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Abstract
Higgs and Radion Phenomenology Beyond the Standard Model

Beste Korutlu, Ph.D.
Concordia University, 2012

In this thesis we study models Beyond the Standard Model including Left-Right
Supersymmetric Model and Warped Extra Dimensional Models with a Fourth
Generation.

First, we revisit the Higgs sector of Left-Right Supersymmetric Model by studying
the scalar potential in a version of the model in which the minimum is the charge and
R-parity conserving vacuum state, and there are no additional non-renormalizable
terms in the Lagrangian. We try to find a parameter space predicting at least one
light doubly-charged Higgs boson, light neutral flavor-conserving Higgs bosons. The
flavor-violating ones are heavy, and within the limits from AF = 1,2 mixings. The
parameter space for such Higgs masses and mixings is very restrictive, thus making
the model more predictive.

Subsequently, we study warped extra-dimensional scenarios in the presence of a
fourth family of fermions and with the fermion fields lying in the bulk. We concentrate
on the flavor structure of the Higgs couplings with fermions in the flavor anarchy
ansatz. The occupancy of the fourth family in the model typically enhances the
misalignment effects and we show that one should expect them to be highly non-
symmetrical in the (34) inter-generational mixing. The radiative corrections from the
new fermions and their flavor violating couplings to the Higgs affect negligibly known
experimental precision measurements such as the oblique parameters and Z — bb
or Z — ptpu~. On the other hand, AF = 1,2 processes, mediated by tree-level
Higgs exchange, as well as radiative corrections to b — sv and pu — ey put some
pressure on the allowed size of the flavor violating couplings. These couplings produce
distinguishable signals in high energy colliders as they alter the Higgs decay patterns
as well as those of the new fermions. These signals might become very important
indirect signals for these type of models as they would be present even when the

Kaluza-Klein mass scale is high and no heavy Kaluza-Klein particle is discovered.
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Afterwards, we focus on the radion phenomenology in the same scenario with
and without an additional fourth family of fermions. The radion couplings with
the fermions are also generically misaligned with respect to the Standard Model
fermion mass matrices as in the Higgs case, therefore producing some amount of
flavor violating couplings and potentially influencing production and decay rates of the
radion. We present simple analytic expressions for the radion-fermion couplings with
three or four families. We also update and analyze the current experimental limits
on radion couplings and on the model parameters. The modified decay branching
ratios of the radion with an emphasis on the new channels involving flavor diagonal
and flavor violating decays into fourth generation quarks and leptons are provided.

Finally, we study the Higgs-radion mixing in a warped extra dimensional model in
the same scenario. The fourth generation Higgs is now severely constrained by Large
Hadron Collider data due to the large enhancement in the Higgs production cross-
section in the absence of Higgs-radion mixing. We analyze the production and decay
rates of the two physical states emerging from the mixing and confront them with
present Large Hadron Collider data. We show that the current signals observed can
be compatible with the presence of one, or both, of these Higgs-radion mixed states,
although with a severely restricted parameter space. We also present the modified
decay branching ratios of the mixed Higgs-radion states, including flavor violating
decays into fourth generation quarks and leptons. The windows of allowed parameter
space obtained are very sensitive to the increased precision of upcoming Large Hadron
Collider data. During the present year, a clear picture of this scenario will emerge,

either confirming or further severely constraining this scenario.
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Chapter 1

INTRODUCTION

Over the past century remarkable progress has been made to understand the building
blocks of matter. It has been identified that all the ordinary matter in the Universe is
made from twelve fundamental particles named fermions (six leptons and six quarks
which are divided into three generations of four particles each) and they are governed
by four fundamental forces (electromagnetic, weak, strong and gravitational forces).
The best description of how these twelve particles, their anti-partners and the three
out of four forces are related to each other has been encapsulated in the Standard
Model (SM) of particle physics by means of global and local gauge symmetries.
It is quite elegant and minimalistic in the sense that it has a unified picture of
electromagnetic and weak forces, the so called electroweak interactions, which are
introduced by Glashow-Weinberg-Salam (GWS) [2-7]. Afterwards, a gauge theory of
the strong interactions is also embedded into this framework by Fritzsch and Gell-
Mann [8]. The gravitational force on the other hand, cannot be put on the same
footing as the other interactions in the SM. In fact, fitting gravity into this scheme
has been proved to be a very difficult task. Fortunately, in particle physics at the
energy scales available to this generation of experiments the effects of gravity are so
weak as to be negligible. The three forces described by the SM result from exchange
of induced force carrier particles via local gauge symmetries, known as gauge bosons
(photon for electromagnetic, W and Z bosons for weak and eight gluons for strong
interactions), between the matter particles. Developed in the early 1970s, the SM has
successfully explained a surfeit of experiments at the quantum level and led to the

prediction of a wide variety of phenomena and particles prior to their experimental



discovery. However, there is still one essential ingredient of the SM missing, the
so called SM Higgs Boson that has yet to be discovered experimentally. In fact,
Conseil Européen pour la Recherche Nucléaire (CERN) revealed preliminary data
from the Large Hadron Collider (LHC) on July the 4" 2012 consistent with the
long-sought Higgs boson [9,10]. However, further analysis regarding its properties
is still important for drawing conclusions concerning whether or not the discovered
particle is a SM Higgs boson. The Higgs boson is introduced [11-13] in the SM using
the Higgs mechanism to produce mass for the particles by spontaneously breaking
(SSB) its gauge symmetry. The problem with its discovery is that the mass of the
Higgs boson is an unknown parameter. Therefore, one has to search for it in a mass
range which unfortunately was not accessible by the previously built accelerators
(Large Electron-Positron Collider (LEP), The Stanford Linear Collider (SLC) and
Tevatron), even though they successfully verified many aspects of the SM and were
able to introduce the lower mass limit for the Higgs Boson. To fill the knowledge gap,
the LHC, the largest and most powerful particle accelerator in the world, has been
assembled by CERN within a 27 km circumference and 175 m beneath the Franco-
Swiss border near Geneva, Switzerland. Presently, it operates at 7-8 TeV center-of-
mass energy (half of its full capacity). It consists of two proton beams which are made
to collide at four locations around the accelerator ring, where the particle detectors
are situated, namely A Toroidal LHC Apparatus (ATLAS), Compact Muon Solenoid
(CMS), A Large Ion Collider Experiment (ALICE) and Large Hadron Collider beauty
(LHCD). Detecting the Higgs boson at LHC is a breakthrough for particle physics,
although its discovery would not be the whole story because the model leaves too
many open questions and suffers from several fine-tuning problems. In the modern
way of thinking, the SM is considered as an Effective Field Theory (EFT) by providing
a very good description of the physics of fundamental particles and their interactions
below the electroweak scale (Mgw =~ 102 GeV), whereas at higher energies it has to be
extended into Beyond the Standard Models (BSM) which include natural extensions
of the SM such as Grand Unified Theories (GUT) [14-16], Left-Right Symmetric
Models (LRSM) [17-19], supersymmetric extensions (SUSY) [20, 21], Left-Right
Supersymmetric Model (LRSUSY) [22-27], the Four-Generation Standard Model
(SM4) [28, 29], string theory [30] and extra dimensions: large extra dimensions

[31-33], universal extra dimensions (UED) [34-37], non-universal extra dimensions



(NUED) [38,39], Randall-Sundrum model (RS1) [40,41]. Therefore, LHC does not
only search for the Higgs boson but also for some evidence of BSM. In this thesis,
we will focus mainly on LRSUSY and warped extra dimensions of RS1-type with a
fourth generation.

The SM is a “chiral” gauge theory. This means that different representations of the
Lorentz group transform differently not only under the Lorentz group transformations
but also with respect to the gauge group of the SM. The chirality of the matter
particles, for example, refers to whether they appear in the fundamental or anti-
fundamental representation of the Lorentz group. The ones represented in the
fundamental representation are called the left-chiral particles. Meanwhile their right-
chiral counterparts are represented in the anti-fundamental representation. The
symmetry transformation between these two chiral states is named “parity” which
is a violated symmetry by the weak interactions of the SM (it favors left-chiral
particles and their interactions). The main motivation for considering the left-right
symmetric extension of the SM is that it provides a dynamical explanation for the
violation of parity. At the fundamental level, parity is an underlying symmetry of
the LRSM which is broken spontaneously by the vacuum to yield the results of its
low-energy limit, the SM. An additional reason to study LRSM is the experimental
evidence [42,43] supporting non-zero masses for the electrically neutral leptons, the
so called neutrinos. The SM with just left-chiral neutrinos and a Higgs doublet is
unable to provide masses for the neutrinos. The simplest route to include neutrino
masses is to insert the missing right-chiral neutrino states as proposed in LRSM
and then utilize the see-saw mechanism [19,44]. To achieve the see-saw mechanism
the underlying gauge symmetry of the LRSM is spontaneously broken by scalar
right-chiral triplets, leaving the left-chiral neutrinos much more lighter than the
charged leptons of the corresponding family while, keeping the right-chiral ones heavy.
Furthermore, everything ever observed with all of our instruments adds up to less than
5% of the Universe, the rest being dark matter and dark energy (energy that is not
carried by any matter). The SM does not have a room for dark matter, however, the
introduced right-chiral neutrino in LRSM might serve as a dark matter candidate.

In 1974, a symmetry, different from all those defined in the scope of the SM,
supersymmetry was introduced by Wess and Zumino [20,21]. It relates bosonic and

fermionic degrees of freedoms of particles simply by introducing a bosonic(fermionic)



partner for each fermion(boson) of the SM. If SUSY was an exact symmetry of nature,
the partners would have the same masses as the original particles. We know that in
nature this is not the case, otherwise the partners would have been observed by
now. Despite the complete absence of experimental evidence that supersymmetry
exists in nature as an underlying symmetry, physicists continue to study SUSY,
considering the possibility of being spontaneously broken in low energies, because
of its undoubted mathematical fascination. It provides an attractive framework for
grand unification and the hierarchy problem of the SM. Without supersymmetry, the
running coupling constants of the strong, electromagnetic and weak interactions do
not meet at a single point, though they come really close at around ~ 10 GeV.
If one attempts to include SUSY with its additional radiative corrections, however,
the coupling constants meet exactly at one point, at an energy ~ 106 GeV, called
as GUT point. Another remarkable achievement of SUSY is that it offers an elegant
solution to the SM hierarchy problem. The hierarchy problem is the following: the
mass of Higgs boson receives quantum loop corrections from the virtual effect of every
particle that couples directly or indirectly to the Higgs field. The SUSY, on the other
hand, guarantees the cancellation of those loop corrections by the contributions from
the superpartners, leaving the Higgs boson mass relatively light. A supersymmetric
partner that does not decay and has the right mass and right interactions might
also be a dark matter candidate. The first step towards trying to build a more
complete theory as a prototype for SUSY theories is the Minimal Supersymmetric
Standard Model (MSSM) which is the smallest and the most basic model of SUSY that
includes SM. The SM relies on the conservation of lepton number! (L) and the baryon
number? (B) in all of its interactions. However, the most general gauge invariant and
renormalizable superpotential of MSSM would include B and L violating terms. One
could try to impose conservation of B and L as a postulate in the MSSM though it
seems like a step-back from the SM where the conservation of these quantum numbers
is not assumed, but appears naturally as a consequence of renormalizability of the
theory. Therefore, one has to add a new symmetry which has the effect of eliminating

the possibility of B and L violating terms in the superpotential. This new symmetry

'Lepton number is the number of leptons minus the number of anti-leptons. In equation form,
L = n;—nj which gives a value of +1 for leptons, —1 for anti-leptons, and 0 for non-leptonic particles.

2Baryon number is one third of the number of quarks minus the number of anti-quarks. In
equation form, B = (ng — ng)/3.



is called “R-parity” [45] and is assigned for SM particles to be even, while for their
superpartners have odd R-parity.

In the domain of flavor physics, including LR symmetry in SUSY resolves several
problems of the MSSM, the most important of all being the way R-parity is conserved
in the model. In LRSUSY, as opposed to MSSM where R-parity is introduced as an
external symmetry, its extended gauge symmetry forbids renormalizable terms that
violate B and L. However, this symmetry has to be broken spontaneously since
there exists no massless gauge boson observed of the corresponding gauge group.
Nevertheless, since the broken symmetry will be due to scalar fields that carry even
integer values of 3 (B — L), R-parity will still survive as an exact symmetry preventing
rapid proton decay [46-48] and ensuring the lightest supersymmetric particle (LSP) to
be stable designating it as a dark matter candidate. In addition, it offers a solution
to the strong Charge-conjugation and Parity (CP) problem of why even though it
is possible to write CP violating terms for strong interactions, experiments do not
indicate any such violation. In LRSUSY, this is accomplished by insuring that the
determinant of the quark mass matrix is real, which is possible due to the fact that
the Yukawa couplings are Hermitian and without the need for an axion [49,50].

Another obvious extension of the SM might be increasing the number of fermion
generations. It was considered extensively in the 1980s. However, in 1989 the number
of generations (or precisely the number of light neutrinos) were experimentally proven
to be equal to three from the Z boson total width, measured to high accuracy
in Stanford Linear Accelerator Center (SLAC) [51,52] and CERN [53-55]. By
comparing the invisible width (subtracting from the total width of the Z boson the
part from decays to charged leptons and hadrons) with the theoretical predictions
for neutrino decays it was established that the number of neutrinos which interact
with the Z boson is equal to three [56]. This result is fundamentally important
since, by extrapolation, one can assume that there exist only three fermion families.
Nonetheless, this is not universally accepted partly because having an additional
family of fermions has some desired effects and is not necessarily in conflict with
electroweak precision observables such as the constraints from the W boson mass, the
effective leptonic mixing angle and the highly accurate measurements of the muon
lepton lifetime. As long as the fourth generation contains either very heavy neutrinos

(my, > myz/2), or no neutrinos at all the Z invisible width is satisfied. The simplest



extension of the SM is the Four-Generation Standard Model [28,29]. This might cure
certain problems of the SM in flavor physics, such as the CP violation in By-mixing [57]
and the baryogenesis problem [58,59] (see Section 2.7) by leading to a sizable increase
of the measurement of CP violation. In addition, the electroweak symmetry breaking
triggered via the fourth generation fermions without a Higgs boson could address the
hierarchy problem [60]. Tt has also been shown that bounds from electroweak precision
observables can be softened for the higher values of Higgs mass when the fourth
generation is considered [61-63]. Moreover, the gauge couplings can in principle be
unified without invoking SUSY [64]. Although none of these reasons are compelling,
they provide sufficient grounds to pursue keeping the study of the fourth generation
alive.

Warped extra dimensional models were introduced by Lisa Randall and Raman
Sundrum [40,41] as an attempt to resolve the hierarchy problem between the Planck
scale (Mp; = 2 x 10 GeV), where quantum effects of gravity become strong, and
the Mgw, by using an extra-dimensional warp factor to lower the natural scale of
the particles masses. In the original scenario, two branes are introduced, one with an
energy scale set at Mpy, the other at the TeV scale on which the SM fields are localized,
and with gravity allowed to propagate in the space in between, called the bulk. Much
research has been done on the possible radius stabilization mechanism to fix the
inter-brane distance and on the radion field, emerging from the stabilization as an
excitation of the metric tensor [65-72]. At present, it is quite clear that, in an RS-type
scenario a realistic electroweak symmetry breaking can only be satisfied by extending
the gauge bosons and fermions into the bulk [73-85], which provides a compelling
theory of flavor where the hierarchies among the fermion masses and mixings arise
naturally [86-90] by assuming all the 5D Yukawa couplings to be O(1) and with
no definite structure. Another interesting feature of these models is the Randall-
Sundrum (RS)-Glashow-Iliopuolos-Maiani (GIM) mechanism [75,91,92] which gives
rise to suppressed contributions to low-energy phenomena due to the exchange of
Kaluza-Klein (KK) modes®. Despite this, AF = 2 processes still push the KK
excitations to be above ~ 10 TeV [93-97]. These bounds can be relaxed by either
introducing additional flavor symmetries [95,96,98] or promoting a bulk Higgs instead

of a brane localized one.

3In RS1 the extra dimension is compact and its compactification leads to the appearance of
towers of heavy KK modes of particles which propagate in the extra dimension.



While there have been many extensive studies of the SM4, there are few analyzes of
BSM scenarios with four generations (see however [99]). The reason is that the fourth
generation typically imposes severe restrictions on the models. In particular, there
are difficulties in incorporating a chiral fourth family scenario into any Higgs doublet
model, such as the MSSM [100]. It was initially shown that, due to large masses
for the fourth generation quarks and large Yukawa couplings, there are no values of
tan § = v, /vg > 1 for which the couplings are perturbative to the Grand Unification
Scale. (However, this condition does not apply to vector-like quarks [101].) Recently
the MSSM with four generations has received some more attention [102], as it was
shown that for tan 5 ~ 1 the model exhibits a strong first order phase transition [103].
The four generation scenario can easily be incorporated in models with warped extra
dimensions, as in [104,105], where it can be argued that the fourth generation arises
naturally. In these models the Higgs particle can be thought of as a generic composite
state, being a condensate of some of the fourth generation heavy quarks [105-109],
thus providing a solution to the hierarchy problem. An additional benefit of a fourth
generation extension in warped models, could be the inclusion of the fourth generation
neutrino, which may become a novel dark matter candidate [110], typically missing
in minimal models (see however [111] for different approaches).

The thesis is divided broadly into three parts. In total there will be eight chapters
and five appendices. The first part of the thesis is incorporated in Chapter 2 which
is dedicated to a review of SM as a description of physical phenomena at energies
below Mgw. We describe the model in detail and mention why we consider the
SM as an EFT and the requirement for BSM. In Chapter 3, which is the second
part of the thesis, we introduce some of the BSM, which closely resemble the SM at
the energies that have already been explored. We start with perhaps the simplest
extension of the SM, LRSM, which treats the left and right-chiral particles and their
interactions on an equal basis. The next section introduces SUSY. Then, another
extension of the SM, Four-Generation Standard Model, is introduced, and finally we
give an extended treatment of Warped Extra Dimensional models. The final part
of the thesis will be on our works on LRSUSY [27] in Chapter 4 and Warped Extra
Dimensional models with a fourth generation [107-109] in Chapters 5-7 where each
work is presented in a separate chapter. A discussion and conclusion will be presented

in the last chapter. In addition, Appendix A presents notations and conventions used



throughout the thesis, Appendix B is about the gauge group and transformations,
Appendix C includes the details of the Ricci Tensor and brane tensions calculations,
Appendix D covers Rotation and CKM4 Matrices in Warped Extra Dimensions with
Four Generation and finally, Appendix E addresses Feynman Rules in Warped Extra

Dimensions with Four Generations.



Chapter 2

THE STANDARD MODEL

The Standard Model of particle physics, which combines special relativity and
quantum mechanics into a Quantum Field Theory (QFT), is currently accepted as
an empirically adequate model describing the known elementary particles, together
with the three out of four fundamental interactions among them. It has been tested
over the scales from the Hubble radius of 10*® cm (~ 107* GeV) all the way down to
1071% em (~ 10% GeV) and still being tested by LHC at a center-of-mass energy
of 7-8 TeV in proton-proton collisions. The LHC has been able to deliver data
sets of several fb™! to both ATLAS [9] and CMS [10] detectors and the SM so
far demonstrated an amazing success in (almost) all experimental data, with one
of its key prediction, the Higgs Particle, in the process of being confirmed with event
excesses measured around the mass window of 125-126 GeV. Previously, the SM had
led to many other successful predictions of particles and phenomena prior to their
discoveries experimentally, such as the existence of massive W*, Z gauge bosons,
the quark model which was introduced by Gell-Mann and Zweig mathematically, the
prediction of tau neutrino, charm, top and bottom quarks, and so on. Although, the
SM has a remarkable body of experimental support, it suffers from some shortcomings,
which we will mention in the last section of this chapter. The SM can be thought as
an EFT of a more fundamental theory. This is why there are BSM searches such as
SUSY, SM4 or extra dimensions etc., going on at the LHC, besides the searches for
the Higgs boson.

According to the SM, the elementary particles are called fermions (i.e., they have

spin-1/2 in the units of ), namely quarks and leptons (see Tables 1 and 2), and the



fundamental interactions are the electromagnetic force, the weak force (responsible
for radioactive decay) and the strong force (which holds atomic nuclei together) (see
Table 4). The remaining force, the so called the gravitational force, is excluded in
the SM.

The dynamics of a system in QFT is given by the Lagrangian and gauge symmetry
plays a central role in determining this dynamical structure. Based on compelling

experimental evidence the gauge group of the SM is given by
Gsm =SU3). @ SU2), @ U(1)y. (2.1)

The SM Lagrangian exhibits invariance under SU(3). gauge transformation for the
strong interactions, ¢ indicating the group couples only to the colored particles, and
SU(2), @ U(1)y for the electroweak interactions, which is the unified description of
electromagnetic and the weak interactions introduced by Glashow-Weinberg-Salam
[2-7] (Nobel Prize in Physics in 1979). The subscript, L means that, only the left-
chiral particles participate in the interactions of SU(2);, and Y denotes that the
group U(1)y couples to the weak hypercharged particles. The weak hypercharge of a

particle is obtained from a quasi-Gell-Mann-Nishijima relation [112,113]

Y
Q=1 +3. (2:2)

where I3, is the third generator of the group SU(2);, and @Q is the electric charge.

w?

However, the gauge symmetry of the SM Lagrangian is not an exact symmetry. At

low energies, it is spontaneously broken to the subgroup
SU). 2 U(1)q, (2.3)

via Higgs mechanism (which will be explained in the Section 2.5). The corresponding
gauge bosons (i.e., they have spin-1), introduced by the local gauge invariance for
mediating these interactions are the eight gluons for strong interactions, the W= and

Z° bosons for weak interactions, and the photon for electromagnetic interactions (see
Table 3).

2.1 Elementary Particles in the Standard Model

The particle content of the SM is composed of quarks and leptons which are the

fundamental fermionic constituents of the matter discovered at the various collider
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experiments. They transform according to the fundamental representations of the
gauge symmetry group Ggy given in eq. (2.1) (Appendix B explains more about
gauge transformations). Some of their properties and representations are summarized
in the Tables 1 and 2. It is important to note that, in the SM, both quarks and
leptons fall into three generations. We will indicate the generation of fermions by
a subscript, ¢ (for example, Qf; where i = 1,2,3). The subscript L(R) stands for
the left-chiral(right-chiral) components of the field operator Q¢(U# or D), and they
are projected as Qf; = PLQ(Uly = PrU{ or Dip = PrD{), where PL(Pg) is the
projection operator whose the explicit form is given in Appendix A. Table 1 is devoted
to quarks which, in addition to the flavor also carry the color charge as another degree
of freedom such that, each quark can have three different colors, namely red (R), green
(G) and blue (B). The color indices are denoted as a superscript, a (for instance, Q5
where o = R,G,B). We give the approximate rest mass energies of quarks confined
in hadrons taken from Particle Data Group [114], since no free quarks have been
observed yet. Quarks possess six degrees of freedom (up, down, charm, strange, truth

and beauty), called flavor.
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Chiral | Component | SU(3) ® SU(2),  U(1)y Masses
Field Fields Quantum Numbers (GeV)
. ug L (24970 88) x 1073
b dg ° 2 3 0.75
L (5.051075) x 103
4 +0.81 -3
UfiR u® 3 1 3 (2.497574) x 10
DY r d 3 1 -2 (5.0510:02) x 1073
+0.07
o 99 3 2 1 1.270Z¢ 09
2E 5% 3 40.029
L 0.1017 5 931
USr % 3 1 4 1.27075-97
Ds g 5% 3 1 -2 0.10119529
t¢ 1 172.0+£ 09+ 1.3
Q5. - 3 2 1
+0.18
L 4197 06
Ugn % 3 1 3 172.0£0.9+1.3
2 +0.18
D3 r bR 3 1 — 3 4197006

Table 1: Quark content of the SM including the

corresponding SU(3). ® SU(2), ®

U(1l)y gauge quantum numbers together with the PDG values for the rest mass

energies of the quarks confined in hadrons.

Leptons, on the other hand, have three different flavors (electron number, muon

number and tau number) and they do not carry color. Table 2 summarizes the

leptons in the SM. In its original formulation, the right-chiral neutrinos were not

included in the SM to keep neutrinos massless. The mass values of the leptons are
taken from PDG [114].

Note that for each quark and lepton given in the tables there is a corresponding

anti-quark and anti-lepton of the same mass and the spin, but opposite charge and

opposite magnetic moment relative to the direction of spin.
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Chiral | Component | SU(3)c ® SU(2), ® U(1)y Masses
Field Fields Quantum Numbers (MeV)
Vey, < 0.225
LiL 1 2 -1
eL 0.510998910 + 0.000000013
E1r eRr 1 1 -2 0.510998910 £ 0.000000013
Vug 105.658367 £ 0.000004
Lo.s 1 2 -1
He <0.19
Ea r UR 1 1 -2 105.658367 £ 0.000004
Vrp 1776.82 £ 0.16
L.y 1 2 1
TL < 18.2
Es g R 1 1 2 1776.82 + 0.16

Table 2: Leptons in the SM with their corresponding SU(3).® SU(2), @ U(1)y gauge

quantum numbers together with the PDG values for their masses.

Let us explain how to get the SU(3).® SU(2), ® U(1)y gauge quantum numbers
for particles. Let us consider the right chiral electron state Ey g(1,1, —2) = eg as an
example. Leptons do not carry color charge. Therefore, they do not transform under
the group SU(3).. Thus, we assign SU(3). quantum number of £  (and also for all
the other leptons) as 1 to make it into a singlet under this group. Moreover, since
only the left-chiral particles participate in the interactions of SU(2), the quantum
number of L, g is again 1. Finally, we use eq. (2.2) to get quantum number associated
with the group U(1)y.

In addition to the fermions, there are also bosonic particles in the SM introduced
in order to keep the kinetic terms of the matter fields invariant under the Local Gauge
Transformations (LGT) of the symmetry group given in eq. (2.1) (see Appendix B).
Thus, the local gauge invariance under the gauge group Ggyy, restricts the interactions
of the fields mediated by the these gauge bosons which then act as force carriers. Some
of the properties of these induced gauge bosons are summarized in the Table 3. We

also introduce, the Higgs Boson in the last row.
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Chiral Component SU3)c ®@SU(2)L, ® U(1)y Soi
pin
Field Fields Quantum Numbers
By By 1 1 0 1
W, Wi, W Wi 1 3 0 1
Ga G, G2, ... GY 8 1 0 1
¢+ L s o
P =7 0 0 1 2 1 0
d’o ¢1 + Z(bg

Table 3: Bosonic field content of the SM with their corresponding SU(3).® SU(2) ®

U(1)y gauge and spin quantum numbers.

The Higgs boson is introduced in the model for generating masses. In local gauge
symmetries Spontaneous Symmetry Breaking (SSB) is used to give masses to gauge
bosons and fermions (see Section 2.5). Recently, it was announced that there is
significant evidence for the Higgs boson gathered at CERN LHC [9,10], but further
data is needed to confirm this signal to be due to the SM Higgs Boson.

2.2 Interactions Between the Elementary Particles

in the Standard Model

It is well known that there are four interactions among the elementary particles which
are summarized in Table 4. The electromagnetic, weak, and strong forces are all gauge
forces and therefore are mediated by the exchange gauge bosons as given in the last
column of the Table 4. We include also the coupling strengths for each force which

are related to the coupling constants of the corresponding group by

gi(M)Q

A’

() = (2.4)

where g; = ¢’, g and g, are the corresponding coupling constants. These are running
coupling constants, as they are subjected to quantum loop corrections. Therefore
their values depend on the renormalization scale . Note that as the energy scale

considered becomes larger, the strong coupling becomes weaker. More specifically,
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at low energies such as u = 200 MeV, «,(200) MeV 2 O(1), which calls for non-

perturbative methods; while oy becomes asymptotically free for high energies.

Force Coupling Strength Range Mediator
Strong as = % =~ 0.1 <107 1%m | Gluon
Electromagnetic | o = é = 17;)7 00 Photon
Weak Gp 21.16 x 1075 GeV—2 <10718m | WE, Z
Gravitational GN 26.71 x 10732 GeV~2 | Graviton

Table 4: The four fundamental forces in nature.

The electromagnetic force is described by Quantum Electrodynamics (QED) which
is an Abelian gauge theory with the U(1)y symmetry. It is a renormalizable theory
and because of the smallness of the coupling constant («) perturbation works well.
The mediator of electromagnetic force is the photon which is massless. Therefore,
due to the uncertainty principle, the electromagnetic force has an infinite range.

The theory of weak interactions (responsible for radioactive decay) was originally
formulated by Fermi [115], and it works well for low energies. However, the coupling
constant G has the dimension of [mass| 2, so it is not a renormalizable theory. This
is why the Fermi theory is regarded as the effective model for weak processes. In
the 1960’s there were dedicated studies of weak interactions and Glashow-Weinberg-
Salam [2-7] formulated a renormalized theory based on the unified picture of weak
and electromagnetic interactions in the framework of the non-Abelian gauge theory
with SU(2), ® U(1)y symmetry, which is now called as electroweak theory of the
SM. Unlike the photon, weak gauge bosons W*, Z have masses. Thus, the weak
interaction has a short range.

The field theory for strong interactions (which hold atomic nuclei together) is
formulated with SU(3). color symmetry and is called as Quantum Chromodynamics
(QCD). The gluons, mediators of strong force, being massless are expected to have
infinite ranges, but unlike the electromagnetic field, gluon fields are confining, that is
they have a limited range.

Several attempts have been made to fit gravity, the remaining force, into this
gauge framework but these attempts have failed. However, the gravity is too weak to

change particle physics predictions in the current experimental energy scales.
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2.3 Cabibbo-Kobayashi-Maskawa Matrices

In the charged weak interactions of leptons, the coupling of W* takes place strictly
within a particular generation in the case of massless neutrinos. In other words,
upper members of left-chiral lepton doublets couple to the lower members in the
same doublet. That is, only the vertices e v, W™=, p~v, W=, and 77v, W~ appear.
There is no cross generational vertices such as e, W ~. However, the coupling of
W to quarks is not so simple, since there exist cross generational vertices as well,
such as sulW~. The idea is that, the quark generations are rotated for the purposes

of weak interactions such that

ur, ) Cr, ) tL
(d'L) | () | (bz)’ 2

where (d', §', b') are weak eigenstates not equal to the corresponding mass eigenstates
(d, s,b) but rather are linear combinations of them. The Cabibbo-Kobayashi-Maskawa
(CKM) matrix describes this mixing between three different families of quark in the
SM. Since there are three generations of quarks, the matrix is therefore a unitary

3 X 3 matrix given as

d/ Vud Vus Vub d
s’ = ‘/cd ‘/;s ‘/cb S ) ( 2.6 )
v Viae Vis Vi b

where the off-diagonal elements of the CKM matrix allow flavor transitions between
different generations.

There are several parametrizations of the CKM matrix, Vegm. A convenient way,
been proposed by Wolfenstein [116], approximates Vegm by using four independent
parameters and expanding each element of V' as a power series of the sine of the
Cabibbo angle, A (A = sinfc &~ V,). In the approximation up to order of A3, the

CKM matrix is written as

1-2 A AN (p—in)
Vekm = - — %2 AN? + O\, (2.7)
AN(1 —p—in) —AN? 1

with A = 0.2257, A = 0.814, p = 0.135, and 5 = 0.349 [117,118]. A 3 x 3 unitary

matrix cannot be forced to have real values. As a result, the couplings for quarks
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differ from the corresponding couplings for antiquarks as they have different phases.
In mathematical terms Vexm # Vigwm which implies CP violation in the quark
sector in weak interactions. In the Wolfenstein parametrization of the CKM matrix,

this is encoded in the n parameter.

2.4 The Standard Model Lagrangian

Before we start writing the SM Lagrangian density (Lgys) I will give some preliminary
information about how to sort the Lagrangian according to the mass dimensions of
the products of field operators that they contain. In a Four Dimensional (4D) theory,
the Lagrangian has to carry a mass dimension D = 4 to keep the action dimensionless.
If there exist terms that have a mass dimension D > 4, then inverse powers of a new
physics (NP) mass scale M have to appear. In mathematical terms we can write the

most general Lagrangian of a fundamental theory as

B L L
L= Leat Tr+ 105+ (2.8)

where the subscripts denote the mass dimension of the corresponding Lagrangian
with L£<4, including coefficients with positive mass dimensions. The mass scale M
can be considered as a cut-off scale for the theory, such that £4, the low energy part
of a more complete theory, will describe Nature at energies £ < M. Consequently,
terms L;~4, will be suppressed by the powers of E/M. They could even be neglected
depending on the ratio E/M.

The SM Lagrangian is considered as the EFT of a more fundamental theory. Thus,
the part of the Lagrangian £ given in eq. (2.8) with D < 4 will be the SM Lagrangian,
and the rest will be the NP. Now, we will write the most general, gauge invariant,
renormalizable SM Lagrangian density based on the observed particle content and
symmetries.

It is divided into four parts:
Loy = LK™+ LEW + Lo+ Ly (2.9)

The LE™ term corresponds to the kinetic energy Lagrangian of the fermionic sector
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in the SM. For the representations of the fields see Tables 1 and 2.

3
LEm = Z (Li,Li’Y“DuLi,L + E; piv* Dy Ei r + Qi 1iv* D, Qi1 + Ui riv* D, Ui k

i=1

+ Di,RW“DuDi,R) ; (2.10)

where 1); = w} v 4 = Q,U,D,L,E. The Dirac-gamma matrices are summarized
in Appendix A. The normal derivative, d,, is replaced by the covariant derivative,
Dy = 0, — igsta G — igniW), — ig’X B, to preserve the gauge invariance in eq. (2.1).
Here, g5, g, and ¢’ are the coupling constants, which are not constants but functions
of the renormalization scale (i), and they determine the strength of the interaction.
They are associated with the SU(3)., SU(2). and U(1)y gauge groups, respectively.
The corresponding generators to each gauge group are t,(a = 1,...,8) = \,/2 for
SU(3)e, 1i(i = 1,...,3) = 0;/2 for SU(2)p, and Y for U(1)y (see Appendix A), and
the corresponding gauge vector bosons are G, (a=1,..,8), Wﬁ(z =1,...,3) and B,.
One can write the fermion kinetic term more explicitly by inserting the corresponding
covariant derivatives, hypercharge quantum numbers and also indicating the quark

color indices as follows
3 / /

crm = Y (Ei,m“ 10, = 50/ W) +i% By | Lis + Euin |0, + 1% Bu| Ei

< 2
1,7=1
- [ 9 g g
+ Y% <ngﬂ[{ay — S oIW] = i% B, fday — i Nasa G| QL
a,f=1 a=1
mo 24’ s o718
+ Ulpiy [{8” - Z?Bu}éag - z;)\agaGu} UL
Do [0, + 1L B Vo — %A DI 2.11
i,L27 © +1 3 p(YaB v 2 afa™y i,L ( : )
We can construct further gauge invariant Lorentz scalars using the gauge vector
bosons as
, 1
LEm = ——B’“’B — ZW’“” we ZG“"“GW, (2.12)
where

B, = 0.B,—0,B,,

Wlil’ - aMWZ o 8VW;ZL - gel]kWiWiC? i?ja k= 17 "'a3a
Go, = 0,Gp—0,G% — g, f GG, a,byc=1,...,8, (2.13)
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are the corresponding field strength tensors of the U(1)y, SU(2), and SU(3). gauge
groups, respectively. Eq. (2.12) include the gauge boson kinetic energy terms as well
as the three and four-point self interactions for W: and Gf. The U(1)y gauge boson
has no self interaction. In addition, €% and f®¢ (see Appendix B) are the structure
constants of SU(2), and SU(3)., respectively. The generators of the group SU(2),

obey an algebra of the form

[T, 7] = ie*T*, i, k=1,..3, (2.14)
whereas the generators of SU(3). will satisfy

[T, T = ifeeT*, a,bc=1,..,8. (2.15)

The masses of the fermions and the gauge bosons do not appear in the SM Lagrangian
because it is not possible to write down gauge invariant mass terms for the (non-
Abelian) vector bosons and chiral fermions. There is then a conflict between the
SM and the observations from particle accelerators that there exist massive particles
in nature. Otherwise, all the particles would be traveling with the speed of light
making it impossible to form atoms, compounds and so on. Therefore, a spin zero
complex scalar doublet under the group SU(2), called as the Higgs boson (®), is
introduced into the model through the Higgs mechanism [11-13] via which electroweak
gauge symmetry is broken in vacuum and SM particles receive mass, whereas the
fundamental Lagrangian remains gauge invariant. We will talk more about the Higgs
particle and describe the Higgs mechanism in the following section. For now, it is
sufficient to understand that an additional scalar particle ® with Ggy gauge quantum
numbers given in Table 3 has to be introduced to give masses to the SM particles.
The third part of the SM Lagrangian are the kinetic and potential terms for the
Higgs field, responsible for the interaction of the gauge bosons and Higgs particle.

The gauge invariant kinetic and potential terms for the Higgs field can be written as

follows
Lo = (D,)(D,) - V(@'®), (2.16)
with
¢*(x) 1 [ ¢5(x) +iof ()
P(z) — _ 2.17
) ( # (2) ) vz ( () + i62(a) ) 240
and the covariant derivative
D,=0,- igaiwg - i%/B#. (2.18)
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The Higgs potential term is conventionally written as

V(®TP) = —’u;(CI)TCI)) - 2(@*@)2, (2.19)

where 1% (mass term) and A (Higgs quartic coupling term) are the free parameters
and A should be positive to ensure a stable vacuum.

Now, let us turn our attention to the Yukawa Lagrangian that describes the
interactions among the fermions and the Higgs field. The general form can be

expressed as!

Ly = Z (yngi,L‘PDj,R + y%‘(QLL)é(Uj,R) + 5 (LiL)(Ej r) + h-C-)a (2.20)

ij=1
where
b(z) = imd*(z) = ( () ) , (2.21)
—¢ (z)
and yfj’d’e’s are responsible for fermion masses. They are 3 x 3 completely arbitrary

matrices. Most of the free parameters of the SM are embedded in these couplings.
Note that the field ®(z) has (1,2*, —1) as SU(3).®SU(2) ,@U(1)y quantum numbers,
respectively. The Higgs field ® is responsible for generating masses for the lower
components of fermions. The upper components, on the other hand, interact with ®
to receive their masses.

The Yukawa terms are given with fermion fields in their gauge eigenstates, it will

be useful to summarize them

L = {ep, up-m},  Ly={w,, v, v},

Ex = {¢p tp-r}",

Qr = {dp,s7.07}",  Qf ={up, . 17}7,

Dr = {d) %02}, Ug = {ul & 2)7. (2.22)

Notice that right-handed neutrinos L does not exist in the framework of the SM to

keep neutrinos massless.

1In the case of massive neutrinos, there is an additional term in the Lagrangian: L f,M =
niVjLi,Lq)Vj,R + h.c.
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2.5 Higgs Mechanism

The Higgs mechanism, is introduced by Brout, Englert [11], Higgs [12], Guralnik,
Hagen and Kibble [13] in the SM to spontaneously (i.e., in the ground state not in
the fundamental level) break the gauge symmetry SU(3). ® SU(2), @ U(1)y to the
subgroup SU(3). ® U(1)g. Consecutively, it gives masses to the three electroweak
gauge bosons W, Z but leaves the gluons and the photon, the gauge particles of the
unbroken symmetries SU(3). and U(1)g, respectively, massless. This process is called
as the electroweak symmetry breaking (EWSB) and it is achieved by introducing a
complex scalar doublet under SU(2),, the Higgs boson. The mechanism works as
follows. The Higgs potential term, V (®®), given in eq. (2.19) is minimized for A > 0
(so that the Higgs potential will be bounded from below) and p? < 0. The minimum

of the potential occurs at a nontrivial value of ®f®

(@) = L@+ (@ + (Dot (@] =% v=v@h (229

instead of occurring at (®T®), = 0, which gives a local maximum. The subscript zero
indicates that, this specific solution produces a minimum value for the Higgs potential.
Therefore, the Higgs potential has the so called Mexican hat form as shown in Fig.
1.

Figure 1: The Higgs potential function for x?> < 0 and A > 0 on a real-imaginary
plane of ¢.

Above Mgw, the Higgs field resides at the local maximum point where v = 0 and the

gauge symmetry Ggy is preserved. However, if the energy falls below the electroweak

21



scale Higgs field cannot stay on top of the local maximum anymore. It chooses an
arbitrary direction and spontaneously breaks the electroweak symmetry SU(2), ®
U(1)y into the subgroup U(1l)g. In summary, at the minimum configuration of the

potential, the Higgs field develops a vacuum expectation value (VEV)

By = (0]®[0) = ( 0 ) : (2.24)

and consequently breaks the gauge symmetry spontaneously. In the minimum

configuration one can choose the Higgs parametrization to be

(61)0 = V2v, (¢2)0 =0, (¢3)0 =0, (¢a)o = 0. (2.25)

Experimentally, we know the VEV v ~ 174 GeV. Let us show that the generators I3

and Y are broken at the vacuum:
1({1 O 0 1( 0 1
2o, = - == = ——®,,
2\ 0 -1 v 2\ v 2
Y&, = &,. (2.26)

Therefore, e*ia”?v(bg # & and e—zﬂ%q)o #+ ®(, whereas the electric charge operator

() remains as unbroken generator since

, Y. (10 0\
Q<I>o—(lw+§)<1>o—<0 0><U>—0, (2.27)

ie., e79d; = ®;. Since the symmetry is local we may perform a different isospin

rotation to each point in space so that ® may be reduced to the form
0
(I)—<’U—{—M>7 (2.28)
V2
where h(zx) is the famous Higgs particle.

2.5.1 Mass Generation of Gauge Bosons

The masses of gauge fields manifest themselves in the kinetic part of the Higgs

Lagrangian when the Higgs field receives a VEV. Therefore, the gauge fields acquire
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masses by the kinetic interaction with the Higgs field. At the vacuum, the covariant

derivative of @ yields using eq. (2.18) yields

0 W3 oW+ / 0
Ducb:(l >—[zg< “_‘/_g>+¢%3u}( h)
T50uh VoW, - v+ %

i V2guW,f + ghW,f (2.20)
2\ iV20,h +v(=gW; + ¢ B.) + J5h(—gWi+¢'B,) |

where W7 = \%(Wl} T iW7). Hence,

’U2

1 (gW[j —¢'B,)* (2.30)

1 2,.,2
(D) (D"®) = S(9,h)* + %W;W”— n

We define an orthogonal transformation to remove the mixing of neutral fields (Wi’

and B,,) such that
Z, [ cos Oy — sin Oy, Wi’ (2.31)
A, sinfy,  cos Oy B, ’ '

/

9 9

where Oy, is the Weinberg angle. Substituting eq. (2.31) in eq. (2.30), the photon,

with

sin Oy = cos Oy = (2.32)

A, becomes massless while the mass eigenstates for W* and Z° bosons are obtained
as

U 2 + /12
J Mg =/ 9197, (2.33)

My+ = —,
we= 5

2.5.2 Mass Generation for Fermions

The fermions acquire their masses from Yukawa interactions of Higgs field given in
eq. (2.20) in the vacuum state. For simplicity, let us show how the up-type quarks
receives their masses via Higgs mechanism. In the vacuum, the Yukawa Lagrangian

for up-type quarks reads

3

ij=1

h _
— TY,Ugr +h.c
\/5) Qi Yu Un

(2.34)
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Note that on the right-hand side the we have used the the representation of fermions
in their gauge eigenstates, introduced in eq. (2.22), and Y, is a 3 x 3 Yukawa coupling

matrix for the up-type quarks. We can rewrite eq. (2.34) as follows
£y = Qf (M"+Yuh)Ug +hec, (2.35)

where M, = vY, is the 3 x 3 fermion mass matrix for up-type quarks. However,
these are not the physical eigenstates since the mass matrix is not diagonal. We can
diagonalize M, by separate unitary transformations Uq, and W, on the left- and

right- chiral fermion fields, respectively

U 'Q} = (upcrtr)”, W, 'Ur = (ug cg tr)7, (2.36)

which will result in

m, 0 O
Ug, MWy =M= | o . 0 |, (2.37)
0 0 my

where the diagonal entries are real, non-negative eigenvalues corresponding to the
physical masses of up-type quarks. The down-type quark and charged lepton matrices

are also diagonalized in a similar way by
Uq, MgW4q = MG, UL, MW, = M/ (2.38)
by making use of

U, 'Qf = (d sy bp)7, W4'Dg = (dg sr br)",
ULBTLi = (eL Hr TL)T, WeTEE = (€R MR TR)T. (239)

2.6 Experimental Status of the Standard Model

There are three assumptions made for constructing SM. Its gauge group is SU(3). ®
SU(2), ® U(ly). There is only one Higgs doublet. Fermion representations
compromise left-chiral weak isodoublets and right-chiral singlets.

There are 21 free parameters of which three are coupling constants, twelve fermion

masses, four fermion mixing parameters, one Higgs mass and one independent gauge
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boson mass. We have briefly introduced these essential ingredients of the SM in the
previous sections. We now summarize its successes. The theory is formulated as a
renormalizable quantum theory. Therefore, it preserves its predictive power beyond
tree-level computations and allows for the probing of quantum effects. In the mid
1980s, the elements of the SM which still awaited experimental confirmation were
the discovery of top quark to verify the multiplet structure of fermions, validation of
universality, demonstration of asymptotic freedom over a wide range of energy scale,
extraction of sinfy from numerous experiments, discovery of the properties of W
and Z bosons (predicted prior to their observation) and finding the Higgs. All those
confirmations, except for the Higgs properties, are accomplished at various levels of
sensitivity. The existence of the top quark was established in 1995 using 67 pb~! data
sample of pp collisions at Fermilab [119,120]. The universality, which is explained
as the coupling of the leptons to gauge bosons being flavor independent, has been
tested many times for instance, the probability that W~ decay to ("1, is the same for
electron, muon and tau leptons to a very good precision. The weak current which was
discovered in 1973 [121-123] together with the W and Z bosons [124,125] have been
the primary predictions of the SM. In short, every feature of the theory is confirmed
to a high degree of precision by the experiments over the decades except the missing
Higgs boson. In the SM, the Higgs boson mass (m;, = \//\_/21)) is a free parameter
since the self coupling constant (A) is unknown. The SM Higgs production cross
sections and its branching fractions has been calculated as a function of Higgs mass
At high-energy hadron colliders the relevant cross sections for Higgs production are
presented in Figure 2 as function of the Higgs mass. The main production mechanism
for the SM Higgs boson is the gluon fusion through a heavy quark loop over the all
mass range of the Higgs which is then followed by vector-boson fusion (VBF) channels
contributing significantly to the Higgs production for heavy Higgs where the coupling
to longitudinal polarized vector bosons is strong. We do not aim here at a detailed
discussion of the importance of each production channel, but only at providing the

most accurate and up-to-date theoretical predictions.
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Figure 2: Standard Model Higgs boson production cross sections at center-of-mass

energy of 8 TeV. Figure from [131].

Since the Higgs boson decays very rapidly, in order to get a complete and correct
vision of Higgs phenomenology, one has to look for its decay modes including both
tree level massive and loop level massless particles of the SM. Figure 3 shows the the
most relevant decay modes of the SM Higgs boson to the SM particles as functions

of its mass.
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Figure 3: Standard Model Higgs boson decay branching ratios. Figure from [131].
In the high mass region, the SM Higgs decays mainly to the vector bosons, whereas in
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the low mass region the decays to fermion pairs dominate. Despite the small expected
signal rate, decay of Higgs boson into a pair of photons is particularly relevant for the
discovery potential of Higgs boson at the LHC for a low mass Higgs boson since the
reconstructed mass resolution provides a way to separate signal from background.
Previously, production of Higgs mass below 114.4 GeV has been excluded by the
direct searches at the CERN LEP at 95% Confidence Level (CL) [126] and between
156 GeV and 177 GeV at the Fermilab Tevatron at 95% CL [127]. On July the
4th, 2012 both ATLAS [9] and CMS [10] experiments presented a preview of their
updated results on the search for the SM Higgs Boson. It has been announced that
they observed a particle consistent with the SM Higgs boson which is the first spin zero
fundamental scalar that has ever been discovered with 5o deviation in the combination
of vy and ZZ decay channels. The question is it the SM Higgs or not still remains

to be resolved. See Figure 4.
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Figure 4: The observed (full line) and expected (dashed line) 95% CL combined
upper limits on the SM Higgs boson production cross section divided by the SM
expectation as a function of my in the full mass range. Left panel shows the ATLAS
results. Figure from [10]. The dotted curves show the median expected limit in the
absence of a signal and the green and yellow bands indicate the corresponding +1o
and 420 intervals. Right Panel shows CMS results. Figure from [11]. The green and
yellow bands indicate the ranges that are expected to contain 68% and 95% of all

observed excursions from the median, respectively.
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2.7 The Shortcomings of the Standard Model

Although the SM has been impressively successful in explaining all observed low-
energy phenomena, it is still unsatisfactory since it builds on many assumptions and

leaves some fundamental questions unanswered. Below we list the major drawbacks
of the SM.

e The Gauge Symmetry Problem: The SM is a complicated direct product
of three subgroups groups SU(3). x SU(2), x U(1)y with their corresponding
gauge coupling constants, which are completely arbitrary. In a more satisfactory
theory, one should have a way of understanding the origin of the three different
gauge couplings. In addition, there is no explanation for electroweak part of

the SM being chiral (parity-violating).
e Fermion Problem:

— There are three generations of fermions in the SM. However, we know that
all the matter in the Universe can be constructed from the first family only.
The second and third generations are heavier copies of the first family with
no obvious role in the nature. The SM does not explain the reason of the
their existence and leaves the question: “Whether or not there are more

families ”"without an answer.

— There is a hierarchical pattern in the masses of the fermions, i.e., my,
My > Me, Mg > My, Mg, My > My, > m,, which varies over 5 orders of

magnitude and not understood in the scope of SM.

— In the SM neutrinos are massless. However, recent neutrino oscillation

experiments show that neutrinos have small masses [42,43].

e Hierarchy Problem: The SM introduces Higgs field to generate masses for W,
Z bosons and fermions. For the model to be consistent, the Higgs mass should
not be too different from that of W. Otherwise, Higgs self-interactions would
be excessively strong. However, the Higgs mass receives enormous quantum
corrections (quadratically divergent) from virtual effects of every particle that

couples directly or indirectly to the Higgs field.

e Gravity Problem: SM does not include a quantum theory of gravity. Other

than gravity all the other forces follow from the local gauge invariance. However,
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gravity remains a mystery which is expected to become important at the Planck
scale. The mere fact that Mp/Mgw is so huge is a powerful clue that new

physics exists in the higher energies.

e Baryogenesis Problem: It is a natural assumption that in the early Universe
matter and antimatter were created equally, but today we see a baryon?
asymmetry of the Universe as there is only protons, neutrons and electrons.
Baryogenesis, the elimination of antimatter while leaving behind some matter,

is one of the most fundamental problems of the SM.

e Dark Matter Problem: In recent years a remarkable concordance of
cosmological observations involving the acceleration of Universe has allowed
precise determinations of the cosmological parameters such that 74% Dark
energy, 21% Dark matter and 4 — 5% ordinary matter are constituents of the
Universe. The mysterious Dark energy which leads to the acceleration of the
expansion of the Universe is not accounted for in the SM neither is the Dark

matter.

This list of unanswered questions provides the primary motivation for the
consideration of physics beyond the SM. Numerous theories are studied in the hope
that they will address at least one of these issues. However, no single theory exists

that successfully addresses all of these questions simultaneously.

2A composite subatomic particle containing three quarks.
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Chapter 3

BEYOND THE STANDARD
MODEL

A decade of increasingly intense experimental studies has put the SM on strong footing
such that it is now firmly believed that the SM describes the nature extremely well
in quantum realm up to current collider energies. However, there are some strong
theoretical arguments and experimental hints (summarized in Section 2.7) indicating
that at higher energy scales the SM has to be extended to BSM. Nevertheless,
considering its successful predictions, any extension should reproduce the SM at the
energies that have been already explored. In the following sections we will introduce
LRSM, SUSY, SM4, and Warped Extra Dimensions.

3.1 The Left-Right Symmetric Model

Prior to 1956 the parity invariance (or mirror symmetry) of physical systems was taken
for granted as self-evident. However, that year, Lee and Yang [128] decided to carry
out an experiment to test this assumption, which was repeated later by Wu [129] to
settle the issue, on radioactive Cobalt 60 nuclei undergoing beta decay. In this famous
experiment, the spins of Cobalt 60 nuclei were aligned to be pointing in the same
direction and the direction of emitted electrons after the beta decay were recorded.
It was observed that the electrons came out in the same direction as the direction of
nuclear spin. Examining the mirror image of that same process (i.e., the Cobalt 60

nuclei were aligned to be pointing in the opposite direction to the initial set-up), the
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electrons were monitored to be emitted in the direction opposite to the nuclear spin,
thus violating the parity. Later, it has been realized that, the parity violation is not
only limited to beta decays but is actually typical for the weak interactions where it
is violated maximally. In the SM, the parity violation reveals itself most dramatically
in the behavior of neutrinos (they interact only weakly). As they are assumed to
be massless, there is no room for the right-chiral neutrinos. While chirality is an
elegant ingredient of the SM to explain the massless neutrinos, most of the nature is
actually left-right symmetric, suggesting the reasonable hypothesis that parity must
be a broken symmetry. In addition, the recent measurements in the solar [42] and
atmospheric neutrino [43] fluxes seem to indicate that the neutrinos should have small
masses, which is considered as a support for BSM. The most straightforward way for
including neutrino masses would be to insert the missing right-chiral neutrino states as
proposed in LRSM [17-19] extensions of the SM, where the smallness of the neutrino
masses is explained by the see-saw mechanism [19, 44].

The main motivation, however, for studying the LRSM is that it provides a
dynamical explanation for the parity violation, observed in the low energy weak
interactions, on the same footing as the gauge symmetry breaking of the SM. As we
have already mentioned in Chapter 2, the SM accommodates the left- and right-chiral
fermions in different ways such that under SU(2), gauge group transformations, the
left-chiral fermions transform as doublets, whereas the right-chiral ones transform as
singlets. LRSM, on the other hand, assumes that at the energy scales higher than
Mgw the underlying symmetry of the nature is parity conserving (i.e., the left- and
right-chiral fermions enter into the theory in a symmetrical fashion, both placed in

doublets) which requires the gauge symmetry of the SM to be extended to
Grrsm = SU3). @ SU(2), @ SUR)r@ U(1)p_r. (3.1)

In the subscript B — L, B and L correspond to the baryon and the lepton quantum
numbers, respectively. However, we know that at the current accessible energy scales
the theory should exhibit the symmetry of the SM. In order to meet this experimental
constraint, the LRSM is broken spontaneously. The SSB of the left-right symmetry
is accomplished in two stages. At the first stage the right-chiral sector breaks the
gauge symmetry SU(2)g ® U(1)p_r, down to U(1l)y at an energy scale vg and the
gauge bosons of SU(2)r become massive. The resulting symmetry is the SM gauge

symmetry given in eq. (2.1). The next step is EWSB which happens in the same
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manner as in the SM. Recall that, the SM symmetry is also is spontaneously broken
to the subgroup U(1)g at Mgw. The group generator () is given by the modified

Gell-Mann-Nishijima formula

) B—L
Q=1 +1I, n+ —5 (3.2)

where I3 ;| and I p are the third components of the SU(2), and SU(2)g isospin
quantum numbers. We will show explicit calculations of the symmetry breaking

process in the Subsection 3.1.3.

3.1.1 Elementary Particles in the Left-Right Symmetric
Model

In this Subsection, we will briefly describe the field content of LRSM. Implementation
of the left-right symmetry requires the introduction of left-chiral partners of the
observed gauge bosons, neutrinos, and a Higgs sector containing at least one bi-
doublet, one right-chiral and one left-chiral triplets'. Table 5, summarizes the
representation of the matter fields and the corresponding quantum numbers under the
gauge group Gprsy for the first generation of fermions (the subscript i = 1). The @4
and L, are the first generation quark and lepton fields of the SM, respectively and §
and L§ are the equivalent SU(2)g fields (see Appendix A for the detailed discussion
about the notation). As the LRSM treats the left- and right-chiral fermions on an
equal footing, right-chiral fermions are also represented as doublets under SU(2)g
group transformations . There are three generation of quarks and leptons as in the
case of the SM. The doublet representations of the other generations can be written
in a similar fashion by making sure that the charges of the fields satisfy eq. (3.2).
Note that the color charge of quarks are indicated by a superscript («). In the last
column of the Table 5, the parity transformations for the corresponding matter fields

are stated.

'Doublets instead of triplets can also be used.
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Chiral | Component | SU(3). ® SU(2)r, ® SU(2)r ® U(1)B_L Parity
Field Fields Quantum Numbers Transformations
a u® 1 cx
Ql 3 2 1 3 Q1 — Ql
da
e de" * 1 c *
QS o 3 1 2 -3 Qs — Q7
—uc
Ve
L1 1 2 1 —1 L1 — Lf{*
e
66
LS 1 1 2 1 L — Ly
iy
e

Table 5: First generation of fermions in the LRSM including the corresponding
SU(3). ® SU(2), @ SU((2)gr @ U(1)p_1, gauge quantum numbers together with the

transformations under parity operator.

The addition of a new SU(2)g to the gauge group requires the existence of three
weakly interacting gauge bosons: two charged (Wj%t#) and one neutral (Zg,). While
an extra neutral gauge boson is predicted by extensions of the SM with an extra U(1)
gauge symmetry group, a charged gauge boson would be a more likely indication of
left-right symmetry. The bosonic (spin-1) field content of LRSM is encapsulated in
Table 6.

Chiral Component SU(3)c ® SU(2)L ®SU(2)r ® U(1)B-1L
Field Fields Quantum Numbers
Vi Vi, 1 1 1 0
W, wi W, W3 1 3 1 0
L L 'L "Ly
w Wi We W3 1 1 3 0
Ry Rp» """ Rp’ "' R
12 8
Gy, GG, G, 8 1 1 0

Table 6: Bosonic field content of the LRSM with their corresponding SU(3). ®
SU(2), @ SU(2)r @ U(1)p_1 gauge quantum numbers.

While the SM contains one neutral Higgs boson only, most of the BSM predicts
more than one Higgs doublet which means there will be at least one singly-charged
Higgs boson. Recently, non-SM Higgs searches are taking place at CMS and ATLAS
[130-132]. Discovery of a singly-charged Higgs boson, would raise the question which
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fundamental gauge symmetry is responsible for its existence. Hence, the hope of
clearer signal rests on more exotic Higgs bosons, such as the ones predicted in the
LRSM where two triplets, which contain a doubly-charged, a singly-charged and
a neutral Higgs components, are introduced. The doubly-charged Higgs fields, if
light, would give distinctive and spectacular signals at the colliders. In Table 7 the
Higgs content of the LRSM and their Grrgy quantum numbers together with the

corresponding parity transformations are summarized.

Chiral Component SU(3)c ® SU(2)L, ® SU(2)r ® U(1)_L Parity
Field Fields Quantum Numbers Transformations
+ 0
) ¢t ¢f 1 2 2 0 @ — of
o1 b
st s+
A V2 N 1 3 1 2 A — AC*
80 -2
V2
507 é_CO
Ac V2 _ 1 1 3 -2 AC — A*
5077 _é¢
V2

Table 7: Higgs content of the minimal LRSM with their corresponding SU(3). ®
SU2), ® SU(2)g ® U(1)p_p gauge quantum numbers and corresponding parity

transformations.

We know that left-right symmetry is not an exact symmetry of nature. At low energy
scales it has to be broken spontaneously. In the Subsection 3.1.3, the breakdown of
the Grrsm will be explained in more details. The Higgs fields which are required to
break the underlying symmetry of the LRSM down to U(1)g are not unique. The
choice with one bi-doublet (®) and two triplets A and A¢ is the most common. The
latter field is responsible for the first stage of the symmetry breaking while giving
masses to the right-chiral weak bosons, and the second stage is accomplished by the
bi-doublet acquiring a VEV and giving masses to quarks and charged fermions as well
as left-chiral weak bosons. The remaining triplet, A is introduced into the theory to
maintain the left-right symmetry, does not have any significant role in the dynamics
of the theory.

It is important to note that for convenience the representations of triplets in Table
7 are rewritten by 2 x 2 matrices (fundamental representation) instead of 1 x 3 (adjoint

representation) so that we can use the fundamental representation of the covariant
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derivative for all Higgs fields. The procedure is as follows. The adjoint representation

of a triplet and its covariant derivative reads
sl
Audjrep. = 6 |, Dy Asgjrep. = (O — igeijkW ]>A§dj rep. (3.3)
53
By utilizing the following relation

ZAZ

adj J rep.

AMW—AE: : (3.4)

we rewrite them in fundamental representation as

g g+t
Afun.rep. - \(S/g 5+ 5 (35)
V2
where
1, ;82 1 52
0" +1i0% <o , 0 — W07 _ s+ 8=t (3.6)

V2 V2

The covariant derivative can be written as

<@A:@A—%@WWA+%AQWW. (3.7)

3.1.2 The Left-Right Symmetric Model Lagrangian

The Lagrangian density of the LRSM is divided into four parts as follows
Lrrsy = LE™ + LE® + L1+ Ly (3.8)

The first piece of the Lagrangian accommodates the kinetic terms for the matter fields
as well as the interactions of the matter fields with the gauge bosons.
3
ﬁ?ﬁ:}j@mﬂa—zJWﬁ %ﬁmﬁi

ij=1
— Loy |0, = i%te Wi, +i95E, | L
8

+ i:}:(@%#{&i—z W, = LY, ous — i % NG| QF

a,6=1 a=1
— Q% u[{a _ ;IR ; ]szm gB6LV“}5aﬁ—i%)\a5aGZ] Qfﬁ>)- (3.9)
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The second part of the Lagrangian is devoted to gauge bosons. It contains kinetic

and self interaction terms for the vector fields.
13 3

1 > wirwi,, - ! Z WE W — = Z GmeGe,,  (3.10)

i=1 i=1

mn 1 v
/CK - —ZVM V;u/ -

where the field strength tensors are given by
ver = 9,V, = 9,V,,
Wi, = 0.Wi, —0,Wi, — g™ W] WE,, i jk=1,..3
Wi = 0Wh, —0,Wh, — gre"Wh, WE,.  ij.k=1,..,3,

G, = G, —0,G — gsf“chZGf/, a,b,c=1,...8.  (3.11)
The gauge invariant kinetic term for the Higgs multiplets is
Ly = ZTr[(D“HZ-)TDHHZ-] Vi, (3.12)
where H; = &, A and A° and the covariant derivatives for each multiplet reads
D& = 0,&— i%(a Wr,)ioe® +¢%Rz'agq>(a Wra), (3.13)
DA = 9,A— @7(0 WA+ %LA(U W) —igs_LVA, (3.14)

D,A° = 8A0—17(0' WR#)AC—FZQRAC(O Whgy) —igp—r VA (3.15)

Finally, the Yukawa Lagrangian in LRSM reads

3

Ly = Z (yzcjg Qf 02P0 QF + U5 2 Q! 0200, Q5 + i LLT 0200, LS

,j=1

—HgZL] LZT O'Qi)O'QL;? + fij (LZT iO‘QA Lj + LZCT iO‘QAC Lj) + hC> s (316)

where @ is the conjugated Higgs bi-doublet given by

B (I)O _(I)+
d = 0y0%0y = ? 2. (3.17)
0 DY

3.1.3 Higgs Mechanism in the Left-Right Symmetric Model

In LRSM the SSB via Higgs mechanism arises in two steps. At the first step right-

chiral triplet develops a VEV
0 VR
A°) = , 3.18
(A) ( 0 o ) (3.18)
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and breaks the left-right symmetry as
SUB). @ SUR)r@SU2),@U(l)g_, — SU3).@SU12),®U(1)y.(3.19)

The kinetic energy term of the right-chiral triplet then becomes
2

Te|(D#A) DAY = b WE Wi, + vk (9rWE — g5 1 V") (3.20)

where Wj%t# = \%(W}lzu F WI%H). By applying the orthogonal transformation

Zpp \ _ [ cosp —sing W, (3.21)
B, sing  cosp Vi ’ '

to the gauge eigenstates we obtain the physical massive right-chiral neutral gauge

boson (Zp,) and the massless hypercharge field (B,,) where

Mz, = vr\/2(g% + 95_1)- (3.22)

The physical field Zg,, decouples from further breakdown process. The mixing angle
@ is given by

dr 9dB—L

COS p = —F————, sing = —————. (3.23)
IR+ 9L VIRt 95L
The following stage of the symmetry breaking is as follows
SUBB).@SU2),@U(l)y — SU(3).2U(1l)q, (3.24)

where the bi-doublet ® and possibly but not necessarily the left-chiral triplet A get

VEVs which are
0 0 0 v,
(A) = ( ) , o (P) = ( ) : (3.25)
vr, 0 vg O

and the value y/v2 + v = v = 174 GeV. The kinetic term for the left-chiral triplet
A is

2
T [(D“A)*D“A} — GUIWIWL + vl (ngg?’ — gp_1cos ngﬂ) . (3.26)

and for the bi-doublet we have

v? ) 2 92 B B
Tr{(D"){(D,@)] = (0 WE = grsingB* )+ (g WETWE, + ghWh W)
+ grgrvad W We, + WETWL ), (3.27)
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where W, = \%(Wéu FiW},) and the compositions of physical gauge bosons at this

Zip \ [ cosby —sinby w3, (3.28)
A, sinfy  cos Oy B, ' '

Here the Weinberg mixing angle is defined as

stage are

gr gy _ YrYB-L

—7 B gY - T
Vi + 9y Vi + gy N
and gy is the hypercharge coupling constant. The masses

2 2
My, = w%, Ma = 0. (3.30)

It is apparent from eq. (3.27) that the gauge bosons Wi and Wi states are mixed.
This is due to the bi-doublet ® transforming non-trivially under both SU(2), and

cos Oy = sin Oy = (3.29)

SU(2)g. One can easily write the mass-squared matrix in the basis {wa Wi L in

the following manner

M2 M? 1 2 (202 4+ 02 2 Uy U
M. =| 7 =3 s RPN PR GE 1)

The mass eigenstates Wi and W5 will emerge after applying the following orthogonal

transformation on physical W gauge bosons

Wi B cosé e @siné WLiM (3.32)
WQiH —siné e “cosé Wgu ' '

Here ¢ is a mixing angle which is severely bounded (£ < 107%) [133] and w is a phase.
The mixing angle is defined by

2Mip 49RIL VLV

tan 2€ = = ,
CTIE MR T B0 208 + (7 T 20)

(3.33)

In the limit v, — 0 we get

2
Mg, = % [’02 cos? € — 298,045 2 + 93(21}% + v?) sin’ 5} ,
2 g gL
97 g3
MI?VQ = 7L [v sin® & + 2—qud sin 2 + (2UR + v?) cos® 5} . (3.34)
gL
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Notice that when there is no mixing (§ — 0) the mass eigenstates will be exactly
]\4{/{/1 = MWL and ]\4[/[/2 = MWR'

gL
MWL = UE, MWR = VURYR- (335)

The relation between the masses of W and Z bosons are

My, _ IL = cos Oy Mwn _ IR Sk (3.36)

Mo Vi +6y Mow gy +ap) V2

The fermion masses are generated through the Yukawa Lagrangian given in eq.
(3.16) when the Higgs fields acquire VEVs as in egs. (3.18) and (3.25). The Dirac

fermions receive their masses by coupling to ¢ and ® bi-doublets which give rise to

the following Dirac mass matrices for leptons and quarks

M, = yhvu+ Jiva, M, = ysva + v,
M, = (y2v.+igva),  Ma= (yova+ Gv). (3.37)

The left-chiral triplet A (the right-chiral triplet A¢), on the other hand, only couple
to left-handed neutrinos generating light Majorana masses corresponding to the three
known neutrino flavors (right-handed neutrinos generating heavy Majorana masses
which has yet to be discovered). The mechanism to explain the relative sizes of

observed neutrino masses is called the see-saw mechanism and happens through

0 M
M, ~ T (3.38)
ML My

mixing

where M)y, is much more higher than Mp. The eigen states are m,, ~ —M32 /My,
and m,, ~ My [19,44].

3.2 The Supersymmetric Standard Model

Supersymmetry is a hypothetical symmetry and very different from those we have
encountered so far. It is a symmetry that relates bosonic and fermionic degrees of
freedoms of particles. Originally, the idea of an existing symmetry between bosons and
fermions has been introduced in two-dimensional string theory [134-136]. Afterward,

in 1974, a four-dimensional field theory, SUSY, was constructed by Wess and Zumino
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[20,21]. What is remarkable about SUSY is that it enlightens the gauge problem of the
SM by leading a coupling constant unification. Simple GUT predict that the gauge
couplings, when properly normalized, should all be equal at the GUT scale. Since
the dependence of the gauge couplings on the energy is very mild logarithmically, the
energy scale where the unification occurs is quite high, as can be seen in Figure 5.
Unification can be tested via the observed gauge couplings at the Z-boson mass scale.

At one loop one has

1 1 Q?
= — 47b; In —, 3.39
(@) ~ mrg) g (339)
where

by . 41/10 . 33/5
by | = 162 —19/6 or e 1 : (3.40)

b3 —7 -3

SM MSSM

As can be seen from the Figure 5, the couplings do not unify at a single point when
extrapolated assuming SM, but do meet at around 10*® GeV when the supersymmetric

partners contribution are taken into account.

% Z 60
u U = Yrr
® 50 dy (1) L&, Forgg = 50 i 2Eu .
1 a, (1) Orce
g 40 ; 40
[} w
£ c S AJ =
8 30+ o (1 ?o‘r? 8 30 - - l YWeak Force -
Ea 3\5\‘0(\53 g o (u) — 2
5 20 E = G 20 Forc® __—
3 o 2 5_\[1_{}\_53‘9“—‘5 ==
@ 10— U.3{Fl} e : : 10— — “.l{lu )
] persymmetry & ] With Supersymmetry
o I [ [ 1
E o 3 5 7 9 1 13 15 17 E 0
108 10° 10" 10° 10" 10" 10™ 10 10® 10®° 107 10° 10" 10™ 10" 107
Energy Scale, [[GeV] Energy Scale, H{GeV]

Figure 5: Extrapolation of the gauge couplings in the SM (on the left), in SUSY (on
the right).

Another motivation to study SUSY is that it offers a solution to the SM Higgs
hierarchy problem in a most ingenuous manner. As discussed before the Higgs boson
receives a non-vanishing VEV when the Higgs potential term in the SM Lagrangian
is minimized. The experimental value for the VEV of Higgs is v ~ 174 GeV.
Based on the measurements of the properties of the weak interactions, the Higgs

mass is expected to be my ~ 100 GeV. However, it receives quadratically divergent
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contributions from the one-loop diagrams shown in Figure 6 left panel. The radiative

correction due to top quark will be

—i(Am}) = —NC(—iht)2/ (;l;/§4Tr (k _imt ; _imt> ]Z h?AZ (3.41)

where —1 is because it is a closed fermion loop, N. = 3 counts for the color charge
of quarks, hy = gm;/2My, is the vertex factor and A is the ultraviolet momentum
cut-off used to regulate the loop integral (energy scale at which new physics enters to

alter the high-energy behavior of the theory).

Figure 6: One loop correction to Higgs mass square (m?) due to fermion (f) loop on

the left and a scalar (S) on the right.

In SUSY, on the other hand, for every fermionic particle, there is a corresponding
bosonic superpartner. Therefore, there will be additional contributions to the Higgs
mass coming from superpartners as shown in Figure 6 right panel. It will couple to
the Higgs Lagrangian with a term —A\gH?S? which yields a correction
4 .

—i(Am2) = —2iAgN, / gﬁ’i 5 s T —@%A{ (3.42)
If each fermion in the SM is accompanied by two complex scalars with h? = \g
there is a systematic cancellation between those of the divergences coming from a
fermion loop and those of the loop containing its bosonic superpartner, since there
is a relative minus sign between them. Unfortunately, the exact cancellation implies
that, mass values of superpartners of the each existing particle have to be the same as
the corresponding SM particle. Clearly, the SM particles are not degenerate with their
superpartners, otherwise they would have been observed by now. Therefore, SUSY
cannot be an exact symmetry of nature, and it must be broken. Broken SUSY still

provides a solution to the hierarchy problem. Even in the presence of SUSY breaking,
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if we consider “soft” SUSY breaking, which is an explicit symmetry breaking,
containing only mass terms and coupling parameters with positive mass dimension,
the mass splittings between the known SM particles and their superpartners will be
determined by the mass scale, and keeping it as small, we will not lose the successful
cure for the hierarchy problem. However, general soft breaking terms introduce large
number of free parameters. Another motivation for SUSY is, in the case of local
supersymmetric gauge invariance of a theory, we must introduce new fields and that
will automatically reproduce Einstein’s general relativity, and the resulting theory
called supergravity. Moreover, the lightest supersymmetric partner that does not
decay and has the right mass and right interactions might also be a dark matter

candidate.

3.2.1 Elementary Particles in the Supersymmetric Standard
Model

Supersymmetry is elegant in its principles but not economical when it comes to its
particle content. It actually requires more than doubling the SM spectrum. In
SUSY, each SM particle is assigned a superpartner differing in spin by 1/2 unit
and its Higgs sector is extended. By virtue of the phenomenological reasons, none
of the SM bosons or fermions can be partners of each other. The name tagging
to differentiate the superparticles from their SM reciprocates is done as follows:
The spin-0 superpartners of fermions are prepended with an s, (for example the
superpartner of electron is named as “selectron”), and they are indicated by a tilde
on the top of the corresponding fermionic representation. The fermionic (spin 1/2)
superpartner of a bosonic particle, on the other hand, is appended with an ino in
the end, (for example the superpartner of W is named as “Wino”) and they are not
indicated by tilde on the top of the corresponding bosonic representation, but have
different symbols instead. Extensions to supergravity also predict a spin-3/2 partner
of the graviton(g), the gravitino (gs/2). In Table 8, the field contents, associated
gauge quantum numbers and spin quantum numbers for quarks, leptons and their

superpartners are summarized.
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Chiral | Component | SU(3). ® SU(2), ® U(1)y | Spin
Field Fields Quantum Numbers
a u® 1
Q5 3 2 112
da
ug” us” 3* 1 4
o N ; 1/2
DS de 3* 1 -3
. ™ 1
Qs ~ 3 2 i 0
dOé
Ug” ac” 3* 1 3 o
Dg” de” 3* 1 -2
Ve
Ly 1 2 -1 1/2
e
B¢ e 1 2 -2 1/2
- Ve
L1 1 2 -1 0
é
E¢ ée 1 1 -2 0

Table 8: First generation of fermions in the SUSY including the corresponding

SU3). ® SU(2), @ U(1)y gauge and spin quantum numbers together.

Note that the color charge of quarks are indicated by a superscript («). The sparticles
carry the same gauge quantum numbers as their corresponding SM partners. As,
supersymmetry must be broken the squarks and sleptons are relatively heavy.

Some properties of gauge bosons and their spin-1/2 gaugino partners are
summarized in Table 9 and Table 10 lists the Higgs contents and their superpartners,
higgsinos. The higgsinos can mix with winos and bino to produce two mass eigenstate
Dirac charginos and four mass eigenstate neutralinos (we will not go into the details

of this discussion in this thesis). Also the lightest neutral Higgs boson acts very much

like the SM Higgs in the decoupling limit.
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Chiral Component SU3)c ®SU(2), ® U(1)B_1L Soi
pin
Field Fields Quantum Numbers
By By 1 1 0 1
+ —
Wi, Wi We, Wi, 1 3 0 1
1 2 8
Gy, G Gy G 8 1 0 1
)\B“, /\BM 1 1 0 1/2
ALy AL AL AL, 1 3 0 1/2
1 2 8
Ay AGu AGur Ay 8 1 0 1/2

Table 9: Gauge Boson content of the SUSY with their corresponding SU(3). ®
SU(2), ® U(1)y gauge and spin quantum numbers.

Chiral | Component | SU(3). ® SU(2), ® U(1)y
Field Fields Quantum Numbers

N
o, %a 1 2 1 0
g
(1]
@, bu 1 2 -1 0
Du
I+
Dy % 1 2 1 1/2
o

70
D, (f)“ 1 2 -1 1/2
Pu

Table 10: Higgs Boson content of the SUSY with their corresponding SU(3). ®
SU(2), ® U(1)y gauge and spin quantum numbers.

Spin

In the SM a single Higgs doublet generates masses for both up- and down-type quarks
by making use of the conjugate ¢ = io2¢f (this tilde does not represent superpartner).
However, SUSY requires more than one Higgs doublet. One reason for this is that

if there is only one Higgs doublet, the fermionic superpartner of which will make
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nonzero contribution to the traces Tr[I2Y] and Tr[Y], as it carries Y = +1 alone,
and therefore spoil the anomaly cancellation. This can be avoided if there exist two
Higgs doublet with opposite weak hypercharges. Therefore, SUSY does not allow the
<z~5 Yukawa couplings, one needs an extended Higgs sector. In the decoupling limit,
the superpartners and the extra Higgs fields are all heavier than the electroweak scale
and their contributions to electroweak precision is small, thus giving an excellent

agreement with the SM.

3.2.2 The Supersymmetric Lagrangians

In this Subsection we describe the construction of the SUSY Lagrangian by
considering a relatively simple supersymmetric model, which embodies a free massless
left-chiral Weyl spinor, x and its superpartner, a free massless complex scalar field,
¢. A supersymmetry transformation turns a bosonic state into a fermionic one,
and vice versa. Let the generator of such transformation be (), which must be an

anticommuting spinor, when applied to fermionic or bosonic states will result in
Q@|Boson) = |Fermion), Q|Fermion) = |Boson). (3.43)

The hermition conjugate of () is also a symmetry generator. Since they are spinors,
they carry spin-1/2 and satisfy the following relations

Q.0 =r",  {0.Q}={Q" Q" =0, [PQ]=[P"Q]=0, (344)
where P* is the generator of four-momentum translations.

As mentioned before, SUSY requires the number of bosonic and fermionic degrees
of freedom to be equal. A Weyl spinor has two complex components, thus, has four
degrees of freedom when it is off-shell. On-shell, the equation of motion imposes
two constraints, leaving only two degrees of freedom. On the other hand, a complex
scalar field has two degrees of freedom. Therefore, on-shell the bosonic and fermionic
degrees of freedom are equal, but off-shell they do not match. This makes SUSY
algebra closed on-shell but not off-shell. To overcome this problem, we need to add
an auxiliary field, F', which is a field with no on-shell degrees of freedom. This could
be achieved by setting the equation of motion for this field to be F = FT = 0. The
simplest real term we can add in the Lagrangian satisfying this equation of motion is
FFT. So the Lagrangian will be:

Liee = 0,00"¢" + xTic"0,x + FF', (3.45)
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which is invariant up to a total derivative under the following SUSY transformations

ox = —io"(i0°C*)ue + FC,
oF = —i('5"9,x, (3.46)

where (, being a left-chiral spinor, is the infinitesimal SUSY parameter. It is
important to note that we take ¢ to be space-time independent; i.e., 9, = 0. In
other words, we are considering global SUSY transformations. The inclusion of the
auxiliary field makes the SUSY algebra closed off-shell. One can easily prove that the
commutator of two SUSY transformations for all three fields, ¢, x, and F' will be the

same without recourse to any equation of motion such that
650X — 0c65X = —i(¢'a" B — p1a#¢)0,. X, (3.47)

where X stands for any of the three fields ¢, y, or F.

Now we include masses and interactions that will preserve SUSY. We must make
sure that all the terms added lead to a renormalizable theory, Lorentz invariant,
invariant under SUSY transformations given in Eq. (3.46), and finally, satisfy the
condition £ = £. Call these additional terms as L.,

1 1
L :g+W1F+WfFT - §W11 XX — EWITI XX (3.48)

where G, Wi, and Wy, are functions of ¢ and ¢'. Applying SUSY transformations
given in Eq. (3.46), we get, G = 0, Wy and Wj; to be holomorphic in ¢, and

Wi = 6";1. The most general form for W is therefore,

B
Lo
Wi(¢) =mo + §y¢ +C, (3.49)
with [m] =1, [y] = 0. It is convenient to introduce a superpotential W such that
ow
Wy =— 3.50
where W is
1 1
W = §m¢2 + 6y¢3 +Cop+ floh). (3.51)
In terms of superpotential, the interaction Lagrangian is given by
ow 10°W
L= F — - x +he., 3.52
96 2 gge XX Hhe (3.52)
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The obvious generalization of this Lagrangian to a set of n copies of fields reads

ow 1 W
Lint = 8_¢ZE - EW i Xj + h.C., (353)

where there is a sum over ¢ and j. Since we now know that the free Lagrangian given

in eq. (3.45) is invariant under supersymmetry transformations, we consider now the

change in the interaction Lagrangian. The part involving the for spinors reads,
1oy 1 OW;;

- Ty Covs) 4 he. ‘
2 0o 2 04 (€7 Xk (i - x5) + he (3.54)

(€ xn) (i - x5) =

Neither of these terms can be canceled by the variation of the any other term. However
the first term will vanish assuming
OWj;
Oy

There is an important identity involving products of three spinors

is symmetric in 4, j, and k. (3.55)

(Cxw) (X x5) + (C-xa) O xr) + (€ x5) (X - Xa)s (3.56)

from which it follows that if the condition in eq. (3.55) is true, then the first term in
eq. (3.54) will vanish identically. However, there is no corresponding identity for the
second term of eq. (3.54). The only way to get rid of this term is to say W;; cannot
depend on (ﬁL This is an additional reason for why SUSY requires more than one
Higgs doublet to the one given in Subsection 3.2.1. Bearing in mind the symmetry

properties the potential term is
1 1
W= §mz’j¢i¢j + gyzjk@%(ﬁk + ¢i¢, (3.57)

and i,j = 1,...,n. Finally, using the equation of motion for the auxiliary field FT =

F =0, we get

ow
Fl=—w, = =2, 3.58
Z - (3.5%)
and )
ow
F, = _wih=_ ) 3.59
--(%) (359
Then the whole Lagrangian becomes
1 2
L = 3p¢jau¢i + X,Tw“aqu‘ - ‘mij(bj + §yz‘jk¢j¢k + ¢
1
- E(mini X+ YiedrXi - X5 + h.c.), (3.60)
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which is called Wess-Zumino Lagrangian [20,21], with the last two terms called the
F terms

1 S|
Ve = |mij¢j + SYin@idn + i — 5 (migXi - X5 + Yigedrxi - x5 + hoe.), (3.61)

The gauge sector of SUSY Lagrangian contains a massless gauge boson field A}, its
superpartner gaugino A, which is a left chiral Weyl spinor, and an auxiliary scalar
field D* in order to make SUSY algebra closed off-shell.

]' a rva -\ aT = a 1 a a
L= = FLF™ 4 i\ fGHD, A" + FD D" (3.62)

Note that the index a = 1,...,8 for SU(3)., a = 1,2,3 for SU(2);, and a = 1 for
U(1)y. The SUSY transformations are

SN = %a"&”gFW—l—CD,
D = —i'e"D,\+i(D,N\)a"¢,
6A, = (Ta"A+ A\ C. (3.63)

In the same way as we obtained F terms of the potential, D terms can be obtained

as
2
Vo = L (o116 (6]T°0), (3.64)

where T, are the group generators.

A realistic phenomenological model must contain breaking of SUSY. It could be
broken spontaneously, or explicitly. However, spontaneous SUSY breaking would
force extending the minimal model by adding new particles and interactions at very
high scales, and there is no consensus on exactly how this should be done. This is
why we consider explicitly breaking SUSY. The SUSY breaking couplings should be
soft (of positive mass dimension) to maintain naturally a hierarchy between the EW

scale and Plank scale. The possible soft symmetry breaking terms are

1 1 1
Loy = — (§Ma>\a)\a, + 6®z’jk¢i¢j¢k + §bz’j¢z¢j + tz¢z’> +h.c— m?j%éﬁ;;
1
L = —ECz‘jk<Z5zT¢j¢k +h.c., (3.65)

where M, are gaugino masses for each gauge group, m;; and b;; are scalar squared

mass terms, a;;x and ¢, are (scalar)® couplings, and ¢; are tadpole couplings.
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Many supersymmetric models introduces a discrete R-parity symmetry [45]
which requires that every allowed interaction vertex involves an even number of

superpartners. It is given by
R = (=1)*F-02s) (3.66)

where S corresponds to the spin quantum number of the particle. The conservation
of R-parity ensures that the SUSY partners with R = —1 to be produced in pairs and
this implies the lightest supersymmetric particle to be absolutely stable, and therefore
candidate for dark matter. Neutralinos are the most promising possibility, although

scalar neutrinos or the gravitino cannot be excluded.

3.3 The Four-Generation Standard Model

The experimentally observed twelve building blocks of Nature (as summarized in
Section 2.1), known as fermions, are successfully described in the SM with three
fermion generations. In fact, the first family of fermions is all that is needed to form
the ordinary matter that we experience in everyday life. However, it turns out that
there are second and third generations of fermions with identical charges as the first
generation but larger masses and tendency to decay into particles of lower generations.
Presently, the reason for the existence of two other generations is unknown but the
presence of minimum three generations of fermions was predicted theoretically by
Kobayashi and Maskawa [137] to accommodate the observed CP violation in Weak
interactions [138]. The discoveries of the charm [139], bottom [140, 141] and top
[119,120] quarks together with the 7-neutrino in the following years then provided the
proof for the existence of three generations. However, there is no definite theoretical
reasoning restricting the number of fermion generations to be equal to three as in the
SM. Because the existence of the other generations is neither predicted nor disallowed
by the SM, we should keep an open mind regarding more generations. The simplest
extension will be the Four-Generation Standard Model [28,29] as it obeys all the
symmetries of the SM and does not introduce new ones. In the Introduction, we
outlined some of the attractive features of the model. We present here an introduction
to the model.

The additional family of fermions will be considered as a heavier replica of the
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other three generations existing in the SM. In chiral representation they are given by

t/
Qur = ( b’L ) ; Usr = tg, Dy g = b,
L

Ly, = [ 7 Bip=1h  Nip= 3.67
4,L = , ) 4,R = Tg- 4R = V7. (3.67)
TL
Note that we also have a right-chiral four-generation neutrino, as it is required to be
heavy.
The inclusion of the fourth generation fermions requires also 4 x 4 extension of

Vekm quark mixing matrix, given in eq. (2.6), to Vekma

Vae Vas Vas Vaw
Ve Ves Vo Ve
Vie Vis Vi Vi
Via Vs Vo Vow

Vekma = (3.68)

The values of the CKM elements which are obtained from the tree-level weak decays
are independent of the number of generations and the current results from the

measurements are [114]

Vgl = 097418 40.00027,  |V.g| = 0.23 £ 0.011,
[Vus| = 0.2255 +0.0019, V.| = 1.04 £ 0.06,
Vil = (3.93£0.36) x 107°,  |[Vy| = (412+£1.1) x 107, (3.69)

Since the Vi4, Vis elements of the CKM matrix cannot be measured directly (bounds
are obtained from decays involving loops) and Vj, varies notably with changes on
the degree of significance, o, these three are mainly determined from the unitarity
conditions. However, in SM4 the assumption of 3 x 3 unitarity is invalid, thus giving
more space for Vi, (¢ = d, s,b) entries. The Vegma matrix can also be parametrized
as it is done by Wolfenstein for V ek, which is given in eq. (2.7), with appropriate
choices for the quark phases. The Dighe-Kim parametrization [142,143] of Vcxma

introduces six real parameters and three phases as follows

# A AN Ce 0w pA3euy
A\2 N2~
Vexkma = # # 1 , (3.70)
# # # rA
# # # #
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where A is the sine of Cabibbo angle, and the entries denoted by # can be obtained
uniquely by the unitarity condition VEKM4VCKM4 = I. They have been calculated
up to a multiplicative factor of [1 + O(\?)] in [144] as

- )\2

V;Ld — 1 - ? + O()\4),
Ve = —A4+0(\),

- A2

Vi, = 1— ) + O\,

f/td _ A)\3(1 o Ceiéub> + T)\4(qei5cb/ _peiéub/)
A )
+§A5(—r2 + (C + Cr)e=) + O(\9),

Vie = —AN —grA’e + éX‘(l + 12— 2Ce"w) + O(NY),
Vo = 1- 722 + OO,
Via = N(qeP — peluw) 4+ ArX\*(1 + Ce'dur)

—l—A;(p@ié"b' — qriey 4 prielu) 4 O(N\5)

2
V;ﬁ’s _ q)\2ez§cb/ + AT‘/\3 + /\4( . p€z6ub/ + %616617/ + %elécb') + O(/\5),

Vi, = —rA+ 00\,
_ r2)\2

The presence of additional phases make it possible to explain the deviation of the CP
violating measurements in the B-meson system [145-150] from the SM predictions
where there is only one single phase. Note that in the limit p = ¢ = r = 0 together
with the redefinitions C' = /p? + 72 and d,, = tan~'(n/p) the above expansion

reduces to the Wolfenstein parametrization given in eq. (2.7) [116].
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3.3.1 Experimental Status of the Four-Generation Standard
Model

Constraints on the fourth generation fermion masses

The electroweak oblique parameters are a set of three measurable quantities, called

S, T, and U which were originally introduced as

d
aS = 4e?—|Tl55(¢%) — Hs0(q? ,
dqg[ 33(q ) 3Q(q )] o
2 e’
T = 44— |11 — 1II.
o e xwing[ 11(0) 33(0)}7
d
= 4’ — |11 (¢?) — I55(¢° 72
alU e dq2[ 11(q7) 33(q )] . (3.72)

where « is the electromagnetic coupling and e is the electron charge. II,, denotes
the virtual self energy contributions to the weak gauge bosons. xy = sin?6y and
Tw = 1 — xw where 6y is the Weinberg angle. In the presence of the fourth
generation, the fermionic contribution to these parameters are calculated by [151]
and the measurements of the oblique parameters S and T indicates a correlation

between the masses of the fourth generation quarks [152-156]

my 2 404 Gev,

My —my =~ {1 + %m(mmﬁ)} x 50 GeV, (3.73)
where my, my and m,, are the masses of the fourth generation up-type, down-type
quarks and the Higgs boson, respectively. The perturbativity of the Yukawa couplings
and unitarity of S-wave scattering amplitudes constraints the masses of the fourth
generation to a narrow band. These bounds, however, may be relaxed with the
introduction of heavy leptons which have a counter effect on the S and T parameters.
Electroweak precision measurements also restrict the mass difference [156,157] of the

fourth generation leptons to be
my —m,, ~ (30 — 60) GeV, (3.74)

where m,/, m,_, are the masses of the additional family of lepton and neutrino,
respectively. In addition, the invisible width of Z boson gives a mass constraint for

the fourth generation neutrino to be heavier than 45 GeV. Even though one would
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need a special mechanism for the fourth generation neutrino to be massive while the
other three are extremely light, phenomenologically this is allowed.

Recently, there are intensive searches at the LHC aimed at putting exclusion
limits on SM4. The direct searches for ¢ and b quarks from pp collisions at center-
of-mass energy of 7 TeV give lower bounds for their masses. CMS search which
is performed with a data sample corresponding to an integrated luminosity of 5.0
fb=t gives my > 557 GeV at 95% CL with the assumption that it decays 100%
in the decay mode ¢ — bW, and an integrated luminosity of 4.9 fb~! brings the
constraint my > 611 GeV at 95% CL assuming it decays 100% in the decay channel
b — tW [158,159]. ATLAS detector, on the other hand, with 1.04 fb~! integrated
luminosity at 95% CL restricts my > 480 GeV via the decay channels ¥ — Wt in
the lepton + jets channel as 6’0’ — WitWt — lvbbgqqqqq. The my > 450 limit also
comes from ATLAS at 95% CL with 1.04 fb~! integrated luminosity [160,161].

Constraints on the Fourth-Generation Higgs Mass

Besides direct searches for heavy quarks, Higgs production in gluon-gluon fusion is
also an important channel for the SM4 searches [162]. In the SM this channel is
basically determined at the Leading Order (LO) by the one-loop diagram of the
top quark. Moving from SM to SM4, the LO the production cross-section of a Higgs
boson through the gluon-gluon fusion increases about nine times than that of the SM,
because in addition to the top quark there are also heavy t" and 0’ quarks propagating
in the loop. The latest results in ATLAS detector exclude the SM4 Higgs mass
my, > 120 GeV and m; < 600 GeV with the integrated luminosity of 2 — 2.3 fb™1
for h — ZZ* — IT171"1~ searches and 1.7 fb~! for h — WW* — [Tvl~ v searches at
95% CL [163].

The CMS detector explored the Higgs boson mass in a range 110 — 600 GeV in
five different Higgs boson decay modes: yv, bb, 77, WW/ and ZZ with an integrated
luminosity of 4.6 — 4.8 fb~! and for an extension of the SM including a fourth
generation of fermions and excluded the region 120 < my, < 600 GeV at 95% CL [164].

If the bump in the signal announced by LHC is the Higgs boson, this would rule
out the SM4 at 95% CL for myo > 123 GeV, and at 99.6% if mpo = 125 GeV [165-167].
The limits from the Tevatron [168] also exclude a wide range of Higgs boson masses.

So maybe the SM4 is in peril, but not other BSM with four-generations.
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3.3.2 Two-Loop Electroweak Corrections to the Higgs Boson
Production
Recently, the two-loop electroweak corrections, dpyy, to the Higgs boson production

via gluon-gluon fusion have been computed with respect to the LO cross section
o9,(gg — h) in [169-172)]

gsma(9g — ho) = o5Qu(gg — h)(1 + dm). (3.75)

The Next-to-Leading Order (NLO) corrections are calculated to be positive for light
Higgs boson masses whereas above my; > 260 GeV, become negative as summarized
in the following Table 11.

my, (GeV) | 69 (%] | my (GeV) | 6% (%]
100 7.08 180 3.22
110 7.01 190 2.79
120 6.91 200 2.20
130 6.77 210 0.39
140 6.55 220 -1.11
150 6.16 230 -3.84
160 4.87 240 -8.71
170 4.38 250 -17.00

Table 11: Relative NLO electroweak corrections to the gg — h cross sections in SM4,
for the mass scenario my = 500 GeV, my = 450 GeV, m,,_, = 375 GeV, m, = 450
GeV. Table is taken courtesy [172].

The decays of h — 7 in SM4 also receive corrections from ¢’ and b’ quarks running

in the loops. The amplitude can be written as
A= Aro + XwAxro + Xy Axnro + - (3.76)
with the amplitude square for electroweak NLO corrections
AP ~ |Avof* + 2XwRe[Axro Al o] = |Avol* (1 + dpw). (3.77)

where (5(E43V = 2XwRe[AnroA] o]/|ALol?. The problem is that in SM4 the cancellation

between the fermion and W boson loops is stronger than it is in SM, thus giving a
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suppressed LO by two times at the amplitude level. Therefore, one needs to include

X% Axrol? term in the expansion such that
IA]? ~ |ALo + XwAniol? = [Avol*(1 + 6G), (3.78)

where 85 = [Aro + XwAnwo |2/|ALol? — 1. Unfortunately, it turns out that the
Ao is small and XwAnro is in the same order as Ao but with opposite sign which
make S(E%V large (close to one in absolute value) and non-perturbative. Therefore, it

is customary to give the following shifted quantities which include Next-to-Next-to
Leading Order (NNLO) corrections

Aro = Ao + XwAxvo, Axro = Axxro, (3.79)

yielding the two loop corrected decay width to be

|ALo + XwAnvo|?

3.80
Aol (3.80)

Lo = TLo(1 + dgw) = I'ro

In [172] the Anpo is estimated with the assumption my = my = mg and m, =
m,,_, = mp, such that the absolute value of the NLO leading coefficient is assigned
to the unknown coefficient of NNLO in leading behavior of mg, and mj, with no
accidental cancellations. Then, the decay rate is corrected by the estimate for the

missing higher-order corrections (Jrpy) relative to I'zo as
I =Tro(l % drau) = T'uo(1 + dpw) (1 & dtay). (3.81)

The numerical values are summarized in the Table 12 below

my (GeV) FLO gg%v[%] fLO 5THU[%]
100 0.602 x 1075 | -99.4 | 0.004 x 107 68.3
110 0938 x 1076 | -98.2 |0.016 x 1076 37.1

120 1.466 x 107° | -96.3 | 0.054 x 10~° 23.8
130 2,322 x 1079 | -93.4 | 0.154 x 107° 16.4
140 3.802 x 1079 | -89.2 | 0.412 x 107° 11.6

150 6.714 x 107 | -83.1 | 1.133x 1076 8.3

Table 12: NLO electroweak corrections to the h — v+ decay width and estimate for
the missing higher-order corrections dryy relative to Azp. Table is taken courtesy
[172].
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3.4 The Warped Extra Dimensions

The SM explains Nature very well up to electroweak scale by providing a unified
picture for the electromagnetic, weak and strong forces. The gravitational interaction,
on the other hand, is not included in the SM since it is much weaker than the other
three forces. However, at the Planck scale the quantum effects of gravity become as
strong as the other interactions. One of the main drawbacks of the SM that there is an
unnaturally huge discrepancy between the energy scales Mgw and Mp) (Mp)/Mpw ~
10%). Lisa Randall and Raman Sundrum [40,41] proposed an elegant possibility to
explain this significant difference. In their model, two 4D Minkowskian space-time,
namely Plank Brane (or UV Brane) and TeV Brane (or IR Brane), are embedded
at the boundaries of five-dimensional (5D) anti-de-Sitter (AdSs) space?, and the fifth
dimension is compactified on S' /Z, orbifold of size r, labeled by a coordinate ¢ which
is invariant under the Z, parity transformation (z#, ¢) <> (z*, —¢), giving ¢ = 0, £7.
See Fig 7 for S'/Z, orbifold.

q):_n ¢ — O —=—TT

Figure 7: The S* and S'/Z, Orbifolds.

In its original form, the metric of the model is given by

ds* = gynde™da™N = e 2Py dotda” — rde?, (3.82)

2A maximally symmetric space-time with a constant negative scalar curvature.
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such that

e20(9) 0 0 0 0
0 —e 2009 0 0 0
guN = 0 0 —e~20(#) 0 0 (3.83)
0 0 0 —e2000)
0 0 0 0 —r?

Here ™ (M = u,5) are the 5D space-time coordinates, and z* (u = 0, ...,3) denote
the coordinates in 4D Minkowskian space-time (see Appendix A for the convention
of the Minkowski metric). The 4D coordinates are rescaled by an exponential warp
factor for every constant value of ¢. The coefficient, r, independent of ¢, is the
compactification radius of the extra dimensional circle prior to orbifolding. After
orbifolding, the size of the extra dimension becomes L = 7r. Planck and TeV branes
are placed at the orbifold fixed points ¢ = 0 and ¢ = 7 (or equivalently ¢ = —m),
respectively. The region in between the branes is called as the bulk, and it was
originally proposed that the only field allowed to propagate in the bulk is gravity,
whereas the SM fields are assumed to be confined on the TeV brane. The set-up for

the model is shown in Figure 8.

%
o)

a3

|
|
|
|
a“““e
y
_0
Q =

Figure 8: Original setup of Randall-Sundrum model.

The action of the model is given by

S = Spuik + Svv + Sir, (3.84)
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where

SBULK = /dSZL‘\/E(—QM?’R - A),
Suy = d*z\/ =g (Luyv — Vav),

SIR = d4$\/ —gIR(EIR — VIR), (385)

where M is the fundamental scale of the theory, A is the 5D cosmological constant and
R is the Ricci scalar. The Ricci scalar is simply the trace of the Ricci curvature tensor,
Ry, which carries information about the curvature of space-time, and constructed

out of the Riemann-Christoffel symbols and their derivatives with respect to space-

time as
Run = F]\K/[N,K - FJ\K/[K,N - F]\K4LFJLVK + FAK/[NFf(La (3-86)
where ArK
DN = aTA/][\,Ka (3.87)
and Christoffel symbols are defined in terms of the space-time metric as
1
F]\K/[N = g™ Trun = §QKL(9LM,N + 9LNM — GMN,L); (3.88)
with )
JMN
= - 3.89
IMNK = 5% (3.89)

As it can be seen from the eqs. (3.86) and (3.88), the Ricci scalar involves two powers
of derivative and gj;n terms. Since gp;ny is dimensionless, the mass dimension of R
is 2 ([R] = 2) which, to keep the action dimensionless, is multiplied by the third
power of the fundamental scale of the theory ([M?] = 3) in eq. (3.85). We assume
Lir = Lgy since the original scenario assigns the SM fields on the IR brane and
Lyy = 0 with the reasoning of no UV localized field. /g in eq. (3.85) corresponds
to the square root of the determinant of the 5D metric needed to have an invariant

integration measure for the bulk. It can be calculated as

VI = Vdet(gun) = Ve 80) 2 = ¢74@) (3.90)

The branes can support 4D field theories, therefore we need the brane induced metric

on them, which are given by

g/[jl/v(xu) = g/u/(xu, ¢ == 0), A/ —gUV — €_4U(¢:0)
Gu(@) = gu(at ¢ =m), —gR = ¢ 17l0=T), (3.91)
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Note that, the determinant of 4D metric on the branes is negative. Hence, we write
them with a negative sign in the square root. Let us write the action in eq. (3.85) in

a more compact form

Z Vido(p — o ) (3.92)

where ¢ denote the UV and IR branes such that ¢; = 0 on UV brane whereas, ¢; = 7
for IR brane. Varying it with respect to the special metric given in eq. (3.82) using

S = /d%\/ﬁ( —2MPgyn RN — A —

1
0\g = 559MN9MN\/§a SgMN = —gME g S5gKr, (3.93)

yields

S = /d%a [—2M3R A— Vid( Z]— OM36gyn RMN

— / &P {2M3GMN — % (A + Ne Z Vio(p— @-)) gMN] V90gun, (3.94)

where the term Gyny = Run — %gMNR is known as the Einstein tensor and the
relation Ryn — %gMNR = k?Tyn is the so called Einstein field equation, with Thsx
the stress-energy tensor and x* = 1/2M?3. Using 6S = 0 (the action is required to be

coordinate invariant), the 5D Einstein equation then becomes

ViGun = iz [AVG g + Viny/ =g gl 8%, 8% 56 — )
+ Vv —goV gvY ot 6% 6 )} (3.95)

Before going any further we will pause here to derive a relation between the stress-

energy tensor and Ricci curvature tensor which will serve for our purposes later.

1
RMN == K2TMN + §gMNR (396)

Multiplying both hand-sides with ¢™* and solve for R in 5D
2

R = —§/{2T. (3.97)
Substituting into eq. (3.96) one gets
9 1
RMN =K TMN - ggMNT . (398)
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3.4.1 Derivation of the Warp Factor

The components of the Ricci Tensor and the Ricci Scalar are calculated explicitly in
Appendix C-1 for the metric in eq. (3.82). The uv-, ub- and 55-components of the

Ricei tensor are obtained as

o—20(9)
R;w - r2 {4[0/<¢>]2_0—N(¢)}T/uw
Rss = 4{d"(¢) — [0'(0)]*},
R, = 0, (3.99)
and the Ricci Scalar is
R - %{5[0'(@]2—20"((;5)}. (3.100)

These yield the components of Einstein Tensor

v = R — SgumR= 25 (57(6) 200 (6)]).

2 r2
1 !
Gss = Rss— 5955R = —6[0 (¢)]2>
Gu5 = 0. (3.101)

The explicit for of o(¢) can be obtained by equating the 55-component of the Einstein
Tensor from eq. (3.95) and (3.101)

1

= A=), (3.102)

6[0’(¢))*

and solving for o(¢) by taking into account the orbifold symmetry one gets

A
o(¢) = WTW = kr|¢|. (3.103)

The integration constant is taken as zero because it is nothing but a rescaling of x*,
which could be absorbed into the redefinition of the 4D coordinates. Moreover, one
can conclude that, the warped geometry is allowed only if there is a negative non-
vanishing 5D cosmological constant in the model, resulting an AdS; space-time. k is

called the RS curvature. Inserting this result in eq. (3.82) the metric becomes

ds? = gyndeMdaN = e_QkT|¢|77de“dx” — r2de?, (3.104)
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where the factor e #71¢/, named warp factor, describes the change in length scales when
moving along the fifth dimension. One can rewrite the metric in a more compact form

by a redefinition of the form y = r|¢| as
ds? = gundaeMda = e’%ynm,d:c“dx” — dy?, (3.105)

Another widely used form of RS background is the conformally flat metric which can

be derived as follows
ds? = gyndr™dz™ = e 2 (n,, datdx” — *dy?). (3.106)

After making a change of variables e*¥dy = dz and solving for z we have

2
ds® = gynda™ dz™ = (E) (Nudardz” — dz?), (3.107)

z

where 1/k = R, or in matrix form

R\?
IMN = (-)
z

The orbifold boundaries will also change with the change of variables as ¢ € [0, 7] —

y € [0,r7] = z € [R, R'] with R/ = lem and for the conformally flat metric we can

(3.108)

o o o o
|
—
|
—_
o o o O

0 -1

write

\/52(5)5, V=gV =1, @:(%)4. (3.109)

z
Since we have the explicit form of the warp factor, o(¢), we can calculate the
potentials Vig and Viyy on the branes. We substitute the egs. (3.102) and (3.103) in
the pv-component of the Einstein tensor given in eq. (3.101) and equate this to the

corresponding component obtained from eq. (3.95) which yields

r
4M3

30_//(¢)6—6kr\¢\ _ [%Re—ﬁkrwd(gb _ ﬂ.) + VUV(S(QZ))} . (3.110)

The requirement of the function o(¢) having delta functions in the second derivatives
(see Appendix C-2) can be compensated by the brane vacuum energies such that
r

Glrekrl¢l [5(¢) — 56— w)] -

Vine™™76(6 — ) + Vind(@)]. - (3111)
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thus giving
Vov = —Vir = 24M°k. (3.112)

At this point the theory possesses three 5D parameters. The fundamental scale M,
the RS curvature k and compactification radius r. The parameters of the 4D effective
theory, namely the 4D Planck scale, can be derived in terms of these fundamental
scales. Note that as for the fifth dimension is not found in present gravity testing
experiments the r is required to be small.

The first step is to extend the metric in eq. (3.104) by massless fluctuations around

the vacuum solution as
ds® = e 2@l 4 b (2)]dede? — B2de?, (3.113)

where BW,, the deviation from the flat metric, is the physical graviton of the 4D
effective theory. gss = b%(z) is the radion and its zero mode b(x) determines the size

of the extra dimension, discussed in Subsection 3.4.3. Given that the 4D metric
guu = Nuv + Buu(x)y (3114)

is smooth, this extended metric can be considered locally the same as the vacuum
solution in eq. (3.104) since g, is locally a 4D Minkowski metric and b(z) is locally
constant. Focusing on the curvature term from eq. (3.85) we can write the effective

4D action as ~
Set D / d'z / de 2M3re= 21l /—GR, (3.115)

where R and g are the corresponding 4D parameters. Upon performing the ¢ integral
explicitly we obtain a purely 4D action which has to be in agreement with the 4D

description of gravity given by Einstein-Hilbert action
Sef = / d*x 2Mp\/—gR. (3.116)

Comparing the egs. (3.115) and (3.116) the reduced 4D Plank scale Mp; emerges
from the fundamental scale M
T M3

MZ = / dep 2M3re=2rlel — —[ — ek, (3.117)
For krm > 1 (necessary for solving the Hierarchy problem), Mp, only depends very
weakly on the compactification radius. In order not to produce large hierarchies
between the fundamental parameters introduced, we set & ~ M which yields M ~
Mpy.
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3.4.2 The Higgs Lagrangian

We will consider the Higgs field as localized on the TeV brane (i.e., ¢ = 7)

SHiggs = /d4x’r/ dgbCHiggS? (3118)
where in analogy to the Higgs Lagrangian in SM given in eqs. (2.16) and (2.19) we
write

Litiggs = T D,H)'D,H —V(H 3.119
tiges = 0(19] —7) =5~ | 91w (D, H) (H)|, (3.119)
and

2
A
V(H) = —%(HTH) + 7

Here the form of the Higgs field H is the same as the SM one introduced in eq. (2.28)
except the 4D VEV is replaced by vs. We rewrite the action with a redefinition

Vs = 4/ —,U%/)\5 as
Xs
Stiiggs = /d4$7”/ dg 5(|¢| —W)\[[QIR(D H)'D,H — Z(HTH )2]. (3.121)

(HTH)?. (3.120)

After taking the integral along the extra dimension, we get the effective 4D action

A\
Stiiges = / dig et /- g[ gt (D H) D, H — 2 (HYH Ug)z}, (3.122)

where g corresponds to the metric of the effective 4D theory. In order to
obtain canonically normalized kinetic terms for the Higgs field, we perform the

transformation H — e "H.

SHiggs = /d TN~ |:gIR D,H — %(HTH — 672]{”1}?)2] (3.123)

One can conclude from the last term in the above equation that, an observer living
on the IR brane sees the 5D VEV (v3) as rescaled by the warp factor, such that the
effective VEV (vy) reads

vy = e ;. (3.124)

Note that the 5D self interaction constant does not receive any rescaling (As=\)
whereas 5 is rescaled (u = e *™us). Based on eq. (3.124), we observe that any
fundamental mass parameter in 5D theory, measured on the IR brane will receive
such a rescaling, which in turn explains the gauge hierarchy problem of the SM as
follows

Mpw = e " Mpy = L = krm ~ 37 or kr ~ 12. (3.125)
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Thus, one can conclude that all the dimensionful parameters of the fundamental
theory are almost at the same order, M ~ Mp ~ k ~ 1/r ~ wvs, and therefore

consistent with naturalness arguments.

3.4.3 The Radion Solution

In RS1, it is assumed that the two branes are located at a modest distance apart but
this distance is not determined by the dynamics of the model. For this scenario to be
relevant, a mechanism for stabilizing the separation of the two branes is necessary.
Small shifts in the separation between the two branes will not change the energy. In
an effective theory these shifts are described by the fluctuations of a massless particle,
the so called radion. However, to be able to recover the ordinary 4D Einstein gravity it
must be massive. Goldberger and Wise proposed a way to achieve these requirements
by introducing a scalar field (®) in the 5D bulk in addition to the graviton [65]
with a bulk potential V(®). To stabilize the size of the extra dimension the induced
potentials on 4D branes Ajg uv(®P) are also included. The counteraction of the brane
and bulk Lagrangians generates a VEV for the radion field that gives rise to a 4D
vacuum energy which depends on the size of the extra dimension and is in agreement
with the solution of the gauge hierarchy problem without much fine tuning.
The bulk action for this scalar field is

SBULK  _ % / de\/E[gMNﬁMCD(?NQD—V(@) , (3.126)
and the induced potential terms on the UV- and IR-branes are
SV = — [ d*a/ =gV Ay (D),
SR~ _ / dz\/—gFNR (D). (3.127)

As we deal with delta functions it is more practical to use the compact form of the
metric given in eq. (3.105) with the definition ky = A(y) where the TeV and Plank
branes are located at y = ry and y = 0, respectively. To solve the large hierarchy
between the Planck and TeV scales, kry ~ 37. Let the background VEV for ® be
O(z,y) = Po(y). The variation of the radion bulk action with respect to the metric
yields

ssgons = [ e ] g 007 - vi@)] - 000" e | i (3129
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Including the brane induced potential terms as calculated in eq. (3.94), the stress-

energy tensor

1 45
MN = EW, (3.129)
reads
TN = %gMN[%(gRgaRq)aS(I)) —V(®)] - 1an)aNcb
(3.130)

1 M
- 999" Y Ni(9)8(d — ).
g O
Using the relation for the stress-energy tensor and Ricci curvature scalar given in eq.
(3.98) for pv-component with the redefined R, in terms of A(y) instead of o(¢) one

writes

4A% — A" = ——v (Do) — —ZA D)o (y — i), (3.131)

In addition, the equation of motion for the radlon field can be found by using

oL or
o (3.132)
. IV (By) ON(B(0)
D — 4A' D)) = %% Sy Za—q)é(y — ;). (3.133)

7

Here the primes denotes the derivative with respect to the extra dimension (y). The
metric itself is supposed to be continuous. However, there is no requirement that the
derivative of the metric to be continuous. The jump in the derivative from A’(0 — ¢)

to A’(0 + €) can be expressed in the form

Ay = 0) ~ [A(0+6) — A(0— U y). (3.134)
where U(y) is the unit step function. The second derivative reads

Ay = 0) ~ [A(0+€) = A(0 = 6)Jo(y). (3.135)

Thus, the delta function is proportional to the jump in the derivative of A’. In the
same way, the delta function in the bulk scalar equation of motion will be proportional
to the jump in the derivative ®'. Therefore, the boundary conditions, (or jump

equations) are given by

1{2 . 8)\Z(CI>O)

[A]; = 3&(‘1’0)7 (@]l = B (3.136)
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These coupled second order differential equations are quite hard to solve. The solution
can be simplified only for specific potentials. We are interested in a bulk potential

with a cosmological constant term and a mass term which can be chosen as
W(®) = — — ud? (3.137)

One can define the potential W (®) such that

2
1 oW
A="ww,) @=L

=_—— 1
6 200’ (3:138)

and solve for @y using the boundary condition at y = 0, &y = ®p which gives
Dy(y) = Ppe . (3.139)
Then, at the TeV brane (i.e., y = 1) the scalar is determined to be
Op = Ppe ", (3.140)

which means that the the brane separation is no longer arbitrary but given by,

1. ®p
= —In—. 3.141
To unCI)T ( )

This is the so called Golberger Wise mechanism [65]. The background metric will be

obtained as -

o
Aly) = ky + “1—21’6*2“11, (3.142)

where the first term is the usual RS warp factor and the second term is the
backreaction of the metric to the non-vanishing scalar field in the bulk. The right

hierarchy between Mp; and Mgw will be generated ensuring that kr ~ 30 as calculated

in eq. (3.125). Thus, we get
k Dp
" In ((I)—T) ~ 37, (3.143)
which is the ratio that will set the hierarchy in the RS1 model. Since ®p/Pr is
constant, so u is kept constant.

Once we established the stabilization mechanism of radion, we realize that it is
no longer massless. Therefore, one has to extend the AdS metric including the scalar

perturbation such that
ds? = e 2AWHF @) qonger — (14 2F (2, 4)) dy?, (3.144)
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where A(y) = ky and F(z,y) is the 5D radion field. In linear order in the fluctuation

F(z,y), the metric perturbation reads
§(ds?) =~ —2F(x,y) <e_2A(y)77de“dx” + 2dy2>. (3.145)

The perturbed metric can also be expressed as

P2
ds* = (;) (e_QF(“”Z)anx“dx” — (14 2F(x, z))zdz2>. (3.146)

Note that even in z coordinates, the metric is no longer conformally flat. In linear

order in F(x, z) we obtain
R\ 2
6(ds®) = —2F (x, 2) (;) (udatdz” + 2d22). (3.147)

The radion can be written as F(z, 2) = ¢o(x)R(2) where ¢o(z) is the 4D radion field.

In the limit of small back-reaction, the relation between ¢q(x) and F(z, z) is

2 2 2
Flz,2) = %% (%) do() = ¢j\—f)(%> , (3.148)
where A, = v/6/R’ is the radion interaction scale. This relation of A, could be
slightly modified with the addition of gravity brane kinetic terms, and thus allow
some flexibility on the precise definition of A, in terms of the other model parameters.

The mass of the radion depends on the mechanism that stabilizes the size of
the extra dimension. In a simple model with a bulk scalar which generates a VEV,
the radion field emerges as a pseudo-Goldstone boson associated with breaking of
translation symmetry [65].

Generically, the radion may be the lightest new state in a Randall-Sundrum type
setup, with a mass typically suppressed with respect to KK fields by a volume factor
of ~ 40 [70], which then might put its mass between a few tens to a few hundreds
of GeV, with suppressed couplings which allow it to have escaped detection at LEP,

and consistent with precision electroweak data.

3.4.4 The SM fields propagating in the bulk

In the original scenario of warped extra dimensions proposed by Randall and Sundrum

all the SM fields were localized on the TeV brane and gravity was the only field allowed
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to propagate in the bulk. However, this model was suffering from the shortcoming
that one can introduce higher dimensional operators of the IR fields which in the 4D
effective theory are only suppressed by TeV scales, leading to large flavor violation
and rapid proton decay. To address these issues the most popular venue has been to
allow the SM fermions and gauge bosons to propagate in the bulk [73-85] which not
only reduced the flavor problem, but also provided a compelling theory of flavor, in

which hierarchies among the fermion masses arise naturally [86-90].

Bulk Gauge Fields

We assume the gauge symmetry group for the warped extra dimensional scenarios to
be the same as the SM one which is given in eq. (2.1). The 4D gauge fields of the SM,
on the other hand, have to be extended into the corresponding 5D bulk gauge fields
such that B, — By, W), — Wj, and G% — G4, which later will be decomposed into
the representations of the 4D Lorentz group as the vector B, and the scalar Bs, the
vector W, and the scalar W¢, and the vector G, and the scalar G¢. We choose the
vector components (to ensure zero modes corresponding to the SM gauge bosons) to
be even under the Z; orbifold symmetry, while the scalar components are odd. Taking
into account the additional dimension in space-time and the non-trivial metric, the
action for the gauge fields reads

3 8
Sé%n:—Z/d5$\/§gKMgLN<BKLBMN+ E Wi Wiy + E G%r (11\4N)a (3.149)
=1

a=1
where the field strength tensors are defined in analogy to the 4D ones as given in eq.
(2.13)

Buyny = aMBN — 8NBM,
Winy = OuWi — Wi, + ge™* Wi Wk, i k=1,..,3,
@ = G — ONGe, — g f G G abe=1,..8  (3.150)

After EWSB, to diagonalize the gauge boson mass terms we use the redefinitions
1

V2

Zy \ _ | costy —sinf, w3, | (3.152)
Ay sinf,  cosf, By
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where 6, is the 5D Weinberg angle defined as

/

. 95 g 95 g
sinf,, = — = —, cos B, = — = —, (3.153)
VE+97 Vi +g? VE+97 Vg +g?
with the 4D gauge coupling introduced as
g=-—L_ = J5 (3.154)

Vorr V2RIn(z/R)’

and similar for the other gauge couplings. Here, g5 and gf are the 5D gauge couplings
of the groups SU(2)., and U(1)y, respectively. Evaluating the four-vector part of the

Higgs kinetic Lagrangian one can see that the bulk gauge fields get masses

2 2
M’ My = 95 t 95 v,
V2 2

while the photon remains massless M, = 0. The actions for the radion couplings to

My = (3.155)

the gauge bosons are

6(z— R
Sy = / d5x\/_( gMN gELw WNL+gW<Z—g)(g5U)2W,jW,,), (3.156)
— Y55
and
1 MN KL 7t 1 o(z — R)
- Z 7 G L
Sz = s ( 1 e

x(\/ g2 + gv)*Z} Z ) (3.157)

For the massless gauge bosons we have

1 1
Smassless - 4 2 d5$\/—FMNFMN 4 /d5x\/ _gIRTIRF/,wFHU
1
_4_1 /dSSU\/—gU\/TUvo/FuV, (3158)

where g yyv parametrize the kinetic terms induced on Plank and TeV branes. The
Feynman rules are summarized in Appendix E-2.
Bulk Fermions

By allowing the SM fermions to propagate in the bulk of the extra dimension one can
suppress the contributions from higher dimensional operators leading to rapid proton

decay, and also explain the fermion mass hierarchy by fermion localization in the
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extra dimension [86-90]. The drawback is that, in the minimal models, excitations
of the bulk fields are subjected to tight bounds from precision electroweak tests and
flavor physics [93,94,173], and constrained to be heavier than a few TeV, which makes
it very hard to produce and observe heavy resonances of these masses at the LHC.

We will focus on 5D fermions of the down quark sector which are in Weyl notation

Q. 2
i — . 9 D'L - — . . 3159
¢ ( Qr ) ( Dy ) | )

One can perform a “mixed” KK decomposition as

given by

Qi(x,;2) = Y Ql(x)q (@), Q%(x72)=ZQ%(Z)J%($),
Di(r,2) = Y Di(2)ay(x), @%(w,Z)ZZDZ(z)JE(x)- (3.160)

Here ¢)(r) and d(z) are the 4D fermions and QZR(Z) and DgR(z) are the
corresponding profiles along the extra dimension. The action for the bulk fermions
in 5D is

Stermion = /deﬂ{%(QFMDMQ — Dy QTMQ) + C—]%QQ +(Q — D)|, (3.161)

where ¢, and ¢, (¢4 comes with a minus sign) are the 5D fermion mass coefficients.
'™ = ~42eM are the 5D gamma matrices with y¢ = (7#,iv°) providing an appropriate
4D representation of Dirac matrices in 5D, and ¥ are 5D vielbeins defined by

eMeNnit = gMN_ To linear order in F' they are given by
e?w:diag%(1+F,1+F,1+F,1+F,1—2F). (3.162)

The covariant derivative is Dy = Oa + wyr and wyr = %wbcMabc where w’s are the
spin connections and o = £[*,7¢]. Substituting the explicit form of vielbeins, 5D
gamma matrices, 5D spinnors in Weyl notation (see Appendix A), and the covariant

derivative we obtain the action as

2 2
Sfermion = %% / d5$ (g) |i_ i(QLo'MalLQR + QLa-#aMQR)

+2(QL<5_5>QR) — QL<8_5>QR) + %(QLQR +Q10r)|. (3.163)
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To obtain a chiral spectrum choose boundary conditions as

QL(+ +)7 QR(_ _)’ DL(_ _)v DR(+ +)' (3164)

where +(—) and — signs on the left(right) are the boundary condition for the vector
components (scalar component) and +(—) sign indicates that the components are
even(odd) under the Zs orbifold symmetry. Then only @; and Dj, have zero modes

with the wave functions

R/—1/2+cq

Quz) = fle)—p—"" (3.165)
R/71/2+cd

Di(z) = f(Cd)TZQ_Cd, (3.166)

(3.167)

flo) = ,/%. (3.168)
=%

Note that for ¢, > 1/2(¢, < 1/2) the zero modes are localized towards UV-brane
(IR-brane). The KK modes are all localized at IR-brane. The wave functions of KK

modes of () and Dpg are all localized on the IR-brane, whereas the ones for QY and

where

Dy, vanish due to their boundary conditions. The 4D SM fermions satisfies the Dirac

equation

— i6"0,q), +mi; dy = 0, (3.169)
—io"ddy +mf q) = 0. (3.170)

The 4D SM fermion mass matrix m;; is the eigenvalue which emerges from the solution
of the coupled bulk equations of motion, and is not necessarily diagonal in flavor space.
The couplings between the radion and SM fermions can be obtained by inserting the
perturbed metric of eq. (3.146) and the 5D fermion KK decompositions of eq. (3.160)
into the action of eq. (3.163). We proceed by using a perturbative approach in treating
the 4D fermion masses m;; as small expansion parameters and keeping only first
order terms. A 5D bulk Higgs field perturbation contains itself some radion degree
of freedom. Including all the contributions, the radion coupling to fermions can be

expressed finally as

Lev(do) = —¢%Z) (q5,d% + @) me [Z(cq) + Z(ca,)] + (d — u), (3.171)
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with the definition

B (%—c) B c(ec>1/2)
ey = 1— (R/R) ”] N{ Lie < 1/2)

2

. (3.172)

This result from [174] is consistent with the original calculation obtained for the case
of a brane Higgs and a single family of fermions in [70].

The terms of the Higgs field interacting with fermions are included in the Yukawa
Lagrangian. As mentioned before delocalized fermions provide a natural explanation
of the flavor structure of the SM. Starting from anarchic 5D Yukawa couplings (i.e.,
they are all O(1)), large hierarchies can be generated by localizing fermions at different

points in the fifth dimension. For the brane localized Higgs scenario we have
R\" . -
Shrane = / d*rdz5(z — R) <—> H (YYPRQ,Dr+ YyPRORDL, +h.c.). (3.173)
z

Here the Yukawa couplings [Y"] and [Y7P] are independent and dim[Y,°]=0. The

equations of motions are obtained as follows

—maQp — 0.Qp + j QQR +v40(z — RY,?® R'Dp = 0,
—miQr — 0.Q + z_ 2QL +u6(z — R)Y,"P R’'D, = 0,
—myDy — 9.Dp + : 2 D+ vid(z — RYY,™ RQp = 0,
—m;Dp — 0.Dyp, + Cdz_ 2DL +v0(z — R, R'D;, = 0. (3.174)

The odd wave functions Qg and Dy vanish at the TeV brane due to their boundary
conditions. However, in the above equations the delta functions give a jump at
the TeV brane creating an ambiguity. To remove this ambiguity the following

regularization can be imposed on the delta function
{ LifR—e<z2< R

e (3.175)

d(z — R') = lim
0, if 2< R —e.

e—0
We use the Dirichlet boundary conditions

Qr(R) = DL(R') =0, (3.176)
and integrate the equations of motion to obtain the profiles near the IR brane as

Qr(z) = wYPR'DR(R) (Z_R/

€

z—R

), for R\ —e<z< R,

Dp(z) = —uYPP*R'QL(R) < ) for RR—e<z< R, (3.177)
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3.4.5 Flavor Misalignment

As mentioned in the beginning of the Subsection 2.4, in an effective field theory, it is
possible to have terms with mass dimension D > 4 as long as the inverse power of the
scale of new physics appears. Below we write the the lowest order operators which
generate misalignment in flavor space between the Higgs Yukawa couplings and the
SM fermion masses. For simplicity, we concentrate on the down-quark sector and

write the dimension six operators of the 4D effective Lagrangian [175-179]

2

H H
)\1] A2 HQL DRJ7 kf” A2 DRlaDRﬁ 7,] A2

where \;;, kzj) , and k:Q are complex couplings with ¢, j being the flavor indices and Qy,,

QL J QL (3.178)

Dg, are the fermionic gauge eigen states. Upon EWSB the Higgs field will receive a
VEV such that H = \% + vy, where h is the physical Higgs field and vy = 174 GeV.
The original Yukawa (y; are the original Yukawa couplings) and kinetic terms are
modified as follows

h ~ Nij (P 3h2 =
yzdj (E + U4) Qr,Dg; + (2\/— \/— \/—U4 + U4> QL. Dr;,

8ii ~ kP (h2  2h )\
#DRﬁ Dg; + A_; (? + Em + U4)DR1-@DRJ-,

8i; ~ kS (h*  2h )\ =
TQLia QLj + Azl + Ew + vy QLZ-& QLj' (3.179)
The addition of dimension six operators give rise to corrections to the fermion mass

and kinetic terms in the following way

61 61 )
(ymﬂwm)gL Dg,, (2 +/<;5A2)DR IDr;, (5 J +k3A2)QLi<?QLj. (3.180)
As a result of these alterations, the mass and kinetic terms of the fermions are not
diagonal anymore. Therefore, one has to redefine the fermion fields to canonically
normalize the new kinetic energy terms and one more transformation will be needed
to diagonalize the resulting mass matrix. In addition, there will be corrections to
Higgs-fermion-fermion couplings given by
vi\ h - h
D
ij AQ) ﬂQLiDRj’ (2]% A2) V2 (2 ij AQ) V2

These cannot be diagonalized with the fermion redefinitions and rotations obtained

(55 + 3\ —=Dg,#Dx;, Qr,dQr,. (3.181)

from eq. (3.180), and thus generate tree-level flavor changing Higgs couplings, with

a generic size vi/A?.
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In warped extra dimensional scenarios we can easily estimate the size of a
misalignment of this kind by using mass insertion approximation. For a bulk
Higgs localized near the IR brane, the zero-zero-Higgs, zero-KK-Higgs, KK-KK-Higgs

Yukawa couplings are given approximately by

Yoo ~ Yif(cg)f(ca), (3.182)
Yion ~ Y.f(c,) or Yif(ca), (3.183)

where Y, = Y;/v/R is the O(1) dimensionless 5D Yukawa coupling, (typically not
larger than a value of 3 due to perturbativity constraints). Terms with O(1) factors
other than 5D Yukawa couplings are omitted in the previous equations. The SM
fermions are mostly zero mode fermions with some small amount of mixing with KK
mode fermions. Therefore, we can use the mass insertion approximation to calculate

the corrections to the masses and Yukawa couplings of SM fermions.

H H H H
i S
! RV ARV
@ > dp @ DiDrORNQ:  dn

Figure 9: Correction to fermion masses and to physical Yukawa couplings (right

diagram) of SM fermions using the mass insertion approximation.

This is shown in Fig. 9. From the Feynman diagrams given in this Figure the SM

fermion mass can be written by

2
v
m%M ~ Yd,OO Uy — Yd,OnYVd,anVd,mO Uy M;l f(Cd)Y; ()
KK
Yeud
S fle)Va(ed) vi— Fle) Yo FeY. v (3185)
KK

where we assume that all KK fermion masses are of the same order (Mxky). The 4D
effective Yukawa couplings of SM fermions can be calculated using the same diagram,
but the correction will be different. This is because in the second diagram of Figure

9, we have to set two external Higgs bosons H to their VEV v, while the other one
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becomes the physical Higgs h, and there are three different ways to do this. Thus,
we obtain the 4D Yukawa couplings
Yiuj

Your = f(cq)Yaf(ea) = 3f(c)yp flea)Ys. (3.186)
KK

We see that the SM fermion masses and the 4D Yukawa couplings are not universally
proportional but there is a shift with respect to the SM prediction of md,; = yd\vs.

This shift, or misalignment, is defined as A? = mg,; — yd,,v4 and equal to
v
A = 2f(c,) 52 fcq)vaY.. (3.187)

We call this as the first misalignment and indicate it by a subscript 1. The second

source of the shift comes from the corrections to the kinetic terms as shown in Figure
10.

H
A

) k) m

¥--»---

qL dp - qL Qr dr

Figure 10: Correction to kinetic terms using the insertion approximation.

The kinetic term also receives a correction induced by the mixing of SM fermions
with KK modes as

H2 —SM'@ SM 2v2 H2
1 +Yd,0nYd,no—M2 qr, idqr ~ |1+ fle,),
KK

—SM -4 SM
* g idg™. (3.188)
iy ) o0

To get the canonically normalized kinetic terms we redefine the fields which leading

a new shift between the masses and the Yukawa couplings of the SM fields given by

2
Uy

Af f(e'Y20 fleaosY. (3.180)
KK
Similarly for the down sector we have
2
AL~ fleg) V22 f(cq)*vaYi. (3.190)
KK
The total shift will be
2
/ ’ v
A= A AL AL & fe)V2 T2 () + flea?) (3.191)
KK
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For the first two generations f(c,q) < 1. Therefore, the main misalignment comes
from the first shift.

In the case of an exactly brane localized Higgs there is a subtlety. Since the
wave functions of ¢k¥ and d5¥ vanish at the TeV brane, their couplings to brane
localized Higgs should also vanish. However, upon EWSB the wave functions of the
¢&¥ and d¥¥ fields become discontinuous at the brane location [180] and the jump
is proportional to vy. The discontinuity requires a regularization which results in
infinitesimally small couplings with Higgs. But as we sum over an infinite tower of
fermion KK modes, this may yield a finite non-zero result in the end. The shift in

the masses and Yukawa couplings in the case of brane Higgs is shown in Figure 11

H H H H
i S
Yig Vil o, gYos, 1N
@ > dn T @ DA DL QR0 dn

Figure 11: Correction to fermion masses and to physical Yukawa couplings (right

diagram) of SM fermions using the mass insertion approximation for brane Higgs

scenario.
is
R\' (% 1 (z-R\?
A = VPP ORGSR ) () [ st ()
R_e € €
2 . R\*
— VPV R (R () (75 (3.192)
and the SM fermion mass is given by
R ! 5D pf  x / /

The misalignment including O(1) terms only becomes [181]

A% = gmdny(Y;D)*vg R? = gymdedRQ (YQZ) 5 ! 5 (3.194)
3 3 Y2 ) fleg)*f(=ca)

Note the presence of the independent couplings Y;>P which are not necessary for

generating fermion masses. It is technically possible to set their values as small as
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necessary and suppress the misalignment. Nevertheless this seems to go against the
main philosophy of our approach which assumes that the value of all dimensionless
5D parameters is of order one. Moreover in the case where the Higgs is a bulk scalar
field we have Y; = Y5, which is the simplifying assumption we make for our numerical
computations.

There is another contribution to the misalignment can be also calculated and is
given by [181]

A§ = mg|lma|*R? [K (c,) + K(—c4)], (3.195)

1 1 2c¢—1 2 1-2 2

€ —€ € —¢€
—2c| @ 1-1 (@ 1-1B-2) * (14 2¢)(e2e1 — 1)

K(c) = (3.196)

The two contributions to the misalignment, A¢ and A4, can be of the same parametric
order only for IR localized fermions (heavy quarks). In the case of light fermions, the
A4 contribution will be highly suppressed, effectively leaving only the contribution

from the A¢ term.

3.4.6 Radion-Higgs Mixing

Since the radion and the Higgs bosons have the same quantum numbers, it is possible

for them to mix via kinetic factors:?
Se=¢ / d*e/—gmR(g"™H H (3.197)
The effective 4D Lagrangian up to quadratic order is
£ =~ (1+ 65%) 8000 — hoTho — 689 Tho — 5 9o do — 3homd, o, (3198)

where the first three are kinetic energy terms and the rest are mass terms with my,
and my, are being the Higgs and radion masses before mixing, respectively. Let the

states diagonalizing the kinetic terms be A’ and ¢’. They can be introduce as

ho\ (d ¢\ (W
COE)

3We note that in the case of a bulk Higgs, there will be Higgs-radion mixing at the level of the
bulk scalar potential, without the need to introduce kinetic mixing. For simplicity, we will assume
that the Higgs is highly localized on the brane and consider only brane kinetic mixing.
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Substituting the redefinitions from eq. (3.199) we obtain the kinetic terms as

. 1
Liin — -5 (0'2 + (1 +692%6)a”™ + 1275&'6’) ¢'0O¢'

1
-5 (d/2 + (1 + 67260 + 127§b/d/) R'OR
- (c’d’ + (1 +6726)a’V + 67€(a'd + b’c’)) R'O¢ . (3.200)

Assuming ¢’ and A’ to be the physical fields, the coefficients of ¢'[J¢" and h'[JA' terms

are equal to (-1/2). Hence we have
? + (14 67%¢)a” + 129¢d'd =1 = 0, (3.201)
d? + (1 + 69%€)b” + 129¢bd —1 = 0, (3.202)
and the coefficient of h'[J¢' is required to be zero which yields
(c’d’ + (14 672)ad’t + 6v&(ad'd + b’c’)) R'O¢ = 0. (3.203)

We have three equations and four unknowns. Solving for o/, ¢ and d’ in terms of &/

0= —6ref £ VI, o =+ VL2 OV VS
| H Z]

where Z? = 1 + 67%(1 — 6£) = B — 36£%~%.  After undoing the kinetic mixing Z

becomes the coefficient of the radion kinetic term, and is therefore required to be

+ |V Z(3.204)

positive definite bringing theoretical limits on the £ parameter

%(1—~/1+%)§£§%(1+\/1+%>. (3.205)

The parameter ¢ is also subject to strong restrictions coming from precision
electroweak constraints (on S and T parameters), LEP/LEP2 data, and Tevatron
bounds [70,72]. Assuming b’ = 0 the kinetic terms are diagonalized by the shift

()00 2)(%)
_ . (3.206)
®o 0 —+ ¢

We check whether or not this redefinition diagonalizes the mass terms as well.

Substituting the redefinitions from eq. (3.199) we obtain the mass terms

1 1
EMass _ _5( /2mio +C/2mio)¢,2 o §(bl2mio +d/2m%0)h/2

—(a'b'm}, + cd'm; )b/ (3.207)

78



The coefficients of ¢'* and h'* are required to be equal to (—1/2)mj, and (—1/2)mj,,
respectively where mj, and my are assumed to be the corresponding masses after
mixing and the coefficient of the mass mixing term in eq. (3.207) has to be zero. By
focusing on the last term one can easily realize that

_67¢

= 7m§0 # 0. (3.208)

a't'mi, +c d'mj,

Therefore, we need one more transformation. Let

h cosf sinéd h
= . (3.209)
¢’ —sinf cosf 0]
or equivalently
ho _ d ¢ h _ cos@—‘i%gsinﬁ sin 6 + %ZCOSQ h 3.210)
% boa)\o sy e 6

It is important to remark that this transformation is not orthogonal. It is a

combination of an non-orthogonal transformation which diagonalizes the the kinetic
terms and an orthogonal transformation which diagonalizes the mass terms in the 4D
effective Lagrangian. The Lagrangian including the mass terms then becomes

02 6 in20  36~%¢2 20
pren = A (e P B0

[sin szio n (cos 92 _ 6¢ sin 20 N 36~°€? sin 92)7”%0] B2

A Z?

m2 — (2% — 36+2€2)m? 6yEmi,
{ g0 — Ve ¢ ho}sinQQ—%COSQQ}hﬁb- (3.211)

The coefficients of ¢* and h* are supposed to be equal to —m73/2 and —mj/2,
respectively, yielding

) cos0* .o 67Esin20  36+%E%cos?O
My = M, + (811149 + 7 + 7 My,
in 0 6vEsin20  3692£% sin 62
m; = %méo + (cos 0> — s En + 20 §Z:m )mio. (3.212)

Requiring the coefficient of the last term in eq. (3.211), which is the mixing between
the h and ¢, to be zero we get the mixing angle 6 of the orthogonal transformation

as
2
mho

tan 260 = 1267 :
mg —mj (22 — 367262)

(3.213)
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The difference between the h and ¢ masses gives

m2 —m? (77 — 3672£2
mi —m? = 2 h0(22 75) 29+77€mi sin20  (3.214)

which yields using eq. (3.213) gives

12~¢ m,2ZO

oy

sin20 = —————"—
Z(m?b —mj)

(3.215)

In addition, there are theoretically excluded parameter regions which do not satisfy
requirements of m;, —mgy degeneracy. The mass squared values for the physical states

are obtained as

mi=— (m¢(2) + Bmj, + \/(mq% + Bmj, )2 — 4Z2m¢3m,210 ), (3.216)
where the larger(smaller) of m;, and m, will be identified as m, (m_) leading

m2 4+ m? = m3, + Bmj,), mi my, = Z*mim?’. (3.217)

72 75
We solve for the bare masses in terms of the physical ones. Substituting the equation

for m? 4+ m? given above into m3 we get

’ITL2 1
DY)

[(m++m VA= \/ m3 +m2 )22t — AZ*mgemy } (3.218)

Using egs. (3.217) and (3.218) we solve for mj and mj as follows

72 48m2m?
Bk 2] = = [m +m? ¢ (m2 +m2)? - Z—} (3.219)
To keep the masses real, the term inside the square root has to be positive
4B8m2m?2
(m% +m2)* — Z—; (3.220)
Expanding and taking into the parenthesis of m?*
[y 48\ m?
mt lm”‘ (2 - ﬁ>— +1| > 0. (3.221)

4

Since m* > 0, the remaining term in the parenthesis is required to be greater than

zero leaving the inequality

% > 14 22_62(1 - %2) + 2Z—€(1 - %)1/2- (3.222)
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to keep the bare masses real.

There is an ambiguity regarding the bare masses about which one to take as larger.
We resolve this by assuming mj — mj in the limit £ — 0. In this limit Z — 1 and
£ — 1 it yields

1
(Mg 0] = 5 [mi +m? £ \/(mi +m2)2 —4mZm? | (3.223)

When mj, > mj we take the plus sign and mj — m?, and for mj < mj we get
mj, — m? The presence of mixing will modify the couplings to fermions, gluons,
photons, W’s and Z’s of both the radion and the Higgs boson and thus change the

corresponding decay branching ratios as well as the production rates.
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Chapter 4

HIGGS BOSONS in a MINIMAL
R-PARITY CONSERVING
LEFT-RIGHT
SUPERSYMMETRIC MODEL

The LRSM, introduced in Section 3.1, has a hierarchy problem similar to the one in
the SM, where the masses of the fundamental Higgs scalars diverge quadratically. To
cancel these divergences, parameters of the theory have to be fine tuned. Including
SUSY can cure this problem with the cancellation of quadratic divergences by the
contributions from the corresponding superpartners.

There are also other arguments in favor of a left-right symmetric extension of
SUSY, as it resolves several problems of the popular MSSM. The most important one
is that the R-parity is an exact symmetry of the model, hence, preventing the rapid
proton decay [46-48]'. In addition, it offers a solution to the strong CP problem.

Originally, the term
2

gS vV po a a
‘COQCD = GQCD 6472 P G}LVGI/U7 (4'1)

was absent in the SM. It is induced, however, due to fermion field redefinitions while

diagonalizing the mass terms for quarks and leptons and violates the combined CP
invariance in the sector of strong interactions. As this term can contribute to the

neutron electric dipole moment, the current experimental limit for the parameter

!Note that R can be broken spontaneously, through < g ># 0, but B is still conserved.

82



Bqcp is Oqep < 1079, Tts being unnaturally small is called the strong CP problem.
In LRSUSY, since the Yukawa couplings are Hermitian the determinant of the quark
mass matrices are ensured to be real, thus proving a solution to the strong CP problem
[49,50].

However, the model in its minimal form seems to suffer from a serious shortcoming.
In the global minimum of the theory R-parity is conserved while parity is violated,
which breaks electric charge and is therefore unacceptable.  Accordingly, the
minimization of the Higgs potential requires either spontaneous R—parity breaking by
the VEV of the right-chiral scalar neutrino [182] which consecutively results the SUSY
dark matter candidate to be lost; or introduction of higher scale non-renormalizable
operators [183,184] which make fqcp large. A new version of the theory is suggested
by Babu and Mohapatra [185], which allows for both R—parity conservation and the
absence of higher-dimensional operators by inclusion of the Yukawa coupling of the
heavy Majorana neutrino in the effective Lagrangian. The gauge group of the model

is the same as LRSM given in eq. (3.1).

4.1 The Particle Content of the Left-Right

Supersymmetric Model

In this Subsection we introduce the field content of the LRSUSY. In Table 13 we
give the first family of fermions and their bosonic partners, which differ in spin by
1/2, with the corresponding left-right symmetric assignments under the gauge group
Grrsm. Employing left-right symmetry requires the right-chiral fields to be doublets
under SU(2)g as their left-chiral counterparts are under SU(2); (see Appendix A
for the representations of the fields). We use a superscript (c) for the right-chiral
conjugates of left-chiral fields and the supersymetric partners are denoted by tilde on
the top of the fermionic partner. Note that the color charge of quarks are indicated

by a superscript («).
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Chiral | Component | SU(3). ® SU(2), ® SU2)g @ U(1)p_L

Spin
Field Fields Quantum Numbers
u® 3 2 1 1
QT 1/2
da
c™ * 1
. d 3 1 2 -3
Q7 o 1/2
—uc

O
=Q
N
Q, &
Q o}
\—/
w
N
[a=y
Wl
o

O
—0
Q
/0~
|
IS &0'2
o R
Q
\_/
w
*
[y
N
|
W=
o

Ve 1 2 1 -1
Ly 1/2
e

N & 1 1 2 1
Le 0
_ﬁg

Table 13: First generation of fermions and their bosonic superpartners in the LRSUSY
including the corresponding SU(3). ® SU(2), ® SU(2)r ® U(1)p_1 gauge and spin

quantum numbers.

In Table 14, we give the field contents, associated gauge quantum numbers and spin

quantum numbers for the bosons and their fermionic superpartners in LRSUSY.
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Chiral Component SU3)c ®SU(2)L ® SUR)r ® U(1)B_L Spin
Field Fields Quantum Numbers
Vi Vi 1 1 1 0 1
Wr,, Wi W, Wi, 1 3 1 0 1
Wry Wi We, Wi 1 1 3 0 1
Ge G, G2,...G5 8 1 1 0 1
Avip Aviu 1 1 1 0 %
ALy AL AL AL, 1 3 1 0 i
ARy Mo A A 1 1 3 0 1
G GL, G2,..G5 8 1 1 0 1

Table 14: Gauge Bosons and their fermionic partners in the LRSUSY.

A significant difference between the SUSY and LRSUSY concerns the Higgs sector. In
the supersymmetrization of the theory, the number of bi-doublets is doubled in order
to generate charged leptons and quark masses, and achieve a non-vanishing CKM
quark mixing matrix. The number of triplets is doubled for the sake of anomaly
cancellations. The right-chiral (A¢ + A°) fields are needed for SU(2)p @ U(1)p_1,
symmetry breaking without R-parity violating couplings, and (A + A) fields are their
left-chiral partners, needed for parity invariance. A parity-odd singlet is appended to

the theory so that R-parity breaking occurs in the supersymmetric limit.
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Higgs Field

Matrix Representation

Vacuum Expectation Values

5+
o0 5++ 0 0
A(1,3,1,2) V2
50 _st v 0
NG L
5~ <0 _
_ S o 0
A(1,3,1,-2) V2 - L
5~ —% 0 0
6c7 0
&~ e 0
A°(1,1,3,-2) V2 - v
5e Jﬁ 0 0
B B et 0 0
A€(1,1,3,2) 2 4t
7C(J 6C —
) V) or O
+ 40 /
0
¢)1(1727270) d)l ¢2 "
0 ¢y k1 O
+ 0
0
®2(1,2,2,0) o "
X! xz Ky 0
S S

Higgs masses and representations in this model.
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Table 15: Minimal Higgs sector in the Supersymmetric Left-Right Model

Here the VEVs of the bi-doublets x4 o are of the order of electroweak scale. The VEV
of the right-chiral triplets vg and vk, on the other hand, has to be much more larger
in order the right-chiral gauge bosons to be sufficiently heavy. The VEVs of the left-
chiral triplet fields A, A, which determine the tree-level left-chiral neutrino masses,
must be extremely small and are assumed to be zero. In this case, the left-chiral

triplet fields decouple and thus their addition amounts only to the proliferation of




Phenomenological aspects of LRSUSY has been studied previously in [22-26]. In
our work [27], we revisit the Higgs sector of minimal R-parity conserving LRSUSY
by constructing the mass matrices for the doubly-charged, singly charged and neutral
bosons (both scalar and pseudoscalar sectors). Although the model depends on many
parameters, we show that the masses are sensitive to only a few, and thus the model
is predictive. Light doubly-charged Higgs bosons emerge naturally. The LRSUSY
model predicts neutral scalar and pseudoscalar Higgs bosons that violate flavor at
tree level. We impose conditions coming from phenomenology: K° — K° D° — DO
and BY, — BY, mixing. We show that one can have light neutral and charged Higgs
bosons that conserve flavor, while the flavor violating bosons are in the 600 GeV- 100
TeV scale, as required by meson mixing constraints. We pinpoint the parameters that
the masses are most sensitive to, and show that they satisfy the constraints in a limited
range of these parameters. We set up the structure of the Higgs potential, masses
and mixing, including the constraints, while leaving the study of the characteristic

signals at the LHC for a future study.

4.2 R-parity Conserving the Left-Right

Supersymmetric Model

As mentioned before, R-parity, given in eq. (3.66), is imposed in the MSSM to avoid
dangerous baryon and lepton number violating operators. Otherwise explicit Yukawa
terms that violate R-parity can exist in the Lagrangian. This explicit R-parity
breaking is forbidden in LRSUSY models by the symmetries of the model. In early
LRSUSY models SU(2)r doublets were used to break the gauge symmetry. Later
SU(2)p.gr triplets were introduced to provide the see-saw mechanism for neutrino
masses [19], and both left- and right-chiral triplet Higgs bosons are required by parity
conservation. The model was described extensively in several previous works [24].
However R-parity may not be conserved in this setup. The reason is that the minimum
of the potential prefers a solution in which the right-chiral scalar neutrino gets a
VEV, thus breaking R-parity spontaneously. T'wo scenarios have been proposed which
remedy this situation. One is the model of Babu and Mohapatra [185] where an extra
singlet Higgs boson is added to the model and one-loop corrections to the potential

show that an R-parity conserving minimum can be found. The second model is that
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of Aulakh et. al. [186], where the addition of two more triplets, €(1,3,1,0) and
Q.(1,1,3,0), with zero lepton number, achieves left-right symmetry breaking with
conserved R-parity at tree-level. In our work, we adopt the former, as it is a minimal
model.

The superpotential of this model is given by

W = YUQTTQq)lTQQC —+ }/dQTqu)QTQQC + YVLTTQ(I)lTQLC + }/[LTTQCI)QTQLC + h.c.
+ifL T mACLE
+ S [ATr (A°AY) + \yTr (O] 2®;72) — M%| + W/, (4.2)
where
W/ = [MATI'(ACAC)] + ,LL,L]TI' (@?TQ@jTQ) -+ MSS2 -+ )\553. (43)

Here Y, 4 and Y, in eq. (4.2) are quark and lepton Yukawa coupling matrices,
while f is the Majorana neutrino Yukawa coupling. We choose to work with W' =
0, which leads to an enhanced R—symmetry and a natural interpretation of the
supersymmetric g term, as explained below.

The VEVs of the Higgs fields in this model needed to break the symmetries as
described above. If we assume that the VEVs of the bi-doublet Higgs are real, the
fermion mass matrices become Hermitian. In the supersymmetric limit, the VEV of
the singlet S Higgs boson is zero, but after SUSY breaking, (S) ~ mgysy. Thus the
p term for the bidoublet ® will arise from the coupling A;;, with a magnitude of order
msusy [185]. In the SUSY limit,

lvr| = |Ug|, Avrigr =M%, (S)=0. (4.4)

The VEV of S field, generated after SUSY breaking, arises from linear terms in SUSY
breaking
Viott = ANNSTr(A°A®) — Oy M3%S + h.c. (4.5)

Minimization of the resulting potential yields (S*) = 5-(C\ — A,), which is of order
msusy- 1f the coupling A is small, then (S) can be above the SUSY breaking scale.
This feature can be used to make one pair of Higgs doublet superfields heavier than
the SUSY breaking scale. However, the masses of doubly charged fermionic fields,
which are equal to A (S) must remain below a TeV. Consistency of the model (non-

vanishing CKM mixing angle) requires the asymmetry pi1o = pig; + €.
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The full potential of the model relevant for symmetry breaking includes the F'
term, the D term and soft SUSY-breaking contributions as explained in Subsection

3.2.2. They are given by

Y

Vi = [ATr(ACA) + Ay Te(T m®@,m5) — M3[” + A2[S[? | Tr(ACA) + Tr(A°AT)
Vietr = MZPTr(ATA®) + M2Tr(AYAY) + M2DI D) + M2DID, + M2|S|?
+ {ANSTr(AAY) — CuMES +hoe},

2 2 2 _ _
W= X Z (@, )| + 22 Z Tr2ATRAC + 285 A° + @77 @)

‘2
g/2 . 9
+ 7|Tr(—ACTAC+ACTAC)| : (4.6)

We use this potential and proceed the usual way to find the masses and mixing

matrices for the Higgs bosons in this model.

4.3 Higgs Boson Composition and Masses

The Higgs boson spectrum was previously analyzed in a variant of the model [187]
with R—parity violation. The new features of the present analysis are 1) we employ
a version of the model that uses the right-chiral neutrino couplings to the triplet
Higgs bosons to eliminate the need for L-number violation; and 2) we include
constraints from FCNC processes to predict the range of Higgs masses and parameters
in LRSUSY. Effectively, we are looking at a very different model and Higgs sector
than in [187].

We minimize the full potential of the model given in eq. (4.6) which is relevant

for symmetry breaking by using

ov. ov. oV oV ov
pu— pu— pu— pu— = 4.
8/431 8/@ 0vR a@R 0(S> 0’ ( 7)

to obtain masses and compositions of the Higgs bosons. However, this procedure
does not lead to the correct potential minimum. The reason is that all the terms in
the scalar potential are identical for the configurations in which VEVs are given to
the neutral right-chiral triplet Higgs, except for the D—term, which is lower for the

charge breaking configuration:

C_i 0 wg 7C—L 0 og
<A>_ﬁ<vR 0)’ <A>_\/§(@R 0>' (48)
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Previous solutions suggested are breaking R—parity, which would have the attractive
feature that vg ~ 1 TeV, but which abandons the LSP as the candidate for
dark matter [182]; or introducing higher dimensional operators to lower the charge
conserving vacuum, with vg ~ 101t GeV, but loosing the solution to strong and weak
CP violation [186]. More recently, a new version of the model [185] examined the
effects of introducing one loop Coleman-Weinberg effective potential generated by

one family right-chiral neutrino to the A¢ field:

v = LSS Cppog iy [ (A0) 23 (4.9)
“f T 162 L U\ ) 2) |

Expanding this potential in the limit in which the SUSY breaking parameters are
small with respect to the triplet VEVs (vg,vg), one obtains an effective form in

terms of the small parameter

 Tr(AA®)Tr((A“TAT)
[Tr((ActAc)? '
the 1-loop potential becomes:
i P THATA) THATA)
o B 12872|vg |2

2 |forl?
xq (a1 —az)gp | 2In—— +Inz —2In2 -2
©

—[2+ (a1 + a2)gp_;] (Inz — 2In2) } (4.10)

Here a; and ay vanish in the SUSY limit (when D-terms vanish) and m?. are soft
right-chiral scalar lepton masses. The effect of this potential is to mimic the effects of
the higher dimensional operators in previous versions, without the need to introduce
them explicitly, thus solving the problem of the global minimum. Whereas before the
global minimum contained at least one doubly-charged Higgs boson with zero mass,
after 1-loop corrections all the masses are positive. The advantage of such a formalism
is that the masses are very predictive, as they do not depend on coefficients of ad-hoc
higher order terms, or sneutrino VEVs. In the next section, we study explicitly the
implications for the Higgs masses in this model. Before, we wish to point out that,
should the model have included left-chiral triplet Higgs bosons, their mass would
remain negative and cannot be fixed by the first order loop corrections. A left-chiral

counterpart of the one loop correction would not work, as the VEV of this field vy
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is zero, or very small. Thus, one would have to consider higher order corrections or
additional Higgs representations.
In the explicit expressions of the bare and the physical Higgs boson mass terms,

we use the following abbreviations

2 o 2 2
Kaig = K1 — ko,

2 2 1( 2 2)

2 _
Paif = UR_UR+§ 1~ K3

Y = AN+ A(—Mlz% — 2X91K1Ka + )\URT}R),
M = 2)\21(—M]2% — 2)\21/‘61/{2 + /\UR@R),

fle) = E(Wm — 2M\91K1Kg — €R1R2),
g(e) = €Kik,
h(€) = erika(4ra1 +e€), (4.11)

with € = o1 — 112, small but non-zero after symmetry breaking.

4.3.1 Doubly Charged Higgs Boson Masses

Mass matrices for the doubly charged Higgs fields are of block diagonal form of one
two by two matrix for (6,0 ") fields

2 2 v / /
ITER (T L ()
Y 20% 0% I Z_QY/

where Y’ =Y — g(¢). From these expressions we can find the exact analytic forms

for the doubly charged Higgs masses. Setting tand = f}—g, these are:

Y’ Y2
sin 28 + \/49kpas + snZos AY' 905 COt 20. (4.13)

M2 ++ =
H1,2

It is clear that one must require Y’ < 0, but even so, one of the mass eigenvalues
will be negative. It is thus essential that we include the first order correction to the
doubly charged Higgs masses, which arises from derivatives of the quartic potential
(4.10) with respect to the doubly charged Higgs boson fields. The corrected (Mass?)
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matrix elements are

2m2. v
Mpijorr = —f167§ lalg?z@ln('ff')—l) +1n2<2—a1(912z—g?9_L)>]
UR
M52c++6c77 - Y’?
Mgcff*SchJf* = Yl?
M2, . — 222._@_Ry’ 4.14
e+ gottx IRrPdaif y ) (4.14)

yielding a positive correction to the masses, for m%. < 0. The first order correction
is not finite at x = 0, however, the divergence is very mild (logarithmic) and higher

order effects cure it without altering the masses significantly.

4.3.2 Singly Charged Higgs Boson Masses

Mass matrices for the singly charged Higgs fields are of block diagonal form of one two

by two matrix for (¢7, x5 *) fields and one four by four matrix for (6,6, ¢5*, x7)

K2 N1 M’
M =™ : (4.15)
1 X2 M/ ﬂM/

where M’ = M + f(e). The elements of the four by four matrix are

fields respectively,

2 2.2 2 2 VR,
M(gc**(gc* = Y9RVp — ngd’L'f - U_Y )
R
M oo = —gRoplr+Y',
1
2 2
Méc_*%_ = —EgR/ﬁvR,
1
2 o 2
M&c‘*xj* = —ﬁgR/fng,
2 2 -2 2 2 YR
Mgc+gc+* = YrVR t 9rPaif — {)—Y )
R
M? - s
Ftey \/591{/{101%,
1
2 _ 2. =
Mgc+x<1i»* — ﬁgRKQURv
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1 1 .
’ = 2(g? 2 2.2 2 2 22
Mozror = §ﬁ1<gL +9g) — 9ILldif = IRPdif + _/ﬁM :
1
M;;*xi* - §ﬁ1ﬂ2(gi+g%)+M’,
1 1 .
’ = 2(g? 2 2,2 2 2 1
MXTXI N 5’12(‘% +R) + §9L"<~'dz'f + 9rPair + /<;_2M ) (4.16)

4.3.3 Neutral Higgs Boson Masses

Mass matrices for the neutral scalar Higgs fields are of block diagonal form of one two
by two matrix for (¢, x") fields and one five by five matrix for (6, 6", ¢%", X3, S°)
fields respectively,

1.2 .2 HQ ! /
—lg2k i+ =M M
My o = 29LRdif gR’fdf @
i —M QQLKde+ngdlf+ M

The elements of the five by five matrix are

Mo gor = 205(95-1 + g7) + 0% — U—Y'
Morsor = —20RUR(95_1, + gR) + Nvrlr + Y,
Méco%or = g?giﬁvR — 2XM\21K20R — 21;_];29(5%
Mo > = —ghkaVR — 2A\\a1K10R — Z—:g(e),
Mo, = 2)2Sup+ AN,

UR
Mac0T5c0r = 2(gp_ L+QR)UR )\2 ayl7

v
M2 50 gor = —gpk10R — 2A\\21KoUR — ﬁ—RQ(G),
1
v

M;OTXOT = 912;1%2?712 — 2X\\21K10R — H—jg(f‘?)a
M;COTSOT‘ = 2)\2817R + A/\)\’UR,

1 K2
Mg = 3R(0E + g) + 4X50m5 + 2 [M' + h(e)],

1

My = —gmamalgy + gk) + 475 mime — (M’ = h(e)],
Mz(l)rsor - Oa

1
Migrxgr = 25 <9L + gR) + 4)‘21“1 ;[M/ + h(e)],
Mi(z)rSOT - 07
Moo, = M2+ N (v% 4 0%). (4.18)
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Mass matrices for the neutral pseudoscalar Higgs fields are similarly of block diagonal
form of one two by two matrix for (¢%, x¥") fields and one five by five matrix for
(67,6 % x9, S%) fields respectively,

1 K
M o = ( —398air — IrPas + M " ) (4.19)
2 5X1 M’ %g%’%?jif + g%p?ﬁf - %M,

K

The elements of the five by five matrix are

2 _ y2-2  URy,
M(;cOi(chi = A Up — EY,
M(?cOiScOi = )\2UR'DR — Y/,
_ UR
M2 i 04 — —2 -
50 i AAa1K2UR ?19(6)7
_ UR
M2 I : — —2 -
50 i AX21K10R f<&29<€>7
M(?coi §0i — _A)\)\T_)R,
2 _v2,2  URyy
MSCO’L'SCO’L‘ = A Up — ay )
UR
Mo o = —2X\ - —
5% g0i 21K2VR K19(€)7
VR
M2y o0 = —2X\ - —
5<% 3 i 21K1VR /{29(6)’
Mgzc()ism' = —A)\)\’UR7
K
Mgy = D505+ M+ he)],
M;(flxgz = 4)\%1/432&2 + [M/ + h(é)],
2 _
M¢(1)zsz - 07
K
Mg = A0t + (M + ()],
Migism - 07
MZigor = M2+ N2(0% +73). (4.20)

4.4 Constraints on the Higgs sector

4.4.1 Flavor Changing Neutral Higgs Bosons

As any model with more than one Higgs doublet, the LRSUSY is plagued by tree-level
FCNC-inducing Higgs bosons [188]. We proceed first by isolating the flavor-violating

and flavor-conserving field combinations, then subject them to constraints coming
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from mixings in the kaon, B and D neutral meson states. We show explicitly the
expressions for the down-quark sector; the up-quark sector can be obtained simply

by the same method. The Yukawa Lagrangian in the quark sector is given by
ﬁy == aLYu¢ng + (_iLYngdR + ﬁLYugb?uR + l_lLYdX(l)uR + h.C., (421)

where Y, and Y4 are 3 x 3 Hermitian matrices in flavor space. When the bi-doublets
acquire VEVs as in Table 15, with k1, ke, &} and &} real, the up and the down type

quark mass matrices are given by:
Mu = Yu/il + Ydﬁlz Md = Yulill + Yd/ﬂiz. (422)

Inserting the expressions obtained for Y, and Y, in terms of masses, the Yukawa
Lagrangian in the down type quark sector reads
[dif M7 dyy(kad) — r5X3) + dif My diy (xS — #1¢9)]
K1ke — Ky K)
[y M7*d (100" — K5X5") + diy My d (kX5 — K1 ¢9°)]

Kike — K| K}

Ly(d) =

(4.23)

To obtain the physical states we diagonalize the mass matrices by the unitary

transformations
MY = UFMEPmwimstm M7 = UMW s (4.24)
where M, and My are diagonal up and down type quark mass matrices. Since dg, and
dgr are weak eigenstates, unitary transformations convert them into mass eigenstates
dy, —Uid,,  dby— Wid. (4.25)

We define U3 Uk = V¥ and Wl “WI™ = V& where Vi, and Vg are the components
of the left-chiral and right-chiral CKM matrices. Then the Yukawa Lagrangian for
down type quark fields is given by

diVE" M Vi dp ' (5208 — rox3)

Ly(d) =
Y( ) Riko — '%/1’{/2
Riko — /{/1/1/2
L ARV N VLS (radf — rxE)
RiKk9 — Hll’iIQ

K1ke — Ky K
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where the up and down mass matrices are Hermitian since the VEVs of bi-doublets
are taken to be real. For simplicity, we assume Vi, = Vg = V. The fields ¢ and
are complex. Thus we can isolate two terms in the Lagrangian, one flavor violating,
and one FCNC-conserving. Writing the neutral and imaginary parts separately, the

FCNC Lagrangian reads

s knx N rkky kL gl Or /. ,0r
dp VI MRV dp (ke gh” — Kaxa')
K1ke — Ky K
- kT skns A rkk kL gl 01 )
idp VI MRV dp (egh' — Koxs')
Kike — Ky K)
mx sknx N orkkst 7kl gl Oor ! 0r
Kike — Ky K}
sk sknx N rkkxt skl gl 04 1,00
o ZdR V Mu V dR(K/QCbQ B '%ZXQ ) (4 27)
s .

Kike — Ky K)

Lrene(d) =

where ¢9" and x5 are the two of the nine bare scalar fields and ¢3" and x9' are the
two of the nine bare pseudo-scalar fields appearing in LRSUSY Lagrangian. The d—s
coupling in Eq. (4.27) allows a AS = 2 transition at tree level. To evaluate explicitly,
we use the Wolfenstein parametrization [116] of the CKM matrix given in eq. (2.7)

~ 23
vh“wﬁkv“::(nm-n%xA-E;)—7n¢FA%1-p+¢ny (4.28)

We express the bare scalar and pseudoscalar neutral Higgs fields as

r T cOr <cOr r r r T T
P = (08 Y By XY Xy SY),
w[h _ (5(:01 SCOi (b(i)z (b[z)z X?z ng SO%) ’ (429)

for the CP even Higgs fields and the physical ones as

T

HOr — (Hi)r ng ng ng HE?T ng H?T) ’

H = (HY HY HY HY HY HY HY), (4.30)
for the CP odd Higgs fields. Call A;; the transformation matrix which transforms the
bare scalar fields into the physical CP even ones, and B;; matrix which transforms the
bare pseudo-scalar fields into the physical CP odd ones: H{" = A1), HY" = Bi¥".

Substituting these into the Eq. (4.27), we obtain the explicit Lagrangian responsible
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for FCNC in the down-sector

_ M my, me )\2 * IoAx r
LREEA) = ———L——(k————»a——ﬁ—Aﬂﬂl—mh@Am—@AwH?

K1ke — Ky K) me My 2

x  (dPgs + dPps) + AA*'n(ko B}, — kyBls)HY' (dPrs — CZPLS))

+ T Ty (12 D) - AT = )| (kB — Ry B Y

M [mu M. A2
my my 2

K1ke — Ky K}

x (dPgs — dPps) — A*N*n(ko A%y — kh A% HY (dPrs + dPLs)). (4.31)

We proceed in similar fashion to evaluate the flavor-conserving and flavor-violating
Higgs contributions to the up sector. The Yukawa Lagrangian for the up quark sector
is

L (u) = up Y, ¢l + upl Y xqup + ul 7 Y™ ug + i x3"Y] g, (4.32)
We use the same substitutions as before and express the Lagrangian in terms of the
complex fields ¢9 and 9. The first and third terms in the Lagrangian above are
flavor-conserving. Writing the neutral and imaginary parts separately, the FCNC

Lagrangian reads

nxY nk N rkkY/ lkx, 1 or !, ,0r
up VMGV up (e g” — Kaxd')

EFCNC(U) - 7
R1KR2 — R1KRo
kY nk \rkkyslkx, 1 0i 1,0
N +zuL VMRV un (kad)” — kEXT")
!
R1R2 — R1Rs
nxY,nk N rkksy rlks, | Or /. ,0r

K1ke — Ky K}

K1ke — Ky K)

where ¢{" and x{" are the two of the nine bare scalar fields and ¢?" and xV' are the

two of the nine bare pseudo-scalar fields appearing in LRSUSY Lagrangian. The u—c
coupling in eq. (4.33) allows a AC' = 2 transition at tree level. Inserting V¥ M)/ ¢k

in terms of Wolfenstein parameters,

~ 23
VU MERYV R = (mg — me) (N — ?) — mp AN (—p +in), (4.34)
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and using physical states instead of ¢ and x9" we obtain the explicit form of the

Lagrangian responsible for FCNC in the up-sector

Licre(u)

+

K1ke — Ky K)

mb/\

ms mq

mp mp

)\2
2

([(_ = D)1= 5) + AT (kaAly — wp A HY

(@Pgc + uPrc) + A*X'0(ko By — k4Bl ) HY (4 Prc — uPLc))

K1ke — Ky K}

imb)\

([

)\2
2

(1= 5) + A2 (kB — kB HY”

(@Prc — uPpc) — A N*'n(koAly — kb AL H (4 Pgrc + uPLc)> . (4.35)

These expressions will be used to calculate the real and imaginary parts of the K® —
K° DY — D% and B° — B° mixing.

ek and K° — K° Mixing

We evaluate the real and imaginary parts of the K% — K° transition. We assume a

common mass for scalar and pseudoscalar Higgs fields. In the following calculations we

will use the compact forms (Q1 (1)) +(Q1 (1)) = (1) and (Qa (1)) +(Qa(n)) = (Q5").

Re(K®|Hep| K°)

and

I (K°| Hepp| K°)

+

m2\?

AM? (k1Ko — KKb)?

{

My,

my

)2 = X2) = 242\1(1 = p)|

@m@—@%f4@%—@%ﬂ@m

Km%—%%fﬂw%—%%ﬂ(%)

MWﬁ@@%—@%VH@%—@%W@W

[(Fa A7y — HIQA:G)Q — (ke Bj; —

im2\?
2 )
AM?Z (k1Ko — Ky KY)?

[

My

my

mMe
my

@@ﬁ<?0}

(4.36)

)(2 = X2 A2\ = 24°X8(1 = )]

Qmﬁr@my—w%—@%ﬂ@m

K@%-%%fﬂ@%—@%ﬂ@%)
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The AF = 2 process are described by the Hamiltonian [189,190]

5 3
AF— wr ~ AN
MY =) CaQu + ) CaQu, (4.38)
a=1 a=1
with
qiq; - qiqj _ qiqj _ _
1= Q?LWQ?LC]?LVH%'BD 9y = Q?RQ?LQfRQED 5 = Q?ququRQ?La(‘l-?’g)
qiq; B B qiq;5 — B8 B
i= Q_JQRQ?quLqiRa 5 = q?ququLq?Rﬂ

where a, 8 are color indices. The operators @, are obtained from Q, by exchange
L < R. Here, we only use @)1, Q)o, Q1, and Q. The other quark operators will be

useful in the following chapters. The matrix elements are, [191]

5 m

@) = =51 ) B

1 Mg ? 9
@) = 3 () P, (4.40)

where a = K, By, Bs, D mesons, and no summation is assumed. F is the decay

constant of the corresponding meson and Bj(u) and By(u) are the bag parameters
calculated in NDR scheme for an energy scale . The numerical values for all the
parameters involved in the calculation of K° — K° D° — D° and B, — B], mixings
are summarized in Table 16. Same expressions for the operators )7 and (), are valid

for the operators Q; and Q.

K% - KO BY - B B? — B? D% — DO
0 2 GeV myp mp 2 GeV
qi S b b U
q2 d d s c
m, 498 MeV 5.28 GeV 5.37 GeV 1.86 GeV
F. 160 MeV 0.21 GeV 0.25 GeV 232 MeV
B () 0.76 0.82 0.83 1
B (1) 1.30 1.16 1.17 1
AM, (GeV) | 3.483 x 10715 | 3.337 x 10713 | 117 x 10713 | 1.57313 x 10~2°
€a 2.228 x 1073 - - -

Table 16: QCD parameters used for meson mixings.
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In the table above, AM, values are taken from PDG [114] and indirect CP violation
in K — 7 [138] and in K — 7lv decays is given by [114]. Substituting u = 2 GeV

in the expressions for AMg and CP violating parameter ex given below

1

AMy = 2Re(K°|H,;¢|K°), Aex = ———Im(K°|H, ;| K"), 4.41
K (K7 Hepp|K7) KﬂAMK<‘ff‘> (4.41)

we get

6.9269 x 10~7A% + 2.0088 x 107 B%
AMyg = 4]\/[-2 1 sec B2, (4.42)
and
9.9975 x 1042 — 9.8616 x 1072A%, B, + 2.8993 x 10" B%*

€ = x i XM2 453 x 1 sec 4%.(4.43)

By comparing the calculated expressions with their experimental values given in Table
16, we obtain on the sources of flavor and CP violation in the LRSUSY. We give below
the analytical expressions for the constraints on the parameters in the neutral scalar
and pseudoscalar mixing from K meson mixing. Taking the lightest neutral Higgs
mass to be Myor = M HO = M;, AMp yields the constraint

M? > (1.9888 x 10842 + 5.7675 x 10°B%) sec 3 GeV?, (4.44)
while the value of € yields the constraint
M? > (4.4872x 107 AZf —4.4262 x 107 A%, B}, +1.3013 x 10" BZ) sec 8% GeV?. (4.45)

In the above expressions we assumed that the lightest Higgs mass provides the
dominant contribution, and neglected the rest, while in our numerical evaluations
we have summed over all mass contributions, as in (4.20) and (4.21). These become,

for example, when tan 8 = 10, for AM
M? > (2.0087 x 10" A% +5.8251 x 10"°BZ) GeV?, (4.46)
and for ex
M? > (4.5320 x 10" A%f — 4.4704 x 1071 A%, B, + 1.3143 x 10" BZ) GeV?.  (4.47)

We tried varying the lightest relative masses in the scalar and pseudoscalar sector

and found that the results do not change.
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BY — BY Mixing
We proceed the same way as for K° — K° mixing to evaluate the constraints from
the BY, BY meson mixing. We use again four quark operators @1, Q2, Q1, and Q,

defined previously. Setting as before the Higgs mass to be equal to the lightest scalar

mass Myor = Myoi = M, the expression for AMp, becomes
1 k2

(94139 x 107° A% + 3.6405 x 10-°BY) sec 8,
M2

2

eV®. (4.48)

AMp, =

Using the experimental of AMp, from Table 16, we obtain, assuming as before

dominance by the lightest mass
M? > (2.8211 x 107 A2 + 1.6909 x 10°B%) sec 8 GeV?, (4.49)
which becomes, for tan § = 10

M? > (2.8493 x 10°A% +1.1019 x 10°B%") GeV?. (4.50)

B? — B? Mixing

We proceed exactly as in the previous subsection, substituting s instead of d quark.

The parameters for BY — B? mixing are given in Table 16.

(4.2314 x 1074 A% + 1.6469 x 1073B};) sec 32 a
M2

)

AMp, = eV, (4.51)

Using the experimental value of AMp, from Table 16,
M? > (3.6166 x 10" A% + 1.4076 x 10°B2) sec 3 GeV?, (4.52)
or, for tan § = 10
M? > (3.6528 x 10° A2 +1.4217 x 10" B%) GeV?. (4.53)
D? — D° Mixing

We have already evaluated the real and imaginary parts of the D° — D° transition

Subsection 4.4.1. We assume as before a common mass for scalar and pseudo-scalar
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Higgs fields.

_ 232 2
Re(D|Heps|D°) = o {RTE—@%@—A%+z¥v4

2 1ot
AM? (k1Ko — K1KS)? | Umy my

9 @w%—@%f%m%—@%ﬂ@%
+ [(”214:3 - ’1,2/4?5)2 + (“2BZ3 - "1,2355)2“@5%))
+ 4A4)\8772 ([(/@Afg - /fIQAfs)Q + (ke Bjs — “/23;5)2]<Qt10t>

+ [(redfy — sy AR)" — (k2B — /féBi%)QKQZ"t)}, (4.54)

where Q1, Q2, Q1, and Q, are the four quark operators defined as before, the mass
difference AMp = 2Re(D°|H,;¢|D°) is obtained as

5.2816 x 10710A% + 5.8097 x 10~BZ

AMp = e

csc 3% GeV?. (4.55)

Comparing the calculated expression with the experimental value from Table 16 we

obtain

M} > (3.3574 x 10" A% + 3.6931 x 10" BZ) csc 8% GeV?, (4.56)

2

which becomes for tan 5 = 10,

M? > (3.3909 x 10" A% + 3.7300 x 10" BZ) GeV?. (4.57)

7

4.5 Numerical Results and Discussion

The FONCs tree-level diagrams are mediated by the physical scalar fields HY and H,
and the pseudoscalars A} and AY. These fields are linear superpositions of the " or
&9 (XY or ¢ | respectively, for the pseudoscalars) components from the bidoublet
Higgs.

As the fields HY and H{ must be heavy, the light neutral scalars would likely be
linear combinations of the complimentary x5 or ¢{" components from the bidoublets,
or %7, 6%, 6" and 6" from the triplet Higgs. We set vg in the interval obtained from

the requirement that the doubly charged Higgs are light (3 — 10 TeV). Varying vg
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outside this range adversely affects the masses of the lightest doubly charged Higgs,
and some of the light neutral and singly charged scalars.

The mass of the lightest scalar field HY (the SM-like) changes at most a few GeV,
if we vary any of the parameters, whereas the second lightest scalar field HY is highly
dependent on the changes in the parameter vg. Similarly, the lightest pseudoscalar
field AY behaves like the second lightest neutral scalar field and is also affected by
the changes in vg. HY is SM-like, and the parameter that seems to affect HY mass
the most is the Ay coupling. (This parameter is the coupling that generates the
21 = A21(S) Higgsino coupling). The dependence is not smooth, but varying |y | in
the interval 0.01 — 1 produces a 30% change in Mio.

The tree-level flavor-changing neutral currents in the down-quark sector are
governed by HY and AY. The mass values of the fields HY and A9 are the same,
and they are dependent on the parameters Aoy ,vg, A, tan and Mpz. Numerical
investigation reveals that only tan and Mg can affect the HY and AY masses
significantly, while there is practically no variation on the mass with vg. These masses
are dependent on the parameters Mg and tan S such that when they increase, mass
values of these physical fields also increase. The dependence of the HY mass on the
parameter Mp is more dominant than on tan 3. Requiring My ~ 100 TeV insures
that Higgs-mediated FCNCs in K and B neutral mesons are suppressed to levels
consistent with experimental data. The variations of H{ mass with these parameters
are shown in Fig. 4.5.

The fields HY and A are responsible for flavor-changing neutral currents in the
up-quark sector. Their masses are the same (as one can infer from the mass matrices
in Section 4.3), and although they depend in principle on vg, tan/ and A9, the only
significant dependence is on vg, such that if vg increases from 3 to 10 TeV, their
mass values increase approximately 3 — 12 times. The mass also varies with the ratio
tan d = Ur/vg, while almost independent of the changes in the other parameters. The
parameter dependence is shown in Fig. 13, where we plot the explicit vg dependence
for three values of tand, as well as a more extensive illustration of the vp — vp
dependence in a contour plot. D°— DY mixing constraints require vy > 3 TeV. While
the dependence on both tan 8 and \o; is very weak, the dependence on vy is almost

linear.
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Figure 12: The variation of the FCNC neutral Higgs H{ mass with the parameters of
the LRSUSY model. H{ induces tree-level FCNC in the down-quark sector. Shown
are: contour plots in the Mg — tan 8 plane (the contour values are given in TeV when

multiplied by 103 ), the variation of M po with Mg, and with vg, for three values of

tand = Q_JR/’UR.
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Figure 13: The variation of the FCNC neutral Higgs HY mass with the parameters
of the LRSUSY model. HY induces tree-level FCNC in the up-quark sector. To the

left, a contour plot in the vg — vg plane (the contour values are given in TeV) and,
at the right, as a function of vg for three values of tand = vg/vg.

From the approximate analytical expressions in Section 4.3, the mass of the lightest
doubly charged physical field Hi* depends on vg, A, My as well as on the soft slepton
masses m%.. Analysis shows that only the dependence on vg and m?. is significant.

However, the exact mass also depends on vg through the ratio tand = vg/vg.

‘\‘\ Jan6=0.95
Tan6=0.91
\
\
Ay
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i
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Figure 14: The masses of the lightest doubly-charged Higgs boson as a contour plot

(the contours values are given in GeV) in the vg — m?2. plane (left) and as a function

of vg plane for three values of tand = vg/vg (right).

As before we show, in Fig. 14, the dependence of these parameters as a function

of vg for different values of tan , as well as a contour plot in the vg —m?3. plane. The
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mass of Hi* increases with the increasing values of vg , as shown on the right hand
side of Fig. 14, for three values of tan d, while it is basically independent on Mg. One
can see that the mass is highly dependent on vg/vg.

For example, when we change vg from 3 to 10 TeV, the Hi* mass values increase
approximately 4 times. Of course, in all cases, different m2. < 0 are needed to keep
the masses positive. Within the parameter space considered, my. € (4.5: — 10i) TeV.
The effect of varying the other parameters is negligible for the lightest doubly charged
Higgs, whereas the mass of the heavier doubly charged Higgs Hy* depends almost
exclusively on Mp.

The lightest singly charged physical field Hi mass corresponds to the MSSM-like
charged Higgs boson. The singly charged state that is triplet-like is H,™ and is heavy.
The other triplet-like charged Higgs boson is the Goldstone boson G3 responsible
for giving mass to VVRjE bosons. The other charged Higgs which come from bidoublet
components are heavy, a consequence of requiring the mass parameters to satisfy
FCNC bounds.

Finally, we present in Tables 17 and 18 two explicit numerical scenarios for the
Higgs masses, which obey the constraints from meson mixings: one for vp = 3.5 TeV
and tan 8 = 10, the other for vy = 5 TeV and tan = 50. The other parameters in
both scenarios are taken to be tand = vg/vg = 1/1.05, Mp = 100 TeV, A =1, \y; =
—0.1, C\ = 2.5 TeV, (S) =1 TeV, Mg = 1 TeV. We give masses and compositions
in terms of the bare states. One can see that, except for raising the lightest neutral
Higgs mass, increasing tan /3 has little effect on the spectrum. However raising vg
increases the mass of the lighter non-SM-like Higgs bosons in the neutral scalar and
pseudoscalar sector, as well as in the singly and doubly charged Higgs sectors. While
we did not prove in general that the model conserves R-parity, the numerical results
obtained from minimizing the masses confirm the results of [185]. Both of these
scenarios allow for a flavor-conserving neutral scalar Higgs boson; one light doubly
charged Higgs boson, and only two other Higgs bosons with masses below 1TeV, one
neutral and one singly-charged. The FCNC Higgs responsible for mixing in the up
(D°— D) or down (K°— K° and B], — By ,) quark sectors are heavy and satisfy the
experimental constraints in each sector. This scenario is completely consistent with
the Tevatron [192] and LHC data [193] on Higgs boson searches.
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Particle | Mass (GeV) | Composition

HY 111.6 | 0.10040" + 0.995x9"

HY 680.9 | —0.100¢9" — 1.000x "

HY 4557.4 | 0.7206" +0.6855°"" 4 0.001xJ" — 0.1295°"
HY 11140.6 | 0.0458<" 4 0.0435"" + 0.9985°"

HY 141537.9 | 0.6905<" — 0.7246¢"

HY 141686.6 | —1.00049" + 0.100x"

HY 141688.2 | 0.0010°" — 0.0016"" + 1.00069" — 0.100x9"
AY 680.9 | 0.1004%" — 1.000 Y

A 11106.8 | 1.0005%

A9 141502.0 | 0.6905<" + 0.7245” — 0.003¢3

A 141686.6 | —1.00043° — 0.100x

A? 141688.2 | —0.0026" — 0.0025°" — 1.000¢% — 0.100y Y’
H{ 690.2 | —0.0185¢ " — 0.0185°" — 0.099¢5 ™ + 0.995x7
Hf 141454.6 | 0.6908¢ " — 0.7245¢"

Hf 141686.6 | —0.995¢] — 0.100x; *

Hf 449688.2 | —0.995¢,* — 0.100x

H* 217.9 | —0.7246¢ " —0.6900 "

Hf* 141419.9 | —0.6906¢ ~ +0.7245""

GY 0 | 0.5680°" + —0.5405°" + 0.062¢% — 0.617x Y
GY 0 | —0.4495<" + 0.4285" + 0.078¢% — 0.780xY’
GT 0 | 0.100¢; — 0.995x; *

Gy 0| —0.7246° " — 0.6906°" + 0.003¢5* — 0.025x]

Table 17: Masses and compositions of physical Higgs fields and unphysical Goldstone
bosons. Parameters are chosen as follows: tan 8 = 10, tand = 1/1.05, vg = 3.5 TeV,
Mpr = 100 TeV, A = 1, A\yy = —0.1, C\, = 2.5 TeV, (S) = 1 TeV, Mg = 1 TeV,
m2.=—20TeV? f=1
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Particle | Mass (GeV) | Composition

HY 113.6 | 0.020¢)" + 1.000x9"

HY 998.6 | —0.02049" — 1.000x?"

HY 6797.1 | 0.7146<” + 0.6805°” — 0.1685°"

HY 12214.8 | 0.0685°” + 0.0615°" + 0.9965°"

HY 141575.2 | —0.6906¢" + 0.7245<”"

HY 315121.9 | —1.00043" + 0.020x}"

HY 315123.5 | —1.000¢0" + 0.020x9"

A9 998.6 | 0.020¢9 — 1.000 Y’

A 12152.2 | 1.0005%

AY 141502.0 | 0.6908<" + 0.7245"

AY 315121.9 | —1.00043° — 0.020x "

A 315123.5 | —1.000¢{" — 0.020Y’

H{ 995.3 | —0.0136 " — 0.0125°" — 0.020¢5 ™ + 1.000x7
Hf 141405.3 | 0.6908¢ " — 0.7245¢"

Hf 315121.9 | —1.000¢] — 0.020x; *

Hf 315123.5 | —1.000¢5* — 0.020x

H* 215.3 | —0.7246¢ " —0.6900 "

H 141334.2 | —0.6906° ~ +0.7245 "

GY 0| —0.1385<" +0.1316” + 0.019¢% — 0.961xY’
Y 0| 0.7106°" — 0.6776°" + 0.004¢% — 0.981xY:
G 0 | 0.020¢] —1.000x; "

Gy 0| 0.7245¢ +0.6905¢" + 0.018x]

Table 18: Masses and compositions of physical Higgs fields and unphysical Goldstone
bosons. Parameters are chosen as follows: tan 3 = 50, tand = 1/1.05, vg = 5 TeV,
Mpr = 100 TeV, A = 1, \yy = —0.1, C\, = 2.5 TeV, (S) = 1 TeV, Mg = 1 TeV,
m2.=—30TeV? f=1

Finally we comment on the scalar leptons and gaugino masses. In [185], the
authors attempt a complete model building, incorporating general (approximate)
constraints on doubly charged Higgs boson fields and scalar lepton masses, as

functions of gaugino masses. Using two-loop MSSM renormalization group equations
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[194], the relations between these parameters are

M2 (my) < —M2(my) {“—(R)—l}

5 a% ;1 (vR)
A2 () < 2 AR(m {L_l

M) < oo M) [ S )y S arzng) [ SO sy

10, ap_p(mz) aj(mz)

where M5, M; are gaugino masses, by, by are RGE coefficients, M., is the soft doubly
charged Higgs mass, and the last two equations give bounds on the the right and left
tau slepton masses. We use the renormalization group equations for the LRSUSY
model with triplets and an arbitrary number of singlets [195] to evaluate the mass

bounds?. In our case, taking vy in the 3.5 — 10 TeV region, the limits become:

Mz (mz) < %Mf(mz) {% - 1] + %M?z(mz) {j%z{(%z)) - 11
M (m2) < M) [ S ] Sagzng) [ SO (459

The approximate bounds on the soft masses depend critically on the relationship
between the U(1)p_r,SU(2), and SU(2)gr gaugino masses. For instance, for
M; = Mg = My : Miy(mgz) < 024 M;(mgz), Mz, (mz) < 0.11 Mj(mz) and
Mz, (mz) < 0.11 Mi(myz); for M; = My = 2M; the bounds become M, (my) <
0.4 Mi(mgz), Mz, (mz) < 0.2 M;(myz) and Mz, (myz) < 0.2 Mj(mz); while for 2M; =
My = 4M;, the limits are My, (my) < 0.7 Mj(my), Mz,(mz) < 0.32 M;j(myz) and
M, (mz) < 0.2 Mj(mz). While no precise conclusions can be reached, the bounds
push the gaugino mass parameter M; to be very large, which is not inconsistent with
soft slepton masses in the TeV range. Note that these mass bounds are only a rough
estimate, as we include gaugino masses but neglect other terms. The purpose of our
calculations was to show that a self-consistent Higgs sector can be obtained within
the framework of the minimal model, leaving the door open for a more thorough

exploration of the model.

2These bounds are completely consistent with what we obtain using relations given in [185] for
M; = M; = Mp.
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4.6 Summary and Conclusion

In this Chapter we analyzed the Higgs sector of a minimal LRSUSY model with
automatic R-parity violation. Symmetries of the model forbid explicit R-parity
violation. Inclusion of the effects of the Yukawa coupling of the heavy Majorana
neutrino insures a global minimum which is charge conserving, thus avoiding
spontaneous R-parity breaking or the need to introduce higher dimensional terms.

The Higgs sector contains four doubly charged, six singly charged Higgs fields,
nine neutral scalar fields, and seven pseudoscalar fields (in addition to two neutral
Goldstone bosons, and two charged ones). One would expect that, with so many
free parameters in the Lagrangian, and so many free masses, almost any scenario is
possible for the Higgs masses in this model. We show that the requirement that 1)
there is a light neutral scalar Higgs boson, flavor conserving, which is the counterpart
to the SM Higgs boson; 2) there exists at least one light doubly charged Higgs boson
(as it is interesting for phenomenology); and 3) the flavor-violating neutral Higgs
bosons satisfy the constraints imposed by the experimental data from K° — K°,
D’ — D° and Bj, — BJ, mixings, makes the Higgs sector fairly predictive and fixes
some of the parameters in a narrow range. The masses of the light neutral and
doubly charged Higgs bosons depend on very few parameters. For instance, we find
that requirement 1) and 2) are related, and satisfied by vg € (3,10) TeV range.
Assuming vr ~ Ur and g, = g, this predicts masses for the Wg around 4 — 13 TeV
(assuming negligible mixing with W), and for Zz bosons in the 3 — 10 TeV range.
Thus, while the model can allow for light neutral, singly and doubly charged Higgs
bosons, it predicts new gauge bosons just outside the range My, < 2(4) TeV which
can be observed at the LHC with a luminosity of 1(30) fb~! [196].

The parameter Mg, associated with the singlet Higgs field in the superpotential,
must be of O(100) TeV, which insures high masses for the FCNC Higgs. And our
rough estimates show that requiring some of the Higgs bosons to be light likely push
the scale of supersymmetry above 1 TeV.

Our analysis is important for two reasons: first, we have shown that a reasonable
Higgs mass spectrum is possible in LRSUSY. This analysis shows that, except for
these three bosons, the rest are heavy (with only three, one neutral scalar, one
pseudoscalar and one singly charged) just below the TeV scale. Second, as most

Higgs masses are sensitive to few parameters, the model is very predictive and free
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of additional parameters, such as the sneutrino VEVs or extra higher-dimensional
terms. The best signal for this model from the Higgs sector remains the observation
of a doubly charged Higgs boson, decaying copiously to charged leptons. Observation
of a light non-MMSM like Higgs (neutral or singly charged) will invalidate the model,
at least within the present minimal prescription for the Higgs sector. This analysis
can now form the basis of a consistent phenomenological study of signals from such
a Higgs sector, including production and decay rates, and has implications for the
masses of the additional gauge bosons, of the right-chiral neutrinos, as well as for the

supersymmetric partners.
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Chapter 5

HIGGS PHENOMENOLOGY in
WARPED EXTRA DIMENSIONS
with a 4th GENERATION

Previously, in Section 3.3 Four-Generation Standard Model and in Section 3.4 Warped
Extra Dimensions has been introduced. There have been many extensive studies of
the SM4. However, there are few analyzes of BSM scenarios with four generations
(see however [99]). The reason is that the fourth generation typically imposes severe
restrictions on the models. We have mentioned before the advantages of introducing
a fourth generation into models with warped extra dimensions.

As mentioned earlier, KK particles could be just barely beyond the reach of
the LHC. Nevertheless there are implications of the warped scenarios that could
leave an imprint on lower energy physics. For instance, recently it was pointed out
that warped extra-dimensional models introduce new flavor-violating operators in
the Higgs sector. In a composite Higgs sector with strong dynamics, flavor changing
neutral currents (FCNC) can arise at tree level, generated by a misalignment between
the Higgs Yukawa matrices and the fermion mass matrices [175,176,181]. The full set
of operators responsible for the misalignment has been thoroughly analyzed, showing
that the effect is generically large and phenomenologically important [181] and even
could alter considerably the couplings of Higgs to gluons [197,198], thus affecting the
main production mechanism of the Higgs at hadron colliders.

These flavor violating effects will be even more pronounced if the matter sector is
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extended by extra fermionic generations. And for the Higgs bosons, it is well known
that the effects of a fourth generation are quite spectacular in modifying the Higgs
boson cross-section at hadron colliders, which can be tested easily with Tevatron and
early LHC data within this or the next year. The Tevatron has published limits on
the Higgs boson cross-section in the fourth generation model, excluding a wide range
of Higgs boson masses [168], and recently the CMS collaboration carried out a similar
study [193].

As Higgs production can be modified within warped scenarios due to flavor
violating effects in the Higgs sector [198], it may be possible to distinguish signals
coming from SM4 from those coming from a fourth generation model associated with
a warped extra-dimension (or a composite scenario), given the searches for the Higgs
boson underway at the LHC. The inclusion of the fourth generation will also affect
low-energy precision observables, as well as limits on rare decays. In the lines of [181],
we explore here the effect of FCNC Higgs couplings with a fourth generation in a

warped extra dimensional model with fermions in the bulk.

5.1 Flavor Structure with four families

The model is introduced in detail in Section 3.4. We now proceed to add to
the scenario the remaining families of quarks and leptons, including a new fourth
generation. This will of course create a richer structure of flavor, not only in the
Higgs sector, but in the electroweak sector, where the flavor changing charged current
mediated by W bosons now contains new contributions with the addition of ¢’ and b'.

The fermion zero-mode wavefunctions evaluated at the TeV brane, f(c), are now

diagonal matrices as follows

fo, 0 0 0 foo 00 0
0 0 0 0 fuw 0 0
Fq = fo- . Fu= e ,

0 0 fo O 0 0 fo, O

0 0 0 fo 0 0 0 fu
fo, 00 0
0 0 0

Fq = for : (5.1)

0 0 fds 0
0 0 0 f
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Here small differences in the ¢’s will produce large hierarchies in the values of f(c)
(i.e. geographical fermion localization in the extra dimension) giving rise to a highly

hierarchical structure in F; where ¢ = ), u, d. This is shown in Figure 15.

/ BULK
o0
u 5

Figure 15: Typical geographic location of quarks in RS-4GEN (RS with a fourth
family) such that large quark mass hierarchies and small mixing angles are generic.
The Higgs boson and the heavier fermions (top and fourth generation quarks and
charged leptons) are localized near the TeV brane, whereas light fermions are localized

towards the Planck brane.

5.1.1 The quark mixing matrix Vckma

The mass matrices are given by

Mu = U4FQYuFu,
Md = U4FQYdFd. (52)

Here, the matrices Y, and Y4 are composed of 5D Yukawa couplings and are 4 x 4
with complex entries. Because most of the elements in the diagonal matrices F; are
naturally hierarchical (for UV-localized fermions), the physical fermion mass matrices
M, and M4 will inherit their hierarchical structure independently of the nature of
the true 5D Yukawa couplings, the latter of which can therefore contain all of their
entries with similar size of O(1), and have no definite flavor structure. This is the
main idea behind scenarios of so-called flavor anarchy, which we consider here, applied
to a four-family scenario. The introduction of the fourth family is simply realized by
assuming that the new fermions are localized near the TeV brane, like the top quark,

and therefore will be naturally heavy. Mixing angles should typically be small except
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among the heavy fermions where large mixings could be possible. To diagonalize the

mass matrices we use

Uq, M, W,/
Uq, Ma W'

o diag
= M,

_ diag
= Mdies,

(5.3)
(5.4)

One can in fact obtain a relatively simple formulation of the rotation matrices Uq,,

Uq,, Wy and Wy by expanding their entries in powers of ratios f;/f;, where i < j

and with i = 1,2 and j = 1,2, 3,4. In Appendix D-1 we have calculated the unitary

transformation matrices Ug, and Ugq, for four generations of fermions by keeping

only the leading terms. Here we will only give the final results of our calculation. For

the three family case see [199)].

[Yu]Ql le

Yuly o, v H
[Yu];l f 1 u u
S 1 Uy U,
U . [ u]ll fQ2 (5 5)
R [Yu]; fQ1 - [Yu]11,32 @ o 50 7 .
[Yu] :1 fQS [Yu] 11’22 fQ3 : h
. [Yu]; le [Yu]11,42 @ g o
[Yu] Il fQ4 [Yu] 11,22 fQ4 Qu Qu
[Yd]m le Q Q
1 d d
[Yd] 11 sz U13 ul4
-Y- *
_[ d]il le 1 UZ%d uﬁd
— [Yali, fa. 56)
Q= [Yd]; fQ1 _ [Yd];,SQ @ cq s0 ’ .
[Yali, fo [Yal;,,, faos ‘ ’
. [Yd]zl fQ1 [Yd]11,42 @ e o
[Yd]Il fQ4 [Yd]Il’QQ fQ4 Qd Qd
where, in particular we have
fQ [Yd]n 32 fQ [Yd]n 42
U = ¢ 2 = s =2 = 5.7
23 @ st [Yd] 11,22 Qu fQ4 [Yd] 11,22 ( )
fQ [Yd]Ql 32 fQ [Yd]m 42
U = ¢ ! =+ sy ’ (5.8)
s Qi fQ3 [Yd] 11,22 @ fQ4 [Yd] 11,22



The UZ" and Uss" entries cannot be simplified as in the down sector since m; is heavy.
However, we do not need them to calculate the CKM entries. The 4D CKM matrix
for the left handed quarks are

Verm = Uq, 'Uq, (5.9)

The Z/{%d and L{Q%d are needed for calculating the elements V., and V,;. Using the mass

hierarchy m;, < my, we can also write the simple expansions for cg, and s * as

CRq = V4 fQ4fd4’Y;lel|/mb’= Séd = U4 stfd4Y3i*/mb’ eiarg(Yﬂl)' (51())

Now, we give the analytical expressions for some of the CKM entries. The details
of the calculations are given in Appendix D-1 It is important to note that even
though the 5D Yukawa matrices are all O(1), we can still have the observed hierarchy

structure in CKM matrix by virtue of the f; parameters.

_ & [Yd]m i [Yu]Zl
Vs = sz ([Yd]u [Yu]u) 7 (5'11)
, (5.12)
and
le [ ] [Yd]21,32 - [ ]21 [Yd]n 32
Vo £ fQ3 ([ u] - [Yd]n,m [ ]11 [Yd]n 22)

le [ ] [Yd]m 2 {Y ] [Yd]n 42

gt (P e - AP ) 1)

If the 5D Yukawa matrix elements are all of order 1, then the observed hierarchies
among the CKM elements can still be explained by hierarchies among the f;
parameters. The explicit dependence on the 5D Yukawa couplings gives a more
precise prediction for the mixing angles, which is quite useful when looking for
phenomenologically viable points in parameter space. The results of such a scan

are presented in the next subsection. The W, 4 matrices are obtained in the same
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way as Uq, , and are given by (see Appendix D-1)

1 [Yoliy fur Wi W
[Yu];kl fug 13 14
[Yu], fu
. 12 Jur 1 W Wy
[Y ]11 fu2 23 24
Wa = Y, fo M fe o [0 O
[Y ]11 fUS Yu]11,22 qu h !
o [Y ]14 fm [Y“]11,24 @ s c
[Yu]ll fu4 [Yu]11722 fU4 b b
and
[Yali, fa
1 12 Jd1 Wd Wd
[Yd]; fd2 13 14
[Yal, fa
_ 12 Ja1 1 Wd Wd
[Yd]u fd2 23 24
Wa = Yo, fo  Nalw foo . (5.15)
[Yd]ll de [Yd]ll,gg de ¢ a
[Yd]m fah [Yd]11,24 & sy ¢y
[Ydl,, fa, Yal,,,, fa

5.1.2 Tree level Higgs FCNC couplings

We now extend the one-family results presented in Subsection 3.4.5 to the case of
four generations. To leading order in Yukawa couplings, the SM fermion mass matrix
is

ﬁld = FQ??DFd V4, (516)
where " indicates a 4 x 4 matrix in flavor space. The misalignment in flavor space

between the fermion mass matrix and the Yukawa coupling matrix is defined as
Ad =md — o, 39, (5.17)

where §¢ is the 4D effective coupling matrix between the physical scalar Higgs and

the quarks.

Similarly to the one family case, the misalignment can be separated into two

components, A% + Ad with

1 1
F—(Y"’D) = m? (v,R"?), (5.18)
Q
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and
Ag = (R (cq) + K(~cq)®) m? B2 (5.19)

The crucial observation is that 9 and A9 are generally not aligned in flavor space.

Thus when we diagonalize the quark mass matrix with a bi-unitary transformation

md — Ul m9Wy, the Yukawa couplings will not be diagonal. To be more specific,
QL

in models of flavor anarchy, we have
sz‘,di . .
(Ug, Wa)ij ~ = for <. (5.20)

Then the off-diagonal Yukawa coupling will be dominated by

. A 1
Yo = —(ul, AdeR)ijv—4

2 _
~ ngiY?’fdjviR’z, (5.21)
where Y is the typical value of the dimensionless 5D Yukawa coupling.

Since the Higgs couplings now contain off-diagonal entries, we must choose a

convenient parametrization for them. A common choice is to normalize the couplings

with the fermion masses and write the Higgs Yukawa couplings as!

Lo —at ™ g
HFV = Qy; 5 LaqRr + h.c. + (d e U) (522)

Uy

5.1.3 Analytical Estimates of Higgs FCNC Couplings in
Flavor Anarchy

In Section 3.4 the tree level Higgs FCNCs are presented. In this subsection we will
estimate analytically flavor changing couplings of Higgs to fermions with 4 generation
in warped extra dimensional model. We follow the same procedure as in [181]
where there are three families only. We then compare these analytical results to
our numerical scan.

We use eqs. (5.20) and (5.21) to estimate the sizes of a?j’d. For example, we have

v3 ms

2 _
~ =AY 202 R"? 5.23

2 _
acliQ ~ ngIYSfdzving

!This is a particular realization of the Cheng-Sher Ansatz [200].
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where A\ is the Wolfenstein parameter (see Section 2.3), and we used fy,/f;, ~

(Ua, )12 ~ (Verar)12 ~ A. We can find the other a;‘j’d in similar fashion. We obtain:

1 DU LT S L B L
mgq mq mgq
1 Jmg 2 [my 2 [y
d 259 2pm A\ ms 4 A Ms A ms
;5 ™ 61’]’ - =Y U4R y (524)
K 3 L jmg L fms 12 T/
A3 my A2 my my
1 mgq 1 ms my
)\3 myr )\2 My My 12
2 2
Vaurs 3 Vi 3 Vi
1 A My A MMy A My My,
2 2
1 My 2 Uy 2 Vi
U 2?2 2R/2 A Me 4 A m¢me A My Me (5 25)
Gij ~ % — 34 U 1 my 1 me 16 T ‘
A3 me A2 me UZ
2
1 fmy 1 [me Vi
XA/ my A2\ my My my 16
The effect clearly decouples since it depends on R? ~ —+—. Taking the typical
y Vi y
KK

Yukawa size Y = 2 and 1/R’ = 1500 GeV, and using the known SM masses evaluated
at the KK scale, along with my = 400 GeV and my = 350 GeV, one can obtain the

typical values of these couplings:

096 0.03 0.01 0.14

J 0.04 0.86 0.01 0.15
gy ~ : (5.26)

0.13 0.19 0.57 0.45

0.01 0.007 0.003 0.57

096 0.16 0.15 0.09

" 0.008 0.86 0.04 0.02
ij ™ (5.27)

0.01 0.04 0.42 0.05

0.007 0.03 0.003 0.42
Note that the results presented here are just estimates for the size of a?j’d, which

enter without sign or phases. However, we observe that for the third and fourth
generation quarks, the corrections to the diagonal Yukawa couplings are always
negative (suppressions) if Y7 = Y5 and are larger than the previous estimates. This

point was argued in [181] and we address it again the next subsection for completeness.
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An interesting feature of these matrices is the asymmetry of afj in the b0y and
b7 br entries, asymmetry not shared by the up-quark matrix a;;. This asymmetry in
the couplings produces an asymmetry in the decays, as well as in the shift in the
vertex functions g%, g% for Z — bb. This asymmetry will be typical for the (34 — 43)
entries and thus non-universal. We expect the same feature in the charged lepton

mass matrix.

5.1.4 Numerical Results for Higgs FCNC Couplings

In order to obtain a better prediction of the typical size of the off-diagonal Yukawa
couplings, and to compare with the previous estimates we perform a scan in parameter
space. The results should be in general consistent with the rough estimates of
Egs. (5.26) and (5.27). Some differences observed can nevertheless be explained,
(see also [181]) so that one can still be confident of the generic size of the flavor
violating couplings predicted in the flavor anarchy paradigm in RS type scenarios
with four generations.

We proceed as follows:

e We fix my = 400 GeV and my = 350 GeV as well as SM quark masses at
the KK scale, taken to be m; = 140 GeV, m, = 2.2 GeV, m, = 0.55 GeV,
ms =5x 1072 GeV, m, = 1.5 x 1073 GeV, my = 3.0 x 1072 GeV. We take the
KK scale as R'™' = 1500 GeV.

e Then we generate random complex entries for Y, and Yy, such that |Y;| €
[0.3,3.5]. We also generate random fg, such that fo, ~ O(1).

e We then obtain fq, from |Vi|/|Vis|/|Vesls fo, from |Vie|/|Vus| and  fo, from
|Vis| (see Egs. (5.11), (5.12) and (5.13)).

e We then obtain the right-handed down quark entries f;, from my.

e Similarly for the up right-handed matrix entries, we obtain f,, fu,, fa,, f4, and

fas from m,, m., mgy, ms; and m;,. We also obtain f,, and f,, from m, and my.

e Finally we check that the generated Y, and Y; along with the obtained Fq, E,

and F,; do indeed produce the observed masses and mixings of the SM. If so
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we keep the point in parameter space and continue until we obtain 1000 points

which satisfy all constraints.

e For each acceptable point, we use Egs. (5.18) and (5.19) to compute the flavor
violating Higgs Yukawa couplings, parametrized by the a;;’s as defined in
Eq. (5.22).

We present the results of the scan as follows: we give the 25% quantile and the
75% quantile of the obtained couplings. This means that 50% of our acceptable
points contain a coupling in between the quoted values. Also it means that 25% of
the generated points predict higher values than the range quoted, while 25% of the

points predict lower values than the range quoted.

d.

We find the following ranges for af;,

u 3 : 2
a;; matrix couplings

0.919 — 0.987 0.025 — 0.081 0.011 — 0.044 0.130 — 0.532
y 0.049 — 0.148 0.827 — 0.934 0.0.017 — 0.059 0.249 — 0.934 (5.28)
K 0.140 — 0.470 0.142 — 0.446 0.620 — 0.819 0.873 —2.508 |

0.018 = 0.061 0.017 —0.058 0.008 —0.120  0.375 — 0.643

0.927 —1.000 0.089 —0.364 0.091 —0.410 0.139 — 0.612
" 0.015—-0.052 0.816 —0.949 0.065 — 0.197 0.092 — 0.300 (5.29)
;s ~ , .
v 0.019 — 0.068 0.071 —0.236 0.545 — 0.772 0.127 — 0.343

0.0167 — 0.062 0.060 — 0.191 0.064 — 0.168 0.403 — 0.651

to be compared with the rough estimates Eqgs. (5.26) and (5.27).

5.1.5 Cumulative Effect on Diagonal Yukawa Couplings
when Y; = Y,

We observe that the rough estimates are slightly smaller than the results of the scan,
specially for the third and fourth generation couplings. This was already pointed
out in [181] for the three generation case. The argument given is that due to the
presence of a fourth generation some of the coefficients will be different and typically

the cumulative effect will be larger.

2This scans were produced by Dr. Manuel Toharia.
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We assume that Y; = Y5. This is an important choice, and without it no extra
enhancements would appear. Nevertheless this choice is natural if the Higgs boson is
to be considered as a highly localized 5D scalar field, and then 5D Lorentz invariance
imposes Y] = Y. Let us consider the element (33) of the Yukawa coupling in the up
quark sector as an example

2R" 1 1

1 = Uo. "M, —M" =
att Smt [ Qu F3 FC22 .

2
_ _ZR/ (Miiag) (WuT } Wu) (M(liliag)
3my 33 2 35 ji

1 .
x(UQuTﬁQUQu> (M?;ag) : (5.30)
Q 73 33

First let’s look at the contribution to ay when the j index is equal to 3 (i.e. for

Muwu]

mass matrix (Md8)s5 = m;). In this case, there will be 16 terms in phase, each

2R"?V 203
3

be real and negative, because (WuTﬁ%%Wu)gg > 0. When j = 2 (Mdiag),, = m,)

proportional to — , and it is important to realize that every one of them will

.
2R'Y 202
3
random complex phase (the 14 remaining terms are much smaller). For ;7 = 1

e
2R'*Y 2?2
3

there will be 2 terms ~ but every one of them will have generically a

((Mdiag), ;= m,) there is only one term ~

contributing, with the rest
15 terms being again suppressed. So, summing over all terms, the dominant
contribution to a; will consist of 19 terms, 16 of which are negative and the rest

3 have random complex phases. Generically each of these terms are of the same
2R'?Y 22
3

size ~ so from a statistical argument, a; — 1 should receive a negative
contribution ~ —16 (W) This cumulative effect is confirmed by the numerical

Scaill.

One can perform the same analysis for the rest of elements of the Yukawa matrix,
including the off diagonal ones, and realize that typically there are a number of
aligned terms in each case which enhance the naive estimate by an O(1) factor (and
which also can be estimated). This fact gives us confidence that both our scan and
our estimates are consistent and that our numerical results predict correctly in this

scenario the generic size of the flavor violating couplings in the Higgs sector.
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5.1.6 Higgs FCNC Couplings in the Lepton Sector

We proceed in a similar fashion to evaluate Higgs flavor violation in the lepton sector.
The difficulty with the lepton sector is that mixing matrices are not well-established
here. The neutrinos can be either Dirac or Majorana, the charged lepton mixing
matrix (PMNS) is not as well established as the CKM matrix, and there are several
mechanisms to explain the large mixing angles and light masses for the neutrinos (see

for example [201,202]). For all cases, the Lagrangian can then be parametrized as:

IR L
‘CHFV = aij D) HL'e -+ h.c. (531)
Uy

Following [181,202], we analyze two types of scenarios. Depending on the neutrino
model, the left-handed charged lepton profiles can be either hierarchical and UV
localized, or similar and UV localized. The profiles of the right-handed charged
leptons are always hierarchical and localized near the UV brane. We outline both

cases below.

e (A) In the case where the left-handed and right-handed profiles are hierarchical,
they satisfy the following relations:

ml i
— ~ .

7 7
(Or.e)™
fle

YU4 ’
where f7 . are profiles of the left-handed and right-handed fields and (Op, )™ is

the intergenerational mixing. Then the aﬁj become:

l 2_2 2 12 /fifg
aij ~ gY (U4R ) m (533)

fi f m;
—= ~ == ~ 4|/—, ie, when the hierarchy of
i 4 m;

charged lepton masses acquires equal contributions from the left-handed and
right-handed fields.

fufe~ i< (5.32)

This af; are maximal when

e (B) If right-handed profiles are hierarchical and left-handed profiles are similar,
fL ~ f} ~ f2, the profiles satisfy the following relations:

o ml It fiooomt o
1 £ ~ _ ? , L~ O 1 , —e ~ _ s < s 534
foe YU4 fi ( ) fg mé ? J ( )




and the the parameter alij becomes:

l 2 2/, 2 2 fg

These flavor violating Higgs Yukawa couplings to leptons can also lead to
interesting collider signals for the decays of the fourth generation leptons, as

discussed in the next section.

5.1.7 Tree Level Z° Flavor Violating Couplings

FCNC couplings of the Z" boson have been studied before in the context of warped
scenarios with 3 generations [199]. These couplings arise basically from two sources.
First, the bulk profiles of the lowest-lying massive gauge bosons (the SM Z° and W?)
are not flat, yielding non-trivial and non-universal overlap integrals with the fermion
profiles. Second, even if the Z° and W profiles were flat, there would still be a non-
universal correction to these couplings due to misalignments in the fermion kinetic
terms. In fact the correction has the exact same origin as the misalignment Ag in the
Higgs sector shown in Eq. (5.19).

For light quarks, the first source of misalignment dominates due to Yukawa
suppression of the fermion kinetic term misalignments. But for heavier quarks, and
specially fourth generation quarks, this last source of flavor should dominate and this
is the one we consider in the following.

We can write the couplings of fermions with Z° as:

EZ = [gL 52‘]‘ + (59L>ij:| qud]L + |:gR 52‘]‘ + (59R>,,:| 7}%ng% -+ (d < u), (536)

ij

(T5 — Qsin Oy ?) and gp =
cos Oy cos Oy
SM couplings with g the SU(2), coupling constant, and ¢ and T3 the charge and

@ sin @y are the usual diagonal

where gy, =

the isospin of the quark in question. The corrections coming from the kinetic term

misalignment are, for the down quarks,

Ny Té N

b =~ MIK, Mg R .
gL cos By direatVid R, (5.37)
Skin  _ g7y % t o2

M= g MaKeMi R?. (5.38)
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where M9 is the fermion mass matrix before diagonalization, R'~" is the KK scale
and K is a diagonal matrix whose entries K (c) were defined in Eq. (3.196). Upon
diagonalization of the fermion mass matrix in order to go to the physical basis, these
corrections will not be diagonal and will produce flavor violating coupling for the Z°
boson. The same mechanism applies in the up-sector.

Once in the physical basis, we can parametrize the off-diagonal quark couplings
in the Lagrangian by <a%’d> ; and <a7§’d>ij, with

9Ty

cos Oy

[(a%)ij 7 dy — (af), dnf dg} +(d ). (5.39)

EZFV = -

The Z° FCNC couplings (az’d> E (a%’d> ~can then be obtained from the same scan
used to obtain numerical values jfor the H{ggs FCNC couplings. For example, for the

(43) entries in the up and down sector, we find typical ranges

(a%)45 = 0.00350 — 0.0176, (a%)43 = 0.0274 — 0.0952, (5.40)
(ad)43 = 0.00356 — 0.0161, (a%)43 = 0.0209 — 0.0830. (5.41)

To obtain these values we followed the same procedure explained previously in the

subsection “Numerical results for Higgs FCNC' couplings”.

5.2 Phenomenology

5.2.1 Bounds on Higgs-mediated FCNC Couplings

The off-diagonal Higgs Yukawa couplings induce FCNC, which affect many low energy
observables and also give possible signatures at colliders. In this section, we discuss
first bounds on Higgs flavor violation coming from tree-level processes AF = 2, such
as K— K, B—B, D—D mixing. We then study the effects on loop processes, such as b
and t flavor-changing decays, as well as on Z — bb, 777~. The radiative processes are

enhanced due to heavy quarks in the loop, and strong off-diagonal Yukawa couplings.

Tree-level Processes

The AF = 2 process are introduced in Subsection 4.4.1. For K — K , By— By, B,— B,
D — D mixing, ¢;q; in eq. (4.39) are replaced by sd, bd, bs and uc, respectively.
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The exchange of the flavor-violating Higgs bosons gives rise to new contribution to
Cs, C’g and C operators [94]. These contributions have been analyzed in the context
of SM4 [203]. The 3-generation constraints have been included in [181], and the basic
bounds on the coefficients are not altered. We present them here, for completeness,
in a more general fashion, with no relation to the possible numerical values of the
entries in the Higgs Yukawa mass matrix. We use the model-independent bounds on
BSM contributions as in [189], and present coupled constraints on the Higgs flavor
violating Yukawa couplings parametrized by the a;; couplings and the Higgs mass

mp,.

e K° — K° mixing: the coefficients Cy, Cy and C, will set limits on the real and
imaginary of the Yukawa couplings a%,, a$,, and their product. Specifically, for
the values of parameters used in the previous sections, we obtain, from A My,

respectively:

|(afs

L) (500 GeV 1)) (500 GeV

) <078, |(ad ) <078, (5.42)

mp mp

|(af,a5)

4 aenr (500 GeV
T

2
) < (0.44)%.
The bounds obtained from €y are very stringent, and restrict the phases of the

off-diagonal Higgs Yukawa couplings:

500 GeV
I d \2
m(a12) <—mh

12 (500 GeV

2
) < (575 x 107%)*,

Im(ag,

2
) < (5.75 x 1072)*,
mp

Im(af,a5)

500 GeV'
¢ a2 <—e> < (275 x 107%)%. (5.43)
mp,
e D% — D® mixing: the mixing constrains the (12, 21) off-diagonal entries in the
up-quark flavor changing mixings.
/500 GeV (500 GeV
fat)] (P25 <0 gl (PREV) <08,

mp mp

|(a¥ya57

) (500 GeV

mp

)2 < (0.59). (5.44)
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e BY — BY mixing: the mixing is fairly constrained, resulting in bounds on the

(13, 31) entries in the down-quark flavor changing mixings.

500 GeV 500 GeV
(aly) (—) <0675, [(ad)| <—) < 0.675.

mp mp

oy (500 GeV

|(a13a31

2
< (0.44)%. 5.45
) < o (5.45)
e B? — B? mixing: The mass mixing in the BY — B is less restricted than in the
BY sector, resulting in bounds on the (23, 32) entries in the down-quark flavor
changing mixings. At first, these bounds may not appear useful; however, one
must note that the matrix entries a;; are not otherwise constrained (e.g., by

unitarity).

mp mp

(a)| (M) <138, |(ady) (M) <138,

(500 GeV
(ayas)] (—

2

< (0.8)°. 5.46
2V <09 (5.46)
With the exception of ex, these bounds are not too restrictive over the estimated
size of the flavor violating couplings of the Higgs as our numerical evaluation show,
except perhaps for very light m; ~ 120 GeV. In what follows, we compare the tree-

level bounds with precision bounds coming from loop-generated processes including

a heavy fermion in the loop.

One-loop processes

We evaluate flavor-violating radiative type processes of the form ¢; — ¢;v, and [; —
liv as well as Z — bb and Z — 7t7~. Though occurring at one-loop level, these
processes are tightly constrained experimentally. For a recent calculation of these
warped penguin diagrams due to radiative exchanges of heavy KK states see [204].
In our scenario each process receives additional non-universal contributions from the
fourth generation quarks or leptons and Higgs bosons running in the loop.

The contribution is enhanced for couplings with the third generation, as the FCNC
couplings are larger. The basic process is illustrated in Fig. 3, where F' represent
fourth generation quarks or leptons, f;, f;, second or third generation quarks or

leptons, and h is the Higgs boson. For instance, for b — sv, F' = U/, f; = b and
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f; = s quarks, while for Z — 777, F'=17', and f; = 7", f; = 7~. We analyze each

process in detail.

Figure 16: Generic loop diagrams enhanced by FCNC couplings between Higgs boson
and 4th generation fermions. Here F' stand for a 4th generation quark (or lepton),
while f;, f; are 2nd or 3rd generation quarks (or leptons). The left-hand side graph

is the vertex diagram, while the other two are self-energy diagrams.

e b — s7v induced by Higgs FCNC couplings

The decay rate of b — s is

(M?)

167rm2

L'(b—sy) = \/mgL +md — 2mim?2. (5.47)

where the most dominant term in the matrix element M? is

emimymg
(247203)2

X C2 <P12,P22, (P, + P2)2,m§,,mi,mg/>, (5.48)

|a22ag4 z(mg + mﬁ - 2mgm§)

(M?) =

and where C is a three point integral as defined in Looptools [205] Using the

experimental value of the branching ratio of B — X,y
Br(B — X,y) = (3.55 £ 0.24 £ 0.09) x 10%, (5.49)

we can put a bound on a;;’s such that |af,a%,| < 1.3. This is a very conservative
bound. If we require the branching ratio to be the sum of the SM and the
new physics contribution, and use the NLO result Br(B — X,7) E,>1.6 GeV =
(3.60 £ 0.30) x 10~* [206], we obtain |a,ad,| < 0.45. These values start to be
quite restrictive, as compared to the expected size predicted by our scenario

ladyad,| =~ 0.85 (obtained from our numerical scan).
o T — uy, T — ey, i— ey induced by Higgs FCNC couplings
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The same operators will contribute to lepton FCNC decays. The experimental

limits on these processes are [114]

Br(r — uy) < 4.4x107%,
Br(r —ey) < 33x107%
Br(p—ey) < 1.2x107M (5.50)

The Higgs mediated diagrams with a heavy 7’ in the loop yield limits on the

aﬁj parameters. Specifically, we get
lah,al,| <011, |ab,dly| <145, |db,al;| < 0.002. (5.51)

We also calculated the aﬁj values by using the two different scenarios. In scenario
(A) where both the left-handed and right-handed profiles are hierarchical, we

have
|abaly| = |ab,aly | = Jabal, | ~ 0.0065. (5.52)

However, in scenario (B) where right-handed profiles are hierarchical and left-

handed profiles are not, we get

|lab,al,| ~ 0.0016, |ak,a);| ~ 0.00011, |ab,al,| =~ 0.00045. (5.53)

Using the aﬁj values in scenario (A) and Y = 3 we calculated the branching
ratios as Br(7 — py) = 1.4 x 10719 Br(r — ey) = 6.7 x 1073 and Br(u —
ey) = 6.2 x 10711,

For scenario (B) (keeping Y = 3) we have Br(r — uy) = 7.8 x 1072, Br(r —
ey) = 1.9 x 1071 and Br(pu — ey) = 2.9 x 10713, The predicted size of flavor
violating 7 decays lies just below experimental bounds, but the branching ratio
for u — e is above the experimental bounds in scenario (A), and therefore sets
some bounds on our scenario. More stringent limits can be set when (expected)

new experimental results become available.

t — ¢y induced by Higgs FCNC couplings Using the formalism from b — sy we

can estimate the branching ratio for t — ¢y. We obtain
Br(t — ¢y) = 1.55 x 1077 ||alyak,|* + |alizas,|* + 0.25% (ab,al;alyal,) ] (5.54)
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which for the values of the scanned Higgs couplings becomes Br(t — c¢y) =
1.33 x 107'2, too small to be detected anytime soon, and comparable to the SM
estimate Br(t — ¢y) = 4.5 x 10713 [207].

e 7 — bb decay and Z — 77~ For completeness we also computed the loop
corrections to Z — bb decay and Z — 7t7~. The b’ and 7/ running in these loops
make these diagrams larger than the corresponding case with three generations

but are still too small to place any useful bound on the Higgs FCNC couplings.

Higgs Production and Decay

The Higgs in RS with 4 generations is in fact quite similar to the SM4. The tree level
couplings are still proportional to the masses of the particles it couples to. One of
the main differences between four generations and three generations, from the Higgs
perspective, are the new radiative contributions to the coupling of Higgs to photons
and gluons. This last coupling is typically enhanced by a factor of ~ O(3) (due to
three heavy quarks running in the loops instead of only the top quark), and since
the Higgs is mainly produced through gluon fusion at LHC, one expects roughly an
enhancement in production cross section of ~ O(9). Of course this enhancement
must be carefully calculated as it is still sensitive to the relative mass between the
Higgs and the heavy quarks. In any case the production cross section for this Higgs
allows the appearance of many more Higgs bosons than predicted by the minimal SM.
Therefore the SM Higgs bounds from Tevatron now become quite stringent, and even
early LHC data allows exclusions of regions in the parameter space [163,164,208,209].
In particular a Higgs mass in the 120 — 600 GeV is already excluded by hadron
collider bounds (assuming that no new decay channels exist for the Higgs) [163,164].
We take 100 GeV as a lower bound for the Higgs scalar and study the possible
decay channels that such a Higgs could have. The grey shaded regions represent
regions of the parameter space excluded by LHC for the SM4 scenario. The dark-grey
regions represent higher-confidence parameter regions, while the light-grey regions
lower likelihood exclusion regions. As shown in [198] the production and decays of
Higgs in RS can alter the values of mass parameters with respect to the SM. The
branching ratio bands represent 50% likelihood for the branching ratio, as given in
our numerical scan. (That is, 25% of all the parameter points from the numerical

scan lie below and 25% lie above the shown interval.) The results are shown in Figure
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17, where the branching fraction for each channel is presented. Not surprisingly the
dominant decay modes for heavy Higgs (m; > 200 GeV) are h — W*WT and
h — Z°Z° where both W pairs and Z° pairs are on-shell. These are the same
dominant channels as in the SM; of course once above threshold the Higgs should
also decay into pairs of heavy fermions. The typical expectation for models with four
generations is that Higgs decays into tf, t't/, b't/, /77’ (fourth generation charged
lepton pair) or v.v. (fourth generation neutrino pair) all have branchings similar to
the branching of h — tt, given that the masses of these fermions should typically be
in the hundreds of GeV (except maybe the v/). That yields branching fractions at
the 10% level, and this is confirmed in Figure 17.

The new and very interesting result is the prediction of sizable branching fractions
for exotic decays of the Higgs into fermion pairs of different flavor. In particular we
observe that h — 77/, h — bb' and h — tt' are among the most important new
flavor violating channels, a fact not surprising since for heavier fermions one expects
larger couplings to the Higgs. An interesting remark for these new channels is that
the threshold mass at which they become kinematically allowed is basically set by
the mass of the heaviest fermion. This means that while some or most of the flavor
diagonal decays into fermions might be closed, there are good chances of an open
channel such as h — 77" or h — bb/. For the chosen parameters (KK scale of
1/R' = 1500 GeV and typical 5D Yukawa couplings of O(2)) we obtain generic flavor
violating Higgs couplings which place the branching ratios of these exotic decay modes
on the order of 1072. Note that since the flavor violating couplings scale as (Y R')?,
the branching ratios should in turn scale as (Y R')*, showing great sensitivity to both

the 5D Yukawa couplings and the KK scale.
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Figure 17: Decay branching fractions of the Higgs scalar in a warped scenario with
four generations of fermions. The bands represent 50% likelihood for the branching
ratio, according to our numerical scan, as explained in the text. The light and dark
gray regions vertical regions are excluded by both Tevatron and LHC (with varying
degree of confidence, see discussion in the text). The flavor anarchy setup (masses and
mixings explained through fermion localization, with random 5D Yukawa couplings)
predicts generic FV couplings of the Higgs, leading to a few new interesting decay
channels such as h — bb' and h — 77’. The masses chosen for this plot are m; = 350
GeV, my = 400 GeV, m, = 160 GeV and m,_, = 250 GeV (N4 = v), and the KK
scale is (R')™' = 1500 GeV. (Figure on the curtesy of Dr. Manuel Toharia).

The production cross section at the LHC of a heavy Higgs of 400 GeV?, in a scenario
with fourth generation quarks is expected to be about 50 — 70 pb [114]. Since the
new exotic decays have branching ratios at the percent level, one expects the cross
section of these modes to be somewhere near 500 fb. This means that with 1 or
2 fb™! of integrated luminosity at the LHC (early stages) one could have at least
a few hundred of these events. Of course given the large production cross section,
there would be no problem in quickly discovering the Higgs via the four lepton mode
(h — Z°Z° — 4l) or maybe through (h — W*WF). With the Higgs mass properly
set, a complementary search for some of the new exotic channels should be much

easier.

3We assume that our branching ratios modify predictions for the mj; from the colliders, thus
allowing lighter my, for RS with four generations.
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Of particular interest is the mode h — 77’ since it may actually compete as the
main production mechanism for the fourth generation charged lepton. If m; < 2m.,
the decay into pairs of 7/ is forbidden and so the other possible production for heavy
leptons is through s-channel processes involving electroweak bosons [210] and their
KK partners [105]. The typical cross section for 7/ — v/ production via s-channel W is
10 —100 fb [210], which means that the flavor violating production through s-channel
on-shell Higgs of 757'T can be a few times larger than this. The subsequent decay of
the 7T — /W7, and then of v/ — W1 should give a signal of pp — h — 7577 —
TEWTWI, where all particles are produced and decayed on-shell. The signs of the
second W and the charged lepton [ are not fixed and depend on the nature of v/.. One
would look for same sign dilepton events coming from leptonic decays of the first W
along with the last lepton of the chain. This type of signature is quite clean thanks
to the minimal background and would in principle allow for easy confirmation of the
signal, which could become the discovery signal for the 7/ along with the confirmation
of Higgs flavor violating couplings.

Another interesting decay mode, if kinematically allowed, is h — bb’, where the
b would subsequently decay as b — ¢W or v/ — bZ° In the first possibility, ¢
stands for ¢ if kinematically allowed, and for ¢ or w. The partial width of these
channels depend on the size of the CKM4 angles Vyy, Vi and V., which are typically
constrained to be small [144]. A channel which could compete is ¥ — b Z°; since in
the RS scenario under study these flavor violating couplings appear at tree-level, in a
similar fashion to the Higgs sector [199,211]. Thus depending on the decay branching
ratios of the b’ heavy quark (see next section) the events could be pp — h — b0’ —
W=t — BbWEWT or pp —h —bb — bW~j or pp— h — bV — bbZ° A
careful study of these signals and their background is beyond the scope of this work,
but we should mention that a clear prediction of our scenario is that the h — b — b’
coupling is highly asymmetric (see Eq. (5.24)) with a definite preference for h — b0y,
decay over the h — b} bg. Thus one should also look for the angular correlations in the
signals in order to search for this asymmetric property of the couplings (see refs. [212]

for studies along these lines).

Heavy Fermion Decays

e Heavy quark decays
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If the Higgs masses are lighter than the masses of the fourth generation fermions,
channels in which the heavy fermions decay to the Higgs boson and a fermion from one
of the lighter families are open. Pair production of heavy quark flavors is expected to
have a cross section of ~ 4 —4.5 pb for a mass of 500 GeV* at the LHC with /s = 14
TeV [213], thus should be within reach, and the properties of the fourth generation
fermions would then become apparent. As the FCNC couplings of the Higgs to the
fermions are proportional to fermion masses, the dominant decays would be to the
third generation fermions. The flavor violating couplings of Higgs will lead to tree-
level decays t' — th and ' — bh in the kinematically allowed regions my > my + my

and my > my, + my. The decay rates for these processes are calculated as

mim;
Q. — ¢h :#\/4 4 bomd — 2m2m? — 2m2m? — 2m2m?
(Qj — qih) 167rm§’v:f m; +mj +my — 2m;m; mimj, — 2m;my,
X [(| a;}(d) >+ | a;i(d) ) (m3 4+ m; —mj)
+ 4%(a%(d)a?i(d))mimj} : (5.55)

These decays can have significant decay width, and branching ratios. By comparison,

the other dominant two body decay modes are t' — bW and O/ — tW, given by [214]

Vil
NQ; — W) = gﬂb—%\/mf + m;* + M}, — 2m?m§ —2m2 M3, — 2m32M5V
J
< (it = 2088~ 2+ A (5.56)

by substituting the corresponding quarks in the two body decays. The flavor-changing
couplings of quarks to the Z° boson allow FCNC quark decays via the process @ —
qZ°. The branching ratio is [199]

T2
rQ; — 2% = S\ fmb w4 MY — 2mm? — 2mI M3 — 2m3 M3

8 M7 cos? Oyym
2 2\ 2 2 2 2 u,d u,d 2
X (mj—mi) + M3 (mj—QMZ) ‘(aL )34 <aR >34

+ 12mmR| <a2’d> ; (alﬁd> 34] } , (5.57)

with T3 the third quark isospin component and with the flavor-changing couplings
a®" and a';” as defined in given as in Eq. (5.39). We define the total width to be the

2
—+

4 The cross sections are estimated based on QCD effects only, and are based on approximate
knowledge of PDF, thus should be only seen as indicative.
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sum of the dominant two body-decays
(Q; = 2X) =1(Q; = ¢W) +1(Q; = ¢;h) + T(Q; = ¢:.2°). (5.58)

Although the decays Q; — ¢/W, Q; — ¢Z and Q; — ¢h, i = 1,2 should be
subdominant due to CKM and Yukawa suppression, for completeness we include
them in our numerical calculations and plots.

Although the Higgs bosons with masses from 120 to 600 GeV appear to be
excluded by the LHC [163, 164], we allow for possible suppression in production in
RS with four generations versus SM4 scenarios [198], we plot the branching ratios of
the heavy quarks for m; = 500 GeV. Should the Higgs mass be larger, the graphs
would shift to the right, but the same features hold.

In Figure 18 we illustrate the branching ratios for the ¢’ quark for two choices of
KK mass scales, R'~! = 1.5 TeV and R'~! = 3 TeV, and for two choices of the CKM4
mixing involved, i.e Vi, = 0.1 and Vy, = 0.3. The latter will affect the tree-level
decay t' — bW, typically assumed to be the dominant decay for the usual choice
my — my ~ 50 GeV. The characteristic bands appearing in these figures are due
to the fact that the flavor violating couplings for both Higgs and Z° are obtained
from numerical scans, performed for different values of the heavy quark masses. To
visualize the generic region in parameter space that the branchings should cover,
we show the interval of couplings inside which 30% of all the generated points lie,
such that 35% lie below that interval and 35% lie above. This procedure will define
“bands” in the figures which should be understood as the generic region predicted by
flavor anarchy:.

We compare the dominant branching ratios for tree level decays: ¢ — bW t' — th
and t' — t Z°, and also the subdominant decays ¢’ — ¢ W, ¢ — ¢ Z and t' — q h with
¢ = d,s and ¢ = ¢,u. Compared to these tree-level decays, the branching ratios of
loop-induced processes such as Br(#' — tv) ~ O(1077) are much smaller. In all three
plots we observe the importance of the decay rate ' — th, which will generically
dominate for a KK scale of 1.5 TeV and a moderate CKM4 entry Vy;, = 0.1, when
kinematically alllowed. By increasing the KK scale or Vjy, the branching ratio of
t" — bW is enhanced, but we observe that the decay into Higgs and bottom remains

well above 20% in the worst case considered.
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Figure 18: Branching ratios for 2-body ¢’ decays with CKM4 mixing angle V., = 0.1
and KK scale R~ (= Mgg) = 1.5 TeV (left panel), Vi, = 0.3, R~ = 1.5 TeV
(middle panel) and Vi, = 0.1, R~! = 3 TeV (right panel). We take Viy = Virg = 0.01
and my, = 500 GeV throughout. The bands represent 30% likelihood for the branching

ratio, according to our numerical scan, as explained in the text.

In general one can see that the flavor violating decays of the t' are significant for
all parameter values chosen, and, as long as they are kinematically allowed, they
clearly dominate over the intuitive channel ' — bW. Of course, the effect depends
on (R 2}72)2 and will decouple for a large enough increase of the KK scale R/~
Therefore, which decay is dominant depends sensitively on the KK scale R'~! and
also on the CKM mixing V. In particular, for R~! = 1.5 TeV and Vi, = 0.1 (a
value favored in the fits of [144]), the branching ratio for ' — ¢ h seems to be predicted
to be dominant and about twice as large as the one for ' — bW over the allowed
parameter space. While for R~! = 3 TeV and V,;, = 0.1, the branching ratio for
t" — th is predicted to be about two to three times smaller than that of ¢ — bW.
For the intermediate choice, R"~! = 1.5 TeV and Vy, = 0.3 the branching ratio for
t" — bW overlaps with that for ¢ — ¢ h over a significant range of parameter space.

In all three plots, the flavor violating decay t' — tZ° is subdominant above the
th threshold, but significant over a large region of parameter space, with possible
branchings ranging from about 1% to 10%. This channel becomes specially interesting
when the decay into Higgs is kinematically forbidden, namely for ¢ masses below the
threshold m; + m;, ~ 670 GeV, but the decay into top and Z is open.

We also include the suppressed decays t' — g; h, t' — ¢; Z° and t' — ¢; W, i,j =

1,2. The Z° decay width is sometimes too small and the corresponding branching
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ratio falls below 1073, which is why it does not appear in the plot. We take a generic
value for Vi, = 0.01 and include FCNC coefficients azi(m), (af )ai(iay from our scan.
Thus the decay t' — th, if kinematically allowed, is a promising channel for
observing ¢’ pair production as well as a novel Higgs pair production channel, in the
subsequent decays of the heavy quarks.
It may even be possible to see simultaneously the two dominant
decays® if the branching ratios happen to be of similar size,

giving rise to interesting pair production  processes and  decays:

e pp — 't — tthh, e pp — 't — tbhWW,

e pp — 't — bbBWW,

all potentially accessible and thus providing an indirect confirmation (or at least a
consistency check) of the warped extra dimensional model and its parameter space.
In particular, the relative importance of these signals would provide valuable hints
on the size of the KK scale as well as of the CKM4 angle V,;,. Note also that if
the KK scale is such that R'~! = 1.5 TeV, the lightest KK particle in the minimal
scenario would have a mass of O(3 TeV) and may escape detection at the LHC,
while the exotic flavor violating decays (caused by the presence of KK particles) of
the fourth generation quarks would still be observable.

We perform the same analysis for the decays of the ¥’ quark as shown in Fig. 19.
As before, we choose three parameter combinations for the KK scale and for the
main CKM4 mixing angle involved in these decays, i.e R'~! = 1.5 TeV and Vjy = 0.1,
then R'~! = 1.5 TeV and V;y = 0.3, and finally R'~! = 3 TeV and Vj,y = 0.1. The
dependence of the branching ratios of FCNC decays of the &' quark is more or less
similar to the corresponding ones for the ¢’ quark, with the decay v’ — b h dominating
over all others for R~! = 1.5 TeV and V;y = 0.1 (and where kinematically allowed),
while for the two other parameter choices the decay b’ — ¢t W has the largest width
for my > 250 GeV.

The flavor violating decay &' — b Z° has a lower kinematic threshold than b’ — bh

and therefore can occur for &' masses just above the Z° mass. But the W-mediated

® One might also be able to observe the decays ¢’ — tZ" even if subdominant over the parameter
space.
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decays of the b’ start at a larger mass threshold than in the previous CKM decays

of the t, since charged current decays of ¥ will involve a top quark and a W, both

heavy. This means that in the low b’ mass region, the Z° FCNC decay dominates.

Of course as the mixing angle Vs is increased, the relative importance of the charged

current decay grows as expected. As before, we include the CKM4 and af;, (a$);;

YR

suppressed decays b/ — ¢ h, V' — ¢ Z° and b’ — ¢; W, i,j = 1,2, with a generic

value for Vi, = 0.01 and including the FCNC couplings affi(m), (a%) 4y from our

scarll.
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Figure 19: Branching ratios for 2-body ¢’ decays with CKM4 mixing angle Vj,; = 0.1
and KK scale R~ (= Mgg) = 1.5 TeV (left panel), Viy = 0.3, R = 1.5 TeV
(middle panel) and Vi = 0.1, R'~! = 3 TeV (right panel). We take V= Vi = 0.01
throughout as well as m; = 500 GeV. The bands represent 30% likelihood for the

branching ratio, according to our numerical scan, as explained in the text.

Again, the b’ — hb decay is important above h threshold for all the parameter points

considered, being dominant for low KK scale and small CKM4 mixing angles, and

then competing with the decay &’ — ¢t W when KK scale or Vyy are increased. In this

region the decay b — b Z° is suppressed relative to the other two, but still important,

with branching ratios reaching 1% -6%.

As before, we include the CKM and Yukawa suppressed decays O — ¢ W, 0 — gh

and V' — ¢Z, with ¢ = u,d and g = s, d.

Again, FCNC decays of ¥’ through Higgs or Z° bosons would provide an indirect

indication of the warped space scenario, even for large KK scales such as R~ = 3

TeV. From the plots one see that it may again be possible to observe at the same
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time the dominant decay modes of the b’ quark (since these are produced in pairs).
For completeness, we include two plots for ¢’ and b’ decays for a light Higgs, roughly
in the Higgs window still open. We take m;, = 120 GeV, and show, in the plots bellow
the branching ratios for ¢’ — th for Vi, = 0.1 and KK scale R~ (= Mgg) = 1.5 TeV
(left panel) and for ¥ — bh for Vi = 0.1 and KK scale R~} (= Mgg) = 1.5 TeV
(right panel). The branching ratios are shown in Fig. 20. For such a light Higgs
boson, the FCNC branching ratios ¢ — th and ' — bh are of O(1) and dominate
over the other 2-body branching ratios when kinematically accessible: over the whole

parameter space for ' decays, and for my < 300 GeV for ¢ decays.
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Figure 20: Branching ratios for 2-body ¢’ decays with CKM4 mixing angle V., = 0.1
and KK scale R~ (= Mgg) = 1.5 TeV (left panel) and b’ decays with CKM4 mixing
angle Vi = 0.1 and KK scale (= Mgx) = 1.5 TeV (right panel), for m;, = 120
GeV. The bands represent 30% likelihood for the branching ratio, according to our

numerical scan, as explained in the text.

For a lighter b, below the threshold for O — tW, i.e. m; < 250 GeV the FCNC
decays into Higgs and into Z° might dominate over decays into W and light quarks
(and hence might substantially alter the current experimental bounds on the &’ mass
where CKM decays are assumed). In that situation it may be possible to observe a

mixture of events:
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e pp — ' — bbhh, e pp — V' — qWhh,
e pp — bV — bbZZ, e pp — ' — bZbh,

o pp— VY — gWqW, o pp — VY — bZqW.

For a heavier ¥/, it appears that two modes should dominate, namely the FCNC
decays onto Higgs and the decays into a W and a top quark (due to our assumption
of Vi being the largest of the CKM4 mixing angles involved). The possible mixed

events could now be

e pp — 'l — bbhh, e pp — b’ — tWhh.

e pp = V'V — tWtW,

All events would be easy to identify at the LHC and their relative importance

would provide again valuable information on the model parameters of this scenario.
e Heavy lepton decays

Once the 7’ lepton is produced at a collider, its FCNC decay will proceed in the
same manner as that of the ¥ quark. As the mass bounds on new 7’ leptons and v/,
neutrinos are close, it may be that the decay 7" — W/l is kinematically forbidden,
and the decay of 7' to lighter neutrinos (7 — Wwy;, ¢ = 1,2,3) depends on the
specific model of neutrino masses and mixing and may be suppressed. Thus the
FCNC decays 7" — hr (for the light Higgs boson scenario), and 7/ — 72° could be
the dominant decays. Since we are assuming that m;, + m, < m,., the production
of 7" should happen via s-channel W bosons and KK partners, and therefore would
typically come with associated production of v (if the mixing to lighter neutrinos is
smaller).

The subsequent FCNC decays of 7/ should be easily disentangled at the LHC as
they involve several possible processes with many leptons, such as pp — 7'v, — ThW1
for the case of 7 — 7h decays. The Higgs, being heavier than 200 GeV, should mainly
decay into pairs of gauge bosons giving rise to final states of WWWIir or ZZWilr,

i.e. three gauge bosons, one light lepton and a 7, a clean enough signal at hadron
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machine. These might give rise to same-sign dilepton events, trilepton events, and
pushing it, to 6 leptons plus 7 events, when every boson decays leptonically.

In the case of 7 — 7Z° decays, one would similarly obtain processes like pp —
T'v; — 7ZWI. Again one might observe same-sign dilepton events, trilepton events
and when the all bosons decay leptonically one could obtain events with four leptons
and a 7.

As in the previous section, a realistic analysis of these signals is beyond the scope
of this work, however, it seems clear that it would not be hard to disentangle them,

as the branching ratios are subdominant to 7/ — h7, but nonetheless significant.

5.3 Conclusions and Outlook

In this Chapter we analyzed the effects of Higgs flavor-violating couplings in the
framework of warped extra dimensions on a fourth generation of quarks and leptons.
The Higgs Yukawa couplings are misaligned with the fermion mass matrices, and this
effects is even more pronounced in a model with a sequential fourth fermion family,
due to cumulative effects in flavor space.

We presented both an analytical evaluation and a numerical estimate of the size
of the Higgs FCNC couplings in models with flavor anarchy. The only requirement is
that the three-generations quark masses and mixing angles should be reproduced in
the present scheme, while the fourth generations masses and mixings are allowed to
be free, limited only by Vg unitarity. We briefly discussed the possibilities for the
lepton sector, which is unfortunately complicated by the lack of a well-defined model
of neutrino masses and mixings; as well as revisited the FCNC couplings of the Z°
boson with a fourth generation.

After setting up the model and evaluating the Yukawa couplings, we analyzed
the new effects on low energy FCNC observables. At tree level, the new off-diagonal
couplings affect the K — K° D° — D° and BY, — BJ, mixings. We use the data
to set constraints on the a;;, the most stringent bound coming from €y constraining
the phases of the FCNC Yukawa couplings. The constraints are similar to those
obtained in the three-generations scenario [181] and the bounds imposed are not
stringent, even if we expect the 3 x 3 Yukawa couplings to be reduced in the four-

generation model. The Yukawa FCNC couplings contribute to loop-level processes
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such as b — sv,t — ¢y, 7 — e, (u)y and p — e7y. For the quark radiative decays, the
effect is negligible compared to SM values and Wq diagrams. For leptons, depending
on the size of the FCNC Higgs Yukawa couplings, the radiative decays might become
more important and restrict the aﬁj beyond the expectation from the numerical scan,
especially from the u — ey decays, and even more as the bounds on lepton-flavor
violation are expected to improve in the near future.

As the present limits on the Higgs masses are pushed higher, especially for the
case of four generations, the Higgs boson decay patterns can be substantially modified
from the SM and even SM4 expectations. FCNC decay channels such as 777, bb’ and
even tt' open for mj, ~ 600 GeV, for present bounds on four-generation masses. Both
h — 77" could prove to be fertile grounds for discovery of the fourth generation
leptons, if the decay h — 7/7’ is kinematically forbidden. Similarly, the decay h — bb’
could be an important channel for b discovery if off-diagonal fourth generation mixing
angles Vi, Vo and Vi are small. The decays are important for the whole parameter
space my > 400 GeV, my > 200 GeV and would provide a clear indication of the
model.

If the fourth generation quarks and leptons are heavier than the Higgs boson,
their decay into lighter quarks and Higgs bosons would be a promising channel for
their discovery and identification. In particular, the branching ratios for ¢ — th and
b — bh compete with ¢/ — tZ° and b/ — bZ° whenever kinematically accessible,
and approach 1 for a significant range of Vi, Vi and my, my parameter space for
my, =~ 120 GeV. And the fourth generation lepton which can only decay through
electroweak processes, may not be able to decay into Wv. or Wv, (depending on
mass and mixing constraints in the leptonic sector), making 7 — 7h a dominant
decay mode, and competing with 7/ — 72°.

Thus, even if the KK scale is heavy, and KK particles cannot be seen at the LHC,
residual effects due to Higgs FCNC could provide the most promising indirect signals
for the warped space scenario. Our analysis shows that in a four-generation model,
which is natural in this scenario, the results could be enhanced over the model with

three generations and yield measurable signals at the LHC.
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Chapter 6

RADION PHENOMENOLOGY
with 3 and 4 GENERATIONS

Allowing SM fermions and gauge fields to propagate in the bulk effectively solves the
large flavor violation and rapid proton decay problems of the original RS scenario
and can also be used to explain the fermion mass hierarchy by fermion localization
[86-90]. However, tight bounds from precision electroweak tests and from flavor
physics 93,94, 173], constraint the excitations of the bulk fields to be heavier than
a few TeV, making it very hard to produce and observe heavy resonances of these
masses at the LHC. The scalar field radion associated with the fluctuations in the
size of the extra dimension and its associated phenomenology might be promising
for observing new states from these scenarios. Generically, the radion may be the
lightest new state in an RS-type setup, with its mass suppressed with respect to KK
fields by a volume factor of ~ 40, at least in the small backreaction limit [70]. This
might put its mass between a few tens to hundreds of GeV, with couplings allowing it
to have escaped detection at LEP, and consistent with precision EW data [215] (see
Subsection 3.4.3 for more information about radion). Radion phenomenology has
been discussed in several papers [71,215-218|. More recently it has been shown that
a tree-level misalignment between the flavor structure of the Yukawa couplings of the
radion and the fermion mass matrix will appear when the fermion bulk parameters
are not all degenerate [174]. The mechanism responsible for these FCNC'’s is different
than the one producing Higgs mediated FCNC’s in these same models [175,181].

In the previous chapter we have shown that, if the fourth generation is
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incorporated into warped space models, the flavor-changing couplings of the Higgs
boson can be enhanced, and both the production and decays of the Higgs bosons
and the decay pattern of the heavy quarks and leptons is altered significantly with
respect to the patterns expected in SM4, thus giving rise to distinguishing signals at
the colliders [107]. It is thus expected that in a warped scenario with extra generations
(seen as a natural extension of the warped space model), the flavor-changing couplings
of the radion will also yield characteristic signals at colliders.

Also, contrary to the Higgs case in these models [107], exotic flavor violating
decays of heavy quarks into radions ) — ¢¢ should be highly suppressed with the
new flavor violating couplings of the radion. These will become important in radion
decays into quarks ¢ — qq, q¢’ as well as into leptons ¢ — 7'7 and ¢ — v,.v,. Data
from ATLAS [163] and CMS [164] experiments at the LHC indicating that a four
generations Higgs boson must be very heavy, does not affect the radion mass directly,
but sets limits on the combined radion mass interaction scale parameter space. While
we stated that the phenomenology with three and four generations is quite similar
for the radion, there are (new) FCNC effects of fourth generation quarks and leptons
interacting with the radion. The radion model is described in Subsection 3.4.3 and

flavor structure with four families presented in the previous chapter.

6.1 Flavor-Changing Neutral Couplings of the
Radion

The couplings between bulk SM fermions and the radion were calculated in [70] for
the case of one generation. Including the flavor structure and the possibility of a bulk
Higgs, these couplings are the same for four generations as in the three-generation
case, presented in [174] and take the form of Eq. (3.171). After diagonalization of the
fermion mass matrix, flavor violating couplings will be generated. One can see this
explicitly by performing the bi-unitary rotation leading to the fermion mass basis,
and writing the radion couplings to fermions in that basis (in matrix form):

¢(x)

_A_qﬁalzhys [Ugdi<CQ1)UQd Iil(ciliag + mddiagwiij-(cdi)wd d%hys. (6'1>

Here, d”"¥* is the physical state and is now a 4-vector in flavor space, given that

we have introduced an extra (fourth) generation. Also we have defined Z(cq,) =
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diag[Z(cq,)] and Z(cq,) = diag[Z(cq,)]. One observes that unless the diagonal matrices
7(cq,) and Z(cq,) are both proportional to the unit matrix," there must be some degree
of flavor misalignment in the radion couplings. The extension to the up quark sector

and charged leptons is immediate.

6.1.1 Radion FCNC'’s in Flavor Anarchy—Analytical Results

We explicitly parametrize the radion couplings with fermions by highlighting the mass

dependence as

~u

Lyry = ——,/ 4, ¢ dy &, — Al; /M, M, & ' uly + hc., (6.2)

where d’, u’ are the quark mass eigenstates with masses mg,, m,,,. Due to the simplicity
of the flavor structure in the radion couplings, it is now possible to give analytical
expressions for these couplings, to leading order in ratios of f;/f;. The general

expressions are, for ¢ < j:

~ * Mg,
a = B3 (@) ~ T URTUE] + O,

~U u] wk w mul
Qg I(cy,) = L(cg,) U Uy, } +O(=), (6.3)
M, k 1 Uj
and for ¢ > j:
il = md] I(ca,) — (ca,)) WaWi]  + O(mdi ),
~ My, u Uk mui
uJ k 1 Uj

Note that when ¢ < j the couplings are controlled by “left-handed” bulk masses
(¢,) and mixings (Uq), and when i > j, the couplings are controlled by “right-
handed” bulk masses (c,q) and mixings (Wya). The resulting 3 x 3 substructure
of these couplings, i.e. without the fourth generation, matches the results presented

n [174]. The expansion of the mixing angles in terms of ratios of f’s gives Ugwm ~

'Note that this can be achieved if the bulk mass parameters, the ¢;’s, are all degenerate, but then
the scenario cannot be used to produce/explain fermion hierarchies.

145



Jfo., W&~ fq/fa,an Yoo fu ) fu,- Wi ese, we can obtain the parametric
o/ fo; Wi ./ fa;, and W ./ fu,- With th btain th tri
dependence of the radion couplings up to corrections of order one.?

The diagonal terms are simply

&d ~ I<qu') +I<Cdi)’ &Z ~ I(qu‘) +I<cui)' (65)

As the function Z(c), defined in Eq. (3.172), tends to ¢ for ¢ > 1/2, and approaches
quickly the value 1/2 for ¢ < 1/2, the diagonal terms in the down sector can be

written as

_ _ _ 1 _
a(lil ~ (C,h + Cd1)v agQ ~ (Cq2 + cd2)7 ag{i ~ (5 + Cd3)7 ag4 ~ 17

while the off-diagonal terms also get very simple expressions

~d msg fQ ~d mg fd
Qg ~ my (Cth - CQQ) le ) Qo1 ~ Ed (cdl - Cdz) lelv
2 2
_ my, LY f . [ Ja
a3 =~ m_d (C!h - 5) lea agl ~ m_d (Cd1 - Cda) f_dlv
3 3
N mp L\ fq. d my fa,
Ay ~ [ — (g — = : Ago = | — (Cay — Cay) =
23 ms ( q2 2) fQS 32 ms ( d2 dd) fd3 )
al o~ (1Y fa 4 my (L) fa
14 my T 9 fQ4 ) 41 My dy 9 B 5
—d my 1 fQ2 ~d my 1 fd2
ay, ~ Cop — = Ay A Cay — = | T
24 ms ( q2 2) fQ4 ) 42 ms da 2 3 9
“d [ fo N 1\ fa
o [P ) - T2, [ (-3 ) 22 (60)
4 s 4

Note that in the above we took ¢, & ¢,, & ¢4, = 1/2 except in a4, where the dominant

term comes from the (expected small) difference between c,, and c,,.

2See Appendix for details.
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Figure 21: Contours in the plane (¢;,c¢;) of the function a;; = [Z(¢;) — Z(c;)] ;g;%,

which sets the size of radion FCNC couplings with fermions. These are estimated
to be a;; >~ , /7*a;; and so from these contours one can quickly estimate the size of
J
these couplings by knowing the values of the bulk mass parameter ¢; of each fermion.
(Figure on the curtesy of Dr. Manuel Toharia).
Similarly, in the up sector, we obtain
Ei71L1 ~ (Cth + Cm)a &152 ~ (CQ2 + Cu2)7 a13f3 ~ 1’ 5&4 ~ 17

and for the off-diagonal terms:

~ me f Q ~ me f U
ayy & My (Cth Q2) fQ; g = - (Cuy = Cuy) fu:’
g (L) e U LT A
13 My q1 2 ng ’ 31 My ul 2 fd3 ’
g (. LY S i me (LN fu
23 Me q2 2 fQS ’ 32 Me u2 2 qu )
. My 1\ fo. u My 1\ fu,
ay, ~ Cq — = ay, =~ Cuy, — = | 7
14 My, ( q1 2) fQ4 ) 41 My, Ul 2 fu4 ’
~ my 1 f Q2 ~u my 1 f u2
a5, =~ Cop — = Ay ~ Cuy — = | 7
24 Me ( q2 2) fQ4 ’ 42 Me u2 2 fu4 ’
B My fQ3 - my f u3
(ay R L(cy,) —L(cy,)| ==, Uy & I(cy,) —ZI(c —. (6.7
o Blen) =TI 52, [0 (Tlew) = Tlen)) 2 (67
Here we assumed ¢, & ¢ R Cyy =~ ¢y, = 1/2 except in ay,, ajs, for the same

reasons given for the down sector. This situation is very different from the case
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of FCNC couplings of the Higgs boson [107] where the couplings asy, as3 are large

due to significant misalignment in the 3-4 family. It is clear from the expressions

for EL%, a;; that the flavor changing couplings of the radion are of the simple form
21 Z(e;) — Z(cy)] % We explore typical values of this function as contours in
J

a ¢;,c; plane, and determine the localization coefficients for which this function is
maximal. In Fig. 21, we show contours of the in the plane of the a;; as a function
of two bulk mass parameters, (¢;, c;) for ¢; < ¢;. The light-light regions correspond
to mixing among the first two families, and bg. Corresponding to the localization of
light quarks, these are maximal and the FCNC couplings of the radion a@;; can reach
a maximum of 0.013. The heavy-light mixing correspond to fourth family mixing,
or third family doublet, or ¢z mixing, with the two light two families and bg. These
mixings can reach 0.01, although they are more likely to be in the (0.002 — 0.005)
region. Finally the heavy-heavy mixing (among fourth families, (¢ b); and ug) can
reach 0.02 as ¢, ¢,y deviate from 1/2. The results of the analytic calculations agree

with our numerical scan presented in the next subsection.

6.1.2 Radion FCNC’s in Flavor Anarchy—Numerical Results

We complement our analytical consideration by performing a numerical scan over the
parameter space. We proceed as follows. We generate random complex entries for
Y, and Yy, then obtain values for f,,, fs, and fg, in the same way as for the Higgs
FCNC couplings [107], in matrix form. Using f(c) from Eq. (3.168), we solve for
the coefficients ¢;. We then use the expression for Z(¢;) to calculate mass matrices
m,, mgy, then obtain the eigenvalues, and the matrices Wy q and Uq,,. We then

have all the ingredients to calculate the fermion-radion couplings. From the scan in

d

= U
parameter space, we find the af;, a;; as follows

1.295 —1.315  0.017—0.039  0.010 — 0.025 0.089 — 0.290
y 0.013 —0.034 1.215—1.231  0.006 — 0.016 0.065 — 0.179
“ 0.080 — 0.201  0.016 — 0.050  1.129 —1.151  0.0002 — 0.001

0.024 — 0.076 0.018 — 0.049 0.004 — 0.012 1.000 — 1.001
(6.8)

148



1.294 —1.320 0.065 — 0.164 0.081 — 0.212 0.094 — 0.268
0.022 — 0.055 1.135 — 1.158 0.019 — 0.047 0.019 — 0.053
Y 0.030 — 0.098 0.042 — 0.103 1.002 —1.016 0.0003 — 0.002

0.023 — 0.078 0.030 — 0.075 0.001 — 0.005 1.000 — 1.002
(6.9)

The above ranges show the 50% quantile of acceptable points, which means that

u
177

values than those shown in the matrices. The results of the scan are consistent with

25% of points found predict lower a dfj values and 25% of points predict higher
the values obtained through analytical considerations and from the values estimated
using Fig. 21, once typical sizes of the bulk masses are associated to the appropriate

fermions.

6.1.3 Radion FCNC’s in Flavor Anarchy—Leptons

We proceed in a similar fashion to calculate the FCNC couplings of the radion with
the leptons. Assuming the neutrinos to be Dirac-type, we parametrize the couplings
* at; _.oar o
Loy = =32 TG ¢ Tyl = (2, 6 vk + e (610)
The couplings of the charged leptons resemble those of the down-type quarks, the only
difference being that ¢, # % The coefficients c,, 1 = 1,2,3 are very close to each
other and can be large, while ¢, = 2. The matrix f(ch) = diag[Z(cy,)], j = 1,2,3,4
in Eq. 3.171 can be written as a diagonal matrix plus a non-diagonal one, with entries
diag(0, 0,0, Ac), where Ac = ¢1, — ¢, can be large.
As the neutrinos are massless, the only FCNC non-zero couplings involve the
fourth family, that is a@j; # 0 only if either i = 4 and/or j = 4. While couplings
with quark are restricted by the CKM matrix (the 3 x 3 substructure of CKM4),

UPMNS

the lepton mixing matrix is not as well known, and thus restrictions on the

ULMNS, UEMN 5 are even less established. We assume that the left-handed matrix
Uy, is hierarchical, thus almost diagonal and U, non-hierarchical, and almost the

same as UPMNS,
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This would imply the same type of parametric dependence as in the quark sector:

= o e, ~ Tew) FEO),
= [ e = Ten) 2O,
= [ e, ~ Tlew) F2O), (6.11)

where the coefficients ¢, describe the localization of the lepton doublets and can be
large, and f1, are the values of the zero-mode wavefunctions for the doublet lepton
1 at the IR brane. For the right-handed neutrinos, W is almost diagonal to insure
small neutrino masses. Thus a4, j # 4 are small and can be neglected. Here the
dominant term could be a¥,. For cp,,c,, > 1/2, the zero modes wavefunctions are
localized towards the UV brane; if ¢y, ¢,, < 1/2, they are localized towards the IR
brane. However the size of a}, is also determined by the mixing terms ULUL", as
given in Eq. (6.3). Thus the mixing will be proportional to f(c). By choosing a value
for ¢, which maximizes the expression a4, ~ [Z(cL, —Z(cy,)] f(cr,), these values

correspond to the region of Fig. 21 for the light-heavy region.

6.2 Phenomenology

6.2.1 Bounds on Radion Mediated FCNC couplings

The off-diagonal Yukawa couplings induce FCNC in both quark and lepton
interactions, which affect low energy observables and also give possible signatures
at colliders. In this section, we discuss restrictions on radion flavor violation coming
from tree-level processes AF = 2, such as K — K, B — B, D — D mixing. We
use an effective Lagrangian approach, introduced in Subsection 4.4.1, to isolate the
contributions. For K — K |, By — By, By — By, D — D mixings ¢;¢; in eq. (4.39) are
replaced by sd, bd, bs and uc, respectively.

Exchange of the flavor-violating radions gives rise to additional contributions to
Cy, Cy and Cy operators. These are given below, using the model-independent bounds
on BSM contributions as in [189] to present coupled constraints on @;; couplings and

the radion mass my.
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At the scale my = 60 GeV, the limits on the Cj, Cy and Cy operators are:

ReCi < (535 1106 Gov) o ReCie < (g 11)6 Gov)
nCi < (55 127 Gov) o MmOk = (95 1108 Gov)
C5l < <1.8 X 11)6 GeV)z’ Cpl < (2.6 x 106 GeV)z’
|Cj29d| = <8.7 X 11)5 GeV)2’ |Cj§d| = (1.3 X 1106 Ge\/)27
Ce.| < (15 125 Gy lCel= (5% 125 Gov) (6.12)

Using these bounds we obtain the constraints on radion flavor violating Yukawa

couplings (to be compared to the @;; in the scan)

Q*Re(ady)? < 2.6,  Q®Re(ad,)* <2.6,  Q*Re(ajgad;) < 0.90,
Q’Im(afs)* < 0.0082,  Q*Im(ad,)* <0.0082,  Q*Im(adsad;) < 0.0050,
Qav)? < 3.2 Q?las, > < 3.2, Q%ayraly| < 1.4,
QYaf? < 1.9, Q%adP<19, QYafad,| <0.87,
QYagsl> < 6.5,  Q%ad|* <6.5,  Qamal| < 2.8, (6.13)
where () = (607,?:\’) QAT(ZV . Using our analytic results, the bounds translate

parametrically on restrictions on the bulk mass parameters of the appropriate

fermions. From the ex bounds

S 1 1 Y 5 Y 1
(el =~ — u)en — co S0 (L0 )
- O(l)(clh - Cl]z)(cdl — Cay), (6.14)

where in the last expression we used the hierarchic nature of the Yukawa couplings.
This is a remarkable result, as it relates the magnitude of ex directly to the bulk mass
parameters (or the localization coefficients) of the d, s quarks in the U(1)g singlet and
SU(2)1, doublet representations. Similarly we can obtain appropriate expressions for

restrictions on the bulk mass parameters coming from B — B° and D° — D mixing:

~ ds 1

‘atli3a31’ = 0(1)(641 - §)<Cd1 - Cds)v

~d 1

|ag2a23| = 0(1)(CQ2 - 5)(Cd2 - Cd3)>

s 1 1

atzas,| = O(1)(cq — 5)(%1 - 5) (6.15)

151



One can see from the bounds, that unless the radion is very light (mg ~ 10 GeV),
the most significant constraints come from the ex bounds, especially those on the
coefficient C);. We use these bounds as the main flavor constraints on our model,
and present the restrictions in Fig. 22 in the my — A, plane (for the typical value
of ady ~ ad; ~ 0.05). The region below the ag, = 0.05 curve is named “favor
disfavored”, since typical flavor anarchy parameter points would produce too large
contributions to €x in that region. Note that we considered the scenarios with both
3 and 4 generations of fermions, and the bounds are basically the same. The small
difference is due to the renormalization group running of operators, which is slightly

altered by the presence of extra fermion families.

6000

4Gen Bounds ——

5 OOO 3Gen Bounds  ====-
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Figure 22: Restrictions in the my4 — Ay plane from collider exclusion limits and flavor
constraints for ex (we have defined ags = +/Im(afsad;)). One sees that for lighter
radion (my < 160 GeV) direct bounds are quite weak and flavor physics provide
stronger constraints (although less robust). Heavier radions are mostly constrained
by the “golden mode” pp — ¢ — ZZ and also pp — ¢ — WW at the LHC, while
pp — ¢ — WW is used at Tevatron. (Figure on the curtesy of Dr. Manuel Toharia).

In the same figure we present the most recent direct bounds on radion phenomenology
coming from collider data. Indeed one can easily use the existing Higgs bounds to
restrict regions in the my — A, plane, since the search strategy for both the Higgs
and the radion are identical. This is due to the fact that the couplings of the radion

with particles are proportional to the mass of the particles (just like the couplings
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of the Higgs). The main difference is that the Higgs couplings are controlled by the
electroweak scale v, whereas the radion couplings are controlled (suppressed) by the
much heavier scale Ay.

LEP bounds [126] do apply for very light radion, although the restrictions on Ay
are not too strong, and one sees that in that region the generic flavor bounds are
much stronger (although less robust).

For heavier radion, the Tevatron and the LHC have put strong bounds on the
allowed parameter region of our scenario. In both experiments, the main production
mechanism for the radion is via gluon fusion but, unlike the Higgs, the other possible
production mechanisms such as vector boson fusion or associated W and Z production
are extremely suppressed. This is due to the enhancement of the coupling of radion to
gluons through the trace anomaly. The consequence of this fact is that Higgs searches
must be appropriately translated into radion bounds by subtracting events coming
from scalars produced via vector boson fusion. One can do this roughly by adjusting
the production cross section of the Higgs in order to only obtain the gluon fusion
cross section. A better way of translating Higgs searches into radion is to use fourth
generation Higgs searches. This is because a Higgs with 4 generations will mainly be
produced in gluon fusion (with almost no other production channel) and so there will
be no need of subtracting events coming from other production mechanisms.

Another important issue when translating Higgs bounds into the radion bounds is
that the width of a heavier Higgs (mj, > 200 GeV) starts to be relevant (i.e. becomes
larger than the experimental resolution). This means that more background events
must be integrated in order to optimize signal events. But the radion width is always
going to remain much smaller than experimental resolution due to its couplings being
suppressed by A4 (and not v as in the Higgs case). We must therefore adjust again
the Higgs limits in order to take this fact into account, since much less background
events should be kept in a pure radion search [68].

With all this in mind, we translate Tevatron and LHC bounds from Higgs searches
and show the excluded regions in Figure 22. From the Tevatron collider, we use the
CDF and DO combined search for a fourth generation Higgs, which allows interesting
bounds up to masses of my = 300 GeV [209]. This search focuses on the Higgs decay
into pairs of W bosons and for an integrated luminosity of 8.2 fb~*. As for the LHC,
we use the recent results from the ATLAS experiment [163], in which they perform
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a combination of different channels, with integrated luminosities up to 1.7 fb~1. As
one can see, LHC data from a single experiment outperforms the Tevatron and quite
interesting bounds can be set up to a mass of m, = 600 GeV. We note that because
the relative importance of different channels is not exactly the same for Higgs and
radion (specially the branching of the ¢ — 7 channel differs from h — ~v), in the
lower mass region m; < 160 GeV we avoid the combination and use exclusively the
ATLAS limits from h — 77 search. Above that point the branchings of Higgs and
radion into heavy vector bosons are essentially the same, specially if we assume for
the plot that the fourth generation of fermions (if it exists) is heavy enough, with
masses greater than 300 GeV.

Finally we note from this figure that radion phenomenology does not really change
due to the addition of a fourth family®. This might seem surprising because the Higgs
phenomenology is greatly affected by the presence of a fourth family of fermions
(specially fourth family quarks) due to an important enhancement in the Higgs
production cross section. This does not happen in the case of the radion, because
its couplings with massless gauge bosons are quite indifferent to the addition of new
heavy degrees of freedom. Even though the new added fields will produce new loop
contributions to ¢ — gg or to h — 77, their presence will also alter the § functions of
the appropriate gauge groups, which will affect the couplings of the radion to massless
bosons through the trace anomaly. The new trace anomaly effects coming from a
fourth family will in fact cancel the previous loop contributions in the limit of very
heavy new states [70], and so basically the radion couplings to photons and gluons

remains the same, controlled only by the light degrees of freedom of the theory [219].

6.3 Flavor Changing Radion Decays in the 4

Generation Model

Radion couplings to fermions, massive and massless gauge bosons have all been
analyzed before [70,174]. Here we investigate the changes in branching ratios due
to the effect of a fourth generation, and of flavor-changing interactions. We assume

no Higgs-radion mixing. We present our results in Fig. 23. Note that we keep the

3We assume here that the radion decays to fourth generation fermions (especially leptons and
neutrinos) is negligible. For an alternative scenario, see next section.
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radion mass to be above ~ 5 —10 GeV to avoid constraints from B-meson decays and

astrophysical data [220].

BR (¢—>2X)

300 400 500 600
my (GeV)

Figure 23: Decay branching fractions of the radion in a warped scenario with four
generations of fermions. The flavor anarchy setup (masses and mixings explained
through fermion localization, with random 5D Yukawa couplings) predicts generic
FV couplings of the radion, leading to a few new interesting decay channels such as
¢ — bb' and ¢ — 77’. The masses chosen for this plot are my = 350 GeV, my = 400
GeV, m, = 120 GeV and m,, = 90 GeV, and the KK scale is (R)~' = (v/6)1500
GeV (~ 3675 GeV).

Depending on the masses of the fourth generation leptons and neutrinos, FCNC decay
channels (¢ — 77, v;1v4) could open for my > 100GeV. At higher radion masses, the
WW,ZZ and tt dominate. In this region, the radion could be observed through the
semi-leptonic channel ¢ — Wiy Whaa, and similarly ¢ — tt — bb WhaaWiep (avoiding
the fully hadronic channel which suffers from large QCD dijet background), but the
decays rate would be comparable to that of a direct Higgs boson production.

Finally, for light (Dirac) fourth-generation neutrinos or leptons, near the present
bounds, radion branching ratios to v4v4 and 7'7" can be significant and compete with
77 and WW decays, and thus significantly alter radion decay patterns for mg > 200
GeV.
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6.4 Conclusions and Outlook

In this Chapter, we have investigated the phenomenology of the couplings, especially
the flavor-violating ones, of the radion to fermions in a warped model with three
and four generations where the fermions are allowed to propagate in the bulk. We
have shown how to obtain these couplings analytically, and presented leading order
expressions for them in a compact form. Although the radion FCNC couplings have
been analyzed before, some of the analytic expressions presented here are new. We
also explored the regions in which the couplings lie, and maximal values for these,
as contour plots in a plane defined by coefficients describing quark localization with
respect to the TeV brane. We are able to predict typical (and maximal) values for the
radion coupling to heavy-heavy, light-light, and heavy-light quarks, and these results
are confirmed by an extensive numerical scan.

Applying these to phenomenology of the radion, we calculated the tree-level
FCNC contributions to K° — K° eg, D° — D° and B — B° mixing, and the
restrictions imposed on the couplings. We obtain simple expressions relating quark
localization to these experimental values. The most stringent constraints are from ey,
yielding a region of space in m, — Ay parameter space disfavored by flavor violation
consideration. We add to these the most recent constraints on Higgs masses, from
ATLAS and CMS, translating them into combined radion mass-scale limits. Our
analysis shows that a large range around a light radion mass-low scale (A, ~ 2 TeV,
mg ~ 60 GeV) survives. We also show that, unlike the case of the Higgs boson,
there are minute differences between radion mass-scale limits in 3 and 4 generations,
and thus these limits are quite independent of the number of generations. This
conclusion stands in the case where the radion decays are not significantly influenced
by decays into fourth generation fermions (in particular to fourth generation neutrinos
or leptons, which have the lowest mass bounds). In a complete analysis, we include
all branching ratios of the radion. Expected to be light, the radion decays primarily
to gg and bb at low masses (mg < 100 GeV), while for heavier radions (m, ~ 100
GeV), FCNC decay channel such as vy, (assuming Dirac neutrinos) and 7'7 open,
with branching ratios of 1073. These are the most promising FCNC decays of the
radion, barring the unlikely appearance of ¢ — t'c at the high my = 400 GeV
threshold. However, flavor-conserving radion decays into fourth generation leptons

and neutrinos can be large (for m,,, m,» ~ 100 GeV) and alter the dominant decay
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modes for a heavier radion r — ZZ, WW. These are typical decay for a radion in a
model with four generations and would provide a distinguishing signal for the model.
If a heavy Higgs-like state is discovered at the LHC with the usual “golden mode”,
pp — h — ZZ, a width measurement could rule out a conventional Higgs boson. A
careful study for different and /or exotic decay channels of that resonance might be the

key to discover both a fourth generation of fermions and a warped extra dimension.
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Chapter 7

SAVING the FOURTH
GENERATION HIGGS with
RADION MIXING

The Higgs and radion fields carry the same quantum numbers. Therefore, there is
the possibility of having physical fields as the mixed states of radion and Higgs fields
(see Section 3.4.6 for the details). The mixing of the two fields is introduced with an
additional parameter (£), which is the coefficient of the curvature-scalar term [68].
Previously in Section 2.6, we have mentioned the ATLAS and CMS announcements
of the discovery of a spin-zero particle at a resonance 125 — 126 GeV consistent with
a Higgs boson. We presented the exclusion regions at 95% CL for a SM Higgs boson
reported by ATLAS and CMS experiments as well. However, we need a thorough
analysis of more accumulated data to settle the issue of whether or not the observed
particle is a SM Higgs boson. Since the window for new physics is still open, one can
naturally ask if the new state is a Higgs, a radion, or a Higgs-radion mixed state.
This possibility could have even more dramatic consequences for the scenario with
an additional generation of fermions (see Section 3.3), which is a natural extension
of the warped space model as in [104,105]. The exclusion limits for SM4 Higgs boson
are introduced in Section 3.3. It appears that if the bump in the signal at the LHC is
the Higgs boson, this would rule out the SM4 at 95% CL for my, > 123 GeV, and at
99.6% if my, = 125 GeV [165-167]|. The limits from the Tevatron [168] also exclude

a wide range of Higgs boson masses.
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In Chapter 5 we have shown that if the fourth generation is incorporated into the
framework of warped space models, both the production and decay patterns of the
Higgs bosons can be altered significantly with respect to the patterns expected in the
standard model with four generations, thus giving rise to distinguishing signals at the
colliders [107]. In the next Chapter, radion phenomenology was dicussed and it was
pointed out that the radion is less sensitive to the presence of an extra generation
than the Higgs boson [108].

As the mechanism responsible for the radion FCNCs is different from the one for
the Higgs in these same models [175,181], and the branching ratios for decays into
gluons and photons for three and four generations also differs, we can expect the
phenomenology of the Higgs-radion mixed state to present an interesting interplay
of the two mechanisms responsible, and to yield different effects. In particular, this
mixing may help evade the apparent constraints on low Higgs masses in the four
generation scenario. Motivated by these expectations, we study the phenomenology
of the Higgs-radion mixed state, paying particular attention to the signals for gg —
o = vy, 99 — ¢ — ZZ* as well as g9 — h — vy, g9 = h — ZZ*, where ¢
and h stand for the mixed Higgs-radion states. We use the ATLAS [221] and CMS
data [222] available as of 2011 for scalar searches, which are summarized in Section
2.6, to identify regions in the parameter space where the data is compatible with one
or the other of these states. The model is introduced in Chapter 3.4 and the radion

couplings are given in Appendix E-2.

7.1 Production and Decays of a Mixed Higgs-

Radion State with Four Generations

The main production mechanism of the Higgs particles at the hadron colliders is
through the gluon-gluon fusion channel, o(gg — hgys), via triangular loops of heavy
quarks. However, for heavier Higgs bosons, the weak vector boson fusion channel,
o(qq — qqhsar), becomes competitive with the gluon-gluon fusion mode. Therefore,
as a good approximation one can write the ratio of the production cross section of

the h physical mode to the production cross section of SM Higgs as

o(gg — h) + o(qq — qqh)
o(g9 — hsm) + 0(qq — qqhsn)’

(7.1)
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and this becomes

( olgg > h) , olag— agh) ) < 1 > (7.2)

—h —h a(qa—qahsy)
(99 = hsa) 099 = hsu) ) \1 4 Zedtatisn

The ratio of the Higgs production cross section via the weak vector boson fusion
channel to the production cross section of the SM Higgs is closely correlated with the
partial widths such that

o(qq — qqh)  T'(h— WW)

- ; 7.3
o(qq = qqhsy)  T(hsy — WW) (7.3)

which in warped extra dimensional scenarios with Higgs-radion mixing and fields in

the bulk simply becomes

F(F}E:M_;Wmljg/) = {d + by {1 —3In (\/ij\jpl> ]\X—gﬂ }2. (7.4)

Substituting this result in Eq. 7.2 we obtain

La(gg — h) -+ {d+ by {1 e <\/€Mm> M{%{/} }Qa(qq — qthM)}

(99 — hsum Ay A o(gg9 — hsu)

1
X (1 + oéqq%qqhszw) )’ (7'5)

(99—hsn)

. . . . . 2 2
where the first term in the brackets is simply the ratio of couplings to gluons c; / Cosnr”

Similarly we can calculate the same ratio for the field ¢,

{M + {c+ ay {1 —3In (ﬁMPl> Mv2v] }20(6161 — qghsa)

o(g9 — hsm) Ay AZ o(99 — hsu)

1
X (1 + o(qq—qqhsr) ) (7'6)

a(99—hsar)

The production mechanism of an unmixed Higgs boson through the gluon-gluon fusion
channel increases about nine times with an additional fourth family of fermions,
because in addition to the top quark there are also heavy t' and b’ quarks propagating
in the loop. Recently, the two-loop EW corrections, &%y, to the Higgs boson
production via gluon-gluon fusion has been computed with respect to the leading
order cross section in [169-172] which are summarized in Section 3.3. This enters as
a correction to the Higgs field prior to mixing. For &3y, we have taken the (Higgs-mass

dependent) values from Table 11.
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Also, in order to take into account the effects of KK fields in the loop, we assume
an additional correction to the hy couplings squared to massless gauge bosons of
+20% for gluons and +10% for photons. The estimated values of the corrections are
based on the results presented in [198], where it was shown that either enhancements
or suppressions in the rates are possible, depending on the phases present at the level
of the 5D Yukawa couplings. In the figures, the effect will be illustrated with bands
in parameter space representing this “theoretical uncertainty”.

With these considerations the couplings of the physical Higgs and radion fields
are calculated and are given in Appendix E. Note that while the bare Higgs (hg)
couplings are corrected by (1 + d%y), there is no such correction for the bare radion
(¢o) couplings. The reason is that the latter are dominated by the trace anomaly, and
so higher order loop effects are much smaller. We have also included the corrections
to the hg — vy coupling due to loop effects, as given in Table 12. A note of caution
is warranted with these corrections. The authors show that the NLO EW corrections
are of the same order as the LO estimate, and negative, due to the strong cancellation
between the W and fermion loops with four generations. This might be indicative of
a non-perturbative regime, and the authors rely on an estimation of the higher-order
corrections, without any certainty that the perturbation series converges. Moreover,
in our scenario, heavy Kaluza-Klein fermions are known to affect hg — vy at lowest
order [197,198], and therefore any higher order correction should also include the effect
of heavy fermions, not present in SM4. Given these uncertainties, we will present the
figures for both LO and EW-corrected branching ratios to vy, expressed as in [172],
and comment on the differences. We mostly focus on the decays of Higgs-radion
mixed states to vy and ZZ* for the low mass region, and to ZZ channel for larger
masses. The ratio of discovery significances for both the A and the ¢ with respect to
the SM Higgs can be defined as

B o(gg — h) + o(qq — qqh) BR(h — XX)
(X X) = [0(99 = hsu) +o(qg — qthM)} BR(hsy — xx) "o (07)
and
[ olgg — ¢) +0olgqg — q99) BR(¢ — XX)
R X) = | T otaa = aahser]) BRGhey 5 X0 Werr(@): (79
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where the terms in square brackets are defined in Eqs. (7.5) and (7.6) and where

max(rtot(hSM>a A]\/—[41)
f T Lot (h ,
Weorr (8) = \/ max (L (s), AMy) or Trar(s) > Tror(hsur) (7.9)
1 for Ftot(s) < Ftot<hSM)-

The term w,,. represents a crude and fast approximation of the effects of a large
width of either s = h or s = ¢. Indeed if the physical state h (or ¢) has a much larger
width than the SM Higgs, and if this width is larger than the experimental resolution
of the detector, then an LHC search looking for the SM Higgs would somewhat
underestimate the integrated signal as this one would be distributed in a much wider
resonance. We have checked numerically using a Breit-Wigner distribution shape
that the correction induced indeed scales roughly as in wy.», which was originally
introduced as a width-effect correction for the radion in [68].

Finally, the experimental resolution in the 4-lepton channel is estimated to be [68]

AM 0.1
4 +0.005, (7.10)
M4l M41(GGV)

We use all this information to explore the parameter space for m, and m;, consistent
with the LHC data, which indicates an excess in the mass region 120 — 128 GeV. Let
us review the data collected by 2011.

e ATLAS data indicates an enhanced signal in vy and ZZ* — 4/ near 125 GeV
[221] with observed excesses: R(yy) = 2705, R(4() = 0.5152.

e CMS data [222] indicates an excess

— At 124 GeV: R(vy) = 1.710%, R(40) = 0.573:%, R(bb) = 1.277).

— At 120 GeV in ZZ* only: R(4() = 2F1°, R(bb) = 0.2719, while R(yy) <
0.5.

— At 137 GeV in vy, R(yy) = 1.570% but not in ZZ*, R(4/) < 0.2.
e Additionally, from the plots we inferred the additional constraints for heavier
Higgs bosons, which we used in generating our graphs: for m;, = 320 GeV,

R(ZZ) < 0.5; for my, = 400 GeV, R(ZZ) < 0.2; for m;, = 500 GeV, R(ZZ) <
0.5; and for my, = 600 GeV, R(ZZ) < 0.95.
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The error bars on the data are still large, but they can be used to restrict the
parameter for the four generation Higgs-radion mixed states. In order for these states
to fit the data, we should either have one of the states at 124 — 126 GeV, and another
one hidden (i.e. below the LHC signal), or one state at 124 GeV and the other either
at 120 or 137 GeV, both which should respect the CMS signal characteristics.
Based on the experimental constraints, we investigate the production and decay of
the two scalar particles in our scenario, mg and my,, and divide the parameter space
as follows. In the first scenario, we attempt to fit h as the scalar particle observed
at LHC at an invariant mass of ~ 125 GeV, while requiring ¢ to be consistent with
constraints of the rest of the spectrum from LEP, Tevatron and/or LHC; while in the
second scenario, we attempt the same thing for ¢, while h must be consistent with

the previous collider data.

e Scenario la: my, = 124 GeV, my light (< 300 GeV); in particular, paying
specific attention to my = 120 GeV, m, = 137 GeV, as these seem possible
parameter space points for the CMS data.

e Scenario 1b: my, = 125 GeV, my heavy (> 300 GeV).

e Scenario 2a: myg = 125 GeV, my, light (< 300 GeV); in particular, paying
specific attention to the point m; = 120 GeV.

e Scenario 2b: my = 125 GeV, my, heavy (> 300 GeV).

We illustrate some regions of parameter space with different masses of h and ¢ in the
following figures. The results will depend on the mass of the fourth family charged
lepton (7') and so we divide our considerations into two parts. We first assume
that m,, > 150 GeV, thus preventing flavor-changing decays into 7/7, which are
potentially large in this model [107,108]. However, if the 7’ is light, this might
modify substantially the branching ratios, potentially yielding significantly different
signals. We comment on this case in this section, and investigate it in more detail in

the next section.
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Figure 24: Ratio of discovery significances R(XX) ~ o/ogn, defined in the text, for
my, = 125 GeV, my = 60 GeV and for different values of Ay and m,/, for m, = 100
GeV. In the upper panels we show the LO, and in the lower panels the EW corrected
branching ratio to yy. The light green bands indicate the theoretical uncertainties
in the g9 — h — ZZ* rate, while those for vy are depicted in orange. The dashed
purple lines marked by R,(ZZ) indicate the ratio of ¢Z*Z* couplings with respect
to the hgy Z*Z* one. The vertical gray bands indicate the allowed parameter space

for &.

e For Scenario 1a, if mg < 100 GeV, the LEP and Tevatron constraints apply.
We find that, constraining R4;(Z*Z*) to be in the required range (< 0.5) forces
¢ <0.3and R,(ZZ*) < 1.6. If we do not take into account the higher order EW
corrections to the hyy coupling, we find that for mg = 60 GeV the experimental
constraints (including LEP) are satisfied for A, = 1.0 TeV if m, = 150 GeV,
and for A, = 1.0, 1.3 TeV if m,» = 100 GeV, as shown in the upper panel of Fig.
24. The tight LEP constraints on the Ay — £ parameter space disallows greater

values of Ay in the very light m, parameter region. However, when the large EW
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corrections to the yv channel are included, we find no regions allowed anymore
in this scenario (lower panel of Fig. 24). However, if m, = 120 GeV, there exist
points in the parameter space still consistent with all the experimental data for
light 7/ leptons. As both of the h and ¢ states are light, we graph the decays
to vy, bb and ZZ*. The m = 120 GeV is a point in the CMS data, and may or
may not survive the latest round of data analysis. As both Higgs-radion mixed
states are light, their branching ratios will depend on the 7" mass. If m, = 100
GeV, ¢ can decay into 77, and the branching ratios to bb, ZZ* and v are
modified. We present these in Fig. 25 for A, = 1.5 and 2 TeV. From the figure
(upper panels) one can note that, not including higher order EW corrections to
7, there exist allowed regions of the parameter space. Again in this Scenario,
if we include EW corrections to vy (lower panels) all allowed region disappears

due to the reduced branching into ~~.
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Figure 25: Ratio of discovery significances R(XX) ~ o/ogn, defined in the text, for
mp = 124 GeV, my = 120, m = 100 GeV and for different values of A4. In the
upper panels we show the LO, and in the lower panel the EW corrected branching
ratio to y7y. The light green bands indicate the theoretical uncertainties in the Z2Z*
signal, red for bb and orange for 4. For ¢ the uncertainties are depicted in pink for
Z7Z*, light blue for bb and purple for 4. The vertical gray bands indicate the allowed

parameter space for &.

If my, = 124 GeV, my = 137 GeV, we are unable to find points in the parameter
space which satisfy the experimental constraints, with or without higher order
EW corrections to vy. If Ry(ZZ*) < 0.2 as required, Rs(yy) > 2.3, and
Ry (ZZ*) < 1.6 for Ay = 1, 1.3, 1.5 TeV, and the branching ratios worsen for
higher Ay.

e For Scenario 1b, increasing my only makes the situation worse and we do not
find any region of parameters in which an h state at 125 GeV and a heavy ¢

are allowed by the branching ratio constraints, and we thus choose not to show
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any figure for this case.

We have so far found that only scenario la, allows some regions of parameter
space, but with a very restrictive A4, and only if we do not consider the large

suppressions in the vy channel due to higher order EW corrections.

In Scenario 2a, where my = 124 GeV and h is light, and for m. = 150 GeV,
we do not find any allowed region in which all bounds and observed signals are
respected. For regions where Ry (yy) < 0.5, Ry(ZZ*) < 1.6. However, if the
fourth generation charged lepton 7’ is light enough for the Higgs-radion mixed
state(s) to decay into it (through flavor-violating decays 77’), the branching
ratios are modified and the parameter space can shift. We show this in Fig.
26, for my, = 120 GeV, my = 124 GeV and Ay, = 1.3 TeV and Ay = 1.5 TeV.
For m,» = 100 GeV, the possibility of decays into 77’ reduces the branching
ratios to the other channels, thus widening the allowed ¢ parameter range and
of A, for the Higgs-radion states. On the upper panels we do not include higher
order corrections to vy while these are taken into account in the lower panels.
One can see that the reduction in A — vy due to these corrections enhances
somewhat the allowed region since a the reduction in vy happens mostly for

the h scalar, and this is preferred for m;, = 120 GeV.
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Figure 26: Ratio of discovery significances R(XX) ~ o/ogn, defined in the text, for
my = 120 GeV, my = 125 GeV and for different values of Ay, for m, = 100 GeV. In
the upper panels we show the LO, and in the lower panel the EW corrected branching
ratio to y7y. The light green bands indicate the theoretical uncertainties in the Z2Z*
signal and the orange the ones are for vv. For the ¢ the theoretical uncertainties in
Z7Z* are given by pink bands and the ones for vy are in purple. The vertical gray

bands indicate the allowed parameter space for €.

e In Scenario 2b, we find that as long as h is heavy enough, there are regions of
parameter space where all experimental constraints are satisfied. This is true
independent of whether m,. = 100 or 150 GeV, and also of whether one includes
the higher order EW corrections to vv. However, the results are quite sensitive
to the value of A4 and to the large experimental and theoretical uncertainties in
the rates. We illustrate the situation for two values of A4, i.e Ay = 1 TeV in Fig.
27 and for Ay = 1.3 TeV in Fig. 28, for different h masses m;, = 320, 400, 500
and 600 GeV. These figures are not affected by higher order EW corrections to
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v, as these mostly change the couplings of the heavy h field, whose couplings
to v are irrelevant. Note that while for Ay, = 1 TeV there are allowed bands
for 600, 500 and 320 GeV, the parameter space for Ay = 1.3 TeV is much more

restrictive and we can only fit the data for m;, = 600 GeV.
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Figure 27: Ratio of discovery significances R(X X) ~ o/ogn, defined in the text, for
mg = 125 GeV, Ay = 1.0 TeV and for different masses of h. The light green bands
indicate the theoretical uncertainties in the ZZ signal. There is no change in these
graphs if we include the EW corrected branching ratio to yvy. We took m,, = 150
GeV, precluding FCNC decays to fourth generation leptons. The vertical gray bands

indicate the allowed parameter space for &.
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Figure 28: Same as Fig. 27, but for A, = 1.3 TeV.

7.2 Flavor Changing Decays of the Higgs-Radion

States in the Four Generation Model

Should the scalar discovered at the LHC be a Higgs-radion mixed state, its decay into
two fermions will be different than for a SM Higgs boson, and further analysis at the
LHC could differentiate the particles. In this section we present the branching ratios
of the mixed Higgs-radion state into two fermions. We start by giving analytical
formulas, as they have not appeared before, then show specific values for the flavor-
conserving and the flavor-violating branching ratios, for the allowed points in the

parameter space presented in the previous section. The branching ratios of the mixed
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states ¢ and h into two fermions are given by:

F(¢—>ﬁfg) = %\/ ¢+m +m —2m¢m —2m¢m —2mm
x([(éij)2+(5ji)2]( m¢+m + m )+4§R[(cw)(cﬂ)}mlm]> (7.11)
F(h%ff) M\/m +m —|—m —2mm—2mm—2mm2
i 8rm; v? h h h

Here S is a product of statistical factors 1/j! for each group of j identical particles
in the final state. For flavor violating couplings, the particles in the final state are
different, therefore, S = 1. The factor c is the color factor, for quarks ¢ = 3, and for
leptonic decays, ¢ = 1.

The flavor violating couplings of the mixed states are defined as

Cij = C Clij -+ ay aij,

dij = d Qi + b’}/ dija (713)

where the couplings a;; and a;;, of the original unmixed Higgs and radion, have been
previously obtained in [174,181] in the case of three generations and in [107,108] with
four generations. In the branching ratio calculations given in the Tables, we use the
central values for a;;s and a;;s obtained in the numerical scans performed in the last
references, and we choose a specific allowed value of £ for each point studied in the
parameter space.

We first present the branching ratios to FCNC decays for allowed parameter points
from the previous section. We chose two different scenarios. In one m,,» = 100 GeV,
thus a scalar of mass 125 GeV can have flavor-violating decays into 77". These results
are shown in Table 19. The FCNC decay branching ratios into 77" can reach 5%.
Overall, the effect is not measurable, however, should the mass of the 7" be close
to its experimental limit 100 GeV, the situation could change drastically and the
BR(¢ — 7'7) can reach 50 %, suppressing all other decays.
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A(TeV) £ m(GeV) b’b tc bs ' nT vyl

my = 60 - - 9.53 x 10~° - 2.49 x 107° -
1.3 0.228 4 ) B R
my, = 125 - - 5.51 x 10~ 5.53 X 10~ 1.52 x 10~ 1.46 x 10~
my =124 - - 7.30 x 107° | 4.67 x 1072 | 2.01 x 107° | 7.76 x 10~ *
1.3 -0.00866 4 1 4 3
my, = 120 - - 6.34 X 10~ 4.74 x 10~ 1.77 x 10~ 1.48 x 10~°
mg = 120 - - 3.31x107% | 220 x 107! | 9.06 x 107° | 1.46 x 1073
1.5 0.0221 4 L 4 R
my, = 124 - - 7.34 x 10~ 7.19 X 10~ 2.02 x 10~ 1.76 x 10~
my =125 - - 7.47x 107° | 5.94x 1072 | 2.05x 107° | 8.15 x 107*
1.0 0.417 4 o s . o
myp, = 320 - 1.53 x 10~ 1.04 x 10~ 7.84 X 10~ 3.23 X 10~ 9.28 x 10~
me = 125 - - 421 x107° | 2.95x 1073 | 1.16 x 107° | 6.92 x 107 *
1.0 0.537 R 5 . R s o
my, =500 | 1.27 x 10~ 6.61 x 10~ 2.93 x 10~ 2.71 X 10~ 9.83 x 10~ 3.00 x 10~
mg = 125 - - 1.52 x 107° | 7.29 x 1073 | 4.17 x 1076 | 5.42 x 1074
1.0 0.601 s o
my =600 | 1.44x 1072 | 4.84x107° | 1.99 x 1077 | 1.89 x 1072 | 6.68 x 10~ 2.02 x 10~

Table 19: The FCNC branching ratios of h and ¢ for allowed points in the parameter
space. The fourth generation fermion masses are chosen as my = 400 GeV, my = 350
GeV, my =100 GeV, m,_, = 90 GeV.

In Table 20 we chose m.,» = 150 GeV, precluding FCNC decays of the lightest scalar
into fourth generation leptons. As before, the Higgs-radion mixed state can decay into
third and fourth generation neutrinos, but the branching ratios are not significant. For
the other fourth generation fermions, we take throughout my = 400 GeV, my = 350
GeV, and m,_, = 90 GeV.

l A(TeV) l £ l m(GeV) l b’b tc bs T nT vyl

my = 60 - - 1.08 x 107° - 2.83 x 1076 -

1.0 0.0283 ) 4 R
my, = 125 - - 1.05 x 1073 - 2.88 x 10~ 3.00 x 10~
my =125 - - 7.60 x 107° - 2.09 x 107° | 8.52x 1074

1.0 0.412 B . o
myp, = 320 - 1.61 x 10~ 1.10 x 107% | 9.24 x 1073 | 3.40 x 10~ 9.76 x 10~
my =125 - - 5.84 x 1077 - 1.61x107° | 7.85 x 10~ %

1.0 0.565 ) s . R s R
myp, =500 | 1.26 x 10~ 6.51 x 10~ 2.90 x 10~ 3.62 x 10~ 9.72 x 10~ 2.91 x 10~
my =125 - - 4.50 x 107° - 1.24 x 107° | 7.28 x 107%

1.0 0.644 2 5 7 3 6
mp, =600 | 1.42 x 10~ 4.76 x 1075 | 1.96 x 10~ 2.59 x 10~ 6.57 x 1078 | 1.99 x 10~

Table 20: Same as Table 19, but for m,» = 150 GeV.

We perform the same analysis, this time for the flavor-diagonal couplings, in Table 21
for m,» = 100 GeV and in Table 22 for m,.» = 150 GeV. As no flavor-conserving decays

into fourth generation fermions are possible, we compare the ratio of significance and
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Yukawa couplings to the corresponding ones in the SM. The light scalar state (at 120
or 125 GeV) exhibits large enhancements for bb and c¢.

The enhancements in bb for the ¢ state are consistent with the Tevatron results
R(bb) = 2.037073 [223], while the heavier scalars have correspondingly suppressed
ratios of significance with respect to the SM. The former fact is quite unlike the
case for SM4, where the branching ratio BR(H — bb) is 30% less than in the SM for
My ~ 125 GeV [165-167]. The enhancements in the warped space model are inherited
from the couplings of the bare Higgs boson to fermions, a;;, given in [107]. The range
of the flavor-conserving coefficients a;; is large, and their values can accommodate
the Tevatron findings (under most circumstances, they are in the same range, or
only slightly reduced compared to the SM with 3 generations [181]). The final
enhancements in the couplings of the physical states will give a clear indication for
the warped space model. Because of this relative uncertanty in the fermion Yukawa
couplings, we neglect higher order EW corrections to the couplings of the Higgs with
vector bosons, in the presence of a fourth generation. Moreover these corrections have
not been calculated out in the context of our scenario, in which the effects of heavy
KK fermions should be included.

A(TeV) £ m(GeV) | R(bb) | R(cc) | R(tt) | Yt
me =120 | 205 | 213 | - | 0.496

1.5 0.0221
myp =124 | 0.563 | 0.557 - 0.880
mg = 125 2.20 2.31 - 0.380

1.0 0.421
mp =320 | 0.523 0.513 - 1.02
mg = 125 1.81 1.93 - 0.317

1.0 0.537
myp =500 | 0.532 | 0.521 | 0.556 | 1.19
mg = 125 1.78 1.89 - 0.316

1.0 0.601
myp =600 | 0.553 | 0.520 | 0.559 | 1.36

Table 21: Ratio of significance Ry (XX) = S(gg9 — h(¢) — ff)/S(99 = hsy —
ff) for different parameter space. Last column are the Yukawa couplings for h(¢) to
tt. The fourth generation fermion masses are chosen as my = 400 GeV, my = 350
GeV, m. =100 GeV, m,_, = 90 GeV.
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A(TeV) 13 m(GeV) | R(bb) | R(cc) | R(tt) | Yt
mg = 125 2.45 2.59 - 0.374

1.0 0.412
my, = 320 | 0.586 0.575 - 1.01
mg = 125 2.02 2.14 - 0.334

1.0 0.565
myp =500 | 0.481 | 0.470 | 0.503 | 1.24
mg = 125 1.48 1.59 - 0.602

1.0 0.480
my, =600 | 0.636 | 0.625 | 0.661 | 0.819

Table 22: Same as Table 21, but for m,» = 150 GeV.

7.3 Conclusions and Outlook

In this Chapter, we have investigated the phenomenology of the Higgs-radion mixed
state with a fourth generation of quarks and leptons, in an attempt to explain the
latest LHC data. We asked the question: if the scalar particle seen at the LHC is not
the ordinary SM Higgs boson, but a mixed Higgs-radion state, could this state satisfy
all the experimental constraints, even including the effects of a fourth generation?
The four generations assumption in warped space models is of particular interest, as
SM4, fails to reproduce the observed data to at least 95% confidence level. A fourth
generation, which is severely restricted and perhaps even ruled out by the ATLAS
and CMS data in SM4 could be resuscitated in warped space models. The answer to
the question we posed is a cautious yes. That is, there exist regions of the parameter
space where one of the mixed Higgs-radion states has mass of 125 GeV, and satisfies
existing experimental constraints, while the other either has a mass of 120 GeV, thus
fitting a CMS parameter point, or evades present collider bounds.

Higher order EW corrections to the couplings of Higgs to photons in SM4 show a
substantial suppression. In our scenario, however the presence of heavy KK fermions
should affect such calculations and so we decided to study the predictions both with
and without these corrections whose effect is to close the parameter space for the case
in which the observed scalar at the LHC is the mostly Higgs state h (leaving the ¢
possibility unaffected). With no corrections to v+, if the h state is the scalar observed
at the LHC, the ¢ mass must be light. Parameter points with either my = 60 GeV,
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which evade LEP restrictions, or mg = 120 GeV, which fit the CMS data, are allowed
for some range of the mixing parameter £&. We analyzed these for both very light
fourth generation charged leptons, m,» = 100 GeV, or for heavier ones, m,, = 150
GeV. The difference between these two masses is that the first case allows flavor-
changing decays of the Higgs-radion state, which are large in this model and which
modify the branching ratios to vy and ZZ*. All of these parameter points require
the scale A, to be light, in the 1.0 — 1.3 TeV range, the exact values dependent on
the rest of the parameters. For larger my values, the branching ratio to ZZ increases
beyond the LHC limits, and thus this parameter region is forbidden. This region of
parameter space is very fragile. For mj; = 124 GeV, the point at m, = 120 GeV
shows signs of instability as the 4¢ excess might be cancelled by ~~, while its decay
into bb appears to have increased. The signal for mg = 60 GeV, while not ruled out
by LEP data depends very sensitively on the values of m, and Ay.

If ¢ is the scalar observed at the LHC, the h state is most likely to be heavy.
The exception is when m,, = 100 GeV; for m;, = 120 GeV parameter points exist for
Ay = 1.0, 1.3, and 1.5 TeV. Regions where m;, = 320, 400, 500 and 600 GeV exist
for some values of A4, which is still required to be in the 1.0 — 1.5 TeV range. These
parameter regions seem quite robust and not dependent on whether 7/ is heavy or
light; however they could be ruled out within the next year at LHC as data for heavier
scalars becomes available. To increase predictability of our scenario, we calculated
the branching ratios of the allowed Higgs-radion states into fermions, both for flavor
changing and flavor conserving channels (some of which are significantly enhanced
with respect to the SM expectations). As more data on the scalar production and
decay becomes available, these predictions can be compared with the experiment,
specially noting the appearance of the interesting exotic FCNC decays.

In conclusion, we have achieved two goals in this part: first, we have shown
that a scalar in a warped model with a fourth generation of fermions can be light
and consistent with the LHC data, if the observed particle is a Higgs-radion mixed
state. Second, the allowed parameter space is tightly constrained and expected to be

confirmed or ruled out within a year by further analyses and/or higher luminosity at

the LHC.
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Chapter 8

CONCLUSION

The SM is a mathematically consistent renormalizable field theory of the elementary
particles and their interactions. On July the 4" 2012, ATLAS and CMS experiments
presented a preview of their preliminary results on the search for the Higgs Boson, the
only missing element of the SM, and they announced a spin-zero bosonic resonance
of mass 125 — 126 GeV a breakthrough sparking renewed interest in particle physics.
The the discovery of the Higgs boson may even further substantiate the SM. However,
the issue of whether or not this new finding is the Higgs boson predicted by the
SM is still somewhat ambiguous, requiring the close examination of accumulating
data over a longer period. All its accomplishments aside, the SM suffers from some
drawbacks, which motivates supplementary searches at the LHC to look for new
physics buried within the available results. In this thesis, we have introduced some
of the extensions of the SM including LRSUSY and Warped Extra Dimensions with
a Fourth Generation which may resolve some of the questions in particle physics that
cannot be addressed in the SM, and investigate their scalar sectors.

We first analyzed the Higgs sector of a minimal left-right supersymmetric model
where inclusion of the heavy Majorana neutrino Yukawa coupling insures a global
minimum which is charge conserving, thus avoiding spontaneous R-parity breaking
or the need to introduce higher dimensional terms. The Higgs sector contains four
doubly-charged, six singly-charged, nine neutral scalar, and seven pseudoscalar fields.
We have shown that, despite the existence of so many free parameters, most of the
Higgs masses are sensitive to only few parameters, thus one can find a parameter space

allowing to a light neutral flavor-conserving scalar Higgs boson as a counterpart to
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the SM one, at least one light doubly-charged Higgs boson, which is interesting for
phenomenology, and flavor-violating neutral Higgs bosons satisfying the constraints
imposed by the experimental data from AF = 1,2 mixings. The masses of new gauge
bosons, on the other hand, are predicted to be just outside of the accessible energies
by LHC for the chosen parameter space. This analysis is important as a basis for a
phenomenological study of signals from such a Higgs sector.

The warped extra dimensions including a fourth generation of fermions has been
the second focus of the thesis. We present a comprehensive study of Higgs flavor-
violating couplings introduced by the insertion of the higher dimensional operators in
the model. In fact, the Higgs FCNCs become more pronounced with the addition
of the fourth family of fermions due to their cumulative effects in flavor space.
Both analytical and numerical results for the flavor violating couplings are calculated
under the assumption that the three generation quark masses and mixing angles will
be reproduced and by taking into consideration the unitarity of Viogag matrix to
constrain the masses and mixings of the fourth generations, as well as and imposing
the additional bounds from AF = 2 mixings. The constraints are similar to those
obtained in the scenario with three generations [181]. We briefly discussed the
possibilities for the lepton sector as well, which is unfortunately complicated by the
lack of a well-defined model of neutrino masses and mixings. We found that the
effect of flavor-violating couplings contributing at the loop-level processes in the form
fi = [ are negligible for quarks whereas might become more important and restrict
the lepton flavor-violating couplings further that the numerical scan. FCNC decay
channels including fourth generation of fermions as a decay product would provide
a clear indication of the model. Moreover, in case that the fourth generation quarks
and leptons are heavier than the Higgs boson, their decay into lighter quarks and
Higgs bosons would be a promising channel for their discovery and identification.

In the same framework we have investigated the phenomenology of the couplings
of the radion to fermions by giving analytical expressions in leading order together
with our predictions on typical (and maximal) values for the radion couplings to
heavy-heavy, light-light, and heavy-light quarks from a contour plot in a plane
defined by the coefficients describing the quark localization with respect to TeV-
brane, also confirmed by an extensive numerical scan. As in the case for the Higgs

boson, restrictions are imposed on the couplings by tree-level FCNC contributions to
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AF = 1,2 mixings. Further constraints are obtained by translating the most recent
constraints on Higgs boson masses from ATLAS and CMS into combined radion
mass-scale limits. Our analysis shows that, unlike the Higgs boson, there are minute
differences between radion mass-scale limits in 3 and 4 generations, rendering then
quite independent of the number of generations. In a complete decay plot, we include
all branching ratios of the radion and show that for heavy radion FCNC, the most
promising decay channels are the ones which include fourth generation leptons as one
of the decay products. In addition the flavor-conserving radion decays into fourth
generation leptons and neutrinos can be large and alter the dominant decay modes
for a heavier radion to WW or ZZ gauge bosons and provide a distinguishing signal
for the model. If a heavy Higgs-like state is discovered at the LHC with the usual
“golden mode”, pp — h — ZZ, a width measurement could rule out a conventional
Higgs boson. A careful study for different and/or exotic decay channels of that
resonance might be the key to discover both a fourth generation of fermions and a
warped extra dimension.

At last, we analyzed the phenomenology of the Higgs-radion mixed states in a
warped extra dimensional scenario with an additional family of fermions where the
gauge and matter fields are allowed to propagate in the bulk. Higher order EW
corrections to the couplings of Higgs to two gluons and photons were also taken into
account. However, since the presence of heavy KK fermions should affect Higgs to two
photons calculations, we present our results both with and without these corrections.
They affect the case in which the observed scalar at the LHC is the mostly Higgs
state h, leaving the ¢ possibility unaffected. We have found out that there exist
regions of the parameter space where one of the mixed Higgs-radion states satisfies
the properties of the signal at 125 GeV, while the other either fits CMS or ATLAS
parameter points, or evades the present collider bounds. To increase predictability of
our scenario, we calculated the branching ratios of the allowed Higgs-radion states into
fermions, both for flavor-changing and flavor-conserving channels. As more data on
the scalar production and decay becomes available, these predictions can be compared
with the experiment.

Now that a scalar spin-0 particle has been discovered, for the first time we might
have access to electroweak symmetry breaking sector of the SM and to the mysteries

it may reveal. As attention turns towards its couplings, it is important to test that the
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observed boson is the SM Higgs boson or not. The preliminary results indicating an
excess in vy, ZZ and WW decay channels are in agreement with the SM even though
there may be a suggestion of BSM due to possible deviation in Higgs di-photon decay
rates. In the experimental side, more accumulated data will be needed to determine
if the excess is real or just due to a statistical fluctuation. Simultaneously, on the
theoretical side, simultaneously, it is worth investigating which BSM can explain these
deviations. In this thesis, we consider an extension of the Higgs sector in a minimal
LRSUSY model, and warped extra dimensions with four generations which might be
refuted or confirmed in the future experiments. Future work could be investigation
of signals in Higgs production and decay modes at LHC for the LRSUSY model
introduced.

The thesis is based on the following publications:

1. M. Frank and B. Korutlu, Higgs Bosons in a minimal R-parity conserving left-
right supersymmetric model, Phys. Rev. D 83, 073007 (2011).

2. M. Frank, B. Korutlu and M. Toharia, Higgs Phenomenology in Warped Extra-
Dimensions with a 4™ Generation, Phys. Rev. D 84, 075009 (2011).

3. M. Frank, B. Korutlu and M. Toharia, Radion Phenomenology with 3 and 4
Generations, Phys. Rev. D 84, 115020 (2011).

4. M. Frank, B. Korutlu and M. Toharia, Saving the fourth generation Higgs with
radion mixing, Phys. Rev. D 85, 115025 (2012).

Except for specific credits indicated throughout my thesis, everything else is my own

work.
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Appendix A
Notations and Conventions

We will specify the notations and conventions that we use throughout the thesis.

e Indices: (i,7,k = 1,...,3) are three-vector indices, (u,v,p,0 = 1,...,4) are
Lorentz indices, and (M, N, R, S = 1,...,5) are 5D indices. For three-vectors we

do not distinguish between upper and lower indices.

e Units and Physical Constants: h = ¢ = 1, implying that E, p, m, %,% have

energy units.

e Flat Space-Time Metric Tensor: We use the mostly minus convention such

that
1 0 0
0 -1 0
, =t = A-1
U n 0 0 —1 (A-1)
0 O 0 -1
e Four-Vector Notation:
Position Vector: zt = (t,7), =z, = (t,—7),
Momentum Vector: pt = (E,p), p,=(E,—p),
Derivatives: O* = % = (%, 6), Oy = % = (%, —6),
O=9,0" =2 — V2
e Pauli Matrices: The 2 x 2 Pauli matrices & = (01,09,03) (for internal

199



symmetries denoted by 7) are defined by
[O’i, O'j] = QZ'EijkO'k. (A-Q)

A convenient representation satisfying eq. (A-2) is

() e (23) (i) e
1 0 1 0 0 —1

A-1 Dirac Matrices and Spinors

The Dirac Matrices v* are defined by

{+*, 4"} =2¢9"1, (A-4)

where [ is an identity matrix. It is also useful to define
vV /i v R
o =Sl ==y (A-5)
The ~° matrix enters for spin and chirality projections of fermions. In the following
two subsections we will give two different representation of Dirac Matrices and spinors

satisfying eq. (A-4). The projection operator are given as

1— 5 10 1445 00
P - = _P = e A_

Note also that P? , = Ppp, PLPr =0, P} n = Pp g and PL, = Ppp.

A-1.1 Pauli-Dirac Representation

Pauli-Dirac Representation is useful for studying non-relativistic limit of an

interaction.

e Dirac Matrices:

I 0 . 0 o 0 I
0 Coy=( L A= (AT

where I is the 2 x 2 identity matrix and ¢ are the Pauli matrices given in eq.

(A-3)
. 0 o o o0
o =i A ’ : ol = ¢k [ 7 : (A-8)
g 0 0 o



Fermion Fields: Fermion fields and the adjoint fields are represented by four-

component column vectors and four-component row vectors, respectively.

vy,
v (a)
Up
o= ot — (gt gt U i A-9
oo==(v k), ) =(v vk ) (A
where both Wy, p are 2 x 1 column vectors. For a fermion field one can define

the left- (L) and right- (R) chiral projections as
I 0 53 vy
0 0 vy 0

where ¢y and g can be considered as independent degrees of freedom of .

(A-10)

Let us also define @Z_JL, & as projection of v
Y = iy’ = (P)'y’ =T Py’ = vT°Pr = ¢ Py,
Yr = VP (A-11)

Charge Conjugation: Charge conjugation changes a particle into the
corresponding antiparticle without affecting its spin or momenta. We will

denote the antiparticles with a superscript c.

Ve = OPT = Cwh")T = 0yt

GE = 490 = (CTHIT) 0 = §THOCH0 = §TC = —yTC, (A-12)
where

0 —io?
C=-C"'=-Cl=-C"=iyy' = < N > : (A-13)

—io? 0

In explicit form we can write

5 = v\ [ 0 —io? I 0 v\ [ 0Ty
e, —io?2 0 0 —I 0, —io2W% )’
2

o= (v qg)( Voo ):(_wwg il ). (A1)

—io? 0
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The left- and right-chiral antiparticles are obtained as follows
v = Pyt = PO = (0CT )T = (PLOT)T = (§rCT)T = OO,
Vi = CUp, (A-15)

where we have used eqgs. (A-4) and (A-11). Note that even though vy, and g
can be considered as independent degrees of freedom for ¢, ¥¢ and 9%, on the

other hand are not independent. One can also write @i’ R

P = 45" = (PO = T PpC = (Path)"C = jC = —pC
v = —¢pC7h (A-16)

A-1.2 Chiral Representation

e Dirac Matrices:

0 7 . 0 o -1 0
0 _ 7 i ' ’ 5 = , A-17
and
. —ot 0 g g k0
o =i 7 ], o =ik [ 7 . (A-18)
0 o 0 oF

It is sometimes more convenient to rewrite the Dirac Matrices in chiral

0 o#
H = , A-19
gl (0“ 0 > (A-19)

where o# = (I1,0) and ¢+ = (I, —0) = 0.

representation as

e Fermion Fields: Fermion fields and the adjoint fields are represented by two-
component column vectors and two-component row vectors, respectively.
L L and \\J R
ol and ol (A-20)

e Charge Conjugation: Charge Conjugation change a particle into the
corresponding antiparticle, without affecting its spin or momenta. We will

denote the antiparticles with a superscript c.

—ic? 0
C=—Cl = —C = 7 = iy = ( - ) , (A-21)
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which gives

e [ YL\ —ioc? 0 0 I v\ —ic? W,
v —<%>—< 0 i02><1 0)(%)_( i, )

(A-22)
In many cases it is convenient to work with Wy, ; fields as it is conveniently done
in QED and QCD. However, sometimes it is easier to work with left-chiral fields
for both the particles and antiparticles that is ¥ and V¢, or equivalently one
can get rid of the subscript L and write U and ¥¢ by keeping in mind that they
are the left-chiral fermions. This is typically done when discussing the LRSM,

SUSY, LRSUSY.
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Appendix B

Gauge Group and Transformations

A group G is a set of elements ¢, go,... with a map G x G into G (called as the
product operation for the group and denoted by g; * g2 ) with the following properties

e Associativity: For each g1 € G, g1 * g2 = g3 with g3 € G (closure) and
91 % (g2 * g3) = (g1 * g2) * g3 (associative).

e Identity Element: There exist an identity element I € G with [xg = g+ = g
for all g € G.

L such that g x g7! =

e Inverse: For each g € G there is a unique inverse g~
glxg=1
According to the commutation relations of the group elements, we can classify

the groups as:

— Abelian group: The group is commutative such that [g;, go] = 0 for each

g12 € G.

— Non-abelian group: The group is non-commutative: [g, go] # 0 for any

gi2 € G.

In Field theory, to describe continuous global and gauge transformations Lie Groups
and algebras are used. A Lie group G is a continuous group for which the
multiplication law can be defined in terms of its associated Lie algebra consisting
N generators T%,7 = 1,2, ..., N, and their commutation rules

[T 7] =) icyT*, (B-1)
k
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where ¢;j, = —cji, are the structure constants of G. Without the loss of generality,
T* can be assigned to be Hermitian which give rise to real structure constants. Below

we will give some examples of the Lie Groups.

e U(1) Group: G = U(1) is the simplest example of a Lie group. It is an abelian
group with a single generator 7'. The elements of a U(1) are 1 x 1 dimensional

unitary matrices which can be represented as
Ug(ﬂ) = e_zﬂT. (B—Q)
There is a special case with 7' = 1 and group elements Ug(3) — e~ as well.

e SU(2) Group: G = SU(2) is a non-abelian group with 3 generators and the
structure constants are c;, = €. Its elements are 2 x 2 unitary matrices
with the extra constraint that their determinant is unity. The generators are
L; = 7°/2 where 7; = 0; are the Pauli matrices given in eq. (A-3). The group
elements are

B B

= cosgI—z’sinE
e SU(3) Group: G = SU(3) is a non-abelian group with 8 generators and the

[NIRT

Us(f) = e B (B-3)

structure constants are ¢z = fij, ¢, 7,k = 1,...,8. Its elements are 3 x 3
unitary matrices with determinant one. The generators are L} = \;/2 where

Ai, @ =1,...,8 are Gell-Mann Matrices given as

010 0 — 0 1 0
M= 1001, X=¢ 0 0|, =0 -101,
000 0 0 0 0 0 0
001 00 —2 000
)\4 — 0 0 O ; )‘5 - 0 ) AG - 0 0 1 )
10 0 010
0 0 O ) 0 0
AM=|00 —i |, s=—4=] 01 0 ; B-4
7 [ 8 \/g ( )
0 ¢ 0 0 -2
and the nonzero totally antisymmetric structure constants f;;; are
1 1 1 1
Ji2s =1, fur = 5 Jis6 = 5 Jaae = 5 Jos7 = 3
1 1 V3
Jaa5 = 5 Jaer = 3 Jors = o (B-5)
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The group elements are
Ua(B:) = e 2P% = cos §I — isin gém. (B-6)

In modern particle theories the underlying group of the theory consists some gauge
transformations under which Lagrangian remains unchanged. This is called the gauge
invariance and is the origin of the forces. The gauge transformations can be divided

into two:

e Global Gauge Transformations: The global gauge transformation (GGT)
represents an identical operation at all points in space-time and causes a simple

shift in the phase of a fermion wave function as follows:
¢ — €i€¢7 (B_7)

where 6 is a real number. Thus, GGT is just a statement of the fact that the

laws of physics are independent of the choice of phase convention.

e Local Gauge Transformations: The LGT corresponds to choosing a
convention to define the phase of the fermion wavefunction, which is different
at different points in space-time. In other words, the matter fields will be

transformed differently at each space-time point. The expression for is
1/} — eiq@(ﬂt)w’ (B_S)

where 6 is a function of = = (x,t). Therefore, one requires a redefinition of the

derivative, which compares fields at different points in space-time.

The SM, based on the gauge invariance principle with gauge group SU(3).®SU(2),®
U(1)y, can excellently describe the three out of four fundamental forces of nature

introduced in Chapter 2 by making use of global and local gauge transformations.
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Appendix C

Ricci Tensor and Brane Tensions

C-1 The Components of the Ricci Tensor

Let us first write the metric given in eq. (3.83) in component form:
— o 20(9) — 2
Juw = € Ny gs5 = —T,

g,uu _ €QU(¢)UMV, 955 _ —T_2. (C—].)

Since the metric is diagonal we have g,5 = g5, = ¢"° = ¢°* = 0. We will start our

calculation by 4D component of the Ricci tensor, R, which can be written as
K K K 1M K M
R,ul/ = F,uu,K - F,u,K,V - FMMFVK - FHVPKM7 (C_2>

using the eq. (3.86). Let us analyze this term by term. The first term is derived as

follows
Pffy,K = {9""Tru}tx
= %{QKL (900w + 9rvp — Gl } K
= s+ G — ) + 9 Gl
= 548 one G — ol b+ 5167l
= (e ) )

1

= 52 (—=2)0’(¢)e >} 5
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where we have used the fact that o = o(¢).
respect to 4D space-time (g, ,) vanishes, whereas the derivative with respect to the

5th dimension (g,,5) survives. In addition, the size of the fifth dimension, r, is a

= ) + ()2 (D)

e=20(9)
= {=0"(9) + 2[0" (&))"} (C-3)

r2

constant, as a result, the derivatives gs5 k = 0. Keeping these information in mind,

we will now calculate the second term in R,,,:

K
FuK,V

- {gKLFLuK},V

1
= §{QKL (9L + 9L — Gur,nl o
1
= 5{9Kp[gpu,K + Yok — Gui.p) + 9K5[95K7u — GuK) v

1
= 5{9&)[9/)#,5 + Gpeu — guﬁ,p] + 955 [955#]},1/
= 0, (C-4)

The third term is calculated as

Lol
J__r
.
.
-
.

gKLFL,uMgMSFSVK

1 1
§9KL (gL + Gra, — guM,L]igMS[

1
ZQKP[QW,M + GoMp — guM,p]gMS[

1
ng (9500, — Gur5)9™°

9sv.ic + 9skv — Guk,s|
9sv,K + 9sKv — gVK,S]
9svi + 9siw — Gui.s)

ggp[gp,u,M + gpM,u - g,uM,p]gMS [qu,g + gSf,u - guf,S]

MS[

955[95M,u — Gum 519" " [9sus + gs5.]

gfp[gp,u,a + Gpau — gua,p]gaS[QSmé + gsew — gV&S]

o 1
55[ S[qu,5 + gs5.0] + _ggp[gpuﬁ]gSS[gSl/,f + gsew — Gue, )

—Gpar5l9 1

g
55[%57#]955 [9sv5 + 9s5.]

9% [Gopa + oo — Gapl 9™ (980 + 9o — Gue.s]

1

1
*Clgs05] + =9 [9ou519°° = gue.s) + =97 (9559 [955.0]

55[
4 4

~Gpa5l9
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T LV e i SO
LT e ) O (e O, )
}1620(@77@(6_20(@7%#),5<_T_2)[_(6_2U(¢)77V§)75]

ﬁ (_2)J/(¢)6720(¢)nuae2o(¢)naﬁ (—2)0'(¢)6*2"(¢)775u

1 / —20 / —z20
4—7262”(¢)nfp(—2)0 (p)e 2 (¢)npu(_2)0 (¢)e 2 (¢)77u§
2¢—20(9) ,
o (&) N (C-5)

r

where we have used 7,,n*" = 7, and Napn™® = 4 to simplify the result. There remains

only the last term in R, which one can simply obtain as

K M
F;U/FKM

QKLFLWQMSFSKM

1 1
§gKL [gLu,u + gLu,u - guu,L]ﬁgMS[
1

Zng[gpu,V + Gpvp — g;w,p]gMS[gSK,M + gsm,K — gKM,S]
1 K5
49

1

Zggp[gp,u,u + gpu,,u - g;w,p]gMS[
1 55
297
1
9*[

9SK.M T gsm, Kk — QKM,S]

MS[

(=959 " 9sk,Mm + 9smk — 9 M,S]

gse.m + gsare — Genrs)

—guu,s]gMS [9s5.01 + gsms — 9501.8]

aS[

9pp,v + Gov,u — g,ul/,p]g gs¢.a + 9Sac — gfaﬂ]

4
155 aS
il |

g _gw/,5]g 9550 + gSa,5]

1
ggp[.gpu,l/ + gpu,u - guu,p]gss [955,5 + 955,5]

55[

g _guu,5]g5s[935,5 + gs55 — 955.5)

9 (G + Yoo — Guvp)9*" (98,0 + Gpae — Gears)

o 1
55[ B[gﬁaﬁ] + _ggp[gp,u,,u + Gov,u — g/.Ll/,P]g55 [955,5]

— G519 1

9

55[

g —gw,s]g55 [955,5]

55[

g _guu,5]gaﬂ[g,3a,5]

!
1
4
1
4
1
4
1
4
1
4
1 _ —20 o o B

(e, e O (2O 5
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1 — 20 g « — 20
— (_2)0/(¢)€ 2 (<1>)77W62 (<i>)77 5(—2)0’(¢)e 2 (¢)7],8a

Ar2
46_20(¢) ,
I [0 (&) (C-6)
Then, R, reads
6_20(¢) , " )
R“” = r2 (4[0 (gb) -0 (¢)] )nuu- (C—?)

In the same way we will calculate Rs5; which is given as
Rss = F?S,K - Fé{K,B — Ty Tak + TiT i (C-8)
The first term in the curvature Rss is
Fgfs,K = {gKLFLSE)},K
= %{QKL (9155 + grss — gs5,L )} K }
= %{QKP[—Q%,p] + 9"°[2955,5 — g55.,5]} K

= %{gg”[—g%,p]},s + %{955(955’5” o
— 0. (©9)

The second term is
s = {6" Tisk}s
— %{QKL [9L5,5¢ + gL s — 95K} 5
- %{ng [9pK,5 — G5K,p] + g™ (95,5 + 955 — 9sks]}s
— %{gsp[gpm] + 9% (955,50} 5
_ %{e”’(‘f’)n@(e2”(¢)77p5),5},5

_ % {20 (=2)0’ (¢)e ™27y e} 5
= —{n"ne0'(9)} 5
= —40"(¢). (C-10)
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Finally, the third and fourth terms are calculates as

TE N = " Trsmg™ Tssie
1 1
= QQKL [9L5,M + 9Lms — 95M,L] 59MS [gS5,K + 9sk5 — QsK,S]
1
= Zng[gpM,EJ — 95M,p]9MS (9855 + 9sk.5 — 95K.9]
1
+ ng [955,M]9MS[955,K + 9sk5 — G5k S
1
= ngp (Gpri5 — gSM,p]gMS[gSS,§ + gse s
1
+ 1955 [955,M]9MS[955,5 + gss5 — J55.5]
1 o 1 o
= Zgép [Gpa5lg 5[955,5 + gses + 1955 [955.0)9 5[2935,5 — g55.9]
1 1
+ ngp [955,p]95s[955,§ + gses] + 1955 [955,M]95S[2955,5 — g55.5]
1 o 1 (0}
= Zgﬁp[gpa,5]g *l9ses] + 197 195,019 Pl—gs5,5]
1 1
+ Zggp[_g55,p]955 [g55.6) + 1955 [955,519° [955,5]
1 o
= 191950519 (93¢ 5]
1 g — 40 g (7 — 40
= ;¢ O (20O ) 5627 Oas (=200 o
1 9 o —20
= 1620(¢)n£p(_2)0/(¢>6 2 (¢)npa€2 @B (—2)o” (¢)e 2 (¢)7Iﬁ£
= 4o’ (¢))?, (C-11)
and
TETYy = 9" Trss0™ Tsxm
1 1
= §9KL 9155 + gr55 — 955,L]59MS[QSK,M + gsm,x — 9K M,S)
1
= Zng[_g%,p]gMS[gSK,M + gsm,k — 9K M,S]
1
+ 19K5[2955,5 — 955,5]9MS [9sKk.M + 9sm,k — 9K M,S)
1
= Zggp[—g%,p]gMS[gsg,M + gsme — Genrs|
1
+ 1955 [955,5]9MS[QS5,M + gsms — Gsm,s]
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= igﬁ” [—055.019°°[956,0 + G506 — Gears] + ;1955 (955,519 [955.0 + 9505)
+ iggp[—g%,p]gw[gsw + gss.e] + %1955 [955,519°% (9555 + G855 — G55.5]
= igsp[—%s,p]gaﬁ [95¢,0 + Gpae — eas) + 2955 (955,519 [9B0.5]
+ iggp[—g55,p]955[g55,g] + }1955 (955,519 [955.5]
= 0, (C-12)
respectively. Substituting into eq. (C-8) we arrive at
Rss = 4(0"(¢) — [0"(9)]*)- (C-13)

The last component of the Ricci tensor is R,5. Note that it is symmetric tensor,
thus R,5 = Rs,. Let us calculate the curvature R,; which one can write in terms of

connection coefficients as
Rys =T[5 x —Thigs — TiyTok + T, (C-14)
The first term is obtained as
F;I;,K = {gKLFLMS},K
1
- i{gKL[gLu,E) + gL5,u},K
1
= é{ng[gp,u,E)] + g™ [955,u) } K¢

= L lmalbe + 5 6 )}
= 0. (C-15)

The second term can be calculated as follows
F,IfK,5 = {¢"'"Trux}s
1
= §{QKL 9Lk + 9k — Jur.n)} s
1
= 5{9Kp[gpu,K + 9ok — Guk.,p) + 9K5[95K,u — Guksl}ts

1
= 5{96'0[9,0;1,5 + Gpep — Guep) T 955 (955, } 5
—_— (C-16)
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The third term is

Feré\% = ¢ Tssk

1 1
_gKL MS[

5 (9L + grar, — guM,L]§9 gss.kx + 9sk5 — G5k,S)

1
= Zng[gpu,M + Gomp — guM,p]gMS[gSS,K + 9sk5 — 951(,5]

1
+ ng (9500, — guM,B]gMS[

1

1

+ 1955 (9500, — guM,E)]gMS (9555 + 9s5.5 — Gs55.5)

gss. ik + 9sks — 5K S

SP[ MS[

Gou M + Gprip — Guriplg” [gss.e + gses

aS[

1 &p
= —9"[Gppe + Gpa = Guap)9* 1955, + gse )

55[ aS[

29555 — 955,5]
1
9% (90519 (955 + 9ses] + 797 (955,197 29555 — 9555
« 1 (07
ggp[gpu,a + Gponps = Guaupld 5[9,6’6,5] + 1955[_9#%5}9 B[_QSS,B]
1

p[gpu,5]955 [g55.¢] + 1955[955,u]955 [g55.5]

9”°[=Guaslg

3

4
1
4
1
4
1
4
1
19
0.

(C-17)
The last term is calculated as

F;ﬁFAK/[M = gKLFLMSQMSPSKM
L ko
29

1

= Zng[gpuﬁ]gMS[gSK,M + gsm.x — xS

1
+ Zf“bﬁdg

1

= 195" (900,519 [9sent + sare — Genrs)

1

+ 1955[955,u]9 gss.m + gsars — gsars)

1 1

:Zf%mmwmm+%m—%mhqf%mwwmm+%m1

1 55[ + 1955 55[

+ ngp[gpw]g gses + gss.e] 1 [955.1]9

MS[

1
(905 + 950 =9 " 9sKk,M + 9sm,k — 9K M,S)

2

M l9sk.m + 9sm,x — 9r,s)

MS[

gss5 + 9s5,5 — 55,9
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= igg”[gpm]gaﬁ (98¢, + gpoe — Geap] + 3955[955#]9“3 [980.5]
+ igép[gpu,s)]g% [955.¢] + 3955[955#]955 [955,5]
~ 0. (C-18)
Then, we can conclude
Rs = 0. (C-19)

As one last step we will calculate Ricci Scalar as well

R = gMNRMN
= QMVRMV+9M53M5

= g'LLVR,LLI/ + 955R55

~20(¢)
_ ezcr(as)nw{ e

2 (4[0/(¢)]2 - 0"(¢))7}W} — r‘2{4(g”(¢) _ [01(¢)]2>}
= %{5[0'(@]2 - 20”(¢)}. (C-20)

C-2 Brane Tensions

Derivative of a function f(z) in absolute value can be easily found by considering

|f(z)] =/ f(x)? = (f(x)2)1/2. Utilizing the chain rule we get

4 pmy V2 @I g

d .« 2 1 2\—1/2 / -

L) = L (@) = () M2 ) ) =
Recall from eq. (3.103) that o(¢) = kr|¢|. The first derivative with respect to ¢
reads

o'(¢) = k‘ri (C-22)

|6l
By definition, U(¢) = ¢/|¢| where U(¢) is the unit step function which can be written
in terms of step functions as U(¢) = (0(¢) —0(—¢)). The derivative of a step function

is a delta function. The second derivative of o(¢) then becomes,

0"(¢) = 2kr|6(¢) — 6(¢ —m)|. (C-23)
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Appendix D

Rotation and CKM4 Matrices in
Warped Extra Dimensions with

Four Generation

D-1 Rotation Matrices

Let A be an n x n matrix, [A];; be its {ij} first order minor' and [A];; s represent
the {ij, a8} second order minor? of A. It is useful to record some basic properties of

determinants which will be needed later
det(aA) = a"det(A), (D-1)
where a is a constant, and B being another n X n matrix
det(AB) = det(A)det(B). (D-2)
In addition, the minor of the multiplication of two matrices is

[ABJ;; = > [Alw[Bly;. (D-3)

We will try to obtain quark masses in terms of f;’s and 5D Yukawa couplings with the

help of the basic properties of matrices summarized above. Let us start our calculation

!The {ij} first order minor of a matrix A is the determinant of (n—1) x (n — 1) submatrix which
is obtained by removing i*" row and j** column from A.

2The {ij, a3} second order minor of a matrix A is the determinant of (n —2) x (n —2) submatrix
which is obtained by removing the rows i and «, and columns j and 8 from A.
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by the absolute value of the determinant of the up-type quarks mass matrix (M),

previously defined in Chapter 5.1 in eq. (5.2). By using eqns. (D-1) and (D-2) it

yields
‘det(Mu) - ‘Uidet(FQ)det(Yu)det(Fu)
= V1S fau S Qs Qi fur Fus fus fus |det(Yu) |, (D-4)
and also from eq. (5.3)
det(M,) = det(Uq, )det(M€)det(W 1), (D-5)

where Ug, and W, are unitary transformation matrices. Therefore, det(Ugq,) =

det(W,) = 1. Then, one can simply write
det(M,) = det(M%#8) = mummem,. (D-6)

Combining the results of eqs. (D-4) and (D-6) we get

det(Yy)

=4

[T m: = memimem, = vi o, fa. fas fau Fun Fun fus Fus : (D-7)
i=1

Here the absolute values are necessary to get rid of the phases in the Yukawa matrices.
Now let us calculate the absolute value of the {11} first minor of M,. Using egs.
(D-1) and (D-3) it can be written as

‘[Mu]n

Vi [FQlu1 [Yului[Fulit| = V3 foufas fou fus fus fus

(Y]],

(D-8)

where since Fy’s are diagonal matrices, they only admit principal minors [Fj|xx. We
can also write [M,]; utilizing the other definition of the up-type quarks mass matrix
given in eq. (5.3) as

[Mu]11 = [Uqu|ie[M§*8]1e[Wy 1. (D-9)

u

The largest contribution to [M,]1; happens when k = 1 giving
M1 = mymyme, (D-10)

since [Ug,J11 = [WUT]H = 1. Therefore, to lowest order in the ratios of f;’s we can

write
i=4

3
Hmi = MyMyMe = U4fQ2fQ3fQ4fu2fu3fU4

=2

[Yu]n‘. (D-11)
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We will follow the same procedure for the {11,22} second minor of M, as

‘[Mu]ll,QQ = 07| [Fuli1,22[Yul11,22[FQlin22| = v3fosfaufus fus[[Yulin22|,  (D-12)
and
[Mali1.20 = [Uquli1.26[ME28) 11 16 [Wal 1102, (D-13)
which will have the largest contribution when & = 2, and since [Uq,li122 =
[WUT]HQQ = 1 we obtain
[Mu]11,22 = My Mmy. (D‘14)
Then, in leading order, we have
i=4
H m; = mymy = U3 fQ, foufus fus [Yu]ll,QQ‘- (D-15)
i=3

We can therefore obtain the leading contributions to the up-type quark masses as

det(Yy)
My MMMy,
m, = ————— = v fo, fu (D-16)
My MM ul11
My MM [Yu]u
Me = ———— =UsfQs fur7——, (D-17)
My Yuli1,22
mymy = U3 [ fqufus fua|[Yul11.22]- (D-18)

Recalling the definition of the down-type quarks mass matrix (Mgq) given in eq. (5.2),

we can write

i=4
[T m: = mymumama = vi fou fau faufaufa faufauFa | det(Ya) . (D-19)
i=1
To lowest order in ratios of f;’s we have
=4
[Tm: = mymums = 03 o, fau fou fa fay fa [ Yl | (D-20)
i=2
and
i=4
H m; = mymy = U3 fo, foufis fi. [Yd]11,22‘~ (D-21)
i=3
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Then, the leading contributions to the down quark masses are

, det(Yd)(

my = Sy Melsd_ vafor fa 7 (D-22)

My MpMg dli

Yalu1
My Mg

ms = W = U4szfd2 ) (D‘23)

b1 Yd]n,zz
My My =V foq fas fou fai|[Yali1,22]- (D-24)

fd3 ~ M

7 ~ 1072. Because of this, we can find
d4 mbl

Since fg, ~ fo, we must have that

also
my = fo (f3,YEP + f6,1Y5]%) - (D-25)

One can form a diagonal matrix, H, with n eigenvalues, \;, via the unitary matrix,

V, from a hermitian n x n matrix H as follows
VIHV = H. (D-26)

A useful parametrization to find the entries of the unitary matrix, V', can be written
as [224]

H -\
L . (D-27)
VI = AT T (e = A)

Note that this formula is exact and it is valid for any square hermitian matrix, H.

Vij = (1)

We will now follow the standard procedure to obtain a simple formulation for the
rotation matrices Uq,, Uq,, Wy and Wy in an expansion of small ratios of f;’s.
Let H, = MM, = Ug, M32e W," W, Mdie Uqg . Because W, is a hermitian
matrix, we can write H, = Uq, (M%28)2 Uq . Multiplying this from left by Ugq,'
and from right by Ugq,, we get Uq, ' Hy Uq, = (M%28)2 which is the same form as
in eq. (D-26) such that V. = Ugq,, and eigenvalues of H,, (or the diagonal entries of

I:Iu) are the squares of the physical masses of up-type quarks. Let us first concentrate

2

on \; =m;.

H, — miI] 1i

VHy = m2n(mZ —m2)(mi —m2)(mg —m?)

(D-28)

218



Because of the hierarchical nature of this scenario, we know that to the lowest order
in ratios of f’s, the minors of (H,, — m2I) not involving the first row or column, can
be approximated by

H, — m21]y; ~ [Hylu. (D-29)

Thus, we have

Vi = (1 l, EENGEY

VHu]u (mg —mg)(mi —m3)(mi —m3)

C_

Using eq. (5.2) we can write H,, as
H, = viFqQY.F.’Y,'Fq, (D-31)

where we have used Fqu) = FQ(u)T based on the fact that they are diagonal matrices
with real entries. From egs. (D-1) and (D-3), the {1:} first minor of H, is

Huu = [ViFqlulYu)u[F2ler[Yu'lki[Fali
= VS[Folu[Yule[Fu’lie[Yu'lus[Fali (D-32)

The largest contribution for [Hy]y; will be when k = 1, giving
[Hy)i = v§[Folu[Yulul[Fu’ln[Yu'li[Folii, (D-33)
which can also be written as

Hulii = UE[FQ]H[Yu]n[FuQ]n[YuT]n[FQ]ll[

= [H, D-34
by T Pl o
where [H,|i; is
[Hu]ll = US[FQ]H[Yu]ll[Fu2]ll[YuT]ll[FQ]ll
, 2
- Ugfé2f4293fc224 32 33 34 [Yu]ll ) (D_35)

which if one compares with eq. (D-11), can simply conclude as [Hyl1; = (memgmy)?.
Moreover, the product (m? — m?2)(m? — m?)(m? — m?) can be approximated by

(mcmtmt/)Q. We can put all this together and rewrite V;; as

Vi, = (_1)i+1 [YuT]li [FQ]u _ (_1)i+1 [

:1 [Fqlii ‘ (D-36)



Then we can simply write

2 [Yuli [Folu
M= U ol "
Vy — (_1)3[Yu]§1 [Fale _ [Yulo faifaufor _ [Yulo fa,

[Yu]n [FQ]H [ u]11 szstfQ4 [Yu]n sz
Vy = (_1)4[Yu]%1 Falss _ [Yulsi foufaafou _ [Yaln fo

[Yu]n [FQ]H [ u]11 szanfQ4 [ u]11 Qs

5 [Yu]:n [FQ]44 [Yu]zn fQ1 szsz [Yu z*n fQ1
Y= OV R Faln Nl fedade, . Nalufar O

Let us follow the same procedure for the second eigen value Ay = m.. Using the eq.

(D-27) we can write

[Hy — m.I] 11,2

Vig = (—1)"*2 . (D-38)
VIHy — meIhi oo (mi — m2)(mg —m2)
In leading order in f;’s it is a good approximation to take
[Hu - mcI]11,2i = [Hu]ll,%a (D'39)
which could be expanded as
o2 = [ViIFQlue[YaliiorF2im[ Yol liiriFalii
= Ui[FQ]n,m[Yu]11,2k[FuQ]n,kk[YuT]u,ki[FQ]n,n’- (D-40)
The largest contribution is when k& = 2. Thus, we get
Halii2i = [ViFQli22[Yuli1,22[Fali, 22[YuT]11,2i[FQ]11,ii
Y % K1)
= [Hui1,22 YuuailFalu (D-41)
Yy ]11 22[Fqli1.22
Let us calculate [Hy|1120 for the leading order.
Hyli122 = Ui‘[FQ]u,m[Yu]n,%[FuQ]n,kk[YuT]n,kz[FQ]11,22
2
= vif&f& 33 34 [Yu]11,22
2
= mfm?, [Yu]11722 (D-42)

In the same way we did for the calculation of V;;, we can take the product (mf —

2

2) approximately as (m;my)%. If we put everything together we obtain

i+2 [YuT]ll 2i [FQ]llii i+2 [YUHl,iQ [FQ]ll,ii

Vip = (-1 : == (-1 k .
S [YUHI,QQ [FQ]Ha?? (=1) [Yu]u,m [FQ]11,22

m2)(m2 —m

(D-43)
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We can obtain the CKM entries Vay, V3o and Vs from eq. (D-43) as follows

Ve = (_1)2+2 [Yu]£1,22 [FQ]H 2 _ 1,
[Yu]11,22 [FQ]H 22
Vip — (_1)3+2 [Yu]11,32 [FQ]11,33 _ [YuHLsz szfQ4 _ [Yu]11,32@
[Yu]h,zz [FQ]H,?? [Yu]11,22 stfQ4 [Yqu,m fQ3 ’
Vi = (_1)4+2 [Yu]11,42 [FQ]11,44 _ [Yu]11,42 szng _ [Yu];1,42&
[Yu];1,22 [FQ]11,22 [YuHmz fQ3 fQ4 [Yu];l,m fQ4
(D-44)
Finally, for A3 = m;
A H, —m]lI .
‘/iS _ (_1)Z+3 [ t ]11,22,32 (D-45)

VIHy =m0 33(mf — m3)
Since the mass of top quark is high we cannot make an approximation as we did for

the up and charm quarks when calculating V;; and Vj, terms.

Hul11,203 = [UZFQ]11,22,33[Y11 11,22,3k[Flzl]11,22,kk[YuT]11,22,ki[FQ]ll,ii

[ —

= Ui [FQ] 11,22,33 [Yu 11,223k [FuQ] 11,22, kk [YuT] 11,22 ki [FQ] 11,2240

= UifQ4[Yu]11,22,33 F 2]11,22,33[YUT]11,22,31'[FQ]11,22,ii

[Fu
+ Uif@; [Yu]11,22,34[Fu2]11,22,44[YuT]11,22,4i [FQ]ll,QQ,ii
= UifQ4 (Yﬁ 54 [YuT]ll,QQ,Bi + Y3 33 [YuT]ll,QQAi) [FQ]ll,ZZ,ii

= vifo, (FLYAY o + F2 Y ultiz2a ) Foluzs (D-46)
and [Hy]11,2033 can be calculated as

Huli1,2033 = Uifc?h( 34}/;112[Y11H1,22,33 + fggygi[Yqu,m,M)

= if3,(JRIVEE + F2 v P) (D-47)

Z, +3U§fQ4< oYY ]l 003 + 33}/2’31[YUH1,22,1‘4> [FQlu22i — [mul]in22,3

D-48)
2 r2 2 2 2
i, (12, )m3 —m2)

2
+ f2,

U
Yii

u
Y3
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Then, the V33 and V3 entries are
202 (g2
3+3 e fQ4( vl

Ve

2 2
Yl + f2| Vsl ) — [med]11.22,33
2 2 9 5
+ 12| ) md = md)
2 f£2 2 2 2 2
U4fQ4( s | Y4 +fU3 ) — My
2 M
s (2 Y —m)
3UifQ4< oYY all0043 + fo, Va4 [Yu]T1,22,44> [FQli122.41 — [me1]1122.34
212 2 2 2 2 2 2
\/U4 fQ4 ( uq + f’u,g > (mt/ mt)
v faufo (F2LYEYE + F2 YY) i
- 2 12 2 2 2 2 ' ( ) )
o f, (F|va] + s [va| ) omd = md)

The remaining elements are calculated by using the unitarity conditions VIV = L.

V33

U u
Yis Y3

u
Y

2
+ f2,

U
Yii

u
Y3

V43 _ (_1>4+

U
Yii

U
Vi

To find the V5 element for example we calculate (VIV);, entry

0 = ViVig+ V5 Vag + V31 Vs + Vi Vg
[Yu]2l fQ1 o [Yu]Sl fQ1 [YU]11,32 fQQ

[Yu]ll sz [Yu]ll fQ3 [Yu];1,22 fQ3
[Yu]41 le [Yu]11,42 sz

= Via+

- * . (D_50)
[YU]ll fQ4 [Yu]11,22 fQ4
In leading order we can simply write V5 as
[Yu]Ql le
Vig = — . D-51
2= Nl fo. R

The Vi3 and Va3 entries are obtained by simultaneously solving for the unitarity
conditions (VIV)3; = 0 and (VIV)3, = 0 in leading order. We solve for Vj3 and Vi

by assuming a sub-unitarity condition such that

Vi Vi Vi V- 10
33 43 33 34 _ . (D— 52)
Viy Vi Vis Vi 01

Finally, one can get the V4 and V54 entries by simultaneously solving for the unitarity
conditions (VIV),; = 0 and (VIV)y, = 0 in leading order. We summarize our results
in eq. (5.5).

222



For the down sector, we follow the same procedure. Let Hq = MM,y =
Uqg, MG“® W4 Wy MG Uq," = Uq, (M$*)?Ugq,". Multiplying this from left
by Ugq,' and from right by Ug,, we get Uq,  Hq Ug, = (M3)? which is the same
form as in eq. (D-26) such that V = Ugq,, and eigenvalues of Hq (or the diagonal
entries of ﬂd) are the squares of the physical masses of up-type quarks. The V;y, V;
entries of Uq,, will be exactly in the same form as in Uq, except the Y, — Yg.
For the elements V;3 we can make further approximation since as opposed to the top
sector where m; is not much smaller than m; in the bottom sector we have m;, < mj,
Therefore, V33 and V,3 can be approximated in leading order as

2
Y| + [ |Ydh

13, (£3, v

sz (7
v fau o (FRYEYE + f3YAYE)

eira, (5

The rotation matrices Wy 4 can also be calculted in the same way except Hy,q =
di di
Wu,d Mujig UQu,dT UQu,d Mu,jg Wu,dT-

2) N Vs fQy S

Vg = (—=1)** = = o
va| - 2 || )md

Vig =

~ Vafs fa, Yy eiars(Yiy) (D-53)
Yd 2 +f2 Yd‘2>m2 1
44 ds|* 34 v

D-2 Cabibbo-Kobayashi-Maskawa Matrix
for Four Generations in Warped

ExtraDimensions

We will use eq. (5.9) to obtain the Vs, Vi, Vi entries of CKM4 in warped extra
dimensional scenario. Note that V' in Appendix D-1 does not refer to entries of CKM

matrix.

Vs = (UQUTUQd)12
4

= > (Ua.)u(Ua,)e

= ) (Uq.)i(Uq,)i

i=1

_ 77QutrQ WFrrQ Qu*rrQ Qu*rrQ
= Ui Up' + Uy Uy’ +Ust" Uy + Uy Uy
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12

_ ala fo, — [Yalo fo — [Yulsi fau [Yali1s fo,
[Yalii fo,  [Yulu fo,  [Yulin fos [Yalii e fos
 Yala fo, [Ydlhiw fo,
[Yaulii fou [Yalii e fo
o ([Yd]21 B [Yu]21) )
= Fo, \Yaln  [Yuln (D-54)
(Uq,'"Uqu)2s
4
Z(UQUT)2Z(UQd)’L3
=1
4
> (Uq.)n(Uqu)is
i=1
U UG + U U + U U + UG U
[Yu]a&(c fq. [Yalo132 fo [Yd]21,42>
[Yu]ﬁ fQ2 st [Yd]l Qde4 [Yd]11722
. Ja, ([Yd]n 32 Yu: 132) ny 1o, <[Yd]11,42 [Yu]11,42)
Qi fos \[Yali122  [Yuli1,2 S fo. \[Yali122  [Yuli1,22
Ja, ([Yd]u 32 [Yu]11,32> A Ja. <[Yd]11,42 _ [Yu]11,42) i
Ul \Falne ~ Nadnz) g \Male Moo )0
Vi = (Uq,"Uq)s
4
= ) (Uq.Ni(Uqu)is
=1
4
= ) (Uq.)i(Uqy)is
=1
= UR"UR + Up* U + U U + U U
_ le [Yd]Ql 32 fQ1 [Yd]Ql 42
de3 [Yd]n 22 Qd fQ4 [ ]11 22
_ 21 fQ1 fQQ Yd 11 ,32 fQ2 [ d]11742)
11 sz Q3 ]1122 Qde4 [ d]11,22
le [Yaulai le [Yau]ar
i “ fau [Yului o Qde4[ ul11
- ¢ le ([Yu]Sl [Yd 21,32 [Yu]Zl [Yd]11,32>
“fos \ Yl [Yaluze [Yalu [Yalinz
le ([Yu]41 [Yd]21 42 - [Yu]21 [Yd]11,42> -
T W T Walne Yl Yoo (D-56)



Appendix E

Feynman Rules in Warped Extra

Dimensions with Four (Generation

In this Appendix, we will summarize the Feynman rules for the scalar sector of warped
extra dimensional scenarios with fourth generation including Higgs (hy), radion (¢y),
and higgs-radion mixed states (h) and (¢). ® being any of the scalars mentioned
above, the only two body decays that occur at tree level for those scalars are ® — f; f;
(f stands for fermion) or & — V'V (V represents vector bosons). The decays & —
or & — gg arise in loop level by allowing either gauge bosons and/or fermions in the
loops. Here we will give the effective couplings of scalars to two photons or gluons.
Let us first summarize the F' functions appearing in these effective couplings which
are represented by F/, when the particle in the loop is a spin-1/2 and F; for spin-1

particles.

Fipo(ri) = =2n[1+ (1 — ) f(7),
Fi(r)=24+31+4+312—1)f(n), (E-1)

where 7; = 4m?/m2,

flm) = sin” <\/1/_T>]2 721, (E-2)

—L (e /no) —in?, i m<1,

where

ne=(1++v1-m). (E-3)
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E-1 Feynman Rules for the Higgs Field

il 3 (k- ko™ — KRS )

ho il (- — KRS

ho _ Qs
G = _4WU4[;FI/2(Ti)]’

v

= e [ SN (54)

2TV,

where N, is the color multiplicity (3 for quarks as they have three different colors

and 1 for leptons) and e; is the electric charge in units of e of the particle i.

E-2 Feynman Rules for the Radion Field

In general, the radion couplings are similar to Higgs couplings in that

they are proportional to the mass of the particles it couples with.
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0 M7 [1 SIH(IMP1> M2}
e o= —i -
. A A?
Zy
W,
VM
) 2,2]\43‘, [1 3ln( P1>M2 ]
TTTTrT A A?
Wy
k1 Gl
,{ e 0% (k- i)
ko ab
k1 A#
P ———
ko A,
fi
| m;
____i)o___ —i o (aUPR—i-a PL)
/i

where

2m
Cg 47TA [Z 1/2 Tl « ln(\/éMPl> ’
s A

o — N N R (el T )] i
C’yo — QWA[ZGiNeF;(Tz) (b2+by+ 1 <\/6Mpl> ) (E 5)
‘ o n T

where b, b, and by are the coefficients of the beta functions of the SU(3)., SU(2),
and U(1)y groups respectively, in the presence of 4 generations of quarks and leptons.
The coefficients are b, = 18/3 and v, + 0y, = —65/9.
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E-3 Feynman Rules for Higgs-Radion Mixed
States

2 31n<—‘/6MPl)M2

_Z-f‘j_f{dm(l_ . Z)]

1
:
1
A=
1
1
1

_z]\f—; {c#— cw(l 31n<f/]\\zpl> Mz)}

1

|

1
Yo

|

1

Wy
QMI%V 31n(\[MPl) M2

s [CHZ”( A2 )}

Wy

I/VH
2M2 31n<fMPl>M2

- [cm(l - )]

&é&&

—1

|
I
|
Y
I
|
|

Wy

ky Gy

L i ot (k:l g — k:’fkg)
ko ab
a
k1 T

s i cf o (k1 e — kfk;)
ko G

ich (lﬁ oo — k{‘kg)
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R i (k- o™ = KRS )
ky Ay
fi
h . mimj
) il az]PR+a Pr ) d+ (I”PR—FG Pp, b")/
fj
fi
¢ /0T
‘ —1 CLZ‘]‘PR‘F(I PL a+ CLZ]PR—I—G PL
fi
A (maz) = — Qs 'gh (maz Z Fyo(7:) gh,ﬂ
g v L 9 / as In \[MPZ) )
ho(min) = ——2 [l o h.¢
" (min) 4o 99 (min Z 1/2(73) ( asIn \fMPl)>g }’
a T i 2m
cg@(max) = 5 _gz max Ze N!Fi() <b2 + by (\TMPZ))gh,ﬂ’
. a T 21T
Cz’d)(mm) = v _gz min) Z 2N Fi(r;) < / +b (fMpl)) h,ﬂ (E-6)

Here g’gw values appearing in the effective vertex of Higgs or radion to gluon coupling
have some uncertainties due to the heavy Kaluza-Klein fermions in the loop. We assume
an additional correction to the hy couplings squared to massless gauge bosons of +20% for

gluons and these maximum and minimum values can be written in explicit form as follows

g‘gj’(max) = ay-+ c\/(l + 0y)(1.20),
gh(maz) = by +dy/(1+6hy)(1.20),

gf(min) = ay+ey/(1+ 8ky)(0.80),
gi(min) = bry+d\/(1+5gw)(o.80),
9° = av, (E-7)
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and for photon we have +10% uncertainty yielding

maz) = ay -+ ey (L10)(1+ Sk ) (1 + 0raw),

gz maz) = by+ d\/(l.l())(l + 0%y) (L + drmw),

gl(min) = ay+ ey (0.90)(1+ 5y ) (1 — Srmv).
gt (min) = by+ d\/(0.90)(1 + 840 (1 = S7ru),

g" = by (E-8)

Note that while the bare Higgs (hg) couplings are corrected by (1 + &3y), there is no such
correction for the bare radion (¢g) couplings. The reason is that the latter are dominated
by the trace anomaly, and so higher order loop effects are much smaller. We have also
included the corrections to the hg — v+ coupling due to loop effects [172]. A note of caution
is warranted with these corrections. The authors show that the NLO EW corrections are of
the same order as the LO estimate, and negative, due to the strong cancellation between the
W and fermion loops with four generations. This might be indicative of a non-perturbative
regime, and the authors rely on an estimation of the higher-order corrections, without any
certainty that the perturbation series converges. Moreover, in our scenario, heavy Kaluza-
Klein fermions are known to affect hg — v at lowest order [197,198]. See Tables 11 and

12 for the numerical values taken for 0z, dpw and d7gy.
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