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Introduction

The recent LHC discovery of a new scalar resonance [1,2] and its experimental confirma-
tion as a particle resembling the Higgs boson [3-5] have finally established the Standard
Model (SM) as a successful and consistent framework of electroweak symmetry break-
ing (EWSB). Even so, the hierarchy problem, related with the stabilization of the Higgs
mass against larger physics scales which may communicate with the Higgs properties via
radiative loop corrections, is still pending to be solved. Indeed, no new particles -which
could indicate beyond the Standard Model (BSM) physics curing the problem- have been
detected so far. Many models attempting to palliate the electroweak hierarchy problem
have appeared in the last decades, such as the Minimal Supersymmetric extension of the
SM (MSSM) [6-8] and several other BSM scenarios, playing a role at the TeV-scale.

The way in which the Higgs particle participates in the EWSB mechanism determines
different BSM scenarios. In one class of models, the Higgs is introduced as an elementary
scalar doublet transforming linearly under the SM gauge group SU(2);, x U(1)y. An
alternative is to postulate its nature as emerging from a given strong dynamics sector at
the TeV or slightly higher scale, in which the Higgs participates either as an EW doublet
or as a member of other representations: a singlet in all generality. Both cases call for new
physics (NP) around the TeV scale, but concrete BSM models of the former type (EWSB
linear realisations) tend to propose the existence of lighter exotic resonances which have
failed to show up in data so far.

The alternative case mentioned assumes a non-perturbative Higgs dynamics associated
to a strong interacting sector at As-scale, with a explicitly non-linear implementation of
the symmetry in the scalar sector. These strong dynamics frameworks all share a reminis-
cence of the long ago proposed “Technicolor” formalism [9-11], in which no Higgs particle
was proposed in the low-energy physical spectrum and only three would-be-Goldstone
bosons were present with an associated scale f identified with the electroweak scale
[ = v = 246 GeV (respecting f > Ay/4m [12]), and responsible a posteriori for the
weak gauge boson masses. The experimental discovery of a light Higgs boson, not accom-

panied of extra resonances, has led to a revival of a variant of that idea: that the Higgs
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particle h may be light because being itself a Goldstone boson resulting from the sponta-
neous breaking of a strong dynamics with symmetry group G at the scale A, [13H18]. A
subsequent source of explicit breaking of G would allow the Higgs boson to pick a small
mass, much as the pion gets a mass in QCD, and develops a potential with a non-trivial
minimum (h). Only via this explicit breaking would the EW gauge symmetry be bro-
ken and the electroweak scale v -defined from the W mass- be generated, distinct from
f. Three scales enter thus in the game now: f, v and (h), although a model-dependent

constraint will link them. The strength of non-linearity is quantified by a new parameter

, (1)

such that, f ~ v (§ ~ 1) characterizes non-linear constructions, whilst f > v (£ < 1)

labels regimes approaching the linear one. As a result, for non-negligible £ there may be

2

=l S

£

corrections to the size of the SM couplings observable at low energies due to new physics
(NP) contributions.

A systematic and model-independent procedure to account for those corrections is
their encoding via an Effective Field Theory (EFT) approach. The idea is to employ
a non-linear ¢ model to account for the strong dynamics giving rise to the Goldstone
bosons, that is the W* and Z longitudinal components, and a posteriori to couple this
effective Lagrangian to a scalar singlet h in a general way. In a given model, relations
between the coefficients of the most general set of operators will hold, remnant of the initial
EW doublet or other nature of the Higgs particle. But in the absence of an established
model, it is worth to explore the most general Lagrangian, which may even account for
scenarios other than those discussed above, for instance that in which the Higgs may be
an “impostor” not related to EW symmetry breaking, such as a dark sector scalar, and
other scenarios as for instance the presence of a dilaton. We will thus try to construct
here the most general electroweak effective non-linear Lagrangian (often referred to also
as “chiral” Lagrangian) in the presence of a light scalar h, restricted to the bosonic sector.

A very general characteristic differentiating linear from non-linear effective expansions
goes as follows. In the SM and in BSM realizations of EWSB the EW scale v and the h
particle enter in the Lagrangian in the form of polynomial dependences on (h + v), with
h denoting here the physical Higgs particle. In chiral realisations instead, that simple
functional form changes and will be encoded by generic functionals F(h). To parametrize

them, it may be useful a representation of the form [19]
F(h) = go(h,v) + £g1(h,v) + Ega(h,v) + ... 2)

where g(h,v) are model-dependent functions of h and of v, once (h) is expressed in terms

of £ and v. Furthermore, for a generic h singlet, the number of independent operators



constituting a complete basis will be larger than that for linear realizations of EWSB,
and also larger than that for the EW non-linear Lagrangian constructed long ago in the
absence of a light scalar particle (the so-called Applequist-Longhitano-Feruglio effective
Lagrangian [2125]), entailing as a consequence a richer phenomenology.

The EFT developed here should provide the most general model-independent descrip-
tion of bosonic interactions in the presence of a light Higgs particle h: pure gauge, gauge-h
and pure h couplings, up to four derivatives in the chiral expansion [19}20]. We identi-
fied first [19] the tower of independent operators invariant under the simultaneous action
of charge conjugation (C) and parity (P) transformations (named as CP-conserving or
CP-even); next, the bosonic tower of CP-odd operators has also been determined [20].

While some of the operators in our CP-even and CP-odd bases had been individually
identified in recent years in Refs. |26-29], the present analysis is the first determination of
the complete set of independent bosonic operators and their impact. Some of the bosonic
operators discussed in Chapter [2| had not been explored in previous literature on non-
linear effective Lagrangians, but traded instead by fermionic ones via the equations of
motion [30]. It is very interesting to identify and analyse the complete set of independent
bosonic operators, though, both from the theoretical and from the phenomenological point
of view. Theoretically, because they may shed a direct light on the nature of EWSB,
which takes place precisely in the bosonic sector. Phenomenologically, because given
the present and future LHC data, increasingly rich and precise constraints on gauge and
gauge-Higgs couplings are becoming available, up to the point of becoming increasingly
competitive with fermionic bounds in constraining BSM theories. This fact may be further
strengthened with the post-LHC facilities presently under discussion.

One of the phenomenological explorations of CP-violation contained in this work deals
with the differential features expected in the leading anomalous couplings and signals of
non-linear realisations of EWSB versus linear ones. Phenomenological constraints result-
ing from limits on electric dipole moments (EDMs) and from present LHC data will be
derived, and future prospects briefly discussed. We will go beyond interesting past and
new proposals to search for Higgs boson CP-odd anomalous couplings to fermions and
gauge bosons [31-67], which rank from purely phenomenological analysis to the identifi-
cation of expected effective signals assuming either a linear or a non-linear realisation of
EWSB.

Another aspect explored in this work is that of BSM flavour physics in the context of
the EW chiral Lagrangian with a light Higgs particle h. While we will not attempt to
derive in this case a complete fermionic and bosonic EFT basis, some salient features will
be explored. This will be implemented in the framework of a very predictive and promising
flavour tool: the so called Minimal Flavour Violation hypothesis (MFV) [69-71], based
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on promoting the Yukawa couplings to spurions transforming under the global flavour
symmetry that the SM exhibits in the limit of massless fermions (we restrict to the quark
sector here): Gy = SU(3)g, x SU(3)y, x SU(3)p,. In this setup, each operator is
weighted by a coefficient made out of Yukawa couplings so as to make each term in the
EFT Lagrangian G j-invariant; those weights will for instance govern and maintain under
safe control all the Flavour Changing Neutral Currents processes (FCNC). As a result, the
low-energy predictions turn out to be suppressed by Yukawa couplings, i.e. by the observed
quark masses and small mixing angles. Indeed, what data are telling us is that whatever
is the BSM theory of flavour it should align at low-energies with SM predictions, in other
words, with all flavour-changing effects resulting from the SM sources. The only source
of flavour in the SM are Yukawa couplings and the MFV construction ensures precisely
that Yukawa coupling are the only low-energy messengers of BSM flavour physics.

The content of this manuscript is organized as follows: Chapter [I| contains a brief
SM description, followed by an also brief non-linear sigma model presentation and of
the MFV ansatz. Chapter [2| develops the EFT approach for the EW chiral Lagrangian
in the presence of a light scalar h. The corresponding complete basis of CP-even and
CP-odd effective operators in the non-linear regime for the pure gauge, gauge-h and pure
h sectors are listed in there [] Phenomenological bounds on CP-odd couplings resulting
from EDMs limits and from present LHC data are derived as well in Chapter 2l Chapter
is dedicated to flavour effects, and therefore, to the inclusion of the fermion-gauge and
fermion-gauge-h sectors, within the assumed chiral EFT framework and the MFV ansatz.
Finally, Chapter {4 summarizes the main results. Complementary tools and results are

given in the appendices.

IThe F;(h) functions will be restricted to CP-even ones, though.



Introduccion

El reciente descubrimiento de una nueva resonancia de tipo escalar en el LHC [1,2] y su
confirmacién experimental e identificacién con el bosén de Higgs [3-5], han establecido
finalmente al Modelo Estandar (ME) como marco consistente de rotura de la simetria
electrodébil (RSE). Aun asi, el problema de la jeraquia, relacionado con la estabilizacién
de la masa del Higgs frente a mayores escalas de fisica que pueden comunicarse con las
propiedades del Higgs via correcciones radiativas, sigue sin ser resuelto. De hecho, nuevo
contenido de particulas -el cual podria indicar fisica més alla del Modelo Estandar (MME)
que cure el problema- no ha sido detectado hasta ahora. Muchos modelos que intentan re-
solver tal problema han aparecido en las ultimas décadas, tales como la extension Minima
Supersimétrica del Modelo Estandar (MSME) [6-8] y diversos modelos de MME a la
escala del TeV.

La manera en que el bosén de Higgs participa del RSE determina dos escenarios
diferentes. En un tipo de modelos, el Higgs es introducido como doblete escalar elemental
que transforma linealmente bajo el grupo gauge SU(2), x U(1)y del ME. Una alternativa
es postular su naturaleza como emergente de un sector dinamico fuerte a la escala del TeV
o ligeramente mayor, en el cual el Higgs participa ya sea como un doblete electrodébil
o como parte de otras representaciones: un singlete en toda generalidad. Ambos casos
requieren de nueva fisica (NF) cerca de la escala del TeV, pero modelos concretos de
MME del primer tipo (realizaciones lineales de RSE) tienden a proponer la existencia
de resonancias exdticas livianas las cuales no han aparecido en los datos experimentales
hasta ahora.

El caso alternativo asume una dinamica no-perturbativa del Higgs asociada al sector
fuertemente interactuante a una escala A, con una implementacién explicita de la simetria
no-lineal en el sector escalar. Estos escenarios de dindmica fuerte comparten todos una
reminiscencia del antiguo formalismo de “Technicolor” [9-11], sin particula de Higgs en
el espectro fisico de bajas energias y solo tres bosones de Goldstone estando presentes
con una escala asociada f identificada con la escala electrodébil (EE), f = v = 246 GeV

(con f > Ag/4m |12]) y responsable a posteriori de la masas de los bosones de gauge. El
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descubrimiento experimental de bosén de Higgs liviano, no acompanado de resonancias
extra, ha llevado a un resurgimiento de una variante de esa idea: que la particula de Higgs
h puede ser liviana siendo asi misma un bosén de Goldstone resultante del rompimiento
espontaneo de una dindmica fuerte con grupo de simetria G a la escala A, [13}18]. Una
fuente subsecuente de rompimiento explicito de G permitiria al bosén de Higgs obtener
su masa pequena, asi como el pién obtiene su masa en QCD, y desarrollar un potencial
con un minimo no trivial (h). S6lo mediante este rompimiento espontaneo la simetria
de gauge electrodébil seria rota y la EE v -definida por la masa del bosén de gauge W-
seria generada y distinta de la escala f. Tres escalas entran en el juego ahora: f, vy
(h), y estaran vinculadas entre ellas mediante alguna relacién dependiente del modelo.

La no-linealidad del modelo esta cuantificada por el nuevo parametro

£=—43 (3)

tal que f ~ v (£ ~ 1) caracteriza escenarios no-lineales, mientras que f > v (£ < 1) dis-
tingue a escenarios de régimen lineal. Como resultado, para valores no despreciables de &
pueden haber correcciones al tamano de los acoplos del ME debido a nuevas contribuciones
de NF.

Un procedimiento sistematico para explicar esas correcciones consiste en codificarlas
via una Teoria Efectiva de Campos (TEC). La idea es emplear un modelo ¢ no-lineal
para dar cuenta de la dinamica fuerte que da lugar a los bosones de Goldstone, que son
las componentes longitudinales de los bosones de gauge W= y Z, y acoplar a posteriori
este Lagrangiano efectivo a un singlete escalar h del modo mas general posible. En
un modelo dado, se tendran relaciones entre los coeficientes del conjunto mas general
de operadores, remanentes de un doblete electrodébil incial o de otra naturaleza de la
particula de Higgs. Pero en ausencia de un modelo establecido como tal, vale la pena
explorar el Lagrangiano mas general, el cual puede dar cuenta de escenarios distintos a
los descritos anteriormente, por ejemplo en los cuales el Higgs pueda ser un “impostor” no
relacionado con la RSE, tal como un sector escalar oscuro, y otros escenarios que incluyan
la presencia de un dilatén. Intentaremos construir aqui el Lagragiano efectivo no-lineal
més general (a menudo llamado Lagrangiano “quiral”) en presencia de un escalar liviano
h, restringido al sector bosénico.

Una caracteristica muy general que distingue expansiones efectivas lineales de no-
lineales va como sigue. En el ME y en realizaciones MME de RSE, la EE v y la particula
h entran en el Lagrangiano en la forma de dependencias polinomiales en (h+v), con h de-
notando la particula de Higgs fisica. En realizaciones quirales, esa simple forma funcional

cambia y serd codificada mediante funcionales genéricas F(h). Para parametrizarlas,
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puede ser util una representacién de la forma [19]
F(h) = go(h,v) + Eg1(h,v) + Ega(h,v) + ... (4)

con g(h,v) funciones de h y v, dependientes del modelo, una vez que (h) es expresada
en términos de ¢ and v. Ademads, para un singlete h genérico, el nimero de operadores
independientes que constituye una base completa sera mayor que para las realizaciones
lineales de RSE, y también mayor que para los Lagrangianos electrodébiles no-lineales
construidos anos atrds en ausencia de una particula escalar liviana (el llamado Lagrangiano
efectivo de Applequist-Longhitano-Feruglio [21H25]), conllevando como consecuencia una
fenomenologia mas rica.

La TEC aqui desarrollada deberia proporcionar la descripcién més general indepen-
diente del modelo de las interacciones bosénicas en presencia de una particula de Higgs
liviana h: puramente gauge, gauge-h y acoplos puramente h, hasta cuatro derivadas en
la expansién quiral [19,20]. Hemos identificado primeramente [19] la torre de operadores
independientes invariantes bajo la accién simultédnea de transformaciones de carga (C) y
paridad (P) (denominados operadores que conservan CP); la torre bosénica de operadores
que violan la simetria CP también ha sido determinada [20].

Mientras algunos de los operadores que conservan y violan CP han sido individual-
mente indentificados en anos recientes en las Refs. [26-29], el andlisis presente es la
primera determinacion del conjunto completo de operadores independientes bosénicos
y de su impacto. Algunos de los operadores bosénicos discutidos en el Capitulo [2] no
habian sido explorados en literatura previa de Lagrangianos efectivos no-lineales, pero
si reemplazados por operadores fermiénicos via ecuaciones de movimiento [30]. Es muy
interesante identificar y analizar el conjunto completo de operadores bosénicos, desde el
punto de vista tedrico y fenomenolégico. Tedricamente, porque pueden arrojar alguna
luz en la naturaleza de la RSE, la cual tiene lugar justamente en el sector bosoénico.
Fenomenolégicamente, porque dado el potencial de los datos presentes y futuros del LHC,
cotas mas precisas en acoplos gauge y gauge-Higgs son disponibles, llegando a ser com-
petitivas con limites fermidnicos que acotan teorias MME. Caracteristica ésta que puede
ser fortalecida con las facilidades del LHC a futuro.

Una de las exploraciones fenomenolégicas de violaciéon de CP contenidas en éste trabajo
trata con las caracteristicas diferenciales esperadas en acoplos andmalos y senales de
realizaciones no-lineales de la RSE versus realizaciones lineales. Cotas fenomenoldgicas
de limites de momentos dipolares eléctricos (MDEs) y de datos presentes del LHC son
derivadas a posteriori, y futuras perspectivas son brevemente discutidas. En este trabajo
iremos mas alla de las interesantes propuestas pasadas y actuales para buscar acoplos

anémalos que violan CP a los fermiones y bosones de gauge [31H67], los cuales van desde
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analisis puramente fenomenolégicos a identificacién de senales efectivas asumiendo ya bien
sean realizaciones lineales o no-lineales de la RSE.

Otro aspecto explorado en este trabajo es de fisica de sabor MME en el contexto de
Lagrangianos quirales electrodébiles con un Higgs liviano h. Si bien no vamos a intentar
derivar en este caso una completa base de TEC fermiénica y bosdnica, algunas carac-
teristicas seran exploradas. Esto serd implementado es un escenario de una herramienta
de sabor muy predictivo y prometedor: la llamada hipétesis de Violacién Minima de Sabor
(VMS) [69-71], basada en acoplos de Yukawa propuestos como espuriones transformando
bajo la simetria global que el ME exhibe en el limite de fermiones no masivos (restringi-
mos aqui al sector de quarks): Gy = SU(3)q, x SU(3)y, x SU(3)p,. En este escenario,
cada operador es sopesado por un coeficiente construido a base de acoplos de Yukawa
con el fin de hacer cada término en el Lagrangiano de TEC invariante bajo G; dichos
coeficientes gobernaran y mantendran bajo control, por ejemplo, todos los procesos de
corrientes neutras que cambian el sabor (CNCS). Como resultado, las predicciones de ba-
jas energias resultan estar suprimidas por la dependencia en acoplos de Yukawa, es decir
masas de quarks y angulos de mezcla. Ciertamente, lo que los datos experimentales nos
dicen es que cualquiera sea la teoria MME de sabor, ella debe alinearse a bajas energias
con las predicciones del ME, en otras palabras, con todos los efectos que cambian sabor
y que resultan de las fuentes de ME. La tunica fuente de sabor en el ME son los acoplos
de Yukawa, y la hipotesis de VMS asegura precisamente que los acoplos de Yukawa sean
los inicos mensajeros a bajas energias de fisica de sabor MME.

El contenido de éste manuscrito estd organizado como sigue: Capitulo (1| contiene
una breve descripcion de las principales caracteristicas del ME, seguida por una breve
presentacion del modelo o no-lineal y de la hipétesis de VMS. El Capitulo [2] desarrolla
el escenario de TEC para el Lagrangiano quiral electrodébil en presencia de un escalar
liviano h. La base completa de operadores no-lineales efectivos que conservan y violan la
simetria CP en el sector gauge y gauge-h es igualmente listada en dicho capitulo E| Cotas
fenomenoldgicas en acoplos que violan CP y provenientes de limites de MDEs y de datos
del LHC son presentados en el Capitulo 2l El Capitulo[3|es dedicado a efectos de sabor, y
por consiguiente, a la inclusién de los sectores fermion-gauge y fermion-gauge-h, dentro del
marco quiral de TEC y la hipétesis de VMS asumidos. Finalmente, el Capitulo 5] resume
los principales resultados de este trabajo. Resultados y herramientas complementariass

son dados en los apéndices.

2Las funciones F;(h) serdn restringidas funciones que conservan CP.



Chapter 1

Standard Model interactions

The known physical interactions playing a role in nature are described by the following
forces: electromagnetic, weak, strong and gravitational. The first three form part of
the so called Standard Model of particle physics (SM), a local invariant gauge theory
built upon the group SU(3). x SU(2), x U(1)y, with SU(3). the color group for the
Chromodynamics theory [72H74], and SU(2);, x U(1)y the electroweak group unifying in
a single picture electromagnetic and weak interactions, the so called Electroweak theory
(EW) [75-77]. Gravitation remains to be properly incorporated in the SM framework as
no viable and convincing quantum picture for it has emerged so far. The SM lagrangian

density is written as

Zsm = Zoep + Lew + Lscalar + Lrukawa 5 (1.1)
where the QCD and EW sectors are described by

1 1. . L, 1 .
Loc + Low =~ G, GL = L W, W — - BB+

+iQLDQr+iugDur+idgDdr+iLIPL+iéger, (1.2)

the first line accounting for the strength of the gauge kinetic tensor
a a a abe b e
Gh, =0.G;—0,G, —gs [ G, G,
Wy, =0.W,—0,W, —ige* W)W}, (1.3)

B, =90,B,—-0,B,,



the second one for the lepton and quark kinetic terms with

. 9s ~a va .9 .
Du:8u+Z§Gu)‘ +Z§WM7’Z-—|—ZQ/YBM (1.4)

covariant derivative with A\* Gell-Mann and 7; Pauli matrices acting on SU(3),. color and
SU(2),, indices respectively, Y the corresponding U(1)y hypercharge quantum number
assigned from @y, = T3, + Yy, where 1 covers the left handed lepton and quark doublets
LT = (vp,er) and QT =

quark fields eg, ur and dg, respectively. The coupling constants g,, ¢ and ¢’ correspond

(ur,dr) respectively, as well as the right handed electron and

to each symmetry group respectively, and color and flavour indices are omitted. The SM
interactions of the gauge and fermion fields are normalized in Tables [1.1] and

Matter field | SU3). | T5[SU(2)z] || Y [U(1)y]
ur 3 +3 +3
dr 3 —% —i—é
2
UR 0 +§
1
dp 3

/N
o
SENS
v
- -
I+
N[— D=
| |
N|— DN~

|
—_

€Rr

Table 1.1: SM fermion field content and their quantum numbers.

Interaction || Gauge group || Gauge field | SU(3). | SU(2). || Y [U(1)y]
Strong SU(3). G 8 1 0
Weak SU(2) L we 1 3 0

Hypercharge U(l)y B, 1 1 0

Table 1.2: SM interactions and their gauge field content (before EWSB) and quantum

numbers.



1.1 EWSB in the SM

The scalar sector in (|1.1)), represented by the SU(3). color singlet SU(2); doublet field
®, defined as

2T 1 i) —iga(z)
() = ( PO ) B \/§< h(x) + i ¢3() ) ’ (1:5)

and its covariant derivative as

G i g
D,uq):<au+Z§WMTi+Z§BM)<D7 (16)
has a corresponding lagrangian
Lscalar = (DMQ))T(D“(I)) - V((I)): (1'7)
V(®) = 2010 + A (0T0)” (1.8)

where Zscaqr is invariant under SU(3). x SU(2), x U(1)y. Necessarily A is positive to
have a stable potential and, as soon as the potential gets minimized by the conditions
p? < 0and A > 0 at the vacuum expectation value (VEV)

2

(BTD) =12 = _57 (1.9)

the ground state will lose the SM invariance, keeping just the electromagnetic U(1)en,

invariance, and triggering thus EWSB. In polar coordinates, ® can be written as

—iex Z_7'~7r(x) 0
®) =75 p{ 20 ](wh(@)’ (1.10)

and reabsorbing the triplet of Goldstone bosons, m = (7!, 7% %), by SU(2)-rotations

(i.e. going to the unitary gauge)

1 0
o) = ( A ) (1.11)

the scalar kinetic term will reduce to

1 A h\?
(D,®)!(D'd) = 3 (0uh)* + M, WEwn <1 + ;) + §M§ zZ: (1 + ;> , (112



with Wj and Z, fields defined as

1 A c —S w3
Wt = (WLsiW?), =" W wol 1.13
g \/5( pF W) (Au) <3W cw B, (1)

and the parameters and masses

/

9

SW:SIHHW:W, szcosewzw, (114)
1 qu
M = = M, =—2" 1.15
W= 59Y 77 2 cos Oy ( )
Also from the scalar potential one obtains
MP =2 0" = =2, (1.16)

The Lagrangian term in Eq. , exhibits SM interactions coupled to the light Higgs
h, up to quadratic powers. Later on, when dealing with a non-linear EFT approach,
this interaction will be considered in a more general manner by incorporating a generic
h dependence, including higher powers of h. This will be implemented not only for the
corresponding non-linear kinetic term, but also extended to any effective operator in the
approach.

Finally, fermion masses can be accounted via EWSB through the Yukawa interactions,
they are described in the next section as well as the SM flavour dynamics stemming from

the Yukawa interactions.

1.2 SM flavour structure

Quarks and charged leptons become massive via gauge invariant Yukawa coupled to the
SM Higgs doublet as

Lvtawa = QLY " Pup+Q, Y ®dr+ LY Pep+h.c., d=ind", (1.17)

with Y* Y4 and Y* denoting Yukawa coupling matrices. Triggering EWSB via the Higgs
field VEV value v, the Yukawa interactions in Eq. ((1.17) result in quark and charged

lepton mass matrices

()

M,=Y" My=Y%— M,=Y* (1.18)

5
N
5
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with v = (®) ~ 246 GeV. The mass matrices can be diagonalized by rewriting the quark

flavour states (u/,d") to the mass eigenstates (u,d),

up, = Vy,uh, up=V,uy, (1.19)

dL - ‘/dL ,L7 dR = ‘/;lgdg%a

with V' being unitary such that

VuTLMuVuR = diag (my, me, my) VdfiMdVdR = diag (mg, ms, mp) . (1.20)

Masses matrices M, 4 are simultaneously diagonalized, remaining therefore no SM flavor
changing neutral Higgs-mediated current at tree level. Electromagnetic and neutral EW-
currents are also diagonal in the mass basis, e.g., u_j:%u’LZ“ = ury,urZ*, and thus no
flavor changing neutral Z% currents (FCNC) in the SM .

The charged current sector (CC) behaves differently, as they involve, in the mass basis,
two different unitary matrices: those from the up and down sectors respectively, and being

misaligned in the flavour space in general

Vud Vus Vub
ﬁccz%wjazyﬂdzj%W:‘uL’y“VdL, V=ViVy=| Vi Ve Va
Viae Vis Vi

(1.21)

with V' = V] V;, Cabbibo-Kobayashi-Maskawa (CKM) matrix [78,79]. Flavour changing
current processes thus appear in the SM charged current sector.

Neutrino masses lead to an analogous situation in the mass basis

Uel Ue2 Ue3
ccc_%vvja'”#e;;»%WJDLWUQ, U=ViV,, = | Un Usn Uy
UTl U’T2 UT3

(1.22)

with U = VIV, being the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix describing
flavour mixing for the lepton sector [80,81]. Massless neutrinos as in the SM allow us to
choose V,, = V,, such that U = [3,3. Nonetheless, BSM extensions with massive neutrinos

require a non-trivial U. Note that for the Majorana neutrino case U contains a priori two
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physical phases more than the CKM matrix for quarks, which are Dirac fermions. In fact

for the Majorana neutrino case, U can be written in the standard parametrization as

0

C12C13 812C13 S13€
_ ) )
U= —512C23 — C12523513€" C12C23 — S12523513€" $23C13 Up (1'23>
is i5
512523 — €12€23513€ —C12523 — 512€23513€ C23C13

with s;; = sin;;, ¢;; = cosb;;, and Up the diagonal matrix Up = diag (e"*/2, €*2/2, m;),
where a1, ap and ag are the Majorana phasesﬂ

As a conclusion the diagonalization of the mass matrices leads to the quark mixing
pattern and no Flavor Changing Neutral Currents (FCNC) at tree level in the SM. The

same thing happens for the leptonic sector once neutrino masses are turned on.

Quark mixing matrix

Mixing between generations is explicitly manifested in the quark charged weak currents as
seen in Eq. . Conventionally, the mixing may be describes as assigned to the down
quark sector as d; = Vdj, although what counts is the relative misalignment of the up
and down quark sectors. The CKM matrix is unitary as it is the product of two unitary
matrices. An n X n unitary matrix is described by n? real-valued parameters, n(n —1)/2
of them being real (angles) and n(n+ 1)/2 phases, all the latter with no physical meaning
as 2n — 1 can be absorbed by quark rephasings. Indeed, for the n-family case, the 2 n-
rephasings ur o, — e“’guL,a and dr o, — ewgdha, with a = 1,...,n, lead the CKM-matrix
element V5 to Vog — Vs ei@g _93), and factorizing one phase as a global overall phase, it
tends to 2n — 1 effective rephasings, and therefore (n —1)(n —2)/2. For the CKM matrix

case, one has 3 mixing angles and 1 C'P-violating phase, all that parametrized as [82]

0

C12C13 S12€13 S13€
V= —512€23 — 01282381361'(S C12C23 — 812823813€ils 523C13 ) (1'24>
512823 — 012023813€i6 —C12523 — 812023813Gi5 C23C13
with s;; = sinf;;, ¢;; = cost,;, and 0 the phase, responsible for all the C'P-violating

phenomena in the SM flavour changing processes. Experimentally the mixing among
quark families is small, with s13 < s93 < s12 < 1, and a convention may be introduced

to account for this hierarchy, the so called Wolfenstein parametrization [83]

1Only two relative phases, as; = as — a7 and a3; = as — a1 are physical, the remaining one being
absorbed by redefining the fields. For the Dirac neutrno case, such phases are also absorbable via field

redefinitions of the right handed neutrinos.



812:>\: ‘Vus‘ s 823:14)\2:)\ ‘/Cb s
V |VU5|2+ |Vus|2 Vus

AN (p+in)v/1— A2\

X * 3 :
s13€'’ = =AN (p+1in) = . 1.25
13 ub (p 77) m [1 _ A2\ (p i Z’F])] ( )
Written in terms of A\, A, p and 7, and expanded up to order O(A\?) it reads:
1—)%/2 A AN (p—1in)
V= Y 1—22/2 AN? + 0O\ (1.26)
AN A —p—in) —AN 1
The unitarity of the CKM matrix imposes the relations
Z VisVie = Ojk Z ViiVie; = ik - (1.27)
i J

In consequence, six vanishing combinations are obtained, which can be represented as
triangles in the complex plane, all of them with the same area. It is useful to define the

Jarlskog invariant J, a phase convention-independent measure of C'P-violation defined by

Im ViV Vi Vi) = ) €itmeiin - (1.28)

A very useful unitary triangle results from the relation V.4V + V.V + VidVy, = 0,
normalized by the experimentally well determined product V.4V;, and projected on the

p-1 plane. Such triangle is shown in Fig. 1.1, and the angles it gives rise to defined as

arg | — Wg%d
VJqud ’

o =
VZVcd)
= ar _— ¢ y 129
g ( ViV (1.29)
= ar _ ViV
Y = arg ViV .

One of the aims of the ongoing research in flavour physics research intends to overconstrain
the CKM elements, comparing many measurements.

In Chapter (3] slightly modifications are induced in the angles of the unitary triangle from
the framework assumed there.



(0,0) (1,0)

Figure 1.1: CKM unitary triangle.

1.3 Going beyond the Standard Model

For the sake of description, I will first discuss SM extensions in the linear EWSB context,
i.e. with the explicit presence of a Higgs doublet properly transforming under the SM
gauge group, and later on will focus on non-linear EWSB realizations.

The BSM signals can be tackled by assuming the existence of NP at some scale A
above the electroweak one, i.e. v < A, and encoding NP interactions in a set of effective

operators ; such that their Lagrangian will be

Ci
6$:ZPOi+h.C.+..., (1.30)

where O; are generic gauge invariant effective operators of dimension six, emerging after
integrating out new degrees of freedom at the scale A, scale that can be bounded by
experimental constrains. Dots in Eq. account, for operators of dimension higher
than six, in principle less relevant as they are suppressed by higher powers of the NP

scale. Among these operators, we can have

e Pure gauge interactions

Oy = R W wirwhe, Oy = MW Wiew ke, (1.31)

e Pure scalar interactions as

Op = (BT1D)3, Opp = (OT0)0(PTD) . (1.32)



e Yukawa-like interactions coupled to ®

Opu = (70)(QL Pup), Opa = (D70)(Qr P dp). (1.33)

o Gauge-® interactions

Opw = OTO W, W™, Opp =D ® B, B",  Opwp =0 T®W,, B",

(1.34)
Opiy = OOWL, WM | Opp = OB, B", Oy, =0 roW,, B,
(1.35)
e Magnetic penguin-like operators

OuW = (QL O_MVuR)TZ-ZI; W;ya OuB = (QL OMVUR)EIV)Buua (136)
Oaw = (Qp 0" dp)T'® ij, Oup = (Qr 0" dg)® By, . (1.37)

e Fermion vector currents coupled to scalar gauge currents
O = (01 D, ®)(Qp 7" Op = (071D, @) (g " 1.38
Bq (@D, @)(Qr" Q1) ou = (P11 D, @) (Ur V" ur) (1.38)
0¥ = (01 DI ®)(Qy, 79 Opa = (®1i D, ©)(dp " d 1.39
og = (P1iD; @) QLT QL), pa = (1D, ®)(dry"dr).  (1.39)

Colour and generation indices are implicit. Operators containing gluon-®, gluon self-
interactions, gluon magnetic penguin-like operators, as well as operators properly having
lepton fields instead of quark fields (either left or right handed fields), are all them fully
listed in Refs. [84,85]. Four fermion operators are also included in those references, and
summing up a total of 59 independent dimension-six operators, so long as B-conservation
is imposed and finally reported in Refs. [85]. Many studies of the effective Lagrangian
in Eq. for the linear expansion have been carried out over the years, analysing
its effects on Higgs production and decay [87,88|, with a revival of activity [89,90] after
the Higgs discovery [91/92] (see also Refs. [64,(93-119] for studies of Higgs couplings in

alternative and related frameworks).
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Operator Bounds on A in TeV Bounds on c¢;; Observables
Re Im Re Im

(5.ydr)? | 98x 102 1.6x10%[9.0x 107 3.4 x107° Ampg; ex
(5rdr)(5rdg) | 1.8 x 10" 3.2x10° | 6.9x 1077 2.6 x 1071 Amp; e

(et ur)? 1.2x10° 29x10® | 56x 1077 1.0x 107" | Amp; |¢/pl, ¢p
(eruz)(erug) | 6.2x10% 1.5x10* | 5.7x 1078 1.1 x 1078 | Amp; |q/p|, ép

(bpy*dr)? | 51x 102 93 x10% | 3.3x107% 1.0x107% | Amp,; Spxs
(brdp)(brdg) | 1.9x10° 3.6 x 103 | 5.6 x 1077 1.7x 1077 | Amp,; Syks

(bry*sp)? 1.1 x 10? 7.6 x 107° Amg,
(brs)(brsr) 3.7 x 102 1.3 x107° Amgp,

Table 1.3: Bounds on A assuming c¢;; = 1, or alternatively, bounds on ¢;; assuming A =1
TeV (here the coefficient ¢; in Eq. has been replaced by c;; as the corresponding
operator implies two family indexes). Some operators AF = 2 of dimension 6 has been
used, and experimental bounds from the corresponding observables have been implemented.
Table from Ref. [86].

Assuming now the adimensional coefficients ¢; to be of order one, which is a reasonable
assumption for generic new physics, the lower bounds for A can even reach the level of
thousands of TeV, which would preclude any related observation in foreseen experiments.
This is shown in Table [I.3] extracted from Ref. [86]. Notice that the lower limits on the
scale A in are in many cases of the order (O(10® — 10*) TeV, reaching 10° TeV in the
case of the contribution of the operator (5gdy) (S; dgr) to the CP-violating parameter in
neutral kaon decays e (defined in Appendix . This implies that, if some NP appears
at a scale A < 10* TeV, then the flavour and CP structure of the NP theory has to be
highly non trivial. One way-out would be to assume some hypothesis allowing us to write
the effective Lagrangian as

67 =Y %a O; + h.c., (1.40)
where «; are small parameters controlled by some hypothesis, preferably a symmetry
justifying such suppression, such that A could be lower and near the TeV region, if the
Lagrangian in Eq. is in agreement with all current data and with coefficients ¢; of
the order O(1).
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Minimal Flavour Violation

The smallness of «; could be caused by some flavour hypothesis, a flavour symmetry.
The most popular attempt in this direction is the so called Minimal Flavour Violation
hypothesis (MFV) [69-71], based on the flavour symmetry which the SM kinetic terms
exhibit [120-127]

G = SU(3)0, x SU3)u, x SU(3)p, (1.41)

with SU(2),, doublet @, and singlets Ur and Dy transforming under it as

Qr~ (3,1,1), Ur ~(1,3,1), Dr~ (1,1,3). (1.42)

To recover Gy in the presence of Yukawa interactions, the MFV ansatz promotes Yukawa

couplings to be spurions transforming under Gy as

Yo ~ (3,3,1), Yp ~(3,1,3). (1.43)

Quark masses and mixings are correctly reproduced once these spurion fields get back-

ground values as

Yy =Vyy, Yp=yp, (1.44)

with yy p diagonal matrices whose elements are the Yukawa eigenvalues, and V' a unitary
matrix that in good approximation coincides with the CKM matrix. The flavour group
Gy is broken by these background values, providing therefore contributions to FCNC
observables suppressed by specific combinations of quark mass hierarchies and mixing

angles. Indeed, a G y-invariant coupling

Ae =YY +YpY), (1.45)

transforming as (8,1,1) under Gy, will govern FCNC processes for 4-fermion operators
by inserting it into the effective operators from the assumed EFT framework. As a nice
feature, low-energy effects are suppressed by the quark masses and mixing angles encoded
in A\p, not contradicting therefore the FCNC experimental bounds. In this way, one
obtains parameters «; equal to some power of the CKM matrix elements (depending on
the specific operator (;), in such a way that a scale A ~ 10 TeV can be allowed by all
experimental data. This is illustrated in Table|1.4|from Ref. [71], where the complete basis
of gauge-invariant 6-dimensional FCNC operators has been constructed for the case of a
linearly realized SM Higgs sector, in terms of the SM fields and the Y, and Yp spurions.

Operators of dimension d > 6 are usually neglected due to the additional suppression
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Minimally flavour violating main A [TeV]
dimension six operator observables -+
Oo = 3(QrArc7,Q1L)? €x, Amp, 6.4 5.0
Op1 = H' (DrAadpcowQr) Flu B— Xy 9.3 124
Oc¢1 = H' (DpharrconT°Qr) G4, B — X,y 2.6 3.5
On = (QrArcy,Qr)(Lry,.Lr) B — (X)W, K —mvo,(m)l |31 2.7
Or = (QrArcy,mQr)(Lry,mLy) B — (X)tt, K — mvv,(m)tl 34 3.0
O = (QrArc,Qr)(HViD, H) B— (X)), K- o, (a)l |16 1.6
Op = (QrIrc7,QL)(DrY,.DR) B — Km, €Je,... ~ 1

Table 1.4: Bounds either on A or ¢;; (again ¢;; instead of ¢;, as the implied operators
have two family indexes) implementing MFV ansatz. Notice the TeV scales for A compared
with those in Table [L.3] Table from Ref. [71].

in terms of the cut-off scale. NP may be also as low as few TeV in several distinct
contexts [128-131].

As the non-linear EWSB setup is considered in this thesis work, the MFV ansatz has
to be realized in such a context as well, and will be developed in Chapter [3, by including
additionally the light Higgs particle contribution in the framework.



Chapter 2

Bosonic Chiral Lagrangian for a

Light Dynamical “Higgs Particle”

If the EWSB is non-linear, the low energy effective Lagrangian can be parametrized via
a chiral formalism. This leads to deal with a non-linear o-model construction, useful
to parametrize Goldstone field contributions. Additionally, realistic approaches have to
account for a light Higgs particle, explaining thus gauge-h interactions and pure Higgs
h-interactions. When building up the non-linear realization of the Goldstone boson me-
chanism implemented with a light Higgs, in general four scales may be relevant, A, f,

(h) and v:

i) A denotes the strong dynamics scale and the characteristic size of the heavy res-
onances (in the context of QCD, it corresponds to A,sp, the scale of the chiral

symmetry breaking [12]).

ii) The Goldstone boson scale f, satisfying Ay < 4nf (in the context of QCD, it

corresponds to the pion coupling constant f).

iii) (h) refers to the order parameter of EW symmetry breaking, around which the

physical scalar h oscillates.
iiii) EW scale v, defined through My = gv/2.

Diagramatically, these scales can be arranged as in Fig. . In a general model (h) # v
and this leads to an (h)-dependence in the low-energy Lagrangian through a generic
functional form F(h + (h)). In non-linear realizations such as Technicolor-like models, it
may happen that (h) = v = f. In the setup considered here with a light A, they do not
need to coincide, and typically a relation links v, (h) and f. Thus, a total of three scales
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- A chwe
??

/\5— strong resonances

f - Goldstone bosons

V = EW scale
+
effective interactions

Figure 2.1: Hierarchy representation of the involved scales, where the arrow sense points
towards higher energies and CHM stands for Composite Higgs Models.

will be useful in the analysis, for instance A, f and v. Indeed, the ratio of the two latter

measures the strength of non-linearity and is quantified by a new parameter

U2

F )

such that & encodes the strength of the effects at the electroweak scale for theories which

¢ = (2.1)

exhibit strong coupling at the new physics scale Ay < 47 f, and measuring thus the degree
of non-linearity for the low-energy effective theory, with f > v ({ < 1) pointing towards

linear regime, whereas f ~ v ({ ~ 1) to the non-linear ones.

2.1 The SM vs. o-model parametrization

A hidden global symmetry is underlying the Lagrangians in Eq. (1.7)) and (1.8). Instead
of introducing the scalar fields as a complex doublet as in Eq. (1.5)), an adimensional 2 x 2
matrix field can be used in order to highlight that symmetry

U(z) = 1 lo(z)+i7-7(x)], (2.2)

v
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with o(z) being a scalar field and m(x) = (7 (x), m2(z), m3(x)) the triplet of would-be Gold-
stone boson fields. U(x) can be linked to the doublet representation if the corresponding

isospin 1/2 and hypercharge —1 field D is introduced, and the following correspondence

is assumed, see Eq. (1.5

(7T1(:L‘), 7T2(ZL'), 7T3([E)) = (—ng(l’), ¢1($), _¢3<x>> ) (23>

obtaining thus

Ulz) = %ﬁ () o@) )= \/75 ( _q)q:_(g) 20((;) ) . (2.4)
Writing the scalar potential in Eq. (1.8) in terms of U(x)
V(U) = %1 A {”; Tr (U'U) + ";] (2.5)

emerges the aforementioned hidden global symmetry, SU(2); x SU(2)g with U(z) trans-

forming under it as

U— LUR', L=+ R=ewtl (2.6)
with the L and R global transformations L € SU(2), and R € SU(2)g, and €y,  global

parameters. Imposing now local SU(2);, x U(1) gauge invariance, ®(x) transforms as

D(x) = ' (x) = elo@T@TI2¢ () (2.7)
and therefore U(z) will do it as

U(x) — L(z) U(z) R'(x), L(z) =e'<7/?, R(z) = '@/ (2.8)
being possible to introduce its associated covariant derivative as

— ig i ig

DMU:%U + 77'7;W“U — TBNUT?” (29)
and therefore the Lagrangians in Eq. (1.7) and (1.8), which are SU(2), x U(1) gauge
invariant, can be rewritten as

02

Liseatar = Tt ((D“U)T D#U) —V(U). (2.10)
Triggering now EWSB with p? < 0 and A > 0, the unitary relation holds (UTU) = Iy,
and the global symmetry breaks down to the custodial one, i.e. SU(2), x SU(2)gr =
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Decoupling Higgs: non-linear o-model

The latter unitary relation implies 02 + 7% = v?, and by replacing o = v/v? — 72 in U(x)

w2(x) N iT-m(x)

Uz) = 1/1 - : (2.11)

v? v
the o-particle is removed from the physical spectrunfl} obtaining therefore a SU(2);x U (1)
Yang-Mills theory coupled to a non-linear a—modelﬂ

1

v? 1, y y
L =TT ((D“U)T DMU> —V(U) = ;Wi WE = 5 BB (2.14)

where the SU(2) x U(1) strength gauge kinetic sector has been introduced and the space-
time dependence of U is implicit there and below. To construct the effective Lagrangian
are introduced two chiral objects, a vector V, and a scalar T, transforming covariantly

under the SM gauge group

T =UrU', T - LTL',
(2.15)
vV, = (D,U)UT, V,—LV,L,
and with these the Eq. (2.14)) can be rewritten as
1 7 uv 1 v
< =%v—-V(U) - 1 WL W — 1 B,,B", (2.16)

where now .4}y is the Lagrangian containing two derivative operators (remind that mass

dimension comes from gauge fields and derivatives applied on U only) and expressed as

2 2
Lo = _UZ Tr (VAV,) +CT”ZT1~ (TV,) Tr(TV*H) . (2.17)

V ,-antihermiticity has been used for the first term, and the second operator is the two
derivative custodial symmetry breaking operator inducing a shift in the mass M, with

respect to the mass My,. This coupling tends to be unacceptably large in naive models

LGoldstone bosons degrees of freedom can also be encoded in a local invariant exponential represen-

tation as

U(z) = eimm@/v, U(z) — L(z) U(z)R'(z), (2.12)

with ¢ = 1,2, 3, such that U(z) can be expanded as

U(z) = cos (%> +sin <7~T> ir-mlw) 7(x) = /mi(x) 7 () (2.13)

v v ™

2Gauge fixing and Faddeev-Popov Lagrangians are not discussed here as quantizations issues will not

be relevant for the analysis below.
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of a strong interacting Higgs sector, from the original technicolor formulation [9}/10] to
its modern variants, if not opportunely protected by some additional custodial symmetry.
Quantitatively, realistic models need to limit the intensity of this induced coupling to
cr < 0.001, as it is well-known.

The above construction has been repeatedly used in the past to represent a hypothe-
tical dynamical sector of EWSB, with a heavy (decoupled) Higgs particle, by identifying
the Higgs particle with 0. Nowadays we know that the Higgs is light, so it is compelling
and necessary to generalize the effective Lagrangian to still account for a strong dynamics

with a light Higgs.

2.2 Chiral effective expansion and light Dynamical
Higgs h

The transformation properties of the three longitudinal degrees of freedom of the weak
gauge bosons will still be encoded?|in the dimensionless unitary matrix U(z) in Eq. (2.2).
The adimensionality of U(x) is the key to understand that the dimension of the lead-
ing low-energy operators, describing the dynamics of the scalar sector and the tower of
operators differs for a non-linear Higgs sector [21-25] (£ ~ 1) and a purely linear regime

(€ < 1), as insertions of U(x) do not exhibit a scale suppression.
Linear regime

For ¢ <« 1 the hierarchy between d > 4 effective operators mimics the linear expansion,
where the operators are written in terms of the Higgs doublets ®: couplings with higher
number of (physical) Higgs legs are suppressed compared to the SM renormalizable ones,
due to higher powers of 1/f or, in other words, of £. The power of £ keeps then track of
the h-dependence of the higher dimension operators.

In the extreme linear limit (h) = v, the Higgs sector enters in the tower of operators
through powers of the SM Higgs doublet ® and its derivatives. It is illustrative to write ¢

and its covariant derivative in terms of the Goldstone bosons matrix U and the physical

3Notice that in this low-energy expression for U(z), the scale associated to the eaten GBs is v and
not f. Technically, the scale v appears through a redefinition of the GB fields so as to have canonically
normalized kinetic terms.



18

scalar h:

_ (v+h) 0
)

) o (0) b (0
D,® = ﬂDMU<1>+\/§U<1>>

with D, U being the covariant derivative previously defined in Eq. (2.9). The Higgs

(2.18)

kinetic energy term in the linear expansion reads then

U2

2

(D"®)!(D,®) = %(6,/1)2 -7 (1 + %) Tr (V,VH) . (2.19)
Notice that the right-hand side of this equation contains, besides of the h-kinetic term,
part of the Lagrangian L4 —p in Eq. (2.14) for f — oo, ie. { =0,anda=bb=c=1
(disregarding higher order terms in h/f), which corresponds to the SM case. Also notice
a (1+ %)—structure coupled to the non-derivative term, feature that the tower of d > 4
operators would inherit generically encoded as a h-dependence in powers of (v + h)/f =
EY2(1 + h/v), and of 9,h/f? [26-28]. This motivates and reinforces a realistic chiral
expansion accounting for a light Higgs A contribution and their interactions with the SM
particle content. That feature is achieved in the effective chiral approach by introducing

a generic polynomial expansion on A [19)

F(h) = go(h,v) 4+ Eg1(h,v) + E2ga(h,v) + ... (2.20)

with g(h,v) model-dependent functions of h and of v, once (h) is expressed in terms of
¢ and v. As large £ is, more terms in the expansion are considered and higher h-powers
retained.

A priori, the F(h) functions would also inherit the aforementioned universal behavior
in powers of (1+ h/v) such that any operator weighted by £" would have a corresponding
expected dependence F(h) = (1+h/v)**. Nevertheless, the use of the equations of motion
and integration by parts to construct the basis below will translate into combinations of
operator coefficients, which lead to a generic A dependence that, for instance at order &
(i.e. for d = 6 operators), reads 19

h h?

]—}(h):1+2ai;+biﬁ, (2.21)

where a; and b; are expected to be O(1). An obvious extrapolation applies to couplings
weighted by higher powers of £ (i.e. for d > 6 operators).
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Non-linear regime

For ¢ ~ 1, the £ dependence does not entail a suppression of operators compared to
the renormalisable SM operators and the chiral expansion should instead be adopted,
although it should be clarified at which level the effective expansion on h/f should stop.
In fact, for any BSM theory in the non-linear regime the dependence on h will be a
general function. For instance, in the SO(5)/S0O(4) strong-interacting model with a com-
posite light Higgs [132], the tower of higher-dimension operators is weighted by powers
of sin (((h) + h) /f), and in this case ¢ = sin? ((h)/f). Below, the F(h) functions en-
code the non-linear interactions of the light h and will be considered completely general
polynomials of (h) and h (not including derivatives of h). Notice that, when using the
equations of motion and integration by parts to relate operators, F(h) would be assumed
to be redefined when convenient, much as one customarily redefines the constant operator

coefficients.

2.2.1 Pure gauge and gauge-h operator basis

As for the gauge-h sector is concerned, all gauge invariant CP-conserving and CP-violating
operators are listed in this work up to four derivatives. The connection to the linear
regime will be made manifest exploiting the operator dependence on £. The effective

chiral Lagrangian can thus be decomposed as

Leniral = Loy + ALep + AL p, (2.22)

where the first term is the usual SM chiral term

1 1 v 1 7 v 1 a v
O%SM :§<auh)(8#h) - Z B‘W,B'u - Z WuVWZ-# - Z GW,GZ - V(h)
h)? - -
— %Tr (V, V") +iQPQ +iLIL
2.23)

v+h - v+h - (

— Uy + h.c.) — L, UY Lr+h.c.
3 (QLUY QR ) 7 (LLUYLg )

e

1672 = 1w po

As it can be seen the first line of Zs); accounts for the Higgs and strength gauge kinetic
sectors and also the scalar potential V' (h), the second line provides W and Z-masses plus
gauge-h interactions VVh and VVhh (V = W, Z), as well as the fermion kinetic terms,



20

whilst third line provides Yukawa terms for both of the quark and lepton sector, with

Yukawa matrices

Y, = diag (Y, Yp) , Y, =diag(V,, V) , (2.24)

and Lr and Qg doublets grouping the corresponding leptons and quarks right handed
fields. Finally, the last term in Eq. corresponds to the well-known total derivative
CP-odd gluonic coupling, for which the notation used is that in which the dual field-tensor
of any field strength X, is defined as X* = $€MP7X .

Finally, the departures with respect to the SM Lagrangian Zs;; are encoded in the
remaining part AZep + ALy of ZLiniar in Eq. (2.22). In the follow the CP-even contri-
butions A Zcp are analysed.

2.2.2 CP-conserving A Zcp

CP-even contributions are encoded in A%cp as [19]

A%cp =€ [eg Pe(h) + ew Pw(h) + cg Pg(h) + cc Po(h) + er Pr(h) + ¢ Po + cos Pos) +

10 25
—f—f Z C; Pl<h) + 52 Z C; Pz(h) -+ 64 Cog PQG(h/) . (225)
i=1 i=11
First line in A %cp accounts for the kinetic gauge terms, custodial breaking Pr(h) and

custodial conserving operators Pc(h), all of them coupled to F(h)

1
Pp(h) = —1 B, B" Fg(h)

1
Pur(h) = =5 We, W Fur(h)

1
Pa(h) = 1 G,GL Fa(h) (2.26)
2

Po(h) = —UZTT (V#V,) Fe(h)

U2

Pr(h) = y Tr (TV*)Tr (TV,) Fr(h),

and the second line containing the effective CP-even operator basis P;(h), weighted by
the corresponding &-powers, and with ¢; the operator coefficient corresponding to each
one of the operators P;(h). Such weighting is done for keeping track the corresponding

linear siblings to each one of the operators P;(h), where linear sibling means basically a
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determined operator made out of gauge fields and with the explicit presence of the SM
Higgs doublet ®. The corresponding siblings are listed in Appendix C.
The guideline to establish the complete set of pure gauge and pure gauge-h operators

consists in

e Straightforwardly to couple strength gauge kinetic sector to F(h).

Directly to couple the already existing CP-even operators in the literature.

Consider operators containing D, V# and no derivatives of F(h).

Consider also operators with one or two derivatives of F(h).

Those operators that were disregarded via integration by parts has to be reconsi-

dered as they will give rise to extra operators depending on derivatives of F(h).

After this procedure is done, we are able to provide the complete tower of effective chiral
operators accounting for pure gauge and gauge-h interactions (initially listed in Ref. [19])

and extended a posteriori with pure Higgs interactions (in Ref. [133]) as

Py(h) = g B Tr (TW™) Fi(h), Pra(h) = 2¢ Tt (TV,) T (VV %) Fu(h),
Py(h) =ig B, Tr (T [V*,VY]) Fa(h), Pi15(h) = Te(TD,V*) Te(T D, V") Fi5(h) ,
Ps(h) =19 Tr (W, [V*,V"]) Fs(h), Pig(h) = Tr([T,V,]| D, VH*) Te(TV") Fi(h),
Py(h) =i ¢ B, Te(TVH) 0" Fy(h), Pir(h) =ig Te(TW,,)Tr(TVH*) 0" Fiz(h),
Ps(h) =igTe(W,, V*) 0" Fs(h), Pis(h) = Tr(T[V,, V,])Te(TV#)0" Fis(h),
Ps(h) = (Tr (V,, VH)? Fs(h), Pio(h) = Tr(T D, V*)Tr(TV,) 8" Fio(h),
Pz(h) = Tr (V, V*) 0,0"F(h), Poo(h) = Tr(V,V#)0,Fao(h)0” Foo(h) ,
Ps(h) = Tr (V,'V,)) 8" Fao(h)0" Fs(h), Poi(h) = (Tr(TV,,))?0, Far ()" Fy (h)
Po(h) = Tr (D, V*)?) Fo(h), Paa(h) = (Tr(TV,) 0" Faa(h))*

Pio(h) = Tr(V, D, V*) 0" Fio(h) , Pas(h) = Tr(V, V*)(Tr(TV,))* Fas(h),
Pi(h) = (Tr(V, V) Fii(h), Pas(h) = Tr(V,V,)Te(TVH)Tr(TVY) Fou(h) ,
Pia(h) = g* (Tr (TWH))? Fia(h), Pos(h) = (Te(TV,,))?0,0" Fas(h) ,

Pis(h) =igTr (TW,,) Tr (T [V*, V”]) Fis(h), Pos(h) = (Tr (TV,)Tr (TVV))2 Fos(h),

(2.27)
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Finally, concerning pure Higgs operators, the two derivative operator P and the four
derivative one Ppe in AZcp, weighted both of them by &, are

1
02

- (Oh)? Fae(h) . (2.28)

Po(h) = 5 @2 Falh),  Poo-

Additionally, more pure Higgs operators with linear siblings of dimension higher than 6
(i.e. weighted by £22) are possible, like Ppg(h) [134,135] and Pag

Pra(h) = 0—14 (8,1) (9" h))? Fa(h) Pao = 0—13 (0,0 Oh. (2.29)

These operators correspond to three major categories: a) pure gauge and gauge-h ope-
rators Pi_3(h), Ps(h), Pi1—14(h), Paz—24(h) and Pag(h) which result from a direct ex-
tension of the original Appelquist-Longhitano chiral Higgsless basis already considered
in Refs. [21-25] with additional F(h) insertions. They appear in the Lagrangian with
different powers of £. b) Operators containing the contraction D, V# and no derivatives
of F(h). c¢) Operators with one or two derivatives of F(h).
In all the effective operators listed so far, the light Higgs dependence is encoded
through the generic F;(h)-functions of the scalar singlet h defined as [19]
}}(h)zl+2aiﬁ+bih—z+..., (2.30)
v v
with dots standing for terms with higher powers in h/v which will not be considered
below. It is worth to comment that the standard structure Tr (V,V*) together with the
custodial breaking term Tr(TV,) Tr (T V#), as well as the Yukawa terms of the SM
Lagrangian in Eq. , can be extended in a more general manner by coupling them to
the corresponding light Higgs dependence functions. In fact

2 2

—UZTI" (VEV,) Fo(h), oré UZ Tv (TV*) Tt (TV,) Fr(h) | (2.31)

V2 V2

where Fg(h), Fo(h), Fr(h), Fo(h) and FL(h) defined similarly as in Ec. (2.19), and
with Fg(h) and Fp(h) diagonal 2 x 2 matrices defined as

(QLUYq Fo(h) Qr + h.c.) (LLUY,Fr(h) L +hec.), (2.32)
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where the entries Fyp(h) and F,;(h) are as in Eq. (2.19). For the particular cases
of Fo(h) and Fy(h), specific forms (alike in Eq. (2.20)) were already provided in the
literature [26,[27] as

h h?

h
.Fpr(h) = (1 + CU,D ; + .. ) .

The constants a, b and cy p are model-dependent parameters, and specifically, a and cr
parameters are constrained from electroweak precision tests as 0.7 < a < 1.2 [106] and
—1.7x 1073 < ep €& < 1.9 x 1073 [28] at 95% CL.

The Lagrangian . q,g.—p is useful in describing an extended class of “Higgs” models:

e Mimicking the SM scenario with a linear Higgs sector after neglecting higher h-
powers, and if (h) =v, a =b=cyp = ¢, =1 as well as F,(h) = 0 as the neutrinos

are massless in the SM.

e Technicolor-like ansatz (for f ~ v and omitting all terms in h) and intermediate
situations with a light scalar h from composite/holographic Higgs models [11}/13-
18/132,/136,137] (in general for f # v)

e Dilaton-like scalar frameworks [134}138-143| (for f ~ v), where the dilaton partici-

pates to the electroweak symmetry breaking.

In concrete models, electroweak corrections imply & < 0.2 — 0.4 [144], even though the &
parameter will be free and general here, only accounting for the constraints on custodial
symmetry through limits on the d = 2 and higher-dimensional chiral operator coefficients.

So far, all the aforementioned operators are invariant under CP transformations and
the CP-even gauge-h effective operator basis was established in Egs. ([2.25)-(2.27). Taking
into consideration the corresponding CP-violating counterpart, such basis is enlarged and

completed through A.Zge. The latter contribution is considered in the follow.

2.2.3 CP-violating AZcp

The effective CP-odd lagrangian expansion A% will be parametrised as [20]
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Agﬂ’:g[@DSZD( )+CBS (h)+CWS (h)+CGS (h)}‘i_

14 16
+¢ Z S +€E ) aSih)+& ) aSi(h), (2.34)
=4 =15

where ¢; are model-dependent constant coefficients and

1 / v D v
Sz(h) = —5923“ By, Fz(h), S7(h) = g T (T [WH*,V,]) 0,F7(h),

S (h) = —%QQTI" (WWWW> Farlh),  Ss(h)=2¢°Tx (T Wﬂ”) T (TW,,) F(h) |

Salh) = — 52 G G, Fa(h) So(h) = 2igTr (W% T) T (TV,,) 8, Folh)
Siplh) =i LT (TDIV,) Faph). Sialh) = i Te (VA DV,) T (TV,) Fao(h).
(1) =20 BT (TW,) A0, Sulk) SITHTDHY,) TV V) Fulh),
Sy(h) = 2ig B Tr(TV,) O,F(h),  Sw(h) = iTr (V¥ T D"V,) 8, Fus(h).
S(h)=2igTe (W V,) 0,F5(h),  Sig(h) =iTr (TD“V ) 078, F1s(h),
Si(h) = gTe (WWV,) Te (TV,) Falh),  Su(h) = iTr (TDHV,) 0 Fua(h) 0,F4(h)
Ss(h) = T (VO V) Tt (TV,) 0,F5(h), Sia(h) = i Tr (T VH) Tx (TV?)? 0,Fi5(h),
Ss(h) = iTr (VA V) Tt (T V) 8,Fs(h), Sig(h) =i Tr (TD*V,) Tr (TV”)? Fig(h),

(2.35)
with the F;(h)-functions for all operatord]] but Sz(h), being defined as in Eq. (2.30).
Fg(h) will be understood to be also of this form but for the first term in Eq. (2.30), as
the Higgs-independent part of Sz(h) has already been included in the SM Lagrangian,
Eq. .

Note that the number of independent operators in the non-linear expansion turned
out to be larger than for the analogous basis in the linear expansion [133.|145], a generic
feature when comparing both type of effective Lagrangians; see Appendix C. The basis
is also larger than that for chiral expansions developed in the past for the case of a very
heavy Higgs particle (i.e. absent at low energies) [21-23,25], as: i) terms which in the
absence of the F;(h) functions were shown to be equivalent via total derivatives, are now

independent; ii) new terms including derivatives of h appear.

4The Higgs-independent term in this functional is physically irrelevant for operators S 5(h), S

W (h),
Sap(h).
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The Lagrangian in Eqgs. and describes both of the CP-conserving and
CP-violating low-energy effects of a high-energy strong dynamics responsible for the elec-
troweak GBs, coupled to a generic scalar singlet h. For the former case, the gauge-h
CP-even sector, the phenomenology that AZcp in Egs. entails, is analysed in
Ref. |133], where the complete sets of gauge and gauge-Higgs operators are considered,
the Feynman rules for the non-linear expansion are derived, and additionally, are con-
sidered possible discriminating signals including decorrelation in the non-linear case of
signals correlated in the linear one, for instance, some pure gauge versus gauge-Higgs cou-
plings and also between couplings with the same number of Higgs legs. Furthermore, in
Ref. [133], are analysed some anomalous signals expected at first order in the non-linear
realization that may appear only at higher orders of the linear one, and vice versa. The
impact of both type of discriminating signals on LHC physics is also studied there.

For this Thesis work the phenomenology impact implied by the CP-violating contri-
bution encoded in A%y is analysed following the Ref. [20], and presented in detail in

the next subsection.

2.3 AZcp-phenomenology

The physical impact of the operators in the CP-odd bosonic basis determined previously
is analysed below. Some phenomenological bounds and future prospects are discussed as

well.

2.3.1 CP-odd two-point functions

Only the operators Syp(h) and Si3(h) among those defined in Eq. may a priori
induce renormalisation effects on the fields and couplings of the SM Lagrangian. Sap(h)
is a two-derivative coupling and thus part of the leading order of the chiral expansion;
in contrast, note that it has no analogue in the leading order of the linear expansion —in
other words in the SM Lagrangian— as its lower-dimensional linear sibling would be a
dimension six (d = 6) operator, see Appendix [B

Sop(h) and Sy3(h) contain two-point functions which explicitly break the CP symmetry
and as a consequence the Lagrangian eigenstates may not be CP-eigenstates. Those two
couplings result in a mixing of h with the Goldstone bosons which in the SM give masses
to the W and Z bosons, see below. Their physical impact reduces simply to anomalous
CP-odd Higgs-fermion and Higgs-Z couplings, as it is shown detailed in the next.

Consider the linear combination of the two operators Sap(h) and Sy3(h), together with
the h-kinetic term and the gauge-boson mass term in the Lagrangian of Eq. , and
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let us focus first on their contribution to two-point functions:

(v + h)?
4

1
Lrival D 3 O"hd,h — Tr (V*V,,) + & cap Sap(h) + £ c13 Si3(h)

1 2 ' 4
5 50" hh+ T (9°UT9,U) + 0 T [T (9,0°U) U'] (azn b+ — ans Oh)+
(2.36)

. 2
-+ %g/ B* {UZTI' [(aﬂU) T3 -U-Jr — UT3 (8#UT)} —+ ZfU |:d2D @Lh + % dlgfaﬂ (Dh)} }

2

T %g W, {%Tr [(0*U") 70 - U7 (0'U)] - %5 {dw Ouh + % a13€ 0, (Dh)] Tr (T T’)} ,

where for simplicity the definitions

have been implemented, with ¢; being the operator coefficients in Eq. and a; the
coefficients of the terms linear in the Higgs field in Eq. .

In what concerns the Lagrangian two-point functions, the dependence on asp and a3
in Eq. can be reabsorbed via a phase redefinition of the Goldstone boson U matrix

defined either in Eq. (2.4), (2.11]), or (2.12]), of the form

i ; Ok
U="TU exp {—%g (aw ht dags € F) 73] : (2.38)

at first order in the a; coefficients. This redefinition is a non-linear version of the simple
Higgs-field redefinition proposed in Ref. [146] when analysing the effective linear axion
Lagrangian. U is then the resulting physical matrix of the Goldstone bosons eaten by the
W and Z bosons, to be identified with the identity in the unitary gauge. The gauge-fixing
terms can now be written in the standard form,

1 . B T2
7=~ Tr{ [@B" —<ng/v? (Urs— TguT)] }
(2.39)

GF __ 1 ju ¢ 2 (g-ut i
S =~ T W Cage (U-T)| ¢.

removing all mixed gauge boson-Goldstone bosons and gauge boson-h two-point couplings.
After the redefinition in Eq. (2.38)), restraining to vertices involving at most two Higgs
particleﬂ and at first order on the operator coefficients, the SM Lagrangian Eq. (2.23))

5 Vertices cubic in h and originated by Sop and Si3 result: i) from the impact of Eq. on the
standard term o< Tr (V# V) combined with the A% dependence of its (v+h)? prefactor; ii) from the third
order in the h expansion of the F;(h) functions. If considered, they would induce for instance additional
contributions to the vertex in Eq. (FR.26).
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gets physical corrections given by
A-=gYukawaL + A-=§/ﬂBosonica (240)
with

7 R R Uh v+ h
AgYukZES <a2Dh+4a13£F> ( )

V2

(QL GYQ T3 QR — h-C-> + [Qrr = Lrg],

(2.41)

and

AL = — i€ (1 n %) 9, Tr (T (aufj) fﬁ) (aw h+ 4y € %)

. N\~ . bap \ 1o  biz\ _ hOh
_szr <T <3M8“U> UT> [(G,QD—T) h +4(a13—7> 6 02

A 0,h0" h h? (. R Oh
—2[)135 5 4+ — (agph+4a13§—2):|
v 2v v

. b b\ L hOMDR
<CL2D - 7) h@uh +4 <CL13 — 7) f 02

T (Dh@uh L h 9,0 h)

—¢ [g Tr (TW*) — g’B“}

v2 v2
h? (. . 0,0h
+% (a2D8#h+4a13§ MUQ ):|

(2.42)
where 131 = ¢;b;. The “tilde” over U will be dropped from now on.

Anomalous qqh, ¢¢h and Zhh vertices follow; the corresponding Feynman rules can
be found in Appendix [D] It is worth to remark that if a generic JF;(h) function is consi-
dered also for the Yukawa terms instead of the SM-like dependence in Eq. , further
quartic gghh and ¢¢hh anomalous vertices will be revealed in addition to those shown in
Eq. . The consideration of these two-Higgs exotic interactions it is postponed to
a future analysis [20]. Furthermore, it is easy to derive the form of couplings involving
three Higgs particles from the formulae above.

In addition to the tree-level impact discussed, Syp(h) and Si3(h) induce one-loop
corrections to the Higgs gauge-boson couplings, see Sec. [2.3.3] which in turn can be
bounded from the strong experimental limits on fermionic EDMs, see Eq. .

2.3.2 Triple gauge boson couplings

The operators in Eq. (2.35)) induce tree-level modifications of the self-couplings of the
electroweak gauge bosons as well as of the Higgs-gauge boson vertices involving three or

more particles: their impact on the Feynman rules of the theory are given in Appendix [D]
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The focus is first now on the CP-violating triple gauge boson couplings W~ and
WHW~Z, originated from the operators in Eq. (2.35). Following Ref. [147], the CP-
odd sector of the Lagrangian that describes triple gauge boson vertices (TGVs) can be

parametrised as:
La'cr = gwwv (95 WIW, (VY + 0"Vi) — iy WIW, VY — i W WLV +
+g5 (Wi0,WH + W,0,WVY + g WjWﬂ&VV,,) : (2.43)

where V = {v,Z} and gww, = e = ¢gsinfw, gwwz = gcosfy. In this equation Wj,
and V), stand exclusively for the kinetic part of the corresponding gauge field strengths,
and the dual tensor VW has been defined in Sect. In writing Eq. ‘D have been
introduced the coefficients gy and ¥ associated to operators that contain the contraction
D, V*#; its 0,V* part vanishes only for on-shell gauge bosons; in all generality D,V*
insertions could only be disregarded in the present context when fermion masses are
neglected. In the SM all couplings in Eq. vanish.

Electromagnetic gauge invariance requires g, = 0, while the CP-odd bosonic opera-
tors in Eq. give the following contributions to the phenomenological coefficients in
Eq. (2.43):

_ 4e? o 4e? 2
m:——zf(01+2685), Kz =—5¢§ (01—2—2085) ’
Sy Cy Sy
Z 62 2 ~7 @2 9
g, = 2% 3 3 5 3 95 = m <C4 + 010) 5 s (244)
gz ¢’ 2 ~Y =Y 3
97 = — m%g(4—2ﬁ057 Go=0i=X\=Xz=0.

For completeness, note that there is an additional contribution to the ZZZ vertex of the

form:
‘Ceff oF §3Z ZMZMaVZV ) (245)

with
3

- (&
g3z = m §2 (CIO +c11 + 2C16 f) s (246)
€95

which, alike to the phenomenological couplings g§ and §¥ in Eq. (2.43), vanishes for on-
shell Z bosons and in general can be disregarded in the present context when the masses
of fermions coupling to the Z are neglected.

The strongest constraints on CP violation in the W™~ vertex arise from its con-

tributions to fermionic EDMs that they can induce at one-loop, while constraints on CP-
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violating W+W~=Z couplings can be obtained from the study of gauge-boson production

at colliders. Later on further analysis is done in these two types of signals.

CP violation in WW+~: fermionic EDMs

Electric dipole moments for quarks and leptons are generically the best windows on
BSM sources of CP-violation, due to the combination of the very stringent experimental
bounds with the fact that they tend to be almost free from SM background contributions:
fermionic EDMs are suppressed in the SM beyond two electroweak boson exchange, while
in most BSM theories they are induced at one-loop level.

Although none of the operators in the chiral basis above — Eq. — induces tree-
level contributions to EDMs, two of them, S;(h) and Sg(h), contain gauge boson couplings
involving the photon, of the form

+%eWUWJW;AW , (2.47)

where A”? denotes the photon field strength, see Egs.(2.43) and (2.44) and Appendix [D]

This coupling induces in turn a one-loop contribution to fermion EDMs, see Fig. [2.2]

w 14

P1 P2

Figure 2.2: A CP-odd TGV coupling inducing a fermionic EDM interaction.

The amplitude corresponding to this Feynman diagram can be parametrised as
Af =—1 dfﬂ (pZ) UWQVV5 U (pl) 9 (248>

where dy denotes the fermionic EDM strength. The corresponding integral diverges loga-

rithmically; assuming a physical cut-off A, for the high energy BSM theory and following
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the generic computation in Ref. [148], it is obtained the contribution from &;(h) and
Sg(h)i

o 63 GF T3L CSC2 HW Az
df —f (Cl + 2508) \/57-(2 my [log (M_[%V> + O(l):| , (249)

where T3, stands for the fermion weak isospin, Ay denotes the Weinberg angle and G g

the Fermi coupling constant. The present experimental bound on the electron EDM [149],

—“| <87x107%cm, at 90% CL, (2.50)
e
implies then a limit
AQ
’f (c1+2¢5€) {log (M; ) + (9(1)} ‘ <52x107°. (2.51)
w

Using as values for the constituent quark masses m, = my = my/3, the experimental
limit on the neutron EDM [150],

<29%x10*%cm,  at 90% CL, (2.52)

n
(&

allows to set an even stronger limit on the combination of &;(h) and Ss(h) operator

coeflicients: )

E(er +2cg€) {log (]Q—VQV) + 0(1)} ‘ <2.8x107°. (2.53)

Weaker but more direct bounds on these operators can be imposed from the study of W~

production at colliders. For example the recent study in Ref. |[151] concluded that the
future 14 TeV LHC data with 10 fb~! can place a 95% CL bound

7] <005 = |€(c1+2¢s€)] <0.03. (2.54)

CP violation in WW Z: Collider bounds and signatures

At present the strongest direct constraints on CP-violating effects in the WW Z vertex
are imposed by the combination of results using the LEP collaboration studies on the
observation of the angular distribution of W’s and their decay products in WW production
at LEPII [152-154]. The combination yields the following 1o (68% CL) constraints [82]

—047< g7 <—-013, —014<Fi,<-006, —0.16<i;<-002, (2.55)

which in terms of the coefficients of operators in Eq. (2.35) and the TGV couplings in
Eq. (2.44) implies
2

1.8 < ¢, €2 < —0.50, —029<¢ (cl — 2% 5) < —0.13. (2.56)
Sy
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Note that the bounds in Eq. are obtained assuming one effective coupling in
Eq. being different from zero at a time, which is consistent with the predictions from
the dynamical Higgs Lagrangian, Eq. , since different operators lead to independent
modifications of the effective couplings g7 and &y.

In what concerns Tevatron and LHC data, anomalous CP-odd TGV interactions have
not been studied in detail yet. To fill this gap, it is presented in this work our analysis
of the LHC potential to measure deviations or set exclusion bounds on CP-odd WW Z
anomalous TGVs, extending our preliminary study [155]. At LEP the experimental ana-
lyses which lead to the bounds in Eq. were based on the study of the angular
distributions of the final state particles in the event. In contrast, at the LHC, the higher
collision energy — well above the WW and W Z thresholds — makes the use of kinematic
variables related to the energy of the event more suitable for the measurement of TGV.

The study in Ref. [155] concluded that the pp — W=*Z process has higher potential
to observe g7 than the pp — W W~ channel, while both channels have a similar power
to study kz and S\Z. Furthermore, it was also discussed the use of several kinematic
distributions to characterize the presence of a non-vanishing CP-violating coupling and
the use of some asymmetries to characterize its CP nature. So far the LHC has already
collected almost 25 times more data than the luminosity considered in that preliminary
study which it is updated in here. In addition, this update takes advantage of a more
realistic background evaluation, by using the results of the experimental LHC analysis on
other anomalous TGV interactions [156]]

In this section it is studied the process
pp — (00T EES (2.57)

where () = e or 1. The main background for the detection of anomalous TGV interactions
is the irreducible SM production of W*Z pairs. In addition there are further reducible
backgrounds like W or Z production with jets, ZZ production followed by the leptonic
decay of the Z’s with one charged lepton escaping detection, and tf pair production.

We simulate the signal and the SM irreducible background using an implementation
of the anomalous vertices g7, iz, and Az in FeynRules [157] interfaced with MadGraph
5 |158] for event generation. We account for the different detection efficiencies by rescaling
our simulation of the SM production of W*Z pairs to the values quoted by ATLAS [156]
for the study of Akz, g7 and \z. However, we have also cross-checked the results using
a setup where the signal simulation is based on the same FeynRules [157] and Mad-
Graph5 [158] implementation, interfaced then with PYTHIA [159] for parton shower and

6This strategy was also the starting point for the study of the CP conserving, but C and P violating
coupling gZ presented in Ref. |133].



32

hadronization, and with PGS 4 [160] for detector simulation. Finally, the reducible back-
grounds for the 7 TeV data analysis are obtained from the simulations presented in the
ATLAS search |156], and they are properly rescaled for the 8 and 14 TeV runs.

In order to make our simulations more realistic, we closely follow the TGV analysis
performed by ATLAS [156]. The kinematic study of the W*Z production starts with
the usual detection and isolation cuts on the final state leptons. Muons and electrons

are considered if their transverse momentum with respect to the collision axis z, pr =
/P2 + pZ, and their pseudorapidity n = %ln }?I%gz, satisfy

pe > 15 GeV, I < 2.5,

(2.58)
In°l < 1.37  or 1.52 < |n°| < 2.47.

To guarantee the isolation of muons (electrons), we require that the scalar sum of the pr
of the particles within AR = \/m = 0.3 of the muon (electron), excluding the
muon (electron) track, is smaller than 15% (13%) of the charged lepton pr. In the cases
when the final state contains both muons and electrons, a further isolation requirement
has been imposed:

AR,, >0.1. (2.59)

It is also required that at least two leptons with the same flavour and opposite charge are

present in the event and that their invariant mass is compatible with the Z mass, i.e.
My+p- € [Mz —10, My + 10] GeV. (2.60)

In what follows we refer to pZ as the momentum of this ¢T¢~ pair, p? = p*" + p' . We
further impose that a third lepton is present which passes the above detection requirements

and whose transverse momentum satisfies in addition
ph > 20 GeV. (2.61)

Moreover, with the purpose of suppressing most of the Z + jets and other diboson pro-

duction backgrounds, we require
EPss > 925GeV  and M} > 20 GeV, (2.62)

where EM is the missing transverse energy and the transverse mass is
MY = \/2p5 B (1 — cos(Ag)), with pf being the transverse momentum of the third

lepton, and A¢ the azimuthal angle between the missing transverse momentum and the

third lepton. Finally, it is required that at least one electron or one muon has a transverse
momentum complying with
P > 25 (20) GeV . (2.63)
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Our Monte Carlo simulations have been tuned to the ATLAS ones [156], so as to incor-
porate more realistic detection efficiencies. Initially, a global k-factor is introduced to
account for the higher order corrections to the process in Eq. by comparing our
leading order predictions to the NLO ones used in the ATLAS search [156], leading to
k ~ 1.7. Next, we compare our results after cuts with the ones quoted by ATLAS in Table
1 of Ref. |[156]. We tune our simulation by applying a correction factor per flavour channel
(eee, eep, epp and ppp) that is almost equivalent to introducing a detection efficiency
of €¢ = 0.8 (0.95) for electrons (muons). These efficiencies have been employed in our
simulations for signal and backgrounds.

After the selection procedure, in the presence of anomalous TGVs the cross section

for the process pp — ('F{T(~ E¥S can be qualitatively described by:

0 = Obck TO0sm + Zgiiog;noggno' (264)

ij>i
Here o4y corresponds to the irreducible SM W*Z background, while oy stands for all
background sources except for the SM EW W=*Z production. Additionally %

. are the

pure anomalous contributions. Notice that because of the CP-violating nature of the
anomalous couplings there is no interference between those and the SM contributing to
the total cross section. Furthermore in the present study we assume only one coupling
departing from its SM value at a time (i.e. always ¢ = j) which, as mentioned above, is
consistent with the expectations from the dynamical Higgs effective operators, Eq. ,
since they lead to independent modifications of the two relevant effective couplings g7 and
Kz. We present in Table the values of ogys, opac and o,y for center—of-mass energies

of 7, 8 and 14 TeV['|

COM Energy | osus (fb) | opac (fb) oli, (fb) | ofz oigo
7 TeV 47.7 14.3 846 56.0 | 1914
8 TeV 55.3 16.8 1117 67.7 | 2556
14 TeV 97.0 29.0 3034 134 | 7471

Table 2.1: Values of the cross section predictions for the process pp — ("¢ (= Eiiss
after applying all the cuts described in the text. ogys is the SM contribution coming from
EW W*Z production, o’

! o are the pure anomalous contributions and oy corresponds to

all the background sources except for the electroweak SM W= Z production.

"For completeness we make our study for the most general CP-violating WWZ vertex in Eq. (2.43)
and evaluate the sensitivity to AZ as well, even though this coupling is generated at higher order in the
chiral expansion as shown in Eq. (2.44).
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In order to quantify the reachable sensitivity on the determination of the different
anomalous TGVs, advantage has been taken in this analysis of the fact that anomalous
TGVs enhance the cross sections at high energies. Ref. [155] shows that the variables MjyS,
(the reconstructed W Z invariant mass), p5™* and pZ are able to trace well this energy
dependence, leading to similar sensitivities to the anomalous TGVs. Here, we chose pZ
because this variable is strongly correlated with the subprocess center—of-mass energy ($),
and, furthermore, it can be directly reconstructed with good precision from the measured
lepton momenta. In the left (right) panel of Fig. we show the number of expected
events with respect to the transverse momentum of the Z candidate for the 7 (14) TeV
run, assuming an integrated luminosity of £ = 4.64 (300) fb=!. The figure captures the
enhancement of events at the higher values of p% that the presence of anomalous TGV
interactions causes. We can also observe how the effect of k5 is weaker than the effect of

introducing g7 or Az

300 tb™" at 14 TeVl Background
B SMWwZ 1
] 9.7=0.05

T T T T
120 461" at 7 Tev - Background
W SMWZ ]

Events/Bin

60

40

20

0

0 25 50 75 100 125 150 175 200 225 0 25 50 75 100 125 150 175 200 225

pr(GeV) pr’(GeV)

Figure 2.3: Distribution of events with respect to pZ for the 7 (14) TeV run assuming
L = 4.64 (300) fb~! of integrated luminosity in the left (right) panel. The black histogram
contains all background sources, except for the SM W=*Z production, the red histogram
represents the sum of all the backgrounds and finally the solid (dashed) [dotted] distribution
corresponds to the addition of the contribution of an anomalous TGV with a value g7 = 0.1
(kz = 0.1) [Az = 0.1] for the 7 TeV run and g7 = 0.05 (ks = 0.05) [Az = 0.05] for the
14 TeV run. The last bin contains all the events with pZ > 180 GeV.

We have followed two procedures to estimate the LHC potential to probe anomalous

CP-violating couplings. In a more conservative approach, we have performed a simple
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event counting analysis assuming that the number of observed events corresponds to the
SM prediction, and we look for the values of the corresponding anomalous couplings
which are inside the 68% and 95% CL allowed regions. In this case an additional cut
p% > 90 GeV was applied in the analysis to enhance the sensitivity [155]. On a second
analysis, a simple x? has been built based on the contents of the different bins of the
pZ distribution, with the binning shown in Fig. Once again, it is assumed that the
observed pZ spectrum corresponds to the SM expectations and we seek the values of the
corresponding anomalous couplings that are inside the 68% and 95% allowed regions. In
general the binned analysis yields 10% — 30% better sensitivity. The results of the binned

analysis are presented in Table [2.2]

68% C.L. range 95% C.L. range
7+8 TeV 7T+8+14 TeV 7+8 TeV 7+8+14 TeV
g7 | (=0.019, 0.019) | (—0.007, 0.007) | (—0.027, 0.027) | (—0.010, 0.010)
Rz (—0.12, 0.12) | (—0.047, 0.047) | (—0.17, 0.17) | (—0.067, 0.067)
Yz | (—0.012, 0.012) | (—0.004, 0.004) | (—0.018, 0.018) | (—0.006, 0.006)
s (—0.074, 0.074) | (—0.027, 0.027) | (—0.10, 0.10) | (—0.039, 0.039)
e —2%¢s | (—0.25,025) | (—0.099, 0.099) | (036, 0.36) | (=0.14, 0.14)

Table 2.2: Expected sensitivity on g7, %z and Mz at the LHC, and the corresponding
precision reachable on the non-linear operator coefficients. We assume £ = 4.64 fb~! for
the 7 TeV run, £ = 19.6 fb~! for the 8 TeV one and £ = 300 fb~! for the future 14 TeV
expectations.

From Table we read that the 7 and 8 TeV data sets could clearly increase the
existing limits on g7, and consequently on ¢4, and the future 14 TeV run would rapidly
approach the few per cent level. Conversely, as it was expected, the reachable sensitivity
on iz is weaker. Nevertheless, the future 14 TeV run has the potential to improve the
direct bounds that LEP was able to derive, and settle consequently the strongest direct
available limits on the corresponding combination of ¢; and cg couplings. Notice that
this combination is different from the ¢; and cg combination contributing to ., which is
bounded from EDM measurements, see Eqgs. (2.44) and (2.54]). Thus, both measurements

are complementary.

Up to this point the analysis that we have performed has not benefitted from the CP-
odd nature of the TGV interactions. Different studies [155,161-163] have addressed the
CP-odd nature of the anomalous TGVs by constructing some CP-odd or T-odd observable.
In particular, in Ref. [162] it was shown that ideally in pp — W*Z an asymmetric
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observable based on the sign of the cross—product p, - (pz X py) could be a direct probe
of CP-violation, where here p, is the four-momentum of the incoming quark. At the
LHC, however, p, cannot be fully determined and for this reason we build instead as a

reconstructable correlated sign variable

=, = sign(p®). sign(p® x p?)., (2.65)

where z is the collision axis. We define the sign-weighted cross section as
Ao = /da =L = Zg;no Aol . (2.66)

A CP-odd TGV gives a measurable contribution to this sign-weighted cross section which
is linearly dependent on the coupling. On the contrary the SM background is symmetric
with respect to =4 and it gives a null contribution to the sign-weighted cross section in
Eq. (2.66). This behaviour is illustrated in Fig. where we show the distribution of
events at 14 TeV, assuming 300 fb™' of integrated luminosity, with respect to the related
variable

cos Oz = cos 0 cos 077" (2.67)

where the angles are defined with respect to the z axis. In this form sign(cosfz) = =..

The corresponding sign-weighted cross sections at 14 TeV are

A9t = —59 fb, Aotz = —9.7 fb Aoz = —137 fh. (2.68)

ano ano ? ano

With a luminosity of 300 fb~! this CP-violation induced asymmetry could be observed
with 95% CL above the statistical fluctuations of the SM background for

197] > 0.02, iz >0.13, As| > 0.01, (2.69)

or what is equivalent for

2
lea €2 > 0.08, ¢ (01 — 2%(;8 g)‘ > 0.7 (2.70)
7

2.3.3 CP violation in Higgs couplings to gauge-boson pairs

The effective operators described in Eq. (2.35)) also give rise to CP-odd interactions in-
volving the Higgs particle and two gauge bosons, to which we refer as HVV couplings.

The CP-odd interactions can be phenomenologically parametrized as
'C?f?i&’ _gHgg hGy, G + gHw hA;wAW + Grzy hAu 2"
+ ity hZuw 2" + Githw W, W= (2.71)
+ [gthw (Wi W0%h) + h.c.] (0w @V W 0%h) + e
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Figure 2.4: Distribution of pp — ("£¢*(~ EX'S contributions with respect to cosfz,
for 300 fb™* of integrated luminosity collected at 14 TeV, after the cuts described from
Egs. —. The sign-symmetric electroweak SM TW*Z distribution is shown as the
red histogram and the distribution for the SM plus the contribution of g7 = 0.2 (k7 = 0.2)
[Az = 0.2] is shown as the solid (dashed) [dotted] line. All the distributions are normalized

to one for an easier comparison.
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(2.72)
and where the d; coefficients have been defined in Eq. (2.37)). Additionally, the effective
CP-odd Higgs-fermion couplings induced by the mixing effects described in Sec.

generate one-loop induced HVV couplings such as

. Qs . 4p3 3 ag .
JHgg = %5 (@2D - —a13 f) Fia(xy) = 3o JHv (2.73)

where F$E () is the form factor from the fermionic one-loop processes [164], that in the

limit of high fermion masses (zy = 4M7/M; > 1) is approximately Fygq = 1, almost
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equal to the form factor for the CP-even Yukawa-fermion contribution to hGj, G*" and

hA,, A" in the same limit, FSE (z;). In addition to effects on the Higgs signals, these

even

operators, together with those giving direct contributions to g, in Eq. (2.72)) give also
a contribution to the fermion EDMs [165] of the formff
edmy 1 1 1

. . . . . 2
& _ZQB +as§+ar — §aW + WCQD (Fﬁﬁ(wtop) + gngsn(xmp))] X

dy =

w22

fon 2 4001,
(2.74)

whose size can be constrained, for example, from the present bound on the electron EDM
in Eq.(2.52):
1. . . 1. 1 . 2
‘5 [_Zaé +as§ + a1 — Sy + o hap <Fc%§(3«"top) + §F§/§n<xt0p>>:| X
A2
X {log( 5 > +(’)(1)}
My

Measuring the CP properties of the Higgs couplings is a subject with an extensive litera-

(2.75)
<5.6x107°.

ture before and after the Higgs discovery. For the sake of concreteness we focus here on the
experimental results on the most studied channel, h — ZZ — (T¢~¢"*{'~, for which com-
bined results of the full 7+8 TeV LHC runs have been presented both by CMS [166,(167]
and ATLAS [168,169] collaborations.

Historically the key observables for measuring the CP properties of the Higgs in this
channel were established in the seminal works in Refs [31-33], that were followed by
an abundant literature on their applications to the LHC [34-40]. Most of these early
phenomenological studies were based on the study of single variable observables. Most
recently, an almost together with the first LHC collisions, two different new multivariable
methods [41,/42] were proposed to use all the kinematic information of the event as in-
put into the likelihood, to compare and exclude between different Higgs spin and parity
hypothesis. These phenomenological studies set the roots of the first LHC experimental
analyses of spin and CP properties of the Higgs in this channel [166169].

In particular the results of the experimental constraints from the CMS analysis [166),
167] can be translated into the language of the effective operators of a light dynamical
Higgs in Eq. (2.35). With this purpose we notice that in Ref. [L67] the h — ZZ vertex is

8In writing Eq. (2.74) we have only considered the relevant loop of top quarks in the loop-induced
part of the hyy vertex (both CP-odd and CP-even) generated by Sap(h) and we have neglected the

corresponding O(m% /m?;) contribution from Sy3(h).
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described using the notation in [41]:

Alh — 22) = v~ (d1 mZ € e+ dy f10 @ 4y f20) f’“’*(2)>, (2.76)

where f,(ﬁ,) =€, q,—€,q, f,sz,,) =1 €ap FPD = €pap € q”, with €' being the polarization
vectors of the Z bosons and ¢; 2 the corresponding four-momenta. In the SM d; = 21,
while dy only receives marginally contributions from high order diagrams, that can be
safely neglected leading to dy = d3 = 0. The d3 term is CP-odd and its interference with
the CP-conserving terms d; or ds leads to the CP-violating signals that are analyzed.

The effective operators in Eq. (2.35)) give a non-vanishing contribution to d3 which,

from Eqs. (2.71)) and (2.72)), reads
ds = —2iv3),, (2.77)

while as long as no CP-conserving operators are considered dy = 0 and d; = d; sp-

In Ref. [167] a measure of CP-violation in the h — ZZ* — 4l observables was defined
as
|ds|* o3

Jas = 1|2 01 + |ds|? o5

, (2.78)

where oy (03) corresponds to the cross section for the process h — ZZ when d; = 1
(d3 =1) and d3 = 0 (di = 1). For M, = 125.6 GeV, 28 = 6.36. In Ref. [167] fa, was fitted

as one of the parameters of the multivariable analysis, obtaining the measured value
fa, = 0.0075.5 = = =0.00T0 8 (2.79)
pointing to the CP-even nature of the state. Furthermore, 95% CL exclusion bounds on

|ds|
\dl\

We can directly translate the bounds in Eq. ) to 68(95)% CL constraints on the

coefficients of the relevant CP-violating operators,

fa, were derived,

fas < 051 < 257. (2.80)

< 10.3 (23.3).
(2.81)

In Ref. [170] the same analysis was applied to derive the future expectations when
300(3000) fb~! are collected at 14 TeV. The corresponding expected sensitivities at 95%
CL are

2 4 2

’g (_la C9A85 P I ) wa )
B 2 19w 4

4 Sy 9 2s; 85y 2s 39

fi, <0.13(0.04)  for 300 (3000) fb". (2.82)
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They can be translated into the following sensitivity at 95% CL to the relevant combina-

tion of operators:

2

1 o c 1 c cz c

A 0 ~ 0 ~ A 0 ~ 0~ 0 ~
E | ——ap+ —as& — <01 + =500 — =50y — =509 & — —a3
’ ( 48 s s3 2s% 8ss W 288 4sp

<838 (4.6), (2.83)

for 300 (3000) fb~.

Observables to study the CP properties of the Higgs couplings have also been proposed
in the production channel pp — hjj followed by the Higgs decay into 777, WTW ™, or
vy [43-53]. Depending on the kinematic cuts imposed, the study is most sensitive to
CP-violating effects in the hWW (from Sy, (h), S3(h) and/or Sz(h)) and hZZ (from
Si(h), Syr(h), Si(h), Sa(h), Ss(h), Ss(h) and/or Sg(h)) vertices contributing to Higgs
production through vector boson fusion, or in the hgg vertex (from Si(h), and from loop
induced Syp(h) and Si3(h)) contributing to production by gluon fusion. The sensitivity
to CP violating observables in associated production processes pp — hZ — bbl*{~ and
pp — hW — (T jj EI has also been studied in Refs. [51,/54-58|, and in pure gluon fusion
production followed by Higgs decay into vy or to Z~ [59-62].

Finally, it is also possible to quantify the potential to observe or bound CP-odd inter-
actions from global analyses of the Higgs signal strengths [63-65]. However in this case
the analysis does not contain any genuinely CP-violating observable and consequently it
is always sensitive to combinations of CP-even and CP-odd interactions.

So far only the pure gauge and gauge-h sector have been analysed for the effective chiral
approach. As soon as the fermion sector is coupled to the gauge fields, Flavor physics
has to be analysed also, as it will be sensitive to the assumed flavor prescription for the
fermion-gauge couplings. In Chapter the Minimal Flavor Violation (MFV) hypothesis is

assumed and implemented within the the effective chiral approach previously described.



Chapter 3
Fermion-/ sector and flavour effects

In the previous chapters, the gauge and gauge-h sectors were tackled via and effective
chiral Lagrangian formalism and the tower of effective CP-conserving and CP-violating
operators was also established. Now, if we extend this formalism in order to cover the
fermion sector, flavour physics has to be accounted for some flavour prescription. We
are considering non-linear EWSB scenarios, and when facing flavour we will do it via
the MFV ansatz, where NP operator coefficients will have a flavour structure dictated
by such hypothesis, within a strong dynamics at the scale Ay and in the presence of a
light Higgs particle. For the case of a Higgs degree of freedom integrated out from the
physical spectrum, the MFV hypothesis was already analysed in the presence of a strong
interacting dynamics and introduced in Ref. [171], where the relevant flavour-changing
chiral operators at the leading order of the expansion were listed. A realistic approach
leads to couple them to a light scalar Higgs, and to consider as well their main loop-induced
effects as in Ref. [6§]. A more complete and extended list of this type of operators cab be
found in the Ref. [30]. In here we only focus on those ones relevant for flavour-changing

processes and couple to a light Higgs contribution [68].

3.1 Fermion-gauge-h couplings

Fermion-gauge operators involving two right-handed (RH) or two left-handed (LH) fields
can be constructed by implementing the chiral buidling blocks T and V, defined in
Ec. (2.15), and FCNC processes could appear from them if a MFV ansatz, encoded in the
spurion coupling A of Eq. (1.34), is incorporated in the approach.

A total of four independent chiral operators containing LH fermion ﬁeldsE] can be

LOnly operators built with two LH fermions can induce flavour-changing effects at leading order in

the spurion expansion, and therefore terms with two RH fermions will not be considered here.
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constructed [171-174], namely:

i - .
01=§QL)\F’Y“ {T,V,} Qr, Oy =iQrAr V"'V, Q1

3.1)
- R (
O3 =iQLApY TV, TQr, O4=§QL)\F7“ [T, V,.] Qr.

Under CP-transformations, the set O; — O3 turn out to be CP-even, while O, transforms
as CP-odd |171]. The remarkable presence of the CP-odd operator Oy, violating CP at
leading order in this framework with no complex coefficients introduced (as in Refs. [175,
176]), is a slight modification of the MFV ansatzﬂ with respect to the standard MEF'V
hypothesis with EWSB linearly realized in Ref. [71], the which exhibits at its leading
order (d = 6) four operators involving the Higgs field and two fermions, named Oy, , Opg,,
Og, and Op,. Only two of them, Oy, and Og,, produce the same low-energy effects (for

energy F/ < v) than our operators O; and O,, connected by the correspondences

0, = Om = —i (Qurre"Qs) (97 D,o)

O, — Oma = —i (@L)\FCV#TiQL) (CDT i ﬁ;ﬂ’)

whereas the linear siblings of our leading operators O3 and O, in Eq. (A.12) have not

been considered in Ref. [71], as they would have dimension d = 8 in the linear realization,

03 g OHg = —1 (@L)\Fc’}/MTiQL) (HTTZH) (HT mH)

04 < OH4 = —iéijk (@L/\FC’Y“TZ'QL) (HTT]‘H) (HT Tk EH) .

Conversely, the siblings of the other two operators in the linear expansion, Og, and Op,,

do not appear at dimension d, = 4 in the non-linear expansion, as they are only at

20ur only requirement is the invariance under the flavour group Gy for all operators built out of the
SM model fields (and U) and the spurions Yy p. In Ref. [71] the invariance under CP was additionally
assumed by restraining all operator coefficients to be real; no genuine CP-odd operator stems at leading
order of the linear expansion (the sibling of O4 would appear in it only at higher order). In our approach
we will keep the new source of CP violation naturally present at leading order only for the non-linear

expansion, for its theoretical and phenomenological interest.
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d, = 5. In consequence, the phenomenological signals of MFV is expected to exhibit
notable differences between the two scenarios.

So far only fermion-gauge interactions have been described in the set of Eq. (3.1). A
more general and realistic scenario would account for a light Higgs contribution in those
interactions. Indeed, letting the operators O; be coupled to a corresponding light Higgs

expansion as

O;(h) = O; Fi(h) , (3.2)

fermion-gauge-h interacting vertexes are obtained at tree level in the unitary gauge. Again
the functions F;(h) are (h + (h))-dependent] The operators coefficients of O; — Oy are
bounded from analysing AF = 1 and AF = 2 observables in Ref. [171], and commented in
Appendix [C] Bounds obtained there are not sensitive to a light scalar h contribution and
the overall operator coefficients in Eq. may differ from their Higgsless counterparts
in Eqgs. only through a (negligible) loop contribution.

To realize now to which linear siblings the operators in Eq. correspond to,

consider the effective Lagrangian expansion

Ly = 52 a; Oi( aq Ou(h) (3.3)

where a redefinition by powers of £ of the operators coefficients defined in Ref. [171] has
been implemented, a; = £d; for i = 1,2,3, while ay = £*dy. Notice that the lowest-
dimension siblings of O, and O, arise at d = 6, whereas for Oy is at d = 8 [171]. For
Os the situation is indeed special, as it corresponds to a combination of d = 6 and d = 8
operators in the linear expansion [171]. In fact, for £ < 1, the functions F;(h) can be
expanded into combinations of F'(h) similar as that in Eq. (2.20)), such that

O1(h) =0, F(h)(1+ a1 EF(h)), Oy(h) = O F(h) (1 + a2 F(R)) ,

(3.4)
O3(h) = O3 F(h) (1 + a3 F(h)) , O4(h) = Oy F2(h),

the contribution from siblings up to d = 8 have been accounted for O3 (further contribu-
tions will arise considering higher-dimension siblings), but not only for Os, also possible
d = 8-siblings contributions for O; and Os.

The ¢ < 1-limit keeps linear terms in £, being negligible contributions from (94(h)|ﬂ

30nly terms linear in h should be retained in Eq. (3.3); for the same reason it is neither pertinent to

consider couplings containing 0,k (that is, derivatives of F(h)).
103(h) coincides with —Ox(h) [171], then only two linearly-independent flavoured operators remain

(e.g. O1(h) and O3(h)), as previously studied in the literature.
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For the & ~ 1 limit all four operators are relevant and higher order terms in £ may
contribute. And one recognizes the need of a QCD-like resummation. In particular any
chiral operator is made up by an infinite combination of linear ones, an effect represented
by the generic F;(h) functions, which admit in general an expansion in powers of £ as
discussed previously.

Finally, the low-energy effective flavour Lagrangian induced by O; (h)—O,4(h) operators
in Eq. , in the unitary gauge reads

_ h h
.Zej;f — —%W:UL’W {aw (1 + Bw ;) +iacp (1 + Bep ;)} (ytV +Vy}) D+ het

9

UTT " h
B mzﬂ [“ZUL’Y“ (vt +VypVh U (1 + By ;) n

= h
al Dy (v + Viy2LV) Dy (1 gl ;ﬂ | (3.5)

where

— d
ay =a; +as+as, ay =a; —az — as,

(3.6)

aw = a2 — as, acp = —ay4 .

Coefficients (; in Eq. are similarly defined as the coefficients a; in Eq. , once
the F(h) functions are expanded to first order in h, F;(h) ~ (1 + f;h + ...); in gene-
ral each [; may receive contributions from all orders in ¢ for large £. In Eq. are
present at low-energies vertices with additional external h-legs, differing with respect to
the strongly interacting heavy Higgs scenarios, and implying interesting phenomenological
consequences illustrated later on. Coefficients adZ, aw and acp are bounded in Ref. [171]
from tree-level contributions to observables.

When considering loop-level impact from these coefficients to radiative processes such
as the b — s7v decay, possible bounds are also obtained and the effective next to leading
order operators in the expansion, i.e. those operators suppressed by the strong dynamics
scale A, have to be considered in the analysis as they contribute at tree-level to that
process. Such operators and their phenomenological consequences are considered in the

next section.
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3.2 Operators suppressed by A,

Gauge invariant operators suppressed by A, and relevant for flavour must have a bilinear
structure in the quark fields of the type Qp (- - ) U(x) Qr, where dots stand for objects
that transform in the trivial or in the adjoint representation of SU(2). Besides the vector
and scalar chiral fields V,, and T, they can contain either the rank-2 antisymmetric tensor
o, or the strength tensors B,,,, W, and G . Moreover, operators constructed from the

antisymmetric rank 2 chiral tensor, transforming in the adjoint of SU(2), and defined as

V=DV, — DV, =igW,, —i g BuwT+[V,,V,]. (3.7)

are not linearly independent from those listed in Eqgs. (3.8)-(3.9)), as the second equality
in Eq. (3.7) shows.

According to their Lorentz structure, the resulting independent chiral couplings can

be classified in three main groups:

i) dipole-type operators:

X =9 QLo UQrB,,, Xo=¢ QLo TUQRB,,
Xs=gQro" aUQrW,,, Xy =gQro" o TUQRW,,, (3.8)
X5293QLUWUQRGW7 XGZQSQLUWTUQRGW,

Vo Xs=9gQro" To,TUQrW,,;

X;=gQro" To; UQrW,

ii) operators containing the rank-2 antisymmetric tensor ¢**:

XQ = QL ot [V/u VI/} U QR s Xl(] = QL ot [V;u Vl/] TU QR )
X1 =Qro™ [V, T,V, TIUQg, Xio=Qro"™ [V, T,V,TITUQg;
(3.9)
iii) other operators containing the chiral vector fields V ,:
Xi3=QrV,V*UQxg, Xiu=QrV,VFTUQR,
Xi5=QrV,TV*UQg, Xig=QrV, TV*TUQpg, (3.10)
X7;=Q, TV, TV*UQg, Xg=Q, TV, TV*TUQxR.

The effective chiral Lagrangian contribution from these fermion-gauge flavour-changing

operators turns out to be

18 X,
ALy => b = (3.11)
i=1 s
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with all the operators suppressed by the strong dynamics scald’| A, and b; arbitrary O(1)
operator coefficients. Redefining the latter it is possible to link them to their lowest-

dimension siblings in the linear expansion

\/_Zb +5\/_Zb (3.12)

X, _g correspond to d = 6 operators in the linear expansion, while X; and A3 to combi-
nations from d = 6 and d = 8 siblings. Furthermore, Xy 15 will have linear siblings of
d = 8, but X7 and Xz that are combinations of d = 8 and d = 10 operators in the linear
regime. For the small £ limit the lowest siblings are retained in Eq. , all them being
listed in Appendix [C]

Interactions encoded in A%y of Eq. can be split in the unitary gauge as

0Lx = MLy + ALy + ALy, (3.13)
where
ALY —92 % ” g° Vv R et 2y = p 11—
L = Foosl A, DEPRZZ" £ 5 D DaW W o g* D o DaWi W, +
+6%D o™ DRF, deZD " DpZ,,, + %D c" DrG,, + h.c
As g R MV 2C080WA R gsAs L RY v <Ly
(3.14)
d g b;{’Z + bz
Agu* = U D W Z“ D U W Zlu
& 2\/§COSGW(AS LR A, LYR )
92 C+WZ 7 ng + C;VZ — o _
+2\/§COSGW A Up,c"DrW, ZV—F—AS Dy oUW, Z, | + (3.15)
g d;{/ 7 1924 + dW nv
5\ A, Vo PrW, + Dyo"UgW,, ) +h.c.,

and analogously for A.Z% as in AZ{ interchanging d <+ u and Dy p <> U g. In these
equations Wy, = 9,W; —9,W; +ig (Wj’Wf — WEW/f), while the photon and Z field
strengths are defined as F),, = 0,4, — 0,A, and Z,, = 0,7, — 0,7, respectively. Coeffi-
cients in Eqs. and are related to those defined in Eq. and reported in
Appendix [D]

5Tt is worth to underline that for the analysis of the non-linear operators X;, the relevant scale is A

and not f as for the analysis in the previous section. Indeed, f is associated to light Higgs insertions,

while A; refers to the characteristic scale of the strong resonances that, once integrated out, give rise to

the operators listed in Egs. —.
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Tree level impact to b — sv decay from these fermion-gauge chiral operators X; are

possible, in addition to the loop-level contributions from the leading order operators

O; in Egs. (A.12)), (3.5) and (3.6). Before dealing with the bounds from both of the

contributions, let us recall the bounds existing in the literature [171] on the coefficients
in Eq. (3.6) from AF =1 and AF = 2 observables.

3.3 Phenomenological analysis

The phenomenological impact from the effective operators, encoded in the expansions

of Eq. (3.5) and (3.13))-(3.15|) are analysed in this section, where bounds existing in the
literature [171] on the coefficients of the flavour-changing chiral operators are resumed

and updated, and then discussed new bounds and other phenomenological considerations

with and without a light Higgs:

- Loop level impact of fermion-gauge chiral operators (O; to O4) on those same ra-

diative decays;
- Tree-level bounds on the fermion-gauge chiral operators &;, from radiative decays;

- Light Higgs to fermions couplings, from operators O;(h) to O4(h).

3.3.1 AF =1 and AF = 2 observables

Operator coefficients in Eq. have been bounded from AF =1 and AF = 2 obser-
vables, in a MFV ansatz within a strong Higgs dynamics approach in Ref. [171], and can
be straightforwardly applied to non-linear regimes with a light h scalar. In fact, tree-level
Z-mediated FCNC (Fig. [3.1) induced from O;_3 in Eq. , together with the MFV
structure playing role there, allow sizeable flavour-changing effects that, for the down

quark SGCtOIﬁ turns out to be constraining a% as

—0.044 < a% < 0.009 at 95% of C.L. (3.16)

from K+ — ntov, B — X,/T¢" and B — p*u~ data providing the strongest constraints.
Appendix [C] summarizes another similar bounds, as well as the set of tree level Wilson

coefficients modifications from O;_3 employed for bounding the coefficient a%,.

6For the purposes of the present work, only AF = 1 processes involving K and B mesons need
to be considered. New up-type tree-level FCNC contributions in Eq. (3.5) neglected in here as being
strengthened by a non-diagonal spurion combination Vy%, VT, subleading with respect to that one in the

down sector, VTyzUV, by at least a factor yg/yt2
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&
~

Figure 3.1: Tree-level Z-mediated FCNC from O;_3. f accounts for any SM fermion
field.

In addition, W-mediated box diagrams (Fig. suffer from couplings modifications
in Eq. (3.5) from Oy_4 contributions, and consequently AF' = 2 transitions are sentitive
too|2|. Regarding these transitions, in Ref. [171] have been analysed

- The CP-violating parameter ex of the K* — K system and the mixing-induced CP
asymmetries Sy and Sy, in the decays BY — ¢ Kg and BY — ¢¢. Induced correc-
tions to e are proportional to y7, whereas those to Syx, and Sys are proportional
to yZ. Consequently, possible large deviations from the predicted SM values are only

allowed in the K system.

- The ratio among the meson mass differences in the By and B; systems, Ray, =
AMpg,/AMpg,. The NP contributions on the mass differences almost cancel in this
ratio and therefore departures with respect to the SM prediction for this observable

are negligible.

- The ratio among the BT — 77v branching ratio and the By mass difference,
Rpr/am = BR(BY — 7%v)/AMp,. This observable is clean from theoretical
hadronic uncertainties and the constraints on the NP parameters are therefore po-

tentially strong.

"Tree-level FCNC Z diagrams can be relevant also and considered later soon, while Z-mediated boxes

and weak penguin diagrams are safely neglected as being suppressed wrt tree-level Z contributions.
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Figure 3.2: W-mediated box diagrams sensitive to couplings modifications in Eq. (3.5
from Oy_4 contributions, impacting thus in AF' = 2 transitions. f accounts for any SM

fermion field.

Small and slight departures with respect to the SM prediction for Sy are allowed, and
then only values close to the exclusive determination for |V,,| are favoured (Appendix
summarizes this, Ref. [171] discusses it in detail.). A |V,3| — v parameter space, with
being one of the angles of the unitary triangle, is bounded by requiring that both Syx,
and Rapr, observables are inside the 30 experimental determination. Choosing, as an
example, the reference point (|Vi|,7) = (3.5 x 1073,66°) from the parameter space, is

possible to predict SM values for ex and Rpr/an asﬂ

ex = 1.88 x 1073, Rpr/an = 1.62 x 107*, (3.17)

that should be compared to the corresponding experimental determinationsﬂ
The errors on these quantities are ~ 15% and ~ 8%, estimated considering the uncertain-
ties on the input parameters and the analysis performed in Ref. [177].

A correlation between ex and Rpr/an, and therefore a acp — aw parameter space

are obtained by requiring that ex and Rpgr/anr lie inside their own 30 experimental de-

8The predicted SM value for e differs from that in Ref. [171] due to the new input parameters used:

in particular By = 0.7643 4 0.0097 has sensibly increased [179].
°(Rgr/a M)e:rp has been computed considering the recent world average BR(Bt — 1tv) =

(0.99 £ 0.25) x 10~* from Ref. [180].,

(€K)eqp = (2:228 £ 0.011) X 1073, (RBR/AM)%}? = (1.95+0.49) x 1074, (3.18)
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termination, as it can be seen in Fig. from Ref. [171]. Finally, the allowed acp — aw
parameter space leads to the mixing-induced CP-asymmetry Sy4 and the B semileptonic
CP-asymmetry to be near the SM prediction, in agreement with the recent LHCb mea-

surements |178].

3.0 puu——

Rgriam (x 107 ps)
Lo N N
W W
acp

._.
=)

e
th

I L 1 ) 1

L
17 1.8 19 20 2.1 22 23 24

ex (x 1073) ay

0.2

(a) Correlation plot between cx and Rppr/an- (b) aw —acp parameter space for the observables on
aw,acp € [—1,1], a% € [ 0.1,0.1] the left panel inside their 30 error ranges and af% €
[ — 0.044,0.009].

Figure 3.3: Results for the reference point (|Vi|, 7) = (3.5 x 1073, 66°). Left panel:
in red the SM prediction and its 1o theoretical error bands for e and Rpgr/an for this
reference point; in orange (green) the 1o, 20 and 3o (from the darker to the lighter) ex-
perimental error ranges for e (Rpr/anm), in blue the correlation between e and Rgp/am
induced by NP contributions. Right panel: allowed values for ay, and acp upon the setup
of the left panel. See Ref. [171] for further details.

In Appendix [C] are summarized all the bounds from the implemented AF = 1 and
AF = 2 observables in the framework. More specifically, the set of Wilson coefficients
departures with respect to the SM value and the limits obtained from AF = 1 con-
straints are provided, whilst the corresponding box diagrams modifications contributing
to the corresponding AF = 2 observables are analysed together with the allowed bounds,
correlations and parameter space therein.

Additionally to the aforementioned acp —ay parameter space from ex-Rpr/an corre-
lations, new limits on ay and acp are possible from their loop-level impact on radiative B
decays. Processes that also receive tree level contributions from the set of chiral operators
A, in Sect. Next section focus on the former contributions.

10They are expected a priori to be all of comparable strength, the most powerful experimental con-

straints should result from the tree-level impact of dipole operators X to Ajg, as they include vertices
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3.3.2 B — X,v branching ratio

The current experimental value of the B — X,y branching ratio [181] is

Br(B — Xyy) = (3.31 £ 0.16 + 0.30 £ 0.10) x 10™*, (3.19)
for a photon-energy cut-off £, > 1.6 GeV. On the other hand, its NNLO SM prediction

for that same energy cut-off and in the B-meson rest frame, reads [182184]
Br(B — X,y) = (3.154£0.23) x 107*. (3.20)

NP can impact on this SM prediction and can also be bounded by the precision from the
experimental measure. SM contribution to the b — sv decay can be accounted by the

effective Lagrangian at the p, = O(my,) scale as

4G p 6

Lepy = W‘@th ZCi(Mb)Qi(Nb) + Cry (1) Q7 (11s) + Csa(in)Qsa (i) | 5, (3.21)

with Q12, @3, ¢ and Q7. s current-current, QCD penguin and magnetic dipole operators,
respectively, and terms proportional to V,*.V,;, have been neglectedﬂ.

Wilson coefficients C;(up) at the scale pp, are derived via QCD renormalisation group (RG)
running of the corresponding Wilson coefficients at the higher effective scale p of the
underlying theory, which is the matching scale linking the effective and full descriptions,
and turning out to be the electroweak scale u = O(Myy,) for the SM case. RG effects are
in general non-negligible, enhancing at the end the SM b — sv decay rate by a factor
of 2 — 3 [183] after including those effects, sourced dominantly by the mixing of charged
current-current operators with the dipole operators, and to a smaller extent from the

mixing with QCD-penguin operators. These QCD effects can be formally encoded as

Ci(pw) = Uy (po, 1) C(p) (3.22)
where U;; (1, 1) are the RG evolution matrix elements running from the effective scale
down to uy [185].

The expression for the B — X, branching ratio can be compactly written as

Br(B — X.y) = R (|Cry(m)|” + N(E)) , (3.23)

involving just three fields, one of them being a light gauge boson. Photonic penguins and also gluonic
penguins and tree-level four-fermion diagrams (through renormalization group mixing effects) will be

explored below and contrasted with radiative B decays.
' The same applies to the contributions from the so-called primed operators, similar to those appearing

in Eq. lj although with opposite chirality structure, which are suppressed by the mg/my ratio.
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where R = 2.47 x 1073 is simply an overall factor as discussed in Refs. [182,/184] and
N(E,) = (3.6 £0.6) x 10~* a non-perturbative contribution for the photon-energy cut-off
E, > 1.6 GeV. Cz, (1) can be split into SM and NP contributions as

Cry (1) = CEM (1) + AC (1) , (3.24)

where, for u, = 2.5 GeV, the SM contribution at the NNLO level, is given by [182-184]
CoM () = —0.3523.

Non-unitarity CKM matrix modifications and flavour violating Z-fermion couplings
induced by the chiral operators O;_4, as well as direct contributions from the chiral
operators X;_g will be the source for NP impact in AC7, (). Focus first in the former

effects.

O,_4 impact

The effective scale of the chiral operators is f > v, but no contributions to the Wilson
coefficients relevant for b — s arise at scales above the electroweak one. As a result, the
analysis of these contributions is alike to that in the SM, except for the fact that the NP
operators modify the initial conditions at up. The Wilson coefficients at the scale ppy

can be written as

Cilpw) = CPM () + ACi(pw) , (3.25)
with the SM coefficients at the LO given by [186]

OEM(/JW) =1,
Te, — br? — 8x2  —222 + 3z
CSM — t t t t 1
n ) = T A o o8 (3.26)
9%, + 522 — 18 —3a2
CEM () = ZH L0 S log

8(3’)t - ].)3 4(.2715 — 1)
where z; = m?/M3,. Non-unitarity CKM matrix modifications induce corrections to all
the three Wilson coefficients encoded [68] as

ACy(uw) = (aw —iacp) yi + (aby +aZp) y2y2,

23
ACT (pw) = (QCEW%2 + (at%v + GZCP) yf) (% + C%M(MW)) ; (3.27)

1
ACua(i) = (o + (& +a2) o) (5 + 02
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Contributions through W boson exchange are proportional to ay and acp, modifying tree-
level vertex couplings for (), as well as vertexes for the 1-loop penguin diagrams giving
rise to Q7, and Qs (more details in Appendix . On the other hand, the new flavour-
changing Z-fermion vertices participate in penguin diagrams contributing to the b — sy
decay amplitude, with a Z boson running in the loop [187]. These contributions can be
safely neglected, though, because they are proportional to the a}’d parameters, which are
already severely constrained from their tree-level impact on other FCNC processes.
Including the QCD RG corrections, the NP contributions at LO to the Wilson coeffi-

cients are given by:

8
16 8/ 1 16 _
AC77(Hb) = nfsAC77(Mw) + g <7]ﬁ — n?:s) AC’gG(,uW) + AOQ(MW) E kNt (328)

i=1
with
s (pw)
045(/%)
Here k’s and ¢’s are the magic numbers listed in Tab. while n has been calculated
taking as(Mz = 91.1876 GeV) = 0.118. Due to the simple additive structure of the NP
contributions in Eq. , these magic numbers are the same as in the SM context.

—0.45. (3.29)

n=

i 1 2| 3| 4 5 6 7 8
7 u 161 81 120 (4086 | —0.4230 | —0.8994 | 0.1456

ki || 2.2996 | —1.0880 | —2 | —<; | —0.6494 | —0.0380 | —0.0185 | —0.0057

Table 3.1: The magic numbers for AC7, (1) defined in Eq. (3.28)).

The NP parameter space from the set O;_4 is bounded by the experimental value for
BR(B — X,v) in Fig. . Shadowed (grey) exclusion regions from the present loop-level
impact on BR(B — X,v) are superimposed with Fig. , based on the analysis of
AF = 2 observables for the reference point (|Vy;|, 7) = (3.5 x 1073, 66°). Combining
both of the analysis is possible to reduce the allowed parameter space in the scatter plot
of Fig. [B.3pb, by eliminating about half of the points as it is shown in Fig. 3.4

Fig. [3.4 shows that acp, the overall coefficient of the genuinely CP-odd coupling Oy, and
thus of O4(h) in Eq. , is still loosely constrained by low-energy data. This has an

interesting phenomenological consequence on Higgs physics prospects, since it translates
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Figure 3.4: ay — acp parameter space for ex and BR(Bt — o"v)/AMpg, observables
inside their 30 error ranges and a, € [ — 0.044,0.009] (see for details). The gray
areas correspond to the bounds from the BR(B — X,7) at lo, 20, and 30, from the
lighter to the darker, respectively.

into correlated exotic Higgs-fermion couplings, which for instance at leading order in A

read:

h
8Ly D acp (1 + ﬁcpz> Oy . (3.30)

For intermediate values of £ (for which the linear expansion could be an acceptable guide-

line), the relative weight of the couplings with and without an external Higgs particle

reduces to -see Eq. (3.4)-

Bep ~ 4. (3.31)

These are encouraging results in the sense of allowing short-term observability. In a
conservative perspective, the operator coefficients of the non-linear expansion should be
expected to be O(1). Would this be the case, the possibility of NP detection would
be delayed until both low-energy flavour experiments and LHC precision on h-fermion
couplings nears the O(1072) level, which for LHC means to reach at least its 3000 fb~!
running regime. Notwithstanding this, a steady improvement of the above bounds should
be sought.



55

X;-contributions

For the chiral operators X; considered, the effective scale weighting their overall strength
is A; < 4nf. In the numerical analysis that follows, we will consider for A; the smallest
value possible, i.e. A; = 4mv. For this value, the effects due to the operators X; are
maximized: indeed, for higher scales, the initial conditions for the Wilson coefficients
are suppressed with the increasing of A,. This effect is only slightly softened, but not
cancelled, by the enhancement due to the QCD running from a higher initial scale. For
the analytical expressions, we will keep the discussion at a more general level and the
high scale will be denoted by ps, s > v. At this scale the top and W bosons are still
dynamical and therefore they do not contribute yet to any Wilson coefficients. The only
operators relevant for b — sy decay and with non-vanishing initial conditions are thus
@7y and Qg¢, whose contributions arise from the dipole chiral operators &;. At the scale

1s the Wilson coefficients can thus be written as
Cilus) = CZSM(NS) + AC@*(NS) ) (3.32)

where the only non-vanishing contributions are

o (4m)? vy} (47)? vy

F ) s
V2 V2

with d% and d¢, denoting the relevant photonic and gluonic dipole operator coefficients in

Eq. (3.14]), respectively.

The QCD RG analysis from p, down to py, should be performed in two distinct steps:

ACE (ps) = d ACg (1s) = df; (3.33)

i) A six flavour RG running from the scale ps down to py. Focusing on the Wilson
coefficients corresponding to the SM and to the Xj;-couplings as well, at the scale

uw the coefficients read
Ci(pw) = CPY (puw) + ACT (uw) (3.34)

where the only non-vanishing contributions from the set X; are those given by

8
Co () = 3 (1= mil) P ACT (s) + md* ACT (1)

Coe(pw) = mPACE (1s)

(3.35)

with

oF (NS)
Mus (o) (3.36)

In the numerical analysis 7, = 0.67 will be taken.
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ii) A five-flavour RG running from py down to p,. This analysis is alike to that

described in the previous section, substituting the initial conditions for the Wilson

coefficients in Eq. (3.25)-Eq. (3.27)) for those in Eqgs. (3.34))-(3.36]).

It is interesting to focus on the final numerical result for the BR(B — X,7v), leaving
unspecified only the parameters bff;’G:

BR(b — sy) = 0.000315 — 0.00175 bfff -+ 0.00247 (bfff)2 , (3.37)

where
bl = 3805 + 1.2 (3.38)
The corresponding plot is shown on the left-hand side of Fig. which depicts the

dependence of the branching ratio on bgf 7> together with the experimental 30 regions.

Two distinct ranges for bgf s are allowed:
—0.07 Sbl, <004 or 0.67 5B S0.78. (3.39)

Using the expression for bgff in Eq. {} it is possible to translate these bounds onto
the b% — b, parameter space, as shown on the right-hand side of Fig. 3.5, The two narrow

bands depict the two allowed regions.
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(a) BR(B — Xyy) vs. b?;¢ (b) b4 — bd parameter space

Figure 3.5: BR(B — X,v) vs. bZ;, (left panel) and b, — b, parameter space (right
panel). Horizontal bands in the left panel are the experimentally excluded regions at 1o,
20, and 30, from the lighter to the darker, respectively. The 30 corresponding allowed

bd, — b, parameter space is depicted as two separate narrow bands in the right panel.

Analogously to the case of O1(h)...O4(h) operators discussed in the previous subsec-

tion, a correlation would hold between a low-energy signal from these Xj-couplings and
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the detection of exotic fermionic couplings at LHC, upon considering their extension to
include h-dependent insertions. Nevertheless, a consistent analysis would require in this
case to consider d = 6 couplings of the non-linear expansion, which are outside the scope
of the present work.



Chapter 4
Conclusions

The lack of indications of new resonances at LHC data other than a strong candidate to
be the SM scalar boson h, together with the alignment of the couplings of the latter with
SM expectations, draws a puzzling panorama with respect to the electroweak hierarchy
problem. If the experimental pattern persists, either the extended prejudice against fine-
tunings of the SM parameters should be dropped, or the new physics scale is still awaiting
discovery and may be associated for instance to a dynamical origin of the SM scalar boson.
This thesis work has been inspired by the generic scenario in which a strong dynamics
lies behind the origin of a light Higgs particle h, such as in the so-called composite Higgs
scenarios, within an effective Lagrangian framework. In fact, it has derived the most
general effective couplings in the presence of one light scalar particle h, be it linked to the
origin of EWSB or a generic scalar unrelated to it.

The results generalize the operator basis for the bosonic sector of the electroweak non-
linear EFT in Refs. [21H25] (which assumed no light scalar in the low-energy spectrum
other than the longitudinal components of the W and Z bosons) to the case in which a
light scalar h particle is present, up to four-derivatives in the chiral expansion. The basis
of independent bosonic operators is now larger, with new couplings present. Furthermore,
the functional dependence on h is no more expected to follow in general the pattern in
powers of (v + h) characteristic of the SM and of BSM linear-realizations of EWSB,
and has been parametrized by generic F(h) functions, see Egs. and . The
complete set of four-derivative chiral CP-even and CP-odd effective operators has been
given in Egs. —, showing the existence of extra operators also with respect to
those recently identified in the literature taking into account a light scalar h [26{29]. The
construction of these bases is one of the main results of this work.

In specific composite Higgs models, in which the Higgs is a pseudo-Goldstone boson

of a strong dynamics, the parameter describing the degree of non-linearity is the rate
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¢ = (v/[f)? where v denotes the EW scale and f the characteristic Goldstone boson scale.
¢ must lie in the range 0 < £ < 1. Small values indicate a linear regime of EWSB and for
& — 0 lead to a low-energy theory undistinguishable from the SM, since all the effects of
the strong interacting theory at the high scale become negligible. Larger values indicate
a non-linear regime of the EWSB mechanism, and a chiral expansion describes then well
the effects of the strong dynamics in a model-independent way. In an EFT approach &
is not a physical observable, and the analysis of data should be implemented directly to
measure/constraint the operator coefficients. Nevertheless, as that parameter allows an
easy comparison between the leading correction expected in linear realizations of EWSB
versus non-linear ones, we have often redefined the operator coefficients so as to extract
and make explicit the ¢ dependence expected for each type of coupling. The explicit
dependence on £ for each non-linear operator obtained can be found in Eqgs. —,
which allowed to establish the correspondence of each non-linear operator with the lowest-
dimension operator of the linear expansion that would lead to the same low-energy leading
phenomenological couplings. This analysis showed that linear operators of dimensions 6, 8
and 12 are needed to encompass the leading four-derivative effects of the CP-even bosonic
non-linear expansion, while linear operators of dimensions 6, 8 and 10 are required in the
analogous comparison for CP-odd operators. Details are given in Appendix [C]

A curious aspect of CP-violating basis in Eq. is the presence among the leading
two-derivative corrections of the operator Sep(h), which impacts the renormalisation of
the SM parameters, inducing finally a CP-odd component in the fermion-hA and Z-h
interactions, see Egs. and respectively. No analogous effect is present at the
leading order of the linear expansion, i.e. in the SM Lagrangian, as its would-be linear
sibling turns out to be a d = 6 operator. Similar effects and physical impact stem as
well from the four-derivative operator Si3(h). In addition, bounds on the CP-odd non-

linear operator coefficients, mainly from anomalous triple vertices, have been established

in Sects. Specifically,

* Bounds for the relevant non-linear operator coefficients contributing to the fermionic

EDMs at 1-loop from the anomalous CP-odd W W~ vertex have been obtained, see

Bqs. [51) and (253).
* Anomalous CP-odd WW Z vertices have been bounded from both CP-blind and

from CP-sensitive observables. The strongest limits are still those resulting from
LEP analyses, and we have translated them into bounds for the non-linear operator
coefficients, see Eq. . The possible direct measurement of the CP-odd WW Z
vertex through CP-blind signals in gauge boson single or pair production at colliders

has been analyzed as well.
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* Bounds on the combinations of non-linear operators contributing to the hyy vertex

from their contribution to the fermionic EDMs have been determined, as illustrated

in Eq. (2.75).

We have determined the bounds on combinations of CP-odd TGV couplings from
the CMS study of the LHC Higgs boson data at 7 and 8 TeV on the leptonic
channels induced by h — ZZ, see Eq. (2.81]). The future CMS sensitivity with the

expected 14 TeV data on the same combination of coefficients has been explored,

see Eq. (2.83)).

By performing a realistic collider analysis of W Z pair production, the present and future
potential of LHC to measure anomalous CP-odd TGVs have been estimated in Sec. [2.3.2]
via the dependence on kinematic variables that traces the energy behaviour produced
in the cross sections by the anomalous TGVs. As a conclusion, LEP bounds can be
improved by using the 7 and 8 TeV collected LHC data sets, as shown in Table [2.2], whilst
the precision reachable in the future 14 TeV run will approach the per cent level on the
anomalous coefficients, proving thus the LHC potential. Furthermore, by means of CP-
odd sensitive asymmetries defined in Eq. , it has been shown that the future LHC
run will have the capability to establish the CP nature of the WW Z vertex for a large
range of the parameter space that can be covered in that run, see Egs. and .

Concerning flavour effects in the assumed chiral effective framework, focus has also
been given to possible implications for fermionic couplings of a strong interacting origin of
electroweak symmetry breaking dynamics with a light scalar h, and with mass around 125
GeV. Flavour-changing operators O; for the non-linear regime, as well as those operators
X; at the next to leading order in the expansion and suppressed by the strong dynamics
scale Ag, have been identified in Chapter [3] Moreover, taking into account the QCD
RG evolution, the coefficients of the latter have been constrained from a plethora of low-
energy transitions. In particular we have analyzed in detail and in depth the constraints
resulting from the data on B — X, branching ratio. Its impact is important on the global
coefficients of the four relevant flavour-changing chiral couplings at the loop level, and on
those of the dipole operators. The limits obtained constrain in turn the possible fermion-h
exotic couplings to be explored at the LHC. A particularly interesting example is that
of the intrinsically CP-odd operator O, of the non-linear expansion, whose coefficient
is loosely constrained by data: a correlation is established between the possible signals
in low-energy searches of CP-violation and anomalous h-fermion couplings at the LHC.
Their relative strength is explored for the case of a relatively small £. A similar correlation

between low-energy flavour searches and LHC signals also follows for all other operators.
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The complete set of independent CP-even and CP-odd leading effective bosonic opera-
tors identified here, together with the exploration of certain fermionic effective operators,
the new bounds on the strength of the exotic interactions established, and the new phe-
nomenological tools developed, should hopefully be useful in shedding light on the origin

of the electroweak symmetry breaking mechanism underlying nature.



Chapter 5
Conclusiones

La no observacién de nuevas resonancias en los datos del LHC aparte de la confirmacion
experimental de la existencia del bosén de Higgs del Modelo Estandar, junto con el ali-
neamiento de los acoplos de dicho bosén con las predicciones tedricas del ME, plantean un
panorama desafiante respecto al problema de la jerarquia electrodébil. Si los resultados
experimentales persisten, entonces el prejuicio contra el ajuste de los parametros del ME
debe ser abandonado, o la escala de nueva fisica esta aun por ser descubierta y podria
estar asociada, por ejemplo, a un origen dinamico del boson de Higgs. Este trabajo ha
sido inspirado por el escenario genérico en el cual una dinamica fuerte subyace al origen
de un Higgs liviano h, tal como en los escenarios de Higgs compuesto, y dentro de un
marco de Lagrangiano efectivo. De hecho, han sido derivados los acoplos efectivos mas
generales en presencia de una particula escalar h, ya sea vinculada al origen de la RSE o
un escalar genérico no relacionada con ella.

Este trabajo generaliza la base de operadores para el sector bosoénico de una TEC
electrodébil no-lineal de las Refs. [21}25] (el cual asume la no presencia de escalares
livianos en el espectro de bajas energias diferentes a las componentes longitudinales de
los bosones Wy Z) al caso en el cual un escalar liviano h estd presente, hasta cuatro
derivadas en la expansion quiral. La base de operadores bosénicos independientes es
ahora mas grande, con acoplos nuevos presentes. Ademas, la dependencia funcional en A
no sigue mas el patrén en potencias de (v + h) caracteristico del ME y de realizaciones
lineales MME de RSE, y ha sido parametrizada mediante funciones genéricas F(h), ver
Eqgs. and . La base completa de operadores quirales de cuatro derivadas que
conservan y violan la simetria CP ha sido dadas en las Ecs. —, exhibiendo la
existencia de operadores extra respecto también a aquellos que dan cuenta de un escalar
liviano h recientemente identificados en la literatura [26-29]. La construccién de estas

bases es uno de los resultados principales de este trabajo.
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En modelos especificos de Higgs compuesto, en el cual el Higgs es un bosén de pseudo-
Goldstone de una dindmica fuerte, el pardmetro que cuantifica el grado de no-linealidad es
el cociente £ = (v/f)?, donde v denota la EE y f la escala caracteristica de los bosones de
Goldstone. & debe estar en el rango 0 < £ < 1. Valores pequenios de £ describen regimenes
lineales de RSE y para el caso & — 0 se tienen teorias de bajas energias indistinguibles
del ME, al ser despreciables todos los efectos de teorias fuertemente interactuantes a altas
energias. Valores més grandes caracterizan un régimen no-lineal del mecanismo de RSE,
y una expansiéon quiral describe bien entonces los efectos de dinamica fuerte de manera in-
dependiente del modelo. En un escenario de TEC, £ no es un observable fisico y el analisis
de datos deberia implementar directamente medidas y restricciones para los coeficientes
de operadores. No obstante, puesto que el pardmetro permite comparar facilmente correc-
ciones dominantes esperadas en realizaciones lineales de RSE versus no-lineales, hemos
redefinido los coeficientes de operadores para extraer y hacer explicita la dependencia
esperada en £ para cada tipo de acoplo. Dicha dependencia para cada operator no-lineal
puede ser vista en las Ecs. —, la cual permite establecer la correspondencia
de cada operador no-lineal con los operadores de mas baja dimension de la expansion
lineal que conllevarian a los mismos acoplos fenomenoldgicos de bajas energias. Este
analisis ha mostrado que operadores lineales de dimensiones 6, 8 y 12 son necesarios para
vincularlos con los efectos dominantes de cuatro derivadas de la expansiéon bosoénica li-
neal que conserva CP, mientras operadores lineales de dimensién 6, 8 y 10 son necesarios
analogamente para el caso de operadores que violan la simetria CP. Mas detalles han sido
dados en Apéndice [C]

Un aspecto curioso de la base de operadores que no conserva CP en la Ec. (2.35))
es la presencia del operador de dos derivadas Syp(h), el cual afecta la renormalizacion
de los parametros del ME, induciendo finalmente una componente que viola CP en las
interacciones fermién-h y Z —h, ver Ecs. y respectivamente. Efectos analogos
en la expansién lineal al orden dominante, es decir en el ME, no estan presentes al ser
el correspondiente operador lineal de dimensién d = 6. Efectos e impacto fisico similares
provienen asi mismo del operador de cuatro derivadas Si3(h). Adicionalmente, cotas para
los coeficientes de los operadores no-lineales que violan CP, principalmente aquellos que
contribuyen a los vértices cuibicos anéomalos, han sido establecidos en las Secciones [2.3.2

2.3.3] Especificamente,

* Cotas para los coeficientes de los operadores no-lineales que contribuyen a 1-lazo al
MDES fermiénico proveniente del vértice anémalo W+ que viola CP, ver Ecs. (2.51))

v @53).

* Viértices anémalos WIW Z que violan CP han sido acotados mediante observables
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sensibles a contribuciones de operadores que conservan y violan la simetria CP. Los
limites mas fuertes ain provienen de los analisis de LEP, y han sido implementados
en cotas para los coeficientes de los operadores no-lineales, ver Ec. . La posible
medicion directa de vértices WW Z que violan CP mediante senales no sensibles a
efectos de CP, en bosones de gauge o en produccion de pares en colisionadores

también han sido analizada.

Cotas en la combinacién de operadores no-lineales que contribuyen al vértice hvy~y

han sido determinadas por su contribucién al MDE fermionico, ilustrado en Ec. ([2.75|).

Cotas en combinaciones de acoplos que violan CP han sido determinadas mediante
estudios de CMS sobre propiedades del bosén de Higgs en el canal leptonico inducido
por h — ZZ, ver Ec. (2.81)). La sensibilidad futura de CMS con los datos esperados

a 14 TeV también ha sido explorada en la misma combinacién de coeficientes, ver

Ec. (2:53).

Realizando un andlisis realista de produccion de pares W Z en colisionadores, el potencial
presente y futuro del LHC para medir acoplos anémalos TGV que violan CP han sido
estimados en la Seccion [2.3.2 mediante el uso de variables cinematicas que dan cuenta del
comportamiento en la energia producido en las secciones transversales debido a los efectos
de acoplos anémalos TGV. Como conclusion, las cotas de LEP pueden ser mejoradas
usando datos del LHC a 7y 8 TeV, como se puede apreciar en las Tablas mientras que
la precision alcanzable en el futuro a 14 TeV se acercara al nivel del 1% en los coeficientes
anémalos, demostrando asi el potencial del LHC. Ademas, mediante la asimetria definida
en Ec. , ha sido mostrado que el futuro del LHC tendra la capacidad de establecer
la naturaleza CP de los vértices WW Z para un gran rango del espacio de pardmetros que
puede ser cubierto por los datos del LHC, ver Ecs. y .

En lo que a efectos de sabor en el escenario efectivo quiral asumido se refiere, se ha
centrado la atencion en posibles implicaciones para los acoplos fermionicos de un origen
interactuante fuerte de RSE con un escalar liviano h, y masa cercana a 125 GeV. Ope-
radores no-lineales que cambian el sabor O;, asi como también aquellos operadores AX;
subdominantes en la expansién y suprimidos por la escala de dindmica fuerte A;, han
sido identificados en el Capitulo Ademas, al tener en cuenta la evolucion de QCD
con la energia, los coeficientes provenientes de los operadores X; han sido constrenidos de
diversas transiciones a bajas energias. En particular, han sido analizados en detalle cotas
resultantes de la intensidad del proceso B — X,7v. Su impacto es relevante en los coefi-
cientes globales de los acoplos quirales que cambian el sabor a 1-lazo en las correcciones

readiativas, y en aquellos de los operadores dipolares. Los limites obtenidos constrinen los
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posibles acoplos exéticos fermiones-h explorables en el LHC. Un ejemplo particularmente
interesante es el operador que viola CP O, de la expansién no-lineal, cuyos coeficientes
estan ligeramente constrenidos por los datos: una correlacion es establecida entre las
posibles senales de violacién de CP a bajas energias y acoplos anémalos h-fermion en el
LHC. Su intensidad relativa es explorada para el caso de valores pequenos de £. Similar
correlaciéon entre buisquedas de sabor a bajas energias y senales del LHC también se aplica
al resto de operadores.

El conjunto completo de operadores bosonicos efectivos que conservan y violan CP
identificados aqui, junto con la exploracién de ciertos operadores fermionicos, las nuevas
cotas en la intensidad de las interacciones exodticas establecidas, y las herramientas feno-
menolégicas desarrolladas, deberian ser 1tiles para esclarecer el origen del mecanismo de

rompimiento de la simetria electrodébil subyacente a la naturaleza.
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Appendix A

Useful Formulas for non-linear d, =

basis

In this appendix, only operators involving fermions and the strong Higgs sector are ana-
lyzed. For the complete basis of operators, including all the gauge-strong Higgs interac-
tions, one can refer to [21-23.|172,/173|,188-190].

The main quantities needed in the construction are the basic “covariant” quantities
under the SM gauge group are T and V,, in Eq. (2.15)). All these quantities are traceless
Tr (T) = Tr(V,) = 0, and decomposable via generic 2 x 2 matrix properties, one can
therefore decompose them as T = $Tr (T7%) 7; and V,, = 3Tr (V,,7) ;. Relevant traces
in the unitary gauge are

Tr (T7), = 283, Tr (V,r%), = igW? Tr (TV,), = i%Zu, (A1)
for i =1,2,3 and a = 1,2 and the suffix index U standing for unitary gaugee expressions.

Additionally one has the relations

1 .
V, = §Tr (V) 7,
(TVH + VHT) = Tr (TV,,) Izxz,
o (A.2)
(TV" = VIT) = 2" Tr (Tr) Tr (V7)) 7,
1 i )
TV,T = LTV T (05 T (V) 7

Employing previous relations operators defined in Egs. (A.12)) can be written alternatively
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as
1 1 ‘
01 = §JM Tr (TVH) s 02 = §Jz'u Tr (VHTZ) s
1 ) . Y
05 = 5Jf [Tr (TV,) Tr (T7") = Tr (V,7)] , Oy = igw’f Tr (Tr) T (V1) JL
(A.3)
with J# and J! the SU(2), singlet and triplet currents, respectively:
J'=1iQAr" QL JI' =iQAry' QL - (A.4)
A.1 CP transformation properties
Under charge (C) and parity (P) symmetries, T and V,, will behave as [23]
T(t,x) L T(t,—z) 7, (A.5)
Vita) D n VA —a)n. (A.6)

By means of Egs.(A.5) and (A.6) it is straightforward to recover the transformation
properties of the traces:

CcP

Tr (Tr;) — Tr (T7)) , (A.7)
Tr(V,m) D =T (Vi) | (A.8)
T (TV,) 5 —Tr(TVH). (A.9)

Using in addition the transformation properties of the singlet and triplet SU(2), fermionic

currents:
Q7"Qr, <2, —Q17.Q1 (A.10)
@LWT@'QL Q) —QL%Tz‘*QL ) (A.11)

one can easily verify that O, o3 are CP-even, while O, is CP-odd.
One of the most relevant differences of the strong interacting Higgs scenario, with res-

pect to the linear case, is the presence of a new source of CP violation at chiral dimension
d, =4.
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A.2 Relation with the linear representation

Linking the operators in the non-linear basis with the corresponding ones in the linear

realization one has

1 1
01 <— E—Y Oq;l , 02 < - Oq>2 R
v v
. ) ) (A.12)
Os — oA Oa3 — - Om2, Oy — ot Os4,
with Ocpi

Op1 = i(@L)\FCVMQL) [(I)T(D ®) — (D CD)T (I)] ) ( )
O = i (QArc?"T'Q1) [@ 7:(D,®) — (D,®)! Ticp}, (A.14)
Oss = i (@ )rer"7'Qr) [2170) (#1(D,2) — (D,0) @] (A.15)

(A.16)

Oas = ic™ (@ A1 Q1) [@17,®) (917D, @) — (D, @) 7,0 |

where the first two operators [71] appear in the linear expansion at dimension d = 6,

while the last two appear only at dimension d = 8, and the following relations have been

employed
TTV,] — —% [qﬂ (D,®) — (D, ) @} (A.17)
TV,  — % [@Tri(DN(I)) — (D, ®)! Ticb] (A.18)
Tr[Tr] — —% (DI D). (A.19)

A.3 Formulae for the Phenomenological Analysis

In this appendix we provide details on the results presented in sects. and

A.3.1 AF = 2 Wilson Coefficients

The Wilson coefficients of the AF = 2 observables in presence of NP can be written
separating the contributions from the box diagrams and the tree-level Z diagrams, so
that

M = AW o1 AM ¢ (A.20)
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where M = K, By, Bs. Taking into account only the corrections to the W-quark vertices,
we find the following contributions to the Wilson coefficient relevant for A — M? system
at the matching scale p; ~ my;(my) (my(my) is the top quark mass m, computed at the

scale m; in the MS scheme):
ASBAQ Cl) = Z AN Fy (A.21)
i,)=u,c,t

where for the K and B, systems we have respectively

S‘i = f/;: f/idv i = ZZ V;'q ) (A'22>

with V the modified CKM matrix. The F;; are the usual box functions with the exchange
of W and up-type quarks (Fig. |A.1)) defined by

E]‘ = F(ZL‘“ lL‘j) = le (4 + ZT; I’j) IQ(ZEZ', IL‘j) — 8JZZ l’j Il(ZEZ', Ij)
o p) = 1 [ x; log(z;) ; N

hles ) = 50 —a) [T —aPlo—ap T 42
) = 1 [ 22 log(x) . N

e (B[ I (=S E e L

with z; = (m;/Mw)? (with m; should be understood as m;(m;)).

In the SM limit, i.e. switching off the modifications of the W-quark couplings, V — V
and therefore \; — X and it is possible to rewrite the previous expression in eq. 1) in
terms of the usual Inami-Lim functions Sy(z;), So(z.) and Sp(x., x;), using the unitarity
relations of the CKM matrix:

So(c) 4ay — 1122 + 2} 323 logxy
T) = —
oL 41— z,)? 2(1 — ;)3

SO(:CC) =2 (A24)

xt 31, 3x? log x;
= log — — -
So(l'ca fL't) T 108 T, 4(1 _ -Tt) 4(1 — 23,5)2

When the NP contributions are switch on, the modification of the CKM factors \; are,

for instance for the K system,

N = Vi, Vi =X [L+iacp Afy + aw (34 + 55,) + (afy + agp) B85, L (A.25)
)‘; = ‘Z;;i Vuu’ = )‘; [1 +iacp Aqﬁ + aw (Ei + Zgz) + (a%/v + aép) Z%‘Egz} ,(A.26)



71

d (b) S s (q)
W W
s (q) T d (b)
W

d(b)

Figure A.1: W-mediated box diagrams contributing to the neutral kaon system (d and
s quarks in the external legs) and meson system B, as well (b and ¢ = d, s quarks in the

external legs)

with A\; = Vi3, Via,, A; = V.

U2t

Vi and
AL =12 — 2, Sh= vl S5 = o, + v (A.27)

For the B, and B, one has to replace accordingly the quark labels. Deviations of 5\1 S\j

with respect to the SM expression can be parametrized as follows:

Y

Ai A (L4 6XN;) (A.28)
where for the K system

5)\ij ZZiCLCP ATQ + aw Afj + CL%«P Bx] —|— CL%/V szj —|— iacp aw A:& Bf]—f—

)

, (A.29)
+ (agp + ajy)(iacp DY + aw Ef) + (agp + ajy)* L
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with
A = Eglci + Eglcj + Egi + Egj )

BY = N1, 55 4 50— (AL,)?

Cij = X027 + 55,25, + 57 (55 + X5) + 575 (55 + 555
Dy; = Af, (E:fz X5+ 2glcj EQZUJ') ’

El = (354 25) 55,55, + (51, + 25,) 53 55

Li; = %4 Z’Tj 25 Zgzgj :

(A.30)

Previous expressions hold for both of the K and the for B, systems, only Af,, X7, and
Y%, distinguish the different systems. With such notation, we can write the expression in
eq. (A.21) as follows:

AS) C) = N2 S) (1) + A2 Sh(we) + 2\ Ao S (e, 1) e
AP C(pg) = A2 Sh()

where
So(xe) = (14 0Ae) Fre + (14 0Xuu) Fuw — 2 (1 4+ 0e) Fle s (A.32)
So(Tey 2¢) = (14 0Aet) For + (1 + 0Aw) Fuw — (1 4+ 0Xue) Fue — (1 4+ 0Xu) Fue -

Integrating the Z boson at the u; scaleﬂ the following contributions to the Wilson coef-
ficients are obtained

ACY (1) = g s (O ACP ) = s (v
N VRN V) ’ z M= Gaa 9z ’
(A.33)
with
d,s g d * d,b g d % 5,b g d %
¥ = A CW =T — A C*° = A .
2 cos Oy az Arc)iz 2 cos Oy az (Aro)is 2 cos Oy az ()i

(A.34)

The Wilson coefficients given above are evaluated at the pu; scale and therefore the com-

plete analysis requires the inclusion of the renormalisation group (RG) QCD evolution

down to low energy scales, at which the hadronic matrix elements are evaluated by lattice
methods.

In our model we can apply the same RG QCD analysis as in the SM context: indeed,

both the effective operator, that arises from the modified box diagrams and the tree-level

Integrating out the Z boson at j; or at M introduces a subleading error in our computation, that
can be safely neglected.
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7 diagrams by integrating out the heavier degrees of freedom, and the matching scale
are the same as in the SM. In particular no new effective operators with different chiral
structure from that one in eq. and no higher scales than i, are present. All the
NP effects are encoded into the Wilson coefficients.

By the use of the Wilson coefficients reported in this appendix and having in mind
the previous discussion on the QCD evolution, we find the following full expressions for

the mixing amplitudes:

*

MIS = R A S4(@) +m A2 () + 25 M Ao Shl(wer 1) + 1 ACE ()] s
* .39
My = R, [N Sh() + ACT" ()]

A.3.2 Approximate Analytical Expressions

Expanding in ay and acp up to the first terms, the relevant parameters d\;; are simplified,

for the K system, as

5)\uu:2(aW_iaCP)y§> 5)\cc:4awyg_2ia01:’y§7
e = daw y? — 2iacpy?, e =2aw y? — 2iacpy?.  (A.36)
Mt = Ot = 2aw y? — 2iacpy?,

while for the B, systems
5)\uu == 5>\cc = 6)\uc =2 (aW - iaCP) yl? )
5>\tt=2aw(2yf+y§)—Qiaopy§(1+2awy,:2), (A.37)

Ot = 0t = 2aw <y152+yg> —Qiacpy§(1+awyt2),

where the terms of order O(a%,, aZp, aw acp) have been neglected. The coefficients C%*,

C%b and C*® that enter the tree level Z contributions are now

S g * g * S g *
O = Seosy ¥ Vi Vi O = g g i Vi Via, O = 5 v Vi Ve
(A.38)

Finally we report the explicit expressions for G(z;) and H(x;, x;) appearing in the ex-
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pressions in sect. [B.3}

2 _ .3 2 3

G(xy) = 2(Fy — Fu) = o —: 2_x:;t10g - 27(?— xf;Q + Q(Oit— xi)it log ¢,

G(we) = 2(Fe — Fyue) =22, (2 + log 2.)

Az Mo+ 7oy A-Swta 1ogx)
4(1—m)? 4(1— )2 )

4—3x, Az +x.(4— 8z + 2?)

4 (1 — ) 4(1 — )2

H(.Tt,l‘c) = Ec — Fut — xc(

H(xth) - Fct - Fuc = — T, logxc—i—;(:t

log x; .



Appendix B

MFYV in a Strong Higgs Dynamics

scenario

Implementing a MFV hypothesis in a Strong Higgs Dynamics framework, as in Ref. [171],
non-unitarity effects for the CKM matrix are allowed from the modified W-fermion cou-
plings in Eq. (3.5), and limits for them are obtained from AF = 1 and AF = 2 observables
as well. Let us analyse first the CKM matrix modifications.

B.1 Non Unitarity and CP Violation

CKM matrix unitarity is dropped off in the Lagrangian of Eq. (3.5]) by

Vi = Vig [L+ (aw +iace) 6, +43)] (B.1)

and keeping top Yukawa coupling as the most relevant contributionE], unitarity deviations
are driven byf]

Y ViVie & i+ [2awy; + (afy + agp) yt] 5udi (B.2)
k

Y ViVig byt [2awy} + (afy + agp) yt] ViV (B.3)
k

IThese relations should be modified if one works in a framework in which vy ~ ;.
23rd quarks family mediated transitions present sizable unitarity corrections as expected from

Eq. (1.45) and still not severely constrained by experiments, whilst those on the first two family sec-
tors, as being Yukawa and mixing angles-suppressed, are O(10~%), perfectly in agreement with present
bounds. Notice from Egs. |) and 1) the quadratic acp-dependence for non-unitarity corrections.
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and the parametrization-invariant definition of the angles of the unitarity triangles is

‘N/Z‘zl V'ZV;Z 2 2 2 2
ar | =arg | —— +acp |2a (u.— u) — +
g ( V 7, > g ( Vj;‘@) CcP [ W A\ Yu; = Yu, (ydl ydk) (B.A)
— (3ajy — a¢p) (yﬁj - yii) (va, — i) (yi +yl + g+ yi) ] +0(a"),
remarking that

- acp-dependent corrections, as expected from the fact that the SM source of CP-

violation is the only one remaining in the absence of QOy;

- Non-degenerate up and down sectors for the two quark families case necessary and
sufficient to induce acp-dependent physical CP-odd effects that are not present in
the one-family case;

- CP-odd effects playing role at quadratic order O(acpaw ). Oy solely (e.g. aw =
a% = a% =0 in Eq. (3.5)) leads to cubic correction O(ad,p) or higher.

Operator coefficients in Eq. (3.5) can be bounded from AF = 1 and AF = 2 observables
data. Focus first on the former observables.

B.2 AF =1 Observables

Tree-level Z-mediated FCNC induced from O;_3 in Eq. (3.5)), diagrammatically sketched
in Fig. , are encoded in the low-energy effective Lagrangianﬁ as

Gra
2\/_7r

with (), the Wilson coefficient corresponding to the FCNC operators Q,ﬂ

— ViV, Z Cn Qn +hec., C, =CM L ONP, (B.5)

Qpy = CZ_i’Yu(l —75)d; 9_7“(1 — V)V, Q7 = ¢4 Czﬁu(l —5)d; (1 4 75)q
Qov = diyu(1 — 5)d; ("L, Qg = e, diy,(1 —v5)d; " (1 — v5)q, (B.6)
Qroa = divu(1 — 5)d; byF st

30nly AF = 1 processes involving K and B mesons are considered. New up-type tree-level FCNC
contributions in Eq. (3.5)) are neglected in here as being strengthened by a non-diagonal spurion com-
bination Vy%VT, subleading with respect to that one in the down sector, VTyQUV7 by at least a factor
27,2
Yy /Yi -
4All quark species are summed in Q7 g, with their corresponding e, quark electric charge.
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-
s
&
s

Figure B.1: Tree-level Z-mediated currents (left) contributing to the FCNC operators
Q,, (right). Black dot vertex in the right figure symbolizes the non-zero contributions CN*
to the Wilson coefficient C), for the corresponding effective operator Q,,.

Operator Observable Bound (@ 95% C.L.)
Oy B — X I —0.811 < a} < 0.232
Owa B—= X,J0T ,B—putu~ —0.050 < af < 0.009
Oy, Kt — ntov —0.044 < a% < 0.133

Table B.1: FCNC bounds [191] on the combination of the operator coefficients a%,
obtained from a tree-level analysis.

receiving NP contributions contained in CN? as

CY = —ryta%, CNP = 12k s, y? al
Cof = k(1 — 4siy) y7 a% CNP = —2k 2, y2 ad,. (B.7)
Ciox = —Ky; ag,

where k = ms?, /(2 ) reflects the relative strength of the NP tree-level contribution with
respect to the loop-suppressed SM one. Different mesons rare decays can constrain [191]
to a%, those with less hadronic uncertainties are reported in Table with the overall
range —0.044 < a% < 0.009 at 95% of CLP]

Concerning tree level W-mediated CC, the branching ratio for B* — 71v is sensitive

5Likewise a% can be limited from AF = 1 FCNC transitions among up-type quarks, turning out to
be of order O(a}, y2/y?) and consequently are negligible.
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to their contributions and from the modified CKM matrix element V,; in Eq. (B.1)):

2 2 2
BR(B* — 1) = GEMB s (1 _ My

2
. 2
3 T) F2o |Vig|? |1+(aw+zacp) yf] B+
s Bt
(B.8)
with Fp+ the B decay constantﬂ Z-mediated FCNC contributions to this process appear

at one-loop level and can be safely neglected.

B.3 AF = 2 Observables

Neutral kaon oscillations

W-mediated box diagrams suffer from couplings modifications in the effective low-energy
Lagrangian of Eq. and consequently AF = 2 transitions get modified too. Fur-
thermore, tree-level FCNC Z diagrams can be relevant also for AF = 2 transitionﬂ. In
particular, neutral kaon and meson oscillations mixing amplitudes ME and M}, (¢ = d, s)
respectively defined as

<K0"HAS 2’K0>* <BO|HAB 2|B8>*

, M, = , (B.9)

K __
mBq

QmK

are sensitive to those modifications, and therefore, the K — K¢ mass difference and the

CP-violating parameter e

K €%
\/§ (AMK)exp

are also affected, with ¢, and k. (see these used input values in Table 2 of Ref. [171]) ac-

AMy = 2Re(ME) £k = Im (M) , (B.10)

counting for ¢, # 7/4 and including long-distance contributions to Im(I'15) and Im(M;s).
The effective Hamiltonian in Eq. accounting for AF = 2 processes is usually written
as

HE T2 = G24 (1) Q, (B.11)

6The SM lepton-W couplings have been assumed in writing Eq. (B.8). Even if we are not considering
the lepton sector in our scenario, those couplings are strongly constrained by the SM electroweak analysis

and therefore any analogous NP modification in the lepton sector should be safely negligible.
7 Z-mediated boxes and weak penguin diagrams are safely neglected as being suppressed wrt tree-level
Z contributions.
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with C'(u) Wilson coefficient at the scale p, corresponding to the effective operator @

describing neutral meson mixing as

Q= (df v, PL d;?‘)(cif " P df)- (B.12)
NP contributions can be distinguished in M{ by splitting it into its SM and NP con-

tributiongﬂ ME = (ME)sy + (ML) yp, and neglecting all contributions proportional to
Yu.d,s and y? with n > 2

(M{S)sm = Rk [772 A So(e) +m1 A2 So(xe) + 213 A Ae So(e, It)} :

(Mf5)np = Rk [772 N2 Sp(ae) +m A2 So() + 213 M Ao Sol(e, xt)} :
_ GEMy o,
RK = WFKTN,KBK, (Blg)
with n; containing QCD higher order effects, \; = f/l’; f/;-d, EK the scale-independent

hadronic B-mixing matrix element |179], and

(4my} a%)?

g2 ’

So(z.) = 2awy’Glx,) (B.14)
So(xe, 1) = 32 (2aw + d2py?) H(zy, xe) + 2aw y° H(xe, )

go(%e) = y; Qaw +y;azp) Glzy) +

with Sp, G and H loop functions defined in Appendix [A] Notice the tree-level FCNC Z
diagrams contribution in gg(.’ﬂt). Other contributions are negligible because of the Yukawa

suppression.

Neutral meson oscillations

B, s systems have different SM and NP contribution distinction for the mixing amplitudeﬂ
My

(M)sm = Rgp, [N Solze)]
(M{)np = (M)smCp, €297,
_ GE My,
@ 1272

8The expression for M{S is phase-convention dependent. In the following we will give all the results

Fg, ms, Bg, s, (B.15)

in the convention in which the phase of the K — w7 decay amplitude is vanishing.
9The expression for My, is phase-convention dependent and we adopt the convention in which the

decay amplitudes of the corresponding processes, B — ¢ Kg and B? — ¢, have a vanishing phase.
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where Cp, , and @p, , parametrize NP effects, and Fp, and E’Bq denote neutral B decay
constant and mixing hadronic matrix elements, respectively. The mass differences in the

B, s systems are given by

AMq =2 |Mi12| = (AMq)SM CBq s (B16)
with
G(xy) (dmy?al)? G(xy)
= = |1+2 LYYy ) TR L] St 2T 22 21 (Bl
CBd CBs +2aw (yt SO(xt) + yb) + 92 SO(-Tt) +21aw acp Y Yy SO(-Tt) ( 7)

¢, enters in the mixing-induced CP asymmetries Sy and Sy for the decays B) — ¢ Kg
and BY — 1 ¢, respectively as

Syks =sin(2+2¢p,), Sye =sin(2 5 — 2 pp,), (B.18)
where [ and 4 are angles in the unitary triangles,
=arg | —==5 , ., =arg | — , B.19
B = arg ( Ve Vi B e\~ (B.19)
and the new phases are given by
G(zy)
P, = B, = 2aw acr Y Y g @) (B.20)

In looking for clean observables affected by NP contributions, the ratio Ray, = AMp,/AMp,
suffers no modification as AMp, and AMp, are equal (see Eq. ), then any devia-
tion from the SM value of this observable is then negligible in our framework. Another
observable is the ratio between AMp, and the B — 77v branching ratio [192]:

. (B.21)

37Tt m2  |Vi|® m2 \? |1+ (aw +iacp) v2|
Rpr/anv = 1

Anp Bp, So(x) Miy |V Vial® mi, Cs

where we took mp+ ~ mp,, well justified considering the errors in the other quantities in

d

this formula.

B Semileptonic CP-Asymmetry

Finally, a fourth observable provides rich information on meson mixing, the like-sign

dimuon charge asymmetry of semileptonic b decays A®,

(B.22)
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with N, ™ and N, ~ denoting the number of events containing two positively or negatively
charged muons, respectively. In pp colliders, such events can only arise through BY —
BY or B — BY mixings. Due to the intimate link with meson oscillations, A is also

called semileptonic CP-asymmetry and gets contributions from both B, and B, systems
[193,194]:

AP, = (0.594 % 0.022) a% + (0.406 % 0.022) a?, (B.23)
where
d (F(liQ)SM . -3 .
aly = (M5) sin g = (5.4 £1.0) x 107° sin ¢q,
12) sm (B.24)
(Fti SM : -3 .
as; = = sin s = (5.0 = 1.1) x 1077 sin ¢y,
= | OO
with
M Y
by = arg —(;ﬂ =—43°+14°, ¢, =arg {—M} = 0.22° + 0.06° .
(Fu)SM (I2) sar
(B.25)
NP contributions are parametrized analogously as for 'Y, in M{,,
I, = (T%)suCp,  with  Cp,=1+2awy;, (B.26)
in the approximation used here. With such a notation, it follows that
()5 ‘ Cs,
aly = | g | 5 sin (g + 2¢8,) (B.27)
=[Gty s 2om)

with Cp, given in Eq. (B.17).

B.4 Phenomenological analysis

A more detailed phenomenological discussion completing the analysis done in Sect.
can be found in Ref. [171]. The physical parameters we considered in the analysis and their
present experimental values are summarized in there. Additionally the tension between
the exclusive and the inclusive experimental determinations for |V,;| and the well known
ex — Sykg and BR(BT — 77v) anomalies were also discussed there. The exclusive
determination for |V,;| was assumed in Ref. [171], due to the negligible NP contributions
to Sy, through ¢p, (suppressed by y7), while NP contributions to ex are sizable, as it
can be seen in Eq. of Sect. The |V,5| — v parameter space was also constrained
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Figure B.2: SM predictions for ex, AMp, and Rprjan in the reduced |Vi;| —
parameter space. See [171] for more details.

in Ref. from independent measurements of Ranr, and Sy, Fig. shows the
SM predictions for ex, AMp, and Rpg/an in such |Vi;| — v parameter space, where
Rpr/am = BR(BT — 7tv)/AMp,, useful in order to reduce most of the theoretical
uncertainties on AMp,. These particular patterns of the SM predictions are going to be
relevant when discussing NP effects, because it is a common feature of all the points in

the “reduced” |V,,| — v parameter space.

FCNC Constraints on acp, aw and a%

None of the observables considered here get contributions from af%, the analysis will be
restricted only to the constraints on acp, aw and adZ from ex and Rpgr/an in Fig. |B.3
The analytic expressions for the NP contributions were considered in previous sections.
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Observables Sy4 and A% are also presented separately in Fig. . See [171] for a more

complete and detailed discussion.
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Figure B.3: cx vs. Rpr/an for different values of aw, acp and a? (left), and aw —acp

parameter space (right) for ex and Rpgr/an inside their 3o error ranges. Results for the

reference point (|Vis], v) = (3.5 x 1073, 66°). More details in Ref. [171].
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Appendix C

Linear siblings of the CP-odd chiral
operators S;(h)

The interactions described by the chiral operators in Eq. can also be described
in the context of a linearly realised EWSB, through linear operators built in terms of
the SM Higgs doublet. In this Appendix, the connection between the two expansions is
discussedE]. In the following some useful relations involving the Higgs doublet ® are used

to establish the connection.

Useful relations
o' 7, D& = (D,®) 7,0 — &'7,(D, ) (C.1)

3

Z (Ti)aﬁ (Ti),y(; =2 ((Saé 557 — %5,15 (575> (C2)

i

L As the number and nature of the leading order operators in the chiral and linear expansions are not
the same, an exact correspondence between the two kind of operators can be found only in the cases when
d = 6 linear operators are involved, as only for them complete bases of independent terms have been
defined. Otherwise, it will be indicated which chiral operators should be combined in order to generate

the gauge interactions contained in specific d > 6 linear operators.
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e (017 Do) (a7 Djo) (91, 0)
=i2 [(D,®") (D,®) (¢'®) (¢'®) — (D,®") ® &7 (D,®) (®T®)] — {u > v} (C.3)

i (@17 E;@) (of 7 ﬁcb)

=i [(D,®) (D,®) (075 @) — (D,d7) 7 (D,®) (& )] +
—i [(D,®") @ (D,®") 7" @ — @' (D,®) o' 7" (D, ®)] — {1 > v} (C.4)

(o1 D) (@7 0) = (o Do) (a7 0)

— [(D,®") ] + [® (D,®)]" — 4 (D,®!) (D"®) (d! ®) + 2 (D,d!) & (D"®) (C.5)

(¢f 7 D) (@ Djo)

= (D,®") @ (D,®") &+ &' (D,®) o' (D,®) — 2 (D,®") (D,®) (¢! D) +

-2(D,®") (D,®) (¢'®) + (D,®") ® o' (D,®) + (D,®") ® @' (D,P) (C.6)
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For chiral operators connected to d = 6 linear operators:

5(h) = g " B,, B,, (01 ®)

(h) = g% €7 Tr (W W,,) (07 @)

(h) = g2emmGe, 6o (of o)

Su(h) —+ (! b—l@) (o' @) )
Si(h) = gg' " B, W/, (0'7; @)

Sy(h) = g' e B,,, [ (@f %TD;‘P) +2 (D,0)' D,®)|

(h) = g W, [((I)T - TD,@) +2 (D,®) 7 Dgcp]

For chiral operators connected to d > 6 linear operators:
Su(h) = gWH (qﬂ Zﬁcb) (cb* D, c1>) (
S5(h),Si(h) — (D"@)f (D"®) (@1 D, Do) (
So(h), Sn(h) = (D'®)! (D,) (@1 D" Djo) (
S:(h) = € W, (qﬂ 7 W@) (@f @) (d= o
S0 g WL, (8779) (817,)
So(h) — (
Si2(h), S13(h), S1a(h) — (
Si5(h), Si6(h) — (

— (o' Dla) (o' Do) (¢1 D" Dje) (d = 10)

where in the brackets the dimension of the specific linear operator is explicitly

reported.



Appendix D

Linear siblings of the operators &

The first set of non-linear operators listed in Eq. (3.8]) corresponds to the following eight
linear operators containing fermions, the Higgs doublet ®, the rank-2 antisymmetric tensor
o and the field strengths B, W,, and G ,:

Xo1 =g Qro" ® Dy By,

Xy = g Qro" ®Up By,

Xp3 = QQLUWWW‘I)DR

Xps = gQr o™ W,, ®Ug

Xps = gsQr o™ ® Dp G,

Xos = gs QL ij&)URG,uV7

Xpr =gQro"™ o; @ Dr®' W, o' ®
Xps =gQro" o, QU d ' W, ®.

(D.1)

The operators Xo7 93 have mass dimension d = 8, while all the others have (linear) mass
dimension d = 6. The correspondence among these linear operators and those non-linear
listed in Eq. (3.8)) is the following: for i =1,...,8,

1 1.0 0 00 0 0
110 0 00 0 0
001 1 00 0 0
8
5l o o1 1 00 0o 0
Ko D Gydey  with (g:% 000 0 1 1 0 0
j=1
000 0 -11 0 0
000 1 -1 0 0 —4/f2 4/
0 0 -1 -1 0 0 4/f2 4/

(D.2)



89

The second set of non-linear operators listed in Eq. (3.9)) corresponds to the following four
linear operators containing fermions, the Higgs doublet ® and the rank-2 antisymmetric

tensor o#:
Xyo = Q1 0" & Dy [(D@)T Dy® — (11 ¢ y)] ,
Koo = QL™ ® Uy [(Dﬂ))T D,® — (1 + V)i| ,
) | (D.3)
Xo11 = Qro; 0" @ Dp [(D,ﬁP)T o' D, — (u <+ y)} ,
KXoz = Qro; o™ ®Up [(D,}I))T o'D,® — (u y)] ,

all of them of mass dimension d = 8. The correspondence among these linear operators
and those non-linear listed in Eq. (3.9)) is the following

0 0 1 1
12
272 0 0 -1 1
X, Y CiXe;  with %:}—{ L1 o (D.4)
=9 B

-1 -1 0 O

for i = 9,...,12. For the third set in Eq. (3.10)), we consider the following six linear

operators involving fermions and the Higgs doublet ®:

Xp13 = QL ® Dy (D,®) D*o |
Xp1a = QL ®Ug (D,®)" DF®
Xp15 = Qpo; ® D (D,®) 6" D' |
Xois = Qo ®Ug (D,®) o' D'
Xp17 = QL ® Dy (D,®) @ & DI,
Xpis = QL ®Ug (D, @) @ T DI |

(D.5)

where X313_916 have mass dimension d = 8, while Xp17_513 have mass dimension d =

10. The correspondence between these linear operators and those non-linear listed in

Eq. (3.10) for i = 13,...,18, is

-1 -1 0 0 0 0
1 =1 0 0 0 0
18
221 0 0 1 1 0 0
X Y CiXy,  with €= "=
j;g 7 Al o 0o -1 1 o0 0
2 2 1 -1 -8/f* —8/f?
-2 2 -1 —1 8/f* —8/f?
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Operator coefficients in the unitary basis

The relations between the coefficients appearing in the Lagrangians Eq. (3.14)-(3.15)) and
the ones defined in Eq. (3.11]) for the effective Lagrangian in the unitary basis

c by
oy
Cwz
Cwz by b1
di by
ff _ 4 | ZZV _B (D.7)
Z %
y/ bz
i by 2 big
dy,
d¢;
ddG bia
0 0 21 22 0 O 21 21 -1 -1 1 1
0 0 -2 2 0 0 2 -2 1 -1 —11
0 0 0 0O 0 O 0 0 4 —4 0 O
0 0 0 0O 0 0 0 0 —4 —4 0 O
1 1 1 1 0 O 1 1 0 0 0 O
A= —2152 —2512 2(;21 2c12 8 8 2012 2(:21 8 8 8 8 (D-8)
% % 1% % W 1%
—2s%,  2s%h,  —2&% 2¢4, 0 0 2, -2, 0 O 0 O
0 0 2 -2 0 0 2 —2 0 0 0 O
0 0 2 2 0 0 =2 —2 0 0 0 O
0 0 0 0O 1 1 0 0 0 0 O
0 0 0 O 1 -1 0 0 0 0 0 O
1 -1 -1 -1 -1 -1
111 -1 -1 1
B_ -1 -1 1 1 1 1 (D.9)
—1 -1 1 1 -1
-2 2 =2




Appendix E

Feynman rules

This Appendix provides a complete list of all Feynman rules resulting from the CP-odd
operators in the Lagrangian A% of Egs. and (2.35). Greek indexes denote the
flavour of the fermionic legs and are assumed to be summed over when repeated; whenever
they do not appear, it should be understood that the vertex is flavour diagonal. Moreover,
yvs (f = U, D, E) denotes the eigenvalue of the corresponding Yukawa coupling matrix
defined in Eq. (2.32). Chirality operators P, p are defined as

1
PL:_(1_75)7 Pr =

5 (1++°) . (E.1)

1
2
Flow in momentum convention is assumed in all diagrams. n-parameter in diagrams
Eq. (FR.1)-(FR.4) stands for the gauge fixing parameter. Only diagrams with up to four
legs are shown and the expansion for F;(h) in Eq. has been adopted, together with
the definitions of the a; coefficients in Eq. and I;Z = ¢;b;. Vertices cubic in h have
been omitted below, but for Eq. (FR.26) which results from the product of two F;(h)
functions, see Footnote 5 in Chapter [2| Finally, the SM and BSM Lorentz structures are
reported in two distinct columns, on the left and on the right, respectively. Notice that all
the pure gauge and gauge-h interactions have no SM contribution. All quantities entering
in the Feynman rules below have resulted after the Z-renormalization scheme has been

implemented.
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Non-SM

(FR.7)

(FR.8)

(FR.9)

(FR.10)
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Zy(r)
Wi(p) W5 (9)
Ap(r)
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+ea [97 (0" + 1) + 9% (¢ +7P) + 9°° (p° + ¢*)] }+

+8i € €3 [€ cg cot Oy csc? Oy — ¢; esc (20w)] (po + q») €2PP°

4iEe3esc? Oy (2€ cs + 1) (po + qo) €977
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