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Universidad de Granada

Implicaciones en Colisionadores de Fermiones Pesados en
Modelos con Dimensiones Extras

Adrián Carmona Bermúdez
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Introduction

Since Glashow, Weinberg and Salam laid the cornerstone of the Standard Model of particle physics
in the late sixties, its experimental confirmation has reached an impressive level. With the excep-
tion of the sector responsible for the electroweak symmetry breaking, whose study motivated the
construction of the Large Hadron Collider at CERN, all the particles and force carriers predicted
by the model have already been discovered. In particular, the electroweak precision data measured
at different experiments have successfully tested the model to the quantum level. Nevertheless,
there are still some important questions in particle physics which can not be properly explained
within the Standard Model and have prompted a large number of its extensions. For instance,
the observed pattern of fermion masses and mixing angles, the huge hierarchy existing between
the characteristic scales of the electroweak and the gravitational interactions, the light Higgs mass
despite its quadratic sensitivity to any other scale in the model (the hierarchy problem) or the
tiny neutrino masses needed to explain the observation of neutrino oscillations are some relevant
features which are difficult to address in the framework of the Standard Model. All these facts
suggest us to consider the Standard Model as an effective theory of nature which needs to be
completed with some more fundamental theory at energies above some cut-off scale Λ. Trying to
discover some of the missing pieces in this puzzle, the Large Hadron Collider is for the very first
time exploring a completely new region of energy. With its projected 14 TeV of center of mass
energy and its current run at 8 TeV, the CERN collider is trying to unravel the precise mechanism
of electroweak symmetry breaking in the hunting for the Higgs boson. Moreover, due to the high
energy of the collisions taking place and the large accelerator instant luminosity, the Large Hadron
Collider is also an ideal top factory.

In an attempt to solve the hierarchy problem appearing in the standard realization of the
electroweak symmetry breaking, different models extend the Standard Model with new fermion
and gauge boson resonances. As fermions with larger Yukawa couplings to the Higgs field feel
more than any other one the electroweak symmetry breaking, the study of the third generation
(both in the lepton and quark sectors) is the best way to determine the precise mechanism working
in the Higgs sector and/or any possible new physics fixing the hierarchy problem. Besides, as
the implications of the third generation in the electroweak symmetry breaking are best revealed
in a full-fledged theory of flavor, we can expect to obtain also some information on the observed
spectrum of fermion masses and mixing angles (the flavor puzzle). For these reasons, we will
consider in this Thesis the framework of models with warped extra dimensions (and their four-
dimensional strongly coupled duals), which are a very compelling extension of the Standard Model
addressing at the same time the hierarchy problem and the flavor puzzle, through the collider
implications of third generation fermions and their Kaluza-Klein excitations.

In Chapter 1 we will briefly introduce the Standard Model of the strong and electroweak
interactions. This will allow us to fix some of the notation used through this Thesis. Then, we will
also discuss neutrino oscillations and review the main experiments leading to the current bounds
on the neutrino spectrum and the different lepton mixing angles.

We will present the general framework of models with a warped extra dimension in Chapter
2. In these models, the fundamental scale of the theory (usually of the order of the Planck mass)
is red-shifted by the warp factor to a few TeV on the infrared brane, where the Higgs boson is
localized. This allows us to explain the smallness of the electroweak scale in relation to the Plank
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2 Introduction

mass in terms of the curvature and size of the extra dimension. Moreover, promoting fermions
(and gauge bosons) to bulk fields and localizing them differently along the extra dimension, we
obtain naturally hierarchical masses and mixing angles, similar to the ones observed in the quark
sector. Starting from the five-dimensional action we will obtain the general equations of motion
and boundary conditions fulfilled by the Kaluza-Klein expansions of these bulk fermions and gauge
bosons. We will consider the cases of a boundary and a bulk Higgs. Then, we will study a recently
suggested generalization of the AdS5 background, where conformality is strongly deformed near the
infrared brane. For the first time, we analyze the effect of bulk fermions on electroweak precision
observables in this framework, once the top and bottom masses are reproduced [1]. The rest of the
chapter is devoted to review some other relevant models with warped extra dimensions which will
be used in this Thesis. In particular, we will present the general setup of gauge-Higgs unification
models, where the Higgs boson arises from the scalar component of a five-dimensional gauge field,
and Higgsless models, where the electroweak symmetry is broken by boundary conditions.

As fermion masses in models with warped extra dimensions are given by the overlaps with the
infrared localized Higgs sector, third generation quarks (and specially the top) have sizable cou-
plings to the Kaluza-Klein excitations, which are also localized towards the same brane. Couplings
of gauge boson resonances to light quarks are much smaller and can be naturally axial-vector in the
allowed region of the parameter space. Besides, in the case of Higgsless models, the first resonances
have to be lighter than ∼ 1 TeV to unitarize the elastic scattering of longitudinally polarized gauge
bosons. Therefore, these models can provide a light axigluon with large couplings to the top quark
and its Kaluza-Klein vector-like excitations. We consider this scenario in Chapter 3, focusing on
top related searches. Top quark properties are rather well known experimentally, although there
are still some of them which are poorly measured (as the Vtb matrix element or the Ztt̄ coupling).
Its mass is known with an accuracy of less than 1% and is in quite good agreement with electroweak
precision data through radiative corrections. The Tevatron and the Large Hadron Collider have
observed electroweak single top quark production, from where Vtb is extracted (although still with
a limited precision). Also, the tt̄ production cross section and its invariant mass distribution have
also been measured at the two accelerators. The results obtained in both cases are consistent with
the Standard Model predictions. However, CDF and D∅ experiments at Fermilab have found a
(2−3)σ discrepancy with the Standard Model expectation for the tt̄ forward-backward asymmetry.
The subsequent CDF claim that this deviation with the Standard Model prediction increased for
invariant masses above 450 GeV, triggered a large number of Standard Model extensions trying to
accommodate the observed value. The large value of the asymmetry as well as the apparent absence
of new physics footprints on the rest of top measurements suggest that a light massive gluon like
the one previously mentioned, with small-close to axial couplings to the light quarks and sizable
couplings to the right-handed top, could fit all the pieces together. We will show in this chapter
that this is indeed the case, provided that new heavy vector-like quarks are present (thus making
the resonance a stealth gluon) [2–4]. We will study, in a benchmark model, the phenomenology of
these new channels when fermion excitations decay to a electroweak gauge boson and a Standard
Model quark. Finally, we will consider also decays into a Higgs boson and a standard quark in the
framework of minimal composite Higgs models [5, 6].

Unlike the quark case, lepton mixing angles are not hierarchical but they can also be accom-
modated in the framework of models with warped extra dimensions. One interesting possibility is
to use a discrete symmetry on the lepton sector accounting for the mismatch between the charged
lepton and neutrino mass matrices responsible for the observed non-hierarchical mixing angles.
The discrete A4 symmetry is one of the most appealing examples. Four dimensional models with
this global symmetry can predict a tri-bimaximal mixing pattern at leading order. In Chapter
4 we will implement it for the first time in gauge-Higgs unification models [7]. In principle, and
contrary to the top quark, the τ lepton should not be so sensitive to the new physics due to its
smaller mass. Nevertheless, we will show that due to the presence of the A4 symmetry there is
an extra suppression on the lepton Yukawa couplings making the right-handed τ more composite
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than naively expected from its mass. One interesting consequence in these models is the presence
of new light vector-like doublets, with masses as low as few hundreds of GeV, large couplings to
the τ and a very characteristic collider phenomenology. We will perform a detailed analysis of the
collider phenomenology of these light resonances and compute the Large Hadron Collider reach for
them [8].

The main results of this Ph. D. Thesis are summarized in the Conclusions. Finally, in an
appendix we briefly review the relevant group theory properties needed for the analysis of the
model of lepton masses and mixings discussed in Chapter 4.

Although not directly connected with the phenomenological study presented in this Thesis,
and therefore not included here, I have also computed the dimension 6 effective Lagrangian arising
from the tree level integration of an arbitrary number of bulk fermions in models with warped
extra dimensions for an arbitrary background [9]. What can be used in definite extra-dimensional
models, as those studied here, for a more accurate prediction of their indirect phenomenological
implications. I have also collaborated in the elaboration of the proceedings of Ref. [10].
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Introducción

Desde que Glashow, Weinberg y Salam establecieran los pilares del Modelo Estándar de f́ısica de
part́ıculas a finales de los años sesenta, su confirmación experimental ha alcanzado un nivel impre-
sionante. Con la excepción del sector responsable de la ruptura de la simetŕıa electrodébil, cuyo
estudio ha motivado la construcción del Gran Colisionador de Hadrones en el CERN, todas las
part́ıculas de materia y mediadoras de fuerza predichas por el modelo han sido ya descubiertas. En
particular, los datos de precisión electrodébiles medidos en diferentes experimentos han confirmado
con éxito el modelo a nivel cuántico. Sin embargo, todav́ıa hay algunas cuestiones importantes en
la f́ısica de part́ıculas que no pueden ser explicadas adecuadamente en el Modelo Estándar y que
han conducido a un número importante de sus extensiones. Por ejemplo, el patrón observado de
masas de fermiones y ángulos de mezcla, la enorme jerarqúıa existente entre las escalas carac-
teŕısticas de las interacciones electrodébil y gravitatoria, la ligera masa del Higgs a pesar de su
sensibilidad cuadrática a cualquier otra escala presente en el modelo (el problema de las jerar-
qúıas) o las diminutas masas de neutrinos necesarias para explicar la observación de oscilaciones
de neutrinos son algunos de los aspectos relevantes que dif́ıcilmente pueden abordarse en el marco
del Modelo Estándar. Todos estos hechos sugieren que consideremos al Modelo Estándar como
una teoŕıa efectiva de la naturaleza que debe ser completada con alguna teoŕıa más fundamental
a enerǵıas superiores a cierta escala Λ. Tratando de descubrir algunas de las piezas que faltan
en este puzzle, el Gran Colisionador de Hadrones está explorando por vez primera un rango de
enerǵıas completamente nuevo. Con una enerǵıa de centro de masas proyectada de 14 TeV y una
actual de 8 TeV, el colisionador del CERN está tratando de desentrañar el mecanismo preciso de
ruptura espontánea de simetŕıa en la caza del bosón de Higgs. Por otro lado, debido a las altas
enerǵıas de las colisiones que tienen lugar y la gran luminosidad instantánea del acelerador, el Gran
Colisionador de Hadrones es también una fábrica ideal de quarks top.

En un intento por resolver el problema de la jerarqúıas que aparece en la realización estándar
de la ruptura de la simetŕıa electrodébil, diferentes modelos extienden el Modelo Estándar con
nuevas resonancias de fermiones y bosones de gauge. Como los fermiones con mayor acoplamiento
de Yukawa al bosón de Higgs sienten más que cualquier otro la ruptura de la simetŕıa electrodébil,
el estudio de la tercera generación (tanto en el sector leptónico como en el de quarks) es la mejor
manera de determinar el mecanismo exacto operando en el sector de Higgs y/o cualquier posible
nueva f́ısica resolviendo el problema de las jerarqúıas. Además, como las implicaciones de la tercera
generación en la ruptura de la simetŕıa electrodébil se muestran mejor en una teoŕıa completa de
sabor, podemos esperar obtener también alguna información sobre el espectro observado de masas
de fermiones y ángulos de mezcla (el puzzle de sabor). Por estas razones, en esta Tesis vamos a
considerar el marco general de los modelos con dimensiones adicionales curvas (aśı como sus mo-
delos duales cuatro-dimensionales fuertemente acoplados), que son una extensión muy convincente
del Modelo Estándar arreglando al mismo tiempo el problema de la jerarqúıas y el puzzle de sa-
bor, a través de las implicaciones en colisionadores de la tercera generación y sus excitaciones de
Kaluza-Klein.

En el Caṕıtulo 1 introduciremos brevemente el Modelo Estándar de las interacciones fuerte
y electrodébil. Esto nos permitirá establecer parte de la notación utilizada a lo largo de esta
Tesis. Después, consideraremos también las oscilaciones de neutrinos y revisaremos algunos de los
experimentos principales que han conducido a los ĺımites actuales para las masas de los neutrinos
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6 Introducción

y los diferente ángulos de mezcla leptónicos.

Presentaremos el marco general de los modelos con una dimensión adicional curva en el Caṕıtulo
2. En estos modelos, la escala fundamental de la teoŕıa (que suele ser del orden de la masa de Planck)
es reducida exponencialmente por el factor de curvatura de la dimensión extra a unos pocos TeV en
la membrana infrarroja, donde se encuentra localizado el bosón de Higgs. Esto nos permite explicar
la pequeñez de la escala electrodébil en relación a la masa Plank en términos de la curvatura y
el tamaño de la dimensión extra. Por otra parte, dejando que fermiones (y bosones de gauge) se
propaguen por la dimension adicional y localizándolos en distintos lugares de ella, se obtienen de
forma natural masas y ángulos de mezcla jerárquicos, como los observados en el sector de quarks.
A partir de la acción cinco-dimensional obtendremos las ecuaciones generales de movimiento y las
condiciones de contorno satisfechas por las expansiones de Kaluza-Klein de fermiones y bosones
de gauge. Consideraremos los casos de un Higgs cinco-dimensional y localizado en la membrana. A
continuación, estudiaremos una generalización de estos modelos sugerida recientemente, donde la
métrica AdS5 es deformada cerca de la membrana infrarroja. Por primera vez, analizamos en este
marco el efecto de los fermiones cinco-dimensionales en los observables de precisión electrodébiles,
una vez reproducidas las masas de los quarks top y bottom [1]. El resto del caṕıtulo está dedicado
a revisar algunos modelos relevantes con dimensiones adicionales curvas que se utilizarán en esta
Tesis. En particular, presentaremos la estructura general de los modelos de unificación gauge-
Higgs, donde el bosón de Higgs se identifica con la componente escalar de un campo de gauge
cinco-dimensional, y los modelos sin Higgs, donde la ruptura de la simetŕıa electrodébil se realiza
mediante condiciones de contorno.

Como las masas de los fermiones en modelos con dimensiones adicionales curvas vienen dadas
por el solapamiento con el sector de Higgs, localizado en el infrarrojo, los quarks de la tercera
generación (y en especial el top) tienen acoplamientos importantes a las excitaciones de Kaluza-
Klein, que también se encuentran localizadas en la misma membrana. Los acoplamientos de las
resonancias de los bosones de gauge a los quarks ligeros son mucho más pequeños y pueden ser de
forma natural axiales en la región permitida del espacio de parámetros. Además, en el caso de los
modelos sin Higgs, las primeras resonancias deben ser más ligeras que ∼ 1 TeV para unitarizar la
dispersión elástica de bosones de gauge polarizados longitudinalmente. Por lo tanto, estos modelos
pueden proporcionar un gluon axial ligero con grandes acoplamientos con el quark top y sus exci-
taciones de Kaluza-Klein vectoriales. Consideramos este escenario en el Caṕıtulo 3, centrándonos
en búsquedas relacionadas con el top. Los propiedades del quark top son bastante bien conocidas
desde el punto de vista experimental, aunque todav́ıa hay algunas que no están bien medidas (co-
mo el elemento de matriz Vtb o el acoplamiento Ztt̄). Su masa es conocida con una precisión de
mejor que el 1 % y concuerda bastante bien con los datos de precisión electrodébil a través de las
correcciones radiativas. El Tevatron y el Gran Colisionador de Hadrones han observado producción
sencilla electrodébil de quarks top, de donde se extrae Vtb (aunque todav́ıa con una precisión limi-
tada). Además, la sección eficaz de producción de tt̄ y su distribución de masa invariante también
se han medido en los dos aceleradores. Los resultados obtenidos en ambos casos son consistentes
con las predicciones del Modelo Estándar. Sin embargo, los experimentos CDF y D∅ en Fermi-
lab han encontrado una discrepancia de (2 − 3)σ con el resultado esperado por parte del Modelo
Estándar para la asimetŕıa angular de tt̄. La posterior afirmación de CDF de que la desviación
con la predicción estándar en dicha asimetŕıa crećıa para masas invariantes superiores a 450 GeV,
provocó un gran número de extensiones del Modelo Estándar intentando reproducir el valor obser-
vado. El gran tamaño de la asimetŕıa, aśı como la aparente ausencia de huella de nueva f́ısica en
el resto de medidas, sugieren que un gluón masivo ligero como el mencionado anteriormente, con
acoplamientos pequeños casi axiales a los quarks ligeros y grandes a la componente a derechas del
quark top, podŕıa hacer encajar todas las piezas. Mostraremos en este caṕıtulo que esto es aśı, a
condición de que nuevos quarks vectoriales pesados estén presentes (haciendo de la resonancia un
gluon sigiloso) [2–4]. Estudiaremos, en un modelo de referencia, la fenomenoloǵıa de estos nuevos
canales, cuando las excitaciones fermiónicas se desintegran en un bosón de gauge electrodébil y un
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quark del Modelo Estándar. Por último, consideraremos también desintegraciones en un bosón de
Higgs y un quark estándar en el marco de modelos minimales de Higgs compuesto [5, 6].

A diferencia del caso de quarks, los ángulos de mezcla leptónicos no son jerárquicos, aunque
también pueden ser acomodados en el marco de los modelos con dimensiones adicionales curvas.
Una posibilidad interesante es utilizar una simetŕıa discreta en el sector leptónico que de cuenta
de la falta de alineamiento existente entre la matriz de masa de los leptones cargados y la de los
neutrinos, responsable de los ángulos de mezcla no jerárquicos observados. La simetŕıa discreta
A4 es uno de los ejemplos más atractivos. Modelos cuatro-dimensionales con esta simetŕıa global
pueden predecir un patrón de mezcla de tri-bimaximal a primer orden. En el Caṕıtulo 4 lo imple-
mentaremos por vez primera en el caso de modelos de unificación gauge-Higgs [7]. En principio, y a
diferencia del quark top, el leptón τ no debeŕıa ser tan sensible a la nueva f́ısica debido a su menor
masa. Sin embargo, mostraremos que debido a la presencia de la simetŕıa A4 existe una supresión
adicional en los acoplamientos de Yukawa leptónicos que hacen al τ a derechas más compuesto de
lo que ingenuamente se esperaba de su masa. Una consecuencia interesante en estos modelos es la
presencia de nuevos dobletes vectoriales, con masas de unos cientos de GeV, grandes acoplamientos
al leptón τ y una fenomenoloǵıa en colisionadores muy caracteŕıstica. Realizaremos un análisis de-
tallado de la fenomenoloǵıa en colisionadores de estas resonancias ligeras y calcularemos el alcance
del Gran Colisionador de Hadrones para encontrarlas [8].

Los principales resultados de esta Tesis Doctoral se resumen en las conclusiones. Finalmente,
revisaremos brevemente en un apéndice la teoŕıa de grupos relevante necesaria para el análisis del
modelo de masas y mezclas de leptones analizado en el Caṕıtulo 4.

A pesar de no estar directamente relacionado con el estudio fenomenológico presentado en esta
Tesis, y por lo tanto no incluido en la misma, también he calculado el Lagrangiano efectivo de
dimensión 6 obtenido tras la integración a nivel árbol de un número arbitrario de fermiones cinco-
dimensionales, en modelos con dimensiones adicionales curvas para un fondo arbitrario [9]. Lo que
se puede utilizar en determinados modelos extra-dimensionales, como los aqúı estudiados, para
una predicción más precisa de sus implicaciones fenomenológicas indirectas. También colaboré en
la elaboración de las actas de la Ref. [10].
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Hors les mathématiques, nous sommes aveugles.

Alan Badiou [11]

1
The Standard Model and Experimental

Constraints

1.1 The Standard Model of Particle Physics

The Standard Model (SM) of particle physics [12–14] is a renormalizable non-abelian gauge theory
based on the local symmetry group SU(3)C ⊗ SU(2)L ⊗ U(1)Y . The exchange of gauge bosons
transforming in the adjoint representation of the strong ({Gaµ, a = 1, 2, . . . , 8}), weak ({W I

µ , I =
1, 2, 3}) and hypercharge (Bµ) groups describe the different interactions included in the SM. Below
the electroweak (EW) scale v ∼ 246 GeV this gauge group is spontaneously broken to SU(3)C ⊗
U(1)Q by the vacuum expectation value (vev) of a complex scalar field, the Higgs field H [15–18],
with gauge quantum numbers (SU(3), SU(2))U(1) = (1,2)1/2 . The fermion sector of the theory
is chiral with respect to the EW gauge group SU(2)L ⊗ U(1)Y with left-handed (LH) irreducible
representation (irrep) of the Lorentz group transforming as doublets of SU(2)L and right-handed
(RH) irreps as SU(2)L singlets. Moreover, the matter content of the theory is organized in a
three-fold generation (or family) structure with identical gauge quantum numbers. We show in
Table 1.1 the field content and gauge quantum numbers of one of these fermion generations.

qL =

(
uL
dL

)
uR dR lL =

(
νL
eL

)
eR

(3,2)1/6 (3,1)2/3 (3,1)−1/3 (1,2)−1/2 (1,1)−1

Table 1.1: Gauge quantum numbers and chirality of one generation of SM fermions.

9
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The SM Lagrangian is the following

LSM = −1

4

{
GaµνG

µν
a +W I

µνW
µν
I +BµνB

µν
}

+ qii��Dqi + uii��Dui + dii��Ddi + lii��Dli + eii��Dei

+ (DµH)
†

(DµH)− λ
(
H†H − v2/2

)2
−

[
λuijqiujH̃ + λdijqidjH + λeij liejH + h.c.

]
, (1.1)

where, from now on, repeated indices imply summation unless otherwise stated, a and I are gauge
indices and the Latin subscripts i, j = 1, 2, 3 are used to denote different families. The covariant
derivative reads

Dµ = ∂µ − igs
λa
2
Gaµ − ig

σI
2
W I
µ − ig′Y Bµ, (1.2)

where gs, g and g′ are the SU(3)C , SU(2)L and U(1)Y gauge constants, respectively, while λa (σI)
are the Gell-Mann (Pauli) matrices. We have also introduced the hypercharge −1/2 scalar doublet
H̃ = iσ2H

∗. The field strength tensors of the different gauge groups are

Gaµν = ∂µG
a
ν − ∂νGaµ − gsfabcGbµGcν , (1.3)

W I
µν = ∂µW

I
ν − ∂νW I

µ − gεIJKW J
µW

K
ν , (1.4)

Bµν = ∂µBν − ∂νBµ, (1.5)

where fabc and εIJK are the SU(3)C and SU(2)L structure constants, respectively,[
λb
2
,
λc
2

]
= ifabc

λa
2
,
[σJ

2
,
σK
2

]
= iεIJK

σI
2
. (1.6)

As mentioned before, the Higgs doubletH is responsible for the spontaneous symmetry breaking
(SSB) of the theory below the EW scale

SU(2)L ⊗ U(1)Y
SSB−→ U(1)Q, (1.7)

where Q = T3 + Y = σ3/2 + Y is the electric charge generator. It can be expanded around its vev

〈H〉 =
1√
2

(
0
v

)
, (1.8)

in the following way

H(x) = eiσ · θ(x)/v 1√
2

(
0

v + h(x)

)
, (1.9)

where θi(x), i = 1, 2, 3 are the massless would-be Nambu-Goldstone bosons (NGB) corresponding
to each broken generator [19, 20] and h(x) is the physical Higgs boson. The latter is the only
physical degree of freedom added to the theory as it is evident in the unitary gauge, in which the
NGB θi(x) are gauged away and become the longitudinal components of the massive gauge bosons
W±µ and Zµ,

H(x)
Unitary Gauge−→ e−iσ · θ(x)/vH(x) =

1√
2

(
0

v + h(x)

)
. (1.10)

The scalar kinetic term give rise to masses for all the EW gauge bosons except the combination
coupled to the electric charge, the photon Aµ,

(DµH)
†

(DµH) = M2
WW

+
µ W

−µ +
1

2
M2
ZZµZ

µ + . . . . (1.11)
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In the above expression we have defined

W±µ =
1√
2

(
W 1
µ ∓ iW 2

µ

)
, (1.12)

and

Zµ = − sin θWBµ + cos θWW
3
µ , (1.13)

Aµ = cos θWBµ + sin θWW
3
µ . (1.14)

The mixing between the different neutral gauge bosons is given by the Weinberg angle θW , defined
by tan θW = g′/g, while the different masses for the EW gauge bosons are

MW =
v

2
g, (1.15)

MZ =
v

2

√
g2 + g′2 =

MW

cos θW
, (1.16)

MA = 0. (1.17)

The scalar vev also gives masses to the fermions through the Yukawa couplings

− Lmass =Mu
ijuiLujR +Md

ijdiLdjR +Me
ijeiLejR + h.c., (1.18)

where the mass matrices are given by Mu,d,e = v√
2
λu,d,eij . In order to go to the physical basis we

make the following redefinitions,

uiL → (UuL)ij ujL, uiR → (UuR)ij ujR, (1.19)

diL →
(
UdL
)
ij
djL, diR →

(
UdR
)
ij
djR, (1.20)

eiL → (UeL)ij ejL, eiR → (UeR)ij ejR, (1.21)

where Uu,d,eL and Uu,d,eR are unitary matrices satisfying

(UuL)
†MuUuR = diag(mu,mc,mt), (1.22)(

UdL
)†MdUdR = diag(md,ms,mb), (1.23)

(UeL)
†MeUeR = diag(me,mµ,mτ ), (1.24)

with all masses real and positive. These rotations do not introduce any mixing in the neutral sector
due to the Glashow-Iliopoulos-Maiani (GIM) mechanism [21], since the neutral gauge couplings
are universal and they just involve fermions with opposite quantum numbers. Nevertheless, this
mechanism is not present in the charged sector, where the gauge couplings link different T 3

L fermion
eigenstates, and the above rotations give rise to mixing terms between different quark families

LW =
g√
2

{
W+
µ [uiLVijdjL + νiLejL] + h.c.

}
, (1.25)

parametrized by the Cabbibo-Kobayashi-Maskawa mixing matrix (CKM) V = (UuL)
† UdL [22, 23].

In the lepton sector, there is no such mixing between families because, since there are no RH
neutrinos, we have reabsorbed the matrix UeL that would have appeared from the rotation of eiL
by a redefinition of νiL

νiL → (UeL)ij νjL. (1.26)

The fermion couplings to the Zµ gauge boson are given by

LZ =
g

2 cos θW

(
uiLγ

µuiL + νiLγ
µνiL − diLγµdiL − eiLγµeiL − 2 sin2 θWJ

µ
em

)
Zµ, (1.27)
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while the couplings to the photon Aµ read

LA = eJµemAµ, (1.28)

with e = gg′/
√
g2 + g′2 the electric charge and Jµem the electromagnetic current

Jµem =
∑
ψ

Qψψγ
µψ, (1.29)

where ψ runs over all the SM fermions.

Finally, we should mention that, leaving aside the Yukawa part of the Lagrangian, there is a
global U(3)5 symmetry corresponding to the different family rotations that leave the Lagrangian
invariant. Once we consider the Yukawa couplings that give rise to the fermion masses this is not
longer true. Nevertheless, not all the U(3)5 is broken by these couplings and there is an accidental
global symmetry left

Gglobal
SM = U(1)B ⊗ U(1)Le ⊗ U(1)Lµ ⊗ U(1)Lτ . (1.30)

In the above expression, U(1)B is the baryon number symmetry, under which the (anti)quarks
have charge B = (−)1/3 and the leptons are singlets, and U(1)Le,Lµ,Lτ are the different lepton
flavor symmetries, with Li = (−)1 for (anti)leptons of the i−th family and zero otherwise. Due to
quantum anomalies, the only symmetry that remains exact at the quantum level is the combination
of baryon and lepton numbers U(1)B−L, with L = Le + Lµ + Lτ the total lepton number.

1.2 Massive Neutrinos

Neutrino oscillation experiments over the last decades have proven that neutrinos are massive and
non degenerate. Neutrino masses could arise in principle from radiative corrections. However, in
the SM, this is not possible because the only mass term compatible with the gauge group that
can be constructed using SM fields is llc, which violates the total lepton number by two units.
As mentioned before, U(1)B−L is an exact symmetry of the theory even at the quantum level so
operators violating this symmetry can not appear through radiative corrections.

Therefore, in order to consider massive neutrinos we should go beyond the SM (BSM). That
means either to enlarge the local symmetry group SU(3)C⊗SU(2)L⊗U(1)Y , to extend the matter
content of the theory or to give up renormalizability. Throughout this thesis we will develop all
of these possibilities. We will extend the SM gauge group adding new matter content with an
arbitrary number of RH neutrinos νiR, singlets under the enlarged gauge group, and we will
consider our theory as an effective field theory (EFT) at low energies with non-renormalizable
mass terms violating lepton number.

In any case, the existence of non-degenerate massive neutrinos will imply that the charged
currents (CC), which are diagonal in the lepton sector of the SM, should include flavor changing
terms as the matrix from the rotation of eiL can no longer be absorbed through a convenient
redefinition of the LH neutrinos. Thereby, we obtain

LW ⊃ g√
2

(
eiLγ

µUijνjLW
−
µ + h.c.

)
, (1.31)

with U = (UeL)
† UνL the Pontecorvo-Nakagawa-Maki-Sakata (PMNS) matrix [25–27] and UνL the

rotation for the LH neutrino νiL that diagonalizes the neutrino mass matrix,

νiL → (UνL)ij νjL. (1.32)
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The PMNS matrix can be parametrized conveniently writing 1 0 0
0 c23 s23

0 −s23 c23

 ·
 c13 0 s13e

−iδCP

0 1 0
−s13e

iδCP 0 c13

 ·
 c12 s12 0
−s12 c12 0

0 0 1

 ·
 eiη1 0 0

0 eiη2 0
0 0 1

 ,

where cij = cos θij and sij = sin θij . Without loss of generality, we can take θij to lie in the first
quadrant, θij ∈ [0, π/2], and the phases δCP , ηi ∈ [0, 2π]. In the case of three Dirac neutrinos,
the Majorana phases η1 y η2 can be absorbed in the RH neutrino definition νiR. In this case, the
PMNS reads

U =

 c12c13 s12c13 s13e
−iδCP

−s12c23 − c12s13s23e
iδCP c12c23 − s12s13s23e

iδCP c13s23

s12s23 − c12s13c23e
iδCP −c12s23 − s12s13c23e

iδCP c13c23

 . (1.33)

1.2.1 Neutrino Oscillations

In what follows, we will use Greek subscripts α = e, µ, τ to denote the current eigenstates {|να〉, α =
e, µ, τ} produced in a weak interaction. In general they will be linear combinations of the neutrino
mass eigenstates,

|να〉 =
∑
i

U∗αi|νi〉, (1.34)

where we have used Latin indices i = 1, 2, 3 for the mass eigenstates and, as usual, U stands for
the PMNS mixing matrix.

A current eigenstate |να〉, created in a weak interaction at t0 = 0, will evolve after a time t as

|να(t)〉 =
∑
i

U∗αi|νi(t)〉, (1.35)

where the time evolution of the mass eigenstates is given by

|νi(t)〉 = e−iHt|νi(0)〉, H =
√

P2 +M2, (1.36)

and1

〈νi(0)|H|νj(0)〉 ≈ piδij +
m2
i

2pi
δij ≈ pδij +

mi

2E
δij , pi ≈ p ≈ E. (1.37)

It can be detected through the process να(t)N → eβN
′ with a probability

Pαβ = P (να → νβ) = |〈νβ | να(t)〉|2 =

∣∣∣∣∣∣
∑
ij

UβjU
∗
αi〈νj |νi(t)〉

∣∣∣∣∣∣
2

=

∣∣∣∣∣∑
i

UβiU
∗
αie
−im2

iL/2E

∣∣∣∣∣
2

=
∑
ij

U∗βjUαjUβiU
∗
αie
−i∆m2

ijL/2E , (1.38)

where we have defined ∆m2
ij = m2

i −m2
j and used that, for relativistic neutrinos, t ≈ L. We can

split the sum
∑
ij =

∑
i=j +

∑
i>j +

∑
i<j and use the unitarity of U to write

∑
i=j

U∗βjUαjUβiU
∗
αi =

∑
j

U∗βjUαj

(∑
i

UβiU
∗
αi

)
−
∑
i6=j

U∗βjUαjUβiU
∗
αi

= δαβ − 2
∑
i>j

Re
[
U∗βjUαjUβiU

∗
αi

]
. (1.39)

1We assume here that neutrinos are created with a definite momentum rather than a definite energy. However,
both cases lead to the same result [28].



14 Chapter 1 The Standard Model and Experimental Constraints

Analogously,∑
i6=j

U∗βjUαjUβiU
∗
αie
−i∆m2

ijL/2E = 2
∑
i>j

Re
[
U∗βjUαjUβiU

∗
αie
−i∆m2

ijL/2E
]

= 2
∑
i>j

Re
[
U∗βjUαjUβiU

∗
αi

]
cos ∆m2

ijL/2E

+ 2
∑
i>j

Im
[
U∗βjUαjUβiU

∗
αi

]
sin ∆m2

ijL/2E. (1.40)

Using the above expressions we can write the oscillation probability as follows

Pαβ = δαβ − 4
∑
i>j

Re
[
U∗βjUαjUβiU

∗
αi

]
sin2

(
∆m2

ijL

4E

)

+ 2
∑
i>j

Im
[
U∗βjUαjUβiU

∗
αi

]
sin

(
∆m2

ijL

2E

)
. (1.41)

The corresponding probability for antineutrinos Pαβ = P (να → νβ) can be obtained from Pαβ
taking into account that the process να → νβ is the CPT transformed of νβ → να. Therefore,
imposing CPT invariance, we obtain

Pαβ = P (να → νβ) = P (νβ → να) = Pβα. (1.42)

On the other hand, (1.41) implies that

P (νβ → να; U) = P (να → νβ ; U∗). (1.43)

Thereby, in the case of CPT invariance, this probability reads

Pαβ = δαβ − 4
∑
i>j

Re
[
U∗βjUαjUβiU

∗
αi

]
sin2

(
∆m2

ijL

4E

)

− 2
∑
i>j

Im
[
U∗βjUαjUβiU

∗
αi

]
sin

(
∆m2

ijL

2E

)
. (1.44)

A complex PMNS mixing matrix U will lead in general to P (να → νβ) 6= P (να → νβ), a leptonic
evidence of CP violation (CPV) since both processes are related by a CP transformation. Neverthe-
less, we can check that the two possible Majorana phases η1 and η2 cancel out in U∗βjUαjUβiU

∗
αi,

making δCP 6= 0 the only possible source of CPV observation in neutrino oscillations. Therefore,
as e−iδCP always appears in the PMNS matrix multiplied by sin θ13, it becomes crucial to measure
accurately θ13 and determine whether it is zero or not.

The two most significant parameters characterizing a neutrino oscillation experiment are the
typical neutrino energy E and the source-detector distance L. In general, neutrino beams are not
monochromatic and the detectors have a finite energy resolution. Therefore, the experiments are
actually sensitive to the average probability

〈Pαβ〉 =

∫
dE dΦ

dEσ(E)Pαβ(E)σ(E)∫
dE dΦ

dEσ(E)ε(E)
= δαβ − 4

∑
i>j

Re
[
UβjU

∗
αjU

∗
βiUαi

]
〈sin2

(
∆m2

ijL

4E

)
〉

+2
∑
i>j

Im
[
UβjU

∗
αjU

∗
βiUαi

]
〈sin

(
∆m2

ijL

2E

)
〉, (1.45)
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where Φ is the neutrino flux, σ is the detection cross section and ε(E) is the detector efficiency.
To be sensitive to ∆m2

ij , a neutrino oscillation experiment must be designed in such a way that

E/L ' ∆m2
ij . The typical values of E and L for different neutrino sources and the corresponding

ranges of accessible ∆m2
ij are summarized in Table 1.2.

Experiment L (m) E (MeV) ∆m2 (eV2)

Reactor SBL 102 − 103 1 10−2 − 10−3

LBL 104 − 105 10−4 − 10−5

Accelerator SBL 102 103 − 104 > 0.1
LBL 105 − 106 104 10−2 − 10−3

Atmospheric 104 − 107 102 − 105 10−1 − 10−4

Solar 1010 1 10−10

Table 1.2: Orders of magnitude of ∆m2 values which can be probed in different experiments. SBL
(LBL) stands for short (long) baseline. Table taken from [29].

In certain regions of the parameter space it is possible to consider only two mass eigenstates νi
and two flavors να. If so, the mixing matrix reads

U =

(
cos θ sin θ
− sin θ cos θ

)
, (1.46)

where we have disregarded the Majorana phase, because these experiments are not sensitive to it.
In this case there is only one mass splitting ∆m2 and the probability becomes

Pαβ = δαβ − (2δαβ − 1) sin2 2θ sin2

(
∆m2L

4E

)
. (1.47)

When neutrinos propagate through dense matter, they interact differently depending on the
neutrino flavor. In particular, only electron neutrinos can exchange a W with matter electrons
while all the different flavor neutrinos will exchange a Z boson with an ambient electron, proton, or
neutron. Therefore, the above probabilities will be modified, giving rise to the Mikheev-Smirnov-
Wolfenstein (MSW) effect [30, 31]. In the two flavor case, sin2 2θ and ∆m2 must be replaced
by

∆m2
M = ∆m2

√
sin2 2θ + (cos 2θ −A/∆m2)

2
, (1.48)

sin2 2θM =
sin2 2θ

sin2 2θ + (cos 2θ −A/∆m2)
2 , (1.49)

where A = ±2
√

2GFENe, with GF the Fermi constant, Ne the electron density and the plus
(minus) sign corresponding to the (anti) neutrino case. We should notice that, as we can see from
the above equations, the importance of matter effects grows with the neutrino energy E. On the
other hand, if cos 2θ ' A/∆m2, then sin2 2θM will be near its maximum value, corresponding to
θM ' π/4. This is known as the large mixing angle (LMA) MSW effect and actually happens in
the case of solar neutrino oscillations.

1.2.2 Experiments

Solar Neutrinos Electron neutrinos νe are produced in the Sun as a product of the nuclear
reactions which generate the solar energy. They originate mainly from the three reactions that
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form part of the proton-proton chain: p + p → d + e+ + νe (pp neutrinos), e− + 7Be → 7Li + νe
(beryllium neutrinos) and 8B → 8Be∗ + e+ + νe (boron neutrinos). In Fig. 1.1 we show the
solar neutrino flux as predicted by the Solar Standard Model (SSM) [32]. The flux for the pp
neutrinos is by far the largest one but their energy is quite small E < 0.42 MeV; the flux for the
beryllium neutrinos is sizable and almost monochromatic, with an energy width of 2 keV which is
characteristic of the temperature of the Sun core; while the boron neutrinos have a small flux but
with energies going beyond 10 MeV.

Figure 1.1: Solar neutrino flux predicted by the SSM [32]. Figure taken from John Bahcall’s web
site, [33].

Several solar neutrino experiments like Homestake [34], GALLEX [35], GNO [36], SAGE [37],
Kamiokande [38], Super-Kamiokande [39,40], . . . , found a deficit of the observed νe’s with respect
to the SSM prediction. The existence of a discrepancy of ∼ 2−5σ with respect to the predicted SSM
value gave rise to the solar neutrino problem (SNP). Moreover, all these results were incompatible
with either standard of nonstandard solar model predictions. However, they were in agreement
with the neutrino oscillation hypothesis in the (ν1, ν2) sector.

The Subdury Neutrino Observatory (SNO) experiment gave a direct proof that solar νe actually
change flavor. It can detect neutrinos through three types of processes:

• Elastic scattering (ES), να+e− → να+e−, α = e, µ, τ. If we call Φα, α = e, µ, τ the different
neutrino fluxes reaching the Earth, the ES measurement gives ΦES = Φe + 0.155(Φµ + Φτ ).

• CC interactions, νe + d→ p+ p+ e−, only involving electron neutrinos νe and determining
ΦCC = Φe.

• Neutral currents (NC) interactions, να + d → p + n + να, α = e, µ, τ. They are equally
sensitive to all three neutrino flavors ΦNC = Φe + Φµ + Φτ .

If solar νe’s oscillate, the averaged survival probability at the Earth will be given by 〈Pee〉 =
ΦCC/ΦNC. SNO proved that about two thirds of the solar neutrinos change their flavor to νµ, ντ
in their travel to the Earth, obtaining Pee ∼ 1/3 in its energy range. We show in Figure 1.2 the
fluxes Φµτ = Φµ + Φτ and Φe measured by SNO [41].
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Figure 1.2: Electron and muon/tau neutrino flux by SNO [41]. The intercept of these bands with
the axes represent the ±1σ uncertainties.

The Borexino experiment [42] was designed to measure the 7Be νe line through elastic interac-
tions. We can therefore constraint the electron neutrino survival probability at energies E < 1 MeV
where the matter effects in the Sun are negligible. It can also measure boron neutrinos at higher
energies, E = 5 MeV, where the matter effects are dominant. We show in Figure 1.3 the obtained
electron neutrino νe survival probability, compared with the LMA MSW prediction.
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Figure 1.3: Global experimental constraints on the low energy solar Pee. For the 7Be point, the
inner (red) error bars show the experimental uncertainty, while the outer (blue) error bars show
the total (experimental + SSM) uncertainty. The remaining points were obtained following the
procedure described in [43]. The green points are calculated without using the Borexino data. The
LMA MSW prediction is also shown for comparison; the band defines the 1σ range of the mixing
parameter estimate in [44], which does not include the current result. Figure extracted from [42].
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Atmospheric Neutrinos The interaction of cosmic rays with nitrogen and oxygen atoms present
in the Earth’s atmosphere produce pions and some kaons decaying in electron and muon neutrinos
and anti-neutrinos:

cosmic ray + nucleon→ π±(K±) + X

π±(K±) → µ± + νµ(νµ)

µ±→ e± + νe(ν e) + νµ(νµ). (1.50)

Without neutrino oscillations, we would naively expect a flavor ratio

Rµ/e =
N(νµ) +N(νµ)

N(νe) +N(νe)
∼ 2 (1.51)

of muon neutrino events to electron neutrino events. However, the theoretical computation of
this ratio in each experiment is more complicated and the different experiments present this ratio
in relation to the MonteCarlo (MC) theoretical expectation Rµ/e/R

MC
µ/e . The water Cherenkov

detectors IMB [49] and Kamiokande detected a flavor ratio smaller than the expected by MC
simulations, Rµ/e/R

MC
µ/e v 0.6, leading to the atmospheric neutrino anomaly. The case for this

anomaly became much stronger with the increase of statistics by Super-Kaniokande (SK) [50].
SK divides the events into several subsamples according to the visible energy in the event. They
are classified as fully-contained (FC) if all the energy is deposited inside the inner detector, or
as partially-contained (PC) if there are through-going muons of higher energies depositing energy
in the outer region. Furthermore, the FC events are subdivided into sub-GeV events if the total
visible energy Ev < 1.33 GeV and multi-GeV events when Ev > 1.33 GeV. The SK experiment
found

Rsub−GeV
µ/e /RMC

µ/e = 0.658± 0.016± 0.035, (1.52)

Rmulti−GeV+PC
µ/e /RMC

µ/e = 0.702+0.032
−0.030 ± 0.101. (1.53)

Moreover, SK measured the zenith-angle distribution for the different events, see Fig 1.4, where
cos θ = 1 refers to downward particles and cos θ = −1 corresponds to upward events. While
the various electron neutrino distributions are consistent with expectations, the distributions for
muon neutrinos presented a zenith-angle dependence deficit. This fact was in agreement with the
hypothesis of a νµ → ντ oscillation with a subdominant contribution from νµ → νe. As matter
effects are related to νe, we can furthermore interpret the data in terms of vacuum oscillation
between νµ and ντ , for which the main parameters are θ23 and ∆m2

32. In this case, the oscillation
probability is given by Eq. (1.47):

P (νµ → ντ ) = sin2 2θ23 sin2

(
∆m2

32L

4E

)
. (1.54)

The SK results lead to sin2 2θ23 > 0.92 and 1.5 × 10−3 eV2 < |∆m2
32| < 3.4 × 10−3 eV2 at 90%

Confidence Level (CL).

Reactor Neutrinos Nuclear reactors produce electron anti-neutrino νe beams with Eν v MeV.
As a consequence of its low energy, the only charged leptons which can be produced through the
CC are electrons. If the νe changed flavor, its CC interaction could not be observed. This is the
reason why reactor experiments are disappearance experiments. Several reactor experiments with
relatively short baselines did not find any evidence of νe oscillation: Gosgen [51], Krasnoyarsk [52],
Bugey [52], CHOOZ [53] and Palo Verde [54]. However, the Kamioka Liquid-scintillator Anti-
Neutrino Detector (KamLAND) [55] – with an average travel distance of ∼ 200 km and a neutrino
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Figure 1.4: The zenith angle distribution for fully-contained 1-ring events, multi-ring events,
partially-contained events and upward muons from SK experiment [50]. The points show the
data, box histograms show the non-oscillated MC events and the lines show the best-fit expecta-
tions for νµ ↔ ντ oscillations with sin2 2θ23 = 1.00 and |∆m2

32| = 2.1 × 10−3 eV2. The best-fit
expectation is corrected by the 39 systematic error terms, while the correction is not made for the
non-oscillated MC events. The height of the boxes shows the statistical error of the MC.

beam energy E ∼ MeV – clearly observed the oscillation pattern in the survival probability, see
Fig. 1.5.

For the length scales relevant to reactor neutrino oscillation at KamLAND and the large mixing
angle (LMA) MSW solution for the solar neutrino oscillations, the dependence on the larger ν1−ν3

mass splitting (as we will see later |∆m2
31| ∼ |∆m2

32| � ∆m2
21, with the convention that m2 > m1)

averages out and the Pee survival probability can be approximated by [56]

P (νe → νe) ≈ (1− 2 sin2 θ13)P̃ 2ν(νe → νe), (1.55)

where we have also used that, as we will see later, θ13 � 1. In the case of reactor neutrinos at
KamLAND [55]

P̃ 2ν(νe → νe) = 1− sin2 2θM
12 sin2

(
∆m2

21ML

4E

)
, (1.56)

where ∆m2
21M and sin2 2θM

12 are the corresponding MSW modified parameters given by Eqs. (1.48)
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and (1.49), with A = −2
√

2GF ÑeE and Ñe = Ne cos2 θ13. We show in Figs. 1.6 and 1.7 the
distinct KamLAND fits for θ12, θ13 and ∆m2

21.
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Figure 1.6: Allowed regions projected in the (tan2 θ12, ∆m2
21) plane, for solar and KamLAND data

from (a) the two-flavor oscillation analysis (θ13 = 0) and (b) the three-flavor oscillation analysis,
where θ13 is a free parameter. The shaded regions are from the combined analysis of the solar and
KamLAND data. The side panels show the ∆χ2 profiles projected onto the tan2 θ12 and ∆m2

21

axes. Figure extracted from [55].
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Recently, there has been a lot of interest to measure θ13 using nuclear reactors since, as we have
mentioned before, determining accurately its value is very important to measure a possible CPV
in the lepton sector. Examples of this are the Double-Chooz [57] and Daya Bay [58] experiments,
both with electron antineutrinos νe of E < 9 MeV traveling a distance of L ∼ 1 − 2 km before
reaching the detector. With these orders of magnitude, the survival probability is given by [56]

P (νe → νe) ≈ 1− sin2 2θ13

(
∆m2

atmL

4E

)
, (1.57)

where we have neglected matter effects and ∆m2
atm is the atmospheric squared-mass difference.

Assuming that m1 < m2, we can consider two possibilities: m2 < m3 or normal hierarchy and
m2 > m3 or inverted hierarchy, see Fig. 1.8. In the first case ∆m2

atm = ∆m2
31 while in the second

one ∆m2
atm = ∆m2

23.

Normal Inverted

Figure 1.8: Normal and inverted hierarchy for the neutrino spectrum.
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The Double-Chooz experiment finds [57]

0.017 < sin2 2θ13 < 0.16, at 90% CL, (1.58)

excluding the no oscillation hypothesis at the 94% CL. On the other hand, the Daya Bay experiment
finds [58]

sin2 2θ13 = 0.092± 0.016 (stat)± 0.005 (syst), (1.59)

excluding a vanishing θ13 angle at 5.2σ. Besides, the RENO experiment [59] has recently measured
the θ13 angle with a significance of 4.9σ, obtaining at 1σ

sin2 2θ13 = 0.113± 0.013 (stat)± 0.019 (syst), (1.60)

which is in agreement with the values above.

Accelerator Neutrinos Usually, in accelerator neutrino experiments, the neutrino beam is
produced through the decay of pions (and some kaons) coming from the scattering of accelerated
protons on a fixed target:

p + target→ π± + X

π± → µ± + νµ(νµ)

µ±→ e± + νe(ν e) + νµ(νµ). (1.61)

The final composition of the neutrino beam as well as its beam energy are established through the
selection of the sign of the decaying π± and by stopping the muons in the beam line.

The K2K [60] experiment used a nearly pure νµ beam of energy E ∼ 1.4 GeV, with SK being
the far detector at a distance L ∼ 250 km. They obtained for ∆m2

atm

1.9× 10−3eV2 < ∆m2
atm < 3.5× 10−3eV2 at 90%CL, (1.62)

the first terrestrial confirmation of atmospheric neutrino oscillation parameters. MINOS [61] and
T2K [62] experiments estimate θ13 by measuring the νe appearance probability in a nearly pure
νµ beam,

P (νµ → νe) ≈ sin2 θ23 sin2 2θ13 sin2

(
∆m2

32L

4E

)
. (1.63)

We show in Fig. 1.9 the confidence levels for sin2 2θ13 obtained by T2K with the 90% CL upper
bound from Double-Chooz and MINOS.
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Figure 1.9: Confidence intervals for sin2 2θ13 for the normal mass hierarchy (upper) and inverted
hierarchy (lower) as a function of the CP violation parameter δCP. The 90% CL upper limits from
Double-CHOOZ and MINOS are shown by the dashed lines. The shaded regions show the T2K
68% and 90% CL intervals, and the solid line shows the T2K best fit. Figure extracted from [63].



24 Chapter 1 The Standard Model and Experimental Constraints

Overview The best-fit values and allowed 1, 2 and 3σ ranges for the mass mixing parameters
are presented in Table 1.3. We also show in Fig. 1.10 the different bounds on the neutrino mixing
angles.
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Figure 1.10: Global 3ν analysis: Joint contours at 1, 2 and 3σ (∆χ2 = 1, 4 and 9) for couples
of sin2 θij parameters, assuming old reactor neutrino fluxes. For new reactor fluxes, the best fits
(and, to a large extent, also the contours) are shifted as indicated by the arrows [64].

Parameter δm2/10−5 eV2 sin2 θ12 sin2 θ13 sin2 θ23 ∆m2/10−3 eV2

Best fit 7.58 0.306 0.021 0.42 2.35
(0.312) (0.025)

1σ range 7.32 – 7.80 0.291 – 0.324 0.013 – 0.028 0.39 – 0.50 2.26 – 2.47
(0.296 – 0.329) (0.018 – 0.032)

2σ range 7.16 – 7.99 0.275 – 0.342 0.008 – 0.036 0.36 – 0.60 2.17 – 2.57
(0.280 – 0.347) (0.012 – 0.041)

3σ range 6.99 – 8.18 0.259 – 0.359 0.001 – 0.044 0.34 – 0.64 2.06 – 2.67
(0.265 – 0.364) (0.005 – 0.050)

Table 1.3: Results of the global 3ν oscillation analysis, in terms of best-fit values and allowed
1, 2 and 3σ ranges for the mass-mixing parameters, assuming old reactor neutrino fluxes. The
corresponding best fits and ranges for the new reactor fluxes are shown in parentheses [64].
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1.3 The Standard Model as an Effective Theory

As mentioned before, electroweak symmetry breaking (EWSB) by the Higgs mechanism provides
masses to the different fermions and also to the W± and Z gauge bosons, as it is required by
experiments. The Higgs scalar also plays an important role in the SM as an ultraviolet (UV)
moderator of the longitudinal W± and Z scattering. In principle, in order to give masses to
the EW gauge bosons W± and Z we just need three degrees of freedom that will become their
longitudinal polarizations. Therefore, we could write down for instance a non-linear representation
of the EWSB SU(2)L ⊗ U(1)Y → U(1)Q using just the three would-be NGB θi(x)

Σ = exp(iσ · θ(x)/(
√

2v)), (1.64)

where the kinetic term for the Goldstones would give a mass to the corresponding EW gauge
bosons

LΣ =
v2

2
Tr
[
(DµΣ)†(DµΣ)

]
= M2

WW
+
µ W

−µ +
1

2
M2
ZZµZ

µ + . . . . (1.65)

This minimal scenario is somehow problematic because it has a divergent UV behavior for the
longitudinal W± and Z scattering. For the sake of concreteness, let us consider just the charged
case, since the neutral one is completely analogous. The following tree level diagrams

�
W+
L

W−L

W+
L

W−L

+ �γ, Z
W+
L

W−L

W+
L

W−L

+ �γ, Z

W+
L

W−L

W+
L

W−L

(1.66)

lead to

M(W+
LW

−
L →W+

LW
−
L ) =

g2

4M2
W

(s+ t). (1.67)

This E2 dependence means in particular that the unitarity of the theory is violated at some scale
Λunit . 700 GeV. In the SM that does not happen because the scalar Higgs contributions stabilizes
this UV behavior [65]. In particular, we need to add to the above diagrams the following ones

�h

W+
L

W−L

W+
L

W−L

+ �h

W+
L

W−L

W+
L

W−L

(1.68)

resulting in the following amplitude

M(W+
LW

−
L →W+

LW
−
L ) = − g2

4M2
W

m2
h

[
s

s−m2
h

+
t

t−m2
h

]
, (1.69)

which no longer grows at high energies.
However, the elementary nature of the Higgs boson scalar makes the realization of EWSB

problematic in the SM. The reason is that the mass of an elementary scalar develops a quadratic
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sensitivity to any new scale in the UV at the quantum level. In particular, the leading radiative
contributions to the SM Higgs mass are

�

h =

�
t

t

h +

�
h h

h

+

�
h h

W/Z

+ . . . , (1.70)

resulting in the following corrections to the squared Higgs mass

δm2
h =

(
2M2

W +M2
Z +m2

h − 4mt

) 3GFΛ2

16
√

2π2
, (1.71)

where Λ is the effective cut-off scale of the theory, above which the SM is not longer valid. We
know that, at least, above the Planck scale, MPl ∼ 1016 GeV, gravity becomes strongly coupled
and we must include it in the theory. This quadratic sensitivity to the SM cut-off constitutes the
so called hierarchy problem and it is the main motivation for physics BSM around the TeV scale
to stabilize the EW scale.

On the other hand, as a description of current experimental data, the SM has proven to be
extremely successful. In particular, the electroweak precision tests (EWPT), with a precision in
many cases at the 1h level, have tested successfully the model to the level of quantum corrections.
Next, we will discuss how successful the SM is in a quantitative way and, at the same time, we
will consider how to test models of new physics (NP) against current experimental data.

1.3.1 Precision Tests of the Standard Model

The gauge sector corresponding to the EW group SU(2)L ⊗ U(1)Y and the Higgs sector of the
SM have four independent parameters, g, g′, v and the quartic coupling λ. If we add the fermion
sector, we should include a large number of new parameters, the Yukawa couplings. Regarding
precision tests of the SM we can neglect all the Yukawa couplings except for that of the top, λutt,
the only one which is relevant excluding flavor and very small parameters. Therefore, leaving aside
the strong gauge sector, the SM has five independent relevant parameters,

g, g′, v, λutt, λ, (1.72)

in terms of which, we can obtain definite predictions for any precision observable. One could
trade these parameters by the observables that have been experimentally measured with the best
precision, usually,

MZ , GF , α,mt,mh, (1.73)

with α = e2/(4π) the electromagnetic coupling constant. The Higgs mass has not been measured
yet, but we have some serious hints from the Large Hadron Collider (LHC) searches as we will
see below. Anyway, the fact that we have not found it yet means that it is heavy, which in turns
implies that λ is large. Thus, we cannot neglect it as it can give important corrections to EW
observables at the radiative level, due to the extreme accuracy of the experimental data. We can
then express, in the context of the SM, all other observables in terms of these five and compare
these predictions with experimental data.

The main experimental tests of the SM come from low energy (mainly violating experiments,
e+e− scattering at and around the Z pole leptons off nucleons) scattering data, precision CP, P
or flavour – Large Electron-Positron collider (LEP) and Stanford Linear Collider (SLAC) –, e+e−

scattering above the Z pole, up to energies ∼ 200 GeV (LEP2), Tevatron data (pp̄ collider at 1.96
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TeV center of mass energy) and also LHC data (pp collider at 7 TeV center of mass energy at the
moment), which are already imposing stringent constraints on the Higgs mass mh.

The SM predictions have been computed to at least one loop and a comparison with experi-
mental data results in an excellent fit, see [44] and Table 1.4.

Quantity Value Standard Model Pull

MZ [GeV] 91.1876 ± 0.0021 91.1874 ± 0.0021 0.1
ΓZ [GeV] 2.4952 ± 0.0023 2.4954 ± 0.0009 -0.1
Γ(had) [GeV] 1.7444 ± 0.0020 1.7418 ± 0.0009 —
Γ(inv) [MeV] 499.0 ± 1.5 501.69 ± 0.07 —
Γ(`+`−) [MeV] 83.984 ± 0.086 84.005 ± 0.015 —
σhad [nb] 41.541 ± 0.037 41.484 ± 0.008 1.5
Re 20.804 ± 0.050 20.735 ± 0.010 1.4
Rµ 20.785 ± 0.033 20.735 ± 0.010 1.5
Rτ 20.764 ± 0.045 20.780 ± 0.010 -0.4
Rb 0.21629± 0.00066 0.21578± 0.00005 0.8
Rc 0.1721 ± 0.0030 0.17224± 0.00003 0.0

A
(0,e)
FB 0.0145 ± 0.0025 0.01633± 0.00021 -0.7

A
(0,µ)
FB 0.0169 ± 0.0013 0.4

A
(0,τ)
FB 0.0188 ± 0.0017 1.5

A
(0,b)
FB 0.0992 ± 0.0016 0.1034 ± 0.0007 -2.7

A
(0,c)
FB 0.0706 ± 0.0035 0.0739 ± 0.0005 -0.9

A
(0,s)
FB 0.0976 ± 0.0114 0.1035 ± 0.0007 -0.6

s̄2
`(A

(0,q)
FB ) 0.2324 ± 0.0012 0.23146± 0.00012 0.8

0.2316 ± 0.0018
Ae 0.15138± 0.00216 0.1475 ± 0.0010 1.8

0.1544 ± 0.0060 1.1
0.1498 ± 0.0049 0.5

Aµ 0.142 ± 0.015 -0.4
Aτ 0.136 ± 0.015 -0.8

0.1439 ± 0.0043 -0.8
Ab 0.923 ± 0.020 0.9348 ± 0.0001 -0.6
Ac 0.670 ± 0.027 0.6680 ± 0.0004 0.1
As 0.895 ± 0.091 0.9357 ± 0.0001 -0.4

Table 1.4: Principal Z pole observables and their SM predictions. The first s̄2
`(A

(0,q)
FB ) value is the

effective angle extracted from the hadronic charge asymmetry while the second is the combined
lepton asymmetry from CDF [45] and D∅ [46].The three values of Ae are (i) from ALR for hadronic
final states [47]; (ii) from ALR for leptonic final states and from polarized Bhabba scattering [48];
and (iii) from the angular distribution of the τ polarization. The two Aτ values are from SLD and
the total τ polarization, respectively. Table extracted from [44].

We should notice that the the Z pole observables are measured typically at . 1h level, fully
probing the quantum structure of the SM which is of order ∼ 1/16π2 ∼ 1 %. On the other hand,
there are some observables that show some discrepancy with the SM, like the total hadronic cross
section at the Z pole, σhad (pull=+1.5), and the forward-backward asymmetry of e+e− → bb̄ at

the Z pole, A
(0,b)
FB (pull=-2.7). We could see this bottom anomaly as a hint of the presence of NP

strongly coupled to the third quark family. Nevertheless, this is not straightforward as the other
observable that is also sensitive to the b couplings to the Z, Rb ≡ Γ(bb̄)/Γ(had), is in agreement
with the SM prediction (pull=+0.8).
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The quadratic dependence on mt of some observables strongly constraints the top mass. The
obtained result agrees very well with direct measurements at Tevatron, although the latest mea-
surements of mt and MW at the Tevatron start to show some tension [66]. On the other hand,
the dependence on the Higgs mass is only logarithmic, leading to a much weaker sensitivity. Nev-
ertheless, experimental data is so precise that a bound on the SM Higgs mass can be put [66]

mh ≤ 145 GeV, (from EWPT plus direct searches at 95% CL in the SM ). (1.74)

It is important however to stress that this bound only applies to the SM Higgs. One could have a
heavier Higgs whose effects on EW precision observables are compensated by some NP.

Finally, we must say that e+e− scattering above the Z pole mass (LEP2) is also an important
constraint for the SM because its smaller precision (∼ 10−2 relative precision) is compensated by
a gain in energy,

√
s ≤ 209 GeV.
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Figure 1.11: CMS 95% CL upper limits on σ/σSM for the SM Higgs boson hypothesis as a function
of the Higgs boson mass in the range 110−600 GeV (left) and 110−145 GeV (right). The observed
values as a function of mass are shown by the solid line. The dashed line indicates the expected
median of results for the no Higgs hypothesis, while the green (dark) and yellow (light) bands
indicate the ranges that are expected to contain 68% and 95% of all observed excursions from the
median, respectively. Figure taken from [68].

Other important constraints come from the recent Higgs searches at the LHC, which in a
relatively short period of time have set bounds on the SM Higgs mass far more stringent than those
coming from Tevatron [67], see Fig. 1.11. In particular, analysis from CMS [68], corresponding
to an integrated luminosity of 4.6 − 4.8 fb−1, exclude the SM Higgs boson at 95% CL in the
range of mass 127 − 600 GeV whereas the ATLAS [69] experiment excludes the ranges 112.9 −
115.5 GeV, 131−238 GeV and 251−466 GeV at 95% CL using an integrated luminosity of 4.9 fb−1.

There is also a lower bound for the Higgs mass coming from LEP [70] and several nuclear
experiments like SINDRUM [71], the CERN-Edinburghh-Mainz-Orsay-Pisa-Siegen collaboration
[72], CLEO [73] and CUSB [74]

mh ≥ 114.4 GeV (for a SM Higgs at 95% CL), (1.75)

All these limits are just for the SM Higgs. In particular, non-SM Higgses can be lighter than the
above limit, see [75] for a recent review, although there is a model-independent limit mh ≥ 82
GeV.
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1.3.2 Constraints on New Physics

As we have just seen, the agreement between the SM and experimental data is extraordinary.
Therefore, it is natural to assume that the NP should be a small correction to the SM. In principle,
for each extension of the SM, with its new parameters, we could compute all precision observables
in terms of them. A fit to the EW precision observables will then decide whether the particular
model is excluded or it is compatible with current data. There is however another possibility of
doing this study using effective Lagrangians. In this way, we can do the analysis for a completely
general extension of the SM (with some mild assumptions) and perform the comparison with
experiment. This will put bounds on the coefficients of the different operators appearing in the
Effective Lagrangian (EL). We then only need to compute the values of such coefficients in our
particular model and will automatically know the constraints on the model.

The main idea behind the effective description is that, at some particular energy, at which
we are doing an observation (experiment), the details of physics at much higher energies (shorter
distances) are irrelevant for the description of the observation. More precisely, if we consider a
renormalizable quantum field theory with light and heavy fields, φ and Φ, respectively,

L(φ,Φ) = Ll(φ) + Lh(Φ) + Llh(φ,Φ), (1.76)

and Λ the mass scale of the heavy fields, for processes at energy E � Λ we can integrate out the
heavy degrees of freedom Φ obtaining an EL Leff(φ), which just depend on the light fields φ,

exp

(
i

∫
d4x Leff(φ)

)
=

∫
Dφ|p>ΛDΦ exp

(
i

∫
d4x L(φ,Φ)

)
. (1.77)

The EL can be expressed, in general, by an infinite expansion of operators built with the low
energy degrees of freedom and preserving the relevant symmetries at this scale,

Leff(φ) =
∑
d

Ld =
∑
d

∑
i

α
(d)
i O

(d)
i , (1.78)

where Ld is the sum of all operators with mass dimension d, [O(d)
i ] = d. In D space-time dimensions

the Lagrangian has mass dimension D. Thus, the coefficients of the expansion have [α(d)] = D− d.
In particular, for D = 4, we have that the coefficients have mass dimension [α(d)] = 4 − d, which
is negative for all operators of dimension higher than four.

It may look impossible to do any physics with a Lagrangian that has an infinite number of terms.
However, it is not the case because we are limited by the experimental precision of the observables
we are interested in. Therefore, we do not need an infinite precision in our calculations. Moreover,
we should recall that the coefficient of operators with dimension higher than D have negative
mass dimension and are therefore suppressed by the cut-off scale Λ. Thus, operators of higher
dimensions will be suppressed by increasing powers of E/Λ, with E � Λ. This allows us to cut the
sum in d in Eq. (1.78), keeping a finite number of operators (as the number of possible operators
of a given dimension d, built with a finite number of fields, is finite). Furthermore, we can reduce
the number of operators involved using the fact that operators which are related by the classical
equations of motion are redundant [76]. This means that, two operators that are related by the
classical equation of motion give the same physics, even including quantum effects, and we only
need to consider one of them in Eq. (1.78).

Another possible issue of EL could be the non-renormalizability of the theory, as we have
coefficients with negative mass dimensions. This means that an infinite number of counterterms will
be required to renormalize the theory. However, as we are limited by the experimental precision of
our observables, we can neglect higher order counterterms which are irrelevant for the experimental
predictions.

Due to the excellent agreement between the SM and experimental data, a very natural choice
of relevant degrees of freedom and symmetries are those of the SM. The choice is whether we keep
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the Higgs boson or we work in the non-linear sigma model representation of the SM presented
before. In both cases it is easy to compute the first few terms of the EL. For instance, assuming
the SM with the Higgs boson in the linear representation, there is only one allowed operator of
dimension five, assuming lepton number violation [77]

L5 =
a(5)

Λ
εijεkl l̄

ci
RH

jH llkL + h.c., (1.79)

which gives a Majorana mass to neutrinos. Given the smallness of such masses, it is natural to
assume approximate lepton and baryon number conservation as did W. Buchmüller and D. Wyler
when they classified all possible non-redundant operators of dimension six [78]. The total number
of such operators, up to flavour indices, is 81. One can then take these 81 operators and study
their effects on EWPT. Such an exercise has been recently performed by several groups [79–81].

Oblique Corrections

We can consider a simplifying assumption in order to have a smaller set of parameters. Following
[82], we can assume that NP is universal in the following sense. We assume that there are some
gauge boson fields W̄ I

µ and B̄µ to which the light fermions couple as they do to the SM gauge
bosons,

L = −gW̄ I
µJ

µ
I − g′B̄µJµY + . . . , (1.80)

with

JµI =
∑
f

ψfL
σI

2
γµψfL, JµY =

∑
f

ψfYfγ
µψf , (1.81)

and the sum running over all light fermions in the SM.

We should notice that these interpolating gauge fields are not necessarily the SM gauge bosons
and will usually have a component of NP. The important feature, that is the very definition of
these interpolating fields (and of the universality of NP) is that the only gauge interactions – apart
from quantum chromodynamics (QCD) – of the light fermions is the one given in Eq. (1.80). We
will also assume that the scale of NP Λ is far enough above the relevant energies that we can safely
expand in powers of energy (or momentum). Finally we will just assume unbroken QED (and
in particular electric charge conservation). With these assumptions all effects of NP relevant for
EWPT can be encoded in the self-energies of the interpolating fields.

In principle, we can split these self-energies in two parts, one arising from local tree level
corrections from NP and another that contains all loop corrections from the SM fields,

Πµν = Πµν
NP−tree + Πµν

SM−loop. (1.82)

Here, we are just interested in the first term of the above expression,

Πµν
NP−tree = [ ] ηµν + [ ]

pµpν

p2
, (1.83)

which accounts for NP tree level corrections. Moreover, we can keep only the terms proportional to
ηµν in the two point function, as the terms proportional to the external momenta pµpν will vanish
or be negligible when contracted with conserved currents or currents built with light fermions.
Thus, the most general, U(1)Q gauge invariant, universal Lagrangian reads

L = −W̄+Π+−(p2)W̄− − 1

2
W̄ 3Π33(p2)W̄ 3 − W̄ 3Π3B(p2)B̄ − 1

2
B̄ΠBB(p2)B̄, (1.84)
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where we have not explicitly written the vector indices that are contracted with ηµν . Furthermore,
the assumption p� Λ allows us to truncate the momentum Taylor series of the two point functions,

Π(p2) = Π(0) + p2Π′(0) +
1

2
(p2)2Π′′(0) + . . . , (1.85)

where we have kept only operators of dimension six or lower. Thus, assuming we can keep only up
to dimension six operators, we have 3 × 4 = 12 independent coefficients (the two point function
and the first two derivatives at p2 = 0 for each of the four combinations). However, not all of those
are independent. First, three of these coefficients can be removed by canonically normalizing the
fields. This corresponds to the determination of g, g′ and v in the SM,

Π′+−(0) = Π′BB(0) = 1,

Π+−(0) = −M2
W = −(80.425 GeV)2. (1.86)

The remaining 9 parameters are not yet fully independent. The reason is that we have not yet
required that U(1)Q is unbroken (other than electric charge conservation). Imposing conservation
of the U(1) group generated by Q = T3 + Y we obtain the following two consistency conditions

g′ 2Π33 + g2ΠBB + 2gg′Π3B = 0,

gΠBB + g′Π3B = 0. (1.87)

We are therefore left with 7 = 12 − 3 − 2 coefficients that parametrize any new universal physics
beyond the SM. A smart choice of these seven independent parameters is given in Table 1.5. These
coefficients are related to the Peskin-Takeuchi S, T, U parameters [83] by

S = 4s2
W Ŝ/αem, T = T̂ /αem, U = −4s2

W Û/αem. (1.88)

Coefficients Dim. 6 operator SU(2)C SU(2)L Dim. 6 contribution

Ŝ = g
g′

Π′3B(0)
Π′+−(0)

αŜ
Λ2 (H†σIH)W I

µνB
µν + − Ŝ = 2 g

g′αŜ
v2

Λ2

T̂ = Π33(0)−Π+−(0)
−Π+−(0)

αT̂
Λ2 |H†DµH|2 − − T̂ = −αT̂ v2

Λ2

Û =
Π′+−(0)−Π′33(0)

Π′+−(0) Dim. 8 − −

V = −Π+−(0)
2

(Π′′33(0)−Π′′+−(0)

Π′+−(0)

)
Dim. 10 − −

X = −Π+−(0)
2Π′+−(0)

Π′′3B(0)√
Π′+−(0)Π′BB(0)

Dim. 8 + −

Y = −Π+−(0)
2Π′+−(0)

Π′′BB(0)
Π′BB(0)

αY
Λ2 (∂ρBµν)2 + + Y = −4αY

M2
W

Λ2

W = −Π+−(0)
2Π′+−(0)

Π′′33(0)
Π′+−(0)

αW
Λ2 (DρW

I
µν)2 + + W = −4αW

M2
W

Λ2

Table 1.5: Coefficients of the most general Lagrangian of new universal physics BSM. The expres-
sions below are also valid when the normalization conditions, Eq. (1.86), have not been imposed.
We also show the contribution to these coefficients from the corresponding dimension 6 operators.
Table adapted from [82].

We have also shown in Table 1.5 which SU(2)L ⊗ U(1)Y−invariant dimension 6 operator (as-
suming a fundamental Higgs) generates the corresponding operator and whether they preserve or
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violate custodial symmetry and SU(2)L symmetry, as well as their contributions to the correspond-
ing coefficients. From the dimension of the different operators we can see that there is a hierarchy
between the different coefficients,

Û ∼ M2
W

Λ2
T̂ , V ∼ M4

W

Λ4
T̂ , X ∼ M2

W

Λ2
Ŝ, (1.89)

where we have assumed that operators preserving/breaking the same groups of symmetries are
generated at a similar scale. Thus, in models with new universal physics, there are four oblique
parameters that fully parametrize corrections to EWPT,

Ŝ, T̂ ,W, Y. (1.90)

In particular, we have that, for universal physics, T̂ is related to the ρ parameter,

ρ = 1 + T̂ , Universal physics. (1.91)

This could be expected from the fact that T̂ is the only of the four parameters that violates
custodial symmetry. A fit to these four coefficients was performed in [82] with the result shown in
Table 1.6. We can see that these four coefficients must be . 10−3. One interesting remark is that is
actually LEP2 (less precise but higher energies) which allows us for an independent determination
of the four parameters, see Fig. 1.12, not independently constrained by LEP. It should be noted
also that the result of the fit depends on the Higgs mass. The reason is the logarithmic dependence
of the different coefficients (mainly Ŝ and T̂ ) on the Higgs mass.

Fit 103Ŝ 103T̂ 103W 103Y

115 GeV Higgs 0.0± 1.3 0.1± 0.9 0.1± 1.2 −0.4± 0.8
800 GeV Higgs −0.9± 1.3 2.1± 1.0 0.0± 1.2 −0.2± 0.8

Table 1.6: Fit to universal corrections to the SM [82].
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Figure 1.12: Allowed values at 90, 99% CL of (Ŝ, T̂ ) (for generic W,Y ) and of (W,Y ) (for generic

Ŝ, T̂ ) with mh = 115 GeV. The dashed lines show the weaker constraints obtained by the EWPT
alone. Figure extracted from [82].
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The leading top mass dependence of these four oblique parameters is quadratic, and represents
a nice example of non-applicability of the decoupling theorem. The dependence on the Higgs mass
is only logarithmic as implied by the screening theorem [84],

Ŝ =
GFM

2
W

12
√

2π2
ln

(
m2
h

m2
h ref

)
+ . . . , T̂ = −3GFM

2
W

4
√

2π2

g′ 2

g2
ln

(
m2
h

m2
h ref

)
+ . . . . (1.92)

Non-Oblique Corrections

In general, NP will not only lead to corrections to the oblique parameters mentioned before. There
may be also non-universal corrections to the light observables which can not be encoded in these
parameters, like the SM one-loop corrections to the ZbLbL vertex,

�W±, G±
W±, G±

tLZ

bL

bL

+ �h

h

bRZ

bL

bL

+ �bR

bR

hZ

bL

bL

(1.93)

where we have just written some of the non-universal one-loop corrections which are present.
In some cases, we can consider that the mixing between the oblique parameters and these non-
universal corrections is small and treat them separately. Nevertheless, in general this will not be
the case and we should compute the general EL arising without further assumptions.

Another example of non-oblique corrections are the flavor violating (FV) operators. In partic-
ular, a wide range of BSM models present flavor changing neutral currents (FCNC) with flavor
off-diagonal couplings to the Z boson and/or the scalar Higgs h. These flavor changing couplings
are absent in the SM due to the GIM mechanism and are extremely constrained by experiments.
Some of these constraints come from ∆F = 2 processes in the quark sector like K0 −K0, Bd −Bd
or Bs −Bs mixing [85, 86]. Other are due to ∆F = 1 processes like nuclear µ− e conversion [87],
tri-lepton decays as µ → 3e or τ → 3e [44] or radiative decays like b → sγ [88], τ → µγ and
µ→ eγ [89, 90].

The most general EL parametrizing the ∆F = 2 processes in the quark sector reads [85]

L∆F=2
eff = L∆S=2

eff + L∆C=2
eff + L∆B=2

eff , (1.94)

where

−L∆S=2
eff =

5∑
i=1

αsdi
Λ2
Osdi +

3∑
i=1

α̃sdi
Λ2
Õsdi ,

−L∆C=2
eff =

5∑
i=1

αcui
Λ2
Ocui +

3∑
i=1

α̃cui
Λ2
Õcui , (1.95)

−L∆B=2
eff =

5∑
i=1

αbqi
Λ2
Obqi +

3∑
i=1

α̃bqi
Λ2
Õbqi ,
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with q = d(s) for Bd(s) − B̄d(s) mixing and

Oqiqj1 = q̄αjLγµq
α
iLq̄

β
jLγ

µqβiL ,

Oqiqj2 = q̄αjRq
α
iLq̄

β
jRq

β
iL ,

Oqiqj3 = q̄αjRq
β
iLq̄

β
jRq

α
iL , (1.96)

Oqiqj4 = q̄αjRq
α
iLq̄

β
jLq

β
iR ,

Oqiqj5 = q̄αjRq
β
iLq̄

β
jLq

α
iR .

In the above expressions α, β are colour indices. The operators Õqi,qj1,2,3 are obtained from Oqi,qj1,2,3 by
the exchange L ↔ R. We show in Table 1.7 [86] the bounds on some relevant operators coming
from flavor experiments. The most stringent bounds come from the K0 sector and in particular
from the mass difference ∆mK and the CP violating parameter εK . There are also important
constraints coming from the CP violating observables in D0 −D0 mixing.

Operator Bounds on Λ in TeV (αi = 1) Bounds on αi (Λ = 1 TeV) Observables
Re Im Re Im

(s̄Lγ
µdL)2 9.8× 102 1.6× 104 9.0× 10−7 3.4× 10−9 ∆mK ; εK

(s̄R dL)(s̄LdR) 1.8× 104 3.2× 105 6.9× 10−9 2.6× 10−11 ∆mK ; εK
(c̄Lγ

µuL)2 1.2× 103 2.9× 103 5.6× 10−7 1.0× 10−7 ∆mD; |q/p|, HD

(c̄R uL)(c̄LuR) 6.2× 103 1.5× 104 5.7× 10−8 1.1× 10−8 ∆mD; |q/p|, HD

(b̄Lγ
µdL)2 5.1× 102 9.3× 102 3.3× 10−6 1.0× 10−6 ∆mBd ; SψKS

(b̄R dL)(b̄LdR) 1.9× 103 3.6× 103 5.6× 10−7 1.7× 10−7 ∆mBd ; SψKS
(b̄Lγ

µsL)2 1.1× 102 7.6× 10−5 ∆mBs

(b̄R sL)(b̄LsR) 3.7× 102 1.3× 10−5 ∆mBs

Table 1.7: Bounds on representative dimension-six ∆F = 2 operators. Observables related to CP
violation are separated from the CP conserving ones with semicolons. In the Bs system we only
quote a bound on the absolute value of the NP amplitude derived from ∆mBs , see Ref. [86].

We also show in Table 1.8 bounds on some lepton flavor violating (LFV) processes.

Process Value at 90% CL Ref. Process Value at 90% CL Ref.

BR(µ− → e−e+e−) < 1.0× 10−12 [44] BR(τ− → µ−µ+µ−) < 2.1× 10−8 [44]
BR(τ− → e−e+e−) < 2.7× 10−8 [44] BR(µ− → e−γ) < 2.4× 10−12 [90]
BR(τ− → e−µ+µ−) < 2.7× 10−8 [44] BR(τ− → e−γ) < 3.3× 10−8 [44]
BR(τ− → e+µ−µ−) < 1.7× 10−8 [44] BR(τ− → µ−γ) < 4.4× 10−8 [44]
BR(τ− → µ−e+e−) < 1.8× 10−8 [44] Bconv < 6.1× 10−13 [91]
BR(τ− → µ+e−e−) < 1.5× 10−8 [44]

Table 1.8: Upper bounds at 90 % CL on some LFV processes with their correspoding references.
µ+ and τ+ decay modes are charge conjugates of the modes above. Bconv is the branching ratio
for µ− e conversion.



Things exist by mistake. Assumme the mistake and go to the end.

Slavoj Žižek [92]

2
Models with Warped Extra Dimensions

The SM has proven to be a very successful model and provides an extremely solid framework
to reproduce and understand the current data. Nevertheless, there are still some important ques-
tions in particle physics that the model seems unable to answer. Thereby, the origin of neutrino
masses, the large hierarchy between the EW and Planck scales as well as between the different
fermion masses or the precise mechanism of EWSB are, to mention a few, questions which can
be accommodated but not properly explained within the SM. As we mentioned in the previous
chapter, we can consider it as an effective low energy theory to be completed at higher energies by
a more fundamental theory which will account for these unexplained facts.

Models with warped extra dimensions (WED) provide an elegant framework to explain some
of these issues. They provide a solution to the hierarchy problem [93] and, allowing gauge bosons
[94,95] and fermions [96] to propagate through the bulk, they can also explain in geometrical terms
the hierarchy existing between the different fermion masses. Indeed, different five dimensional (5D)
fermion masses produce distinct localizations of fermions along the extra dimension, naturally
leading to a hierarchical pattern of masses and mixing angles [96], like the one observed in the
quark sector. The mixing angles in the lepton sector are not hierarchical but, as it was shown
in [97], it is also possible to accommodate them within this setup [98]. Another possibility is to
incorporate a discrete symmetry in the lepton sector [99–101], leading to non-hierarchical mixing
angles as observed experimentally.

Nevertheless, in the basic framework of WED, there is still some tension between the preferred
scale of NP by the solution of the hierarchy problem and by the EWPT [102] and flavor data
[85, 86, 103–109]. The hierarchy problem points to a NP scale of the order of the EW scale,
whereas the experimental constraints mentioned before push this scale to O(10) TeV or more.
Enlarging the bulk gauge group and the particle content to incorporate the custodial symmetry
SO(4) [110–115] allows us to alleviate the constraints from EWPT and from some flavor data.
Other possible ways to mitigate the constraints arising from the EWPT consist of introducing
large brane kinetic terms for the gauge bosons [117,118] or modifying the 5D anti de Sitter (AdS5)
background near the infrared (IR) brane [119–122]. Combining any of these options with flavor
symmetries we can reduce the NP scale to O(3) TeV, within the reach of the LHC and with a
relaxed small hierarchy problem [123].

We can go one step further in this process and pull down the cut-off scale to O(1) TeV in
Higgsless models [124–132], where the elastic scattering of gauge bosons is unitarized summing

35
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up the whole Kaluza-Klein (KK) tower of gauge bosons and EWSB is achieved by boundary
conditions. Other possible realization of the EWSB in WED is given by models of gauge-Higgs
unification (GHU) [133–137], where the Higgs doublet is identified with the massless KK mode of
the scalar component of some 5D gauge fields. As we will see later, in terms of the AdS/conformal
field theory (CFT) correspondence [138], that means that the Higgs boson arises as a pseudo-NGB
of a spontaneously broken approximate symmetry; explaining thereby the small hierarchy between
the Higgs mass and the NP scale.

We begin this chapter introducing the general Randall-Sundrum (RS) model and describing the
KK expansion for fermions and gauge bosons when they propagate in the bulk. We will consider
the cases of a brane localized and a bulk Higgs. In Section 2.2 we analyze the more general case
introduced in [119, 120] where the AdS5 warp factor is modified in the vicinity of the IR brane,
reducing the contributions to the T and S parameters. We study for the fist time the effect of bulk
fermions on EW precision observables in this model with WED and no custodial symmetry [1]. We
find that the top-quark mass, together with the corrections to the ZbLb̄L vertex and the one-loop
contribution to the T parameter, which is finite, impose important constraints that single out a
well defined region of parameter space. New massive vector bosons can be as light as ∼ 1.5 TeV
and have large couplings to the tR quark, and suppressed couplings to tL, bL and to the lighter
quarks. We discuss the implications for searches of models with WED at the LHC. In Section 2.3 we
present the GHU models, explaining their precise mechanism of EWSB and how the Higgs boson
gets a mass through quantum corrections, both in the AdS5 case and in the dual picture. Finally,
in Section 2.4 we consider the Higgsless case, explaining how we can break the EW symmetry, give
masses to the different fermions and unitarize the elastic scattering of longitudinal gauge bosons
without introducing a Higgs scalar.

We should remark that, although most of this chapter is a review of models and tools well
known in the framework of WED and which will be used throughout this Thesis, the content of
Section 2.2 is part of the Thesis research and was published in [1].

2.1 Randall-Sundrum Models

Let us consider the following 5D spacetime

M4 × I, (2.1)

where M4 is the usual four dimensional (4D) Minkowski spacetime and I is an extra spatial
dimension compactified on an interval. In particular, we take an slice of AdS5 with metric

ds2 = gMNdxMdxN = a(z)2
(
dxµdxνηµν − dz2

)
, a(z) =

R

z
, (2.2)

and R ≤ z ≤ R′, where R ∼ M−1
Pl and R′ ∼ TeV−1 are the location of the UV and IR brane,

respectively. In general, we use Latin capital letters M,N, . . . ∈ {0, 1, 2, 3, 5} for the 5D manifold
indices and small letters a, b, . . . ∈ {0, 1, 2, 3, 5} for those of the tangent space, with

gMN = eMa η
abeNb , ηab = diag(1,−1,−1,−1,−1), (2.3)

and eMa = z/R the 5D fünfbein. Greek letters µ, ν, . . . will refer both to the first four components
in the 5D manifold or the associated tangent space, i.e., µ, ν, . . . ∈ {0, 1, 2, 3}.

The size of I can be stabilized à la Goldberger & Wise [139–141], introducing a new scalar field
which breaks the conformal symmetry and gives the radion a finite mass, the scalar field associated
with the fluctuations of this size. In general, the mass of the radion depends on the stabilization
mechanism but, generically, it is expected to be the lightest particle in a normal RS setup [142].
The study of its phenomenology can be found in the literature [143–147] so we will leave it aside
for the rest of this thesis.
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2.1.1 Higgs Boson

In the original RS setup [93] the Higgs boson was localized, with the rest of gauge bosons and
fermions, on the IR brane

SH =

∫
d4x

∫ R′

R

dz δ(z −R′)√gIR
[
(DµH)†(DνH)gµν − V (H)

]
=

∫
d4x a(R′)2

[
(DµH)†(DνH)ηµν − a(R′)2V (H)

]
, (2.4)

where gIR = det(gµν(z = R′)) = (a(R′))8 is the determinant of the brane induced metric tensor.
To obtain canonically normalized scalar kinetic term, we make the following redefinition of the
Higgs doublet

H(x)→ a(R′)−1H(x) =

(
R′

R

)
H(x). (2.5)

In particular, the Higgs vev is red-shifted to the TeV scale by the warp factor

vnew =

(
R

R′

)
vold ∼

(
R

R′

)
MPl ∼ TeV, (2.6)

explaining in terms of the extra-dimensional curvature the huge hierarchy between the EW and
the Planck scales.

Alternatively, he Higgs boson can be promoted to a bulk field [148,149], provided it is localized
close enough towards the IR brane to solve the hierarchy problem. In the mixed position/space
picture, where we have Fourier transformed the four extended dimensions, the relevant part of the
Higgs action reads [149]

SH =

∫
d4p

(2π)4

∫ R′

R

dz a(z)3

[
p2H†H − (∂zH)†(∂zH)− a(z)2 µ

2

R2
(H†H) + . . .

]
−

∫
d4p

(2π)4

∫ R′

R

dz [VUV(H)δ(z −R) + VIR(H)δ(z −R′)] , (2.7)

where . . . stand for terms involving other fields and

VUV = a(R)4mUV(H†H), (2.8)

VIR = a(R′)4λR
2

2

(
H†H − v2

IR

2

)2

, (2.9)

are the UV and IR brane localized potentials, respectively. We have written a quartic coupling
only on the IR brane in order to trigger the EWSB precisely there. Using integration by parts and
commuting δ and ∂z, we obtain the following expression for the action variation

δSH =

∫
d4p

(2π)4

∫ R′

R

dz a(z)3δH†
(
p2H + a(z)−3∂za(z)3∂zH − a(z)2 µ

2

R2
H

)
−

∫
d4p

(2π)4

∫ R′

R

dz δ(z −R′) δH†
(
a(z)3∂zH +

∂

∂H†
VIR

)
(2.10)

+

∫
d4p

(2π)4

∫ R′

R

dz δ(z −R) δH†
(
a(z)3∂zH −

∂

∂H†
VUV

)
+ h.c..
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Asking for a stationary action, δSH = 0, we obtain the following equations(
p2 + a(z)−3∂za(z)3∂z − a(z)2 µ

2

R2

)
H(x, z) = 0, (2.11)

a(z)3∂zH(x, z) +
∂

∂H†
VIR

∣∣∣∣
z=R′

= 0, (2.12)

a(z)3∂zH(x, z)− ∂

∂H†
VUV

∣∣∣∣
z=R

= 0, (2.13)

corresponding to the Higgs doublet equations of motion and boundary conditions. For pν = 0 and
an SU(2)L ⊗ U(1)Y → U(1)Q breaking pattern,

〈H(x, z)〉 =
v(z)√

2

(
0
1

)
, (2.14)

the solutions of the bulk equation of motion (2.11) read

v(z) = a
( z
R

)2+β

+ b
( z
R

)2−β
, (2.15)

with β =
√

4 + µ2. Eq. (2.13) implies a relationship between the coefficients a and b

b

a
= −2 + β −mUVR

2− β −mUVR
. (2.16)

For the sake of simplicity, let us consider

mUV =
2 + β

R
, (2.17)

v(z) = a
( z
R

)2+β

. (2.18)

In this case, Eq. (2.12) implies

v(z) =
1

R3/2

(
R3v2

TeV −
2(2 + β)

λ

)1/2 ( z
R′

)2+β

. (2.19)

This particular choice of mUV is not essential to solve the hierarchy problem because the general
solution of Eq. (2.15) grows faster towards the IR brane, provided that β ≥ 0. This was just a
particular choice to make the solutions more transparent. Defining

v2
4 =

∫ R′

R

dz

(
R

z

)3

v2(z) =
1

R′2

(
R3v2

TeV −
2(2 + β)

λ

)
1− (R/R′)2+2β

2(1 + β)
, (2.20)

we can write

v(z) =

√
2(1 + β)

R3 (1− (R/R′)
2+2β

)
v4R

′
( z
R′

)2+β

. (2.21)

Expanding now the 5D Higgs doublet around the 5D vev v(z)

H(x, z) = eiσ · θ(x,z)/v(z) 1√
2

(
0

v(z) + h(x, z)

)
, (2.22)
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we can compute the action to quadratic order in h(x, z),

Sh =

∫
d4x

∫ R′

R

dz a(z)3

{
1

2
(∂µh)

2 − 1

2
(∂zh+ ∂zv)

2 − 1

2

µ2

z2
(h+ v)

2

}
−

∫
d4x

∫ R′

R

dz

{
1

2
a(R)4mUV(v + h)2δ(z −R) + a(R′)4λR

2

8

[(
v4 − 2v2v2

IR + v4
IR

)
+ 4v

(
v2 − v2

IR

)
h+ 2

(
3v2 − v2

IR

)
h2

]
δ(z −R′)

}
. (2.23)

Making an expansion in KK modes

h(x, z) =
∑
n

fhn (z)h(n)(x), (2.24)

and using the Klein-Gordon equation for h(n)(x),(
∂2 +m2

n

)
h(n)(x) = 0, (2.25)

we obtain the equations of motion and boundary conditions for the different KK mode profiles(
a(z)−3∂za(z)3∂z +m2

n − a(z)2 µ
2

R2

)
fhn (z) = 0, (2.26)

∂zf
h
n (z)− a(R)mUVf

h
n (z)

∣∣∣∣
z=R

= 0, (2.27)

∂zf
h
n (z) + a(R′)mIRf

h
n (z)

∣∣
z=R′

= 0, (2.28)

where we have imposed δSh = 0 and used the equation of motion and boundary conditions for
v(z). In the above equations we have defined

mIR =
1

R

[
λR3v2(R′)− (2 + β)

]
. (2.29)

In general, we will identify h(1)(x) with the Higgs scalar. Comparing the equations of motion
and boundary conditions for v(z) and fhn (z) we can see that, leaving aside the mass term m2

n, both
profiles satisfy the same bulk equation and boundary condition on the UV brane. In particular, in
the case of a light Higgs, i.e., m1R

′ � 1, both functions will be approximately proportional and
the vacuum expectation value will be carried mostly by the first KK excitation h(1)(z),

fh1 (z) =
v(z)

v4

(
1 +O

(
m2
hz

2

1 + β

))
. (2.30)

2.1.2 Gauge Bosons

Let us consider the action for a 5D gauge boson AM (x, z) with brane localized scalars φi(x) in the
case of a U(1) bulk gauge group1 [124,130],

SG =

∫
d4x

∫ R′

R

dz
√
g

{
−1

4
FMPFNQg

MNgPQ
}

+ SIR + SUV , (2.31)

1It is quite straightforward to generalize this case for more sophisticated non-abelian models.
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where

SUV =

∫
d4x

∫ R′

R

dz
√
gUV δ(z −R)

{
(Dµφ1)†(Dνφ1)gµν − λ1

(
φ†1φ1 −

1

2
v2

1

)2
}
, (2.32)

SIR =

∫
d4x

∫ R′

R

dz
√
gIRδ(z −R′)

{
(Dµφ2)†(Dνφ2)gµν − λ2

(
φ†2φ2 −

1

2
v2

2

)2
}
. (2.33)

In the above expressions,

gUV = det(gµν(z = R)) = (a(R))
8
, g = det(gMN ) = (a(z))

10
, (2.34)

while FMN = ∂MAN (x, z) − ∂NAM (x, z) and DM = ∂M − ig5AM (x, z) are the 5D field strength
tensor and covariant derivative, respectively. The potential for the brane localized scalars will
induce non-vanishing vev’s breaking U(1) at both branes

φi(x) =
1√
2

(vi + hi(x)) eiπi(x)/vi , i = 1, 2. (2.35)

After some algebra we obtain, to quadratic order in the fields,

SG =

∫
d4x

∫
dz a(z)

{
−1

4
FµνF

µν +
1

2
(∂µA5)(∂µA5) +

1

2
(∂zAµ)(∂zA

µ)

− ∂µAµa(z)−1∂z (a(z)A5)

}
+ SUV + SIR, (2.36)

where

SUV =

∫
d4x

{
−a(z)A5(∂µA

µ) +
1

2

[
(∂µh1)2 + (∂µπ1 − g5v1Aµ)

2
]
− λ1v

2
1h

2
1

}
z=R

, (2.37)

SIR =

∫
d4x

{
+a(z)A5(∂µA

µ) +
1

2

[
(∂µh2)2 + (∂µπ2 − g5v2Aµ)

2
]
− λ2v

2
2h

2
2

}
z=R′

. (2.38)

In these equations we have denoted

Fµν = Fαβη
αµηβν , ∂ν = ∂µη

µν , Aν = Aµη
µν , (2.39)

and we have made the following transformations

φ1(x) → a(R)−1φ1(x) = a(R)−1 1√
2

(v1 + h1(x)) eiπ1(x)/v1 , (2.40)

φ2(x) → a(R′)−1φ2(x) = a(R′)−1 1√
2

(v2 + h2(x)) eiπ2(x)/v2 , (2.41)

to obtain canonically normalized scalar kinetic terms. To get rid of the mixing between the gauge
field Aµ and the scalars A5, π1 and π2 we introduce the following gauge-fixing term

SGF = −
∫

d4x

∫ R′

R

dz
1

2ξ
a(z)

[
∂µA

µ − ξa(z)−1∂z (a(z)A5)
]2

−
∫

d4x
1

2ξ1
[∂µA

µ + ξ1 (g5v1π1 − a(z)A5)]
2
∣∣∣
z=R

(2.42)

−
∫

d4x
1

2ξ2
[∂µA

µ + ξ2 (g5v2π2 + a(z)A5)]
2
∣∣∣
z=R′

.
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The variation of the whole action, δSG+GF = δSG + δSGF , to quadratic order in the fields
Aµ, A5 and π1,2, reads

δSG+GF =

∫
d4x

∫
dz a(z) δAµ

[(
∂2 − a(z)−1∂za(z)∂z

)
ηµν −

(
1− 1

ξ

)
∂µ∂ν

]
Aν

+

∫
d4x

∫
dz a(z) δA5

[
−∂2 + ξ∂za(z)−1∂za(z)

]
A5 + δŜUV + δŜIR, (2.43)

where we have defined

δŜUV =

∫
d4x a(R) δAµ

[(
−∂z + g2

5v
2
1a(z)−1

)
ηµν +

1

ξ1
a(z)−1∂µ∂ν

]
Aν

∣∣∣∣
z=R

+

∫
d4x a(R)

{
δA5

[(
−ξ1a(z) + ξa(z)−1∂za(z)

)
A5 + ξ1g5v1π

]
+ δπ

[(
−a(z)−1∂2 − ξ1g2

5v
2
1a(z)−1

)
π + ξ1g5v1A5

]}
z=R

, (2.44)

δŜIR =

∫
d4x a(R′) δAµ

[(
+∂z + g2

5v
2
2a(z)−1

)
ηµν +

1

ξ2
a(z)−1∂µ∂ν

]
Aν

∣∣∣∣
z=R′

+

∫
d4x a(R′)

{
δA5

[(
−ξ2a(z)− ξa(z)−1∂za(z)

)
A5 − ξ2g5v2π

]
+ δπ

[(
−a(z)−1∂2 − ξ2g2

5v
2
2a(z)−1

)
π − ξ2g5v2A5

]}
z=R′

. (2.45)

Asking for a stationary action, δSG+GF = 0, we obtain the equations of motion and boundary
conditions for the different fields. In the case of Aµ(x, z), we get[(

∂2 − a(z)−1∂za(z)∂z
)
ηµν −

(
1− 1

ξ

)
∂µ∂ν

]
Aν(x, z) = 0, (2.46)[(

−∂z + g2
5v

2
1a(z)−1

)
ηµν +

1

ξ1
a(z)−1∂µ∂ν

]
Aν(x, z)

∣∣∣∣
z=R

= 0, (2.47)[(
+∂z + g2

5v
2
2a(z)−1

)
ηµν +

1

ξ2
a(z)−1∂µ∂ν

]
Aν(x, z)

∣∣∣∣
z=R′

= 0, (2.48)

while for A5(x, z) they read [
−∂2 + ξ∂za(z)−1∂za(z)

]
A5(x, z) = 0, (2.49)(

−a(z) +
ξ

ξ1
a(z)−1∂za(z)

)
A5(x, z)

∣∣∣∣
z=R

+ g5v1π1(x) = 0, (2.50)(
−a(z)− ξ

ξ2
a(z)−1∂za(z)

)
A5(x, z)

∣∣∣∣
z=R′

− g5v2π2(x) = 0. (2.51)

The boundary conditions for A5(x, z) are mixed with the brane equations of motion for π1,2(x)(
− 1

ξ1
∂2 − g2

5v
2
1

)
π1(x) + g5v1a(z)A5(x, z)|z=R = 0, (2.52)(

− 1

ξ2
∂2 − g2

5v
2
2

)
π2(x)− g5v2a(z)A5(x, z)|z=R′ = 0. (2.53)

If we decompose the 5D fields in KK modes

Aµ(x, z) =
∑
n

fVn (z)A(n)
µ (x), A5(x, z) =

∑
n

fSn (z)A
(n)
5 (x), (2.54)
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and we use the 4D equations of motion[(
∂2 +m2

n

)
ηµν −

(
1− 1

ξ

)
∂µ∂ν

]
A(n)
µ (x) = 0, (2.55)[

∂2 + m̃2
n

]
A

(n)
5 (x) = 0, (2.56)

we can obtain the equations fulfilled by the 5D profiles. We have introduced mn and m̃n, the masses

of the KK gauge bosons A
(n)
µ (x) and the scalar fields living in a combination of A

(n)
5 (x), π1(x) and

π2(x), respectively. In the unitary gauge, where ξ, ξ1 and ξ2 →∞, we get for fVn (z)[
a(z)m2

n + ∂za(z)∂z
]
fVn (z) = 0, (2.57)[

∂z − g2
5v

2
1a
−1(z)

]
fVn (z)

∣∣
z=R

= 0, (2.58)[
∂z + g2

5v
2
2a
−1(z)

]
fVn (z)

∣∣
z=R′

= 0. (2.59)

In the case of fSn (z), we obtain, for arbitrary values of ξ, ξ1 and ξ2,[
m̃2
n

ξ
+ ∂za(z)−1∂za(z)

]
fSn (z) = 0, (2.60)[

a(z)
ξ1
ξ

m̃2
n/ξ1

m̃2
n/ξ1 − g2

5v
2
1

− a(z)−1∂za(z)

]
fSn (z)

∣∣∣∣
z=R

= 0, (2.61)[
a(z)

ξ2
ξ

m̃2
n/ξ2

m̃2
n/ξ2 − g2

5v
2
2

+ a(z)−1∂za(z)

]
fSn (z)

∣∣∣∣
z=R′

= 0. (2.62)

In the unitary gauge, all the massive modes of A5(x, z) become non-physical, providing the lon-
gitudinal components of the massive KK tower. In this case, we should just consider the vector
part of the 5D gauge field, Aµ(x, z), forgetting about A5(x, z) except for a possible massless mode,
with a profile satisfying

∂za(z)−1∂za(z)fS0 (z) = 0, (2.63)

and

∂za(z)fS0 (z)
∣∣
z=R,R′

= 0, (2.64)

for v1,2 6= 0, and

fS0 (z)
∣∣
z=R,R′

= 0, (2.65)

in other case, where we have taken the limit ξ1,2 →∞ before taking the limit ξ →∞.
The solutions to Eq. (2.57) are given by

fVn (z) = Ana(z)−1 [J1(mnz) +BnY1(mnz)] , (2.66)

where the overall constant An is determined by the orthonormality condition∫ R′

R

dz a(z)fVn (z)fVm(z) = δnm. (2.67)

The boundary condition on the IR brane determines Bn = −J̃IR1 /Ỹ IR1 , where

J̃UV,IR1 = mna(z)−1J0(mnz)± g2
5v

2
1,2a(z)−2J1(mnz)

∣∣
z=R,R′

, (2.68)

Ỹ UV,IR1 = mna(z)−1Y0(mnz)± g2
5v

2
1,2a(z)−2Y1(mnz)

∣∣
z=R,R′

. (2.69)

On the other hand, the corresponding boundary condition on the UV will lead to the eigenvalue
equation

J̃UV1 Ỹ IR1 − Ỹ UV1 J̃IR1 , (2.70)

whose roots will determine the KK masses mn.
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2.1.3 Fermions

One important remark that should be made is that, in the 5D case, fermions are vector-like. This
is due to the fact that the spinorial representation of the 5D Lorentz group is irreducible, with
different 4D chiralities or Weyl spinors being connected through Lorentz transformations. Indeed,
we can check that the 5D chirality matrix Γ, which splits the spinorial representation in possible
smaller irreps, is proportional to the identity. Let us first consider the 5D Clifford algebra{

ΓM ,ΓN
}

= 2gMN1, (2.71)

where the Γ matrices in the AdS5 space are obtained from the ones living in the tangent space,
ΓM = eMa Γa. On the other hand, the 5D chirality matrix is defined by Γ = i

√
−iΓ0Γ1Γ2Γ3Γ5. It

can be shown that we just have two different possibilities for Γ5,

Γ5 = ±Γ0Γ1Γ2Γ3, (2.72)

leading to Γ = ∓i
√
−i1, as mentioned before. That means that it is meaningless to talk about

chirality from a 5D point of view. Nevertheless, as we will see later, it is still worth talking about
LH and RH fermions from the 4D standpoint.

Taking into account that Γ0, . . . ,Γ3 satisfy also the 4D Clifford algebra, whose representations
are unique up to similarity transformations, we can obtain the possible representations for the 5D
case

Γµ = γµ, µ = 0, 1, . . . 4, Γ5 = ±iγ5, (2.73)

where γµ’s are the usual Dirac matrices

γµ =

(
0 σµ

σ̄µ 0

)
, σµ =

(
12, σ

i
)
, σ̄µ =

(
12,−σi

)
, (2.74)

and γ5 = iγ0γ1γ2γ3. For the sake of definiteness, between the two possible options for Γ5, we will
choose Γ5 = −iγ5 in such a way that Γa ∈ {γµ,−iγ5}.

In principle, it might seem impossible to produce a 4D chiral spectrum from a 5D theory, due
to its vector-like character. However, the compactification of the extra dimension on I breaks
down the 5D Lorentz invariance, leading to massless KK modes for one of the 4D chiralities if the
fermion boundary conditions are the appropriate ones. That means that, in order to reproduce
the SM spectrum, we will need at least one 5D field for each of the SM chiral fermions.

Let us consider a number Nf of bulk fermions ψk(x, z), with k ∈ N(Nf ) = {1, 2, . . . , Nf}. The
relevant part of the action reads

S =

∫
d4x

∫ R′

R

dz a(z)5

(
i

2

[
ψkeMa ΓaDMψk −

(
DMψk

)†
Γ0eMa Γaψk

]
−Mkψkψ

k

)
+ Sbd, (2.75)

where Sbd denotes any possible boundary term, DM is the covariant derivative

DM = ∂M −
i

2
ωabMΣab = ∂M +

1

8
ωabM [Γa,Γb], (2.76)

and ωabM is the spin connection

ωabM =
1

2
gRP e

[a
R∂[Me

b]
p] +

1

4
gRP gTSe

[a
Re

b]
T∂[Se

c
P ]e

d
Mηcd. (2.77)

The fermion bulk masses Mk can be taken diagonal without loss of generality.
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After some algebra and integrations by parts, the action becomes

S =

∫
d4x

∫ R′

R

dz a(z)4ψ
k
[
i�∂ +

(
∂z + 2

a′(z)

a(z)

)
γ5 − a(z)Mk

]
ψk + Ŝbd, (2.78)

where

Ŝbd = Sbd −
1

2

[
a(z)4ψ

k
γ5ψ

k
]R′
R
. (2.79)

Imposing to the action to be stationary, i.e. δS = 0, we obtain the bulk equations of motion,[
i�∂ +

(
∂z + 2

a′(z)

a(z)

)
γ5 −

ck
z

]
ψk = 0, (2.80)

and boundary conditions [
a(z)4

(
δψ

k
γ5ψ

k + ψ
k
γ5δψ

k
)]R′

R
= 0, (2.81)

where we have defined ck = MkR and assumed that Sbd = 0. To proceed further we need to
specify boundary conditions satisfying (2.81). Normally, at each endpoint, we impose Dirichlet
boundary condition for one of the two 4D chiralities PL,Rψ

k(x, z). The boundary condition for the
opposite chirality will be given by evaluating the bulk equation of motion on the corresponding
brane. Following the usual notation, a Dirichlet boundary condition for the RH component is
denoted by [+], whereas [−] denotes a Dirichlet boundary condition for the LH chirality. In the
general case Sbd will be non zero, leading to a redefinition of the fermion boundary conditions
considered before [126]. Let us first analyze the case of an IR localized Dirac mass term

Sbd = −
∫

d4x

∫ R′

R

dz a(z)4θijψ
i

Lψ
j
Rδ(z −R′) + h.c., (2.82)

where i and j run over the N(Nf ) subsets JL and JR, respectively, with JL ∩ JR 6= ∅. For

simplicity, we take the fields ψiR and ψjL satisfying Dirichlet boundary conditions on the IR brane.
In order to get the new boundary condition we will push the localized brane term at a distance
ε away from the boundary, which implies the presence of a δ-function in the bulk equations of
motion

i�∂ψ
i
L + ∂zψ

i
R −

ci + 2

z
ψiR − θijδ(z −R′ + ε)ψjR = 0, (2.83)

i�∂ψ
j
R − ∂zψjL −

cj − 2

z
ψjL − θ∗ijδ(z −R′ + ε)ψiL = 0. (2.84)

Integrating these equations around R′ − ε and using the previous boundary condition on the IR
brane, we obtain the new ones

ψiR(x,R′) + θijψ
j
R(x,R′) = 0, (2.85)

ψjL(x,R′)− θ∗ijψiL(x,R′) = 0. (2.86)

Notice that the limit θij →∞ is equivalent to flip the corresponding boundary conditions, [+]↔
[−], for the different fields. It is straightforward to deduce the UV case from this one. For instance,
a Dirac mass term on the UV brane

Sbd = −
∫

d4x

∫ R′

R

dz a(z)4θijψ
i

Lψ
j
Rδ(z −R) + h.c., (2.87)
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will lead to the following boundary conditions

ψiR(x,R)− θijψjR(x,R) = 0, (2.88)

ψjL(x,R) + θ∗ijψ
i
L(x,R) = 0. (2.89)

Analogously, we can analyze the effect of a Majorana boundary term for bulk fields that are
singlets under the corresponding gauge group. For instance, the following UV (IR) Majorana mass
term

Sbd = −1

2

∫
d4x

∫ R′

R

dza(z)4θijψ
ic

Rψ
j
Rδ(z −R(′)) + h.c., (2.90)

where JL and JR are equal and θij symmetric, leads to

ψjcR (x,R(′))± θ∗ijψicR (x,R(′)) = 0. (2.91)

Once we have computed the modified boundary conditions, we can proceed with the KK de-
composition of the bulk fields. Let us consider first the case of Dirac fields, where the 5D fermion
fields can be expanded as follows

ψkL(x, z) =
∑
n

f
(n)k
lL (z)ψ

(n)l
L (x), ψkR(x, z) =

∑
n

f
(n)k
lR (z)ψ

(n)l
R (x), (2.92)

where k, l ∈ N(Nf ). In principle, before turning on possible brane mass terms, each bulk field
ψkL,R(x, z) will have an independent infinite tower of KK modes. The effect of non-diagonal brane
mass terms would be the mixing of the corresponding KK towers, with the rest of them being still
independent. Nevertheless, leaving aside possible massless or zero modes, we can rearrange the
infinite KK towers to eliminate the extra index l, see Fig. (2.1),

ψkL(x, z) = f
(0)k
lL (z)ψ

(0)l
L (x) +

∑
n≥1

f
(n)k
L (z)ψ

(n)
L (x), (2.93)

ψkR(x, z) = f
(0)k
lR (z)ψ

(0)l
L (x) +

∑
n≥1

f
(n)k
R (z)ψ

(n)
R (x), (2.94)

where in the above equations, f
(0)k
lL (z) 6= 0⇒ f

(0)k
lR (z) = 0 and vice versa.

If we introduce these expansions in the bulk equations of motion and impose that the 4D fields
satisfy Dirac equations

i�∂ψ
(n)
L (x)−mnψ

(n)
R (x) = 0, i�∂ψ

(n)
R (x)−mnψ

(n)
L (x) = 0, (2.95)

we obtain

O±ckf
(n)k
L,R (z) = ±mnf

(n)k
R,L (z), Oc = ∂z −

2− c
z

. (2.96)

For possible zero modes, if the boundary conditions allow their presence, the bulk equations
are already decoupled and are thus easy to solve, leading to

f
(0)k
lR (z) = Akl

( z
R

)ck+2

, or f
(0)k
lL (z) = Bkl

( z
R

)ck−2

, (2.97)

where repeated indices do not sum. For the sake of simplicity, let us assume a UV mass term
like (2.87) with JL = {k1},JR = {k2} ⊂ N(Nf ), ψk1 [+,+], and ψk2 [−,+], where the first sign
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Figure 2.1: Rearrangement of KK towers mixed up through boundary conditions. We represent
the different KK eigenstates, with bigger values in the y-axis meaning bigger KK masses.

corresponds to the boundary condition at the UV brane and the second one at the IR brane. The
modified UV boundary conditions read

ψk1R (x,R)− θ12ψ
k2
R (x,R) = 0, (2.98)

ψk2L (x,R) + θ∗12ψ
k1
L (x,R) = 0, (2.99)

whereas the IR ones are still the same,

ψk1R (x,R′) = ψk2R (x,R′) = 0. (2.100)

These boundary conditions allow a zero mode for the LH component

ψk1L (x, z) = Ak1l

( z
R

)ck1−2

ψ
(0)l
L (x) + . . . , (2.101)

ψk2L (x, z) = Ak2l

( z
R

)ck2−2

ψ
(0)l
L (x) + . . . , (2.102)

where l ∈ JL ∪ JR. Requiring these functions to satisfy (2.99), we get

Ak2l = −θ∗12Ak1l, ∀ l ∈ {k1, k2}. (2.103)

Finally, we can determine Ak1l imposing canonically normalized kinetic terms, i.e.

∑
l∈JL∪JR

∫ R′

R

dz

(
R

z

)4

ψ
l

L(x, z)i�∂ψ
l
L(x, z) =

∑
l∈JL∪JR

ψ
(0)l

L (x)i�∂ψ
(0)l
L + . . . (2.104)

where . . . stands for terms arising from massive KK modes. Note that if we had mixed bulk
fields [+,+] and [−,−] instead of the previous ones, the zero-modes present in the absence of
brane masses would be no longer present. These two massless modes will become the LH and RH
components of a new massive KK excitation. In fact, this is a 5D mechanism to give masses to the
different fermions without the help of the Higgs scalar [126].
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In the case of bulk fields which are not mixed through boundary conditions, we just have one
constant which can be obtained through the normalization condition,

f
(0)k
L (z) =

√
1− 2ck

R((R′/R)1−2ck − 1)

( z
R

)2−ck
, f

(0)k
R (z) =

√
1 + 2ck

R((R′/R)1+2ck − 1)

( z
R

)2+ck
. (2.105)

The LH zero mode corresponds to a chiral fermion exponentially localized towards the UV (IR)
brane for ck > 1/2 (ck < 1/2), while the physical profile is flat for c = 1/2. For the RH case, the
same applies making the substitution c→ −c.

For massive modes, we need to solve the following equations[
O−ckOck +m2

n

]
f

(n)k
L (z) = 0, (2.106)[

OckO−ck +m2
n

]
f

(n)k
R (z) = 0, (2.107)

which lead to

f
(n)k
L (z) = Anka(z)−5/2

(
Jck+1/2(mnz) +BnkYck+1/2(mnz)

)
, (2.108)

f
(n)k
R (z) = Anka(z)−5/2

(
Jck−1/2(mnz) +BnkYck−1/2(mnz)

)
, (2.109)

where we have used that, due the equations (2.96), the constants accompanying the Bessel functions

J and Y are equal for both f
(n)k
L and f

(n)k
R . Imposing the boundary conditions at both branes we

will obtain an homogeneous system of 2×Nf linear equations with 2×Nf unknowns {Ank, Bnk}.
Requiring that the determinant of this system of equations vanishes, so that we get a non-trivial
solution, will lead to an eigenvalue equation for mn. At the end of the day, there will be an overall
factor which can be determined by the normalization condition used above.

We will analyze now the case in which a brane Majorana mass term like (2.90) has been added.
For the sake of simplicity, let us consider just one bulk field. The expansion is therefore

ψL(x, z) =
∑
n

f
(n)
L (z)ψ

(n)c
R (x), ψR(x, z) =

∑
n

f
(n)
R (z)ψ

(n)
R (x), (2.110)

where the 4D fields must obey a Majorana equation

i�∂ψ
(n)
R (x)−m∗nψ(n)c

R (x) = 0. (2.111)

Together with the bulk equations of motion, these equations lead to the following expressions

Ocf (n)
L (z) = m∗nf

(n)
R (z), O−cf (n)

R (z) = −mnf
(n)
L (z), (2.112)

whose solutions are,

f
(n)
L (z) = Ana(z)−5/2

(
Jc+1/2(|mn|z) +BnYc+1/2(|mn|z)

)
, (2.113)

f
(n)
R (z) = Ana(z)−5/2 mn

|mn|
(
Jc−1/2(|mn|z) +BnYc−1/2(|mn|z)

)
. (2.114)

The brane Majorana mass term produces a boundary condition mixing f
(n)
L and f

(n)∗
R . If θij is

real, mn will be also real and the linear system resulting from imposing the boundary conditions
will factorize into two simpler ones; one for the real parts of the unknowns, and another one for
their imaginary parts (obtained changing the sign of θij).

Up to now, in all this study, we have ignored Yukawa couplings and the effect of EWSB due
to the Higgs vev. In general, if we consider the bulk equations of motion after SSB, the Higgs
vev will couple the equations corresponding to bulk fields related by a Yukawa mass term. In
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most cases these equations are impossible to solve. In this cases, it is customary to treat these
effects perturbatively, solving the equations of motion before EWSB and including the effects of
EWSB through couplings. This approximation is justified since v � m1 ∼ R′−1, with leading
order corrections being O((vR′)2). Exactly the same apply for gauge bosons, where the Z and W
masses can be computed in terms of (vR′)2 corrections, instead of solving the equations of motion
with the exact boundary conditions.

2.2 Non-Custodial Models

Models based on a purely AdS5 background and a minimal field content are strongly constrained
by EWPT. In particular, large contributions to the parameter T can easily push the scale of new
physics beyond the reach of the LHC [150]. This is easy to understand if we write the oblique
parameters due to the KK physics as follows,

T̂ =
g′ 2v2

2
(α̂− 2β̂ + γ̂) ,

Ŝ = g2v2(−β̂ + γ̂) , (2.115)

W = Y =
g2v2

2
γ̂ ,

where the coefficients α̂, β̂ and γ̂ – which will be defined below – are diagrammatically shown in
Fig. 2.2. Due to the warp factor, the gauge boson KK modes are forced to be localized close to
the IR brane, where the Higgs is also localized. The large overlap then makes the mixing between
the gauge boson zero-mode and massive KK modes large (the red square in Fig. 2.2). The light
fermions on the other hand are localized towards the UV brane and therefore their coupling to
the gauge boson KK modes (the blue dot) is typically small. This is the reason for the usual
enhancement of the T̂ parameter (α̂ is proportional to the gauge mixing squared) over the Ŝ
parameter, and of Ŝ over W and Y .

Figure 2.2: Contribution to the coefficients α̂, β̂ and γ̂ of Eq. (2.115). The double line represents
the tower of massive gauge boson KK modes, the red squares the mixing between the gauge KK
and zero-modes, and the blue dot the coupling of the light fermions to the gauge KK modes.

On the other hand, the large top mass requires the third generation SU(2)L quark doublet
(as well as the top singlet) to be relatively close to the infrared (IR) brane. When the light
generations are localized near the ultraviolet (UV) brane, this can lead to large corrections to the
ZbLb̄L coupling, which also implies important restrictions.

A common solution to this problem is to enlarge the bulk gauge group and fermion content to
accommodate a gauge custodial symmetry [110–115] protecting the T parameter and the ZbLb̄L
coupling at the tree level. In these models, the S parameter –together with the one-loop fermion
contributions to T and the ZbLb̄L coupling [102,151], which are calculable in such models– imposes
the strongest constraint. In the anarchic scenario, where all the Yukawa entries are of the same
order, the new vector bosons should be heavier than O(3) TeV.2 Another interesting possibility

2If one gives up on the anarchy assumption, the constraints can be significantly relaxed [152].
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has been recently suggested [119–122], where a departure from pure AdS5 near the IR brane
substantially decreases the T parameter (and, although by a smaller amount, also the S parameter,
as was previously observed in [153, 154]). In this case, the reduction of the T and S parameters
is so effective that new vector bosons with masses below 1 TeV are compatible with the EWPT
without the custodial symmetry.

Let us summarize the main results for the gravitational background and the bosonic field
content, while referring the reader to [119–121] for full details. We will then introduce bulk
fermions [1, 122], which were absent on the original setup [119–121].

The gravitational background is given by the metric

ds2 = e−2A(y)ηµνdxµdxν − dy2 , (2.116)

with warp factor

A(y) = ky − 1

ν2
log

(
1− y

ys

)
. (2.117)

We have chosen a non-conformally flat coordinate system to be as close as possible to the original
reference and because this choice leads to simpler expressions. In the metric definition, 0 ≤ y ≤ y1

is the coordinate of the extra dimension with the UV and IR branes being localized at y = 0 and
y = y1 respectively. k is the curvature scale at the UV brane, of order of the Plank mass. We will
chose ys, the position of the singularity, such that it will be localized beyond the IR brane, i.e.,
y1 < ys. The gravitational parameters are therefore ν, y1, ys and k. However, instead of ys we will
use the value of the curvature radius at the IR brane, given in units of k

kL1 =
ν2k(ys − y1)√

1− 2ν2/5 + 2ν2k(ys − y1) + ν4k2(ys − y1)2
. (2.118)

Requiring perturbativity of the gravitational expansion bounds its value by kL1 & 0.2 [119]. In
addition, we fix the position of the IR brane y1 such that the gravitational background generates
the gauge hierarchy. We will simply set A(y1) = 35, which determines y1.

2.2.1 Bulk Bosons

The bosonic content of the model consists of the SM gauge fields, with Neumann boundary con-
ditions on both branes, and an EW scalar doublet, the Higgs. Other scalars involved in the
gravitational background and the stabilization of the interbrane distance [119] are irrelevant for
our purposes. The bulk gauge bosons can be expanded in KK modes (we focus on the µ component
here)

Aµ(x, y) =
1√
y1

∑
n

fVn (y)A(n)
µ (x) , (2.119)

where the profiles satisfy[
∂ye
−2A∂y +m2

n

]
fVn = 0 , ∂yf

V
n

∣∣
y=0,y1

= 0 , (2.120)

(as mentioned before, we treat EWSB perturbatively), and are normalized according to

1

y1

∫ y1

0

dy fVn f
V
m = δnm . (2.121)

The boundary conditions fix the value of the KK masses. They are of the order of the effective IR
scale

k̃eff ≡ A′(y1) e−A(y1) , (2.122)
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i.e. of order the warped down curvature at the IR brane. We show in Fig. 2.3 the mass of the first
gauge KK mode, in units of k̃eff , for different values of ν and kL1.
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Figure 2.3: Mass of the first gauge KK mode in units of the effective IR scale k̃eff , defined in
Eq. (2.122), as a function of ν and for different values of kL1.

For the Higgs field we can write

H(x, y) =
1√
2
eiχ(x,y)

(
0

h(y) + ξ(x, y)

)
, (2.123)

where the Higgs KK expansion reads

ξ(x, y) =
1√
y1

∑
n

fξn(y)ξ(n)(x) , (2.124)

and the wavefunctions are normalized to

1

y1

∫ y1

0

dy e−2Afξnf
ξ
m = δnm . (2.125)

Analogously to the RS case, for a light Higgs, we can assume that the Higgs vev is carried by the
zero-mode, which has a profile

fξ0 (y) ≈ Nh e
aky, (2.126)

with Nh fixed by the normalization condition (2.125). Following [119] we trade a for

δ ≡
∣∣∣∣e−2(a−2)kyskys[−2(a− 2)kys]

−1+ 4
ν2 Γ

(
1− 4

ν2
,−2(a− 2)k(ys − y1)

)∣∣∣∣ , (2.127)

which is a measure of how much fine-tuning in the 5D parameters we need to impose in order to
preserve the Randall-Sundrum solution to the hierarchy problem.

2.2.2 Bulk Fermions

We introduce now bulk fermions in the model. The quadratic part of the action for bulk fermions
reads

S =

∫
d4x dy e−4A ψ

[
eAi�∂ + (∂z − 2A′)γ5 −M

]
ψ , (2.128)
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where M is a 5D Dirac mass allowed by the symmetries. Following the same procedure as in
previous sections, we expand the bulk fermions in KK modes

ψL,R(x, y) =
1√
y1

∑
n

f
(n)
L,R(y)ψ

(n)
L,R(x) , (2.129)

where the KK profiles satisfy the following system of equations:

[∂y − (2A′ +M)] f
(n)
R = −eAmnf

(n)
L ,

[∂y − (2A′ −M)] f
(n)
L = eAmnf

(n)
R , (2.130)

with the orthonormality conditions given by

1

y1

∫ y1

0

dy e−3Af
(n)
L f

(m)
L =

1

y1

∫ y1

0

dy e−3Af
(n)
R f

(m)
R = δnm . (2.131)

As in the RS case, bulk fermions with a LH zero-mode are obtained by imposing Dirichlet boundary
conditions for their right-handed RH chirality on both branes. The boundary conditions for the
opposite, LH, chirality are fixed by the equations of motion. Similarly, bulk fermions with a RH
zero-mode are obtained by imposing Dirichlet boundary conditions on their LH chirality. The LH
(RH) massless profile of a [++] ([−−]) bulk fermion is given by

f
(0)
L,R(y) = NL,R

0 e2A∓
∫ y
0
dy′M(y′) , (2.132)

where NL,R
0 is fixed by the normalization condition. In the following we will consider a constant

bulk mass Mi = cik, where i denotes the fermion type.3

Unless we introduce y-dependent bulk masses as it was made in [122], there are no exactly flat
fermion solutions in the present metric background, unlike for a pure AdS5 background, ARS(y) =
ky, with a constant 5D Dirac mass defined by c = 1/2. However, the c parameter does control the
localization of the fermion zero-modes, either towards the IR or UV brane. In particular, there is
always a background-dependent value, c1/2, such that for c < c1/2, the (LH) fermion zero-mode is
mostly IR localized, while for c > c1/2 it is mostly UV localized. This value plays a role analogous
to c = 1/2 in the pure AdS5 background. In Fig. 2.4 we show the value of c1/2, defined such that

e−
3
2A(0)fL0 (0) = e−

3
2A(y1)fL0 (y1), as a function of the input parameters ν and kL1.

Let us now discuss the couplings of the fermion zero-modes to the Higgs and gauge boson KK
modes in this model. The gauge couplings are given by

L ⊃ g5

∫
dy e−3A ψ �Aψ =

∑
mnr

g5√
y1

∫
dy e−3A f

(n)
L f

(m)
L fAr
y1

ψ
(n)

L �A
(r)ψ

(m)
L + (L→ R)

≡
∑
mnr

gLnmrψ
(n)

L �A
(r)ψ

(m)
L + (L→ R) , (2.133)

whereas the Yukawa couplings can be computed from

L ⊃ Y5

∫
dy e−4A Q̄LH UR + (L↔ R) (2.134)

=
∑
mn

Y5√
y1

∫
dy e−4A

f
Q(n)
L f

(0)
ξ f

U(m)
R

y1
q̄

(n)
L hu

(m)
R + (L↔ R) + · · · ≡ λLRmn q̄

(n)
L hu

(m)
R + · · · ,

3In the limit in which ys → y1 there could be problems of strong coupling similar to the ones present in soft-wall
models [154], and a y−dependent mass term might be necessary [155] (see [156] for other realizations of flavor in
soft-wall models).
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Figure 2.4: Value of the localization parameter, c1/2, that makes a LH fermion zero-mode mostly
delocalized, as a function of ν and for different values of kL1.

where we have defined h ≡ ξ(0)(x). The 5D gauge coupling can be fixed by matching the coupling
of the gauge zero-mode to the observed 4D coupling. Assuming a tree-level matching this gives

g5 =
√
y1 g4 . (2.135)

For the 5D Yukawa coupling, Ref. [157] finds, based on NDA [158], that its maximum value is
given by

Y5 ≤ Y max
5 ≈ 4π√

3k
, (2.136)

which corresponds to strong coupling at a scale of the third KK level. We plot in the left panel
of Fig. 2.5 the Yukawa coupling between the zero-modes of a [++] fermion Q, and a [−−] fermion
T , assuming Y5 = Y max

5 , as a function of a common localization parameter c = cQ = −cT . In
the right panel we show the coupling of a LH fermion zero-mode to the first two gauge boson KK
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Figure 2.5: Left panel: Yukawa coupling, λ ≡ λLR00 , as a function of the bulk mass for cL = −cR = c
and a 5D Yukawa coupling that saturates the maximum value given in Eq. (2.136). Right panel:
coupling of a LH fermion zero-mode to the first two gauge boson KK modes in units of g0 ≡ g5/

√
y1.

In both cases we have taken ν = 0.4 and kL1 = 0.2, which lead to maximally delocalized fermions
for c ≈ 0.93.
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modes divided by the coupling to the gauge boson zero-mode (assuming tree level matching) as
a function of c. We have chosen ν = 0.4, and kL1 = 0.2 in both plots. We see the change of
behavior around c1/2 ≈ 0.93, which corresponds to the most delocalized zero-mode fermion profile
(see Fig. 2.4).

For c & c1/2, we see that the Yukawa coupling becomes exponentially suppressed. Furthermore,
in the same region the coupling to the gauge boson KK modes becomes almost universal (i.e.
independent of c). Thus, as for the pure AdS5 case, the assumption that the light fermions are
exactly localized on the UV brane is an excellent approximation (as far as EWPT are concerned)
in these models.

2.2.3 Electroweak Constraints

If flavor is explained by means of localization in the extra dimension, the effects of NP in models
with WED are almost universal and can therefore be encoded in the oblique parameters introduced
in [82], with the most important exception being the couplings of the bottom quark. This can be
most easily seen with holographic methods. However, the collider implications of these models are
easier to understand if we discuss how the corrections are generated in the physical basis (i.e. the
KK basis). A general discussion of EWPT in models with WED and the equivalence of different
methods to compute them is given in [159]. Here we follow the equivalent notation in [119] to make
the comparison easier. Let us start by studying the calculability of such effects in the present class
of models.

As already emphasized, the present class of models does not have a custodial symmetry to pro-
tect the Peskin-Takeuchi T parameter, nor the corrections to certain gauge-fermion couplings.
As a result, it is possible to write a term in the bulk that violates the custodial symmetry,
L5 ⊃ (κ/Λ3) |H†DMH|2, where we wrote the coefficient in units of the 5D cutoff, Λ. The di-
mensionless factor, κ, is UV sensitive. However, when the Higgs propagates in the bulk, the
one-loop contributions are finite by power-counting. To see this, it is simplest to use a nor-
malization where the gauge bosons, WM , have mass dimension 1 [we write the kinetic term as
(−1/4g2

5)W a
MNW

aMN ]. Then, the contributing diagrams are simply proportional to g4
5 or y4

5 ,
where both the 5D (top) Yukawa coupling, y5, and the 5D gauge coupling have mass dimension
−1/2. (We show in the upper-left corner of Fig. 2.6 an example diagram with a fermion loop.) It
follows that the piece proportional to ηµν in the loop integral has mass dimension −1, and therefore
it is IR dominated. Subtracting the zero-mode contribution, the remainder is controlled by the
scale k̃eff . At two-loop order, an example of which is shown in lower-left corner of Fig. 2.6, the
diagram is logarithmically divergent by power counting.

Figure 2.6: Examples of radiative corrections to the oblique parameters, as well as to the non-
oblique vertex corrections. The most important contributions arise from the top KK tower in the
loop. Upper row, left to right: one-loop contributions to T , S and δgbL , respectively. Lower row:
examples of the corresponding two-loop contributions.
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A similar point has been made in connection to the S-parameter when the Higgs is taken
as a bulk field.4 The middle diagram in the upper row of Fig. 2.6 is finite, while at 2-loop
order a logarithmic UV sensitivity is encountered (e.g. in the middle diagram of the lower row
of Fig. 2.6), corresponding to the bulk operator H†σaHW a

MNB
MN . Similar remarks apply to

“vertex corrections” of the form (H†DMH)(Ψ ΓMΨ) or (H†σaDMH)(Ψ ΓMσaΨ). Examples of
1- and 2-loop contributions to these vertex corrections are shown in the right column of Fig. 2.6.
We also note that operators localized on the branes (corresponding either to T , S or δgbL) can be
induced only at three (and higher-order) loop order.

We conclude that just allowing the Higgs to propagate in the bulk can make the oblique
parameters effectively calculable: the incalculable pieces associated with the 5D local operators
above are suppressed compared to the finite, one-loop contribution roughly by MKK/Λ. In the
particular models studied here, the localization properties of the Higgs, to be discussed in the next
subsection, imply that the couplings of the Higgs to the KK fermion or gauge states are suppressed
compared to the situation in an AdS5 background. In fact, for the favored region of parameter
space such couplings are well in the perturbative regime (thus resembling more closely the case of
flat rather than typical WED). However, although higher-order contributions due to Yukawa or
weak gauge couplings can be expected to be further suppressed, there remains some uncertainty
associated with higher order QCD contributions. As we will see in detail below, one of the effects
of the departure from AdS5 of the gravitational background is to push the KK modes closer to the
IR brane. This effect increases the coupling among KK modes, thus reducing the scale of strong
coupling in the QCD sector. This is reminiscent of the position dependent cut-off in soft-wall
models [153, 154], and affects the EW observables at two-loop and higher order.5 Nevertheless,
we find that the finite one-loop contributions to the EW observables –especially to T– can be
significant, and therefore one should not neglect such loop effects. To get a concrete idea about
their impact on the EW fit and the resulting bounds on the KK scale, we will assume that the
QCD strong coupling scale is high enough to make the 5D description a reasonable approximation.
Furthermore we will assume that 2-loop and higher-order QCD effects do not dramatically change
the one-loop results. One should, however, keep in mind that QCD effects may not be negligible.

The Oblique Corrections at Tree Level

We perform now a detailed analysis of the EW precision constraints in the class of models without
custodial symmetries under discussion. In this subsection we focus on the oblique analysis at tree
level (which was already performed in [119]), and in the next one we take the most important non-
oblique contribution into account, i.e. the correction to the ZbLb̄L coupling, as well as the one-loop
contributions. This will allow us to better understand the impact of the various effects. Let us
start with the gauge KK modes. The effects of NP can be classified in three types: corrections to
the gauge boson self-energies, to fermion-gauge couplings and to four-fermion interactions. Each
of these effects is characterized by the previously mentioned coefficients α̂, β̂ and γ̂, respectively.
For the present case, only gauge bosons obeying Neumann boundary conditions on both branes
are relevant, in which case one has [119]

α̂ =

∫ y1

0

dy e2A(y)

(
Ωh(y)− y

y1

)2

,

β̂ =

∫ y1

0

dy e2A(y)

(
Ωh(y)− y

y1

)(
Ωf (y)− y

y1

)
, (2.137)

γ̂ =

∫ y1

0

dy e2A(y)

(
Ωf (y)− y

y1

)2

.

4K. Agashe, private communication. See also [152].
5A smaller hierarchy in the spirit of the Little RS model [160] would reduce the tension with the low QCD

cut-off and increase the coupling of the KK gluon to light quarks, thus having an important impact on collider
phenomenology.
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The function Ω(y) is defined by6

Ωi(y) ≡ 1

y1

∫ y

0

dỹ ωi(ỹ), ωi(y) ≡
{
e−2A(y)f2

i,0(y) , scalars

e−3A(y)f2
i,0(y) , fermions

, (2.138)

where fi,0(y) is the wave function for the scalar or fermion zero-modes (see previous sections).
With our normalization we have Ωi(y1) = 1. Besides of the oblique corrections due to the KK
states given by Eq. (2.138), we also include the Higgs contribution to S and T , given by [84]

∆S =
1

2π

[
g(m2

h/m
2
Z)− g(m2

ref/m
2
Z)
]
, (2.139)

∆T = − 3

16πc2W

[
f(m2

h/m
2
Z)− f(m2

ref/m
2
Z)
]
, (2.140)

where

g(y) =

∫ 1

0

dxx(5x− 3) ln(1− x+ yx) , (2.141)

f(y) = y
ln c2W − ln y

c2W − y
+

ln y

c2W (1− y)
, (2.142)

and we take mref = 115 GeV in the fit.
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Figure 2.7: 95% CL lower bound on the mass of the first KK gauge boson, obtained from a tree-level
oblique analysis. We assume UV localized fermions and different values of the input parameters ν
and kL1. See text for details on the fit procedure.

We show in Fig. 2.7 the result of a fit to the oblique parameters when all fermions are assumed
to live on the UV brane for different values of the input parameters ν and kL1. We have used an
updated version of the code in [79], obtaining the bounds as follows. For fixed values of ν and kL1

(i.e. for a fixed metric background), we compute the minimum of the χ2, including only the Z-pole
observables,7 as a function of the Higgs mass (imposing the direct LEP bound of ≈ 114 GeV)

6The ωi(y) are nothing but the (square of the) “physical wavefunction” profiles, i.e. the profiles with warp factors
taken out, as dictated by dimensional analysis (which just redshift all mass scales appropriately).

7These are the 26 observables associated with the W mass (two measurements), the Z-line shape and lepton
forward-backward asymmetries (8), heavy flavor (6), effective sin2 θW (2), and 8 leptonic/strange quark polarization
asymmetries. We do not fit the SM parameters, but only those associated with the new KK physics.
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and the value of the IR scale k̃eff . We then fix the Higgs mass to its value at the minimum and
compute the bound on k̃eff by requiring ∆χ2 = 3.84 (95% CL for one degree of freedom). The
resulting value of the first gauge boson KK mode mass (see Fig. 2.3) is plotted as a function of ν
for different values of kL1. We see that masses as light as ∼ 1 TeV are allowed for kL1 = 0.2 and
ν ∼ 0.45. This plot reproduces the results presented in [119] up to small differences (. 100 GeV),
due to the different fit procedure.

The departure from the AdS5 background has several effects that go in the right direction to
improve the EWPT. The first is that the KK gauge bosons are more strongly localized towards
the IR brane whereas the Higgs, although localized towards the IR brane, reaches a maximum
before the IR brane [the “physical” Higgs wavefunction is given by

√
ωh(y) ≈ e−A(y) eaky, and

the suppression near the IR brane arises from the nearby singularity in A(y)]. This reduces,
sometimes dramatically, the gauge mixing through the Higgs vev, and therefore the contribution
to the T̂ parameter (and somewhat less the Ŝ parameter). This effect can be observed in Fig. 2.8,
in which we show the “physical” profiles

√
ω of Eq. (2.138), for the Higgs, the first gauge KK mode,

and for bulk fermion zero-modes with three different values of the bulk masses. The maximum of
the Higgs profile before the IR brane is evident, together with the very strong localization of the
first gauge KK mode, leading to a reduced value of the relevant overlap integral.
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Figure 2.8: Fermion zero-mode, Higgs and first gauge KK mode profiles,
√
ω(y) for ν = 0.4 and

kL1 = 0.2.

The second effect of the warp factor is that the coupling of UV localized fermions to gauge KK
modes is reduced with respect to the standard AdS5 case. This further reduces the Ŝ parameter
(but will also have a negative impact on collider searches). In Fig. 2.9 we show the value of the
coupling of UV localized fermions to the first gauge boson KK mode (in units of g0 = g5/

√
y1)

for different values of ν and kL1. Only for small values of ν and large values of kL1 does one
approach the coupling of the AdS5 background. Note that for the values preferred by the EWPT
(see Fig. 2.7) this coupling is reduced to almost half the AdS5 value.

The Effects of the Third Generation

Let us now consider the effect of the third quark generation. We consider three bulk fermion fields
with the following quantum numbers under the SU(2)L × U(1)Y gauge group and BC

Q = (2, 1/6) ∼ [++] , T = (1, 2/3) ∼ [−−] , B = (1,−1/3) ∼ [−−] , (2.143)
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Figure 2.9: Couplings of UV localized fermions to the first-level KK gauge bosons, in units of the
zero-mode gauge coupling. We show curves as a function of ν, and for different values of kL1.

with localization parameters cQ, cT and cB , respectively. For fixed values of these localization
parameters we can choose the 5D Yukawa couplings so that the top and bottom masses are repro-
duced. Due to the upper bound on Y5, the top mass cannot be generated if the Q and T zero-modes
are far from the IR brane. The LH bottom, which is in the zero-mode of Q, can then receive large
corrections to its couplings, from gauge and fermion KK modes. Anomalous contributions to the
ZbLb̄L coupling can therefore impose stringent constraints in warped models without custodial
protection. The general expression for the tree-level correction to the ZbLb̄L coupling induced by
the gauge boson KK modes is given in [159]. For our model it reads

δgbL = −g
2v2

2c2W

[
g2

2
+
g′ 2

6

]
(β̂Q − β̂UV ) , (2.144)

where the term proportional to β̂UV corresponds to the universal part that is absorbed in the
oblique parameters. To this we have to add the tree-level fermionic contribution, that we have
computed exactly by diagonalizing numerically the KK fermion mass matrix, and computing the
resulting coupling to the Z of the lightest mass eigenstate (the bottom quark). We will consider
the one-loop effects separately.

In order to test the dependence of the constraints on the assumptions on the 5D Yukawa
couplings we have taken the following benchmark scenarios. For each value of ν and kL1 and each
value of cQ we fix cT so that the top mass is reproduced (including the effect of the mixing with
fermion KK modes) assuming that Y t5 = Y max

5 (scenario 1). We note that, due to the maximum
of the Higgs profile, there is a fixed value of cT for which the overlap is maximal and therefore the
5D Yukawa coupling is minimal. Therefore, we also consider the case that Y t5 is the minimal one for
which it is possible to reproduce the correct top mass (scenario 2). Regarding the bottom sector,
we consider three different scenarios by fixing the 5D bottom Yukawa to Y b5 = Y t5 (scenario a),
Y b5 = Y t5 /5 (scenario b), Y b5 = Y t5 /10 (scenario c). Scenario a assumes exact anarchy whereas
in the other two we allow for deviations between different Yukawas.

We have studied the tree-level effect of third generation quarks on EWPT by performing a
scan over ν and kL1. For each value of these parameters, we have computed the maximum value
of cQ that allows to generate the top mass (i.e. the furthest from the IR brane). We have then
scanned over the values of cQ smaller than this maximal value for the six different scenarios
(1a, 1b, 1c, 2a, 2b, 2c) described above. The fit has been performed as in the case of the gauge
contribution, described in the previous subsection, but including now the constraint from the
ZbLb̄L coupling described above. Fixing cQ and marginalizing over the Higgs mass, we find the
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value of k̃eff that gives ∆χ2 = 3.84, corresponding to 95% CL for one degree of freedom. In all
cases the preferred value of the Higgs mass is close to its current lower limit mh ≈ 114 GeV. We
show in Fig. 2.10 a sample result for ν = 0.4 and kL1 = 0.2. We display, based on a tree-level
analysis, the 95% CL lower bound on the mass of the first gauge KK mode as a function of cQ for
all six scenarios, and also the result of the fit when all fermions are localized on the UV brane as
considered in [119] (horizontal line denoted by ST in the plot).
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Figure 2.10: Tree-level 95% CL lower bound on the mass of the first gauge KK mode as a function
of the localization of the LH top/bottom multiplet (cQ) for the six scenarios discussed in the text.
We fix ν = 0.4 and kL1 = 0.2. The lines end at the value of cQ beyond which the top mass cannot
be generated. For comparison we also show the result of the fit if the effects of third generation
quarks are neglected (horizontal “ST” line). The maximal delocalization is obtained for c ≈ 0.93
(see Fig. 2.4).

It is clear that the bound is very sensitive to the value of the localization of the LH top/bottom
doublet as expected for a non-custodial model. The correction is smaller for a larger cQ (the LH
top/bottom further from the IR brane). The non-trivial result we find is that the top mass (just
barely) allows cQ to be large enough to make the corrections to the ZbLb̄L coupling negligible
(the lines in the figure end at the point of cQ beyond which the top mass cannot be generated).
Unfortunately, loop effects change this conclusion, as discussed below. The other property that is
clear from the plot is that exact anarchy (scenarios 1a and 2a) is extremely constrained by EWPT.
The reason is that the Yukawa couplings in the bottom sector are very large and the mixing with
the bottom KK modes induces very large corrections to the ZbLb̄L coupling. However, we see that
a suppression in the 5D bottom Yukawa by a factor of 5 is already enough to get the bound on
the scale of NP reasonably low. We have also checked that the t̄Rγ

µbRW
+
µ coupling is in these

cases typically . 10−4 (in units of g/
√

2) and should therefore cause no trouble with b → sγ
constraints [161].

As mentioned previously, the one-loop contributions to T , S and δgbL are finite (while at two-
loop order, they are logarithmically divergent). We have computed these one-loop effects using
the methods described in [151], and show a numerical example in Fig. 2.11. Here we have taken
a gravitational background with ν = 0.4 and kL1 = 0.2, and we have assumed scenario 2c defined
above. Recall that scenarios 2 are such that the 5D Yukawa coupling is the minimal one that
still allows to reproduce the top quark mass, for given cQ. In this sense, these scenarios minimize
the size of these one-loop effects, which are controlled by this coupling. We see in the figure that
the one-loop contribution to the T parameter can be significant, and imposes an upper bound
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Figure 2.11: One-loop contribution to T , S and δgbL , as a function of cQ, in scenario 2c (see text).
We take ν = 0.4 and kL1 = 0.2.

on cQ that is stronger than the one coming from the top mass itself. By contrast, the one-loop
contributions to S and δgbL are relatively small (in the figure we show 20×S and 103×δgbL). This
constraint is in tension with the one due to the (tree-level) modification of the ZbLb̄L coupling. We
show in the left panel of Fig. 2.12 the resulting lower bound on the KK gluon mass corresponding
to scenario 2c. The thick solid (blue) line corresponds to the fit procedure used at tree-level,
i.e. evaluating ∆χ2 = 3.84 with a Higgs mass that minimizes the total χ2. However, we also show
the bounds on the KK scale assuming other fixed values of the Higgs mass (as would be appropriate
if a Higgs of such a mass was actually discovered). We see from the thick solid blue curve that
–marginalizing over mh– a lower 95% CL bound of MKK ≈ 2.3 TeV is found for cQ ≈ 0.88. We
note that for this cQ one has χ2

min/dof = 25.6/24 at (mh,MKK) = (114 GeV, 4.3 TeV), which
gives a goodness-of-fit with 37% likelihood. This results mainly from a compromise between the
(tree-level) δgbL and the one-loop contribution to T . However, the black dot-dashed line shows that
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Figure 2.12: Left panel: 95% CL lower bound on the mass of the first gauge KK mode as a function
of the localization of the LH top/bottom multiplet (cQ) in scenario 2c, including one-loop effects.
The different lines correspond to different values of mh, with the one marked as “mh at χ2

min”
corresponding to marginalization over mh. The curves are terminated where the goodness-of-fit
gives a 5% likelihood. Right panel: comparison of the tree-level oblique, full tree-level, and tree-
level plus one-loop bounds on MKK, assuming marginalization over mh. In all cases, we fix ν = 0.4
and kL1 = 0.2.
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for a heavier Higgs, with fixed mh = 500 GeV, a KK gluon as light as 1.5 TeV (1.4 TeV) would be
possible, which corresponds to the 95% CL contour about a best fit point with χ2

min/dof = 34/25
(χ2

min/dof = 37.6/25) leading to a 10% (5%) likelihood. Thus, it may be possible to have warped
models with KK gluons around 1.5 TeV that fit the EW data reasonably well. As a summary plot
that highlights the impact of the various contributions to the EW observables discussed above, we
show in the right panel of Fig. 2.12 the bounds on the KK gluon mass, as a function of cQ, for the
EWPT fits at a) tree-level in the oblique approximation [thin solid black line], b) full tree-level
[dotted brown line] and c) tree level plus one-loop [thick solid blue line]. In all cases we marginalize
over mh, although as just pointed out this may lead to an overly pessimistic conclusion in regards
to how low MKK could actually be. At any rate, it is clear from this figure that both the corrections
to the ZbLb̄L coupling and the one-loop effects play an important role in determining the allowed
MKK.

We also point out that the models consistent with the EWPT up to one-loop order, which
have a relatively low MKK, always have KK fermion Yukawa couplings that are perturbative. For
instance, at the minimum of the solid thick blue curve in Fig. 2.12, with MKK ≈ 2.3 TeV, the

4D Yukawa couplings of the form h Q̄
(n)
L t

(n)
R are all O(1), while the off-diagonal ones (i.e. coupling

different KK levels) are much less than one (becoming smaller the further apart the masses of
the two KK modes).8 This is a result of the suppression in overlap integrals associated with
the non-trivial profile of the Higgs field, much as in the KK gauge/Higgs couplings illustrated in
Fig. 2.8. Thus, higher order (divergent) effects involving additional powers of Yukawa couplings
are expected to be suppressed. The most important effects that remain are associated with QCD
higher-order corrections, as mentioned when we analyzed the calculability. Thus, the above results
should be taken as an illustration of how light the KK resonances can reasonably be, as far as the
EW precision constraints are concerned.
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Figure 2.13: Mass of the first fermion KK mode for a [++] field in units of k̃eff as a function of its
localization parameter (with respect to the mostly delocalized value) for values of ν = 0.3, 0.4, 0.5,
0.6, 0.7 (top to bottom, left panel) and kL1 = 0.2, 0.3, 0.4, 0.5, 0.6 (bottom to top, right panel).

These results have important implications for collider searches. First, the absence of custodial
symmetry implies a quite minimal spectrum of massive modes. In particular, very light fermions [7,
8, 113,131,162], natural in custodial models are not expected in the model under study. We show
in Fig. 2.13 the mass of the first fermion KK mode of a [++] field as a function of the localization
parameter c for different values of ν and kL1. These figures, together with Fig. 2.3 show that, in

8By contrast, scenarios 1 have diagonal 4D Yukawa couplings for the KK fermions of order 3 − 4, and always
lead to a very large one-loop contribution to T , unless MKK is above O(10 TeV). In such cases, higher-order
contributions associated with the Yukawa interactions may not be suppressed, and can have a large impact on the
EW analysis. Nevertheless, barring tuned cancellation between these and the UV contributions, one expects that
the KK resonances will be out of the LHC reach in such scenarios.
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some cases, the first KK gluon can decay into a top (or bottom) and a heavy fermion. Second,
masses lighter than previously considered in models with WED (with semi-anarchic Yukawas) may
be allowed by EWPT. This result is very sensitive to the localization of the third generation quarks
which determine the coupling of the top and bottom quarks to the gauge KK modes, as well as the
KK fermion Yukawa couplings. We show in Fig. 2.14 the couplings of the different quarks to the
first KK gluon in units of g0 = g5/

√
y1 for scenarios 2, with ν = 0.4 and kL1 = 0.2. We see that

the largest is the coupling to tRt̄R, followed by QLQ̄L and then to light quark pairs. Thus, the KK
gluon decays dominantly into RH top pairs (or, perhaps, a channel involving one KK fermion and
the associated zero-mode), bearing some resemblance to the scenario of Ref. [163]. However, the
reduced couplings to the light quarks can make the discovery more challenging, for a given MKK.
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Figure 2.14: Couplings to the first gauge KK mode (in units of g0 = g5/
√
y1) of the third

generation LH quarks QL, RH top tR, RH bottom bR, and light quarks q, as a function of cQ,
for scenario 2 (sub-scenarios a, b and c give similar results for the couplings). We fix ν = 0.4 and
kL1 = 0.2. The localization parameters cT , cB and the top and bottom masses have been fixed as
described in the text. The bR and q couplings are almost identical.

2.2.4 Phenomenological Implications

In what follows we will present the main collider implications of some selected points in parameter
space. As we have seen in the previous section, the EW fit prefers models of type 2, which always
have the KK gluons relatively strongly coupled to tR (see Figs. 2.12 and 2.14). Thus, the tt̄ decay
channel for the KK gluon is always dominant. To illustrate the expected signal at the LHC, we
consider two models, as suggested by the analysis in the previous section.

The first one corresponds to scenario 2c with ν = 0.4, kL1 = 0.2 and cQ = 0.88. With
mh = 114 GeV, we find a χ2/dof = 25.6/24, giving a likelihood of 37%. This fit is only slightly
worse than the SM one: the total χ2 is slightly reduced, but there is one additional degree of
freedom, corresponding to k̃eff . The KK gluon mass is

MKK ≈ 2.3 TeV (95% CL) . (2.145)

We also find that the first KK resonance of the third generation quark SU(2)L doublet has a
mass MQ ≈ 2.1 TeV, while the first KK resonance of the bottom SU(2)L singlet has a mass

MB ≈ 1.85 TeV. Both are sufficiently light for the decays G(1) → Q
(0)
L Q̄

(1)
L and G(1) → b

(0)
R B̄

(1)
R
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to be open. The corresponding couplings to fermion pairs are

gQL ≈ 1.95gs , gtR ≈ 4.63gs , gbR ≈ 0.02gs , gq ≈ −0.13gs , (2.146)

g
qL,Q

(1)
L

≈ 3.85gs , g
bR,B

(1)
R

≈ 1.15gs , (2.147)

where we omitted the superscripts for the zero modes, and the first line refers to SM fermion
pairs. The first KK resonance of the top SU(2)L singlet is heavier than the KK gluon, so that this
channel is kinematically closed. However, the first KK resonances of all the remaining SM fermions
are lighter than the KK gluon, and are therefore open as decays of the form G(1) → q(0)q(1).
Nevertheless, the relevant couplings are all significantly smaller than gs, so that these are somewhat
rare decays that, in spite of the multiplicity, do not change appreciably the width of the KK gluon.
With the above couplings, we find that ΓG(1) ≈ 710 GeV, and that the KK gluon has the following
branching fractions:

BR(G(1) → tt̄) ≈ 0.81 , BR(G(1) → bb̄) ≈ 0.12 , BR(G(1) → qq̄) ≈ 0.005 , (2.148)

BR(G(1) → t
(1)
L t) ≈ 0.02 , BR(G(1) → b

(1)
L b) ≈ 0.04 , BR(G(1) → b

(1)
R b) ≈ 0.01 , (2.149)

where in the last line both conjugate processes (e.g. G(1) → t
(1)
L t̄ and G(1) → t̄

(1)
L t) are understood.

The total G(1) production cross section is ∼ 21 fb (∼ 160 fb) at a center of mass energy of 7 TeV
(14 TeV).

The second model has instead cQ = 0.906 which, with mh = 500 GeV, leads to χ2/dof = 34/25,
giving a likelihood of 10% (still reasonably large). The KK gluon mass is now

MKK ≈ 1.5 TeV (95% CL) , (2.150)

while the first KK resonance of the third generation quark SU(2)L doublet has a mass MQ ≈
1.3 TeV, and the first KK resonance of the bottom SU(2)L singlet has a mass MB ≈ 1.2 TeV. The
corresponding couplings to fermion pairs are

gQL ≈ 1.17 , gtR ≈ 4.62 , gbR ≈ −0.03gs , gq ≈ −0.13gs , (2.151)

g
qL,Q

(1)
L

≈ 3.16gs , g
bR,B

(1)
R

≈ 1.15gs . (2.152)

Now we have ΓG(1) ≈ 390 GeV and the following branching fractions:

BR(G(1) → tt̄) = 0.83 , BR(G(1) → bb̄) = 0.05 , BR(G(1) → qq̄) = 0.005 , (2.153)

BR(G(1) → t
(1)
L t) ≈ 0.03 , BR(G(1) → b

(1)
L b) ≈ 0.06 , BR(G(1) → b

(1)
R b) ≈ 0.02 . (2.154)

The total G(1) production cross section is ∼ 0.2 pb (∼ 1.3 pb) at a center of mass energy of 7 TeV
(14 TeV).

The branching ratios in these models are relatively similar to the benchmark of Ref. [163], but
with lighter masses and reduced couplings to the light quarks. Note, however, that the first model
has a non-negligible branching fraction into bottom pairs, and that there are “exotic” channels
involving a KK fermion with branching ratios at the few percent level (in the case of the third
generation; for the first two generations the corresponding branching ratios are expected to be
much smaller, although the precise values depend on the details of how flavor is implemented).

We have implemented these models in MADGRAPH/MADEVENT v4 [164], using PYTHIA
6 [165] for hadronization and showering and PGS4 [166] for detector simulation. We use the
CTEQ6L1 parton distribution function, with the QCD renormalization and factorization scales
equal to the central m2

T of the event. We show in Fig. 2.15 the expected tt̄ invariant mass distri-
bution at the LHC, at the partonic level. The left (right) panel corresponds to the second (first)
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model above at
√
s = 7 TeV (

√
s = 14 TeV). In both plots we represent the SM prediction with

a red dotted line and the prediction of the model (including the interference with the SM tt̄ con-
tribution) in solid blue. Also, just to guide the eye, we show the contribution assuming only the
KK gluon exchange as a purple dashed line. Although the lightest mass case shows a slight excess
over background, these results suggest that extracting the signal will be challenging.
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Figure 2.15: tt̄ invariant mass distribution in the SM (red dotted), in the model with extra-
dimensional physics (solid blue) and the contribution of just the KK gluon exchange (dashed
purple). The left panel corresponds to a KK gluon with MKK ≈ 1.5 TeV and the couplings
of Eqs. (2.151)-(2.152). The right panel corresponds to MKK ≈ 2.3 TeV and the couplings of
Eqs. (2.146)-(2.147).

2.3 Gauge-Higgs Unification Models

As it was mentioned in the previous chapter, the main problem of how EWSB is realized in the
SM is that a fundamental scalar develops a quadratic sensitive to any UV energy threshold. In
other words, it is unnatural for a scalar to be much lighter than any other scale of the theory. In
principle, one could naively argue that this is not a problem in the SM, since it is a renormalizable
theory without any mass scale above the top mass. However, at some point, we should take into
account gravity, which becomes strongly coupled at the Plank scale MPl. Moreover, even without
resorting to gravity, we know that triviality and stability bounds [167] put, for almost every value
of the Higgs mass, a UV cut-off above which EWSB becomes meaningless.

One way to alleviate this problem is finding a symmetry protecting the Higgs mass. This is
the case, for instance, of GHU models, where the Higgs doublet is identified with the massless
KK mode of the scalar component of some 5D gauge fields, Aâ5(x, z), â = 1, 2, 3, 4. The 5D gauge
symmetry prevents the Higgs to acquire a mass at the tree level, with one-loop corrections being
finite and UV insensitive as they involve non-local contributions proportional to the interbrane
distance [168]. Let us study in more detail the precise mechanism of EWSB in these models and
the changes with respect to usual WED models.

Let us assume a WED compactified on an interval I, with the following AdS5 metric,

ds2 =

(
R

z

)2 (
dxµdxνηµν − dz2

)
, (2.155)

where R ≤ z ≤ R′ is the coordinate of the extra dimension, with R and R′ the positions of the
UV and IR branes, respectively. The bulk gauge group G is broken by the following boundary
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conditions to the subgroups H0 and H1 on the UV and IR brane, respectively,

Aaµ(+,+), T a ∈ Alg{H}, (2.156)

Aāµ(+,−), T ā ∈ Alg{H0/H}, (2.157)

Aȧµ(−,+), T ȧ ∈ Alg{H1/H}, (2.158)

Aâµ(−,−), T â ∈ Alg{G/(H0 ∪H1)}, (2.159)

where H = H0 ∩H1, and + (−) denotes a Neumann (Dirichlet) boundary condition for the vector
part of the 5D gauge boson, with A5 having the opposite boundary conditions9 [134].

Figure 2.16: Left: Bulk gauge symmetry breaking on the different branes. Right: Boundary
conditions for the vector component of the corresponding 5D gauge bosons.

According to this pattern of gauge symmetry breaking, the scalar component of the bulk gauge
bosons corresponding to the generators T â ∈ Alg{G/(H0 ∪H1)} satisfy Neumann boundary con-
ditions, which allows the presence of a massless KK mode. If dim(G/(H0 ∪H1)) = 4, we can, in
principle, identify these zero modes with the Higgs doublet. In the unitary gauge, all the massive

KK modes for the scalar components are gauged away, remaining just these zero modes A
(0)â
5 (x)

with profiles f â0 (z) satisfying

∂za(z)f â0 (z) =
κ

z
, ∂za(z)f â0 (z)

∣∣
z=R,R′

= 0, (2.160)

or, equivalently,

∂z

(
f â0 (z)

z

)
= 0. (2.161)

The solution is

f â0 (z) =
z

N â
=

√
2/R

1− (R/R′)
2

z

R′
∼=
√

2

R

z

R′
, (2.162)

where N â is obtained normalizing canonically the Higgs kinetic terms,[∫ R′

R

dz

(
R

z

)( z

N â

)2
]

1

2
∂µA

â
5(x)∂µAâ5(x) =

1

2
∂µA

â
5(x)∂µAâ5(x). (2.163)

9We will work in the unitary gauge, where this corresponds to the limits v1,2 → 0 and ∞, respectively.
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As we have just seen, the Higgs doublet is a bulk field with profile f â0 (z) = z/N â. Nevertheless,
in GHU models, we can perform a field redefinition, identical to a gauge transformation saving one
brane, that locally removes the Higgs from the action except for this brane. In the new basis, the
Higgs does not appear in the bulk action but only in a boundary condition, which can be easily
implemented. We can therefore compute non-linear effects of the Higgs due to its Goldstone boson
nature. For the sake of concreteness, let us consider the local transformation which removes the
Higgs except at the IR brane,

ρ(z, v) = exp

[
−ig5vT

â0

∫ z

R

ds
s

N â0

]
, (2.164)

where â0 is fixed to the Alg{G/(H0 ∪ H1)} component acquiring the Higgs vev and g5 is the
corresponding 5D gauge coupling. This transformation relates the solutions of the bulk gauge
equations in the absence of Higgs vev, fan(z, 0), with the ones arising in his presence [137],

fαn (z, v)Tα = ρ−1(z, v)fαn (z, 0)Tαρ(z, v), α = a, ā, ȧ, â, (2.165)

where

Aαµ(x, z) =
∑
n

fαn (z, v)A(n)α
µ (x), (2.166)

and [
a(z)m2

n + ∂za(z)∂z
]
fαn (z, 0) = 0. (2.167)

The UV boundary conditions are the same for fαn (z, v) and fαn (z, 0), since ρ(R, v) = 1, but they
differ on the IR brane, where ρ(R′, v) mixes different gauge profiles fαn (z, 0). Analogously, fermions
will be transformed according with

f
(n)k
L,R (z, v) = AρA−1f

(n)k
L,R (z, 0), (2.168)

where A is a matrix taking into account possible changes of basis arising from different choices for

f
(n)k
L,R and Tα and

PL,Rζk(x, z) =
∑
n

f
(n)k
L,R (z, v)ζ

(n)
k (x), (2.169)

with [
O−ckOck +m2

n

]
f

(n)k
L (z, 0) = 0, (2.170)[

OckO−ck +m2
n

]
f

(n)k
R (z, 0) = 0. (2.171)

In the same way, boundary conditions on the IR brane will mix different fermion profiles f
(n)k
L,R (z, 0)

(of both chiralities) through ρ(R′, v), with UV boundary conditions remaining the same.
Thanks to the 5D gauge symmetry, which forbids any possible tree-level potential for Aâ5(x, z),

there is no tree-level mass for the Higgs doublet. Therefore, the Higgs mass arises radiatively at
one loop from diagrams like Fig. 2.17 and, since it involves non-local contributions from one brane
to the other, the result is finite and cut-off insensitive [133].

We can understand better this behavior using the AdS5/CFT correspondence, which leads in
this case to composite Higgs models [134,135,170]. In the dual picture of general AdS5 models, a
bulk gauge group G corresponds to a global symmetry group in a CFT. The breaking of this bulk
gauge group by boundary conditions on the IR brane is described in the CFT as the SSB G→ H1
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�
ζk

ζk

A
(0)â
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Figure 2.17: Fermion contribution to the one-loop Higgs mass in GHU models.

by strong dynamics, at the scale Λ ∼ R′−1 ∼ TeV. On the other hand, the symmetry breaking
G → H0 on the UV brane is understood in the dual picture as the result of weakly gauging the
subgroup H0 at the Planck scale through the interaction with an elementary sector invariant under
H0, which explicitly breaks the global symmetry G,

L = LCFT −
1

4
FαµνF

µνα +AαµJ
µα + ϕ · Oϕ, α = a, ā, (2.172)

where ϕ represents any elementary field coupled to the CFT theory and coming in a representation
of H0; the dual transcription of any bulk field with [+] boundary condition on the UV brane.

Figure 2.18: Schematic representation of the CFT interpretation of GHU models.

In principle, the SSB of G to the subgroup H1 delivers dim(G/H1) NGB, πâ, πā. However,
those corresponding to quotient group H0/H, πā, are eaten by the external elementary gauge
bosons Aāµ weakly coupled to the CFT. The remaining are pseudo NGB, which are massless at
tree-level but acquire mass at one-loop through the interaction with the elementary sector, see Fig.
2.19, leading to

m2
π = m2

h ∼
g2

el

16π2
Λ2, (2.173)

where gel � 16π2. Therefore, analogously to what happens with pions in QCD, we can explain
in this way the small hierarchy existing between the Higgs mass and the compositeness scale
Λ ∼ O(1) TeV.

�
πâ πâ

ϕ

�
πâ πâ

Aaµ, A
ā
µ

Figure 2.19: One-loop diagrams giving mass to the pseudo NGB πâ in the CFT.
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2.4 Higgsless Models

As we have discussed, bulk gauge symmetries can be broken by boundary conditions in models
with extra dimensions. We have also learned that it is possible to give masses to the different
fermions through boundary mass terms modifying the original boundary conditions, with no need
for a finite Higgs vev. Therefore, in the framework of models with extra dimensions, we could
think of implementing EWSB in the same way, avoiding the introduction of a bulk or a boundary
Higgs. The only two questions are whether such a model can replace the SM Higgs contribution
to EWPT and to longitudinal gauge boson scattering. As we will see in a while, this is in fact
possible up to some cut-off scale Λ . few TeV, where a more fundamental theory should complete
the model.

Let us consider the elastic scattering of two equal KK modes A
(n)
µ (x), whose tree-level diagrams

are shown in Fig. 2.20.
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Figure 2.20: Tree-level diagrams contributing to the elastic scattering A
(n)a
µ +A

(n)b
µ → A

(n)c
µ +A

(n)d
µ .

If we call E the incoming energy in the center of mass frame and mn the mass of n’th KK
gauge mode (supposing that all the external KK modes in the process satisfy the same boundary
conditions and, therefore, mn,α = mn, with α = a, b, c, d, being the the gauge index), the elastic
scattering amplitude can be written as follows [124]

A = A(4)

(
E

mn

)4

+A(2)

(
E

mn

)2

+A(0) +O(
m2
n

E2
), (2.174)

where the incoming and outgoing momentum vectors are

pµ = (E, 0, 0,±
√
E2 −m2

n), and p′µ = (E,±
√
E2 −m2

nsθ, 0,±
√
E2 −m2

ncθ), (2.175)

respectively, and we have defined sθ = sin θ and cθ = cos θ, with θ the scattering angle. The
coefficients A(4) and A(2) read

A(4) = i

((
gabcdnnnn

)2 −∑
k

(
gabennk

)2)(
fabef cde

(
3 + 6cθ − c2θ

)
+ 2

(
3− c2θ

)
facef bde

)
, (2.176)

A(2) =
i

m2
n

facef bde

(
4
(
gabcdnnnn

)2
m2
n − 3

∑
k

(
gabennk

)2
m2
k,e

)
− i

2m2
n

fabef cde

(
4
(
gabcdnnnn

)2
m2
n

−3
∑
k

(
gabennk

)2
m2
k,e +

(
12
(
gabcdnnnn

)2
m2
n +

∑
k

(
gabennk

)2
(3m2

k,e − 16m2
n)

)
cθ

)
, (2.177)

where we have used the cubic and quartic gauge couplings,

gabcnmk = g5

∫ R′

R

dz a(z)fan(z)f bm(z)f ck(z), (2.178)

(
gabcdnmkl

)2
= g2

5

∫ R′

R

dz a(z)fan(z)f bm(z)f ck(z)fdl (z), (2.179)
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with g5 the 5D gauge coupling. As mentioned before, in the above expressions we are assuming
that all the incoming and outgoing gauge bosons satisfy the same boundary conditions, which
means in particular that the n index is blind to the gauge one. The equation of motion for an
arbitrary KK mode reads

[a(z)mk,α +O(z)] fαk (z) = 0, O(z) = ∂za(z)∂z. (2.180)

If the boundary conditions are such that the operator O(z) is hermitian, i.e, (f,O(z)g) =
(O(z)f, g), for f and g solving the gauge bulk equation of motion and

(f, g) =

∫ R′

R

dz f∗(z)g(z), (2.181)

the different eigenvectors satisfy orthonormality,∫ R′

R

dz a(z)fαk (z)fαl (z) = δkl, (2.182)

and completeness relations, ∑
k

a(z)fαk (z)fαk (z′) = δ(z − z′), (2.183)

respectively. In particular, this last condition implies that(
gabcdnnnn

)2
=
∑
k

(
gabennk

)2
, (2.184)

and therefore A(4) = 0.
Let us check that this is indeed the case. Integrating by parts twice, we obtain

(f,O(z)g) =

∫ R′

R

dz f∗(z)∂za(z)∂zg(z) = a(z)f∗(z)∂zg(z)]
R′

R −
∫ R′

R

dza(z)∂zf
∗(z)∂zg(z)

= a(z) (f∗(z)∂zg(z)− ∂zf∗(z)g(z))]
R′

R + (O(z)f, g) = (O(z)f, g), (2.185)

where, in the last step, we have used that the boundary term vanishes for f(z) and g(z) satisfying
boundary conditions (2.58) and (2.59). In particular, if [a(z)mk,α+O(z)]fαk (z) = 0 and [a(z)ml,α+
O(z)]fαl (z) = 0, then

(fαk ,O(z)fαl ) = −ml,α

∫ R′

R

dz a(z)fα∗k (z)fαl (z),

(O(z)fαk , f
α
l ) = −mk,α

∫ R′

R

dz a(z)fα∗k (z)fαl (z). (2.186)

Thus, the hermiticity of O(z) leads to

(mk,α −ml,α)

∫ R′

R

dz a(z)fα∗k (z)fαl (z) = 0 =⇒
∫ R′

R

dz a(z)fα∗k (z)fαl (z) = 0, ∀k 6= l. (2.187)

In general, as fαk (z) can be taken real, we can forget about the complex conjugate, obtaining the
usual orthonormality relation ∫ R′

R

dz a(z)fαk (z)fαl (z) = δkl. (2.188)
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Finally, the orthonormality of eigenvectors will give the completeness relations leading to Eq.
(2.184). This very equation allows us also to simplify the expression for A(2),

A(2) =
i

m2
n

(
4
(
gabcdnnnn

)2
m2
n − 3

∑
k

(
gabennk

)2
m2
k,e

)(
facef bde − s2

θ/2f
abef cde

)
. (2.189)

It can be shown [124] that

4
(
gabcdnnnn

)2
m2
n − 3

∑
k

(
gabennk

)2
m2
k,e = 0, (2.190)

up to some boundary terms, which are also zero in the cases of Neumann or Dirichlet boundary
conditions, i.e., v1,2 → 0 or ∞.

We have just seen that, thanks to the 5D gauge invariance, the contributions coming from terms
growing with the energy in the elastic scattering amplitude cancel out, with no need of an extra
scalar field. Nevertheless, that does not mean that the unitarity problem is automatically solved.
In principle, A(0) could be too big and spoil unitarity. This happens if R′−1, which fixes the scale
of the first KK modes, is too heavy and the contributions of the massive excitations regulating the
elastic scattering arrive too late, when unitarity is already broken. As R and R′ are related by the
W mass, see Fig. 2.21-left, the mass of the first KK resonances can also be described in terms of
the extra-dimensional curvature R. Looking at the right panel of the same figure we realize that,
for R ∼ M−1

Pl , the first KK gauge excitations appear around 1.2 TeV, falling below the TeV for
larger values of R. Even at ∼ 1.2 TeV, the four-point vertices obtained after integrating out these
states are enough to cancel the E4 terms in the elastic scattering of longitudinal gauge bosons [125].
These same resonances also unitarize the E2 contributions which otherwise would explode around
1.8 TeV.
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Figure 2.21: Left: In dashed green, contour plot for values of R and R′ reproducing the observed

W mass, in the Higgsless model introduced in [125]. Right: In the same model, M
(2)
W mass in

function of R, once M
(1)
W is matched to MW = 80.399 GeV by choosing the proper R value.

Other issue is related with the increasing number of KK modes in the model when the energy
grows. This concerns the inelastic scattering amplitude, as we will find more and more possible
final states as we increase the energy. Taking into account both effects [169], we get a cut-off scale
Λ above which the theory is not longer valid. It can be shown that it is roughly given10 by the

10Up to a numerical factor ∼ 1/4 according to Ref. [128].
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naive dimensional analysis (NDA) cut-off [130], where perturbativity breaks down,

ΛNDA ∼
24π3

g2
5

R

R′
∼ 12π4

g2

M
(1)2
W

M
(2)
W

. (2.191)

In the above equation, M
(1)
W is the mass of the first KK charged gauge boson, which will be

matched to the observed W mass MW = 80.399 GeV [44], while M
(2)
W corresponds to the next KK

excitation. According to this same equation, the smaller the mass M
(2)
W , the higher the cut-off

scale ΛNDA will be. Therefore, we can rise enough this scale by increasing R by several orders of
magnitude. In principle, this will worsen the oblique corrections putting a bound on how much R
can be augmented. However, values of R as large as 10−4 TeV−1 are allowed, leading to resonances
with masses of approximately 600 GeV [129].

In the next chapter we will introduce in more detail a realistic Higgsless model in WED and
study the constraints coming from EWPT. We will see that it is possible to fulfill all of them in a
custodial setup providing resonances below the TeV level.



3
Collider Implications of Top

Compositeness

One of the primary goals of the LHC is the study of the precise mechanism of EWSB. Due to
its large mass value, one could expect the top quark to play a major role in the understanding of
this mechanism and to be somehow a bridge to any NP addressing the hierarchy problem. This
is the case for instance in WED models, where the top quark is pushed towards the IR brane
(where either the Higgs boson or the brane mass term giving mass to fermions in Higgsless models
are localized), in order to reproduce its large mass. Since the KK excitations of gauge bosons and
fermions are also localized towards the IR brane, its couplings with the top quark pair are naturally
large. In the dual interpretation of AdS5, that means that the top quark is partially composite,
with sizable couplings with the CFT bound states. Thus, the top quark sector is an excellent
place to look for NP. There are already hints of an anomaly in the tt̄ forward-backward asymmetry
Att̄ at the Tevatron [171–174], which seems to point in this direction. However, other observables
related to this measure as the total tt̄ cross section or its invariant mass distribution are in very
good agreement with the SM prediction, making an explanation of the anomaly in terms of NP
challenging. There are also stringent constraints coming from dijet searches for new resonances or
like-sign top pair production. Nevertheless, as we will prove in this chapter [2–4], light axigluons
with large couplings to the quark sector and some of the extra vector-like quarks can still explain
the observed asymmetry with no conflict with other Tevatron and LHC data. Interestingly enough,
Higgsless models with WED naturally realize this scenario, providing all the necessary ingredients
with no additional requirements. These vector-like excitations will be single produced with a SM
quark, leading to different signatures according to their subsequent decays. In principle, they could
decay into a EW gauge boson (W or Z) and a SM quark or produce the Higgs boson in addition to
a SM fermion (if the Higgs exists). The decays into EW gauge bosons are always present and are
a very promising discovery channel, leading to a quite interesting collider phenomenology. They
are also rather model independent, unlike the Higgs case where, despite the recent LHC hints for
its mass, we have by far more freedom and several different models can accommodate it. Thus,
we will study in detail the collider signatures of a benchmark model in the first case, where the
decays into the Higgs boson are absent. Nevertheless, in view of the recent Higgs effort the LHC
community is going through and the very interesting collider signatures produced by Higgs decays,
it is worth studying in some detail its collider searches for a particular class of models [5,6]. First
of all, we will start by introducing the mentioned tt̄ forward-backward asymmetry Att̄, as measured

71
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by CDF and D∅, as well as the predicted SM value.

3.1 The tt̄ Forward-Backward Asymmetry

The forward-backward asymmetry in top pair production is defined, in the tt̄ rest frame, as follows

Att̄ =
N(ytt̄t > 0)−N(ytt̄t < 0)

N(ytt̄t > 0)−N(ytt̄t < 0)
, ytt̄t =

1

2
ln
Et + pzt
Et − pzt

, (3.1)

where ytt̄t is the top quark rapidity in the tt̄ rest frame. Both experiments, CDF and D∅, use the
lepton+jets topology, see Fig. 3.1, where one top quark decays leptonically (t → lνb) while the
other does it hadronically (t→ qq̄′b).
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Figure 3.1: Lepton + jets topology used by CDF and D∅ to define the tt̄ forward-backward
asymmetry Att̄.

In the SM, such asymmetry arises at next to leading order (NLO) through the interference
of the diagrams shown in Fig. 3.2. The interference of the tree-level and one-loop box diagrams
shown above gives a positive contribution to Att̄ while the interference of lower initial and final
state radiation diagrams gives a contribution of the opposite sign.
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Figure 3.2: Above: Interference of the tree-level and one-loop box diagrams for qq̄ → tt̄. Below:
Interference of initial and final state radiation diagrams in qq̄ → tt̄j.

The partonic prediction for the SM asymmetry at NLO computed by the event generator
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POWHEG [176], reads in the tt̄ rest frame [174]

Att̄SM = 0.066± 0.020, (3.2)

which shows a ∼ 2σ difference with the unfolded value obtained by CDF [174] using 8.7 fb−1 of pp̄
collisions at

√
s = 1.96 TeV,

Att̄ = 0.162± 0.047. (3.3)

These results are consistent with those measured at D∅, although the deviation observed in the
latter is slightly smaller. In principle, in view of these numbers, it might seem that there is not a
significance deviation from the SM prediction. However, CDF found a mass dependence on this
asymmetry with larger deviations for higher invariant masses, as preferred by NP. Their results
are shown in Table 3.1, where a ∼ 3σ difference can be observed for Mtt̄ ≥ 450 GeV. We can also
see in Fig. 3.3, the invariance mass dependence plot for the CDF unfolded data and the SM NLO
tt̄ MC prediction.

Att̄(Mtt̄ < 450 GeV) Att̄(Mtt̄ ≥ 450 GeV)

data 0.078± 0.054 0.296± 0.067
SM@NLO 0.047 0.100

Table 3.1: CDF results [174] for the Att̄ forward-backward asymmetry for both the SM@NLO
prediction and the unfolded data, for different regions of the tt̄ invariant mass Mtt̄.
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Figure 3.3: Invariant mass dependence of the Att̄ forward-backward asymmetry for the SM@NLO
tt̄ and the CDF unfolded data for an integrated luminosity of 8.7 fb−1, in the tt̄ rest frame. Figure
extracted from [174].

Unfortunately, as mentioned before, this deviation from the SM is not backed by other related
observables, like the total tt̄ cross section or the invariant mass distribution for top quark pairs
or dijets. Nevertheless, as we will show later, there is still room for NP to explain the observed
value for the forward-backward asymmetry. First of all, the large value measured at the Tevatron
suggests that any NP behind it should be light. Moreover, as it must affect tt̄ production while
still being in agreement with its total cross section and invariant mass distribution, this NP should
have axial couplings to either the top or the light quarks. In the case of a new massive gluon,
the tree-level contribution to the forward-backward asymmetry is proportional to −gqAgtA (with gqA
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and gtA the axial components of the gauge couplings to the light quarks and the top, respectively),
implying opposite-sign axial components of these gauge couplings to reproduce the positive value of
the asymmetry. Finally, the large value observed for the asymmetry and the stringent constraints
on contact interactions coming form dijet searches will naturally lead to small axial couplings to
the light quarks and sizable couplings to one of the two top quiralities. We will show that all
these ingredients, which can produce a large asymmetry while being consistent with other related
observables, are naturally produced in the case of realistic Higgsless models.

3.2 A Realistic Higgsless Model

Let us consider a realistic Higgsless Model with flavor protection [131, 132]. As usual, the 4D
Minkowski spacetime M4 is embedded in an slice of AdS5, with metric given by Eq. (2.2). The
bulk gauge symmetry is SU(3)C ⊗ SU(2)L ⊗ SU(2)R ⊗U(1)X , broken by boundary conditions to
SU(3)C ⊗ SU(2)L ⊗ U(1)Y on the UV brane and SU(3)C ⊗ SU(2)D ⊗ U(1)X on the IR.

If we denote by GλM , A
La
M , ARaM and BM the gauge bosons corresponding to SU(3)C , SU(2)L,

SU(2)R and U(1)X , respectively, with λ = 1, 2, . . . 8, and a = 1, 2, 3, gauge indices, this breaking
can be implemented, in the unitary gauge, with the following boundary conditions

∂zG
λ
µ = ∂zA

La
µ = AR1,2

µ = 0, ∂z(g5RB
La
µ + g̃5A

R3
µ ) = 0, g̃5Bµ − g5RA

R3
µ = 0, at z = R , (3.4)

∂zG
λ
µ = ∂z(g5LA

La
µ + g5RA

Ra
µ ) = 0, g5LA

La
µ − g5RA

Ra
µ = 0, ∂zBµ = 0, at z = R′, (3.5)

where g5L, g5R and g̃5 are the 5D gauge couplings corresponding to SU(2)L, SU(2)R and U(1)X ,
respectively. Taking this into account, the KK expansion for the gauge bosons reads

Gλµ(x, z) =
1√
L
gλµ(x) +

∞∑
k=1

ψ
(G)
k (z)G(k)λ

µ (x), (3.6)

Bµ(x, z) =
1

g̃5
a0Aµ(x) +

∞∑
k=1

ψ
(B)
k (z)Z(k)

µ (x), (3.7)

AL3
µ (x, z) =

1

g5L
a0Aµ(x) +

∞∑
k=1

ψ
(L3)
k (z)Z(k)

µ (x), (3.8)

AR3
µ (x, z) =

1

g5R
a0Aµ(x) +

∞∑
k=1

ψ
(R3)
k (z)Z(k)

µ (x), (3.9)

AL±µ (x, z) =

∞∑
k=1

ψ
(L±)
k (z)W (k)±

µ (x), (3.10)

AR±µ (x, z) =
∞∑
k=1

ψ
(R±)
k (z)W (k)±

µ (x), (3.11)

where gλµ(x) are the eight SM gluons, Aµ(x) is the photon and Z
(1)±
µ (x) and W

(1)±
µ (x) are the Z

and W boson, respectively. The 5D profiles of the massless modes gλµ(x) and Aµ(x) are flat, with
constants obtained through canonical normalization of the respective kinetic term,

1

a2
0

=

(
1

g̃5
+

1

g2
5L

+
1

g2
5R

)
L, L = R log

R′

R
. (3.12)

As discussed in the previous chapter, in order to unitarize the elastic scattering of KK gauge
bosons, the first KK level for the different gauge bosons must be below ∼ 1 TeV scale. In particular,

the first massive color octet, G = G
(1)λ
µ , will have mG . 1 TeV. To check EWPT we canonically



3.2 A Realistic Higgsless Model 75

normalize the SM gauge fields and obtain, for a fixed value of R′, the parameters R, g5L = g5R and
g̃5 in terms of the measured values of MW ,MZ and the electromagnetic coupling e(MZ). We take
the PDG’s values [44], MW = 80.399 GeV, MZ = 91.1876 GeV and e(MZ) =

√
4π/128. As the

first KK gluon mass is given roughly by mGR
′ ∼ 2.5 we choose R′ = 2.5/0.850 TeV−1 obtaining

mG = 0.848 TeV.
Regarding fermions, we can consider that just the third quark generation is massive, neglecting

the mass of the first two generations. They will live in (2, 1) multiplets of SU(2)L ⊗ SU(2)R for
the LH components and in (1, 2) for the RH ones (they are all color triplets and have QX = 1

6 ),

Ψk
l =

(
ukl [+,+]
dkl [+,+]

)
, Ψk

r =

(
ukr [−,−]
dkr [−,−]

)
, k = 1, 2. (3.13)

Due to the absence of the brane mass terms required by massive fermions, the 5D profiles for the
different light quarks will be given by the the usual zero modes

f
(0)k
uL,dL

(z) =

√
1− 2cL

R((R′/R)1−2cL − 1)

( z
R

)2−cL
, f

(0)k
uR,dR

(z) =

√
1 + 2cR

R((R′/R)1+2cR − 1)

( z
R

)2+cR
, (3.14)

with k = 1, 2. In the above expressions, we have used that the flavor symmetry forces the local-
ization of the two (2, 1) multiplets to be the same and similarly for the (1, 2) multiplets, meaning
that cΨkl = cL and cΨkr = cR, for k = 1, 2. The couplings to the Z boson are given by, see Fig. 3.4,

gZqLqLγ
µqLZµ = g5LI(L3)

l (cL)qL

(
T 3
L +

g̃5I(B)
l (cL)

g5LI(L3)
l (cL)

Y

)
γµqLZµ, (3.15)

gZqRqRγ
µqRZµ = qR

[
g̃5I(B)

r (cR)Y Zµ +
(
g5LI(R3)

r (cR)− g̃5I(B)
r (cR)

)
T 3
R

]
γµqRZµ, (3.16)

where q = u, d and

IXl (c) =

√
1− 2c

R((R′/R)1−2c − 1)

∫ R′

R

dz

(
R

z

)2c

ψ
(X)
1 (z), IXr (c) = IXl (−c). (3.17)
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Figure 3.4: Left (right): Coupling of LH (RH) light down quarks to the Z boson, in the zero-mode
approximation. In black dashed, the SM value.

Looking at Fig. 3.4 we can realize that, in order to fulfill constraints coming from EWPT,
we need to localize the different chiralities of light generation quarks in opposite branes. As
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the coupling Gqq changes sign when the bulk mass parameter for light quarks pass through the
conformal point (corresponding to cL = 0.5 or cR = −0.5), this will lead to opposite sign couplings
for LH and RH quarks of the first two generations, see Fig. 3.5. In particular, choosing cL = 0.466
and cR = −0.65 we obtain the following shifts for the Zd̄d vertex

δgZdR/g
Z SM
dR ∼ −0.27%, δgZdR/g

Z SM
dR ∼ −0.30%, (3.18)

and similar deviations in the up sector. We consider these values reasonably compatible with EW
precision data.1 For these values of the bulk masses, the couplings to the KK gluon G are the
following

gqR = −0.26g, gqL = 0.19g. (3.19)
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Figure 3.5: Coupling of LH light quarks to the first gluon excitation G, in the zero-mode approxi-
mation.

It is important to notice that the heavy gluon coupling to the light quarks tends to be almost
purely axial and negative. Remarkably enough, this is just due to EWPT, having nothing to do
with top data. However, we have to say that this is not a purely Higgsless behavior, being also
present in the case of a finite Higgs vev, see Fig. 3.6. The special feature of Higgsless models is that,
in order to unitarize the gauge boson elastic scattering, this massive gluon has to be necessarily
light.

The third generation is in an almost custodially protected representation

Ψ3
l =

(
tl[+,+] Xl[−,+]
bl[+,+] Tl[−,+]

)
∼ (2, 2), Ψ3

r =

Xr[+,−]
Tr[+,−]
br[−,−]

 ∼ (1, 3),

tr[−,−] ∼ (1, 1). (3.20)

In this case all multiplets have QX = 2
3 and the left and right columns of the bidoublet correspond

to fields with T 3
R = ∓1/2 while the upper and lower components have T 3

L = ±1/2. The boundary
conditions for the third generation fields are changed on the IR brane due to the presence of the

1It should be noted that higher dimensional operators could give a non-negligible contribution as could in general
be needed to compensate for calculable one loop corrections in these models [177].
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Figure 3.6: Left (right): Coupling of LH (RH) light down quarks to the Z boson, for different values
of the Higgs vev. We have fixed R to the same value used in the realistic Higgsless model and, for
each value of v, chosen R′ and g5L reproducing the W and Z mass. The case v = 10000 TeV can
be identified with the Higgsless limit.

following localized mass terms

−SIR =

∫
dx4

∫ R′

R

dz

(
R

z

)4

δ(z −R′)
{
M3

[
1√
2
ψTr (χtl + χTl) + ψbrχbl + ψXrχXl

]
+

M1√
2
ψtr (χtl − χTl)

}
+ h.c. , (3.21)

where we denote with χΨ (ψ̄Ψ) the LH (RH) component of field Ψ. These localized masses allow us
to give a mass to the third generation of quarks and, as explained in [131], keep ZbLbL corrections
under control. For each value of the bulk mass parameters cΨ3

l
, cΨ3

r
and ctr , we fix M1 and M3 to

reproduce the top and bottom masses, mt = 170 GeV and mb = 4 GeV. We find that the top mass
cannot be generated, for any value of M1 and M3, unless cΨ3

l
. 0.35. Thus, we take cΨ3

l
= 0.35.

Looking at the left side of Fig. 3.7, we can realize that – similarly to what happens in the
usual WED case –, for fixed values of M1 and M3, the more we localize the RH top towards the
IR brane, the bigger is the top quark mass. However, in the Higgsless case, we can also fix the
value of corresponding bulk mass parameter and increase the value of the brane localized masses,
Fig. 3.7-right. We choose cΨ3

r
= −0.677 so that the corrections to the Zb̄b vertex are allowed by

EWPT [178],

δgZbL/g
Z SM
bL ∼ −0.08%, δgZbR/g

Z SM
bR ∼ 2.5%. (3.22)

Besides, the GtRtR coupling is maximized for large values of ctr , saturating for ctr & 1 as we can
see in Fig. 3.8.

To avoid too large values for M1, we choose ctr = 1.6. With these values of the bulk masses
for third generation quarks we obtain the following couplings to the first KK gluon G,

gtL = +1.06g gtR = 3.95g (3.23)

gbL = +1.39g gbR = −0.28g. (3.24)

We can see that, in this model, both components of the top (LH and RH) are localized towards
the IR brane. The localization is stronger for the RH component, resulting in large couplings to
the KK gluon that are neither purely vector or purely axial, but with a positive and sizable axial
component.
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Figure 3.7: Left: Top quark mass dependence on ctr , with M1 giving mt = 170 GeV for ctr = 1.6.
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Figure 3.8: GtRtR coupling in terms of the bulk mass parameter ctr .

These features imply that Higgsless models naturally realize a light axigluon with large cou-
plings to the third generation quarks, in particular with the RH top. The relatively large axial
coupling of the top and light KK gluon mass make it possible to generate a sizable asymmetry
without the need of large axial couplings for the light quarks. It is worth noticing that all these
features are entirely imposed by constraints from EW precision data. Such axigluons have another
unusual feature, namely, they do not decay into massless gluons. This can be easily understood
from the orthogonality of their wave functions: the overlap between an initial massive mode and
the two final (delocalized) gluons adds always to zero. The KK excitations are then far from being
massive replicas of the standard zero mode, as often assumed in collider searches.

The realistic Higgsless model introduced in these lines is a small modification from the original
one proposed in [131], which corresponds to a first gluon excitation with a mass MG = 714 GeV
and the following couplings

gqR = gbR = −0.31 g, gqL = +0.17 g,

gtR = +2.27 g, gtL = gbL = +1.93 g, (3.25)
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resulting in a total width ΓG = 0.13MG. In Fig. 3.9–left we plot the invariant mass distribution for
this model using the luminosity (5.3 fb−1) and the cuts described in [179]. The total number of tt̄
pairs is almost a 60% higher than in the SM. In addition, the 275 events between 650 and 750 GeV
form a clear peak that should have been observed in the analysis of the Tevatron data. For the
simulations, we have used MADGRAPH/MADEVENT v4 [164], PYTHIA [165] for hadronization
and showering and PGS4 [166] for detector simulation.
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Figure 3.9: Mtt̄ distribution at the Tevatron for Higgsless models. Left: original Higgsless model
of Eq. (3.25); right: modified Higgsless model Eq. (3.26). In both cases the contribution in the
Higgsless models is shown in dashed while the SM only contribution is shown in solid. We have
considered a luminosity of 5.3 fb−1.

The modified model, while still consistent with EW data, improves the agreement with Tevatron
data with just slight changes. Let us use the following couplings for the simulations, very close to
those presented in Eqs. (3.19) and (3.23-3.24),

gqR = gbR = −0.25 g, gqL = +0.20 g,

gtR = +4.00 g, gtL = gbL = +1.00 g. (3.26)

With this choice of parameters, the resonance has a width ΓG = 0.17MG. We show in Fig. 3.9–right
the invariant-mass distribution of the 1113 tt̄ pairs that survive the cuts. At Mtt̄ < 600 GeV the
model gives a 8% excess respect to the SM value, whereas at higher invariant masses we obtain
197 events versus 80 within the SM. This excess, together with the change in slope makes it likely
that the model should have been seen in the Tevatron data, although only a detailed statistical
analysis could state the confidence of the exclusion. Nevertheless it is clear that the slightly higher
mass, the reduction in the vector component of the light-quark couplings, the enhancement of the
top couplings and the increased width all go in the correct direction to hide the KK gluon in the
invariant-mass distributions while increasing the agreement in the forward-backward asymmetry.
The asymmetry for the original Higgsless model of Eq. (3.25) is very small, whereas we find for
the modified model

Att̄6H mod ≈
{

0.04 Mtt̄ < 450 GeV ;
0.16 Mtt̄ > 450 GeV .

(3.27)

Adding the standard NLO contribution, of order Att̄NLO ≈ 0.09 for Mtt̄ > 450 GeV, we obtain in
the modified model a total asymmetry less than 2σ away from the measured value.

The realistic model presented in this section improves the agreement with the observed asym-
metry, although still at the price of making the model likely visible in Tevatron data on the tt̄
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invariant-mass distribution. The crucial point is that these models provide in a natural way (all
features are enforced by EW data, completely unrelated to the top physics we are discussing) a
framework that realizes a light axigluon with the right couplings. Small variations of the model can
easily further improve the agreement with the observed asymmetry without conflict with current
data on the invariant-mass distribution. In particular, it is clear that making the RH top coupling
a bit larger will increase the asymmetry and the width of the gluon resonance, thus suppressing
the peak structure in the tail of the invariant mass distribution.

As an example, we have taken the following values of the couplings, with the same KK gluon
mass,

gqR = gbR = −0.25 g, gqL = +0.20 g,

gtR = +6.00 g, gtL = gbL = +0.20 g. (3.28)

resulting in a width ΓG = 0.32MG. We show in Fig. 3.10 the tt̄ invariant mass distribution after
cuts for the model and the SM contribution (left panel) and a particular MonteCarlo simulation
with the collected luminosity to show that the differences are not statistically significant (right
panel). The asymmetry is increased in this case to

Att̄6H ≈
{

0.07 Mtt̄ < 450 GeV ;
0.23 Mtt̄ > 450 GeV .

(3.29)

leaving the total asymmetry just 1.4σ below the observed value.
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Figure 3.10: Mtt̄ distribution at the Tevatron in the SM (solid) and in the Higgsless motivated
model (dashed) for a luminosity of 5.3 fb−1. On the right we plot a particular Montecarlo simula-
tion. The errors shown are statistical only.

3.3 Stealth Gluons

We have seen in the previous section that a light axigluon with large couplings to the top quark
(especially to the RH chirality) can reduce significantly the deviation from the observed forward-
backward asymmetry. However, there seems to be some tension with the data on dσ/dMtt̄ at
Mtt̄ ≥ 600 GeV, near the gluon mass. This tension is weak at the 5.3 fb−1 Tevatron, but becomes
more clear at the 4 fb−1 LHC, where the peak of the gluon resonance should be visible. One could
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hope that an increase in the coupling gtR will increase the gluon width and smear out the peak.
However, the fit does not improve because the total cross section also goes up with gtR and, most
notably, the asymmetry Att̄ seems to decrease.2 This last effect can be understood because the
gluon width appears in the denominator of the tt̄ production amplitude, and larger values (similar
to its mass) will suppress the effects of the massive gluon and thus the predicted asymmetry.

This tension can be weaken if new decay modes open at
√
ŝ ∼ 600 GeV, producing heavy

vector-like quarks Q = Q,B, T in association with the SM ones,

G→ Qq,Qq, G→ Bb,Bb, G→ Tt, T t, (3.30)

where Q,B and T are massive vector-like excitations of the light generation quarks, b and t,
respectively. Below those energies the process is irrelevant (it does not contribute to the imaginary
part of the propagator), so the forward-backward asymmetry at 450− 600 GeV is unchanged. At
Mtt̄ ≥ 600 GeV, in contrast, this decay channel will dissolve the peak with a non trivial increase
of the number of tt̄ pairs produced, requiring a detailed analysis to be observed. This scenario is
very natural in WED or composite holographic models, where vector-like excitations with sizable
couplings to the heavy gluons are always present.

In principle, these extra vector-like quarks could be also pair produced. However, away from
the resonance, the interference terms of diagrams shown in Fig. 3.11 cancel, due to the axial
couplings of the heavy gluon to the light quarks. Furthermore, the heavy gluon contribution is
negligible with respect to the SM one at low energies while it is suppressed at high energies with a
relative factor O(2−3) due to the additional energy dependence of the width. This means that pair
production is roughly given by the SM contribution. Single heavy-quark production, on the other
hand, is unsuppressed and opens kinematically at lower energies, appearing as a very promising
mechanism unexplored in previous literature.
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Figure 3.11: Main diagrams involved in pair production of vector-like excitations.

The large gluon width in this framework requires a proper treatment of energy-dependent
effects. In particular, the new decay modes contribute to ΓG(s) in the following way

ΓQq
G (ŝ) = θ

[
ŝ− (mq +mQ)2

] g2

12π

ŝ

MG

(
1− (mq +mQ)2

ŝ

) 1
2
(

1− (mq −mQ)2

ŝ

) 1
2

×[(
1− m2

q +m2
Q + 6mqmQ

2ŝ
− (m2

Q −m2
q)2

2ŝ2

)
gQq 2
A +(

1− m2
q +m2

Q − 6mqmQ

2ŝ
− (m2

Q −m2
q)2

2ŝ2

)
gQq 2
V

]
, (3.31)

where q = q, b, t, with q denoting light quarks, and gQq
V,A = (gR ± gL)/2 are the vector and axial

coupling of the massive gluon to Q and q, respectively.

2This is the main argument behind recent claims in the literature that heavier axigluons are favored over lighter
ones [180,181].
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For the sake of definiteness, let us introduce a benchmark model reflecting all the relevant
features. We consider a heavy gluon with mass MG = 850 GeV and the following couplings

gqL = 0.3gs gqR = gbR = −0.3gs gtR = 4gs gtL = gbL = 0. (3.32)

We consider also vector-like excitations of the SM quarks tR, bR and qL, denoted by T, B and Q,
respectively, with masses MT = 450 GeV, MB = MQ = 600 GeV and couplings to G

gTtR = 4gs gBbR = 3.5gs gQqL = 3.5gs. (3.33)

These values imply a total width ΓG(M2
G) ≈ 0.7MG and the following decay branching fractions

BR(G→ tt̄) ≈ 0.2, BR(G→ T t̄, tT ) ≈ 0.24, (3.34)

BR(G→ Bb̄, bB̄) ≈ 0.11, BR(G→ Qq̄, qQ̄) ≈ 0.44. (3.35)

The benchmark model just defined has the advantage that all possible channels are present simul-
taneously. However, when studying the possible collider implications of this scenario we will also
consider the extreme cases where just one G decay mode is present,

Extreme T model: gTtR = 7.28 gs , gBbR = gQqL = 0, (3.36)

Extreme B model: gBbR = 9.36 gs , gTtR = gQqL = 0, (3.37)

Extreme Q model: gQqL = 4.68 gs , gTtR = gBbR = 0, (3.38)

and all the other couplings unchanged. We have set the corresponding gQq
L,R couplings to the

required values to produce Γ(M2
G) ≈ 0.7 MG, leading to too large values. Nevertheless, we just

take these extreme models as limiting examples to get a clear idea of the LHC reach for these
signatures, with realistic models lying somewhere in between the benchmark and the extreme
cases. In all these cases the heavy gluon has a 20% branching ratio into tt̄ and 80% into the new
channel.

We will study the collider signatures of these vector-like excitations through single production.
The final states we need to look for are the following (the conjugated processes are not explicitly
shown but are included in our analysis):
(i) W+W−bb̄ , from

qq̄ → G→ T t̄→ (W+b)W−b̄ (3.39)

and

qq̄ → G→ Bb̄→ (W−t)b̄→ (W−W+b)b̄ . (3.40)

(ii) Ztt̄ , from

qq̄ → G→ T t̄→ (Zt)t̄→ (ZW+b)W−b̄ . (3.41)

(iii) Zbb̄ , from

qq̄ → G→ Bb̄→ (Zb)b̄ . (3.42)

(iv) W+jets , from

qq̄ → G→ Qq̄ → (Wq′)q̄ (3.43)

(v) Z+jets , from

qq̄ → G→ Qq̄ → (Zq)q̄ . (3.44)
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Regarding the EW decay modes of heavy vector-like quarks, we have considered the branching
ratios obtained in the large-mass limit of the usual Higgsless models,

BR(Q →Wq′) =
2

3
, BR(Q → Zq) =

1

3
. (3.45)

We will mention later also some aspects of the collider phenomenology when Higgs decays are
present.

For the phenomenological study of these models we have used MADGRAPH/MADEVENT
v4 [164] (with the matrix element properly modified to include the energy dependence of the width),
PYTHIA [165] for hadronization/showering effects and PGS4 [166] and DELPHES 1.9 [182] for
detector simulation. In particular, for the benchmark model defined before, we obtain a partonic
forward-backward asymmetry in agreement with the CDF and D∅ measurements [171–173]

Att̄(Mtt̄ ≤ 450 GeV) = 0.12, Att(Mtt̄ > 450 GeV) = 0.33. (3.46)

3.4 Third Generation Quark Excitations

3.4.1 W+W−bb̄ Channel

This is the same final state as in tt production and arises when third generation vector-like exci-
tations decay through a charged EW boson, see Fig. 3.12. This signal will be added to the extra

�G T

t̄

q

q̄

W+

b

W−

b̄

�G B

t

q

q̄

W−

W+

b

b̄

Figure 3.12: Left: Charged decay mode involving a third-generation quark excitation T and a top
quark. Right: Diagram associated with the same final state but arising from the charged decay of
a bottom quark and its vector-like excitation B. In both cases, the conjugated processes are not
explicitly shown and should be added.

top-quark pairs coming from the massive gluon and also to the SM tt contribution. Therefore, it is
crucial to be sure that there is no observable excess in tt̄ or similar searches. We show in Fig. 3.13
the Mtt̄ reconstructed distribution at the Tevatron for 5.3 fb−1 for the SM, the benchmark model
and the extreme T case, following the analysis of [183]. We look for semileptonic decays of the W
pair, reconstructing the neutrino momentum through the on-shell condition of the charged boson.
The prediction for the extreme B model is very similar to the extreme T one while the extreme
Q case lies below the benchmark model. The deviations from the SM are always below 2.5 σ
(assuming statistical errors only) and are smaller than 2 σ for the benchmark and the extreme Q
models.

Let us study now the effect of the new decay modes on LHC top-quark related searches. Mea-
surements of the tt̄ invariant mass distribution at the LHC have been reported in [184]. We have
simulated the analysis in the first two works of this reference and studied the effect of the new
channels together with the other new contributions to tt̄ production. We show in Fig. 3.14 the
results of these two analysis for a luminosity of 0.2 fb−1 (the third reference uses the dilepton
channel and a larger data set, implying a very similar sensitivity). In both plots, we show the re-
constructed signal for the SM, the benchmark model (with statistical error bars) and the extreme
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Figure 3.13: Mtt̄ distribution at the Tevatron for 5.3 fb−1 in the SM (solid blue), the benchmark
model (points with error bars) and the extreme T case (dashed black). We include the contribution
from T t̄, tT̄ and Bb̄, bB̄ when present.

T case. We have not plotted the results for the extreme B or Q models. In the first case, we obtain
a prediction very similar to the extreme T one, while the extreme Q result is somewhere between
the benchmark model and the SM. We have assumed a 10% uncertainty in the tt̄ prediction, al-
lowing a normalization factor (within this 10%) to correctly reproduce the three bins around the
peak at Mtt̄ ≈ 500 GeV. We have used DELPHES for the ATLAS simulation of Fig. 3.14-left and
PGS4 for the CMS prediction shown on the right panel. We observe a O(20%) excess for invariant
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Figure 3.14: Left: Reconstructed Mtt̄ distribution at the ATLAS detector for 0.2 fb−1 in the SM
(solid blue), the benchmark model (points with error bars) and the extreme T model (dashed
black). Right: Mtt̄ distribution for the µ+jets channel (in the case of 4 or more jets with at least
two b-tagged) at the CMS experiment for the same luminosity. We include the contribution from
T t̄, tT̄ and Bb̄, bB̄ when present.

masses in the range of 600–900 GeV for the extreme T and B models. This seems to be in the
limit of the LHC reach for the considered luminosity. However, if we increase the luminosity to 4
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fb−1 we observe 8 consecutive bins with differences above 3 σ for the DELPHES simulation and
7 consecutive ones for the PGS prediction in the case of the extreme T model. Things are not
so clear for the benchmark and extreme Q models. For example, in the 4 fb−1 PGS simulation,
we find 3(2) consecutive bins more than 3 σ away from the SM background for the benchmark
(extreme Q) model, just including statistical errors. Therefore, one could expect in our model a
10% excess relative to the SM prediction in all the Mtt̄ bins below 1 TeV, arising from tt̄ pairs
mediated by the gluon resonance G. Furthermore, the bins in the range of 600–900 GeV could be
increased an additional 15% with T t̄ and/or Bb̄ events reconstructed as tt̄ pairs.

This is not the only LHC analysis which is sensitive to the new channels. Searches for a fourth
generation of quarks produced as TT pairs [185] might probe the vector-like excitations present
in these models. We have studied the impact of the new decay modes in these searches, following
the CMS analysis. We show in Fig. 3.15 the results obtained for a luminosity of 0.821 fb−1 in the
µ+jets channel for the SM, the benchmark model and the extreme T case. On the left panel we
show the reconstructed HT (defined as the scalar sum of the transverse momentum of the objects
in the final state) while on Fig. 3.15-right we can see the reconstructed mass for the T quark, after
imposing that the two legs of the process have the same invariant mass, i.e.,

m(�Elb) = m(qqb) = mfit. (3.47)

In both plots, the SM contribution is normalized with the same factor. The conclusions to be
drawn are quite similar to the tt̄ case, with the bigger deviation from the SM being given again by
the extreme T model. We have also checked that pair production of T quarks is compatible with
the bounds given in [185] and [186].
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Figure 3.15: T T̄ search at the LHC for 0.821 fb−1. Left: HT distribution. Right: mfit distribution.
In both cases we show the predictions in the SM (solid blue), in the benchmark model (data points
with statistical errors) and in the extreme T case (dashed black). We include the contribution
from T t̄, tT̄ and Bb̄, bB̄ when present.

These results show that the model we have proposed to explain the large measured value of the
tt̄ forward-backward asymmetry is almost invisible at the Tevatron and the LHC, at least for the
analyzed luminosities. This is due to two different reasons. On the one hand, we have the stealth
gluon mechanism in the tt̄ production, with the main contribution arising from the same diagrams
as in Fig. 3.11 with the simple change Q → t in the final state. To understand better how the
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stealth physics works, let us consider the tt amplitude, roughly given by

A ∝
∣∣∣∣g2
s

ŝ
+

gqgt

ŝ−M2
G + iMGΓG(ŝ)

∣∣∣∣2 . (3.48)

First of all, and similarly to the case of vector-like quark pair production, the axial nature of
the heavy gluon couplings to the light quarks suppresses the NP contribution to tt̄ away from
the resonance. The interference terms coming from the leading diagrams cancel due to the axial
couplings of G to the light quarks. Besides, as mentioned previously, the heavy gluon mass suppress
its contribution at low energies while at high energies it has an extra suppression factor O(2− 3)
due to the additional ŝ dependence of ΓG. Therefore, when |ŝ −M2

G| � MGΓG(ŝ), we have just
roughly the SM contribution. Secondly, when we are close to the resonance, the large gluon width
suppresses the G contribution to the amplitude, making the gluon excitation very elusive. On
the other hand, the Tt and Bb events are reconstructed as tt or TT pairs in analysis where it is
customary to impose the same mass value for both legs, i.e.,

m(�Elb) = m(qqb) = mt or m(�Elb) = m(qqb) = mfit. (3.49)

This leads to a poorer fit and a wider spread. In the case of Tt events, we can solve this issue
by reconstructing them as a t quark plus a T quark of arbitrary mass. Moreover, as these events
only occur at high energies MTt > MT + mt, we can use the more stringent cuts used in the TT
analysis [185] (we consider the µ+jets channel). Actually, we will impose a more severe cut for
the hardest jet, pT ≥ 200 GeV, instead of the 120 GeV of that reference. To improve further the
reconstruction, we will impose one of the reconstructed legs to be a 173 GeV t quark (using a χ2

similar to the one used in the first reference of [184] and requiring χ2 ≤ 10) and will plot the mass
of the second leg in events of invariant mass above 600 GeV (Fig. 3.16, left panel) for SM and
extreme T model simulations. We have normalized both plots to a luminosity of 4 fb−1.
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Figure 3.16: Left: Reconstructed MT at the LHC. Right: Reconstruction of MG. In both cases we
have normalized the distributions to 4 fb−1 data and represent the results for the SM (solid blue),
the benchmark model (data points with statistical errors) and the extreme T case (dashed black).
Details of the reconstruction method can be found in the text.

We can see from the plot that there are three consecutive bins around MT = 450 GeV with more
than three sigma difference from the SM prediction even in the benchmark model. We obtain the
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following total excess S of events over the SM background B around the peak (three bins between
350 and 500 GeV)

S√
B
≈
{

8, Benchmark,
21, Extreme T.

(3.50)

These numbers imply an impressive deviation for the extreme T model and even a possible evidence
at the LHC for the benchmark one. Looking at the large excess predicted for the extreme T model,
we can try to reconstruct the massive gluon peak. To this end, we drop the cut in the total invariant
mass MT t̄ and plot it for the events with MT ≥ 350 GeV, Fig. 3.16-right. Even if the SM and the
new physics model peak in the same region, there is a factor of ∼ 3(2) excess in the extreme T
(benchmark) model.

Let us now consider the case of Bb events, where we will use a slightly different strategy
according to the distinct topology of the process, see Fig. 3.12-right. Now, it is no longer possible to
reconstruct the heavy quark mass through aWb pair. Instead, we need to collect both reconstructed
W ’s (one leptonic and the other hadronic) and one of the two bottom quarks present in the final
state. We will use the same selection procedure of the previous analysis, with the cuts in [185]
(muon channel) except for the pT cut of the hardest jet, which is increased to 200 GeV, and a
χ2 ≤ 10 (again we use a similar χ2 to the one used in the first reference of [184]) choosing the
pairing reconstructing better a 173 GeV top quark. In Fig. 3.17, we plot the invariant mass of the
reconstructed t quark plus the extra W for the benchmark and the extreme B models. We impose
two different cuts in the total invariant mass distribution, MBb > 600 GeV and MBb > 700 GeV,
and a luminosity of 4 fb−1. As we can see from the picture, the reconstruction of the vector-like
quark is far worse in this case than in the previous one, and and more sophisticated analysis would
be needed to discriminate the signal from the background.
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Figure 3.17: Reconstructed MB at the LHC for 4 fb−1 in the SM (solid blue), the benchmark
model (data points with errors) and the B case (dashed black). We consider the cuts MBb̄ > 600
GeV (left) and MBb̄ > 700 GeV (right). Details of the reconstruction method can be found in the
text.

3.4.2 Ztt̄ Channel

Let us consider now the neutral decay mode of the T vector-like quark, see Fig. 3.18. The final
state associated with this process has a large multiplicity, which makes the reconstruction of the
T quark problematic even with a very small SM background. Therefore, we will try better to
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Figure 3.18: Ztt̄ production mediated by the heavy gluon G and the vector-like excitation T . The
conjugated process should be added.

reconstruct the total final state looking for the gluon excitation G. In order to do this, we consider
a leptonic Z boson and a semileptonic tt̄ pair. Therefore, we ask for (i) three charged leptons with
pT ≥ 25 GeV, and at least two of them with the same flavor and opposite sign reconstructing the
Z within 25 GeV; (ii) at least two b–tagged and at least two non–b–tagged jets with pT > 20 and
|η| < 2.8. As in the previous analysis, we reconstruct the neutrino momentum using the on-shell
condition for a W . We take the two hardest jets and b-jets if there are more of them. We show in
Fig. 3.19 the reconstructed total invariant mass obtained in this way. Looking at the results, we
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Figure 3.19: Reconstructed total invariant mass for the Ztt̄ channel in the SM (solid blue), bench-
mark (solid red) and extreme T (data with statistical errors shown as a band) models for the Ztt̄
analysis described in the text for the LHC with 4 fb−1.

note that the extreme T model shows a clear peak (with ≈ 36 events and no expected background
events) while the benchmark model gives a smaller deviation. A more sophisticated analysis is
required to reconstruct the vector-like quark mass, using maybe some hint on its value from the
charged decay channel previously considered.

3.4.3 Zbb̄ Channel

Finally, we will study the neutral decay channel for the vector-like excitation of the bottom quark,
which is given by the same diagrams as in Fig. 3.18 but changing T → B. First of all, we will try
to reconstruct the total invariant mass in the search of the heavy gluon. In the case of a leptonic
Z, the SM irreducible background to this process is quite small, σ(Zbb̄) ≈ 2 pb. On the other
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hand, we can handle the background from final states with larger cross sections like Z+jets and tt̄
with a very simple set of cuts.3 To this end, we will require two same-flavor opposite-sign leptons
with pT ≥ 25 GeV and reconstructing the Z boson in a range of 25 GeV, i.e., |ml+l− −mZ | ≤ 25
GeV. We will ask also for two b-tagged jets with pT ≥ 20 GeV and |η| ≤ 2.8. We can reduce
further the tt̄ background imposing a veto on the missing energy �ET ≤ 40 GeV. To reconstruct
the B quark, we compute the invariant mass of the Z and the hardest of the two b-jets, since we
expect the b quark coming from the vector-like excitation to be the hardest one, bh. We show the
reconstructed mass obtained following this procedure in Fig. 3.20-left, for the SM, the benchmark
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Figure 3.20: Left: reconstruction of MZbh at the LHC. Right: reconstruction of Mzbb̄ to show the
heavy gluon mass. In both cases we have normalized the distributions to 4 fb−1 of data and have
represented the SM with thick solid blue line, the benchmark model with thin solid red line and
the extreme B case (data points with statistical errors).

model and the extreme B case. As we can see from the plot, the benchmark model would need a
higher luminosity to be probed. On the other hand, the extreme B model, shows a distinct peak
with a total number of ≈ 40 events at MZbh ≈ MB = 600 GeV, versus ≈ 3 background events,
leading to a statistical significance of

S√
B
≈ 21, (Zbb̄ for extreme B). (3.51)

We show also on Fig. 3.20-right the total invariant mass of the process, in an attempt to reconstruct
the mass of the gluon resonance G. The large width of the heavy gluon makes the peak to pop
up slightly before the actual gluon mass value. An approximate estimate of the excess observed
above 600 GeV leads to

S√
B
≈ 38√

5
= 17, (MG peak in Zbb̄ for extreme B). (3.52)

These results show that the neutral channel is a very promising option to reconstruct the bottom
like excitation and the heavy gluon. In addition, we could use the extra information obtained from
the charged decays of the B quark studied before.

3For completeness, we have also checked that searches of H → ZZ → Zbb̄ [187] or measurements of Z + b
cross-section [188] do not impose additional constraints on our model.
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3.5 Light Quark Excitations

As we have seen in the previous section, vector-like excitations of light quarks do not leave an
observable excess in tt or fourth generation TT searches. Indeed, models with predominant decays
in these modes are a remarkable example of stealth NP [3]. Our goal in this section is to describe
possible strategies to probe them. We will start by considering the neutral decays of these particles.

3.5.1 Zqq Channel

The SM irreducible background for Z plus ≥ 1 jets is 6 nb at the 7 TeV LHC, while the Zjj
cross-section at the same center of mass energy is ∼ 1(1.8) pb for the benchmark (extreme Q)
model. Thus, we need to impose stringent cuts to significantly reduce the background. As in the
previous section, we will ask for a leptonic Z boson requiring two same-flavor, opposite charge
leptons with pT ≥ 25 GeV that reconstruct the Z mass within 25 GeV. We require also two or
more jets, with pT ≥ 150 GeV for the hardest one jh. Again, as the jet coming from the decay of
the Q quark will be typically harder that the other one, to reconstruct the vector-like excitation
we compute the invariant mass of the Z boson plus the hardest jet, MZjh , see Fig. 3.21. We can
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Figure 3.21: Result of the fit of the MZjh distribution for the Zjj analysis described in the text
for the SM (solid blue), extreme Q model (data points with statistical errors) and the fit to both
distributions (dashed black). Simulations for the 7 TeV LHC with 4 fb−1.

see from the plot that the benchmark model is out of the reach of this analysis. However, there is
a distinct peak for the extreme Q model. After fitting the signal plus the background histogram
to a Crystal Ball plus a Gaussian shape we obtain an excess of 170 events over the expected 540
background events in the region of two standard deviations around the center of the Gaussian. We
get a statistical significance of 7σ with a best fit mass of mfit

Q = 590 GeV, very close to the actual
Q quark mass. We can conclude that, with a very simple set of cuts, we are able to probe a model
which is in general quite difficult to see.

3.5.2 Wqq′ Channel

Let us consider now the charged decay mode of these vector-like excitations. In this case, the
SM irreducible background of W plus ≥ 1 jets at the 7 TeV LHC is 17 nb, whereas the Wjj
cross-section for the benchmark and the extreme Q model are ∼ 1.9 and 3.6 pb, respectively. As
the jet arising from the decay of the Q quark is expected to be the hardest one, with a pT ∼MQ,
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we impose a cut on this jet of pT ≥ 150 GeV in addition to the cuts defined in Ref. [189]. With
this more stringent cut we can reduce the background to levels which allow us to see some NP
evidence. We can see in Fig. 3.22 that for the extreme Q case, there are 6 bins departing more
than 3 σ from the standard background. The deviation for the benchmark model is smaller and a
more detailed analysis should be done.
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Figure 3.22: Transverse mass for the Wjh system in the Wjj analysis described in the text for the
SM (solid blue), benchmark model (data points with errors) and extreme Q model (dashed black).
Search for the 7 TeV LHC with 4 fb−1.

3.6 Higgs Decays

Until now, we have just considered decays of vector-like quarks into a EW gauge boson and a SM
quark. As we have seen in the previous sections, these decay modes are quite model independent
and a very promising discovery channel for the massive color-octet and the vector-like excitations.
However, if the Higgs boson exists – as it seems considering the latest LHC results – a sizable
fraction of the heavy fermion resonances will decay into a SM quark and the Higgs boson. Although
it leads to very interesting collider signatures, a detailed study of its phenomenology is beyond the
scope of this Thesis, we will describe Higgs decays in composite Higgs models [5,6]. In particular, we
will consider a composite Higgs of 125 GeV arising from the two-site version of MCHM5 [190,191].
Full details of the model can be found in [191]. Here we will just describe the features that are
directly relevant for the Higgs production mechanism we want to study, namely the new massive
gluons and vector-like quarks present in the spectrum. The relevant new vector-like quarks are,
for each family, two EW doublets Q1/6 and Q7/6 of hypercharges 1/6 and 7/6, respectively and

one singlet, T̃ , of hypercharge 2/3

Q
(i)
1/6 =

(
T (i)

B(i)

)
, Q

(i)
7/6 =

(
T

(i)
5/3

T
(i)
2/3

)
, T̃ (i), (3.53)

with masses M
Q

(i)

1/6

, M
Q

(i)

7/6

, MT (i) . The masses of the new EW doublets are related through the

compositeness degree of the standard LH doublets

M
Q

(i)

7/6

= M
Q

(i)

1/6

cosφ(i)
q . (3.54)
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There is also a massive gluon in the spectrum, a color octet vector boson G, with mass MG. We
consider the anarchic scenario where the SM fermion mass hierarchies are explained in terms of
the different degrees of compositeness of the SM fields. Due to the large masses of third generation
quarks, and in particular to that of the top, the massive gluon couples mostly to the RH top,
similarly to what happens in the benchmark model studied before. This leads also to sizable
couplings of the massive gluon to the third generation quarks and its vector-like partners, with the
relevant ones being

GtLT
(3)
L , GbLB

(3)
L , GtRT̃

(3)
R . (3.55)

In particular, following the notation in [191], we take

Y∗ = Y∗U = Y∗D = 3 = g∗3, s2 = 0.1, s(1)
u � s(2)

u � s(3)
u = 0.6, (3.56)

and a Higgs degree of compositeness ξ = 0.2. The relatively large coupling in the composite sector,
g∗3 = 3, implies that the heavy resonances are strongly coupled to the heavy gluon. This large
coupling and the large multiplicity imply a very large contribution to the heavy gluon width. We
show in Fig. 3.23 the massive gluon width (left panel) and branching ratios (right panel) as a
function of its mass for MF = M

Q
(3)

7/6

= MT̃ (3) = 1 TeV�M (1,2).
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Figure 3.23: Left panel: massive gluon width as a function of its mass for the anarchic scenario
with MF = 0.5 and 1 TeV. Right panel: massive gluon branching fraction in two SM quarks
(labeled qq), one SM and one heavy quark (Qq) and two heavy quarks (QQ), respectively.

Due to the extreme widths developed when the decays into two massive fermionic resonances
open up, we restrict ourselves to the region of parameter space in which these decay modes are
kinematically suppressed. Thus, in the following we fix

M (1,2) �MF = M
Q

(3)

7/6

= MT̃ (3) = MG/2. (3.57)

Naturalness arguments and the recent hints for a light Higgs might prefer lighter fermion resonances
for the third generation [192,193]. In these cases, if the heavy gluons are present, their width can
easily exceed the perturbative limit. For instance, for our particular choice of parameters we get
ΓG & 0.9MG for MF . 1 TeV. For these values of the vector-like quark masses, the leading
decay channel is G→ Qq+ qQ, with Q a vector-like excitation and q a SM quark. In the anarchic
scenario the light SM quarks q are essentially elementary, leading to suppressed GQ(1,2)q couplings.
Therefore, the main Higgs production mechanism is G→ T t+T t, with T = T (3) and T̃ (3), followed
by the decay of the heavy quark into the Higgs boson and a top quark,

pp→ G→ T t+ T t→ htt. (3.58)
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The corresponding cross sections depend on the coupling of G to the SM quarks, to tT and also
on the branching fraction of the heavy quarks into a SM quark and the Higgs. The relevant such
branching fractions are, in the limit of large masses [191]

BR(T (3) → t h) ≈ 0.5, BR(T̃ (3) → t h) ≈ 0.25. (3.59)

Other channels either do not result in a Higgs or their production is strongly suppressed due to
small degree of compositeness. We show in Fig. 3.24 the production cross section times branching
ratio for htt̄.
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Figure 3.24: htt̄ production cross section in the model considered in the text, mediated by a color
octet vector resonance with decay into a fermionic resonance and a top quark.

The very large multiplicity of the final state makes, in principle, full reconstruction rather
complicated. We have considered three different configurations for the LHC parameters, namely
5 fb−1 integrated luminosity at

√
s = 7 TeV, 20 fb−1 integrated luminosity at

√
s = 8 TeV and

100 fb−1 integrated luminosity at
√
s = 14 TeV. The range of masses probed with the first two

configurations (that we call the low energy phase) is quite different from the one probed by the
high energy phase (the third option). Thus, the analysis are also different depending on the phase.
In particular, as we describe below, the analysis channel in the high energy phase benefits from
using boosted techniques.

3.6.1 Low Energy Phase

The mass range that can be probed at the LHC within the low energy phase (
√
s = 7 or 8 TeV)

is relatively low. This means that the decay products are not extremely boosted. We have found
that traditional analysis are more efficient probing this region of parameter space than analysis
that use boosted techniques. Also, since we have the leptonic top decays to trigger on, we can
afford to use the main Higgs decay channel, namely bb̄, with a branching ratio BR(h→ bb̄) = 0.48
for the choice of parameters of Eqs. (3.56) and (3.57). We are therefore interested in the following
process

pp→ G→ T t̄+ T̄ t→ htt̄→ 4b+ 2j + l +�ET . (3.60)

We use as discriminating variable

ST ≡
nj∑
j=1

pT (j) +

nl∑
l=1

pT (l) +�ET , (3.61)
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where nj,l is the relevant number of jets or leptons (ordered according to their pT ), which depends
on the analysis and will be specified below.

The main backgrounds are tt̄ and tt̄bb̄. In order to reduce the number of background events to
manageable values we impose the following initial cuts

• At least 4 jets, of which at least 3 must be tagged as b-jets.

• At least 1 isolated charged lepton.

• A cut on ST (in this case we have nj = 4 and nl = 1) that depends on the test MG we are
considering

ST > 0.9, 1.1, 1.5 TeV for MG = 1.5, 2, 2.5 TeV. (3.62)

MG [TeV] εs εtt̄ εtt̄bb̄

1.5 15.8 0.00652 0.514
2.0 13.69 0.00108 0.156
2.5 9.67 0.000292 0.0174
3.0 9.14 0.000292 0.0174

Table 3.2: Global efficiencies for the signal and relevant backgrounds as a function of MG. All
efficiencies are reported as per cent.

We show in Table 3.2, the global efficiencies for the signal and relevant backgrounds, as a function
of MG. We obtain the following statistical significances

S(9.5, 3.3) = 4.0 (L = 5 fb−1,
√
s = 7 TeV, MG = 2 TeV), (3.63)

S(77.2, 19.9) = 13.9 (L = 20 fb−1,
√
s = 8 TeV, MG = 2 TeV), (3.64)

defined as

S(s, b) =

√
2×

[
(s+ b) ln

(
1 +

s

b

)
− s
]
, (3.65)

where s (b) is the number of signal (background) events after the corresponding cuts. As we will
discuss below, current constraints from dijet contact interactions imply a bound MG ≥ 2.5 TeV
for the benchmark model in the anarchy scenario. These values cannot be probed with the 7 TeV
run but with

√
s = 8 TeV it should be possible to discover (exclude) it with 20 (5) fb−1.

3.6.2 High Energy Phase

In the high energy phase,
√
s = 14 TeV, larger masses can be probed. In this case the decay

products of G and T are highly boosted and one can benefit from the use of boosted techniques.
In this study we use a very simple technique, based on fat jet invariant masses [194–196]. The new
set of cuts optimized for the larger masses probed are the following

• At least 3 jets, with a minimum of 2 b tags.

• At least 1 isolated charged lepton.

• All jets are then ordered according to their invariant mass and the first two jets are required
to have invariant masses close to the top and Higgs mass, respectively, |mj1 −mt| ≤ 40 GeV
and |mj2 −mh| ≤ 40 GeV (here j1,2 are the jets with the largest and second largest invariant
masses).
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• A cut on ST (in this case we have nj = 3 and nl = 1) that depends on the test MG we are
considering

ST > 1.2, 1.5, 1.7, 2 TeV for MG = 2, 2.5, 3,≥ 3.5 TeV. (3.66)

MG [TeV] εs εtt̄ εtt̄bb̄

2.0 11.74 0.00265 0.1021
2.5 15.61 0.00095 0.0518
3.0 18.06 0.00054 0.0298
3.5 17.74 0.00027 0.0188
4 19.08 0.00027 0.0188

4.5 19.40 0.00027 0.0188

Table 3.3: Global efficiencies for the signal and relevant backgrounds as a function of MG. All
efficiencies are reported as per cent.

The results of these cuts on the main backgrounds and the signal are reported in Table 3.3 as a
function of MG. The corresponding statistical significance is

S(828, 170) = 43 (L = 100 fb−1,
√
s = 14 TeV, MG = 3 TeV). (3.67)

3.6.3 Results

For the anarchic case we are considering, the bounds from dijet contact interactions depend only
on g∗ 3. In particular, for the chosen value g∗ 3 = 3 they imply a constant bound MG ≥ 2.5 TeV.
This bound decreases as g∗ 3 increases. For instance it becomes MG ≥ 1.5 TeV for g∗ 3 ≈ 4.6. Our
main results are shown in Fig. 3.25 and can be summarized in the following points:

• Using the 2011 run, masses up to MG ≈ 1.9−1.6 TeV can be discovered in the region allowed
by current constraints for g∗ 3 & 4 − 5. Exclusion bounds in the MG ∼ 2.2 − 1.9 TeV can
be reached for g∗ 3 ∼ 3− 5. These results assume su ∼ 0.5− 0.7 (notice that in the anarchy
case this refers to the tR degree of compositeness), outside this range, the reach decreases as
shown in the left column of Fig. 3.25. The plot corresponding to this energy is not shown as
it is quite similar to the one at

√
s = 8 TeV, only with the numbers reduced to match the

results we have described.

• The expected 2012 run with 20 fb−1 at
√
s = 8 TeV can lead to a discovery in the region

MG ∼ 2.5 − 2 TeV (and a similar exclusion with just 5 fb−1) for g∗ 3 ∼ 3 − 5. Exclusion
bounds in the MG ∼ 2.8 − 2.4 TeV region can be set, for g∗ 3 ∼ 2.5 − 5, with the same
luminosity.

• Data with
√
s = 14 TeV can probe a much larger region of parameter space. Values up to

MG ∼ 4.3 TeV can be discovered with 100 fb−1 and bounds up to 4.8 TeV can be set with
the same luminosity.
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Figure 3.25: Contours of required luminosity for a 5σ discovery (bands and solid lines) and 95%

exclusion limits (dotted lines) as a function of su = s
(3)
u and MG (left column) and g∗ 3 and MG

(right column) for
√
s = 7, 8 and 14 TeV (first, second and third row, respectively). Current

bounds are shown with dashed lines (the area below the dashed lines is excluded).



4
A Holographic Higgs Model of Lepton

Masses and Mixings

As we have seen in Chapter 2, the AdS/CFT correspondence suggests that composite Higgs
models are strongly coupled duals of models of GHU, which provide a calculable framework for the
4D conformal theory.1 Most of the studies related to the 5D realization of composite Higgs models
have only focused on the quark sector. In fact, although some of the first studies of bulk fermion
phenomenology in models with WED were made with the leptonic sector in mind [96, 103, 199],
not much progress has been made until quite recently. In particular, older proposals for models
of lepton masses have, with few exceptions, not been updated to make them compatible with
new, realistic models in WED. One possible reason is that the generation of Yukawa couplings by
fermion splitting [200] seemed to naturally lead to a hierarchical pattern of fermion masses and
mixing angles, like the one observed in the quark sector, but not to large mixing angles like those
observed in the neutrino sector. This was shown not to be necessarily true [97], and a realization
of neutrino masses within this framework and with a realistic dark matter candidate was presented
in [98].

An alternative approach to differentiate the quark and lepton spectra is to assume a global
symmetry acting on the leptonic sector. 4D models of neutrino masses with an A4 symmetry [201,
202] can predict a tri-bimaximal (TBM) [203] pattern of lepton mixing to leading order, what
can reproduce quite well the observed values [64, 235] after taking into account NLO corrections.
This global symmetry can be also implemented in simple models with WED [100, 101].2 Such a
construction presents an advantage over 4D models since the mass hierarchy follows from wave-
function overlapping, geometrically realizing the required Frogatt-Nielsen mass generation in 4D
models. Besides, it also improves other 5D models that solely rely on the former for it has an extra
built-in flavor protection due to the discrete A4 symmetry. Our goal is to extend this set-up to
models of GHU, which are arguably the most natural models of EWSB in WED. We will show
that, despite some subtleties related to the way fermions acquire non-trivial Yukawa couplings in
GHU models [108], it is easy to find examples that naturally generate a realistic fermion spectrum
also in the lepton sector.

1See [190,191,197] for a discussion of composite Higgs models from the effective 4D point of view.
2Other symmetries that can simultaneously accommodate the pattern of quark and lepton mixing have been also

considered in 5D contexts [101,204] and in models compatible with an underlying GUT structure [205].
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Two new features phenomenologically relevant come out from our analysis. First, due to an
extra suppression of the leptonic Yukawa couplings implied by the A4 symmetry, the τ lepton is
typically more composite than one would naively expect from its mass. This makes new leptonic
resonances at the EW scale a likely occurrence in these models. Besides, as they come in two almost
degenerate doublets with hypercharges −1/2 and −3/2, respectively, and mainly couple to τ , they
provide a very distinctive signature at LHC for they only decay through definite channels and into
τ leptons. This structure is dictated by the same symmetry that protects the Zb̄LbL coupling in
this type of models [111], which in the leptonic sector protects the SM lepton couplings despite
the large new lepton couplings to τ [113]. Second, the A4 symmetry together with the protecting
mechanism above [114, 115] result in a double-layer flavor protection. Thus, LFV mediated by
tree-level exchange of heavy modes is further suppressed, and typically below current experimental
limits. The main constraints result from one-loop processes, like µ→ eγ, which is close but quite
often below the present experimental sensitivity, being then within the reach of future experiments.

4.1 The Model

We consider a 5D model in a slice of AdS5 with metric given by Eq. (2.2), where R ∼ M−1
Pl and

R′ ∼ TeV−1. Following [135], we assume an SO(5) ⊗ U(1)X bulk gauge symmetry broken by
boundary conditions to SO(4)⊗U(1)X on the IR brane and to SU(2)L⊗U(1)Y on the UV brane.
The bulk gauge fields read

Laµ(+,+), Bµ(+,+),
Rbµ(−,+), Z ′µ(−,+),

C âµ(−,−), (4.1)

where the superscripts a = 1, 2, 3, b = 1, 2 label the SO(4) gauge bosons in explicit SU(2)L ⊗
SU(2)R notation, and

Bµ =
gXR

3
µ + g5Xµ√
g2

5 + g2
X

, Z ′µ =
g5R

3
µ − gXXµ√
g2

5 + g2
X

, (4.2)

with g5 and gX the 5D SO(5) and U(1)X gauge couplings, respectively. (The electric charge reads
Q = T 3

L + Y = T 3
L + T 3

R + QX with this normalization.) Finally, C âµ, â = 1, . . . , 4, are the gauge
bosons corresponding to the SO(5)/SO(4) coset space.

The gauge directions along SO(5)/SO(4) are broken on both branes and there is a massless
zero mode along the 5-th component,

C â5 (x, z) =

√
2/R

1− (R/R′)2

z

R′
hâ(x) + . . . ≈

√
2

R

z

R′
hâ(x) + . . . , (4.3)

where the dots denote massive modes. (We have chosen the normalization constant to obtain a
canonically normalized scalar, and in the second equality we have used R � R′.) These four
scalars transform as a 4 of SO(4) and are identified with the SM Higgs. 5D gauge invariance
guarantees that any potential generated for these scalars has to arise from non-local contributions
and therefore, it is finite to all orders in perturbation theory [168].

Regarding the matter content of the model, there are several possibilities. We consider here
all fermions to be in fundamental representations of SO(5). Thus, four multiplets per family are
required in order to have independent localizations for left and right-handed zero modes. This
construction is parallel to the one giving rise to realistic composite Higgs models in the quark
sector [198, 206, 225]; and as we will show, a similar matter content transforming non-trivially
under a global A4 symmetry generates the observed leptonic spectrum in a natural way, without
conflict with present experimental data. Hence, there are four 5D fermion representations per
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generation transforming as the fundamental SO(5) representation 5, with boundary conditions

ζ1 =

(
X̃1[−+] ν1[++]
ν̃1[−+] e1[++]

)
⊕ ν′1[−+], ζ2 =

(
X̃2[+−] ν2[+−]
ν̃2[+−] e2[+−]

)
⊕ ν′2[−−],

ζ3 =

(
ν3[−+] ẽ3[−+]

e3[−+] Ỹ3[−+]

)
⊕ e′3[−+], ζα =

(
να[+−] ẽα[+−]

eα[+−] Ỹα[+−]

)
⊕ e′α[−−], (4.4)

where ζ1,2 and ζ3,α have U(1)X charge 0 and −1, respectively. Note that there are three copies for
each ζ1,2,3 because there are three families, but only one ζα set with α running over the three lepton
flavors e, µ, τ . We explicitly show the decomposition under SU(2)L ⊗ SU(2)R, 5 = (2,2) ⊕ (1,1).
The bi-doublet is represented by a 2 × 2 matrix with the SU(2)L rotation acting vertically and
the SU(2)R one horizontally (i.e. the left and right columns correspond to fields with T 3

R = ±1/2,
whereas the upper and lower components have T 3

L = ±1/2, respectively). The bi-doublets in ζ1,2
contain two SU(2)L doublets of hypercharge 1

2 and − 1
2 , and those in ζ3,α two SU(2)L doublets of

hypercharge − 1
2 and − 3

2 , respectively. The corresponding electric charges read

Q(ν.) = Q(ν̃.) = Q(ν.′) = 0, Q(e.) = Q(e.′) = Q(ẽ.) = −1, Q(X̃.) = +1, Q(Ỹ .) = −2, (4.5)

where the dot denotes all possible values of the corresponding subscript. The chosen boundary
conditions allow for a LH zero mode transforming as an SU(2)L doublet with hypercharge −1/2
in ζ1, a RH singlet of charge −1 in ζα, and a RH neutral singlet in ζ2.

As usual in A4 models, an extra global symmetry must be imposed to forbid dangerous opera-
tors. A discrete Z8 group does the job in our case. Both global symmetries will be broken at the
two branes by localized scalars transforming as gauge singlets, φ and η at the UV brane and φ′ and
η′ at the IR one. The fermion and scalar transformation properties under A4⊗Z8 are gathered in
Table 4.1. The three copies of ζ1,2,3 span the A4 triplet representation, whereas each ζα transforms
as one the three different A4 one-dimensional representations (see Appendix A.1 for a summary of
the A4 representations).

A4 Z8

ζ1 3 1
ζ2 3 2
ζ3 3 1
ζα 1,1′,1′′ 4

A4 Z8

φ(UV) 3 4
η(UV) 1 4
φ′(IR) 3 5
η′(IR) 1 7

Table 4.1: Bulk fermion (left) and localized scalar (right) quantum number assignments under the
discrete group A4 ⊗ Z8.

Once the matter content is fixed, we can write down the most general Lagrangian compatible
with the symmetries. The bulk Lagrangian reads

L =

∫ R′

R

dz a4

{
ζk

[
i��D +

(
Dz + 2

a′

a

)
γ5 − aMk

]
ζk

+ζα

[
i��D +

(
Dz + 2

a′

a

)
γ5 − aMα

]
ζα

}
, (4.6)

where summation on repeated indices k ∈ {1, 2, 3}, α ∈ {e, µ, τ} is understood. Dµ,z are the gauge
covariant derivatives and the bulk Dirac masses are conventionally parametrized in terms of the
fundamental scale R,

Mk,α =
ck,α
R

. (4.7)
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Note that the A4 symmetry implies a family independent bulk mass for ζk. The most general
localized Lagrangians, excluding kinetic terms (discussed below), compatible with the boundary
conditions, and local and global symmetries, can be written

−LUV =
xη
2Λ

ην′ c2Rν
′
2R +

xν
2Λ

φν′ c2Rν
′
2R + xll1Ll3R + h.c.+ . . . ,

−LIR =

(
R

R′

)4{
yαb
Λ′

[(
l3Lφ

′)α lαR +
(
l̃3Lφ

′
)α

l̃αR

]
+
yαs
Λ′

(e′3Lφ
′)
α
e′αR

+
yb
Λ′

[
η′ l1Ll2R + η′ l̃1L l̃2R

]
+
ys
Λ′
η′ ν′1Lν

′
2R

}
+ h.c.+ . . . , (4.8)

where we have assumed that lepton number is only violated on the UV brane.3 l denotes the SM-
like doublet and l̃ stands for the other SU(2)L doublet within the given bi-doublet, whereas the
dots correspond to higher dimensional operators. We have also introduced the LH and RH chirality
projections ζL,R ≡ [(1∓ γ5)/2]ζ, recovering the standard 4D notation. Finally, ( )

α
, α = e, µ, τ ,

are the 3⊗ 3 combinations transforming under A4 as 1,1′′ and 1′, respectively.
As usually in these models, we shall assume that A4 ⊗ Z8 is spontaneously broken by the

boundary scalar vev

〈φ〉 = (v, 0, 0), 〈η〉 = vη, 〈φ′〉 = (v′, v′, v′) and 〈η′〉 = v′η, (4.9)

resulting in the brane localized terms

−LUV =
1

2
ν′ c2RθMν

′
2R + xl l̄1Ll3R + h.c.+ . . . ,

−LIR =

(
R

R′

)4
√3

v′

Λ′

l3LΩ

yeb 0 0
0 yµb 0
0 0 yτb

 lR + [l3, l→ l̃3, l̃] + e′3LΩ

yes 0 0
0 yµs 0
0 0 yτs

 e′R


+yb

v′η
Λ′
[
l1Ll2R + l̃1L l̃2R

]
+ ys

v′η
Λ′
ν′1Lν

′
2R

}
+ h.c.+ . . . , (4.10)

with the Majorana mass matrix

θM ≡

 xηvη
Λ 0 0
0

xηvη
Λ

xνv
Λ

0 xνv
Λ

xηvη
Λ

 =

 εs 0 0
0 εs εt
0 εt εs

 , (4.11)

and the unitary matrix

Ω ≡ 1√
3

 1 1 1
1 ω ω2

1 ω2 ω

 , ω = e2πi/3. (4.12)

In order to simplify Eq. (4.10), we can rotate the matter fields

ζk → Ω ζk, ∀ k, (4.13)

leaving the bulk Lagrangian L invariant. However, the localized terms

−LUV =
1

2
ν′ c2Rθ̂Mν

′
2R + xl l̄1Ll3R + h.c.+ . . . ,

−LIR =

(
R

R′

)4 [√
3
v′

Λ′
(
yαb l3αLlαR + yαb l̃3αL l̃αR + yαs e

′
3αLe

′
αR

)
+yb

v′η
Λ′
(
l1Ll2R + l̃1L l̃2R

)
+ ys

v′η
Λ′
ν′1Lν

′
2R

]
+ h.c.+ . . . , (4.14)

3This assumption, which corresponds to the strong sector preserving lepton number, can be obtained as an
accidental symmetry by introducing, for instance, larger SO(5) representations.
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become diagonal in flavor space (the terms proportional to xl and yb,s are actually flavor indepen-
dent), except for the Majorana masses

θ̂M ≡ ΩθMΩ =

 εs + 2εt
3 − εt3 − εt3

− εt3 2εt
3 εs − εt

3

− εt3 εs − εt
3

2εt
3

 . (4.15)

Dirichlet boundary conditions are modified in the presence of these boundary terms. Thus, on the
UV brane

l1R − xll3R = 0, l3L + x∗l l1L = 0, ν′2L + θ̂†Mν
′ c
2R = 0, (4.16)

and on the IR one

l3αR +
√

3
v′

Λ′
yαb lαR = 0, l̃3αR +

√
3
v′

Λ′
yαb l̃αR = 0, e′3αR +

√
3
v′

Λ′
yαs e
′
αR = 0,

lαL −
√

3
v′

Λ′
yα ∗b l3αL = 0, l̃αL −

√
3
v′

Λ′
yα ∗b l̃3αL = 0, e′αL −

√
3
v′

Λ′
yα ∗s e′3αL = 0,

l1R + yb
v′η
Λ′
l2R = 0, l̃1R + yb

v′η
Λ′
l̃2R = 0, ν′1R + ys

v′η
Λ′
ν′2R = 0,

l2L − y∗b
v′η
Λ′
l1L = 0, l̃2L − y∗b

v′η
Λ′
l̃1L = 0, ν′2L − y∗s

v′η
Λ′
ν′1L = 0. (4.17)

From these equations we observe that the lepton doublet zero mode is shared by all multiplets due
to the non-zero values of xl, yb and yαb , whereas ys splits the RH neutrino zero mode between ζ1 and
ζ2, and yαs splits the RH charge −1 singlet between ζ3 and ζα. This splitting is crucial in models
of GHU, since the Higgs being part of a gauge multiplet can only mix fermion fields within the
same SO(5) multiplet, coupling to them with the same (gauge) strength. The non-trivial flavor
structure is then only due to the brane terms above. Thus, the only source of flavor violation
in the rotated basis comes from θ̂M in Eq. (4.15), whose particular form will eventually lead to
TBM mixing in the leptonic sector. This flavor universality is a welcome consequence of the A4

symmetry, for it will also prevent flavor violating operators mediated by heavy KK gauge bosons
to exceed current experimental bounds. This observation, which was made in simpler models with
WED [100, 101], is maintained at this order in the more realistic models with GHU under study
here. Incidentally, the extra fields required to complete the SO(5) representations imply that
simpler Z2 or Z3 symmetries are not suitable to banish operators violating this mixing pattern.

4.2 The Leptonic Spectrum

In order to find the lepton masses and mixings we have to solve the equations of motion derived from
the bulk action with the boundary conditions in Eqs. (4.16) and (4.17). This can be actually carried
out exactly in the case of GHU models because the Higgs, which is part of a higher-dimensional
gauge field, can be eliminated from the bulk by a rotation in gauge space, thus reducing the Higgs
effect to the modification of the boundary conditions. This is essential, for otherwise the Higgs
would mix different multiplets in the bulk, and the corresponding equations of motion would be
forbiddingly difficult to solve. Still, the large number of fields involved makes the solution of the
full system technically challenging. An alternative approach is to perform a KK expansion without
including the Higgs, and then to take into account its effects by diagonalizing the corresponding
mass matrix. In this case one must include the Majorana masses not in the KK expansion but
as a contribution to the mass matrix. Otherwise we would have to incorporate the effect of all
physical modes up to the Majorana mass scale (which is ∼ R−1) in order to obtain an accurate
enough approximation [199]. Furthermore, the leading contribution to the light neutrino masses
and mixing angles can be obtained by simply considering the zero modes in the KK expansion (thus
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including the heavy Majorana RH neutrinos), for heavier KK modes give a suppressed contribution.
This so called zero mode approximation (ZMA) is convenient because of the transparent way the
flavor structure leading to TBM mixing is realized. We will thus proceed in three steps, first we
will compute the light lepton masses and mixing angles in the ZMA. Then, we will include the
massive KK modes but still incorporating the localized Majorana masses and the Higgs effects
in the mass matrix. Finally, we will take these into account considering the boundary conditions
directly in the KK expansion.

The Yukawa couplings, being originally gauge couplings, are flavor diagonal and do not mix
different 5D multiplets

LY = g5h
â(x)

√
2

R

1√
1− (R/R′)2

∫ R′

R

dz

(
R

z

)4
z

R′
(
ζ̄kT

â
CΓ5ζk + ζ̄αT

â
CΓ5ζα

)
= −ig5ṽ

√
2

R

1√
1− (R/R′)2

∫ R′

R

dz

(
R

z

)4
z

R′
(
ζ̄kLT

4
CζkR + ζ̄αLT

4
CζαR

)
+ h.c., (4.18)

where we have used in the last equality Γ5 = −iγ5, and assumed that the Higgs takes a vev
〈hâ〉 = ṽδâ,4. Neglecting R/R′ � 1 and inserting the expression for T 4

C in Appendix A.2, we get
the Yukawa Lagrangian from the bulk

LY =
g5ṽ

2

√
2

R

∫ R′

R

dz

(
R

z

)4
z

R′

{ ∑
s=1,2

[
ν′sL (νsR + ν̃sR)−

(
νsL + ν̃sL

)
ν′sR

]
(4.19)

+
∑
s=3,α

[
e′sL (esR + ẽsR)−

(
esL + ẽsL

)
e′sR

]}
+ h.c..

4.2.1 Lepton Spectrum in the Zero Mode Approximation

In this section we only consider the leptonic zero modes. The localized Majorana masses and the
Higgs couplings will be incorporated as mass terms to be diagonalized. The localized Dirac masses,
on the other hand, have to be taken into account exactly. Since they mix different multiplets
through the boundary conditions, the physical zero modes (the same will happen for massive
modes) are split among all multiplets mixed by them. In particular, the LH lepton doublets live in
all four multiplets. Note that as we do not include in the expansion the Majorana mass term, which
is the only source of flavor violation, different generations do not mix. The properly normalized
zero modes satisfying the corresponding boundary conditions read

l1αL(x, z) =
1√
R′

( z
R

)2 ( z
R′

)−c1 fc1√
ια
lαL(x) + . . . , (4.20)

l2αL(x, z) = y∗b
v′η
Λ′

1√
R′

( z
R

)2 ( z
R′

)−c2 fc1√
ια
lαL(x) + . . . , (4.21)

l3αL(x, z) = −x∗l
1√
R′

(
R

R′

)c3−c1 ( z
R

)2 ( z
R′

)−c3 fc1√
ια
lαL(x) + . . . , (4.22)

lαL(x, z) = −
√

3x∗l
v′

Λ′
1√
R′

(
R

R′

)c3−c1 ( z
R

)2 ( z
R′

)−cα
yα ∗b

fc1√
ια
lαL(x) + . . . , (4.23)

where α = e, µ, τ denote the lepton flavor and l1,2,3(x, z), lα(x, z) stand for the doublet component
of hypercharge −1/2 within each ζ1,2,3,α, respectively. Then, lα(x) are the physical zero modes;
and the dots correspond to heavy KK modes. The flavor dependent term takes the form

ια ≡ 1 + |yb|2
v′ 2η
Λ′2

f2
c1

f2
c2

+ |xl|2
(
R

R′

)2(c3−c1) [f2
c1

f2
c3

+ |yαb |2
3v′2

Λ′2
f2
c1

f2
cα

]
, (4.24)
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with

fc ≡
[

1− 2c

1−
(
R
R′

)1−2c

] 1
2

(4.25)

defined as usual. Eqs. (4.20-4.23) show that xl governs the splitting of the LH lepton doublet zero
mode between ζ1,2 and ζ3,α. Similarly, the splitting between ζ1 and ζ2 and the one between ζ3 and
ζα are governed by yb and yαb , respectively. Also note that for c3 > c1 the zero mode components
along ζ3,α have an extra suppression proportional to (R/R′)c3−c1 .

The RH charged lepton zero modes live in the SO(4) singlet component of ζ3 and ζα,

e′3αR(x, z) = −
√

3yαs
v′

Λ′
1√
R′

( z
R

)2 ( z
R′

)c3 f−cα√
ρα
eαR(x) + . . . , (4.26)

e′αR(x, z) =
1√
R′

( z
R

)2 ( z
R′

)cα f−cα√
ρα
eαR(x) + . . . , (4.27)

with

ρα ≡ 1 + |yαs |2
3v′2

Λ′2
f2
−cα
f2
−c3

. (4.28)

Finally, there are RH neutrino zero modes living in the SO(4) singlet components of ζ1,2, which
read

ν′1αR(x, z) = −ys
v′η
Λ′

1√
R′

( z
R

)2 ( z
R′

)c1 f−c2√
λ
ναR(x) + . . . , (4.29)

ν′2αR(x, z) =
1√
R′

( z
R

)2 ( z
R′

)c2 f−c2√
λ
ναR(x) + . . . , (4.30)

with

λ ≡ 1 + |ys|2
v′ 2η
Λ′2

f2
−c2
f2
−c1

. (4.31)

Note that these profiles are not only flavor diagonal but flavor independent.
We can now insert the former expressions in the general Yukawa Lagrangian, Eq. (4.19), and

get the corresponding zero mode mass term

−LY = ēLMe
DeR + ν̄LMν

DνR + h.c., (4.32)

with

(Me
D)αβ =

√
3g5ṽxl

2
√

2R

v′

Λ′

(
R

R′

)c3−c1
(yαs − yαb )

fc1f−cα√
ιαρα

δαβ , (4.33)

(Mν
D)αβ = − g5ṽv

′
η

2
√

2RΛ′
(ys − yb)

fc1f−c2√
λια

δαβ . (4.34)

On the other hand, the UV brane term

−LM =
1

2
ν′ c2Rθ̂Mν

′
2R

∣∣∣∣
R

+ h.c. (4.35)

gives a Majorana mass contribution to the three RH neutrinos, so that the total zero mode mass
Lagrangian writes

− Lm = ēLMe
DeR + ν̄LMν

DνR +
1

2
νcRMν

MνR + h.c., (4.36)
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with

Mν
M ≡

f2
−c2
λR′

(
R

R′

)2c2

θ̂M . (4.37)

Assuming λ ≈ 1 and R/R′ ≈ 10−16, the Majorana mass scale is in the range (10−2 − 10−5)/R ≈
1017 − 1014 GeV for −0.5 ≤ c2 ≤ −0.35. Lm is already diagonal for charged leptons (see Eq.
(4.33)). Furthermore, the localization parameters f−cα naturally explain a hierarchical pattern of
charged lepton masses.4 The electron and muon masses are easily obtained with the corresponding
zero modes localized towards the UV brane. The tau mass induces some tension that requires c1
and c3 to be relatively close to 1/2, c1,3 . 0.6, and the RH tau to be somewhat localized towards
the IR brane, cτ ≥ −1/2. This tension is stronger the smaller the factor (yαs − yαb )xlv

′/Λ′ is. Note
the v′/Λ′ suppression due to the A4 structure. This suppression makes the RH tau generically
more composite (cτ > −1/2) than naively expected from its mass. What generically implies light
leptonic resonances accessible at the LHC, as discussed in Section 4.4. The c3 − c1 difference also
controls how the LH zero modes are split between the ζ1,2 and ζ3,α multiplets (see [206,225] for a
related discussion). This becomes essential to protect the τ (LFV) couplings to the Z when it is
near the IR brane.

Let us now turn our attention to the neutrino sector. The matrix elements in Eq. (4.36)
satisfy ‖Mν

D‖ ∼ O (TeV)� ‖Mν
M‖ . O (MPl) for natural values of the model parameters. Then,

integrating out the heavy RH neutrinos we obtain the standard see-saw type Majorana mass matrix
for the LH neutrinos

M̃ν = −Mν
DMν

M
−1 (Mν

D)
T

= −m̃
3


1
ιe

[
1
εs

+ 2
εs+εt

]
1√
ιeιµ

[
1
εs
− 1

εs+εt

]
1√
ιeιτ

[
1
εs
− 1

εs+εt

]
1√
ιeιµ

[
1
εs
− 1

εs+εt

]
1
ιµ

[
1
εs
− 1

εs−εt −
εt
∆

]
1√
ιµιτ

[
1
εs

+ 1
εs−εt + εs

∆

]
1√
ιeιτ

[
1
εs
− 1

εs+εt

]
1√
ιµιτ

[
1
εs

+ 1
εs−εt + εs

∆

]
1
ιτ

[
1
εs
− 1

εs−εt −
εt
∆

]
 ,

(4.38)

where we have defined ∆ = ε2s − ε2t and

m̃ ≡ g2
5

R

(ys − yb)2v′ 2η
8Λ′ 2

ṽ2R′f2
c1

(
R

R′

)−2c2

= g2 log

(
R′

R

)
(ys − yb)2v′ 2η

8Λ′ 2
ṽ2R′f2

c1

(
R

R′

)−2c2

. (4.39)

In the last equality we have used the tree-level matching of the 5D and 4D gauge coupling constants
(in the absence of brane kinetic terms)

g5 = g
√
R log(R′/R) , (4.40)

with g ≈ 0.65 the 4D SU(2)L coupling constant. If we choose c1,3 ≥ 1
2 , c3 > cα, we can take ια ∼= ι

independent of α and then

M̃ν ∼= −m̃
3ι

 1
εs

+ 2
εs+εt

1
εs
− 1

εs+εt
1
εs
− 1

εs+εt
1
εs
− 1

εs+εt
1
εs
− 1

εs−εt −
εt
∆

1
εs

+ 1
εs−εt + εs

∆
1
εs
− 1

εs+εt
1
εs

+ 1
εs−εt + εs

∆
1
εs
− 1

εs−εt −
εt
∆

 , (4.41)

which can be diagonalized by the Harrison-Perkins-Scott matrix [203]

UHPS =


√

2/3 1/
√

3 0

−1/
√

6 1/
√

3 −1/
√

2

−1/
√

6 1/
√

3 1/
√

2

 . (4.42)

4The A4 symmetry forces the LH charged leptons to share a common localization thus naturally explaining why
the mass hierarchy in this sector is smaller than the one in the charge 2/3 quark sector [207].
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Recall that the charged lepton sector is already diagonal in this basis and therefore, UHPS gives
the PMNS mixing matrix with the predicted TBM form. The resulting neutrino mass spectrum
reads

UTHPS M̃ν UHPS = −m̃
ι

 1
εs+εt

0 0

0 1
εs

0

0 0 1
εt−εs

 , (4.43)

implying the neutrino mass-squared differences

∆m2
21 ≡ |m2|2 − |m1|2 =

∣∣∣∣ m̃ιεs
∣∣∣∣2 [1− 1

(1 + r)2

]
, (4.44)

∆m2
31 ≡ |m3|2 − |m1|2 =

∣∣∣∣ m̃ιεs
∣∣∣∣2 [ 4r

(1− r2)2

]
, (4.45)

where r ≡ εt/εs. From Eq. (4.44) we see that ∆m2
21 is positive, as conventionally assumed, for

r < −2 or r > 0. (For −2 < r < 0 we would have to exchange the ordering of the first two
neutrinos, thus ruining the TBM prediction.) Hence, the neutrino spectrum is normal (∆m2

31 > 0)
for r > 0 and inverted (∆m2

31 < 0) for r < −2 (see Eq. (4.45)). There are three solutions to Eqs.
(4.44) and (4.45) reproducing the observed mass-squared differences, ∆m2

21 ≈ 7.67×10−5 eV2 and
∆m2

31 ≈ 2.46 (−2.37)× 10−3 eV2 for normal (inverted) hierarchy [29], in the allowed r range,

r ≈ −2.01, 0.79, 1.20 . (4.46)

The other solution r ≈ −1.99 does not give the correct mixing pattern and is therefore ignored.
However, both, the normal (r = 0.79, 1.20) and the inverted (r = −2.01) mass hierarchy, can be
realized in these models, with similar phenomenology in either case. On the other hand, the correct
scale of neutrino masses is easily obtained varying the localization parameter c2, which lies in the
interval −0.4 . c2 . −0.2 for c1,3 values giving the τ mass and |εt,s| ∼ O(10−2 − 10−1).

These results receive three types of corrections. First, there are bulk lepton KK modes with
masses ∼ TeV which mix with the zero modes. This mixing is small for leptons localized near
the UV brane, and therefore the modifications they induce on the fermion masses and mixings
are small too. However since the inter-generational mixing is large in the lepton sector, it is
important to check that no large LFV is introduced. The second source of corrections is related to
the perturbative treatment of the Higgs effects. This is justified for the scales allowed by EWPT,
but in GHU models we can actually test how good this approximation is because in this case it is
possible to get a solution to all orders in the Higgs vev. These two types of corrections, which do not
significantly modify the picture drawn above, are studied in the next two subsections. Finally, we
have only included the leading order A4 ⊗Z8 breaking terms. Higher orders, although suppressed
by extra powers of 1/Λ(′), could destabilize the TBM mixing pattern and introduce new sources
of LFV. We will consider these higher order corrections in the following Section.

4.2.2 Inclusion of Massive Kaluza-Klein Modes

The lepton mass Lagrangian contains a Dirac part that includes the Yukawa Lagrangian plus the
KK mass terms,

LD = LY −
∑
n≥1

[
ml
nl

(n)

L l
(n)
R +m

l̃1/2
n l̃

(n)
1
2L
l̃
(n)
1
2R

(4.47)

+ m
l̃−3/2
n l̃

(n)

− 3
2L
l̃
(n)

− 3
2R

+ mν′

n ν
′(n)
L ν

′(n)
R +me′

n e
′(n)
L e

′(n)
R + h.c.

]
,
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where the SU(2)L doublets with hypercharges 1
2 and − 3

2 are denoted by l̃ 1
2

and l̃− 3
2
, respectively,

and the SM-like (hypercharge − 1
2 ) doublets which participate from all SO(5) multiplets by l.

Obviously, LY also includes Yukawa couplings with the massive KK modes. The Dirac mass
Lagrangian can be written in matrix form

− LD = eLMe
DeR + νLMν

DνR +
∑
n≥1

m
l̃1/2
n X̃

(n)

L X̃
(n)
R +

∑
n≥1

m
l̃−3/2
n Ỹ

(n)

L Ỹ
(n)
R + h.c., (4.48)

where we have grouped together the charge −1 leptons into eL,R and the neutral ones into νL,R.5

The UV brane term, Eq. (4.35), induces a Majorana mass term that now involves all KK modes
of the RH neutrinos

−LM =
1

2
νcRMν

MνR + h.c. . (4.49)

The mass Lagrangian is diagonal for the charge +1 and −2 sectors but not for the charge −1 and
neutral ones. However, it is still true that it is family diagonal except for the terms involving the
Majorana neutrino masses. Thus, although we have now to diagonalize the charged lepton mass
term, this diagonalization does not mix different generations and then does not introduce flavor
changing neutral currents (FCNC). The corresponding modification of the diagonal Z couplings is
proportional to the charged lepton masses and therefore relatively small [208]. On the other hand,
the neutrino mass matrix

Mν =

(
0 Mν

D

(Mν
D)

T Mν
M

)
(4.50)

is not family diagonal, and the required rotation could in principle induce modifications of the
TBM mixing and introduce dangerous non-diagonal couplings between the SM charged leptons
and the neutrino KK modes of mass ∼ TeV, implying large LFV processes at the loop level. We
have numerically checked that neither of these two possibilities is actually realized. The inclusion
of massive KK modes does not appreciably modify the TBM mixing pattern and furthermore,
although there are non-negligible charged couplings between the SM charged leptons and the
neutrino KK modes, they are, to an excellent approximation, family diagonal, i.e. if the coupling
eN is sizable for some heavy N , then the couplings µN and τN are extremely suppressed. This
can be easily understood observing that flavor violation (and also light neutrino masses and thus
TBM mixing) is induced by the corresponding Majorana mass, which being localized at the UV
brane is much larger than the TeV scale. (For a detailed discussion of the effect on neutrino masses
and mixing see [199].)

4.2.3 Exact Higgs Treatment

GHU models like the one we are considering are among the best motivated models with WED,
due to the extra protection of the Higgs potential. They are also interesting because they allow
us to solve the bulk equations of motion in the presence of a bulk Higgs. We can perform a field
redefinition identical to a gauge transformation which locally removes the Higgs from the action,
except at one of the branes. Then, the Higgs does not enter in the bulk action for rotated fields but
only as a boundary condition, which can be implemented numerically. We can, therefore, compute
non-linear effects of the Higgs due to its Goldstone boson nature. These effects are typically small
for the values of the KK scale allowed by EWPT, but this exact treatment will allow us to test our
approximation. Besides, we can also include the UV localized Majorana masses as exact boundary
conditions, instead of perturbatively.

5In this subsection we use the same calligraphic notation to denote matrices although they have a larger size
here because they also include massive KK modes.



4.3 Higher Order Effects 107

The field transformation that removes the Higgs locally except at the IR brane is identical to
a gauge transformation with gauge parameter

ρ(z, ṽ) = exp

[
i

√
2g5ṽT

4
C√

R(R′ 2 −R2)

∫ z

R

dz′z′

]
≈ exp

[
igṽT 4

C

√
log(R′/R)/2

(
z2 −R2

R′

)]
. (4.51)

This is not an actual gauge transformation because this gauge parameter does not satisfy the
corresponding boundary conditions, but it eliminates the Higgs boson locally except at the IR
brane. The bulk action for the rotated fields

ζ ′ = ρζ (4.52)

is then free of the Higgs vev ṽ, and it can be solved analytically as we did before. The boundary
conditions at the UV brane remain the same, since ρ(R) = 1. However, the boundary conditions at
the IR brane in Eq. (4.17) apply to the original fields and when written in terms of the rotated ones,
they will explicitly include the Higgs effects. Note that the physical modes will now participate from
all multiplets, not only from those mixed by localized terms but from those mixed by the Higgs, too.
This makes the corresponding boundary conditions much more challenging. Also note that, since
we are imposing now as boundary conditions the UV localized Majorana masses, we necessarily
have to deal with all three generations simultaneously in the neutrino expansion. For instance,
once we impose the UV boundary conditions, the Higgs dependent IR boundary conditions give a
system of 8 equations with 8 unknowns (per family) for the charge −1 leptons and two independent
systems of 24 equations with 24 unknowns for the neutral ones (due to the Majorana boundary
condition the three families mix and the corresponding system of 24 equations with 24 complex
unknowns splits into real and imaginary parts, as discussed in Chapter 2). Requiring a non-
trivial solution of the corresponding systems fixes the mass of the physical states and determines
all unknowns in terms of one normalization constant, which is then fixed by the normalization
condition involving all relevant multiplets. The exact expression for these boundary conditions
are too large to be included here but we have checked that the masses of the charged and neutral
leptons (for simplicity we have neglected inter-generational mixing) are in excellent agreement with
those obtained with a perturbative treatment of Higgs and UV Majorana mass effects.

4.3 Higher Order Effects

We have seen in the previous section that a global A4 symmetry can naturally explain the observed
lepton masses and TBM neutrino mixing at leading order in the breaking of this discrete symmetry
along the appropriate direction. The zero mode pattern remains almost unchanged when lepton
KK modes or bulk Higgs effects are included. Furthermore, this global symmetry provides an
extra level of flavor protection that makes the model compatible with experimental data despite
the large number of new particles. The nearly exact realization of TBM mixing, the very precise
cancellation of flavor violations and the τ mass preference for a not too small value of v′/Λ′ (or
alternatively a large degree of compositeness) must be also verified at higher orders in the global
symmetry breaking. The structure of higher order contributions is greatly simplified because φ
(φ′) preserves a Z2 (Z3) subgroup of A4 [108]. In practice, this means that

〈φ〉3 ∼ 〈φ〉, 〈φ′〉2 ∼ 1 + 〈φ′〉, (4.53)

where ∼ means that they have the same A4 transformation properties. Hence, only operators with
one or two powers of φ on the UV brane and operators with none or one power of φ′ on the IR
brane give rise to independent flavor structures. The allowed operators are further constrained by
the Z8 symmetry.
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The Majorana neutrino masses on the UV brane already have terms with none and one power
of φ, so the only new structure comes from operators with two powers of φ. The lowest order
contribution compatible with Z8 has of the form

ηφ2

Λ3
ν′ c2Rν

′
2R + h.c.→ ν′ c2R

δ1 + δ2 + δ3 0 0
0 δ1 + ωδ2 + ω2δ3 0
0 0 δ1 + ω2δ2 + ωδ3

 ν′2R + h.c., (4.54)

with δi ∼ vηv
2/Λ3 arbitrary. The boundary coupling between the ζ1 and ζ3 bi-doublets gets new

structures from terms with one or two powers of φ. The latter gives a similar contribution to the
previous one for neutrinos, whereas the former gives a 2− 3 mixing,[
ηφ

Λ2
+
φ2

Λ2

]
l1Ll3R + h.c.→ l1L

ρ1 + ρ2 + ρ3 0 0
0 ρ1 + ωρ2 + ω2ρ3 γ1

0 γ2 ρ1 + ω2ρ2 + ωρ3

 l3R + h.c.,

(4.55)
where ρi ∼ v2/Λ2 and γi ∼ vηv/Λ2.

Let us discuss now the terms on the IR brane. The leading term mixing ζ1 with ζ2 contains no
power of φ′, so the only new structure corresponds to one factor of φ′. The first such term comes
at order 1/Λ′ 3, due to the Z8 symmetry. At this order we have[

η′ ∗ 2φ′

Λ′ 3
+
η′|φ′|2

Λ′ 3
+
η′ ∗φ′ † 2

Λ′ 3

](
l1Ll2R + l̃1L l̃2R

)
+ h.c.

→ l1L

ε1 ε2 ε3
ε3 ε1 ε2
ε2 ε3 ε1

 l2R + [l1,2 → l̃1,2] + h.c., (4.56)

where ε1 ∼ v′ηv
′ 2/Λ′ 3 and ε2,3 get contributions ∼ v′ηv

′ 2/Λ′ 3 and ∼ v′ 2η v
′/Λ′ 3, and similarly for

ν′1Lν
′
2R. Finally, the coupling between ζ3 and ζα is not modified by higher order terms, because we

already have a term with one power of φ′ and the singlet contribution cannot result from a singlet
structure under A4. No further structures are generated at higher orders.

Therefore the higher order effects in the A4 breaking can be summarized, after the rotation
ζk → Ω ζk in Eq. (4.13), by the following replacements

θ̂M → θ̂M +

δ1 δ3 δ2
δ3 δ2 δ1
δ2 δ1 δ3

 (4.57)

for the Majorana masses,
xl → xl +Xl, (4.58)

with

Xl = Ω†

ρ1 + ρ2 + ρ3 0 0
0 ρ1 + ωρ2 + ω2ρ3 γ1

0 γ2 ρ1 + ω2ρ2 + ωρ3

Ω (4.59)

for the mixing between the SM LH doublets in ζ1 and ζ3, and

yb,s
v′

Λ′
→ yb,s

v′

Λ′
+

εb,s1 + εb,s2 + εb,s3 0 0

0 εb,s1 + ωεb,s2 + ω2εb,s3

0 0 εb,s1 + ω2εb,s2 + ωεb,s3

 (4.60)

for the mixing between the bi-doublets or the singlets in ζ1 and ζ2. The IR terms remain diagonal
whereas the UV terms receive non-diagonal corrections. All three effects are a source of violation
of TBM and the non-diagonal Xl a source of FCNC for the charged leptons. This implies some

constraint on v
(′)
(η)/Λ

(′) that will be discussed in the next section.
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A comment on brane kinetic terms

We have neglected so far in our discussion the effect of brane kinetic terms (BKT). These are
generated by quantum corrections and therefore cannot be set to zero at arbitrary scales [209].
The global symmetries of our model, however, strongly constrain them. In particular, all possible
BKT are proportional to the identity at leading order in A4 and Z8 breaking, except those involving
ζα fields, which are diagonal but flavor dependent. Corrections to this pattern are of order v2/Λ2,
where v and Λ stand here for any v, vη, v

′, v′η and Λ,Λ′, respectively. Since at leading order there
is no flavor violation in the charged lepton sector, these flavor dependent (but diagonal) BKT do
not generate FCNC. Once higher order terms are included, there is a small flavor violation in the
charged lepton sector and therefore the flavor dependent BKT will induce FCNC. Higher order
contributions to BKT breaking A4 are also a potential source of flavor violation. However, the
A4 and Z8 symmetries ensure that the v′ 2/Λ′ 2 corrections are diagonal. Therefore, their effect is
subleading and we will disregard them here. Hence, we include higher order effects in the localized
mass terms but not in the BKT. The effects of diagonal BKT are well-known (see for instance
[210]). They do not change the functional dependence of the fermion zero modes and only affect
their normalization. The ones leading to flavor violation are the BKTs for the RH component of
the SO(4) singlet in ζα (all the other ones are proportional to the identity, up to tiny corrections).
The corresponding BKT can be written as

δS =

∫
d4xdza4δ(z −R′)R′καe′αRi��De′αR + . . . , (4.61)

where κα is a dimensionless coefficients parametrizing the BKTs. The fermion zero modes for the
RH charge −1 leptons have the same functional form as in the absence of BKT, Eqs. (4.26) and
(4.27), except for the normalization that is now

ρBKT
α = ρα + καf2

−cα . (4.62)

Note that f2
−c � 1 for c . −0.4 so this effect in the normalization can be only relevant for the

tau lepton. A more significant effect regarding flavor is that the covariant derivative in Eq. (4.61)
contains the KK expansion of the corresponding gauge bosons. This implies the following flavor
dependent coupling of the fermion zero modes to the gauge boson KK modes

δS =

∫
d4x
[
g
√
R log(R′/R)κα

f2
−cα
ρBKT
α

fAn (R′)
]
ēαR�AneαR + . . . , (4.63)

which has to be added to the bulk contribution. We have used again the tree level matching of the
coupling constant Eq. (4.40) and assumed a KK expansion of the gauge bosons

Aµ(x, z) =
∑
n

fAn (z)A(n)
µ (x), (4.64)

with Aµ(x, z) a generic gauge field (we have left the group structure implicit). After the inclusion
of higher order terms in the brane mass terms discussed in the previous section, the charged lepton
sector is no longer flavor diagonal in the current eigenstate basis. The rotation of the RH charged
leptons required to go to the physical basis will then induce flavor violating couplings to the gauge
boson KK modes. Recall however that the charged lepton mass hierarchy is obtained by means of
the localization of the RH charged lepton zero modes. This implies that the RH rotation to go to
the physical mass is strongly hierarchical and therefore the FCNC induced by the BKT suppressed
by the charged lepton masses. We have indeed numerically checked that BKTs do not impose any
significant constraint in the model and we will therefore neglect them in the discussion about EW
and flavor constraints in the next section.
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4.4 Electroweak and Flavor Constraints

Once we have classified all possible higher order terms in the A4 ⊗Z8 breaking expansion, we can
discuss their effects on the leptonic mixing, i.e. departures from TBM mixing, as well as LFV. All
three new flavor structures, Eqs. (4.57-4.60), are a source of departure from TBM mixing; whereas
LFV is mostly affected by Eq. (4.59). Given the large number of parameters in our model, it
is difficult to establish detailed bounds on each one. However, there are some general tendencies
that are easy to understand. We have performed a detailed scanning to test these tendencies. The
main conclusion is that a large region of parameter space is allowed by all current EW and flavor
data for an IR scale 1/R′ = 1.5 TeV, provided v/Λ is not too large (. 0.1) and the LH charged
leptons are close to the UV brane (c3,1 & 0.5). This conclusion might seem a bit surprising, given
previous studies of LFV in models with WED [107]. The reason our model works so well regarding
LFV is a combination of two types of flavor protection. The first one is the protection provided
by the A4 symmetry, which in simpler models with WED is enough to ensure agreement with
experimental data [100,101]. In our case, due to the richer structure imposed by GHU models, this
protection is not enough. This is where the second layer of flavor protection enters. Our model
naturally falls in the optimal configuration discussed in [115]. The custodial symmetry, together
with a LR symmetry originally proposed to protect the Zb̄LbL coupling [111], and the splitting of
the SM fields in two separate sectors (ζ1,2 and ζ3,α in our case) reduce LFV in our model to values
compatible with current data, despite the low scale of new physics.6

We must require for the model to be realistic that it satisfies all experimental constraints. We
can classify them in four types: those from EWPT, which we will estimate requiring small devi-
ations from the SM tree-level couplings; limits on LFV processes which can proceed at tree-level;
bounds on LFV processes which are banished to higher orders; and constraints from neutrino os-
cillations. The first three types of restrictions are mainly related to the heavy spectrum, whereas
the latter one depends more directly on the discrete flavor symmetry breaking. Thus, although
it involves less precisely determined parameters, it does restrict the model. The following phe-
nomenological analysis must be understood as an existence proof. A refined analysis, which is
outside the scope of this Thesis, should consistently include all contributions to a given order.
We have done this for tree-level processes, but not for one-loop contributions which have been
only estimated with the typically larger amplitude baring, for instance, possible cancellations. On
the other hand, we have not considered one-loop corrections to Zēµ [211]. A detailed study of
this type of constraints will be presented elsewhere, for they require a precise enough (numerical)
treatment of fermion mixing to recover the proper behavior of the different contributions, and then
of decoupling [212]. The restrictions we explicitly consider are:

• Electroweak precision tests. We have required the gauge couplings of the SM charged
leptons to be in agreement with the SM prediction within 2 per mil accuracy [100,101], both
for neutral Zl̄αlα and charged Wl̄ανα currents. This is typically the present limit on the
mixing of the EW gauge bosons with new resonances [44], and on the square of the SM
lepton mixing with heavier vector-like fermions [213].

• Tree-level LFV. We have included the most relevant constraints following [107]. Explicitly,
we have studied the decays µ → e−e+e−, τ → µ−µ+µ−, τ → e−e+e−, τ → µ−e+e−,
τ → µ−e+µ− and the µ − e nuclear conversion rate. The tri-lepton decays l → l1 l̄2l3 are
mediated by LFV tree-level couplings to the physical Z gauge boson and its KK excitations.
(The effects due to fermion mixing are negligible.) 7 At low energies, these contributions can

6Recent analysis of LFV in 4D supersymmetric models with an A4 symmetry can be found in [202].
7Higgs mediated contributions [214] are suppressed by the A4 symmetry and the SM lepton masses, and then

very small in this class of models.
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be parametrized by the following effective Lagrangian,

−Leff =
4GF√

2

[
gαβ3

(
l̄βRγ

µlαR

)(
l̄βRγ

µlβR

)
+ gαβ4

(
l̄βLγ

µlαL

)(
l̄βLγ

µlβL

)
+ gαβ5

(
l̄βRγ

µlαR

)(
l̄βLγ

µlβL

)
+ gαβ6

(
l̄βLγ

µlαL

)(
l̄βRγ

µlβR

)]
+ h.c., (4.65)

where α = e, µ, τ . In terms of this effective Lagrangian, the branching ratios for these decays
read

BR(µ→ eee) = 2
(
|gµe3 |2 + |gµe4 |2

)
+ |gµe5 |2 + |gµe6 |2,

BR(τ → µµµ) =
{

2
(
|gτµ3 |2 + |gτµ4 |2

)
+ |gτµ5 |2 + |gτµ6 |2

}
BR (τ → eνν) ,

BR(τ → eee) =
{

2
(
|gτe3 |2 + |gτe4 |2

)
+ |gτe5 |2 + |gτe6 |2

}
BR (τ → eνν) ,

BR(τ → eeµ) =
{
|gτµ3 |2 + |gτµ4 |2 + |gτµ5 |2 + |gτµ6 |2

}
BR (τ → eνν) ,

BR(τ → eµµ) =
{
|gτe3 |2 + |gτe4 |2 + |gτe5 |2 + |gτe6 |2

}
BR (τ → eνν) . (4.66)

For the µ− e conversion rate we have applied the usual expression

Bconv =
2peEeG

2
Fm

3
µα

3|Fq|2Z4
effQ

2
N

π2ZΓcapt

[
|gµeR |2 + |gµeL |2

]
, (4.67)

where gµeL,R are the corresponding off-diagonal Zēµ couplings, GF is the Fermi constant and
α the QED coupling strength, while the other terms are atomic physics constants defined
in [215]. We shall use the bounds in Ref. [216] for the tri-lepton decays and the titanium
bound Bconv < 6.1× 10−13 from the SINDRUM II experiment [91] for µ− e conversion.

• One-loop LFV. We have also considered the constraints on gauge boson [100, 101] and
Higgs [107] mediated amplitudes for µ → eγ. The charged boson contributions to this
branching ratio read

BR(G)(µ→ eγ) =
3α

8π

∣∣∣∣∣∑
V

∑
i

UV L∗µi UV Lei F1

(
m2
i

M2
V

)∣∣∣∣∣
2

+ L→ R

 , (4.68)

where V denotes the gauge boson running in the loop, including the WL zero mode and its
lightest KK excitation, and the first WR KK mode (the charged gauge boson in SU(2)R).

The subscript i indicates the massive fermion running in the loop, and UV L,Re,µi stand for the
electron and muon couplings to the corresponding gauge boson and heavy lepton (in units of
g/
√

2). Finally, the function F1 is given by

F1(z) =
1

6 (1− z)4

(
10− 43z + 78z2 − 49z3 + 4z4 + 18z3 log z

)
. (4.69)

There is a comparable contribution from neutral gauge boson exchange, typically of opposite
sign [217,218]. The Higgs mediated branching ratio reads [107,217]

BR(h)(µ→ eγ) =
3α

8π

∣∣∣∣∣∑
i

ΛēLiRΛīLµR
ṽ2

2mµmi
F2

(
m2
h

m2
i

)∣∣∣∣∣
2

+ L↔ R

 , (4.70)

where Λ is the corresponding Yukawa matrix, ṽ ≈ 246 GeV,

F2(x) =
1

(1− x)
3

(
1− 4x+ 3x2 − 2x2 log x

)
, (4.71)
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and the sum runs over the leptonic KK modes. The contributions in Eqs. (4.68) and (4.70) are
of similar order when the mixing between light (SM) and heavy (vector-like) leptons, which
is encoded in U and Λ, respectively, is explicitly taken into account, despite the apparently
large enhancement factor ṽ/mµ in the latter case [219]. We will use the current PDG limit
BR(µ → eγ) < 1.2 × 10−11 [44], as well as the expected bound ∼ 10−13 from the on-going
MEG experiment [89] in the quantitative discussion below.

• PMNS matrix. We shall take the constraints on the PMNS mixing matrix from [29]

|U |3σ =

0.77→ 0.86 0.50→ 0.63 0.00→ 0.22
0.22→ 0.56 0.44→ 0.73 0.57→ 0.80
0.21→ 0.55 0.40→ 0.71 0.59→ 0.82

 . (4.72)

Let us discuss the scanning over the model parameters. Electroweak tests are generically
satisfied for our choice of IR scale 1/R′ = 1.5 TeV, as expected for UV localized light fermions [102,
131, 151, 206, 225] (with partial protection of universality for Z couplings). The constraints from
tree-level LFV are also typically mild, due to the double layer of flavor protection in our model.
Among the processes considered only µ→ eee and µ−e conversion are close to current experimental
limits. In our general scan up to ∼ 70% and ∼ 51% of the points pass the corresponding bounds,
respectively.8 The main constraint turns out to arise from µ→ eγ. In general the new contributions
are smaller for smaller values of v/Λ and relatively large values of c3. On the other hand, the
departure from TBM mixing is somewhat sensitive to the value of v′/Λ′, decreasing with this ratio.
Thus, in the following we fix v′/Λ′ = 0.05 to ensure a nearly correct neutrino mixing, passing ∼ 82%
of the points the PMNS test when varying the other parameters. These are randomly selected with
0 ≤ vη/Λ, v′η/Λ′ ≤ 0.3 and c3 ≥ 0.5. v/Λ is computed from Eq. (4.44). In Figure 4.1 we show the
most restricting observables as a function of this ratio, together with the corresponding current
experimental limit (solid line). These are µ→ eee (top-left panel), µ− e conversion in nuclei (top-
right panel) and µ → eγ (lower panels, with the full range of v/Λ on the left and only small v/Λ
values on the right), for which we have also drawn the expected sensitivity from MEG (dashed line).
The extra flavor protection of tree-level mediated processes in the top panels relative to the one-
loop µ→ eγ decay can be clearly observed in the Figure. As we see, a large number of points passes
the different tests for relatively small v/Λ values. If we restrict ourselves to v/Λ ≤ 0.05, about 97%
of the points pass the µ→ eee and µ− e conversion tests, whereas 61% satisfy the µ→ eγ bound
(and only 28% the expected MEG sensitivity). We collect in Table 4.2 the percentage of points
that satisfies all the experimental tests for different ranges of c3 and v/Λ. Requiring c3 ≥ 0.55
and v/Λ ≤ 0.05 we find that 91% of the points pass all current experimental constraints (53% if
we include the projected MEG sensitivity on µ → eγ). For v/Λ small enough, all tree-level LFV
effects are negligible, and the only (mild) constraint comes from µ → eγ. Note, however, that in
our scans we have randomly selected order one values of the dimensionless couplings and fixed the

global scale through the ratios v
(′)
(η)/Λ

(′). The unbalanced sensitivity of µ → eγ forces the global

Constraint All tests All tests + MEG

c3 ≥ 0.5, v
Λ ≤ 0.05 60% 28%

c3 ≥ 0.55, v
Λ ≤ 0.15 65% 31%

c3 ≥ 0.55, v
Λ ≤ 0.05 91% 53%

Table 4.2: Percentage of points that satisfy all experimental tests (including the projected MEG
sensitivity on the last column) for different parameter intervals.

8µ− e conversion can be within the reach of projected experiments, see [202].



4.4 Electroweak and Flavor Constraints 113

.

.

v/Λ

BR
(µ

→
3
e)

10.80.60.40.20

10−6

10−8

10−10

10−12

10−14

10−16

10−18

10−20

10−22

10−24

10−26

.

.

v/Λ

B
c
o
n
v

10.80.60.40.20

10−6

10−8

10−10

10−12

10−14

10−16

10−18

10−20

10−22

10−24

10−26

.

.

v/Λ

BR
(µ

→
eγ

)

10.80.60.40.20

100

10−5

10−10

10−15

10−20

10−25

.

.

v/Λ

BR
(µ

→
eγ

)

0.10.080.060.040.020

100

10−5

10−10

10−15

10−20

10−25

Figure 4.1: LFV branching ratios as a function of v/Λ for the scan described in the text. µ→ eee
is plotted on the top-left panel, µ − e conversion in nuclei on the top-right one, and µ → eγ on
the two lower panels (any v/Λ value on the left panel and small v/Λ values on the right one). The
horizontal lines correspond to the current experimental upper bound (solid) and future sensitivity
(dashed).

scale to be small, and then all other effects are almost negligible, including deviations from TBM
mixing. Of course, it is also possible that some couplings are accidentally larger than others, thus
inducing sizable corrections to some observables without being excluded by the µ→ eγ limit. For
example, if we set v/Λ = 0.5 and all the coefficients of higher dimensional operators equal to zero
except δ2 = 8 (well below its NDA estimate δ . 4π2xη if xη ∼ 1), we obtain

sin θ13 = 0.18, (4.73)

with all other observables within experimental limits. Thus, in our construction sizable departures
from TBM mixing can be still compatible in with all other experimental constraints (although
some fine-tuning might be necessary for large departures).

Our analysis shows that, in general, small values of v/Λ and v′/Λ′ are preferred by lepton
mixing and LFV observables. We have already emphasized the correlation between v′/Λ′ and cτ
(the smaller the former, the larger cτ has to be in order to reproduce the τ mass, implying in turn
a more composite τR). This has important consequences regarding the spectrum in our model as
a larger cτ value implies light modes. The structure is very generic in this class of models. There
is a relatively light, almost degenerate bi-doublet (two charge −1, one neutral and one charge −2
leptons) that mainly couples to τR. This bi-doublet mostly lives in ζτ (see Eq. (4.4)), which is
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light due to the assigned twisted boundary conditions [220]. These four leptons, which are from
the dual CFT standpoint the custodial symmetry partners of the composite state mixing with the
elementary tau, can be very light and couple strongly to τR without being experimentally excluded
because they are almost degenerate (see [113] for a discussion of this phenomenon in the quark
sector). This degeneracy also dictates a very characteristic collider phenomenology as we discuss
in the following.

4.5 Tau Custodians at the LHC

In the following, we investigate the LHC reach for these new leptonic resonances required by
custodial symmetry, the tau custodians. They can be pair produced with EW strength through
the exchange of a SM gauge boson, decaying almost exclusively into taus and a vector or scalar SM
boson. This analysis is crucial because signatures with taus in the final state are typically deemed
challenging and therefore not the first choice for new physics searches. Such a signature could
however very well be the first hint, and maybe the only one for a while, of the explicit realization
of the lepton spectrum in models of strong EWSB.9 Pair production of these new resonances
with the taus subsequently decaying into leptons appears to be the cleanest, model independent
channel for these searches. Assuming collinearity and no other source of missing energy we can
fully reconstruct the two taus. Equality of the invariant mass of the two reconstructed new leptons
then allows to reduce the background and reconstruct the custodian masses.

The relevant new matter content consists of two vector-like lepton doublets with hypercharges
−1/2 and −3/2,

L
(0)
1L,R =

(
N

(0)
L,R

E
(0)
1L,R

)
∼ (2)− 1

2
, L

(0)
2L,R =

(
E

(0)
2L,R

Y
(0)
L,R

)
∼ (2)− 3

2
, (4.74)

respectively. The script (0) indicates the current basis. The pertinent part of the Yukawa and
mass Lagrangian reads, in the basis with diagonal charged lepton Yukawa couplings,

L = −
√

2
m

v
l̄
(0)
L Hτ

(0)
R −

√
2
m′

v

[
L̄

(0)
1LH + L̄

(0)
2L H̃

]
τ

(0)
R −M

[
L̄

(0)
1LL

(0)
1R + L̄

(0)
2LL

(0)
2R

]
+ h.c.+ . . . , (4.75)

where the dots denote kinetic terms and other terms in the Lagrangian not involving the new
leptons. In the class of models we consider, the coupling to e, µ or any right-handed neutrino is
negligible. After EWSB, the lepton mass matrix

M =

m 0 0
m′ M 0
m′ 0 M

 (4.76)

is diagonalized with the usual bi-unitary rotations, U†LMUR = Mdiag = (mτ ,mE1
,mE2

), which

in our case take the very simple form

UL,R =

 cL,R 0 sL,R
− sL,R√

2
1√
2

cL,R√
2

− sL,R√
2
− 1√

2

cL,R√
2

 , (4.77)

where sL,R ≡ sin(θL,R), cL,R ≡ cos(θL,R). All relevant physics can be parametrized in terms of
m, m′ and M . However, it is simpler to use as alternative parameters mτ , sR and M , where the
latter two fully describe the model, with the left-handed mixing parameter

sL = sR
mτ

M
. (4.78)

9This is an interesting example in which the mechanism of neutrino mass generation, despite having a large
suppression scale, has testable consequences at the LHC.
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In particular, assuming M ≥ 100 GeV we have sL ≤ 0.018, cL ≥ 0.9998. (Thus sL ≈ 0, cL ≈ 1 is
an excellent approximation.) The resulting physical spectrum consists of three degenerate leptons
with mass M and charges 0, −1 and −2, respectively

mN = mE1
= mY = M, (4.79)

and a heavier charge −1 lepton with mass

mE2
=
M

cR

√
1− s2

R

m2
τ

M2
. (4.80)

In the physical basis the lepton couplings to the SM gauge bosons and to the Higgs can be
written without loss of generality

LZ =
g

2cW
ψ̄iQγ

µ
[
XQL
ij PL +XQR

ij PR − 2s2
WQδij

]
ψjQZµ, (4.81)

LW =
g√
2
ψ̄iQγ

µ
[
V QLij PL + V QRij PR

]
ψj(Q−1)W

+
µ + h.c., (4.82)

Lh = − h√
2
ψ̄iQY

Q
ij PRψ

j
Q + h.c., (4.83)

where Q runs over the electric charges in the spectrum (−2,−1, 0) and PLR = (1∓ γ5)/2 are the
chirality projectors. In our case, the neutral gauge couplings read

X
(−1)
L =

 −c2L sL −sLcL
sL 0 −cL
−sLcL −cL −s2

L

 , X
(−1)
R =

 0 sR 0
sR 0 −cR
0 −cR 0

 , (4.84)

X
(0)
L =

(
1 0
0 1

)
, X

(0)
R =

(
0 0
0 1

)
, X

(−2)
L = X

(−2)
R = −1; (4.85)

and the charged ones

V
(0)
L =

(
cLU

PMNS
33 0 sLU

PMNS
33

− sL√
2

1√
2

cL√
2

)
, V

(0)
R =

(
0 0 0
− sR√

2
1√
2

cR√
2

)
, (4.86)

V
(−1)
L =

(
− sL√

2
− 1√

2
cL√

2

)T

, V
(−1)
R =

(
− sR√

2
− 1√

2
cR√

2

)T

, (4.87)

where UPMNS
33 is the corresponding entry of the PMNS matrix. Finally, the corresponding Yukawa

couplings read

vY (−1) =

 c2Rmτ 0 sRcRmτ

0 0 0

sRcLM 0
s2R
cR
cLM

 . (4.88)

Note that EW single production of these states in association with a tau lepton is proportional to
sL ≈ 0 or sR, and therefore very sensitive to the particular value of the latter. Pair production, on
the other hand, is proportional to the electric charge, to cL ≈ 1 or to cR, and then less sensitive to
the precise value of sR unless sR & 0.5. The three leptons with mass M always decay into a tau
lepton and a SM gauge boson

N → τW+, E1 → τZ, Y → τW−, (4.89)

whereas the heavier one always decays to a tau and a Higgs

E2 → τH, (4.90)
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provided cR ≥ (1 + mW /M)−1. For smaller cR values the corresponding decay channels into
another heavy lepton and a gauge or Higgs boson open up. This is an exciting possibility, since it
allows for a richer phenomenology but requires a large mixing (for instance, sR ≥ 0.5 for M ≈ 720
GeV). Mixing angles that large require a detailed analysis of indirect constraints to assess the
phenomenological viability of the model and we defer it to a future publication. Hence, we restrict
ourselves to the case in which all new leptons only decay to tau leptons and a SM scalar or vector
boson.

New leptons can be singly produced in association with a tau or pair produced at the LHC.
Single production, which may be relevant for the early LHC run L ∼ 1 fb−1 at

√
s = 7 TeV, is very

sensitive to the values of the couplings in the model, as just stressed. The relatively light masses
and large couplings that can be tested in this early run not only require an analysis of current
EW constraints but a dedicated study of the LHC reach, which will be presented elsewhere. Pair
production, on the other hand, is EW and model independent to a large extent. The two heavy
leptons then decay into two taus and two SM bosons, which in turn will result in ten fermions in
the final state. We are in the best position to beat the background if we consider fully leptonic tau
decays. Besides, we will require a Z in the final state decaying into leptons for the same reason.
Due to the relatively large mass of the heavy leptons, the two taus are largely boosted and therefore
their decay products highly collimated. Assuming full collimation, we can completely reconstruct
the two taus despite having four neutrinos in the final state if there is no further source of missing
energy. Thus, we consider the following channels

pp→ Ē1E1 → ZZτ̄τ, pp→ Ē1Y → ZW−τ̄ τ, (4.91)

pp→ Ē1E2 → ZHτ̄τ, pp→ Ē1N → ZW+τ̄ τ, (4.92)

together with the conjugated ones. The signature we are interested in is therefore

pp→ l+l−l′+l′′−jj�ET , with l, l′, l′′ = e, µ. (4.93)

Even though we have to pay an important price due to the leptonic branching ratios ∼ 0.6%
[BR(Z → l+l−) ≈ 6.6%, BR(τ → l�ET ) ≈ 34%], the dramatic reduction of backgrounds overcomes
this signal suppression. Besides the multilepton final state, the full reconstruction of the taus
decaying leptonically and that the pair produced heavy leptons have the same mass allows us to
further reduce the background down to an almost unobservable level.

4.6 Analysis

As explained in the previous section, we consider pair production of tau custodians for it is model
independent. The corresponding branching ratios, together with the energy required to produce
two heavy states makes the cross section too small to have a significant number of events in the
early LHC run. We thus concentrate on the nominal energy

√
s = 14 TeV. The backgrounds we

have considered are

Ztt̄+ n jets, σ = 39.6 fb, Zbb̄+ n jets, σ = 5.85 pb, (4.94)

ZZ + n jets, σ = 2.35 pb, ZW + n jets, σ = 1.76 pb. (4.95)

tt̄+ n jets, σ = 55 pb, ZWW + n jets, σ = 1.9 fb, (4.96)

where σ are the corresponding cross sections. One Z in all channels and both tops in the tt̄ channel
have been required to decay leptonically and the cross section reported includes the corresponding
branching ratios and some minimal cuts. In all cases we have generated up to n = 2 jets at
the partonic level with ALPGEN V2.13 [231], and used the PGS4 [166] fast deterctor simulation
after passing the events through PYTHIA [165] for hadronization and showering (with the MLM
matching algorithm). Our signal events are generated with MADGRAPH/MADEVENT v4 [164]



4.6 Analysis 117

and taus are decayed with TAUOLA [232]. In all cases we have included initial and final state
radiation but no pile-up effects. We show in Fig. 4.2 the signal production cross section, including
the Z leptonic branching ratio but not decaying the tau leptons, as a function of the heavy mass
M (and assuming a Higgs mass mh = 120 GeV).
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Figure 4.2: Heavy lepton pair production cross section (in fb) as a function of the heavy mass M .
The dotted (solid) line corresponds to

√
s = 7 (14) TeV. The cross section includes the leptonic Z

decay but not the tau decays, i.e. pp→ l+l−jjτ+τ−.

In order to reduce the background we have implemented the following cuts

• Basic cuts. We require at least two positively and two negatively charged isolated leptons
(electrons or muons), two jets and missing energy with

pT (l) ≥ 10 GeV, pT (j) ≥ 20 GeV, �ET ≥ 20 GeV,

|ηl| ≤ 2.5, |ηj | ≤ 5, ∆Rjj ≥ 0.5, ∆Rjl ≥ 0.5. (4.97)

We keep the hardest four leptons and two jets if their multiplicity is larger.

• Leptons. We require two same flavour, opposite charge leptons to reconstruct a Z, and
the other two not to be back to back (so that the two taus can be reconstructed assuming
collinearity),

|Ml+l− −MZ | ≤ 10 GeV, cos(φl′+l′′−) ≥ −0.95, (4.98)

• Mjj. The two jets in our signal come from the decay of a SM boson. We therefore impose a
cut on the invariant mass of the two jets

50 GeV ≤Mjj ≤ 150 GeV. (4.99)

• τ reconstruction. We use the two leptons not reconstructing the Z and the transverse
missing energy to infer the tau four-momenta [233]. First, we assume all momenta in the tau
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decays are aligned

pl
′+

i = x+pτ
+

i , �p
+
i = (1− x+)pτ

+

i , (4.100)

pl
′′−

i = x−pτ
−

i , �p
−
i = (1− x−)pτ

−

i , (4.101)

where i stands for the spatial components x, y, z and �p
±
i denotes the sum of the momenta

of the neutrinos coming from the τ± decay. x± are the fraction of τ± momentum taken by
l′+, l′′−, respectively. They are fixed by momentum conservation in the transverse plane

x+ =
pl
′′−

y pl
′+

x − pl
′′−

x pl
′+

y

�pxp
l′′−
y − �pyp

l′′−
x + pl′′−y pl′+x − pl′′−x pl′+y

, (4.102)

x− =
pl
′′−

y pl
′+

x − pl
′′−

x pl
′+

y

�pyp
l′+
x − �pxp

l′+
y + pl′′−y pl′+x − pl′′−x pl′+y

. (4.103)

These lie between 0 and 1 if all transverse missing energy, measured with infinite precision,
comes from collinear tau decays. Thus, we require 0 ≤ x± ≤ 1 and use them to reconstruct
the τ± four-momenta

pτ
+

i =
pl
′+

i

x+
, pτ

−

i =
pl
′′−

i

x−
, i = x, y, z, (4.104)

pτ
±

0 =

√
m2
τ +

∑
i=x,y,z

(pτ
±
i )2. (4.105)

• Pair production. We require the two reconstructed heavy leptons to have the same mass
within 50 GeV,

|ML1
−ML2

| ≤ 50 GeV, (4.106)

where MLi corresponds to the invariant mass of τ± and either l+l− or jj. (We select the
pairing giving the smaller difference.)

• Mass reconstruction. Finally we require the invariant mass of the τ l+l− pairing to peak
around a test mass within 50 GeV.

|Mτl+l− −MLtest | ≤ 50 GeV. (4.107)

We have applied the analysis described above to the signal, for different values of the custodian
mass M , and to the background. In order to estimate the statistical significance of the result
we use Eq. (3.65), where s and b are the number of signal and background events, respectively,
after all cuts have been imposed [234]. We require a minimum number of 3 signal events and
S(s, b) = 5 for a 5σ discovery. An example of the efficiency of each cut on the signal and on
the main backgrounds for two sample custodian masses M = 200 GeV and M = 400 GeV is
shown in Table 4.3. The required luminosity for a 5σ discovery is 17 and 170 fb−1, respectively.
The corresponding luminosity as a function of the custodian masses is shown in Fig. 4.3. The
expected reach after 30, 300 and 3000 fb−1 of integrated luminosity is M ∼ 240, 480 and 720 GeV,
respectively, for a 5σ discovery.
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14 TeV M = 200 GeV M = 400 GeV Ztt̄ ZZ

Basic 0.85 0.14 0.49 0.44
Leptons 0.68 (81%) 0.11 (77%) 0.41 (84%) 0.41 (93%)
Mjj 0.49 (72%) 0.063 (59%) 0.15 (37%) 0.13 (31%)

Tau rec. 0.42 (86%) 0.057 (90%) 0.039 (26%) 0.052 (40%)
Pair prod. 0.39 (91%) 0.045 (79%) 0.017 (44%) 0.032 (61%)

Mass rec. 0.37 (96%) 0.041 (91%) 0.008 (48%)
∣∣∣ 0.0016 (9%) 0.016 (50%)

∣∣∣ 0.0018 (6%)

Table 4.3: Cross sections in fb (and corresponding efficiencies) after cuts for the signal and main
backgrounds. The cuts are described in Eqs. (4.97-4.107). We show the results for two different
values of the custodian masses M = 200, 400 GeV. The effect of the last cut on the background
depends on the test mass as shown in the last row. The required luminosity to have a 5 σ discovery,
with 3 or more events, being L ≈ 17, 170 fb−1, respectively.
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Figure 4.3: Luminosity required for a 5σ discovery at the LHC with
√
s = 14 TeV as a function

of the custodian mass M .

4.7 Updated Results

Since the completion of this study, some bounds on LFV processes have been updated. In partic-
ular, we show in Table 4.4 the current limits on processes with new experimental results, together
with the previous numbers. We can see that just one of the three most restricting flavor observ-
ables in our model have been updated, µ → eγ. As a consequence, these changes have a rather
small impact on our results. As an example, we show in Table 4.5 the percentage of points of our
previous scan satisfying all the experimental tests with current bounds for LFV processes. In order
to compare, we also show the numbers for the outdated bounds.
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Process Used bound Current bound

µ→ eγ 1.2× 10−11 2.4× 10−12

τ → µµµ 3.2× 10−8 2.1× 10−8

τ → eee 3.6× 10−8 2.7× 10−8

τ → eeµ 2.0× 10−8 1.5× 10−8

τ → eµµ 2.3× 10−8 1.7× 10−8

Table 4.4: Used and current bounds on some LFV processes.

Constraint Old bounds New bounds

c3 ≥ 0.5, v
Λ ≤ 0.05 60% 51%

c3 ≥ 0.55, v
Λ ≤ 0.15 65% 55%

c3 ≥ 0.55, v
Λ ≤ 0.05 91% 88%

Table 4.5: Percentage of points that satisfy all experimental tests for old and current bounds on
LFV processes.

Also, as mentioned in Chapter 1, recent results from Daya Bay experiment [58] have excluded
the θ13 = 0 hypothesis at 5.2σ, obtaining

sin2 2θ13 = 0.092± 0.016 (stat)± 0.005 (syst). (4.108)

In the same direction, the RENO experiment [59] have recently measured the θ13 mixing angle
with a significance of 4.9σ, leading to

sin2 2θ13 = 0.113± 0.013 (stat)± 0.019 (syst), (4.109)

a value which is compatible with the previous one. The latest global fit takes into account mea-
surements coming from both reactor experiments [235], and obtain at 3σ

0.0149 (0.0150) < sin2 θ13 < 0.0344 (0.0347), (4.110)

for a normal (inverted) hierarchy. This strong evidence of a non-zero θ13 angle has triggered a
small revolution in the field, leading to new attempts to produce such a large angle with the help
of discrete symmetries [236–246]. Besides groups of small size as S3, A4, S4 or D4, larger groups
like A5,∆(54),∆(96) or ∆(384) have been proposed. As we have discussed previously, large values
of θ13 can be accommodated in our model while still being compatible with all other experimental
constraints. However, to this end, some fine-tunning might be needed, rendering the model less
natural. We can understand this better by noting that the TBM pattern is produced at leading
order by Z2 ⊗ Z2 and Z3 symmetries in the neutrino and the charged lepton sector, respectively.
While one Z2 ⊂ Z2⊗Z2 and the Z3 symmetry groups are imposed by the alignment of the boundary
scalars vev’s, the extra Z2 symmetry of the Klein group is accidental and arises at leading order
from the absence of boundary scalar transforming under 1′ or 1′′ [245]. Higher order corrections
break this accidental Z2 symmetry, leading to deviations from the original TBM mixing matrix.
This behavior, which could be a drawback before the recent θ13 measurements, is now something
precious to accommodate such a large mixing angle. However, as the breaking of the extra Z2

symmetry by NLO terms increases, the rest of entries in the PMNS matrix also changes. This
fact, together with the larger contributions to LFV processes induced by higher order corrections,
introduce some tension with the desired value of the θ13 angle. One might consider changing to
larger groups like ∆(96) or ∆(384), although it would require paying the price of a less minimal
scenario.
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The LHC is trying to disentangle the precise mechanism breaking the EW symmetry. Thanks to
the big effort made by the LHC community we are about to find out whether the Higgs boson exists
or not. Trying to solve the hierarchy problem (arising in the case of a fundamental Higgs), different
models extend the SM including new particles at the TeV scale, which may be observable at the
LHC. As third generation quarks and leptons feel more strongly the EW symmetry breaking than
the rest of SM fermions, one could expect that any new physics fixing the hierarchy problem will
leave its footprint especially on this sector. As we have seen in this Thesis, this is indeed the case
in models with WED and their CFT duals. Moreover, the hints of an anomaly in the tt̄ forward-
backward asymmetry measured at the Tevatron seems to point in this direction. Throughout this
Thesis, we have considered some of these BSM models, which describe alternative realizations
of the EWSB, and studied in detail their collider phenomenology in connection with the third
generation. Our main results can be summarized as follows:

• We have studied in Chapter 2 the effect of bulk fermions on EW precision observables in a
non-custodial model with warped extra dimensions and a strong deviation from AdS5 near
the infrared brane [1]. We have found that reproducing the observed top quark mass can
result in significant constraints from anomalous contributions to the ZbLbL coupling. In
addition, we have seen that the one-loop corrections to the EW observables, which are finite
in these scenarios, strongly restrict the allowed region of parameter space. In particular, a
tension between the (tree-level) corrections to the ZbLbL coupling and the 1-loop contribution
to the T -parameter, strongly constrains the localization of the quarks of the third generation
and the resulting 95% CL bound on the KK scale. Nevertheless we have found that the KK
gluons can be as light as 1.5 TeV if the Higgs is heavy. However, if the Higgs mass is allowed
to float in the fit, one finds a 95% CL lower bound of MKK ≈ 2.3 TeV. Due to the strong
localization of the gauge boson resonances towards the IR brane, KK gluons have smaller
couplings to the light fermions, leading to a suppression in the production cross section.
This can be compensated by the lower allowed mass of the gauge KK modes. However, we
find that discovering such a resonance in the dominant tt̄ channel is likely to be challenging.
Boosted top techniques and a very detailed knowledge of the tt̄ tail will likely be required to
discover these modes.

• We have shown in Chapter 3 that a gluon resonance G of mass below 1 TeV could be the
origin of the tt̄ forward-backward asymmetry observed at the Tevatron provided that new
decay modes G→ q̄Q, with q a standard quark and Q its massive excitation, make G broad
enough [2–4]. We consider all the different cases, with q the top, the bottom or a light quark,
and dominant decay modes Q → Wq′ or Q → Zq. We show that current experimental
searches are unable to probe the model, but that minimal departures from these analysis can
explore a large region of its parameter space for the current LHC luminosity. This includes
the challenging case with the new quarks decaying mostly into light quark flavors. In some
channels not only the heavy quark but also the massive gluon can be reconstructed, which
would establish the origin of the tt̄ asymmetry. We have considered also the case of new
vector-like excitations decaying into a Higgs boson and a SM quark in the framework of
minimal composite Higgs models [5,6]. We have found that masses for new color octet vector

121



122 Conclusions

resonances up to 2.8 TeV can be probed with the 2011 and 2012 data sets. This enters
the region currently preferred by EW precision constraints. With the energy upgrade to√
s = 14 TeV, up to MG ∼ 5 TeV can be probed with 100 fb−1.

• In Chapter 4 we have studied for the first time the implementation of a global A4 symmetry
in models of GHU [7]. Although LFV is generated at tree level, we have found that the
global symmetry provides a strong enough flavor protection thanks to a subgroup of the
custodial symmetry which naturally provides the necessary extra suppression. We have
also investigated possible deviations from TBM (which is predicted at LO by the assumed
discrete symmetry breaking) and the implications of EWPT, LFV and neutrino masses and
mixing on the spectrum of new resonances. This requires a precise enough determination
of the masses and mixings of particles spreaded by many orders of magnitude, making the
numerical analysis rather challenging. The model is compatible with all those experimental
constraints for new gauge boson masses MKK & 3.5 TeV, which could be accessible at the
LHC. We have found that, in order to keep LFV below current (and expected) experimental
bounds, the A4 breaking has to be relatively small. This leads to an extra suppression on
the lepton Yukawa couplings and a more composite τR. This in turn implies the existence
of new leptonic resonances – the tau custodians – with masses of few hundreds of GeV and
large couplings to τR. They come in a full almost degenerate SU(2)L × SU(2)R bi-doublet
with a very distinctive phenomenology at the LHC.

We have shown that pair production of tau custodians provides a clean, model independent
channel, that results in two taus and two gauge or Higgs bosons [8]. Requiring at least one Z
decaying into electrons or muons, leptonic tau decays and no further source of missing energy,
we end up with a final state with four charged leptons (electrons or muons), missing energy
and two jets. The large number of leptons allows for a very efficient reduction of the main
backgrounds. The relative large mass of the custodians results in highly boosted taus with
very collimated decay products. Assuming complete collimation, we can fully reconstruct
both taus, despite the presence of four neutrinos in the final state. The requirement of pair
production of same mass objects then further enhances the signal, leading to a discovery
reach for tau custodians at the LHC with

√
s = 14 TeV of M = 240, 480 and 720 GeV for a

total integrated luminosity L = 30, 300, 3000 fb−1, respectively.

In summary, we have studied the phenomenology of models with extra dimensions and its
possible signals at LHC. In these SM extensions the main deviations from the minimal SM are
expected to show up in processes involving the third family, what is also widely expected because it
is the heaviest one. With this in mind we have worked out the phenomenological implications of the
extra-dimensional models which can be probed at LHC in top processes. We have also constructed
a definite model for leptons reproducing the observed spectrum and predicting a rather composite
tau lepton with characteristic signatures at LHC.
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El LHC está tratando de determinar el mecanismo exacto de ruptura de la simetŕıa electrodébil.
Gracias al gran esfuerzo realizado por la comunidad estamos a punto de averiguar si el bosón de
Higgs existe o no. En un intento por resolver el problema de las jerarqúıas (que surge en el caso
de un Higgs fundamental), diferentes modelos extienden el Modelo Estándar con nuevas part́ıculas
a la escala del TeV, que podŕıan ser observables en el LHC. Como los quarks y los leptones de la
tercera generación sienten con más fuerza que el resto de fermiones del Modelo Estándar la ruptura
espontánea de simetŕıa, podemos esperar que cualquier nueva f́ısica que resuelva el problema de las
jerarqúıas deje su huella especialmente en este sector. Como hemos visto en esta Tesis, esto es cierto
en los modelos con dimensiones extras curvas y en sus duales cuatro-dimensionales fuertemente
acoplados. Por otro lado, los indicios de una anomaĺıa en la asimetŕıa angular de tt̄ medidos en el
Tevatron parecen apuntar en esa dirección. A lo largo de esta Tesis, hemos considerado algunos
de estos modelos de f́ısica más allá del Modelo Estándar, que describen realizaciones alternativas
de la ruptura espontánea de la simetŕıa electrodébil, y estudiado en detalle su fenomenoloǵıa
en colisionadores en conexión con la tercera generación. Nuestros principales resultados pueden
resumirse como sigue:

• Hemos estudiado en el Caṕıtulo 2 el efecto de los fermiones cinco-dimensionales en los observ-
ables electrodébiles de precisión en un modelo no custodial con una dimensión extra curva y
una fuerte desviación de AdS5 cerca de la membrana infrarroja [1]. Hemos encontrado que
reproducir la masa observada del quark top puede dar lugar a importantes restricciones por
parte de contribuciones anómalas al acoplamiento ZbLb̄L. Además, hemos visto que las cor-
recciones a un lazo a los observables electrodébiles, que son finitas en estos escenarios, limitan
fuertemente la región del espacio de parámetros permitida. En particular, la tensión entre las
correcciones (a nivel árbol) al acoplamiento ZbLb̄L y la contribución a un lazo al parámetro
T , restringe de manera importante la localización de los quarks de la tercera generación y
la cota resultante para la escala de Kaluza-Klein. Sin embargo, hemos encontrado que los
gluones de Kaluza-Klein pueden ser tan ligeros como 1.5 TeV, si el bosón de Higgs es pesado.
Por contra, si permitimos que la masa del bosón de Higgs varie en el ajuste, encontramos un
ĺımite inferior MKK ≈ 2.3 TeV con un nivel de confianza del 95%. Debido a la fuerte local-
ización de las resonancias de los bosones de gauge hacia la membrana infrarroja, los gluones
de Kaluza-Klein tienen menor acoplamiento a los fermiones ligeros, dando lugar a una menor
sección eficaz de producción. Esto puede ser compensado por la menor masa permitida para
los bosones de gauge de Kaluza-Klein. Sin embargo, encontramos que el descubrimiento de
dicha resonancia en el canal dominante tt̄ será desafiante. Técnicas de tops impulsados y un
conocimiento muy detallado de la cola de tt̄ serán probablemente necesarias para descubrir
estos modos.

• Hemos demostrado en el Caṕıtulo 3 que una resonancia gluónica G con masa por debajo de
1 TeV podŕıa ser el origen de la asimetŕıa angular de tt̄ observada en el Tevatron siempre y
cuando los nuevos modos de desintegración G → q̄Q, con q un quark estándar y Q su ex-
citación masiva, hagan a G lo suficientemente ancha [2–4]. Consideramos todos los diferentes
casos, con q el quark top, bottom o un quark ligero, y canales principales de desintegración
Q → Wq′ o Q → Zq. Hemos mostrado que las búsquedas experimentales actuales son in-
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capaces de descubrir el modelo, pero que modificaciones mı́nimas de estos análisis pueden
explorar una gran región de su espacio de parámetros con la luminosidad actual del LHC.
Esto incluye el desafiante caso en el que los nuevos quarks se desintegran mayormente en
quarks de sabores ligeros. En algunos canales no sólo el quark pesado sino también el gluon
masivo puede ser reconstruido, lo que estableceŕıa el origen de la asimetŕıa de tt̄. Hemos
considerado también el caso en que los nuevos fermiones vectoriales se desintegran en un
bosón de Higgs y un quark del Modelo Éstandar en el marco de modelos minimales de Higgs
compuesto [5, 6]. Hemos encontrado que masas de hasta 2.8 TeV para las nuevas resonan-
cias gluónicas pueden ser sondeadas con los datos de 2011 y 2012. Esto entra en la región
preferida actualmente por los datos de precisión electrodébil. Con la actualización de enerǵıa
a
√
s = 14 TeV, hasta MG ∼ 5 TeV pueden estudiarse con 100 fb−1.

• En el Caṕıtulo 4 hemos estudiado por vez primera la implementación de una simetŕıa global
A4 en modelos de unificación gauge-Higgs [7]. Aunque la violación de sabor leptónico se ge-
nera a nivel árbol, hemos encontrado que la simetŕıa global otorga una fuerte protección gra-
cias a un subgrupo de la simetŕıa custodial que proporciona de forma natural la supresión adi-
cional necesaria. También hemos investigado posibles desviaciones del patrón tri-bimaximal
(que se predice a primer orden por la ruptura asumida de la simetŕıa discreta) y las impli-
caciones de los tests de precisión electrodébil, la violación del sabor leptónico y las masas de
los neutrinos y los ángulos de mezcla leptónicos en el espectro de nuevas resonancias. Esto
requiere una determinación suficientemente precisa de las masas y las mezclas de part́ıculas
esparcidas en muchos órdenes de magnitud, haciendo del análisis numérico un interesante
reto. El modelo es compatible con todas esas restricciones experimentales para masas de
los nuevos bosones gauge MKK & 3.5 TeV, que podŕıan ser accesibles en el LHC. Hemos
encontrado que, para mantener la violación de sabor leptónico por debajo de ĺımites experi-
mentales actuales (y esperados), la ruptura de A4 tiene que ser relativamente pequeña. Esto
conduce a una supresión adicional en los acoplamientos de Yukawa leptónicos y a un τR
más compuesto. Esto implica a su vez la existencia de nuevas resonancias leptónicas - los
custodios del tau - con masas de unos pocos cientos de GeV y grandes acoplamientos al τR.
Vienen en un bidoblete de SU(2)L × SU(2)R casi degenerado con una fenomenoloǵıa muy
particular en el LHC.

Hemos demostrado que la producción de pares de custodios proporciona un canal limpio,
independiente del modelo, dando lugar a dos taus y dos bosones de gauge o de Higgs [8].
Pidiendo que al menos una Z se desintegre en electrones o muones, desintegraciones leptónicas
para los taus y ninguna fuente adicional de enerǵıa perdida, nos encontramos con un estado
final con cuatro leptones cargados (electrones o muones), enerǵıa perdida y dos jets. El gran
número de leptones permite una reducción muy eficiente de los principales fondos. La masa
relativamente grande de los custodios resulta en taus altamente impulsados con productos
de desintegración muy colimados. Suponiendo colimación completa, se puede reconstruir
totalmente los dos taus, a pesar de la presencia de cuatro neutrinos en el estado final. Pidendo
además producción de pares de objetos con idéntica masa incrementamos aún más la señal,
obteniendo un alcance para los custodios en el LHC con

√
s = 14 TeV de M = 240, 480 y

720 GeV para una luminosidad total integrada de L = 30, 300, 3000 fb−1, respectivamente.

En resumen, hemos estudiado la fenomenoloǵıa de los modelos con dimensiones adicionales y sus
posibles señales en el LHC. En estas extensiones del Modelo Estándar, las principales desviaciones
respecto al Modelo Estándar minimal se espera que aparezcan en procesos relacionados con la
tercera familia, lo que también se espera por ser ésta la más pesada. Con esto en mente hemos
estudiado las implicaciones fenomenológicas de los modelos extra-dimensionales que pueden ser
observadas en el LHC a través del quark top. También hemos construido un modelo concreto para
leptones que reproduce el espectro observado y predice un leptón tau más bien compuesto con
señales caracteŕısticas en el LHC.



A
Group Theory Summary

In this appendix we summarize the main group theory properties used in the text.

A.1 A4 Representations

A4 is the group of even permutations of four elements. It has twelve elements which can be written
in terms of two generators, S and T , satisfying

S2 = T 3 = (ST )3 = 1. (A.1)

This discrete group has three inequivalent one-dimensional representations

1 : S = 1, T = 1,
1′ : S = 1, T = ei2π/3 = ω,
1′′ : S = 1, T = ei4π/3 = ω2,

(A.2)

and one three-dimensional irreducible representation, 3; being the Clebsch-Gordan series of their
non-trivial products

1′ × 1′ = 1′′, 1′ × 1′′ = 1, 1′′ × 1′′ = 1′,
1′ × 3 = 3, 1′′ × 3 = 3,

3x × 3y = 31 + 32 + 1 + 1′ + 1′′.
(A.3)

In the basis where S is diagonal

S =

 1 0 0
0 −1 0
0 0 −1

 , T =

 0 1 0
0 0 1
1 0 0

 , (A.4)

and the decomposition of 3x × 3y reads

1 = x1y1 + x2y2 + x3y3,

1′ = x1y1 + ω2x2y2 + ωx3y3,

1′′ = x1y1 + ωx2y2 + ω2x3y3, (A.5)

31 = (x2y3, x3y1, x1y2),

32 = (x3y2, x1y3, x2y1),

with 3x = (x1, x2, x3) and 3y = (y1, y2, y3).
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A.2 SO(5) Generators in the Fundamental Representation

The ten SO(5) generators can be written in the fundamental representation (5)

T aL,ij = − i
2

[
1

2
εabc

(
δbi δ

c
j − δbjδci

)
+
(
δai δ

4
j − δaj δ4

i

)]
, a = 1, 2, 3,

T aR,ij = − i
2

[
1

2
εabc

(
δbi δ

c
j − δbjδci

)
−
(
δai δ

4
j − δaj δ4

i

)]
, a = 1, 2, 3, (A.6)

T âC,ij = − i√
2

[
δâi δ

5
j − δâj δ5

i

]
, â = 1, 2, 3, 4.

They are normalized to TrTαT β = δαβ . In this basis 5, which decomposes into (2,2) ⊕ (1,1)
under SU(2)L × SU(2)R, reads

Q =
1√
2


q++ − q−−
iq++ + iq−−
−iq+− + iq−+

q+− + q−+√
2q00

 , (A.7)

where the first (second) subscript ±, 0 corresponds to T 3
L = ± 1

2 , 0 (T 3
R = ± 1

2 , 0), respectively.
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