) = 0, then dcp = af = 0, so this
would predict sin® 26,3 = 0.80 which is of course ruled out. Using sin® 26,3 > 0.92, we find
in this case |tan¢| > 1.2.

For each of the two values sin? 2653 = 0.92 and 0.96, we obtain 5 representative solutions,

all as functions of sin? 26,5. Using Eq. (30), we plot sin® 26,5 versus sin® 20,3 in Fig.[5.2. The

0.875F
0.87Cf

0.865]

Sin226?12

0.86Cf

0.855

0.85CF

Figure 5.2. sin®26;, versus sin® 263.

characteristic features of the 5 solutions are listed in Table 2. For Im(D) = 0, we find one

solution | Im(D) | class | [tandop| | Mee
I 0 IH 2.05 0.020
IT Re(D) | TH 4.64 0.022
I1I 0 NH 3.59 0.002
IV 0 QD 2.20 0.046

V. | Re(D)| QD | 184 |0.051

Table 5.2. Five representative solutions. Three have Im(D) = 0, and two have Im(D) = Re(D).
NH denotes normal hierarchy of neutrino masses, IH inverted, and QD quasi-degenerate. The
values of |tandcp| and m.. (in €V) are for sin? 2053 = 0.96 and sin® 26,3 = 0.10.
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solution for inverted ordering of neutrino masses, and two solutions for normal ordering (one
of which is quasi-degenerate). For Im(D) = Re(D), we again find one solution for inverted

ordering, but the only solution for normal ordering is quasi-degenerate.

In Fig. 3 we show the physical neutrino masses m , 3 and the effective mass in neutrinoless
double beta decay m.. (in V) as well as the model parameters (in eV ~!) for solution (I) in the
case sin? 203 = 0.96. In Figs. 4-7 we show the same quantities for solutions (II),(IIT),(IV),(V)
in the cases of sin?26,3 = 0.92,0.96,0.92,0.96 respectively. Finally we show in Fig. 8 the
values of |tandcp| for all 5 solutions in the case of sin®20y; = 0.92. It is clear that at

sin? 20,3 = 0.10, large | tan dcp| is predicted.
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Figure 5.3. A, parameters and the physical neutrino masses and effective neutrino mass m.,
in neutrinoless double beta decay for the inverted hierarchy with Im(D)=0 and sin® 26,3 = 0.96.
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Figure 5.4. A, parameters and the physical neutrino masses and effective neutrino mass
mee in neutrinoless double beta decay for the inverted hierarchy with Im(D)=Re(D) and
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CHAPTER 6

RADIATIVE SCALING NEUTRINO MASS
WITH A; SYMMETRY

The origin of neutrino mass is the topic of many theoretical discussions. The consensus
is that its smallness is due to some mass scale larger than the electroweak breaking scale of
about 100 GeV. If there are no particles beyond those of the standard model lighter than

this scale, then the well-known unique dimension-five opeartor [235]

_ —Ji
Ls =58

(I/Z'Qbo — li¢+)(l/j¢0 - lj¢+) + H.c. (61)

induces Majorana neutrino masses as the Higgs scalar ¢° acquires a nonzero vacuum expec-

tation value (¢°) = v, so that
_ fijU2
-

This shows that neutrino mass is seesaw in character, i.e. it is inversely proportional to

(M) (6.2)

some large scale A. The ultraviolet completion of this effective operator may be accom-
plished in three ways at tree level [236] using (I) heavy Majorana fermion singlets V;, (II)
a heavy scalar triplet (£7F,£%.€9), or (III) heavy Majorana fermion triplets (27,39 39),,
commonly referred to as Type I, Type II, or Type III seesaw. There are also three one-
particle-irreducible (1PI) one-loop realizations [236]. Recently the one-particle-reducible
(1PR) diagrams have also been considered [237].

If there are new particles with masses below the elctroweak scale, such as fermion singlets
vg with mass mg, then neutrinos may acquire mass through their mixing with vg. However,
this mechanism is still seesaw because m, is still inversely proportional to mg. There is
however an exception. It has been pointed out recently [238] that in the scotogenic model

of radiative neutrino mass [221], it is possible to have m, directly proportional to mg, and
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there is no mixing between m, and mg.

This model was proposed [221] in 2006 to connect neutrino mass with dark matter.
The idea is very simple. Assume three neutral fermion singlets NV; as in the usual Type I
seesaw [239], but let them be odd under a new Z, symmetry, so that there is no (1;¢° —
li¢p")N; coupling and the effective operator of Eq. (1) is not realized. At this stage, N; may
have Majorana masses M;, but v; is massless. However, they can be linked through the
interaction h;;(v;n° — L;n™)N; where (n*,n°) is a new scalar doublet which is also odd under
the aforementioned Z, [222]. Hence Majorana neutrino masses are generated in one loop

as shown in Fig. 1. This mechanism has been called “scotogenic”, from the Greek “scotos”

(") (")

x *
0 ~_7 0
n_ -2~
» X

Figure 6.1. One-loop generation of scotogenic Majorana neutrino mass.

meaning darkness. Because of the allowed (\5/2)(®'n)%+H.c. interaction, n° = (ng+in;)/v/2
is split so that mg # m;. The diagram of Fig. 1 can be computed exactly [221], i.e.

highji My m3 m% m? m?
D=3 Mp My, M) .
M)y — 16 {m% —MZ MR mE - M2 M2 (6:3)

A good dark-matter candidate is ng as first pointed out in Ref. [221]. It was subsequently
proposed by itself in Ref. [240] and studied in detail in Ref. [241]. The 7 doublet has become
known as the “inert” Higgs doublet, but it does have gauge and scalar interactions even if

it is the sole addition to the standard model.

The usual assumption for neutrino mass in Eq. (1) is

mi —m3 << mi+mi << M7, (6.4)
in which case Ly . A2
5V ikMjk k

U)ii = In— — 11, 6.5

Moy =y 3 (65)

where m2 = (m? + m%)/2 and m% — m? = 2\50% (v = (¢°)). This scenario is often referred
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to as the radiative seesaw. What was not realized in most applications of this model since

2006 is that there is another very interesting scenario, i.e.

M} << m%, m3. (6.6)

Neutrino masses are then given by [23§]

In(mf/mj

(My)ij = 1672 ) Z hig i My (6.7)
k

This simple expression is actually very extraordinary, because neutrino mass is now not
inversely proportional to some large scale. In that case, how do we understand the smallness
of m,? The answer is lepton number. In this model, (v,1); have lepton number L = 1 and Ny
have L = —1, and L is conserved in all interactions except for the Majorana mass terms M;,
which break L to (—1)". We may thus argue that M, should be small compared to all other
mass terms which conserve L, the smallest of which is the electron mass, m, = 0.511 MeV. It
is thus reasonable to have M, ~ 10 keV, in which case m, ~ 0.1 eV is obtained if h? ~ 1073
in Eq. (7). Each neutrino mass is then simply proportional to a linear combination of M}
according to Eq. (7). Their ratio is just a scale factor and small neutrino masses are due to
this “scaling” mechanism. Note that the interesting special case where only M; is small has
been considered previously [242, 243]. Note also that if [m? — m%| = 2|\s|v? << |m? +m%],
then In(m?%/m?) would be strongly suppressed, but this is not compulsory. For example, let
mpg = 240 GeV, m; = 150 GeV, then |\5| = 0.58 and In(m%/m3?) = 0.94.

The scotogenic model [221] with large My, i.e. Eq. (5), has been extended recently [244] to
include the well-known non-Abelian discrete symmetry A, [223, 224, 225]. Here we consider
the case of Eq. (7). This assumption changes the phenomenology of N as well as (n+,7°)
and may render this model to be more easily verifiable at the Large Hadron Collider (LHC).
We let (nT,n°) be a singlet under A4 and both (v4,1;) and Nj to be triplets. In that case,

hi, = hd, (6.8)
and
M, = (My, (6.9)

where ¢ = h?In(m%/m3) /167 is the scale factor. The soft breaking of A, which shapes My
is then directly transmitted to M,.

One immediate consequence of this restricted scaling mechanism for neutrino mass is

that if M, 53 are all of order 10 keV, then the three neutrino masses are all of order 0.1 eV,

104



i.e. a quasidegenerate scenario. For example, if m; = 0.1 eV and is the lightest, then for
M; = 10 keV, M3 = 105(m; + \/ng) = 14.85 keV. Another immediate consequence is
that the interactions of Ny 53 with the charged leptons through n* depend only on h and the
mismatch between the charged-lepton mass matrix and the neutrino mass matrix, i.e. the
experimentally determined neutrino mixing matrix Uj,. Hence p — ey is highly suppressed
because the leading term of its amplitude is proportional to Y, h,ht, = |h|* >, UuUs, = 0.
The next term Y, U, U Mi /m?, is nonzero but is negligibly small. This means that there
is no useful bound on the »* mass from u — ey. Note that Ay may be replaced by any
other flavor symmetry as long as it is possible to have Eq. (8) using the singlet and triplet

representations of that symmetry. As for the muon anomalous magnetic moment, it is given

by [243]
2 h 2 2 2
A, =~ " 10 ( i ) (100 Gev) . (6.10)

e 9672m? 10-3 Myt

Since the experimental uncertaintly is 6 x 107!, this also does not give any useful bound on

the n™ mass.

If n*, ngr,nr are of order 102 GeV, the interactions of N, with the neutrinos and charged
leptons are weaker than the usual weak interaction, hence N, may be considered “sterile” and
become excellent warm dark-matter candidates [246, 247]. However, unlike the usual sterile
neutrinos [248] which mix with the active neutrinos, the lightest Ny here is absolutely stable.
This removes one of the most stringent astrophysical constraints on warm dark matter, i.e.
the absence of galactic X-ray emission from its decay, which would put an upper bound of
perhaps 2.2 keV on its mass [249], whereas Lyman-« forest observations (which still apply
in this case) impose a lower bound of perhaps 5.6 keV [250]. Such a stable sterile neutrino
(called a “scotino”) is also possible in an unusual left-right extension [251] of the standard
model. Conventional left-right models where the SU(2)z neutrinos mix with the SU(2),
neutrinos have also been studied [252] 253, 254].

Since N}, are assumed light, muon decay proceeds at tree level through ™ exchange, i.e.

p — NyeN,. The inclusive rate is easily calculated to be

_ |h|*m3
r N,eN,) = —F . 1
(/’l’ — /er ) 61447T3mi+ (6 )

Since N, and N, are invisible just as v, and 7, are invisible in the dominant decay u —

vuel, (with rate Gm? /1927°), this would change the experimental value of Gr. Using the
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experimental uncertainty of 107 in the determination of G, we find
my+ > 70 GeV (6.12)

for |h|?> = 1073, This is a useful bound on the n™ mass, but it is also small enough so that n™
may be observable at the LHC. The phenomenological bound on m,+ from e*e™ production
at LEPII has been estimated [255] to be 70 — 90 GeV. A bound of 80 GeV was used in a
previous study [256] of this model.

Whereas the lightest scotino, say Vi, is absolutely stable, Ny 3 will decay into N; through
nr and n;. The decay rate of N3 — Nyjvg is given by

PNy s Ny = (L LY
) = ———— | — + —5
’ P 056w My \'m2, | m?
ME O OARMD MS MS MIMZ . M2
i A s s In—3 ). 1
(96 2 12 Mz 8 tar (6.13)

Let My = 10 keV, M3 = 14.85 keV, |h|? = 1073, mp = 240 GeV, m; = 150 GeV, then this
rate is 1.0 x 107%% GeV, corresponding to a lifetime of 2.1 x 10'* y, which is much longer than
the age of the Universe of 13.75 4 0.11 x 10° y. The lifetime of N is even longer because
Am2, << Am2,. Hence both Ny and N3 are stable enough to be components of warm dark
matter. However, Ny 3 — N7 are negligible for the same reason that p — ey is negligible,

so they again have no galactic X-ray signatures.

Since n™ may be as light as 70 GeV, it may be observable at the LHC. Assuming that the
recently observed particle [257, 258] at the LHC is the Higgs boson H coming from (¢, ¢°),
the decay H — n*n~ is not allowed for my = 126 GeV. However, n* will contribute to the
H — v rate, as already pointed out [259, 260, 261}, 262]. What sets our model apart is
the inclusive decay of n* — [£Nj 53, which is of universal strength. At the LHC, the pair
production of 571~ will then lead to [} [; final states with equal probability for each flavor
combination. For example, e* = and pte™ will each occur 1/9 of the time. This signature
together with the large missing energy of N3 may allow it to be observed at the LHC.
However, these events also come from W*W ™~ production and their subsequent leptonic
decays. If data show an excess of such events [263] over the standard-model prediction, it
could be due to n™n~, but it may also simply come from an incorrect scale factor used in
the standard-model calculation.

In the supersymmetric SU(5) completion [264] of this model, there are exotic quarks
which may be produced abundantly. Their decays into ¥ would have four leptons of different

flavor in the final state. This may be a better signature of this model. Details will be given
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elsewhere.

In conclusion, the scotogenic model [221] of neutrino mass with a solution [238] where
there is no seesaw mechanism and N, 2 3 have masses of order 10 keV has been implemented
with the non-Abelian discrete symmetry A4. The scotinos N; 23 are good warm dark-matter
candidates which can explain the structure of the Universe at all scales [246] 247]. Since N, is
absolutely stable and the decays Ny 3 — N7 are negligible, the galactic X-ray upper bound
of perhaps 2.2 keV on its mass [249] is avoided. It will also not be detected in terrestrial
experiments. On the other hand, since this model requires an extra scalar doublet, and n*
may be as light as 70 GeV, it may be tested at the LHC, especially if it is the decay product
of an exotic quark.
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CHAPTER 7

NONSTANDARD INTERACTIONS OF
TAU NEUTRINO VIA CHARGED HIGGS
AND W CONTRIBUTION

7.1 Introduction

It has been established that NSI cannot be an explanation for the standard oscillation
phenomena, but it may be present as a subleading effect. Many NSI involve flavor changing
neutral current or charged current lepton flavor violating processes. In this work we consider
charged current interactions involving a charged Higgs and a W’ gauge boson in the tau-
neutrino nucleon scattering as categorized according the value of the invariant mass into
three subprocesses; quasielastic scattering processes v, +n — 7~ +pand v, +p — 77 +n,
A-Resonance production v, +n — 7= + AT and 7, +p — 77 + A’ and deep inelastic
scattering v, + N — 7~ + X and 7, + N — 77 + X. In neutrino experiments, to measure the
mixing angle the neutrino-nucleus interaction is assumed to be SM-like. If there is a charged
Higgs or a W’ contribution to this interaction, then there will be an error in the extracted

mixing angle. We will calculate the error in the extracted mixing angle.

The reaction v, + N — 7~ + X is relevant for experiments like Super-Kamiokande
(Super-K) [265], 266] and OPERA [267] that seek to measure v, — v, oscillation by the
observation of the 7 lepton . The above interaction is also important for the DONuT ex-
periment [268] which measured the charged-current (CC) interaction cross section of the tau
neutrino. The DONuT central-value results for a v, scattering cross section show deviation
from the standard model predictions by about 40% but with large experimental errors; thus,
the measurements are consistent with the standard model. The new physics (NP) effects

calculated in this work modify the SM cross sections by less than 10% and are therefore
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consistent with the DONuT measurements. There have been recent measurements of the
appearance of atmospheric tau neutrinos by Super-K [265] and by the OPERA Collaboration
[267].

The reactor neutrino experiments such as Double Chooz [269], Daya Bay [270], and RENO
[271] measure the mixing angle ;3 from the survival probability of an electron antineutrino,
P( 7e — U.). If high-energy Long Base Line (LBL) experiments (or atmospheric neutrino
experiments scanning in the multi-GeV neutrino energy range) could measure 613 via v,
appearance then the NP effects in v, + N — 7~ + X and v, + N — 77 + X would impact
the #13 measurement and a mismatch between this measurement and that performed at the

reactors could be a hint of a NSI in the former.

Generally, neutrino scattering contains contributions from various processes such as
quasielastic scattering (QE), resonance scattering (RES), and deep inelastic scattering (DIS).
Just above the threshold energy for 7 production, which is 3.45 GeV [265] 266], the quasielas-
tic interaction dominates in v, scattering [272, 273]. At higher scattering energies other pro-
cesses have to be included. For instance, the DIS is expected to be dominant above around 10
GeV [273], and so v, scattering at the OPERA experiment, running at the average neutrino
energy E, = 17 GeV [267], will be dominated by DIS.

There are several reasons to consider NSI involving the (v, T) sector. First, the third
generation may be more sensitive to new physics effects because of their larger masses. As
an example, in certain versions of the two Higgs doublet models (2HDM) the couplings of
the new Higgs bosons are proportional to the masses, and so new physics effects are more
pronounced for the third generation. Second, the constraints on NP involving the third gen-
eration leptons are somewhat weaker, allowing for larger new physics effects. Interestingly,
the branching ratio of B decays to 7 final states shows some tension with the SM predictions
[275, 276] and this could indicate NP, possibly in the scalar or gauge boson sector [277].
Some examples of work that deals with NSI at the detector, though not necessarily involving
the third family leptons, can be found in Refs. [278] 279, 280].

If there is NP involving the third generation leptons, one can search for it in B decays
such as B — 7v,, B — D®7u. [281], b — s7+7~ etc. In general, the NP interaction in B
decays may not be related to the one in v; +n — 7~ +p and v, +p — 7 +n, and so these
scattering processes probe different NP. The same NP in v, +n — 7~ +pand v, +p — 77 +n
can be probed in 7 decays [282], and we will consider the constraint on NP from this decay.
However, in general, the scattering and the decay processes probe NP in different energy

regions.

The form of NP in v, + N — 7~ + X involves the operator Onp = ul';d7T'jv,, where I'; ;
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are some Dirac structures. The process v, + N — 77 + X gets a contribution from Ojvp
We will assume C'P conserving NP in this work, and so the coefficients of the NP operators
are real. The same NP operator can also contribute to hadronic tau decays 7= — 7~ v, and
T~ — p~v,, and the measured branching ratio of these decays can be used to constrain the
couplings in the operator Oyp. The ratio of the charged Higgs contribution to the SM in
v, + N -7+ X and o, + N = 77 + X is roughly (my/m,) larger compared to the
same ratio in 77 — 7~ v, where my . are the nucleon and pion masses. Hence, significant
charged Higgs effects are possible in v, + N — 7~ + X and 7, + N — 77 + X even after
imposing constraints from 7 decays. We note that new interactions in the up and down quark
sectors can be constrained if one assumes CKM unitarity. However, we do not consider this
constraint as the NP in Oyp involves contributions from both the quark and the lepton

sectors.

As noted above, at the quark level NST'in v, + N - 7 + X and 7, + N — 77 + X
involve the u and the d quarks. Often in the analysis of NSI, hadronization effects of the
quarks via form factors are not included. As we show in our calculation the form factors
play an important role in the energy dependence of the NP effects. In an accurate analysis
one should also include nuclear physics effects which take into account the fact that the
neutron and the proton are not free but bound in the nucleus. There is a certain amount of
model dependence in this part of the analysis [283], and therefore we will not include nuclear
effects in our calculation. Such effects can be easily incorporated once the free scattering

cross sections are known.

This work is organized in the following way. In the next section, we present a model-
independent analysis of NP effects. Then we discuss the kinematics of the interaction. In
the following three sections, we consider charged Higgs and W’ effects to the three pro-
cesses quasi-elastic interaction, A resonance production and deep inelastic scattering in the
neutrino-nucleon interactions v, + N — 7~ + X and v, + N — 7 + X. In the last section,

we present our conclusions.

7.2 Model-independent analysis of new physics

The process v, + N — 77 + X will impact the measurement of the oscillation probability
for the v, — v, transition and hence the extraction of the mixing angle 3. The measurement

of the atmospheric mixing angle o3 relies on the following relationship [284]:

N(v;) = P(v, = v;) x ®(v,) x osm(vr), (7.1)
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where N(v;) is the number of observed events, ®(v,) is the flux of muon neutrinos at the
detector, o™ (v,) is the total cross section of tau neutrino interactions with nucleons in the
SM at the detector, and P(v, — v,) is the probability for the flavor transition v, — v;.
This probability is a function of (E, L, Amg;, 6;) with 4,j = 1,2,3, where Am}; is the
squared-mass difference, 6;; is the mixing angle, ' is the energy of neutrinos, and L is the

distance traveled by neutrinos. The dominant term of the probability is
P(v, — v;) = sin® 20p3 cos” 013 sin®(Am3, L/AE). (7.2)
In the presence of NP, Eq. [[.1lis modified as
N(v;) = P(v, = vr) X ®(v,) X 040t (v7), (7.3)

with o (vr) = osm(vr) + onp (v ), where oxp (v, ) refers to the additional terms of the SM
contribution towards the total cross section. Hence, onp(v,) includes contributions from
both the SM and NP interference amplitudes, and the pure NP amplitude. From Egs. (],
[C3), assuming 6;3 to be small

1
1—|—’f’23

sin?2(6y3) = sin®2(0g3) s , (7.4)
where 03 = (023)sa + d23 is the actual atmospheric mixing angle, whereas (fa3)sas is the
extracted mixing angle assuming the SM v, scattering cross section. Assuming negligible
new physics effects in the ;o — IV interaction, the actual mixing angle 63 is the same as the
mixing angle extracted from the survival probability P(v,, — v,) measurement. We will take
the best-fit value for the mixing angle to be given by a3 = 42.8° [285]. In other words, the
presence of new physics in a v.-nucleon scattering will result in the mixing angle, extracted
from a v, appearance experiment, being different than the mixing angle from v, survival
probability measurements. The relationship between the ratio of the NP contribution to the
SM cross section re3 = onp(v,)/0sn(v,) and de3 can be expressed in a model-independent

form as

SiIl 2(923)5]\/1 2
sin 2((f23)sm + O23)

Tog = [ —1. (7.5)

The reactor neutrino experiments can determine the mixing angle #,3 from the oscillation

probability, P(7, — 7.). The probability of the tau antineutrino appearance v, — v, can be

IThe presence of NP impacts the extraction of the combination sin? 26,3 cos* 613. The NP changes the
extracted value of fo3 as well as #13. But we fix the value of #;3 as an input at this point.
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used to extract 6;3. In this case the effect of NP contributions to the process v, +N — 77+ X

is pertinent. The relationship used in measuring 6,5 will be given as
N(vr) = P(Ve = ;) X ®(Ve) X 0401(7r) , (7.6)
where [2806, [59] 287]
P(0, — ;) = sin? 20,3 cos? O3 sin®(Am3,L/AE). (7.7)

Thus the relationship between the ratio of the NP contribution to the SM cross section

r13 = onp(Pr)/osu(P-) and d13 can be obtained in a model-independent form as

sin 2(60 2
T13 [ - ( 13)SM — 1 . (78)
sin 2((013)sm + 013)
400 ; 20 v
e 5 s
2 20 s 10 ;
<100 : < :
' 5t '
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613 [Ded] 023[Ded
Figure 7.1. Correlation plot for ros = onp(v,)/osyu(v-)% versus do3[Deg|, and riz3 =

onp(P:)/osm (D)% versus d13[Deg].

In Fig. [Z.1] we show the correlation between rj3(13)% and da3(13) [Deg]. One can see that
093 ~ —5H° requires ro3 ~ 5%. But d13 ~ —1° requires 13 ~ 25%. In the following sections,
we consider specific models of NP to calculate ro3 and r13. We will consider a model with a
charged Higgs and a W’ model with both left- and right-handed couplings.

7.3 Kinematics and formalism

In the interactions v.(v;) + N — 77 (77) + X, we define the four-momenta of incoming
neutrino (k), target nucleon (p) and produced 7 lepton (k') in the laboratory frame. The

hadronic invariant mass

W? = (p+4q)*, (7.9)
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where ¢ = k — k’ is the four-momentum transfer, is defined in the allowed physical region

where s = (k + p)? is the center of mass energy and M is the average nucleon mass.

The three relevant subprocesses in the neutrino-nucleon interactions are classified accord-
ing to the regions of the hadronic invariant mass ¥ and the momentum transfer ¢*(= —Q?)
[272]. One can label QE (quasi-elastic scattering) when the hadronic invariant mass is equal
to the nucleon mass W = M, RES (resonance production) when M +m, < W < Wy, and
IS (inelastic scattering) when Wy < W < /s —m,. Wey, taken in the region 1.4 GeV~1.6
GeV, is an empirical boundary between RES and IS processes, to avoid double counting.
The deep inelastic scattering DIS may be labeled within the IS region when Q? > 1 GeV?,

where the use of the parton model can be justified.

In this work, we consider A-resonance state production and neglect all the other higher

resonance states which give small contributions [288] 289, 290]. One can write
W?=M*+t+2p-q, (7.11)

with p-q¢ = M(ES™ — Ef™) where the energy and momentum of the lepton and the neutrino

in the center of mass (cm) system are

cm (S - M2) Ccm cm
Ey 2\/5 y D = (El )2 _m[27
_ M2 2
pon — 8= Ma+m) (7.12)

SN

with (m;, M, Ma) being the masses of the charged lepton, nucleon, and the A state,
respectively. In the lab frame, the charged lepton energy is given by

_t4+2ME, + M?* — M}

E
! oM

(7.13)

The threshold neutrino energy to create the charged lepton partner in the A-RES case is

given by
(ml —+ MA)2 — MEL
2M,, ’

which gives Efj]l“ = 4.35 GeV in the case of tau neutrino production. Using the allowed range

h
B = (7.14)

of the invariant mass in the resonance production, the allowed region of the momentum

113



transfer ¢t = —@Q? lies in the interval

(M 4+mg)? — (M*+2M(E™ — E™)) <t <W2, — (M*>+2M(E™ — E™)) . (7.15)

In the following three sections, we consider charged Higgs and W' effects to the three
processes quasi-elastic interaction, A resonance production and deep inelastic scattering in
the neutrino-nucleon interactions v, + N — 7~ + X and v, + N — 77 + X.

7.4 Quasielastic neutrino interaction

In this section we will discuss the charged Higgs and W’ effects to the quasi-elastic

interaction.

7.4.1 Quasielastic neutrino interaction — SM

In this section we consider the SM contribution to v, +n — 7~ +pand v, +p — 77 +n.
We first summarize the SM results for the quasielastic scattering of a neutrino on a free
neutron target,

vi(k) +n(p) = 17 () +p(p), (7.16)

where k, k', p, and p’ denote the four-momenta and [ indicates the lepton e, j1, or 7. The
spin-averaged matrix element squared for the above reaction is a convolution of spin-averaged
leptonic and hadronic tensors L* and H":
_ G2
(M? = =L H. (7.17)
The leptonic tensor calculation is straightforward, but the hadronic tensor involves nonper-

turbative effects. In order to calculate the hadronic tensor, we define the charged hadronic

current for this process:

P In() = Via (p@)I(V. — A,)n(p))
= Vi p(p")Tun(p). (7.18)

The expressions for the matrix elements of the vector and axial-vector currents are summa-
rized in terms of six form factors in the Appendix [[Il Due to time reversal invariance, the
form factors are real functions of t = ¢?. When invariance under charge conjugation holds,

two form factors vanish (Fg = 0, Fr = 0) [291]. The matrix element, then, can be written
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as

Gpcosb.
FTul(k‘ )7 (L = v5)uy, (k)
Owq”

un(p') | FY (t)v, + Fy (b)i 51

M

+ FA(t)’Y;/VS + FP(t)’yE)q_j\Z uN(p)> (719)

where N and N’ are the initial and final nucleons, while [ and v; are the final charged lepton
and the initial neutrino. In our case N =n, N' =p, | =7, and v, = ;.
After evaluating |M|?, one can obtain the SM differential cross section for the reaction

in Eq. (7.16) [291],

dosyu(v)  MPGF cos® 6,
dt B 8w E?2

s—u
Asn + BSM(A/T) + Csumr

(s — “)2] , (7.20)

M4

where G = 1.116637 x 107 GeV~2 is the Fermi coupling constant, cosf. = 0.9746 is the
cosine of the Cabibbo angle, My, is the W boson mass, and E, is the incident neutrino energy.
M = (M, + M,)/2 ~ 938.9 MeV is the nucleon mass, and we neglect the proton-neutron
mass difference. The expressions for the coefficients fsy (f = A, B,C) are summarized in
the Appendix [Il The Mandelstam variables are defined by s = (k +p)?, t = ¢* = (k — k)2,
and u = (k — p')?. The expressions for these variables in terms of E, and the lepton energy
E; are given in the Appendix [LT

The quasielastic scattering of an antineutrino on a free nucleon is given by
(k) + p(p) = I (K') +n(p'). (7.21)
The charged hadronic current becomes [272, 292]

(n(@)| ;o) = @I In@)

= Vi 2(p')Tup(p), (7.22)

where
Lu(p.p') =%, p)vo. (7.23)

The relationship between the differential cross sections of v, +n — 7~ +pand 7, +p — 77 +n
is [292] 293]
d d U
USM(Vl) (s,t,u) _ USM(VI)
dt dt

Thus, the matrix element is given by Eq. [7.19) and the differential cross section, similarly to

(u,t, 5). (7.24)
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Eq. [[.20] is given by

dosy()  M?G% cos® 6,
dt B 8w k2

N2
+CSM% . (7.25)

(s —u)
M?2

[ASM — Bsu

The negative sign of Bg), leads to a relatively smaller cross section for the antineutrino

scattering.

7.4.2 Quasielastic neutrino interaction — Charged Higgs Effect

We consider here the charged Higgs contribution to v, +n — 7~ +p and v, +p — 77 +n.
Charged Higgs particles appear in multi-Higgs models. In the SM the Higgs couples to the
fermion masses, but in a general multi-Higgs model the charged Higgs may not couple to the
mass. What is true in most models is that the coupling of the charged Higgs to the leptons
is no longer universal. Hence, the extraction of 63 and 603 from v, — v, and v, — 7,
survival probabilities, respectively, will be different from v, — v, and 7, — ¥, probabilities,

respectively, in the presence of a charged Higgs effect.

The most general coupling of the charged Higgs is

g _ uid; u;d; — vl vil;
— [VUidjui(gS "+ygp 175)dj + Vi(gs T+ygp 3’75)13' Hia (7-26)
22
where u; and d; refer to up and down type quarks, and v; and [; refer to neutrinos and charged
leptons. The other parameters are as follows: g = e/ sin yy is the SM weak coupling constant,
Viu,a; 18 the CKM matrix element, and gg p are the scalar and pseudoscalar couplings of the

charged Higgs to fermions. Here, in this work, we assume the couplings gg p are real.

We will choose the couplings gg p, relevant for v, +n — 7~ +p and v, +p — 77 +n, to be
given by the two Higgs doublet model of type I (2HDM II). In the 2HDM II these couplings
are related to couplings in other sectors and so can be constrained by measurements in these
other sectors. However, in our analysis, to keep things general we will not assume any relation
between the couplings gs p and the couplings in other sectors, thereby avoiding constraints
from other sectors. To constrain the couplings gs p we will only consider processes that are
generated by Onp = ul';d7T'jv-. In the 2HDM II, constrains on the model parameters come
from various sectors [294]. These constraints turn out to be similar but slightly stronger

than the ones obtained in our analysis.

The coupling of charged Higgs boson (H*) interactions to a SM fermion in the 2HDM II
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is [295]

9

r—_9
V2 My

Z [mui cot B u;Vij Pr rdj + mg; tan 8 w;V;; Pg rd; + my; tan 3 DZ-PRLZJ-] H*
j
(7.27)
where P;, g = (1 F+°)/2, and tan 3 is the ratio between the two vacuum expectation values

(vev’s) of the two Higgs doublets. Comparing Eq. (7.45) and Eq. (T.27), one can obtain

wd; <mdj tan 5 4+ m,, cot B)

S - MW
wd; [ Ma;tanf —my, cot B
gP - MW )
S gP MW . ( ° )

Constraints on the size of the operator Oyp = ul';d7I';v; can be obtained from the
branching ratio of the decay 7= — 7~ v,. In the presence of a charged Higgs, the branching
ratio for this process is

BrSMHH o ppSM (T (7.29)

T —T Vs T —T Vr

where the charged Higgs contribution is

My, — My tan? B) m2
o= T, 7.30
" ( My + My m2 (7.30)

The SM branching ratio is related to the tau lepton width (T';) and the decay rate(I'> )

T =T Vs

as BroM, _ =T5M /T, with
G2 2.2
T Vaal? f2m3 (1 - %) 5o/ (7.31)

T

Here 0/, = 1.0016 & 0.0014 [296] is the radiative correction. Further, the SM branching
ratio can also be expressed as [297]

BroM = 0.607Br(t~ — vye 7,) = 10.82 4 0.02%, (7.32)

T =T Vs

while the measured Br(7~ — 7 V;)erp = (10.91 £ 0.07)% [168]. In Fig. we show the

constraints on my — tan 3 from 7= — 7 v,.. From Eq. [[.27 we can construct the NSI
parameters defined in Ref [280] as exe(”) = Mufs and 2B = %ﬁaﬂ% . We find that the
H H
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constraints on the effective operator considered in this work are consistent with the one in
Ref. [280]. Finally, we note that 7 has a significant branching ratio to 7= — p~ v, [168].

1000

800r

600r

m y[GeV]

400¢

200¢

0 20 40 60 80 100
tang

Figure 7.2. Constraint by Br(r— — 7~ v;) at 95 % CL. The colored region is allowed.

However, a charged Higgs cannot contribute to this decay, and hence there is no constraint
on the charged Higgs couplings from this decay [282].

Keeping in mind the constraints from Fig. (Z2)), we calculate the charged Higgs contribu-
tion to v, +n — 7~ +p. The modified differential cross section for the reaction in Eq. ([C.16])
is

dUSM+H . M2G%ﬂ COS2 0

. (s —u) (s — u)?
dt ~  8nE? A+ B3+ Con ] (7.33)

where vy = m¥,/JM%, Ay = Asy + 2z Re(AL) + 2%, AL, and By = Bgy + 2xyRe(BE).
Superscripts [ and P denote the SM-Higgs interference and pure Higgs contributions, re-
spectively. The expressions for the quantities AL’P and BI are given in the Appendix [Tl
The terms Al and B are proportional to the tiny neutrino mass, and we will ignore them
in our calculation. Note that this happens because we have chosen the couplings to be given

by the 2HDM II. With general couplings of the charged Higgs, these interference terms will

23 _ ouH(vr)
H osm (vr)

to ¢ because of the dominant term z;G%, where x; = t/4M? (see the Appendix [IT] for more

be present. The charged Higgs contribution relative to the SM r

is proportional

details). Consequently, 7% is proportional to the incident neutrino energy (see Fig. (7.3)).
The deviation ds3 is negative, as there is no interference with the SM; hence, the cross section
for v, +n — 7~ +p is always larger than the SM cross section. This means that, if the actual
o3 is close to maximal, then experiments should measure f,3 larger than the maximal value

in the presence of a charged Higgs contribution.

The differential cross section for the interaction 7, + p — 77 + n has the same form as

Eq. [[.33in the limit of a massless neutrino. The hadronic current in this case is the complex
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O'H(D‘r)
osm(or)’
013, is shown in Fig. [[.4l As 0,3 is a small angle, large tan 8 and small charged Higgs mass

as well as the deviation

conjugate of the one in the Appendix 1l The ratio ri =

are preferred to produce an observable deviation d;3. For instance, we find ;3 &~ 1° and
ri3 ~ 30% at E, =8 GeV, My = 200 GeV, and tan 3 = 100.
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0.0t B N
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Figure 7.3. Variation of T%f’% with F, and variation of d235 with My and E,. The green line
corresponds to the SM prediction. The black (dotdashed), pink (dashed), and blue (solid)
lines correspond to tan 8 = 40, 50,60. The right figure is evaluated at F, =5 GeV, while the left
figures are evaluated at My = 200 GeV. Here, we use the best-fit value 6,35 = 42.8° [285].
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Figure 7.4. Variation of 7’}{3% with F, and the variation of §;3 with My and E,. The green
line corresponds to the SM prediction. The black (dotdashed), pink (dashed), and blue (solid)
lines correspond to tan 8 = 80,90,100. The right figure is evaluated at E, = 8 GeV, while the
left figures are evaluated at My = 200 GeV. Here, we use the inverted hierarchy value 6,3 = 9.1°
[47].

7.4.3 Quasielastic neutrino interaction - W' model

Many extensions of the SM contain a W’ gauge boson. We next consider modification to
vr+n— 7 +pand v, +p — 77 +n in models with a W’. There are limits on the W’ mass
from direct searches to final states involving an electron and muon assuming SM couplings
for the W’ [168]. These limits generally do not apply to the W’ coupling to v, and 7 which

is relevant for our calculation.

The lowest dimension effective Lagrangian of W’ interactions to the SM fermions has the

form

L = %vf,ffw(g{’fpﬁ g PR) W]+ hec., (7.34)
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where f’ and f refer to the fermions and g,{:{% are the left- and the right-handed couplings
of the W’. For a SM-like W’ boson, gff = 1 and g};,f = 0. We will assume g,{:]}; to be
real. Constraints on the couplings in Eq. (Z.54]) come from the hadronic 7 decays. We will

consider constraints from the decays 7= — 7~ v, and 77 — p v,

The branching ratio for 77 — 7~ v, is
SM+W’ SM ™
BTTi——l)—ﬂ'*I/T = BTTi—)ﬂ'di—(l + TW/)2 3 (735)
where the W’ contribution is

e = wwigr (91" — g8, (7.36)

and zy = m, /M3,. The branching ratio for the 7= — p~v, process is

BriMiv = BriM L (1+r4,)%, (7.37)
with the W’ contribution
iy = awigr’ (91" + g - (7.38)
The SM branching ratio is related to the decay rate as Br" L, = rsM L0, /T7 with
G2 m2y 2 2m?
SM _ GF 202 3 P p
L, = 16—7T|Vud| fyms <1 - m—a) (1 + m—a) ; (7.39)

where f, =223 MeV [298]. Further, the SM branching ratio can also be expressed as [297]

BrsM = 1.23Br(t” = ve 7,) = 21.92+0.05%. (7.40)

T —=p Vs

The measured branching ratio is Br(7~ — p~ v )esp = (23.1 £ 0.98)% [168].
Figures and show the allowed regions for the W’ couplings. The couplings are

uniformly varied in the range [—2,2] and constrained by the measured 7= — 77 v, and
T~ — p~ v, branching ratios with 1o errors. From Eqs. (.36l [7.3])), the case with a pure
left-handed W’ coupling is allowed, as shown in Figs. (T3, [[.6). The constraints on the
effective operator are consistent with the one in Ref. [280]. From Eq. [[.54the NSI parameter

ggﬁ(LvR) defined in Ref. [280] is given as €Z§(L’R) ZVQZLLC{ R)(%—MV/‘,/,)2

In the presence of the W' gauge boson, we can obtain the modified differential cross
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Figure 7.5. The constraints on the W’ couplings without right-handed coupling at My =
500 — 1000 GeV. The constraints are from 7~ — 7~ v, and 7~ — p~ v, branching ratios. The
errors in the branching ratios are varied within 1o0. The colored regions are allowed.
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Figure 7.6. The constraints on the W’ couplings with both left- and right-handed couplings
at My = 500 — 1000 GeV. The constraints are from 7~ — 7~ v; and 7~ — p~ v, branching ratios.
The errors in the branching ratios are varied within 1o. The colored regions are allowed.

section for the reaction v, +n — 77 + p as

2 . N2
dUSM+W (VT) M GF COS 9 A B/( ) Cl( u) ]’ (741)

dt STE2 M? M?

where the coefficients A’, B’, C’ include both the SM and W’ contributions. The expressions
for these coefficients are given in the Appendix [T1]

For a SM-like W’ boson, with right-handed couplings ignored, the structure of the differ-
ential cross section is similar to the one in the SM case. Hence, the W’ contribution relative
to the SM 7%, = % does not depend on the incident neutrino energy F,. We find
r23, ~ 5% at My, = 500 GeV from the hadronic tau decay constraints in Fig. (ZH). The
variation of dy3 with the W’ mass is shown in Fig. (Z7). In this case, do3 is always negative

and can reach up to —5° at My = 500 GeV. Note that do3 does not dependent on E, either.

Next, we consider the right-handed couplings also. The variation of %, % with My in

this case is shown in Fig. (Z.8). The 7%, % values are mostly positive which, in turn, leads
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Figure 7.7. The left (right) panel illustrates the deviation d33 with the W’ mass (F,) when
only left-handed W’ couplings are present. The lines show predictions for some representative

values of the W' couplings (g97"", g¥?) taken from Fig. (T.5). The green line corresponds to the

SM prediction. The blue (solid, lower) line in the left figure corresponds to (0.69, 0.89) at
E, =5 GeV, and the blue (solid, lower) line in the right figure corresponds to (1.42, 0.22) at
My =500 GeV. Here, we use the best-fit value 023 = 42.8° [285].

to a3 being mostly negative. We find that r#,% depends slightly on the neutrino energy.
The variation of dy3 with the W’ mass and E, are shown in Fig. (7.9).

The W’ contribution to the interaction 7, +p — 77 + n leads to the following differential

cross section:

(s —u)?
MA

dUSM+W’(777> _ M2G%—‘ COS2 90 A, . B, (S —2U> i C,

dt 8 E? M (742)

The differential cross section of the antineutrino scattering is relatively smaller than the
corresponding one for the neutrino scattering because of the negative sign of the B coefficient.
Thus, the value of the ratio ri2, = % is smaller than the corresponding ratio, r3,.
Because of the smallness of 013 and rip,, the NP effect on the extraction of 63 is small.
Achieving large r{?, within the constraints given in Fig. is difficult in this model. This
means the effect of the NP contribution in ;3 is very small and we do not plot the results

of this calculations.

7.5  A-Resonance production

In this section we will discuss the charged Higgs and W' effects to the A-Resonance

production.
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Figure 7.8. The left (right) panel illustrates the variation of 7, % in v, +n — 7~ + p scattering
with the W’ mass (F,) when both left- and right-handed W’ couplings are present. The lines
show predictions for some representative values of the W’ couplings (g97"", 4%, g%!) taken from
Fig. (T.6)). The green line corresponds to the SM prediction. The blue (solid, upper) line in
the left figure corresponds to (-0.94 , -1.13 , -0.85) at £, =5 GeV, and the blue (solid, upper)
line in the right figure corresponds to (1.23 , 0.84 , 0.61) at My = 500 GeV. Here, we use the
best-fit value 623 = 42.8° [285].
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Figure 7.9. The left (right) panel illustrates the deviation d23 with the W’ mass (F,) when
both the left- and right-handed W’ couplings are present. The lines show predictions for some
representative values of the W’ couplings (¢]"", g%¢, g4?) taken from Fig. (7.6). The green line
corresponds to the SM prediction. The blue (solid, lower) line in the left figure corresponds
to (-0.94 , -1.13 , -0.85) at E, = 5 GeV, and the blue (solid, lower) line in the right figure
corresponds to (1.23 , 0.84 , 0.61) at My = 500 GeV. Here, we use the best-fit value 0o3 = 42.8°
[285].

7.5.1 A-Resonance production — SM

Neutrino-nucleon scattering produces many possible resonance states, one of which is the
A-state. We consider here the SM cross section for the two processes which include v, and

ﬁ’T?

ve+n— 71 + AT

Ur+p— 1T+ A% (7.43)
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from the Hagiwara model [272]. That will represent the starting point of our original compu-
tation of NP effects due to charged Higgs and WW’. Details of the SM cross section calculations

can be found in Ref. [272]. The hadronic tensor is written as

1 WT(W)
T (W2 — M3)2+ W2r2(W)’

WS = — = Tr [PPT o (p + M)T ) (7.44)
Within the kinematical region of M + m, < W < W,y with W = 1.4 GeV, we estimate
the total cross section of the A production (A-RES) process by integrating over E. and

cos 6.

7.5.2  A-Resonance production — Charged Higgs Effect

We consider here the charged Higgs contribution to v, +n — 7= + A" and 7, +p —
7 4+ AY. As considered in the previous section, we choose the couplings of charged Higgs
interactions to the SM fermions to be given by the two Higgs doublet model of type II
(2HDM 1I) [295]

I Vi, algs™ # g5 59)d; + w9 + g5 | HE, (7.45)
2v/2

where u; and d; refer to up and down type quarks, and v; and [; refer to neutrinos and the
corresponding charged leptons. The other parameters are as follows: g = e/sinfy is the
SM weak coupling constant, V4, is the CKM matrix element, and gs p are the scalar and
pseudoscalar couplings of the charged Higgs to fermions. Here, in this work, we assume the

couplings gg p are real and given as

wd; (mdj tan 3 + m,, cot B)

g =

My
wd, [ Ma;tanf —my, cot B
gP - MW )
vil; _ vilj _ my; tanﬁ 7 46

where tan 3 is the ratio between the two vev’s of the two Higgs doublets. From Eq. [[.45]
we can construct the NSI parameters defined in Ref [299] as grdh) = T and B =
H
mgm., tan? 3
m2
H

The (pseudo-)scalar hadronic current J for the processes v, +n — 7=+ AT and v, +p —
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77 4+ A% in the 2HDM 11 is defined by
T = (AT In(p)) = (A°(P)]T|p(p)) = ¥a+ (P) T ua(p), (7.47)
where the vertex I',, is expressed as
Ty = gu "Gy Xo + g% G YA, (7.48)

Applying the equation of motion, one can obtain the hadronic matrix elements for the scalar

and pseudoscalar currents

(AT (pud|n(p)) = YR+ ()GvXaua(p),
—(AY () |uysdln(p)) = Pa+(p")GaYaysun(p), (7.49)

where X, and Y, are 4-vectors and

C\(t) + Ci'(t) t/M?

Gy(t) = ,
my, — My
Ga(t) = 0,
X0 = (o (7.50)
The hadronic contribution can be written as
cos® 0. 1 WT(W)

JWRES — Tr [PPT (p + M)Tp) (7.51)

7w (W2 — M2)2 + W2I2(W)

We use here the constraints on the NP parameters (My, tan ) discussed in previous
section to calculate the cross sections. The ratios between the charged Higgs contributions
to the two processes v, +n — 7~ +AT and 7, +p — 77 + AP relative to the SM cross sections
red = % and 71} = %, respectively, can be obtained within the kinematical interval
M 4+ m, < W < 1.4 GeV. The hadronic contribution to the matrix element is proportional
to ¢o(= X4) which varies within the small interval in Eq. [T.ITl Thus, we require relatively
large values of the NP parameter tan 8 to enhance the NP contributions. The ratios r% and
ri3 decrease with increasing the incident neutrino energy and the charged Higgs mass, see
Figs. (ZI0, [[12)). The deviations de3 and d;3 of the atmospheric and reactor mixing angles,
respectively, are negative as there is no interference term with the SM, see Figs. (711, [7.13]).
Hence, the total cross sections for v, +n — 7= + At and v, + p — 77 + A are always
larger than the SM cross section. This means that, if the actual 6,3 is close to maximal, then

experiments should measure 53 larger than the maximal value in the presence of a charged
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Higgs contribution. As an example, we find that dy; ~ —5° and r% ~ 6% at E, = 4 GeV,
My = 200 GeV, and tan g = 60. As 03 is a small angle, the deviation §;3 for similar set
of parameters is small. For instance, we find ;3 ~ —0.3° and 7}; ~ 6.5% at E, = 4 GeV,
My =200 GeV, and tan g = 60.

In Fig. [[.14] we show the do3 result taking into account the atmospheric neutrino flux
¢(E,) for Kamioka where the Super-Kamiokande experiment is located [300]. In this case

the actual mixing angle 63 is given as

sin’ 20,3 = sin” 205 R% (7.52)
where
Am2, L do*M(E,, t) Am2, L do'*(E,,t)
23 ) 23 v 102 23 v
R —/sm B @(Ey)idt dtdE,,//sm o d(E,) o dtdE,
(7.53)

with 0% = "M 4 NP The atmospheric neutrino flux in Ref. [300] is calculated averaged
over all directions in the 3-dimensional scheme. We fixed the neutrino production height
[301] at an average height with 99% of accumulated probability for the production height.
We integrate over the incoming neutrino energy from the threshold energy to 20 GeV. We
find that the effect of the neutrino flux does not significantly modify the results - of order
0.1 degree.

ri,a%
O, N W A~ O

2

My [GeV]

Figure 7.10. Resonance (H): The figures illustrate variation of %% with My (left) and E,
(right). The green line corresponds to the SM prediction. The black (dotdashed), red (dashed),
and blue (solid) lines correspond to tan 3 = 40,50,60 at F, =5 GeV (left) and at My = 200 GeV
(right).

7.5.3 A-Resonance production - "W/’ model

We next consider modification to the A-RES production in v, +n — 7~ + AT and

v +p — 7" 4+ AY in models with a W’ gauge boson. The lowest dimension effective
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Figure 7.11. Resonance (H): The figures illustrate variation of do3 with My (left) and F, (right).
The green line corresponds to the SM prediction. The black (dotdashed), red (dashed), and
blue (solid) lines correspond to tan 3 = 40,50,60 at E, = 5 GeV (left) and at My = 200 GeV
(right). Here, we use the best-fit value 0,3 = 42.8° [285].
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Figure 7.12. Resonance (H): The figures illustrate variation of 7% with My (left) and E,
(right). The green line corresponds to the SM prediction. The black (dotdashed), red (dashed),
and blue (solid) lines correspond to tan 5 = 40,50,60 at E, =5 GeV (left) and at My = 200 GeV
(right).

Lagrangian of W' interactions to the SM fermions has the form

L = %vf,ffw(g{’fpﬁ g PR W+ hec., (7.54)

where f’ and f refer to the fermions and g{fé are the left and the right handed couplings
of the W', We will assume g}-:]}; to be real. Constraints on the couplings in Eq. (7.54]) come
from the hadronic 7 decay channels 7= — 7~ v, and 7= — p~v,, which are consistent with

the ones in Ref. [299]. From Eq. [Z54, the NSI parameters e22*™ defined in Ref. [299] are

(L,R) TV U M
L Q(Ld,R)(MVV;, )2-

The current J, for the process v, +n — 7~ + At and &, +p — 77+ A% in the W’ model

. ud
given as Err
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Figure 7.13. Resonance (H): The figures illustrate variation of 4,5 with My (left) and F, (right).
The green line corresponds to the SM prediction. The black (dotdashed), red (dashed), and

blue (solid) lines correspond to tan 3 = 40,50,60 at E, = 5 GeV (left) and at My = 200 GeV
(right). Here, we use the best-fit value 6,5 = 9.1° [47].
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Figure 7.14. Resonance (H): The figures illustrate variation of ds3 with My. The green line
corresponds to the SM prediction. The black (dotdashed), red (dashed), and blue (solid) lines
correspond to tan 8 = 40,50,60. Here, we use the best-fit value o3 = 42.8° [285]. We take into
account the atmospheric neutrino flux for Kamioka where the Super-Kamiokande experiment
locates [300].

is defined as

Ju = (AT @) Juln(p)) = (A @) Julp(p)) = &+ (1) (91T + 95 Tpa) un(p),  (7.55)

where I',, is the left-handed vertex, given in Ref. [272], and I",, is the right-handed vertex,
with (75 — —75), for the W’ gauge boson. The hadronic tensor in the W’ model is now
calculated from

COS2 90 af U [ ud udT
WE/ES = —Tr [Pﬁ (91T e + ngFLa)(]é + M)(g7'Ts + g3 :/5)]
1 WT(W)
(W2 — M3)% + W2I2(W)’ (7:36)
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Using the constraints on the W' couplings, the ratios of the W’ contributions to v, +n —

7=+ A" and v, + p — 77 + A® relative to the SM cross sections ri, = gg;((zz)) and
Ty = %, respectively, are shown in Figs. (718, [ZI8). The r}, and i values are

mostly positive which, in turn, leads to do3 and d;3 being mostly negative. The variation of
023 and d13 with the W’/ mass and FE, in the SM-like case, with only left-handed couplings,
and for the case where both the LH and RH couplings are present are shown in Figs. (.16,
[[17 [C19). As a typical example, we find that do3 ~ —14° at E, = 4 GeV, My = 200
GeV, and (g7, g%, g1) = (1.23,0.84,0.61). Because of the smallness of 63, the NP effect
on the extraction of ;3 is small. Achieving large d;3 within the constraints given in previous
section is difficult in this model. As an example, we find that ;3 ~ —2° at £, = 4 GeV,
My = 200 GeV, and (g]"", g4, g%!) = (1.23,0.84,0.61). In Fig. 20, the results show small
modification to the do3 values when considering the atmospheric neutrino flux [300] - of the

size of one degree.

40F

6 8 10 12 14 16 18 20
E, [GeV]

Figure 7.15. Resonance (W’): The left (right) panel figures illustrate the variation of 73}, %
with the W’ mass My (E,) when both left and right-handed W’ couplings are present. The
lines show predictions for some representative values of the W’ couplings (¢7"", g4%, g4?). The
green line (solid, lower) corresponds to the SM prediction. The blue line (solid, upper) in the
left figure corresponds to (-0.94 , -1.13 , -0.85) at £, = 17 GeV, and the blue line (solid, upper)
in the right figure corresponds to (1.23 , 0.84 , 0.61) at My = 200 GeV.

7.6 Deep inelastic scattering

In this section we will discuss the charged Higgs and W’ effects to the Deep inelastic
scattering.
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Figure 7.16. Resonance (WW'): The left (right) panel figures illustrate the deviation do3 with the
W’ mass My (E,) when only left-handed W’ couplings are present. The lines show predictions
for some representative values of the W’ couplings (97", ¢%?). The green line (solid, upper)
corresponds to the SM prediction. The blue line (solid, lower) in the left figure corresponds
to (0.69, 0.89) at £, = 17 GeV, and the blue line (solid, lower) in the right figure corresponds

to (1.42, 0.22) at My = 200 GeV. Here, we use the best-fit value 0,3 = 42.8° [285].
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Figure 7.17. Resonance (WW'): The left (right) panel figures illustrate the deviation J3 with
the W’ mass My (E,) when both left and right-handed W’ couplings are present. The lines
show predictions for some representative values of the W’ couplings (¢]"", g%, g&?). The green
line (solid, upper) corresponds to the SM prediction. The blue line (solid, lower) in the left
figure corresponds to (-0.94 , -1.13 , -0.85) at FE, = 17 GeV, and the blue line (solid, lower) in
the right figure corresponds to (1.23 , 0.84 , 0.61) at My = 200 GeV. Here, we use the best-fit
value 03 = 42.8° [285].

7.6.1 Deep inelastic scattering — SM

In this section, we present the standard model cross sections for the two deep inelastic

scattering (DIS) processes which include v, and 7,

v+ N — 1 + X,
v+ N — 717+ X. (7.57)

From Hagiwara model, see Ref. [272] for details, the differential cross section can be

130



40F 1 60;
50
30 1
40
Q X
St 20- 1 @% 30f
~ ‘\ ~
A 200 = ~emee .
100 4T e e e e
~~~~~ 10
Ok S —— T Te T i 0L ‘ ‘ ‘ ‘ ‘ ‘ A
200 400 600 800 1000 6 8 10 12 14 16 18 20
My [GeV] E, [GeV]

Figure 7.18. Resonance (IW’): The left (right) panel figures illustrate the variation of r{2, %
with the W’ mass My (E,) when both left and right-handed W’ couplings are present. The
lines show predictions for some representative values of the W’ couplings (¢]"", g%, g&?). The
green line (solid, lower) corresponds to the SM prediction. The blue line (solid, upper) in the
left figure corresponds to (-0.94 , -1.13 , -0.85) at £, = 17 GeV, and the blue line (solid, upper)

in the right figure corresponds to (1.23 , 0.84 , 0.61) at My = 200 GeV.
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Figure 7.19. Resonance (WW’): The left (right) panel figures illustrate the deviation §;3 with
the W' mass My (F,) when both left and right-handed W’ couplings are present. The lines
show predictions for some representative values of the W’ couplings (¢]"", g%, g%?). The green
line (solid, upper) corresponds to the SM prediction. The blue line (solid, lower) in the left
figure corresponds to (-0.94 , -1.13 , -0.85) at F, = 17 GeV, and the blue line (solid, lower) in
the right figure corresponds to (1.23 , 0.84 , 0.61) at My = 200 GeV. Here, we use the best-fit
value 6,5 =9.1° [47].

parametrized as follows, for Q* < mi;,

)

where pf! = £p" is the four-momentum of the scattering quark and ¢ is its momentum

d20.11.,— (7r)
dxdy

1
M2

1
BW2 :l: WCW?) _'_

M2

_ G%qu,
2T

Lp W5> 56 —x), (7.58)
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Figure 7.20. Resonance (W’): The figure illustrates the deviation 335 with the W’ mass My
when both left and right-handed W’ couplings are present. The lines show predictions for
some representative values of the W’ couplings (97", ¢}%, g%!). The green line (solid, upper)
corresponds to the SM prediction. The blue line (solid, lower) corresponds to (-0.94 , -1.13 ,
-0.85). Here, we use the best-fit value 6535 = 42.8° [285]. We take into account the atmospheric
neutrino flux for Kamioka where the Super-Kamiokande experiment locates [300].

fraction. The coefficients A,B,C',D are defined as
2
my
A —
y (yw 3L, M) :
2
my Mz
B = (1-—-L)—(1+22
( 4Ey2> ( i 2Eu) g

= w(e(1-9) -5,

2

my
D — 7.59
e (7.59)
where x is the Bjorken variable and y is the inelasticity and they are related by
%

The functions Wi 935 are given in Ref. [272].
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7.6.2 Deep inelastic scattering — Charged Higgs Effect

The charged Higgs contributions to the matrix elements of the interactions v, + N —
7"+ X and 7, + N — 77 + X are given by

My = (S5 X [0 1+ 9, 0] [a0 ) 687 + 98 ) ()]

V2
17 GrVyy VrT [ = — ! !
My = (S5 X gt [0, (00 = 20)on 0] [ar G~ 090 ()]
(7.61)
where ¢, ¢ = (u;, d;) and the couplings gsp, gg " are defined in Eq. [[.46]
The differential cross section is given by
d2o.l/-,-(l/7—) G2 V2 .
= X7 (94" y L™ W 5(¢ —
G%W E, MY _, m,?
— ’Ull 2 l
- (= )X< oo g )|
1
7 [(gs P+ (g ] Fioe—a), (7.62)

where Xy = M3, /M#% and the definitions of the 2HDM coupling constants are given in
Eqs. [[46l There is no interference term of the SM and NP amplitudes. Thus, with the
constraints on the NP parameters (My, tan 3), the charged Higgs contributions relative to
the SM r% = oy (v,)/osm(vy) and 78 = oy (V) /osu (V) are small within the kinematical
interval W,y < W < /s —m, GeV with W,,, = 1.4 GeV. Thus, the deviations dy3 and ;3

of the mixing angles are negligibly small.

7.6.3 Deep inelastic scattering - W/ model

The matrix elements are

My = (‘G%) [0 (K)7 (1 = 7)1t (B)] [ (Bly) v (3 — Ais) (0]
Mg = (Y o, (k)50 =) en ] (8000 20 O = i) ),

(7.63)
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where the definitions are

Vo = Xwigr (g + gh),
Y = Xwgl (g3 — g,

m2
- ()

mW,

2 —1
Ky = <1+ Qz ) . (7.64)
le

The total differential cross section has the same form as the SM one in Eq. (Z58)), after
setting K2, ~ 1,

2 vr(Dr) ) G2V2, 1 1 1
¢ Ismwr _ (L W) y (A’Wl + =B Wy £ —C' W5 + —D’Ws) (& — @),

dxdy 2 M? M? M?
(7.65)
where A’ B',C’, and D’ are defined as:
A/ o }A (|a/|2 + |b/|2>
= 3 ’
1
B/ — §B (|a’|2+\b’|2),
C'" = Reldb"™|C,
1
D = 5D (Ja']>+ V') - (7.66)
with
CI,/ = ]- + 75{/’7
Vo= 1+ (7.67)

The ratios of the W’ contributions to the SM cross sections r%, and 77, and the deviations
093 and d13 are shown within the allowed kinematical range M + m, < W < 1.4 GeV in
Figs. (.22 [7.23] [[.24], [[.25). The 7, and ri, values are mostly positive which, in turn,
leads to do3 and 13 being mostly negative, respectively. As some examples, we find that
o3 ~ —14° and 013 ~ —1.5° at B, = 17 GeV, My = 200 GeV, and (¢}, g¥%, gi) =
(—0.94,—1.13,—0.85). In Fig. [[20) the results show a negligible change to the da3 values
when considering the atmospheric neutrino flux [300].

Finally, we note that one could detect the presence of NSI’s by comparing the number of

observed events to the number of expected events based on the SM. One can calculate the
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number of events in the SM as Ngy £ ANgy where ANgy is the error in the SM estimation
of the number of events. If the number of events estimated in the W' model Nygr falls
beyond the uncertainty of the SM measurement, then the impact of NSI is large enough to
be detectable at neutrino oscillation experiments.

The rate of change of the observed electron and muon-neutrino scattering cross sections
with respect to the neutrino energy become constant at high energies [302], i.e. o, /H(E) =
(davw / dE) ' B. Because of the kinematic effects due to the 7-lepton mass, the v, cross

section can be parametrized as [268]

dO' const
SM Vr
= —= EK(FE .

where (do,. /dE)™™" is the energy-independent factor of the cross section, and K gives the
part of the tau-neutrino cross section that depends on kinematic effects due to the 7-lepton
mass. From the measured muon-neutrino cross section in the PDG [302], (do,, / dE)CO]nSt =
(0.51 4 0.056) x 1073® cm?/GeV. The average error (0.056 x 1073® ¢cm?/GeV) of the cross-
section includes the systematic, statistical, and normalization uncertainties and has been
taken for neutrino energies above 30 GeV, where the DIS contribution is dominant. For
instance, the measured muon-neutrino scattering cross section at MINOS experiment [303]
provides an explicit value (da,, /dE)“"" = (0.67540.012+0.004 +0.011) x 10~ cm?/GeV
with the uncertainty types statistical, systematic, and normalization resulting in the total
uncertainty 0.018 for the energy range 30-50 GeV ( the MINOS results are included in
the average value). Since we consider the NP contributions in the tau sector only, we can
take the energy-independent factor of the SM tau-neutrino cross section to be given as
(do,, /dE)*™" = (do,, /alE)CO]nSt because of the SM universality of the weak interactions.
The uncertainty of the number of v, events calculated in the SM limit follow from the
uncertainty of (do,, /dE)*"™".

The number of tau-neutrino events in the SM is found to be Ngy = 30.66 + 3.37 using
the PDG cross section value for the 22.5 kton fiducial volume of the Super-K detector [265]
during the 2806 day running period. The atmospheric neutrino flux [301] has been taken for
vertically upward going neutrinos (cosf = —1) where 6 is the zenith angle. The distance d

traveled by atmospheric neutrinos can be calculated by [301]

d = +/(h? 4+ 2R.h) + (R.cos0)? — R, cos b, (7.69)

where h is the neutrino production height and R, is the radius of the earth - its surface is

assumed to be spherical. In Ref. [301] there is a distribution for the atmospheric neutrino
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flux at a zenith angle around (cos@ = 1). Since the distribution of the flux over the zenith
angle is symmetric at high neutrino energy, see [273], the flux is the same at cosf = —1
and 1. We choose to work with cosé = —1 because the distance d will be maximum,
through the diameter of the earth, which in turns enhances the transition probability We
take h = 4.5 x 10* m for the accumulated probability of 99% for the vertical production
height [301] and we integrate over the neutrino energies from 30 — 100 GeV.
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Figure 7.21. Contour plot for 30 (blue dashed) and 50 (red solid) for the number of events in
the presence of NSI. The left panel is for g}%d = 0 and the right panel is for g}%d = gud.

Next we calculate the number of events in the W/ model in the DIS energy region ignoring
the QE and A-RES contributions. In order to cross-check our calculations we find the SM
number of events to be Ngpr = 30.08 by setting the couplings (¢77", g»?, g&?) = (0,0, 0) which
is very close to Ng\ estimated above. In Fig. [[.21] we show the contour plot for the number
of events in the presence of the NSI. We use the y? measure to make the 30 and 50 plots

where 2
[NNSI(MW’ugZTTngdvg?%d) - NSM}
2 )

X2(MW’7 gZTTu gzdv g%{d) = e (770)

and o = 3.37 is the standard deviation. We calculate the contour plots for Nygs; = 40.75
and Nyg; = 47.48 which are 30 and 50, respectively, away from the SM prediction Ngy =
30.66 + 3.37. In Fig. [[.21] left panel we assume non-zero value for the left handed coupling
and a vanishing right handed coupling g% = 0, while in the right panel we assume g% = g4<.
In the DIS cross section, we find that the cross section is symmetric under the interchange
of a' and V', see Eq. This means that the contour plot for gi = g%* and g% = —g¥?

are the same.
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Figure 7.22. DIS (W’): The left (right) panel figures illustrate the variation of 3}, % with the
W' mass My (E,) when both left and right-handed W’ couplings are present. The lines show
predictions for some representative values of the W’ couplings (97", g%¢, g%). The green line
(solid, lower) corresponds to the SM prediction. The blue line (solid, upper) in the left figure
corresponds to (-0.94 , -1.13 , -0.85) at E, = 17 GeV, and the blue line (solid, upper) in the

right figure corresponds to (1.23 , 0.84 , 0.61) at My = 200 GeV.
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Figure 7.23. DIS (W’): The left (right) panel figures illustrate the deviation ds5 with the W’
mass My (E,) when both left and right-handed W’ couplings are present. The lines show
predictions for some representative values of the W’ couplings (97", g%¢, g%). The green line
(solid, upper) corresponds to the SM prediction. The blue line (solid, lower) in the left figure
corresponds to (-0.94 , -1.13 , -0.85) at F, = 17 GeV, and the blue line (solid, lower) in the
right figure corresponds to (1.23 , 0.84 , 0.61) at My = 200 GeV. Here, we use the best-fit
value 613 =9.1° [47].

7.7 Polarization of the produced 7+
In this section we study the effects of NP on the polarization of the produced 7. The

starting point is to construct the spin-density matrix py y, where A and X are the helicity
of the 7 lepton. The spin-density matrix py v is related to the spin dependent differential

cross section as

dgtotal

dE;dcosf’

dUA,X

dE,d cosf (7.71)

= |pw
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Figure 7.24. DIS (W’): The left (right) panel figures illustrate the variation of r{;},% with the
W' mass My (E,) when both left and right-handed W’ couplings are present. The lines show
predictions for some representative values of the W’ couplings (97", g%¢, g%). The green line
(solid, lower) corresponds to the SM prediction. The blue line (solid, upper) in the left figure
corresponds to (-0.94 , -1.13 , -0.85) at E, = 17 GeV, and the blue line (solid, upper) in the

right figure corresponds to (1.23 , 0.84 , 0.61) at My = 200 GeV.
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Figure 7.25. DIS (W’): The left (right) panel figures illustrate the deviation 4,5 with the W’
mass My (F,) when both left and right-handed W’ couplings are present. The lines show
predictions for some representative values of the W’ couplings (g7, g%d, g}“%d). The green line
(solid, upper) corresponds to the SM prediction. The blue line (solid, lower) in the left figure
corresponds to (-0.94 , -1.13 , -0.85) at FE, = 17 GeV, and the blue line (solid, lower) in the
right figure corresponds to (1.23 , 0.84 , 0.61) at My = 200 GeV. Here, we use the best-fit

value ;3 = 9.1° [47].

where the total cross section oy = 011 +0_ The spin-density matrix py y is expressed
22 ’

1_1.
272

in terms of the spin dependent matrix element M,y = L)'\, W, as

M}\ 2\
)= 7.72
A Z)\::I:% M ( )
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Figure 7.26. DIS (W’): The figure illustrates the deviation do3 with the W’ mass My when
both left and right-handed W’ couplings are present. The lines show predictions for some rep-

resentative values of the W’ couplings (¢7"", g¥¢, g%!). The green line (solid, upper) corresponds

to the SM prediction. The blue line (solid, lower) corresponds to (-0.94 , -1.13 , -0.85). Here,
we use the best-fit value 03 = 42.8° [285]. We take into account the atmospheric neutrino flux
for Kamioka where the Super-Kamiokande experiment locates [300].

The most general form of the polarization density matrix p of a fermion is parametrized as

1 - 1 1+P, P,—1iP,
_ J=—(I+7%.P)== § . Y, 7.73
P 28y 2( ! ) 2\ P,+iP, 1-P, (7.73)

where [ is the 2 x 2 identity matrix and P is the polarization vector of the decaying spin-1/2

lepton.

To determine the components (P, P,, P,) of the polarization vector we choose the fol-
lowing kinematic variables. The four-momenta of incoming neutrino (k), target nucleon (p)

and produced lepton (k') in the laboratory frame are

k‘u = (EV7 07 07 EV)?
pp/ = (M7 0’ O? 0) )
E* = (E;, pisinfcos¢,psinfsin ¢, pycosb). (7.74)

We introduce three four-vectors s , a = 1, 2, 3 such that the s* and k;/m; form an or-

thonormal set of four-vectors as defined in [304]: We choose the three spin four-vectors of

139



the lepton such that

s K = 0,
Sa'Sb — _5ab’
K k!
a b u'vv
shes) = —gu+ : (7.75)
p m m?
where

s;lt = (0, cosf cos ¢, cosfsinp, —sinb) ,

si = (0,—sin ¢, cos¢,0),

sy = (pi/mu, By/mysin 6 cos ¢, Ey/my sin 0 sin ¢, Ey/my cos 0) . (7.76)

Finally we define the degree of 7 polarization P as

P=/P2+ P2+ P2 (7.77)

The SM results for the polarization components P,, P,, P, can be found in Ref. [272] for
the processes QE, A-RES and DIS. We calculated these components in the presence of the
charged Higgs and W' contributions. We computed the degree of 7 polarization P with
respect to E. for 0 degree, 5 degrees and 10 degrees scattering angles with the incident
neutrino energy at 10 GeV. In the polarization results we found the charged Higgs and W’

model produce tiny deviations from the SM values.

7.8 Conclusion

In this work we calculated the effect of a charged Higgs and a W' contribution to v,+N —
77+ X and 0, + N — 71 4+ X scattering. We constrained the parameters of both the models
from 77 — 77 v, and 7= — p~ v, decays. Corrections to the SM contribution to v, + N —
774+ X and 7,+ N — 77+ X impact the extraction of the neutrino atmospheric mixing angles
023 and 6,3, respectively. We found that the charged Higgs model can produce significant
corrections to dq3 13 that measure the deviation of the actual a3 13 from the (6a313) g0 angles

which are extracted assuming the SM v, /v, scattering cross sections.

In quasielastic scattering, the W/ model effect generates a large deviation do3 but negligi-
bly small ;3. As 63 is smaller than a3 larger NP in 7, +p — 71 +n is required to produce
effects in 913 similar in size to do3. When a charged Higgs is involved, d93 13 are negative. This

is because there is no interference of the charged Higgs contribution with the SM contribu-

140



tion, for massless neutrinos, and so the cross sections for v, +n — 7~ +pand v, +p — 77 +n
are always larger than the SM cross sections. This means that experiments should measure
02315 larger than the present values in the presence of a charged Higgs contribution. In this
case we also found that dq3 13 increase in magnitude with the neutrino energy. Hence, a pos-
sible sign of the charged Higgs effect would be a measurement of 6,3 13 that shows an increase
with increasing neutrino energy. For the W’ model we calculated a significant contribution
to 023 which can be both positive and negative, but is mostly negative. The deviation do3
was found to be independent of the neutrino energy for a left-handed W’ but neutrino energy
dependent when both left- and right-handed W’ chiralities were present. A negligibly small

deviation, d;3, was found in the "W/ model because of the small value of 6;3.

In the case of A resonance production, the charged Higgs contribution was found to be
proportional to ¢? which suppressed the NP effect within the allowed kinematical region.
The values of the deviations do3 and d13 were negative as the interference term in the cross
section vanishes in the limit of ignoring the neutrino mass and, in turn, the total cross
section is always larger than the SM one. The values of ds3 and 013 in the W' gauge boson
contributions were found to be both positive and negative, but were mostly negative. The
093 and 013 values decreased in magnitude with increasing incident neutrino energy and the

new state masses (My, My).

In the case of deep inelastic scattering, the charged Higgs contribution does not have
interference with the SM cross section. With the constraints on the NP parameters, the NP
effects were negligible and the deviations do3 and 013 were very small. The values of deviations
were found to be mostly negative in the W’ model. The do3 and 013 values increased in

magnitude with increasing incident neutrino energy and decreased with increasing My .

We took into account the flux of incoming atmospheric neutrinos from Kamioka, where
the Super-Kamiokande experiment is located, in the calculations of do3 when considering
the charged Higgs and W' contributions. By integrating over the incoming neutrino energy
we found that considering the neutrino flux did not change the do3 results significantly. We
showed the 30 and 50 deviation contour plots, using the x? measure and the W’ NSI model,
for the number of events for neutrino energies above 30 GeV where the DIS contribution is
dominant. Finally, we studied the NP effects on the degree of polarization of the produced
7 and found that the deviation of the polarization results in the NP models from the SM

values were negligibly small at different scattering angles.

We have presented in this work a first estimation of the charged Higgs and W' effects
in the extraction of #53 and 6;3. We hope more detailed calculations including nuclear as

well as detector effects, will be done to find out whether these new physics effects can be
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observed at present v, /i, appearance experiments and/or to motivate new experiments that

can detect these effects.
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OVERALL CONCLUSION

In this dissertation, we presented a study of the phenomenological implications of two-Higgs-
doublet model on the properties of neutrino sector and heavy quark systems. We discussed
neutrino mixing within the framework of two-Higgs-doublet model by introducing different
flavor symmetries in the lepton sector with the leading order structures being bi-maximal
and tri-bimaximal pattern. We found that a mixing model with 2-3 flavor symmetry can ac-
commodate the sizable 6,3 value. Moreover, we introduced a model with A, flavor symmetry
where the smallness of the neutrino mass is not due to the seesaw mechanism, i.e. not in-
versely proportional to some large mass scale, at the level of a one-loop mechanism with dark
matter in the loop consisting of singlet Majorana fermions. In the nonstandard neutrino in-
teractions, new physics contributions to the tau-neutrino nucleon scattering were considered
in this work. We discussed charged Higgs and W' effects to the three processes; quasi-elastic
interaction, A resonance production and deep inelastic scattering in the neutrino-nucleon in-
teractions v, + N — 7~ + X and 7, + N — 77 + X. Considering these effects in the neutrino
detection process at neutrino oscillation experiments modifies the measured atmospheric and

reactor mixing angles #3 and 6,3, respectively.

We studied the decay channel of the quarkonium 7, — 777~ which has an experimental
upper limit of < 8% on its branching ratio. We evaluated the standard model branching
ratio for this decay to be ~ 4 x 107?. We showed that the contributions of models with a
light pseudoscalar or a light axial vector state enhance the branching ratio up to the present
experimental limit. In the top sector, the forward-backward asymmetry Apg in the top quark
pair production in the ¢t rest frame has been measured in the CDF and found to have a
deviation from the next-to leading order SM prediction. Here, we accommodated the CDF
measurement of the Apg by introducing a u — t transition via a flavor-changing Z’ which
can explain the data. We considered the most general form of the tuZ’ interaction, which

includes vector-axial vector as well as tensor type couplings, and studied how these couplings
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affect the top forward-backward asymmetry.
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CHAPTER 8
Majorana Field

8.1 Weyl spinor

In physics, a Majorana fermion is a fermion which is its own anti-particle. This def-
inition refers to the Majorana condition 1 = ¢ where ¢ is the charge conjugate field.
No Majorana fermions are known in nature as elementary particles. The neutrino might
be a Majorana fermion or it might be a Dirac fermion. If it is a Majorana fermion, then
neutrinoless double beta decay is possible; experiments are underway to search for this.
The hypothetical neutralino of supersymmetric models is a Majorana fermion. The charge

conjugation transformation is defined as
Ve =CyT, (8.1)

where C' is the charge conjugation operator.

There are different kinds of matrix representations for the charge conjugation operator.

The one we will use in here is
C = —’i’yg’}/o. (82)

In this representation, the C' matrix is independent of the basis. In the following we will use
the Weyl (Chiral) basis to take a closer look at C.

C = —im

. 0 09 01

= —

—0o9 0 1 0

0 -1 0 O
1 0 0 0

= (8.3)
0 0 0 1
0O 0 -1 0
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There are some basic properties of the C' matrix

ct = Cc"=cCc"'=-C,
C_lfY,uC = _7T7
ClyC = y5=1%. (8.4)

Under Lorentz transformation, the field function is transformed as follows

P = S(A)Y (8.5)

where S(A) is the Lorentz transformation matrix. Now, we want to find the explicit form of
the Lorentz operator. Pure ‘boost’ Lorentz transformations are those connecting two inertial

frames, moving with relative speed v. Pure Lorentz transformations can be parameterized

as follows
¥ cosh¢g sinhg¢ 0 0\ [z°
" | |sinh¢ coshg 0 0] |zt
22 | o 0 10| [22] (8.6)
i 0 0 0 1) \a?

where the variable ¢ = v/c with 7 = cosh ¢ and v = sinh ¢. Let us call the above matrix
the boost matrix B. The generator K, of this boost transformation along the z axis is
defined by

01 00
10B 1000
e =—-— =-i (8.7)
1 ¢ o 0000
0000
Similarly, the other boost generators are
0010 0001
0000 0000
K,=—i , K,=—i (8.8)
1000 0000
0000 10 00
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In this 4 x 4 matrix notation, the rotation generators may be written

00 0 O 00 0 O 0O 0 0O
00 0 O 00 0 -1 0O 0 1 0
J, = —1 , Jy=—i . Jo=—i (8.9)
00 0 1 000 O 0O -1 0 O
0 0 -1 0 01 0 O 0O 0 0O

The most general Lorentz transformation is composed of boosts in three directions, and
rotations about three axes, and the six generators are those above. Their commutation

relations may be calculated explicitly, and we find

[K;, K,] = —iJ, and cyclic perms,
[Je, K] = 0 etc.,
[Jz, Ky = 1K, and cyclic perms. (8.10)

It is clear that pure Lorentz transformations do not form a group since the generators K
and do not form a closed algebra under commutation. The above commutation relations are
satisfied by

K = :I:i%, (8.11)

where o are Pauli matrices. There should be two types of spinors, corresponding to the two
possible signs of K. Let us define the generators

1
1
B = S(J-iK) (8.12)

where their commutation relations can be written as

[A;, A)] = @A, and cyclic perms,
[B,,B,] = 1B, and cyclic perms,
ALB] = 0 (i) = 2,9,2) (8.13)

This shows that A and B each generate a group SU(2), and the two groups commute. The
Lorentz group is then essentially SU(2) @ SU(2), and states transforming in a well-defined

way will be labelled by two angular momenta (7, j'), the first one corresponding to A, and
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the second to B. As special cases, one or other will correspond to spin zero:

(j,0) — JUV =4KU (B=0),
0,7) — JU =—iKY (A=0). (8.14)

We may now define two types of spinors:
1
Type I: (3,0) : JU2D =572 KV = _jg /2. (8.15)

We denote the spinor x. If (8, ¢) are the parameters of a rotation and pure Lorentz trans-

formation, x transforms as

x — exp(iJ-0+iK-¢)x

(0 —ig))x = My. (8.16)

Similarly

1
Type II: (0, 5) . JU? = g/2, KV =ig/2,
o
n— e:cp(z? (0 +1i¢)) = N7. (8.17)
Let us introduce the parity operation, under which the velocity in the Lorentz boost
changes sign: v — —v. Hence, the generators K change sign, K — —K, like the components
of a vector, whereas J does not change sign, J — +J, behaving like an axial vector or

pseudovector, which indeed is how angular momentum transforms under parity. It follows

that the (7,0) and (0, j) representations become interchanged,
(7,0) <> (0,4), under parity (8.18)

and hence
X € 1. (8.19)

If we consider parity, then, it is no longer sufficient to consider the 2-spinors x and 7 separate,

V= <>f> ) (8.20)
1

where (x,7) are the left and right handed components of the field ¢). Under Lorentz trans-

but the 4-spinor
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formations 1 transforms as follows:

Y\, 015 (0—i¢) 0 X
0 0 i (0+id) il '

8.2 Majorana spinor

The Lorentz transformation may be written as

where the transformation matrix is given by

RESCEES 0
S(A) = < 0 015 (0+ig) |

From the above equation
§ = (15 (0-ie)

Y

Gl = ~i5(0-id)

g1 = ei%(@—l—i(b)’

Sow:=<§ S?H>.

Thus, under Lorentz transformations
X = Sx, 71— S717

We want to construct Lorentz invariant terms out of the spinors yx, 7
x-Field

Under Lorentz transformation

X — X' =5x
(ic@y) = (ic®PY) = (ic®Sy).
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(8.21)

(8.22)

(8.23)

(8.24)
(8.25)
(8.26)

(8.27)

(8.28)

(8.29)



Since

cPeTe® = —¢. (8.30)
Thus,
c@Gg@ — 2 keO-id) )
— e—%dT(O—Z(b)
= 57 (8.31)
or
c?@ 5@ = 571, (8.32)
We see that S* and S~1T are equivalent representations of the Lorentz group. Under Lorentz
transformation
(icPx) — 0@y
= ioc?®g X
= S (ic@y), (8.33)
hence
(icP )T = (icPy)TS7, (8.34)
which together with Eq. [8.29 implies that
(ic®x)Ty is Lorentz invariant. (8.35)

Now let us give explicit indicies to the spinor xy. We put

X = Xa = <X1> . (8.36)
X2

Xl — (s (2 _ 0 1 X1\ X2
e DE-(3) oo

x*Txa is Lorentz invariant. (8.38)

We further put

which leads to
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i- Field

Under Lorentz transformation

then
(i) — (—ic®7)
= —10(2)5_”77
= S*(—i0(2)77),
or

(—icPT —  (—ie@q)TST
Here we have used the relation [R.321 Thus

2) =

(—ic@ )77 is Lorentz invariant.

Now let us give explicit indicies to the spinor y. We put

d_<n1>

n=1_s]-

n

MY _ - _ _ic@7) = 0 -1 ﬁ? — _772
(0)-s-on-( )O-()

ﬁgﬁa is Lorentz invariant.

n

We further put

which leads to

Now, we have four types of Weyl spinors:

Xa Xaa Xda Xda
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(8.40)

(8.41)

(8.42)

(8.43)

(8.44)

(8.45)

(8.46)



where we simply rename the spinors

el

Ya = 7a, and Y& = 7% (8.47)

It is common to refer to these types as dotted and undotted spinors. The relationship
between them is not hard to deduce. From Eqgs. (828 [B.33 8.40) we have the following

transformation property for the spinors under a Lorentz transformation

Xa = Xo = SPxs

X=X = (ST’ (8.48)
and

XXt = (5T

Yo = Ve = SPNG (8.49)

Comparing Eqs. (848, B.49), we are justified in identifying dotted spinors with the complex

conjugate of undeotted ones:
Yo = (Xa)" X = (X" (8.50)

8.3 Majorana condition
Putting in spinor indices we have from Eqgs. (820, B.47]), using Eq. 850,

Xa

_ —o@pa
U= CyT = m( e ) - (7‘;) , (8.52)
0" Xea X

where we have chosen 7. = 7. Then the Majorana condition ¢ = 1 leads to

¥ = <;§3) = Ph=(Xa n") =Y =9"" = (" xa) =" = (na) : (8.51)

Hence, using Eq.

n=X (8.53)

182



hence

8.4 Majorana Lagrangian

The Dirac Lagrangian of fermions is given by

L= %ii/)’}/“@ﬂﬁ — %mwib + h.c.

The complex conjugate field

wc — CiZT = @T — C—lwc = 1; — ¢CT(C—1)T.

Using the Majorana condition
then
Thus, the mass term is given by

S

The kinetic term is given by

1 -
§Z¢7u8u¢

1
5@' (—wTC’_l) YO,

1. _
—inC 17”8u¢~
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(8.55)

(8.56)

(8.57)

(8.58)

(8.59)

(8.60)



Using Egs. (859, B.60), the Majorana Lagrangian is written as
| Lo pA
L = _§w C o + §m¢ C Y+ h.c.

1. _ _
= 73 (ID%C I”Y“a;ﬂPL + 1/1£C 17“@@}%)
1
+ im (@D%C_l’(/}L + ’(/JEC_l@Z)R) + h.c. (8.61)

The above Lagrangian shows that the Majorana mass term can be composed from either
left- or right-handed components. We want to check the hermitian conjugate term in the

Lagrangian. For example, we will check the hermitian conjugate of ¥5C g

(WECcyr)" = el HiWh)!
= (Wp)"(-O) 5

= —(Yp)" CTR. (8.62)
Using the Majorana condition
v = Oy’
= C(TPT”YO)T
= Cy™. (8.63)
Substitute in the above equation
— (W) CTR = —(%C Pr) CT (%C ™ n)

= —YR(CTH)CT (C ™ R)

= YRCTC 9 C R

= —URCYHC 0 Y

= YE1070C g

= YRC™n. (8.64)

That means the hermitian conjugate of the Lagrangian is similar to itself.
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8.5 Canonical quantization of spinor fields

The general solution of the Dirac equation is:

7)32w

vie) = 3 / stp [b.(p)us(p)™™ + di(p)us(P)e 7] |

i = 3 / e () + d () (p)e]

Ci@)T = Z / % (p)CT (p)e?* + dy(p)CTT (p)e™™] . (8.65)

Let us assume that

Col'(p) = us(p). (8.66)

Then

c __ 7 T T —ip-x ip-T
DY / S eI (p)e ™ + o)) (567
Using the Majorana condition, then

bs(p) = ds(p), (8.68)

thus

== / (Q;l)f% [b:()us(P)e™” + bl(p)vs(p)e ] . (8.69)

Now, we want to prove Eqs. B:66l The four-component spinors u,(p) and vs(p) obey the
equations

(Z/_l'm)us(p) = 0,
(—y+m)vs(p) = 0. (8.70)

Each of these equations has two solutions with labels s = 4. For m # 0, we can go to the

rest frame, p = 0. We will then distinguish the two solutions by the eigenvalue of the spin
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matrix in z-direction o*, or

o = i 7] = %7172 — (égg ;_3) : (8.71)
Specifically, we will require
o us(0) — j:%ui(ﬂ),
o2 (0) = :F%vi(O). (8.72)

The reason for the opposite sign for the v spinor is that this choice results in

1
LBk 0)] = =58k0),
1
. dl(0)] = £5d(0), (8.73)
where J, is the z component of the angular momentum operator. Eq.[8.73limplies that bi(O)
and dl(O) each creates a particle with spin up along the z axis. Eqs. (870, B72]) are then
easy to solve. Choosing a specific normalization and phase for each of u(0) and v (0), we

get
1 0
(@) = v | w=van ||,
0 1
—1 0
w0 = v | ||, v<0>m(é , (8.74)
0 -1

and in the Weyl representation

a.0) = vm(o 10 1), a(@©=vm(1 01 0),
5:0) = vm(o 10 -1), 50 =vm(-1 01 0). (8.75)
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The charge conjugation operator is given by

C =
0 -1 0 O
|1 0 0
oo o 1|’
0 0 —-120
where 7. = 7. One can find that
0 -1 0 O 1 0
_ 10 0 0 0 1
Cul(0) = v/m 0 o 114 =vm 0 =v,(0)
0 -1 0 0 -1
Thus
Cul(0) = v.(0),
cua’(0) = v_(0),
C@_{(O) = u+(0)7
Col(0) = u_(0),

or, in a compact form

Col(0) = uy(0).
Now, we want to boost the spinors using Lorentz transformation

S(A) = exp (%)\Wo'””) ,

where

, 0
4

For boosting, A\,, — Ajp = p (momentum) and

o =1

v i ' i
o = o =2V, = 57",
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(8.77)

(8.78)

(8.79)

(8.80)

(8.81)

(8.82)



and

S(A) = exp (%)\ioaio) , (8.83)
where
{7} = 29" (8.84)
Using Eq. B4l one gets
Cla™C = —(a™). (8.85)

Thus, we can write the spinors for some momentum p after Lorentz transformation as follows

us(p) = exp (%Aioaio) us(0),
vs(p) = exp (%Aioaio) vs(0),
(p) = @ (0)exp (—%Aioaio) ,
5.(p) = 5.(0)exp (—%Aioaio) | (8.86)
Let us assume that the required is true to prove Eq. 896 We suppose that
O (p) = vs(p)- (8.87)
Then
: T
LHS = C (US(O)QZEp (—%)\ioaio))
— Ceap (%)\io(C‘laioC)) 1,(0)7
= exp (%Aioaio) Cug(0)T. (8.88)
Substituting in Eq. .87 and using Eq. [B.86] one gets
Cal'(0) = v,(0). (8.89)

Thus, we now have proved that

Col(p) = us(p). (8.90)
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8.6 Canonical anticommutation relations

The Canonical momentum is defined as, using Eq. 8.G1]

oL
(0o p(x,1))
= ig (CY")abs (8.91)

Hb(X, t) =

where we used Eq. R.6Il We can calculate the anticommutation relation as follows

{wa(x> t)a Hb(Ya t)} = Z.(Sabég(x - y)>
{,lvba(X’ t)> Z¢g(y> t)(C’yO)db} = Z.(Sabég(x - y)>
{¢a(x, )03 (v, )0Ca} 13y = a0’ (x —y). (8.92)

From the definition of the Majorana field, we have
P (x,1)C = P(x,1). (8.93)
Thus

{a(x,1), %a(y, )} vy = dad’(x =),
{va(x,1),%a(y. )} = (1)aad®(x—y). (8.94)

Using Eq. [R.92] one gets the other anticommutation relation

{%(Xa t)? wd(yv t>} = (VOC>ad53(X - Y>7 (895)

where 7Y is symmetric and 4(y, ) is a matrix element.

Now, we want to find the anticommutation of the creation and annihilation operators
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using the field function in Eq. [R.67]

. d3 ' ‘ | |

d3 —ip-x = s d3 (—ip-x+iwt) ,(ip-x—iwt)

/ ze” Y (x) 2 / S { p)te(p) / e .
+ bi(p)’l}s(p)/d3x6(—ip~x+iwt)6(—7;p.x+iwt):|

= Z / Qﬂ)ggw Jus(p)(27)*d(p — p)

+ bi(p)vs(p)(27r)35 (p + p)e*™]

1

= 552 [b:(P)us(p) + bl(—p)va(—p)e*™] (8.96)

s=

Using the orthogonality conditions

Us(p)V us(p) = 2p"0sy,
vs(P)Y v (P) = 2p"0ss,
us(p)y vy (—p) = 0,
4(p)y us (—p) = 0. (8.97)
Multiply Eq. by iy (p)y°, thus
3., — DT 0 1 — 0 t 0 2iwt
[ e ule) = 5 3 B (P () + b -B)ae (B (p)e ).
s==+
(8.98)
Thus
b(p) = [ dae " (p)) () (8.99)
Taking the complex conjugate
p) = [ dac () u.(p), (8.100)
where
(x) = §i(x)7”,
ul(p) = 7’us(p). (8.101)
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Now we are ready to calculate the anticommutation relations

{bs(p),bif(p’)} = / / dxd®ye =PV (p)y {4 (2), ¥ (y) } Y us(p)
= [ [ e D )05 ) ()
= / doe™ "0y (p)y’y uy (P
= [ e (o) ()
= (2m)%*(p — p)its(p)7 s (p)
= (2m)°6°(p — p')2wdsy, (8.102)
where we have used Eq. 8.94] and

(27103 / Bre PP = §5(p — ). (8.103)

We have assumed that zq = yo = ¢ without losing the generality because the operators b,(p)

and bl,(p’ ) are time independent. Similarly, one can get

{bs(p),bs(P)} = //d3xd3ye —ipz—ip'y) (p)7 Uy (p /)70{¢($)7¢(y)}
= /dgxe i(p+p)z 15 (p)7 iy (p')7°CH°

_ / e PG (p)y Ty (p')V° (—in*y)°
27)%8%(p + p')ts (p)7 g (—p) C”
27)%5%(p + p)iis(p)7 vy (—p),

[ |
o/~

(8.104)

where C' = —i724% and we have used the orthogonality condition. Also we have used the

Majorana condition.
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CHAPTER 9

Functions in Scattering Amplitudes

For the scattering amplitudes calculation in ¢ c.m. frame, we choose the relevant coor-

dinates of particle momenta as

(1,0,0,+£1),

(1, £, sin 0,0, £, cosh). (9.1)

N » N W

With this choice and assume all the couplings in Eq. (33) to be real, we obtain the
functions f; in the scattering amplitude in Eq. (3.23)) as

5 m?
ho= 3 [8 (2a2 4B 4 ac— ¢+ 3bd + d2> =L 2(2a2(1 4 eg)? 4 202(1 + ¢o)?
+bd(—7 + 4cy + 603 — 3@2) — (= d*)(—1+ 303 — 2@2) + ac(—1+ ﬁf))

_((_1 +e) (P — dP) (=1 +2¢9 + ¢ — 253)32)%] :
_ (”;f?)g(f +83)[ (14 o) + 47;?} . (9-2)

2
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) 1
fi = o [32(a" + %) (34 20 + cf + 267) + —(c+d) (3209 = 209 + )
t

132(—5 4 3cp + 2 + B)ym2s + 82(5 — 22 + B2 — co(3 + 6,?))2) + 128a3c< DA 53)

1
——4202d2< —32(=5+ 3¢ + & + m28 + 32mA(—11 + 6eg + E — 452)

my

—5%(5 — 22 + B2 — co(3 + 53))2) + %ac(862mf(—2 + 2¢ + 3c; — 3537
+* (=1 4 ¢9)(8(=3 + cg)m? + 5(5 4+ 2¢2 — 3% — co(3 4 B2))) — d*(8m?(—5 + 8cy + 2 — 457)

—(=1+¢9)3(5+2c; — 387 —cp(3+ ﬁf)))) + %zﬂ (c (2m2(—11 — 2¢cy + 5cg — 837)
—(=1+¢p)5(5 + 367 + co(7+ 7)) — d*(4m (T — 2¢p + 2¢5 + f7)

+(—1+¢c9)3(5 + 387 + co(T+ 3¢ )))) 16%a2 <4b2m§(1 + 6cp + 3cj — 267)
—d*(2m7 (3 4 18¢cy + 3¢5 — 8B7) + (—1 + ¢9)3(5 + 387 + co(T + 57)))
6355 + AmEBE + 3357 — 2e0(24mE + 5(—1+ 7)) + c3(12m2 — 5(7+ A1) )|

1 2
fi = _§<”Zt) [32(@ + bt 4 2a%c + 2ab*c + a* (207 + ) — B*d®)m? 4+ 8(—3 + 2¢y + )

1
(a®c + ab’c + a*c® — V*d®)s + W(_l + cg)?(a*c® — b*d*)3*(5 + 2cp + ﬁf)} :
t

fs = (%%)2?(@2 +6%)%(=1 +cp)*. (9.3)
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CHAPTER 10
Charged Lepton Sector

We analytically calculate the deviation of the leptonic mixing from the symmetric limit
due to corrections from the charged lepton sector. We, here, are going to determine the sizes
for the Yukawa matrix elements in Y'* in Eq. .44l We first consider the breaking of the 2-3
symmetry in the charged lepton sector via the introduction of a higher dimensional operator

that generates the muon mass

O1 = cysD @19} 10.1
1= CY2 HLMR%W- ( . )
Thus, we consider the Yukawa matrix,
le 0 0
Vs = [0 dir(Q+2r) lir ). (10.2)
1 1
0 sl slr

The structure above breaks the 2 — 3 symmetry because of the correction to the 22 element.
Note that we do not break the 2 — 3 symmetry in the 23 element so that the Yukawa matrix
remains symmetric. The matrix Y5 is now diagonalized by the unitary matrix, U; = Wi Rb,.
Applying the relation (Yy5)as = (Yi5)s3 in Bq. [0 to Yk = UYL, U/ leads to

diag

1
togi = 5[211_1_‘_\/2/21_6’2#_‘_1}’ (10.3)

where to3; = tan a3 and we have chosen the solution that leads to small angle 693 and to

small flavor symmetry breaking. Keeping terms up to first order in z, we get

~

tggl ~ o T2y (104)
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We further obtain for x; and Iy in Eq. 10.2]

K = —tan 20y ~ 2z,

Ilr = (Ir —1,) cos20y. (10.5)

Comparing the above equation with Eq. [0.J], the size of the higher dimensional operator
can be estimated as

— X 2z, (10.6)
Since vy &~ 250 GeV therefore the scale of A is in the TeV range.

To obtain a realistic charged lepton matrix, we take into account the mixing involving

the second and the third generations in the full Yukawa matrix

B B B B T
02 - y/ (DEL,UR - DeLTR ‘l’ DMLeR - DTLeR) ¢1 gbj\fl . (107)
Thus, the full mixing matrix will be give by
I l12 —l12
VP = | by MHp(1+42r) lr |- (10.8)
A,

We will assume that the Yukawa matrix Y% is now diagonalized by the unitary matrix U,

given by
U = W213R123Rl13R112- (10.9)
From the Yukawa matrix (I0.8]), one can find the two relations

Y'12 - _}/l?n

1
Yoo = 5(3/23 + Y33)(1 + 2ky). (10.10)
Applying the above two relations to

YE=UYg, Ul (10.11)
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using Eq. [[0.9] one can obtain the solutions

Y

. I 2, — 2k + (=3 + 32, — 2K;)CoiSaz + 22,K1C2315231
121 ~ 231
ZM — 22(3 + 2/‘€l)c23l323l

2, — 2/<Ll -+ (—3 + 3z, — 2%[)02318231 + 2z R1C231523]
~ ./ = = = . (10.12
S131 Zp01218231\/ 1— zu(?) T 2Hz)02318231 ( )

By comparing Egs. (I0.8, T0.I1), one can get the matrix element l;5 after substituting
Eqs. (104, T0.5, T0:12) up to the first order in z,

Lo ~ ,/%;(le——lu). (10.13)

The leptonic mixing matrix is now given by

Upuns = UU,, (10.14)
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CHAPTER 11

Hadronic form factors

The expressions for the vector and axial-vector hadronic currents in Eq. are

GEWVln ) = 50 [ + 0w’ Y + 2 Fs]un(p),
A = @) [Fa+ 50wt Fr+ B Fesup). (1)

Here g = p' — p and the form factors F; are functions of ¢t = ¢?. The parametrizations of the

axial-vector and pseudoscalar form factors are [291]

Eit) = Fa0)(1- )

202 F4(0)

Fp(t) = e (11.2)
where F4(0) = —1.2695 is the axial coupling [168], m, is the charged pion mass, and My =
1.35 GeV is the axial-vector mass [305]. The expression for Fp(t) can be shown to be true
at low energy, where the predictions of chiral perturbation theory are valid [306]. We have
assumed the relation to hold at high ¢ also. Note that F4(0) is sometimes replaced by F4(t),

which gives similar results for Fp(t) at low t but very different results at high t.

The Dirac and Pauli form factors F}, are

Flv(t) _ GE(t)l__l;tC:M(t)’ FQV(t):

Gu(t) — Gu(t)

11.3
2=, (11.3)

where x; = t/4M? and
Gar = G2 — Gy, Gy = G — G (11.4)

Here G%" and G%;" are the electric and magnetic form factors of the proton and neutron,
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respectively. The simplest parametrizations of these form factors are given by the dipole

approximation
GY ~Gp, Gy ~0, G ~ 11,Gp, Gy =~ u,Gp, (11.5)

where Gp = (1—t/M2)~2, My = 0.843 GeV is the vector mass, and p,(u,) is the anomalous

magnetic moment of the proton (neutron) [307].

In the presence of the charged Higgs, applying the equation of motion to the hadronic

matrix elements for the scalar and pseudoscalar currents for the process v, +n — 77 +p

gives
P()a(95" = g5 3)dIn(p) = Via Bpa) (957 Gs + g5 Grrs) mlp), (11.6)
(p(P)udn(p)) = plpsd)Gsn(p2),
—(p()luysdin(p)) = p(pa)Gpysn(ps), (11.7)
where
Gs(t) = ryFY(t), with rN:%NO(l),
Gty — MIEAD) + 20 Fp(t)) s

Mg

with m, = (m, +mg)/2. In the W’ model, the current has both V' + A structures. One has

to calculate the matrix element,

P Enp) = Vi @)a (9791 = 75) + g5 7u(1+75)) dIn(p)).  (11.9)

Kinematic details

The Mandelstam variables in terms of F, and the lepton energy E; are

s = M*+2ME,, t=2M(E, - E,),
s—u = AME,+t—md (11.10)
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Then t and Ej lie in the intervals

m? — 2ES (™ 4 pi™) < t < m? — 2B (B — i) (11.11)

mp = 2B ) o mf = 2B (B - )

£, )
* 2M 2M

(11.12)

where the energy and momentum of the lepton and the neutrino in the center of mass (cm)

system are

(s —M?)
SN
Em = (5_1;4\2/;%2). (11.13)

The threshold neutrino energy to create the charged lepton partner is given by

B P = (Ef™)? = mi,

(my + Mp)2 - an
2M,, ’

h
Bt = (11.14)

where my, M,, M, are the masses of the charged lepton, proton, and neutron, respectively.

In our case, the threshold energy of the tau neutrino is Eﬂ: = 3.45 GeV.

The differential cross section in the laboratory frame is given by

datot(Vl) _ |M‘2
dt 64T E2M?

(11.15)

The expressions for the coefficients fsy (f = A, B, C') in the SM differential cross section

[see Eq.(C.20)] are

Asyr = 4z — 1) [(Flv)z(l + a4+ x) + (Fa)* (=1 + 2+ 2) + (FY) (2 + 27 + )
+AFRz iy + 26 FY (0 + 220) + AF 4 Fpay |

Bsy = 4xFa(F)Y + FY),

FV2 F2_ FV2
Cory = O . w(Fy )° (11.16)

where z; = m} /4M?.

The expressions for the quantities A" and B in the differential cross section in Eq. (7.33)
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are

AL = 2ym(w — 1) gE gyt — gF)Gp(Fa+ 2Fpry)
1 U 1% 1%
B}{ = 5\/$_lgsd(9lsl - Q;I)GS(FB/ + F2th)7
AL = 20— 2)(|g8 1 + |9 D) (|92 Chay + | g PG (2 — 1)) . (11.17)

For the 2HDM II model couplings, gs p are given in Eq. (748). Note that the interference

terms A%, and BY; vanish in this model.

The expressions for the quantities f' (f = A, B, C') in the differential cross section in Eq.

(A1) are

A = Az, — 1) [(1 +16,)? ((Ff’)z(l a4 xp) + 2F) FY (0 + 2my) + (FyY ) (2 4 22 + xt)>
+(1 4+ 77)? ((FA)Q(—l +a + 1) + AF Fpx; + 4F1%a7lzzt>} ,
B = 4Re[(1+ )1 +ri)aFa(FY + FY),

' = [P = (B + (4P (11

In the absence of W’ contributions, the f’’s reduce to the respective SM results in Eq. TT.T0
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